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Abstract

Structural build-up in fresh cement paste at rest is characterized by time evolutions of storage modulus

and yield stress, which both increase linearly in time during the induction period of hydration, followed

by an exponential evolution after entering the acceleration period. While it is understood that C-S-H

formation at contact points between cement particles dictates build-up in the acceleration period, the

mechanism in the induction period lacks consensus. Here, we provide experimental evidence that,

at least in absence of admixtures, structural build-up at rest originates in both periods from the

same mechanism. We couple calorimetry and oscillatory shear measurements of OPC at different w/c

ratios, capturing how the storage modulus evolves with changes in cumulative heat. We obtain an

exponential relation between stiffness and heat, with the same exponent in both the induction and

acceleration periods. This suggests that C-S-H formation dictates build-up at rest in both periods.

1 Introduction

When cement particles are suspended in water, they rapidly form an arrested network due to at-

tractive interparticle interactions [1]. The cement particles also undergo hydration reactions, forming

products that strengthen the arrested network. This combination of physical attractive interactions

and chemical formation of hydration products results in an increase of macroscopic mechanical prop-

erties over time, a phenomenon referred to as structural build-up, or structuration [2, 3]. Structural

build-up gained increasing interest in the past decade with the advent of self-compacting concrete
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and digital fabrication with concrete [4, 5]. For example, in the case of layered extrusion, properly

controlling the evolution of yield stress in each printed layer is key for successful printing [6, 7]. From

a practical point of view, this type of challenge has been overcome in a number of projects [8, 9, 10].

However, from a theoretical viewpoint, the mechanisms underlying structural build-up at rest are not

fully understood, including for Ordinary Portland Cement (OPC).

From a phenomenological perspective, early-age structural build-up in OPC can be separated into

three stages [11, 12, 13]. This separation is based on different characteristic time evolutions of storage

modulus. By comparing the storage modulus evolution to heat rate on the same sample, it appears

that the three stages in structural build-up overlap with the main hydration periods (see Figure 1).

While an analogous separation in three stages is obtained from yield stress measurements [14], we

focus in this work on continuous measurements of storage modulus G′. The first stage is identified

by a non-linear G′ time evolution, which overlaps with the initial peak in heat rate data. In the

second stage, the time evolution of G′ is linear in time, over the induction period of cement hydration.

The third stage is identified by an exponential evolution of G′ over time, starting at the onset of the

acceleration period.
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Figure 1: Structural build-up at rest can be separated in three stages. Stage 1: initial non-linear
evolution of the storage modulus. Stage 2: linear storage modulus time evolution in the induction
period of cement hydration. Stage 3: exponential time evolution of storage modulus in the acceleration
period of cement hydration. Data from an OPC 52.5R at w/c 0.46.

Linear evolutions of storage modulus and yield stress in the induction period (stage 2) followed by

exponential evolutions in the acceleration period (stage 3) have been reported in multiple studies [2,
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15, 14, 16]. However, the mechanisms dictating build-up at rest are only understood for the third

stage. Opinions still diverge regarding the underlying mechanisms in stage 2.

The third stage, which coincides with the acceleration period of cement hydration, is much better

understood. Because of the small size and low amounts of products formed, the number of contact

points between cement grains remains unchanged [1, 2]. Furthermore, ion-ion correlation forces be-

tween C-S-H particles result in strong attractive interactions [17]. The cement particles being fixed

in a dense flocculated network, the formation of C-S-H on their surface strengthens contacts between

particles, dictating structural build-up at rest. This was pictured by Roussel et al. [2] as an increase

in the number and size of C-S-H bridges resulting in a rigidification of the network, as also stated in

a number of other studies [11, 15, 18, 17, 19, 20].

For the second stage, various mechanisms have been proposed to explain structural build-up at

rest. Different studies [2, 15, 18] suggest that C-S-H nuclei forming at contact points between ce-

ment particles dictate structural build-up in the induction period, implying that the same mechanism

dictates build-up at rest in both the induction and acceleration periods. In contrast, the evolution

of storage modulus and yield stress in the same period was recently proposed to result from purely

colloidal interactions [12, 13]. Yet another hypothesis suggests that ettringite formation rather than

C-S-H dictates build-up in the first hours of cement hydration [21]. Thus, there is no strong consensus

about the mechanism dictating structural build-up in the induction period.

Here, we provide evidence that the same mechanism dictates structural build-up at rest in both

the induction and acceleration periods of OPC. From coupled calorimetry and rheometry data, we

demonstrate that the storage modulus varies as a single exponential function of the cumulative heat

through both stages 2 and 3. This relation suggests that the hydration component of structural

build-up at rest in OPC mainly comes from the formation of C-S-H, as it is the main contributor to

build-up in the acceleration period [2, 11, 15, 17, 19]. Early-age structural build-up in OPC can thus

be described with two regimes, independent of hydration kinetics, rather than three as considered

until now. Trying to directly explain structural build-up with respect to time is misleading because of

the non-linear changes in hydration rate. It suggests that such approaches are almost certainly bound

to fail because they cannot properly deconvolute hydration kinetics from the mechanisms responsible

for structural build-up. This appears to largely explain the numerous discrepancies found in the

literature.
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2 Coupling storage modulus and heat

Experimentally, structural build-up is usually characterised by time evolutions of yield stress or storage

modulus [2, 11]. For storage modulus measurements, the flocculated dense suspension is probed in its

linear elastic regime, while for yield stress measurements the suspension’s network has to be destroyed

to bring the material to yield, pushing it beyond its linear elastic limit. While yield stress and storage

modulus characterize different regimes of deformation, they both evolve monotonically over time and

have been reported to follow similar trends [22]. In this work, we use storage modulus measurements

to track structural build-up at rest. This allows a non-destructive and, more importantly, continuous

data acquisition. In parallel to storage modulus measurements, we acquire isothermal calorimetry

data. For a given w/c investigated, we mix the paste. Part of it is then inserted in the calorimeter,

and part of it is inserted in the rheometer, as summarized in Figure 2. The simultaneous recording of

heat and storage modulus data on two instances of the same sample allows us to link chemical changes

from hydration reactions to evolutions in macroscopic mechanical properties.

Insertion in 
rheometer

Insertion in 
calorimeter

Contact with 
water

Pre-shearMixing

Cumulative Heat H Storage Modulus G’

4 hours G’ measurement

Time

Coupled data 
acquisition

Figure 2: Experimental workflow. For a given w/c ratio, we mix a paste with an IKA mixer for
3 minutes at 500 RPM following a procedure introduced in [23]. After mixing, we insert around 5 g of
paste in the calorimeter and the heat measurement is started. Directly after, we insert around 10 g of
paste in the rheometer. After a pre-shear event in the rheometer, the storage modulus measurement
is started for a total duration of 4 hours. We acquire calorimetry and rheometry data simultaneously
over the entire storage modulus measurement period.

The cement used is an OPC CEM I 52.5R (Holcim Normo 5R) cement. All the mixes are prepared

with 30 g of cement and distilled water. The water to cement ratios investigated are 0.36, 0.38, 0.40

and 0.42. The mixer used is an IKA Eurostar EURO-ST P CV mixer with a 4-bladed propeller stirrer.

The dry powder is first added to a fraction of the total mixing water corresponding to a lower bound
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w/c ratio (in this case 0.34) and mixed for 1 minute at 500 RPM. The remaining mixing water needed

to reach the targeted w/c ratios is then added and the paste is mixed for 2 more minutes at 500

RPM. This is done in order to reduce self-mixing energy effects, as proposed in Mantellato et al. [23].

The heat released by the hydration reactions is monitored with a TAM AIR isothermal calorimeter

at 23C. Measurements are made with glass vials filled with about 5 g of cement paste. Rotational

rheometer measurements are performed on an Anton Paar Physica MCR 501 rheometer in parallel

plate geometry using serrated plates on 10 g of paste. A plastic hood limits sample drying over the

measurement period. The measurement is strain controlled, except for a stress controlled step at

the liquid-solid transition of the material following the pre-shear event. The gap between the upper

and lower plate is 1 mm and their diameters are 25 mm and 50 mm respectively. The rheometer

measurement starts directly after the start of the calorimeter measurement. The rheometer protocol

is composed of a LAOS pre-shear of 30 seconds at 10 % amplitude and 1 Hz frequency, followed by

a stress-controlled rest period where the shear stress is set to τ = 0 for 30 seconds. After these steps

the sample is considered to be in a homogeneous state and the storage modulus measurement (SAOS)

is started at an amplitude of 0.003 % and frequency of 1 Hz, and lasts for 4 hours. Amplitude sweeps

allowing to assess the linear elastic range of the pastes investigated are given in Appendix A. The

storage modulus data is post-processed by applying a low-pass filter with cutoff 0.012.

3 Results and Discussion

3.1 Experimental data

We conduct experiments on four different w/c ratios and record heat rate, cumulative heat, and

storage modulus data over time. The heat rate data allow us to identify the different periods of

cement hydration, namely the initial peak, induction period, and acceleration period (see Fig. 3a).

More specifically, we identify the onset of the acceleration by the ”bump” in heat rate seen in Figure 3a,

which is probably linked to Portlandite nucleation. The sample insertion in the calorimeter results in

noise in the calorimetry data, impacting the initial peak of heat rate. We thus discard the first hour

of calorimetry data (dashed lines in Figure 3a and 3b). Details on how we assess the time needed to

dissipate this initial noise are given in appendix B. The cumulative heat H captures the total heat

generated by hydration reactions from a given point in time, and is the time integral of the heat rate.

We subtract the cumulative heat at the onset of the acceleration period H0 from H, giving changes

in cumulative heat H − H0 (see Figure 3b). Noteworthy, we normalize the heat rate as well as the

cumulative heat data by mass of cement paste.
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The storage modulus quantifies the evolution of stiffness of the network of cement particles, and

increases monotonically over time for all the samples investigated, as shown in Figure 3c. We discard

the first hour of storage modulus data (dashed lines in Figure 3c) as it cannot be coupled with

unreliable calorimetry data.

The sorting of heat rate curves with w/c in Figures 3a and 3b is the signature of different hydration

kinetics taking place because of the filler effect [24]. During mixing, the presence of neighbouring

particles changes the shearing forces in the suspension. This affects the dissolution, accelerating the

kinetics in denser systems [25, 26].

Similarly to heat rate data, time evolutions of storage modulus are sorted with w/c ratio, as

seen in Figure 3c. However, here, the sorting with w/c ratio does not solely result from different

hydration kinetics. For a given particle size distribution, denser systems will have more interparticle

contacts per unit volume, resulting in higher values of G′ [27]. On top of this mechanical contribution,

different hydration kinetics in samples at different w/c ratios can influence the evolution of G′ in

time. Two pastes with the same chemical composition and same network of suspended particles, for

a given hydration extent, are expected to have the same storage modulus. However, if one of these

pastes reacts faster than the other, at a given point in time, it will have a higher stiffness. It is thus

unclear to what extent the sorting of the storage modulus curves in Figure 3c is impacted by different

hydration kinetics across the samples.

We eliminate the effect of different hydration kinetics by directly considering the storage modulus

evolution G′ with respect to the change in cumulative heat H −H0, as shown in Figure 3d. By doing

so, we can investigate how the storage modulus changes for a given extent of hydration, irrespective of

the reaction kinetics. We obtain a sorting of the G′ vs. H −H0 curves with w/c ratio. Furthermore,

the G′ vs. H−H0 relations are exponential, as shown by the inset in Figure 3d. The constant slope in

the inset of Figure 3 indicates that the same exponent holds for the different w/c investigated. Thus,

the following relation holds through both the induction and acceleration periods

G′ = aeb(H−H0) , (1)

where a is dependent on w/c ratio and b has a value of 0.38 for all w/c ratios.

The dependence ofG′ on w/c ratio is canceled out when normalizing the storage modulus evolutions

by the storage modulus value at the onset of the acceleration period, G′
0 (see Figures 3a and 3c).

Normalizing the G′ vs. H − H0 evolutions by G′
0 causes all the curves at different w/c ratios to

collapse on a single master curve, as shown in Figure 3e. The resulting normalized storage modulus
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G∗ evolutions are exponential with changes in cumulative heat H − H0 through both the induction

and acceleration periods of hydration, and can be described by the following relation

G∗ =
G′

G′
0

= eb(H−H0) , (2)

where G′
0 is the storage modulus at the onset of the acceleration period. We provide data to assess

the reproducibility of the approach in Appendix C and discuss the dependence of G′
0 on solid volume

fraction in Appendix D.
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Figure 3: Coupling calorimetry and rheometry data for OPC samples at different w/c ratios. a) Heat
rate over time from calorimetry measurements at different w/c ratios. The onset of the acceleration
period is identified at the bump of heat rate data and marked by black cross. The first hour of data,
plotted as dashed line, is discarded due to noise coming from sample insertion in the calorimeter.
b) Change in cumulative heat over time computed as the time integral of heat rate data starting
at 1 hour. H0 is the change in cumulative heat at the onset of the acceleration period. c) Storage
modulus from small amplitude oscillatory shear measurements at different w/c ratios. G′

0 is the
storage modulus at the onset of the acceleration period as marked by black cross. d) Coupling storage
modulus and cumulative heat data at different w/c ratios. Onset as identified from heat rate in (a)
is marked as black cross. (inset) Semi-log plot for same data. e) Normalized storage modulus
G′/G′

0 plotted against change in cumulative heat H −H0.
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3.2 A simple mathematical model for contacts strengthening

Generally, the strength of a dense suspension depends on interparticle forces, volume fraction, and size

distribution of the particles. Different studies have shown that these effects are independent of each

other [28, 29, 30]. For a given particle size distribution, varying the volume fraction of particles in

the suspension results in changes to the initial number of contact points between particles N . In this

work, all measurements are performed on the same OPC with a fixed particle size distribution. Hence,

we express the storage modulus of a cement paste as the product of a function of the total number of

contact points between cement grains f(N) and the stiffness of these grain-to-grain contacts σ

G′ ∝ f(N) · σ . (3)

Furthermore, we assume that hydration products only stiffen contacts, leaving N unchanged.

While it is unclear whether very early hydration products impact the initial number of contacts N , the

products formed over the time periods considered in this work are much smaller than the characteristic

size of cement grains [1]. The role of the percolation threshold on yield stress was recently highlighted

in cement pastes containing chemical admixtures [31]. Due to the absence of admixtures in the samples

investigated here, and given that no remixing occurs over the G′ measurement, we assume that the

ongoing hydration does not impact the percolation threshold, leaving f(N) unchanged. Following the

point of view of Roussel et al. [2], we thus assume that, over the time period considered in this study,

hydration reactions stiffen the network of cement grains without changing the number of contact

points between the grains. Under these assumptions, the evolution of storage modulus with hydration

becomes

G′(H) ∝ f(N) · σ(H) , (4)

where σ(H) describes the stiffness of contacts between cement grains at a given hydration amount H.

The geometrical term f(N) in equation 4 is canceled out when normalizing G′(H) by a reference

storage modulusG′
0, which is defined as the storage modulus at the point where hydration has advanced

up to an amount H0

G′
0 = G′(H0) ∝ f(N) · σ(H0) . (5)

The normalized storage modulus G∗ is thus given by

G∗(H) =
G′(H)

G′
0

=
σ(H)

σ(H0)
, (6)
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and is indeed independent of the number N of contacts between cement grains.

3.3 Comparing the model with experimental data

We first consider the relation between storage modulus and heat of hydration. In the model, we

assume that hydration only impacts existing grain-to-grain contact points, without changing their

total number N . This results in a separation of G′ in a geometrical term f(N) and a stiffening term

σ(H) in equation 4. This functional form is the same as obtained from the experimental data (see

Figure 3d and equation 1). We thus link the parameter a preceding the exponential term in equation 1

to the geometrical term f(N). a captures the network of suspended cement grains. It is dependent on

w/c ratio as predicted by the model and observed experimentally. Similarly, we link the exponential

term in equation 1 to the stiffening term σ(H). As σ(H) describes the stiffening of single grain-to-

grain contacts, it is independent of w/c ratio. This corresponds to our experimental results, where all

the G′ vs. H −H0 curves in Figure 3d have the same exponent. The parameter b in equation 1 thus

captures the stiffening mechanism of single contacts between cement grains.

According to the model, the normalized storage modulus G∗ is independent of the geometry of the

network of suspended particles and describes the stiffening mechanism of single contacts. It relies on

the storage modulus at a reference hydration state. Identifying a chemical reference state from time

evolutions of heat is challenging because of different hydration kinetics across samples at different w/c

ratio. In this regard, we take the reference storage modulus G′
0 at the onset of the acceleration period.

The onset marks a transition from a slow dissolution and precipitation of products in the induction

period, to a much faster and accelerating dissolution and precipitation in the acceleration period [32].

Even if the onset takes place at different points in time, at the onset, samples at different w/c ratios

will all be undergoing the same chemical transition, which we believe can serve as reference hydration

state. Computing the normalized storage modulus G∗ experimentally results in a single exponential

evolution with changes in heat (see Figure 3e and equation 2). This result is in line with the prediction

of the model. The normalized storage modulus G∗ thus appears to capture the stiffening mechanism

of single contacts between cement grains compared to a reference state, and can be used to describe

structural build-up at rest. We note here that, because of the exponential dependence of storage

modulus on heat, the reference storage modulus G′
0 does not necessarily need to be taken at the onset

of the acceleration period. A collapse of the G′ vs. H − H0 curves is obtained for any value of G′

corresponding to a fixed hydration state through the samples. We stress here that this freedom in

choice of reference only holds for storage modulus data expressed in terms of heat, not time.
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The good agreement of our experimental data with the presented model suggests that structural

build-up at rest, over the time periods investigated here, results from a strengthening of contact points

between cement grains, leaving the total number of grain-to-grain contacts unchanged.

3.4 Mechanisms dictating build-up at rest

Structural build-up at rest can be described by evolutions of the normalized storage modulus G∗ with

changes in cumulative heat H−H0. As discussed above, G∗ evolutions likely capture the strengthening

mechanism of contact points between cement particles. From Figure 3d, it appears that the same

exponential dependence of G∗ on heat holds through both the induction and acceleration periods of

cement hydration. These results suggest that the same mechanism dictates build-up at rest in both

periods of hydration. Since C-S-H is the main contributor to structural build-up in the acceleration

period [2], we infer that it also plays a dominant role in the induction period. After the heat of the

first hydration peak has dissipated, structural build-up at rest in OPC is dictated by formation of

C-S-H strengthening contact points between cement particles in the paste. It should be noted that

our results only cover the initial part of the acceleration period, limited by the range of stiffness that

can be probed in a rheometer.

While the G∗ master curve hints that C-S-H is the main contributor to structural build-up in

the induction and acceleration periods, it does not allow to directly draw conclusions with regard to

other hydration products such as Portlandite and ettringite, or changes in interparticle forces. The

present G∗ results are nevertheless in line with statements by Roussel et al. [2], who proposed that

in the induction period, the network of cement particles is strengthened by C-S-H nuclei forming at

contact points between cement grains. In the acceleration period, they pictured the strengthening

as resulting in an increase in the number and size of C-S-H bridges at the contact points between

cement grains. While Roussel et al. [2] make a distinction in both periods based on the kinetics of

formation, our results suggest that the underlying physics of contact strengthening is the same, no

matter how fast C-S-H is formed. We also infer that fitting strengthening data as a function of time

can be misleading because the non-linear hydration kinetics can easily be misinterpreted as a change

of contact strengthening mechanism, when there is none, but just a change in hydration kinetics.

The present results contrast findings by Jakob et al. [21], who suggested that ettringite formation

dictates structural build-up at rest in the induction period of OPC. Our results show that storage

modulus evolutions with heat are dictated by the same process in both the induction and acceleration

periods of hydration. If different hydration products were responsible for the storage modulus evolution
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in the induction and acceleration period, we would expect two different functional forms before and

after the onset in Figure 3e. Nevertheless, ettringite likely does play a role in structural build-up at

rest, but not in the time ranges investigated here. We infer that ettringite only impacts structural

build-up in the first minutes of hydration, a time period not accessible with the present experimental

setup. Similarly, the flocculation processes taking place upon contact of cement particles with water

are not observed in the G∗ vs. H −H0 curves. These are already completed by the time we start the

coupling of calorimetry and rheometry data.

In-situ isothermal calorimetry allows to record heat data without the important noise arising

from sample insertion in the calorimeter. However, we do not recommend this approach for coupled

calorimetry and rheometry measurements, as the paste in the calorimeter would be subjected to a

different mixing than the paste in the rheometer, strongly affecting the hydration reactions. In that

case, the heat data recorded in the calorimeter would not be representative of the hydration reactions

taking place in the rheometer.

The proposed normalized storage modulus G∗ is an alternative modeling approach to existing

phenomenological models describing structural build-up, such as the linear model by Roussel [4] or

the exponential model by Perrot et al. [15]. These models are based on time evolutions of yield

stress and are thus handy for practical applications. Nevertheless, the normalized storage modulus

G∗ depends on heat evolutions, directly capturing the effect of hydration on build-up. Furthermore,

we understand G∗ as a description of the stiffening of granular contact points in the suspension,

compared to a reference state. We believe that the normalized storage modulus G∗ can be used in

addition to existing phenomenological models to gain further fundamental understanding, especially

in more complex systems such as blended cements.

From a more general perspective, the separation of structural build-up in three stages presented

in Figure 1 can be simplified to two main regimes, whereby the kinetic stages 2 and 3 can be merged

in a single build-up regime (see Figures 4a and 4b). The key finding of this paper is therefore that

although the hydration kinetics changes between stage 2 and 3, the fundamental mechanism responsible

for structural build-up, probably the formation of C-S-H, does not change. It just takes place at a

different rate because the chemistry is happening at a different rate.

The mechanisms taking place prior to the induction period (regime 1 in Figure 4b) cannot be

elucidated with our approach. The reactions occurring in that period are complex and still under

debate. Furthermore, the heat released includes in large part the initial reaction of C3A, and is

difficult to measure experimentally. However, C-S-H appears to dictate structural build-up after this

first regime, independent of the reaction kinetics (see Figure 4b). It thus appears essential to examine
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the extent to which this also occurs in stage 1 in future studies.

Onset of
acceleration

period
Onset of

acceleration
period

a b

Figure 4: Two distinct hydration kinetics stages (stages 2 and 3) correspond to a single structural
build-up regime (regime II). a) Heat rate data over time. Stage 1 is the initial peak, capturing initial
dissolution and noise from sample insertion in the calorimeter. The second stage corresponds to the
induction period of hydration, whereby a slow hydration kinetics is observed. Stage 3 is the acceler-
ation period of cement hydration, where a faster hydration kinetics occurs. b) Structural build-up
evolution with changes in cumulative heat. Structural build-up is described with the normalized storage
modulus G∗. Despite the different hydration kinetics observed in stages 2 and 3, a single regime of G∗

evolution with changes in cumulative heat is observed (regime II). The first structural build-up regime
(regime I) cannot be accessed with the current setup due to noise in the kinetic stage 1.

In systems including chemical admixtures, the situation could be more complex. In such cases, any

additional surface will potentially contribute to reducing the surface coverage by chemical admixtures

[31, 33]. This a priori also modifies the network stiffness, which however remains influenced by direct

contract strengthening by hydrates forming between grains [34]. The present study, however, lays a

good basis to address these more complex questions, underlying how easy it can be to misinterpret

data if strengthening is simply fit as a function of time and separated in semi-arbitrarily defined

periods.

4 Conclusion

In this work, we investigated structural build-up at rest in OPC by considering the storage modulus

evolutions with respect to changes in cumulative heat at different w/c ratios and in absence of chemical

admixtures. This approach led us to the following conclusions.

First, structural build-up appears to be dictated by the same mechanism in both the induction

and acceleration periods of hydration. Storage modulus evolutions with changes in cumulative heat

result in a single exponential evolution throughout both periods. This contrasts with the two distinct
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stages - linear in the induction period and exponential in the acceleration period - observed from

time-resolved storage modulus data. It suggests that structural build-up at rest can be described

with two regimes, rather than three stages as considered until now. The approach presented here

shows that describing structural build-up from time evolutions can be misleading because of the non-

linear changes in hydration rate. Investigating structural build-up from heat evolutions allows us to

deconvolute hydration kinetics from the mechanisms underlying structural build-up. However, the

first stage of reaction requires further investigation, because the current approach cannot deconvolute

heat combining initial dissolution of C3A and C3S, in addition to transition effects linked to inserting

the sample in the calorimeter.

Furthermore, structural build-up at rest appears to be dictated by a strengthening of contact

points by C-S-H, as this is the main product forming in the acceleration period. By coupling storage

modulus and changes in cumulative heat, different hydration kinetics in samples at different w/c ratios

are canceled out. This allows us to compare build-up in samples at different w/c ratios. We observe

that varying the w/c ratio impacts the number of contact points, without changing the strengthening

mechanism.

Finally, we introduced the normalized storage modulus G∗, capturing the stiffening of contact

points between cement grains in the paste. We believe that G∗ can be further used to investigate

more complex systems, such as blended cements.
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A Assessing the linear elastic range for rheometer measurements

Results from amplitude sweeps are reported in Figure 5. Based on these results, the amplitude of

the storage modulus measurements at rest is taken as 0.003% in order to probe the materials in their

linear elastic range.
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Figure 5: Amplitude sweeps on OPC samples at different w/c ratios. Frequency 1 Hz.
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B Initial noise in calorimetry data

The noise in the first peak of heat rate caused by sample insertion can be assessed by measuring an

inert sample, as shown in Figure 6. The inert sample is a blend of 70% metakaolin and 30% limestone

in 0.2M NaOH at w/c 0.83. It is inserted in a TamAir isothermal calorimeter at 23C in the same way

as the OPC samples. After about 40 minutes, the noise in the heat signal coming from the sample

insertion has decayed to 0 and no heat is generated by the inert sample. In this work, we consider

heat data from one hour onwards, ensuring that the data is not biased by the initial noise coming

from the sample insertion in the calorimeter.
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Figure 6: A comparison of isothermal calorimetry data from OPC at different w/c ratios with an inert
sample (dashed line) allows to assess how much time is needed to dissipate the noise in the heat signal
coming from the sample insertion in the calorimeter.

C Reproducibility of coupled calorimetry-rheometry measurements

The reproducibility of the coupled calorimetry and rheometry measurements is shown in Figure 7,

where 3 measurements on an OPC at w/c 0.4 are shown. The time evolutions of heat rate and storage

modulus data show poor reproducibility in Figures 7a and 7b. However, when normalized storage

modulus and heat data are coupled, all repetitions fall within an error range of 10%.

16



0

1

h 
[m

W
/g

]
x xx

onset

induction
accele-
ration

10

0

10

H-
H 0

 [J
/g

]

x xxH0

0 1 2 3 4
Time [h]

0

20

40

G'
 [M

Pa
]

x xx
G′0

w/c
ref
rep 1
rep 2

0

20

40

G'
 [M

Pa
]

xxx

0 5

100

101
0.38

1

0 5
H-H0 [J/g]

1

10

G
*

=
G′ G′ 0

 [-
]

xxx

induct-
   ion

accele-
ration

average
10% error 
range

a

b

c

d

e

Figure 7: Assessing the reproducibility of the measurements on an OPC w/c 0.4 sample. a) Time
evolutions of heat rate. b) Time evolutions of storage modulus. c) Coupled storage modulus and heat
data. d) Normalized storage modulus vs. heat data. After coupling, all the curves collapse within 10%
of error.

D Dependence of G′
0 on solid volume fraction

The dependence of the reference storage modulus at the onset of the acceleration period G′
0 on initial

solid volume fraction ϕ is given in Figure 8. Low values of ϕ correspond to high w/c ratios (dilute

samples). The relation is expected to diverge at the maximum packing fraction. The narrow range

of solid volume fractions makes it difficult to assess the quality of different fits. We nevertheless

fit the data with an exponential relation, as already done in [6]. Exponential dependence of yield

stress on solid volume fraction was reported in Mantellato and Flatt [33]. Note that we consider the

initial solid volume fraction, i.e., the volume fraction of unhydrated cement grains. We do so because

changes in volume fraction over the time periods investigated in this study are either not accessible

experimentally (very early hydration products) or negligible (C-S-H and Portlandite formed in the

induction period).
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Investigation of Particle Interactions at the Origin of the Cohesion of Cement. Langmuir, 21(16):

7263–7270, August 2005. ISSN 0743-7463, 1520-5827. doi: 10.1021/la050440+.

[18] Dirk Lowke. Thixotropy of SCC—A model describing the effect of particle packing and superplas-

ticizer adsorption on thixotropic structural build-up of the mortar phase based on interparticle

interactions. Cement and Concrete Research, 104:94–104, February 2018. ISSN 00088846. doi:

10.1016/j.cemconres.2017.11.004.

[19] S. P. Jiang, J. C. Mutin, and A. Nonat. Studies on mechanism and physico-chemical parameters

at the origin of the cement setting. I. The fundamental processes involved during the cement

setting. Cement and Concrete Research, 25(4):779–789, May 1995. ISSN 0008-8846. doi: 10.

1016/0008-8846(95)00068-N.

[20] A. Nonat. Interactions between chemical evolution (hydration) and physical evolution (setting)

in the case of tricalcium silicate. Materials and Structures, 27(4):187–195, May 1994. ISSN

0025-5432, 1871-6873. doi: 10.1007/BF02473032.

[21] Cordula Jakob, Daniel Jansen, Neven Ukrainczyk, Eddie Koenders, Ursula Pott, Dietmar

Stephan, and Jürgen Neubauer. Relating Ettringite Formation and Rheological Changes dur-

ing the Initial Cement Hydration: A Comparative Study Applying XRD Analysis, Rheological

Measurements and Modeling. Materials, 12(18):2957, January 2019. doi: 10.3390/ma12182957.

[22] Qiang Yuan, Dajun Zhou, Kamal H. Khayat, Dimitri Feys, and Caijun Shi. On the measurement

of evolution of structural build-up of cement paste with time by static yield stress test vs. small

amplitude oscillatory shear test. Cement and Concrete Research, 99:183–189, September 2017.

ISSN 00088846. doi: 10.1016/j.cemconres.2017.05.014.

[23] Sara Mantellato, Marta Palacios, and Robert J. Flatt. Relating early hydration, specific surface

and flow loss of cement pastes. Materials and Structures, 52(1):5, February 2019. ISSN 1359-5997,

1871-6873. doi: 10.1617/s11527-018-1304-y.

20



[24] E. Berodier and K. Scrivener. Understanding the Filler Effect on the Nucleation and Growth of

C-S-H. Journal of the American Ceramic Society, 97(12):3764–3773, 2014. ISSN 1551-2916. doi:

10.1111/jace.13177.

[25] Patrick Juilland, Emmanuel Gallucci, Robert Flatt, and Karen Scrivener. Dissolution theory

applied to the induction period in alite hydration. Cement and Concrete Research, 40(6):831–844,

June 2010. ISSN 00088846. doi: 10.1016/j.cemconres.2010.01.012. URL https://linkinghub.

elsevier.com/retrieve/pii/S000888461000027X.

[26] Patrick Juilland, Aditya Kumar, Emmanuel Gallucci, Robert J. Flatt, and Karen L. Scrivener.

Effect of mixing on the early hydration of alite and OPC systems. Cement and Concrete Research,

42(9):1175–1188, September 2012. ISSN 00088846. doi: 10.1016/j.cemconres.2011.06.011. URL

https://linkinghub.elsevier.com/retrieve/pii/S0008884611001852.

[27] Francesco Bonacci, Xavier Chateau, Eric M. Furst, Jennifer Fusier, Julie Goyon, and Anaël
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