
Acta Materialia 246 (2023) 118726

Available online 24 January 2023
1359-6454/© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Uniaxial stress increases layer stacking disorder in calcium silicate hydrates 
with low calcium content 

David W. Gardner a, Jiaqi Li b, Martin Kunz c, Wei-Chih Liao d, Chenhui Zhu c, Carlo Carraro a, 
Paulo J.M. Monteiro b, Roya Maboudian a,* 

a Department of Chemical and Biomolecular Engineering, University of California Berkeley, 201 Gilman Hall, Berkeley, CA 94720, United States 
b Department of Civil and Environmental Engineering, University of California Berkeley, Berkeley, CA 94720, United States 
c Advanced Light Source, Lawrence Berkeley Laboratory, Berkeley, CA 94720, United States 
d Department of Chemistry, University of California Berkeley, Berkeley, CA 94720 United States   

A R T I C L E  I N F O   

Keywords: 
X-ray diffraction 
Creep 
Crystal plasticity 
Cement 
Preferred orientation 

A B S T R A C T   

The long-term stress response of concrete is controlled by the intergrain and intragrain interactions of calcium- 
silicate-hydrates (C-S-H), nanocrystalline forms of tobermorites. To investigate both types of interactions, we 
examined the deviatoric stress response of 11 Å tobermorite powder with X-ray diffraction, finding that its layer 
stacking (i.e., sliding) disorder significantly increases. 

A similar experiment was performed on nanocrystalline C-S-H powders before and after applying a 360 MPa 
uniaxial stress. Layer stacking disorder (in the form of intragrain deformation) increases when there is low water 
content and when the basal spacing is large. We also find that grains with a smaller thickness-to-diameter aspect 
ratio are first to develop preferred orientation (in the form of intergrain sliding), facilitated by gel water. These 
findings show that intragrain deformations in C-S-H can occur at relatively low stresses and provide insights into 
the creep mechanism of C-S-H.   

1. Introduction 

1.1. Creep in cement 

The long-term response to deviatoric stress through creep in concrete 
controls the ultimate deformation of the material. Creep in concrete is 
controlled by the cement matrix, whose main binding phase is calcium 
(alumino)silicate hydrate. C-(A-)S-H has a lamellar structure (Fig. 1), 
which is a defective, nanocrystalline form of tobermorite [1], and has 
structural similarities to the sheet silicates in clays [2,3]. There are two 
important types of water in C-(A-)S-H: interlayer water (visible in Fig. 1) 
and gel water. Interlayer water is strongly bound and is considered part 
of the crystal structure, whereas gel water exists between the grains in 
the pore structure. 

Understanding the mechanism of creep is critical as materials sci
entists and engineers begin to add supplementary cementitious mate
rials to the blend [5,6], whose effects on the creep compliance are poorly 
known, mainly relying on semiempirical models. Models for creep of the 
cement matrix at the nanoscale are often proposed in connection with 

nanoindentation experiments [7–12]. In these experiments, a C-S-H 
powder is pressed into a compact, and then a nanoindentation tip is 
pressed into the compact. 

One model of cement matrix creep is the pore-filling model of Van
damme and Ulm [13], which assumes that creep is proportional to void 
fraction, with rigid grains sliding past each other. The sliding is now 
thought to take place over a layer of gel water (also called extragranular 
water), which is considered separately from the interlayer water. This 
was demonstrated computationally by Morshedifard et al. [14] and 
experimentally by Suwanmaneechot et al. [11] Both found that creep 
compliance is highly correlated with gel water, although the depen
dence was only valid for gel water thickness ~5 Å or greater (this cor
responds to relative humidity above ~30%). 

1.2. Preferred orientation and creep in cement 

An alternate method to study creep is to measure the extent of 
preferred orientation under a deviatoric stress [14]. The comparison is 
not perfect, since creep is a time-dependent process, and the methods 
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described below are not strictly measured across time. The basis is that 
creep in layered materials can occur by mutually sliding planes shearing 
against each other, as in clays, and C-(A-)S-H has been shown to orient 
its basal plane towards a deviatoric stress at deviatoric stress as low as 12 
MPa [15,16]. Clays and C-(A-)S-H are made up of hydrated inorganic 
sheets, and their stress response has been studied and analyzed using 
microplane models [17]. An important clarification is that this paper 
will primarily focus on C-S-H powders that are pressed to compacts 
rather than studying a concrete block that is stressed over time. Pressed 
compacts are the typical sample form for nanoindentation experiments. 

Preferred orientation can develop by an intergrain mechanism, 
where rigid grains slide against each other. In the intergrain mechanism, 
the sliding must be perpendicular to the c-axis of the grains because of 
the grain shape [18] and in accordance with experiments showing c-axis 
alignment with deviatoric stresses [15]. Preferred orientation can also 
develop by an intragrain mechanism, with the same constraint that the 
most active sliding vectors are perpendicular to the c-axis [19]. 

We have previously shown that intergrain deformations occur in C-S- 
H under deviatoric stresses of 100’s MPa using small-angle X-ray scat
tering and deviatoric-stress Raman spectroscopy, but there was no 
connection between structure and extent of reorientation [20]. Other 
recent experiments with C-S-H with Ca/Si = 1.47 and basal spacing of 
9.8 Å show that grain yielding takes place at deviatoric stresses ~ 100 
MPa though the characterization was limited to X-ray diffraction [16]. 

1.3. Multiscale characterization approach 

In this paper, we investigate the connection between preferred 
orientation, intergrain sliding, and intragrain deformations towards 
understanding how C-S-H water content and morphology affect devel
opment of preferred orientation. We study highly crystalline normal 11 
Å tobermorite and four C-S-H samples that vary in calcium, alkali, and 
aluminum content. We refer to them collectively as C-(X-)S-H, where X 
= K, Al, or nothing. 

These samples are compacted and the changes to their crystal 
structures are studied with X-ray diffraction. First, a diamond anvil cell 
is used with the tobermorite sample, because the stress field felt by the 
tobermorite sample can be measured. Later, a pellet press is used with 
the C-S-H samples, because a more realistic stress can be used. X-ray 
diffraction is used to study changes in layer stacking disorder within a 
sample, using the relative peak ratios of a sample’s basal peak and hk 
peaks. Because of the full 360◦ detector geometry we can also acquire 
information about the variations in average microstress and average 
coherent scattering length with grain orientation. Changes in average 
size are difficult to clearly show in an XRD pattern, so small-angle X-ray 
scattering is used to more clearly show if there are changes in grain size. 

Gel water is known to be extremely important to C-S-H grains sliding. 
We use two characterization methods to probe the thickness of gel 
water: thermogravimetric analysis and 1H NMR T2 relaxometry. 

2. Experimental 

2.1. C-(X-)S-H synthesis 

C- S-H samples were synthesized at an initial bulk Ca-to-Si molar 
ratio (Ca/Si) of 1.0 and 1.2 and C-A-S-H samples with initial bulk Ca/Si 
of 1.0 and initial bulk Al-to-Si molar ratios (Al/Si) of 0.05. Stoichio
metric amounts of CaO⋅Al2O3, fumed SiO2 (Aerosil 200, Evonik), and 
CaO (from calcined CaCO3) were mixed with deionized water at a water- 
to-solid mass ratio of 45 in a N2-filled glove box. The C-S-H was cured for 
56 days at 50 ◦C. The cross-linked C-A-S-H sample with Al/Si of 0.05 was 
cured for 182 days at 80 ◦C. The C-K-S-H sample was prepared at Ca/Si 
of 1.0 in 0.5 M KOH solution at a liquid-to-solid mass ratio of 45 in a N2- 
filled glove box. The C-K-S-H sample was cured for 56 days at 50 ◦C. 
After vacuum filtration, the wet samples were freeze-dried for 7 days. 
Freeze drying removes some gel water from the C-S-H powders 
compared to non-dried powders, possibly leading to a metastable pow
der with less gel water than would be present in a non-freeze-dried 
powders [21–23]. 

The dry powders were equilibrated in N2-filled desiccators at 30% 
relative humidity, then sealed in vacuum bags until analysis. For more 
details on synthesis methods, see Refs. [24,25]. We intentionally avoi
ded high Ca/Si samples, even though these are more relevant to widely 
used cements, because high Ca/Si samples’ crystallinity is not as good 
for X-ray diffraction characterization and are more easily contaminated 
by atmospheric CO2. 

2.2. Compact pressing 

C-(X-)S-H powder was loaded using a dry pellet pressing die (diam
eter 3.175 mm, MTI). A vertical force was applied to exert a maximum 
uniaxial stress of 360 MPa on the sample with a hydraulic press; the 
maximum loading was held for 300s. The C-(X-)S-H was tested as a 
pressed compact rather than in a diamond anvil cell because it is easier 
to apply the desired uniaxial stress in a press and collect the sample for 
other characterization. 

Then the die was unloaded. The final products after compaction were 
compacts with ~1 mm thickness. The compacts were tested 24 h after 
compaction. Two compacts were made for each sample. Compacts were 
tested first by X-ray diffraction, then stored in vacuum to minimize 
carbonation. Subsequent small-angle X-ray scattering experiments were 

Fig. 1. Crystal structures of (a) cross-linked structure of normal 11 Å tober
morite, (b) non-cross-linked structure of C-S-H and C-K-S-H, (c) Cross-linked 
structure of C-A-S-H. (d) ab plane of C-(X-)S-H. Ptychographic images from 
Ref. [4] of (e) C-S-H with Ca/Si = 1.0 and (f) C-A-S-H with Ca/Si = 1.0, Al/Si 
= 0.1. 
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done within one week of pressing. 

2.3. Compact and Diamond Anvil Cell (DAC) X-ray diffraction 

The XRD experiments were conducted at the superbend beamline 
12.2.2 [26] of the Advanced Light Source (ALS) at the Lawrence Ber
keley National Laboratory. The incident X-ray beam energy was 25 keV 
(wavelength ~0.4959 Å), and the beam size was ~15 μm with the 
convergence of the focused beam of ~0.18◦. A MAR345 image plate 
with 100 µm square pixels was used as a detector for collecting 2D 
diffraction images. The sample-to-detector distance was ~330 mm in all 
experiments and was calibrated using a CeO2 standard. These mea
surements were conducted at room temperature. The exposure time for 
each compact measurement was 600 s, and the exposure time in a DAC 
was 1800 s. For ambient pressure measurement, the powder samples 
were loaded into glass capillaries. 

As shown in Fig. 3, to probe as many crystal orientations relative to 
the compression direction as possible, a radial geometry DAC was cho
sen where the incident beam was perpendicular to the symmetry axis of 
the DAC, which was also the principal loading direction. The gasket was 
made by laser drilling a 100 µm diameter hole into an 80 µm thick Be 
gasket, which was then placed on the diamond. The assembly was 
covered in Kapton tape as a safety precaution against Be dust. 

The sample was loosely packed into the gasket hole. The load was 
applied by slowly tightening the load screws of the DAC. A thin piece of 
Pt was placed between one diamond anvil culet and the sample powder. 
Since no pressure medium was used, the stress in the sample was initially 
zero, which began to build up as soon as the inter-particle porosity was 
essentially eliminated by the increasing compressive load. The diffrac
tion peaks of Pt were analyzed to calibrate the pressure and deviatoric 
stresses in the sample chamber [27]. 

Considering the symmetry of the experimental setup, the macro
scopic elastic stress tensor has the following non-zero components in the 
sample coordinate system: 

s11 = s22 = P – S, s33= P + 2S, where s11 is the transverse stress, s33 is 
the axial stress, P is pure hydrostatic component (pressure), and S is the 
deviatoric component of the stress [28,29]. Here, positive values are 
used for compression. 

We assume that the same stresses, i.e. not only the axial stress but 
also the transverse stresses, are shared between the powder and the Pt 
grains. This Reuss approximation (namely, equal stress in every grain) is 
often considered in geophysics research using high-pressure DAC in 
radial geometry [19]. High deviatoric stresses can develop in a DAC, so 
it is relevant to check that the Pt grains have not yielded. Dorfman et al. 
reported that the yielding of platinum strongly depends on the loading 
conditions [30] and the grain size, and it can happen at differential stress 
(S/3 by our definition) values below 1 GPa. In the present experiment, 
the values of the deviatoric stress are less than 300 MPa, and there is no 
evidence of intensity redistribution along Pt Debye rings, which would 
have indicated the onset of the plastic deformation; the rings were also 
close to circular throughout. Therefore, our estimations of deviatoric 
stresses in C-(A-)S-H under pressure should not be significantly biased. 

2.5. Rietveld refinement 

The input phase for the all C-A-S-H samples is the monoclinic normal 
11 Å tobermorite (Merlino) of space group B11m [31]. The raw 2D 
diffraction image (Fig. 3) was sliced into segments spanning an 
azimuthal angle of 10◦. MAUD was used to calculate the crystal c pa
rameters. More details are provided in the supplementary material. 

2.6. Azimuthal X-ray diffraction analysis 

To determine the order parameter of the compact, we measured the 
diffracted intensity for the (002) peak at azimuthal intervals of 10◦. To 
determine the intensity, a Gaussian distribution of I(q) was fit for each 

azimuthal slice of the 2-D XRD pattern after subtracting a polynomial 
background. This was used to determine the order parameter <S2> [32, 
33], where <S2> = 0 indicates isotropy and <S2> = 1 indicates perfect 
alignment. Order parameter is used throughout to facilitate comparison 
to simulations of hard-disk-like ensembles. 

MAUD was not capable of calculating a distribution of crystal sizes 
and strains by azimuthal slice as quickly as could be performed in a 
numerical package like the SciPy package. Rietveld analysis of peak 
widths for individual azimuthal slices was performed with the following 
assumptions: 

B(η, hkl) = Bmicrostrain(η, hkl) + BCSL(η, hkl) + Bpellet (1a)  

Bpellet = 0.01 ∗ 0.5 ∗ 2θ(hkl) (1b)  

Bmicrostrain(η, hkl) = 4 ∗ ε(η, hkl) ∗
sin(0.5 ∗ 2θ(hkl))

cos(0.5 ∗ 2θ(hkl))
(1c)  

ε(η, hkl) = Ehkl ∗ Stress(η) (1d)  

Stress(η) = Uniaxial stress ∗ (0.3 + 0.7 ∗ sin(η)) (1e)  

CSLhkl =
λ

cos(0.5 ∗ Two − Theta(hkl))
∗ BCSL(η, hkl) (1f)  

where B(h,hkl) is the full width half maximum of a peak fit to a Gaussian 
in a particular azimuth slice, h is the azimuth slice (0◦ representing the 
right-hand-side or 3-o’clock position, positive for counterclockwise from 
0), hkl are the scattering vector indices for the peak, Bmicrostrain is the 
microstrain contribution to the width, BCSL is the finite length contri
bution to the width, Bpellet is the pellet thickness contribution to the 
width (with the factor of 0.01 derived from the 3-mm-thick pellet placed 
300 mm away from the detector), 2θ (hkl) is the peak center, εhkl is the 
strain of the axis, Ehkl is the compressibility of the axis derived from 
literature (in practice, 290 GPa for the (020), (220) peak for all samples, 
160 GPa for C-S-H Ca/Si = 1.0, 200 GPa for C-S-H Ca/Si = 1.2, 240 GPa 
for C-A-S-H, 200 GPa for C-K-S-H), Stress(h) is the stress at that azimuth 
(a sinusoidal dependence is assumed and looks to be vindicated by the 
total width as a function of azimuth; the factor of 0.3 is the Poisson ratio 
for tobermorite-like-structures [34]), l is the X-ray wavelength (0.4959 
Å), and CSL is the coherent scattering domain size in Å. Instrument 
contributions to peak widths from the synchrotron beam and detector 
are negligible compared to the observed peak widths and the instru
mentation widths are constant along the azimuth. 

Each detector image was broken into 90 azimuthal slices. The peak 
width of the (002) peak was determined by fitting one Gaussian peak to 
the right-hand side of the (002) peak. (Interferences from low-angle 
scattering and the beamstop led to artifacts in the fits if the entire 
peak was used). The peak width of the (020), (220) peak was determined 
by fitting two Gaussians in the range q = 2.0 to 2.3 Å−1 for C-A-S-H and 
C-S-H, and three Gaussians for C-K-S-H to account for the main calcite 
peak. 

2.7. Thermogravimetric analysis of powders and compacts 

To determine gel water content, powder samples and compacted 
samples were loaded in a thermogravimetric analysis (TGA) instrument, 
a Shimadzu TGA-50 analyzer. The heating rate was 5 ◦C/minute in ni
trogen. Powders were allowed to equalize with humidity (50% relative 
humidity at 25 ◦C) for 24h before analysis. 

The gel water content was determined by estimating the weight 
fraction of water in the sample that can be assigned to interlayer water 
by estimating the interlayer water content based on basal spacing [35]. 
Interlayer water content was estimated from basal spacing as opposed to 
integration of multiple peaks on a d%/dT plot because of nonuniform 
interlayer water binding energy during the experiment [36] and the 
severe temperature gradient that exists in a pellet during the experiment 
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(Fig. S1). Other notes on the TGA methods are provided in the supple
mentary material. 

2.8. Frequency filtered 1H NMR relaxometry 

Powders were allowed to equalize with ambient humidity (50% 
relative humidity at 25 ◦C) for 24h before analysis. NMR data were 
acquired using a 11.7 T Bruker magnet and a Bruker Advance I spec
trometer that operates at the frequency of 500.23 MHz for 1H NMR. The 
chemical shifts were externally referenced to the downfield resonance of 
adamantane at 38.38 ppm relative to trimethylsilane. Experiments were 
performed using a Bruker 4 mm double resonance (1H/X) cross polari
zation magic angle spinning probe. Powders were loaded into a 4 mm 
(outer diameter) zirconia rotor. Samples were spun with N2 gas at the 
magic angle spinning rate of 12 kHz. The 1H pulse powers were set to 85 
kHz. A Carr-Purcell-Meiboom-Gill (CPMG) echo sequence [37] was used 
to modulate the 1H signal with the T2 relaxation before the data was 
recorded for the free induction decay. Each experiment was time aver
aged 32 times with a recycle delay of 5 s and an acquisition time of 50 
milliseconds. The echo delay for the CPMG sequence was set to two rotor 
cycles (TE=0.167 ms), and the experiments were repeated with 
increasing number of echo trains to give a total decay time of 0.17, 0.25, 
0.33, 0.42, 0.50, 0.58, 0.67, 0.83, 1.2, 2.5, 3.33, 5.0, 6.7, 8.3, 11.7, and 
15.0 ms. Raw NMR data is uploaded in Fig. S2. The zero ms decay time 
experiment was not used due to interference from a broad interlayer 
water peak. 

The T2 decay curve for the gel water resonance was fit to a mono
exponential T2 decay (Fig. S3). Typical R2 values for this fit are between 
0.92 and 0.98 indicating an excellent fit, and the points are evenly 
scattered around the trendline. More details of NMR methodology are 
provided in the supplementary material. 

2.9. Small angle X-ray scattering 

Small-angle X-ray scattering (SAXS) were carried out at beamline 
7.3.3 at the Advanced Light Source at Lawrence Berkeley National Lab 
[38] with a beam energy E = 10 keV, a bandwidth DE/E = 1% and a 
beam size about 300 x 700 mm2 with a q-range between 0.004 and 0.4 
Å−1. Small-angle scattering has been shown to provide information 
about the size, geometry, and density of C-S-H particles [4,39–42]. 

Pressed compacts were loaded into 1 mm diameter capillaries by 
lightly breaking up the compact by hand in a mortar and pestle and 
collecting the pieces into a capillary. Scattering patterns were recorded 
on a two-dimensional Pilatus 2M detector (Dectris), which has a pixel 
size of 172 mm. The exposure time used was less than 5 s. The X-ray 
beam position on the detector and the sample to detector distance were 
calibrated using the standard silver behenate. The two-dimensional data 
were calibrated and azimuthally averaged into one-dimensional in
tensity, I, vs. scattering vector, q, using Igor Pro Nika package [43]. The 
1D data were analyzed by numerically integrating the full form factor 
for a disk [44], assuming a discretized normal distribution of thicknesses 
(i.e. contribution only from integer multiples of the basal spacing) and 
with a constant aspect ratio for each sample (Eqs. (1a)–(1e)) [45]: 

I(q) = I0

∑∞.

i=1
F2

i (q) ∗ S(q) ∗ Weight(i basal spacings) (1a)  

Weight(i basal spacings) = exp

(
(i − μ)

2

2σ2

)

(1b)  

F2
i(q) =

∫π/2

0

abs
(

sin(qTicosϕ)

qTicosϕ
∗

2J1(qRisin(ϕ))

qRisin(ϕ)

)2

sin(ϕ)dϕ (1c)  

Ti = 0.5 ∗ i ∗ basal spacing (1d)  

Aspect ratio =
Ti

2Ri
= constant (1e)  

where I(q) is the intensity at the scattering vector q, I0 is an intensity 
factor, S(q) is the static structure factor, Fi(q) is the single particle form 
factor, i is an index for the number of basal spacings in the grain, µ is the 
mean number of basal spacings, σ is the standard deviation of the dis
tribution, Ti is half the sample thickness, Ri is the average particle radius 
(related to the thickness by the aspect ratio), and ϕ is the angle between 
the normal to the disk plane and the scattering vector q. The fitting 
procedure was taken after Ref. [45] with the primary goal of extracting 
the average grain thickness. In fact, the q-range we used to target the 
thickness was not sufficient to extract the diameter, so only the thickness 
and the distribution deviation will be reported. 

In just one case, the powder 11 Å Tobermorite sample, the low-angle 
resolution was not sufficient to resolve the thickness, indicating a 
thickness greater than 30 nm. In all other cases the reciprocal of the first 
radius of gyration was greater than the lowest magnitude scattering 
vector [46]. 

Multiple scattering events in dense samples tend to smooth out small- 
angle X-ray scattering patterns, and the average power-law dependence 
of I(q) at a given q is not affected [47]. Using the method and results of 
Ref. [47], we estimate a scattering power of ~0.1 in the powders and ~ 
1 in the compacts. The effect of multiple scattering on our small-angle 
patterns reduces the influence of the static structure factor but has 
minimal effect on the influence of the particle form factor. More details 
on the fitting procedure are given in the supplementary materials. 

3. Results and discussion 

3.1. Radial diamond anvil cell compaction of crystalline 11 Å normal 
tobermorite 

The ambient 1-D XRD pattern of the normal 11 Å tobermorite in 
Fig. 4 shows symmetric peaks. (For the full patterns, see Fig. S4.) The 
results of the Rietveld refinement are given in Table S1. Upon 
compaction in the diamond anvil cell, the sample’s (002) peak shows a 
strain of 9% at a stress condition of P = 3.9 GPa and S = 0.3 GPa. The 
order parameter of the (002) peak is <S2> = 0.84. The rings corre
sponding to the most intense hk peaks are not visible on the detector 
image, although they are very weakly present in the azimuthally inte
grated pattern. Deloading the sample (P <1 GPa and S ~ 0 GPa, the gray 
“unload” trace with <S2> = 0.67) shows that the (002) peak has not 
changed its position from ambient, although the peak is a bit wider. The 
main hk peaks’ spectral intensity is now completely gone. 

This is inciting question of this paper: What happened to the hk peaks 
in our tobermorite sample under uniaxial stress, and might a similar 
mechanism be taking place in C-S-H under uniaxial stress? Layer 
stacking defects are necessary to explain the findings, as these have 
significant effects on hk peak intensity, whereas increases in microstrain 
and decreases in coherent scattering length are insufficient (Fig. S5). 
Given (i) the layered structure of tobermorites, (ii) the prevalence of 
layered stacking defects in layered structures [48], (iii) our prior Raman 
spectroscopy findings that C-(A-)S-H can slip in its ab plane at S < 0.3 
GPa [20], and (iv) the inadequacy of simpler microstructural changes to 
account for the peak ratio change, an increase in layer stacking disorder 
is the most plausible explanation [49]. Following this experiment, we set 
out to investigate if similar disorder is induced in C-S-H under uniaxial 
stress. 

3.2. X-ray diffraction of C-(X)-S-H samples 

3.2.1. Changes to diffraction patterns upon compaction 
Fig. 5a, b show the azimuthally averaged pattern of the samples after 

compaction in a pellet press at 360 MPa uniaxial stress. Finite element 
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analyses of plastically deforming grains in compaction show that the 
maximum shear stresses felt are ~10% of the uniaxial stress, so in our 
case, the estimated shear stress on the grains is roughly 40 MPa [50]. 
Applying an effective Poisson ratio to the powder of 0.3 [51,52] leads to 
a transverse stress (σT) equal to ~150 MPa and a deviatoric stress of 60 
MPa while forming the pellet. This estimate of the deviatoric stress S is 
an upper bound because the effective Poisson ratio for powders is 
greater than the value for a solid material. 

The basal-peak summary of Rietveld refinement is given in Table 1 
(Full results in Table S2). X-ray diffraction patterns and their fits are 
given in Figs. S6–S9, and plots of basal peak intensity vs. azimuth is 
given in Fig. S10. After compaction all peaks have similar changes in the 
XRD pattern. In the following discussion right- and left-shifts are 
considered for the patterns plotted against the scattering vector, q. All 
peaks right-shift, especially the (002) peak. 

Basal peak widths increase upon compaction. To determine if the 
width increase is entirely due to residual stress or if grain thickness also 
decreases, we used small-angle X-ray scattering to estimate the grain 
thickness, assuming that the grains are roughly disk-shaped (full SAXS 
patterns provided in Figs. S11–S17, fit parameters Table S3). We are 
assuming that the grain thickness is essentially parallel to the crystal 
<002> [18]. 

The SAXS patterns on a log-log plot show the intensity has a -2.5 
power dependence at low q and a -4 power dependence at high q. Simply 
put, the transition wavevector between the two regimes is proportional 
to the average grain thickness, assuming a disk-like morphology [47]. In 
the compacts’ SAXS patterns, the transition is at higher q than the 
respective powder’s patterns, indicating that the grain thickness de
creases. Other features of the SAXS patterns are beyond the scope of this 
paper. 

The hk peaks get wider after compaction. Some of the extra peak 
width can be attributed to the thickness of the compact compared to the 
capillary, but based on the geometry of the compact, ~3 mm diameter 

and ~330 mm from the detector, there is only an extra 1% of the q 
vector magnitude. For the (020) peak, this adds ~0.02 Å−1. Another 
factor is microstrain. This variable is constrained by the compliance 
tensor and the stresses of the experiment. Only reductions in coherent 
scattering domain size (i.e. fracture) can compensate the increased 
width. 

Another phenomenon that could affect the X-ray diffraction patterns 
of compacted disks is out-of-plane deformations caused by the 
compaction, especially bending along a or b. These deformations would 
have a significant effect on the hk peak widths (Fig. 5c–f), but we see 
essentially no increase, indicating that this out-of-plane deformation is 
not dominant. 

3.2.2. Changes to diffraction patterns by azimuth and ‘phase separation’ 
In the C-A-S-H and C-K-S-H sample, the (020), (220) peak width of all 

azimuthal slices of the compact is indistinguishable from the width of 
this peak in the powder sample. The expected azimuthal dependence of 
the peak width from the packing is not even present, meaning that most 
of the stress is dissipated. 

In the two C-S-H samples, the (020), (220) peak of the compact is 
wider than the powder peak, but only for azimuthal slices between 60◦

and 120◦. For other azimuthal slices, the peak width of the compact is 
actually less than the peak width of the powder, which can only be 
possible if there is segregation by grain thickness. 

Fig. 6 shows the average aspect ratio plotted versus the orientation of 
the grains’ c-axis. In the C-S-H samples there is a clear dip in the aspect 
ratio for grains in the ordered phase aligned with the previously applied 
stress. 

Simulations of rigid disks with a distribution of aspect ratios, defined 
as thickness divided by diameter, show that the compaction leads to the 
development of two distinct phases: an ‘isotropic’ (<S2> = 0) phase and 
a ‘nematic’ phase (<S2> > 0). When there are two phases present in a 
heterogeneous mixture, the nematic phase will always have a lower 
average aspect ratio than the isotropic phase [28,29,53–55]. 

By analogy with simulations, we can conclude that the C-S-H samples 
relied on intergrain interactions to develop their preferred orientation. 
However, the C-A-S-H and C-K-S-H samples show no dip in aspect ratio 
with c-axis orientation, so intergrain sliding is unlikely to have been the 
dominant mechanism. More research is needed with high-spatial- 
resolution tools (e.g., TEM [56]) to conclude definitively that spatially 
distinct ‘nematic’ phases develop in C-S-H under stress. 

3.2.3. Controlling for the effect of preferred orientation on hk peak intensity 
The layer stacking disorder can be indirectly quantified by 

comparing the actual intensity of the first hk peak (the (020), (220) 
peak) with the predicted intensity if no layer stacking defects were 
generated (Fig. 7). C-S-H have layer stacking disorder after their syn
thesis [57,58], and this section discusses an increase in their layer 
stacking disorder following compaction. 

If the grains are rigid while developing preferred orientation, then 

Table 1 
Basal peak parameters as calculated by MAUD and grain thickness as measured 
by SAXS. Values in parentheses represent two standard deviations of the fit 
parameter combined with the measurement standard deviation from two sam
ples. There was not sufficient material of the C-S-H Ca/Si = 1.0 compact to study 
by SAXS.  

Sample  c (Å) <S2> SAXS Grain  
Thickness (Å) 

C-A-S-H Powder 22.9 (<0.1) 0 100 (0.8) 
Compact 22.8 (<0.1) 0.37 (<0.1) 63 (0.5) 

C-S-H  
Ca/Si = 1. 2 

Powder 20.7 (<0.1) 0 83 (4.8) 
Compact 20.5 (<0.1) 0.47 (<0.1) 59 (3.5) 

C-S-H  
Ca/Si = 1.0 

Powder 23.2 (<0.1) 0 66 (2.5) 
Compact 23.1 (<0.1) 0.47 (<0.1) – 

C-K-S-H Powder 21.7 (<0.1) 0 158 (2.8) 
Compact 21.6 (<0.1) 0.26 (<0.1) 133 (2.3)  

Fig. 2. Sliding disorders in 14 Å tobermorite. Key to atom symbols is as in Fig. 1. Some interlayer atoms are removed for clarity. (a) Crystal structure. (b) Layer 
stacking disorder with sliding defect along b in the CaO7 intralayer. (c) Layer stacking disorder with sliding defect along b in the interlayer. Depicted displacement is 
arbitrary and does not correspond to any experimental result. 
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points along the black trace of Fig. 7 will be observed. However, if layer 
stacking disorder increases during compaction, the hk peaks become 
relatively less intense, and points will lie closer to the red trace of Fig. 7. 
The black trace is valid for crystalline and disordered layered materials 
because the points are normalized to an isotropic case; the red trace 

represents an increase in layer stacking disorder. 
The C-S-H sample with Ca/Si = 1.2 lies nearly on the black trace, 

indicating that it did not develop preferred orientation by means of 
intragrain sliding (Fig. 2). However, the C-S-H sample with Ca/Si = 1.0 
does see some extinction of its hk peaks. The Ca/Si = 1.0 sample has a 
larger basal spacing than the higher Ca/Si C-S-H sample (11.5 Å vs ~10 
Å), so it is reasonable to expect more sliding along the Ca/Si = 1.0 
interlayer, since the energetic barrier to slide decreases with spacing 
between faces [59]. The higher Ca/Si result is supported by a separate 
experiment in a diamond anvil cell. C-S-H with Ca/Si = 1.47 and basal 
spacing ~ 9.8 Å achieved a preferred orientation primarily by an 
intergrain mechanism at deviatoric stresses < 100 MPa [16]. 

The C-K-S-H and C-A-S-H samples both show an increase in layer 
stacking disorder (intragrain deformations). We have previously studied 
the evolution in bond strain with stress in the C-A-S-H sample, albeit at 
higher stresses, finding that it likely slips on the seven-fold-coordinate 
Ca intralayer, as its interlayer is crossed by strong silicate chains [35]. 
It is known that Al in C-A-S-H can occupy several electronic states 
(essentially as an interlayer component or in the silicate chain [60,61]) 
and depending on the relative fraction of each state the Al has different 
effects. We cannot determine the exact method of the C-K-S-H sample’s 
deformation, but because its interlayer is not cross-linked [24], it is 
reasonable to assume there is slip on either or both the interlayer or 
intralayer. 

3.3. Water characterization 

Gel water is known to lubricate grains sliding against each other 

Fig. 3. Geometry of scattering experiments for (a) diamond anvil cell experi
ment and (b) compact experiments. Note that the stress is applied along 0 and 
180◦ for the diamond experiments but 90 and 270◦ for compacts. 

Fig. 4. Compaction of the crystalline 11 Å normal tobermorite in a diamond anvil cell. (a-c) Detector images in capillary, in diamond anvil cell, and after unloading 
screws. The red arrows correspond to the Debye ring for the (002) peak and the blue arrows point to where the ring for the (020), (220). The (002) peak is aligned 
with the stress. (d) Azimuthally integrated 1-D XRD pattern in the region of the main peaks after background subtraction. Patterns normalized to the (002) peak 
intensity. The loss of spectral intensity in hk peaks suggests an increase in layer stacking disorder following compaction. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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(inter-grain deformation) to achieve a preferred orientation [11]. We 
used two techniques to measure the thickness of gel water to support our 
above findings: TGA and frequency-filtered and 1H NMR T2 relaxom
etry. Raw TGA plots are given in Fig. S1, and raw 1H NMR plots are 
given in Figs. S4, S5. Based on the results of Section 3.2, we should 
expect the intergrain-deforming powders to have more gel water than 
intragrain-deforming powders. There is almost no difference in gel water 
content amongst the C-S-H powders, while C-S-H with Al and K tend to 
decrease the amount of gel water (Fig. 8a). There is a positive rela
tionship between the extent of ordering and the gel water content, 
supporting the XRD conclusions. 

Results from 1H NMR tell a similar story. Powders with larger T2 
relaxation constants (where larger relaxation constants indicate thicker 
gel water films [62–64]) develop more preferred orientation. Powders 
with thicker water films have lower barriers to intergrain sliding [14]. 
There is a very strong relationship between T2 relaxation constant for 
the dominant water and the order parameter that the sample achieves 

under uniaxial stress (Fig. 8b). We postulate that larger T2 constants 
correlate with increasing thickness of mobile water which mobile water 
lubricates grain-grain sliding, as we describe above. 

3.4. Interplay between preferred orientation, intergrain deformation, and 
creep 

Fig. 9 shows why the C-A-S-H and C-K-S-H samples deform by 
intragrain deformations, while the 1.0 Å C-S-H sample does not. The 
shear stress on a slip system is normalized by the grain’s orientation to 
the stress by a factor of sin(θ)cos(θ) [19], also called the Schmid factor, 
where θ is the angle between the stress and the sliding vector in the 
grain. The factor is zero when the sliding is perpendicular to the applied 
stress (θ = 90◦), as is the case for an already oriented compact. The 
C-A-S-H and C-K-S-H samples cannot deform much by intergrain 
mechanisms from isotropic for lack of lubricating gel water, so their 
Schmid factor is large; whereas the 1.2 Ca/Si (~10 Å basal spacing) 

Fig. 5. Azimuthally averaged, intensity-normalized XRD patterns of C-(X-)S-H powders and compacts. Patterns are normalized to the most intense peak. (a) Basal 
peak. (b) First hk peaks. (c-f) FWHM of the (020), (220) peak, given in units of q at the peak’s center position. The stress contribution is plotted assuming that there is 
no stress dissipation after compaction. An azimuth of 90◦ is parallel to the stress used to prepare the compact. The only contributions to peak width that meaningfully 
vary along the azimuth are variations in average microstress and in average coherent scattering length. 
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C-S-H sample does develop a preferred orientation by intergrain mech
anisms first, so once the porosity is reduced and <S2> ~ 0.5, the Schmid 
factor is much smaller. The 1.0 Ca/Si (11.5 Å basal spacing) C-S-H 
sample has a lower threshold to slide by its larger interlayer so its layer 

stacking disorder increases as it develops preferred orientation. These 
effects are important to consider in nanoindentation experiments [15, 
16,65]. 

4. Conclusions 

C-(X)-S-H, the main binding phase in concrete made with Portland 
cement and arbiter of its creep behavior, responds to deviatoric stress by 
developing a preferred orientation. Intragrain deformations play a large 
role when there is little porosity or when the basal spacing is large; 
otherwise intergrain sliding dominates. A larger study is needed to more 
fully understand how important basal spacing is for intragrain 
deformations. 

Upon compaction, the first hk peak decreases in intensity relative to 
the basal peak beyond what would be expected for a given preferred 
orientation, indicating stress-induced layer stacking disorder. If there is 
sufficient gel water, then intergrain sliding will favor the lowest aspect 
ratio grains entering into an ordered phase. In real C-S-H with higher 
Ca/Si ratio and that is not freeze-dried, this effect is probably even more 
relevant than our findings suggest. 

The most important finding is that simulations assuming rigid grains 
tend to make proper qualitative predictions [14], but once gel water 
content is reduced below 5-6% of total mass, layer stacking de
formations (sliding/rotating on intralayer or a large interlayer) allow 
the grains to deform more than would be expected [10]. Future models 
of cement creep should account for the yielding of C-S-H grains to shear 
stress. 
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