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A B S T R A C T   

Creep of the cement matrix affects the structural stability of concrete. In Portland cements, the creep is largely 
controlled by the binding phase calcium-(aluminum-)silicate-hydrate, or C-(A-)S-H. This phase has a lamellar 
structure and under deviatoric stress aligns its c-axis with the principal stress. However, the limiting resistance to 
this reorientation is unknown at the nanocrystalline level. Small-angle X-ray scattering shows that the lamellae 
thickness decreases under 100's MPa deviatoric stress. Deviatoric stress Raman spectroscopy shows that there are 
two ways that this break-up can occur. If the material's silicate chains are cross-linked, then strain in Si–O bonds 
does not increase above certain stresses, indicating a relaxation adjacent to the Si–O bond. If the chains are not 
cross-linked, then the silicate chains are broken up by rastering against each other, introducing defects. These 
results show that the plastic deformation of C-(A-)S-H is relevant for Portland cement creep.   

1. Introduction 

The long-term deformation of concrete whereby it flows, or “creeps”, 
under deviatoric stress is important for predicting the life expectancy of 
the structure and its mechanical properties. Understanding the mecha
nism of creep could enable designing cement chemistries that have 
tailored creep compliance. It is desirable to have a high creep value for 
mass concrete, or any concrete that develops large thermal gradients 
during the hydration process, because creep alleviates the thermal stress 
that could initiate cracks. In most structural concretes that are pre
stressed to strengthen against tension, creep absorbs the prestress and 
reduces concrete performance, and hence a small creep value is desired. 

Once set, the creep response is largely controlled by the main binding 
phase in Portland cement, nanocrystalline calcium-(aluminum-)silicate- 
hydrate (Fig. 1). C-(A-)S-H has a layered structure of two-dimensional 
Ca seven-fold coordinated with O, OH, and H2O sheets (the “intra
layer”) decorated with one-dimensional silicate chains. The uptake of 
aluminum ions promotes cross-linking of silicate chains on opposite 
sheets when synthesized above 80 ◦C [1,2]. Between the sheets and the 
silicate chains are coordinated calcium ions and strongly bound water 
molecules (the “interlayer”). Standard notation for silica tetrahedra is 

used here, with Q1 denoting a silica tetrahedron bound only to one other 
tetrahedron, Q2 a silica tetrahedron bound to two others, and Q3 a silica 
tetrahedron bound to three others. 

In this paper, we compare two types of C-(A-)S-H to understand how 
their structures affect their mechanical properties. The first type is a 
cross-linked structure (Fig. 1a, c), which contains aluminum. The second 
is a non-cross-linked sample (Fig. 1b, d), which does not. We refer to 
these as C-A-S-H and C-S-H, respectively. At the mesoscale, C-(A-)S-H 
grains have a lamellar, turbostratic morphology [3] (Fig. 1e). This has 
been established from Rietveld refinement [1], small-angle X-ray scat
tering (SAXS) [4,5], and transmission electron microscopy [6]. The short 
dimension of a lamella is coincident with the c-axis. Around each grain is 
a several-Å-thick layer of gel water [7,8]. 

Under a deviatoric stress the lamellae orient so that the c-axis is 
aligned with the principal compression direction [9], but the mechanism 
(s) of reorientation remains unclear. For this preferred orientation to 
develop, either or both of the following must be true: grains slide past 
each other along their ab faces in an intergrain mechanism (“shape 
preferred orientation”), or a slip plane along the ab plane within the 
crystal is activated in an intragrain mechanism [10] (“lattice preferred 
orientation”). 
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The intergrain resistance is sometimes aided by gel water. Simula
tions and nanoindentation experiments have shown the lubricating ef
fect gel water has [11–14], especially for thicker water layers, and 
micro/nanoindentation studies link the creep of cement paste with creep 
of C-S-H using a semiempirical void-filling model [12,13,15–17]. These 
semiempirical models are very useful for existing cements, but the 
models' fit parameters are not derivable from the structure of the C-S-H, 
e.g. why C-A-S-H has a lower creep compliance than C-S-H [16]. Grain 
roughness [18] could also play a role, although this parameter is difficult 
to measure directly. The barriers to movement at low relative humidity 
or low porosity remain unknown. 

Intragrain resistances are plausible given that C-(A-)S-H has a similar 
structure to micas, a layered clay mineral, which require only 100's MPa 
to activate sliding on the ab plane [19,20]. The analogy to micas is 
consistent with computations showing that the lowest energy plane to 
expose in 11 Å tobermorite is the (004) plane [21], which coincides with 
the intralayer. 

In this paper, we present results obtained from compacted pellets of 
C-S-H and C-A-S-H prepared using uniaxial stresses of 740 MPa. We 
track changes in their grain size with SAXS. We observe a decrease in 
grain thickness from ~70 Å to ~50 Å in both samples after they have 
been subjected to 740 MPa uniaxial compression. We do not observe any 
decrease in effective radius. The plastic deformation observed by SAXS 
signals bond-breaking events. Therefore, we probe the chemical envi
ronment of the silicate tetrahedra with Raman spectroscopy, both ex- 
situ and in-situ during compaction with Raman spectroscopy in a dia
mond anvil cell. We find that in the C-A-S-H sample under high stresses, 
the Raman peak corresponding to the Si–O–Ca(intralayer) stretch does 
not increase in vibrational energy, meaning that its bond strain does not 
increase, while the interlayer Si–O–Si bending peak does increase in 
energy. This indicates a relaxation of the intralayer in C-A-S-H. In 
contrast, both of these bonds develop strain in the C-S-H sample, sug
gesting that the slip plane in C-S-H is the water-rich interlayer, not the 
intralayer. The deviatoric stress Raman spectroscopy experiments show 
that the slip plane that leads to a decrease in grain thickness is different 
between cross-linked C-A-S-H and non-cross-linked C-S-H. 

2. Methods 

2.1. Samples 

The C-(A-)S-H powders were synthesized by a standard method 
described elsewhere [9]. Briefly, samples were synthesized at 80 ◦C for 
56 days with Ca to Si reagent ratio of 1.0, and in the case of the C-A-S-H 
samples, with Al/Si = 0.1. Note that while X-ray diffraction (XRD) of the 
C-S-H sample (Fig. S1) shows that the (002) basal peak that can be 

deconvoluted into two basal peaks, with thicknesses 24.4 Å and 27.6 Å, 
we treat this sample as homogeneous in the 24.4 Å because this spacing 
is five times more abundant. The basal spacing of the C-A-S-H is 11.6 Å. 
Samples were stored in vacuum box when not in use. Previous NMR 
characterizations of these samples are provided elsewhere [2], showing 
17% Q1 in the C-A-S-H and 23% Q1 in the C-S-H, and 14% Q3 in the C-A- 
S-H and 0% Q3 in the C-S-H. The mean chain length in the C-A-S-H is 
19.8 and is 8.8 in the C-S-H. 

2.2. Pellet pressing 

Pressed pellets of the samples were formed by loading the powder 
into a die and applying 740 MPa uniaxial stress in a pellet press for 60 s. 
Previous XRD experiments have shown that the response to such a high 
uniaxial stress is quite fast [9]. We define pressure and deviatoric stress 
as in Eqs. (1) and (2): 

P =
1
3
*(σS + 2*σT) (1)  

S =
1
3
*(σS − σT) (2)  

where P is the hydrostatic pressure, σS is the uniaxial stress, σT is the 
average transverse stress, and S is the deviatoric stress. 

The uniaxial stress of 740 MPa was chosen to enable comparison 
with previous high-pressure deviatoric stress XRD results [9] and the 
stresses accessible by the deviatoric-stress Raman spectroscopy system 
described below. Lower stresses have larger uncertainty because of the 
lower accuracy at such stresses. Higher stresses were not accessible 
because of the mechanical limit of the stainless steel die used. 

The 740 MPa uniaxial stress (σS) applied to the powder to form the 
pellet is less than the deviatoric stress felt by the powder in the diamond 
anvil cell experiments. Applying an effective Poisson ratio to the powder 
of 0.3 [22,23] leads to a transverse stress (σT) equal to ~300 MPa and a 
deviatoric stress of 130 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 pressed pellet method was chosen because it allows the collec
tion of a large volume of sample to be readily analyzed by the syn
chrotron beamline described below. Aligning a sample that had come 
from a diamond anvil cell gasket is practically impossible because 
samples become cemented with the gasket. 

2.3. Small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) were carried out at beamline 
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Fig. 1. Structure of the calcium-(aluminum-)silicate hydrate (C-(A-)S-H) sample in this work. (a, b) bc plane of C-A-S-H and C-S-H, respectively. (c, d) ab plane of C- 
A-S-H and C-S-H, respectively. Half-filled symbols denote half-occupancy in the structure. For simplicity, in the ab slice, only the oxygens that are involved in the 
Si–O symmetric stretches studied in this work are included, while water molecules, interlayer calcium ions, and the third silicon atom on the Q3 sites are not shown. 
Both structures adapted from structure of cross-linked 11 Å tobermorite [5,6]. (e) Simple model of C-(A-)S-H lamellae at the mesoscale, showing the difference 
between strongly bound interlayer water and surface adsorbed gel water. The c-axis of the three grains is drawn. (not to scale). 
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7.3.3 at the Advanced Light Source at Lawrence Berkeley National Lab 
with a beam energy E = 10 keV, a bandwidth ΔE/E = 1% and a beam 
size about 300 × 700 μm2 with a q-range between 0.004 and 0.4 Å− 1. 
Pressed pellets were loaded into 1 mm diameter capillaries by lightly 
breaking up the pellet by hand in a mortar and pestle and collecting the 
powder into a capillary. Scattering patterns were recorded on a two- 
dimensional Pilatus 2 M detector (Dectris), which has a pixel size of 
172 μm. The exposure time used was less than 5 s. The X-ray beam 
position on the detector and the sample to detector distance were cali
brated 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 [24]. The 
1D data were analyzed by numerically integrating the full form factor 
for a disk [25], 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. 3a-3e): 

I(q) = I0

∑inf .

i=1
F2

i (q)*S(q)*Weight(i basal spacings) (3a) 

Weight(i basal spacings) = exp

(
− (i − μ)2

2σ2

)

(3b) 

F2
i(q) =

∫ π/2

0
abs
(

sin(qTicosϕ)
qTicosϕ

*
2J1(qRisin(ϕ) )

qRisin(ϕ)

)2

sin(ϕ)dϕ (3c) 

Ti = 0.5*i*basal spacing (3d) 

Aspect ratio =
Ri

Ti
= constant (3e)  

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), ϕ is the angle between the 
normal to the disk plane and the scattering vector q. 

A constant aspect ratio assumption is preferred over a constant 
radius assumption because (i) it is more physical based on equilibrium 
crystal shapes, and (ii) the constant aspect ratio assumption gives a 
better fit. In this fit, the scale factor, the average thickness, and the 
sample aspect ratio are the only fit parameters. The fit thickness is nearly 
the same if an empirical Guinier-Porod model [4,26] is applied, 
although the goodness-of-fit is better using the full form factor. The full 
form factor also has the advantage of giving a stable fit grain radius to 
varied starting conditions, whereas the empirical model does not have 
the q-range to fit the average grain radius. 

The results were highly reproducible within a single sample. 
Representative fits for each sample are given in Fig. S2. The error for 
least-squares fitting was defined as: Error(I(q)) = log(I(q), experiment) 
− log(I(q), fit))2. The log(I(q)) operation is needed because of the power- 
law dependence of the scattering. 

The fitting procedure was taken after Ref. [27], which studied sheet 
silicates with various intercalates. First, the patterns were fit to Eqs. 
(3a)-(3e) assuming S(q) = 1, i.e. assuming no interparticle orientation 
effects or a dilute suspension. This assumption is a useful for the first fit 
because form factor scattering dominates the pattern, and because as 
will be shown below, there are very weak oscillations or peaks from 
interparticle scattering that would corrupt our regression. Once the 
pattern has been fit, the measured intensity I(q) is divided by the fit form 
factor intensity F2(q) to yield an effective S(q) [27]. 

2.4. Ambient Raman spectroscopy 

Ambient Raman spectra were recorded by loading the powder or 
pellet onto a glass slide. The spectra were acquired in backscattering 
geometry at room temperature with a JY-Horiba Labram spectrometer 
with an 1800 groove/mm grating. A HeNe laser (632.8 nm) provided the 

excitation line through an Olympus BX41 confocal microscope, which 
was focused on the sample by a 50× long working distance objective 
(Olympus SLMPLN 50× objective, focal length = 180 mm). The spot size 
was less than 1 μm. Peak assignments for vibrations considered in this 
work are given in Table 4. Standard deviation of the measured peak 
centers is 0.8 cm− 1 for the Q2 bending peak and 1.2 cm− 1 for the Q2 

stretching peaks in both samples. Typical standard error of the fit peak 
center is 1 cm− 1. Incorporation of Al in C-A-S-H does not lead to 
meaningful increases in peak width compared to the C-S-H sample 
[28,29]. 

2.5. High-pressure and deviatoric stress Raman spectroscopy 

The experiments described below were performed on the same 
Raman spectrometer described in Section 2.4. Hydrostatic high-pressure 
Raman spectra were acquired by loading the sample into a BX90 dia
mond anvil cell by a standard procedure with a pressure medium, either 
a 4:1 volume/volume mixture of methanol to ethanol, or silicone oil 
[34]. It was necessary to use multiple pressure media so that the sample 
peaks could be observed without interference from the pressure media 
peaks [29]. Methanol-ethanol mixtures have interfering peaks around 
1000 cm− 1, while silicone oil has an interfering peak around 650–700 
cm− 1. Typical exposure times were 20 min with a 10 mW laser. The 
power of the laser is defined at the source. The standard ruby lines could 
not be used for hydrostatic pressure measurement when measuring the 
minerals in this study because the high laser power needed for the cal
cium silicate hydrate samples activates the ruby fluorescence, resulting 
in unacceptable convolution with the samples' weak Raman lines. 
Instead, the pressure in the diamond anvil cell was obtained from the 
Raman frequency of the top diamond culet, as described elsewhere [29]. 

Deviatoric stress Raman spectra were acquired by lightly packing the 
powder into a BX90 diamond anvil cell in a stainless steel gasket, with 
multiple well-spaced ruby spheres loaded onto the top diamond before 
assembling the diamond anvil cell (Fig. 2). We were able to record the 
spectra of C-(A-)S-H in the diamond anvil cell under deviatoric stress 
despite rubies in the sample chamber because the compaction of the 
sample by the deviatoric stress increases the packing density of the C-(A- 
)S-H powder and therefore the signal is strong enough to be seen. A spot 
in the gasket was consistently sampled throughout the deviatoric stress 
experiments. C-(A-)S-H Raman spectra were deconvoluted with CasaXPS 
software using mixed Gaussian-Lorentzian functions. Typical standard 
error from the regression of the peak center is 2.0 cm− 1 for both peaks 
for spectra recorded in a diamond anvil cell. 

Although peak widths increase by ~30% in the diamond anvil cell 
when the material is under pressure and the grains may deform their 
shape, the regression uncertainty for the peak center remains roughly 
2.0 cm− 1 for the pressure range studied here in hydrostatic and devia
toric conditions. 

When combining the separately obtained Q2 bending and stretching 
peaks, as in the hydrostatic points of Fig. 5, a linear relationship between 
wavenumber and pressure was assumed for one mode – in the C-S-H 
sample, the Q2 bending peak, and in the C-A-S-H sample, the Q2 sym
metric stretch peak [29]. The frequency of that mode was estimated at 
the pressure of the other mode. 

The error bars for the hydrostatic points in Fig. 5 are either the 

Table 4 
Peak assignments for Raman spectroscopy of calcium‑aluminum-silicate hy
drates relevant to this work.  

Ambient position (cm− 1) Assignment [28,30–33] 

675 Si-O-Si Q2 bending 
850 Si-O-X Q1 symmetric stretch 
1010 Si-O-Xa Q2 symmetric stretch 
1075 CaCO3  

a X ∕= Si, Al. 
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contributions from the spectrometer imprecision, repeatability uncer
tainty, and peak fit center standard error; or two standard errors of the 
regression line between the Q2 bending peak with pressure in C-S-H (two 
standard errors = 3.00 cm− 1) or between the Q2 symmetric stretching 
peak in C-A-S-H with pressure (two standard errors = 5.81 cm− 1). 
Different modes were used as the basis for the plot because the linearity 
between peak center and pressure was better for different modes be
tween the two samples. These plots are available from our previous work 
[29]. 

Calcium oxide vibrations at low wavenumbers were not resolvable in 
the diamond anvil cell, neither were Q3 bending vibrations seen in 
tobermorites [30] (Fig. S8, S9). Q3 vibrations are not intense enough to 
observe by Raman spectroscopy even though these tetrahedra are pre
sent in the C-A-S-H sample [2,29]. 

2.6. Determining stress field in deviatoric stress Raman spectroscopy 

Components of hydrostatic pressure P and deviatoric stress S were 
determined by the shift in the ruby R2 line and by the difference between 
the R1 and R2 lines, respectively [35] (Fig. S3). The ruby R2 wavelength 
depends only on pressure within the deviatoric stress range in this study 
[35]. Ruby R1, R2 peak positions were determined by deconvolution 
with CasaXPS software using pure Lorentzian functions. The equations 
used to calculate P and S as functions of the R1 and R2 wavelengths are 
given in the SI, Eqs. ES1-ES2. 

Deviatoric stress naturally arises in powder samples in the diamond 
anvil cell with the stress along the direction normal to the diamonds 
being greater than the transverse stress imposed by the gasket. Although 
we cannot control the initial orientation of the ruby spheres, we observe 
that all five rubies show an increase in the wavelength difference be
tween the two peaks once deviatoric stress is applied (Fig. S4), leading 
us to conclude that the rubies are oriented with their a-axis nearly along 
the direction of the stress [35]. The magnitude of the reported stress 
should therefore be considered an upper bound of the stress felt by the 
ruby. We define pressure and deviatoric stress as in Eqs. (1) and (2). 

The uniaxial stress is the stress along the axis of the diamonds. We 
calculate these properties in the rubies [35], take the average result, and 
assume this stress field being felt by the powder. This “equal-stress” 
assumption for every grain in the diamond anvil cell (also known as the 
Reuss approximation) is standard in geophysics and materials research 
using diamond anvil cells under deviatoric stress [9,36,37]. 

2.7. Theory of deviatoric-stress Raman spectroscopy applied to C-(A-)S-H 

Raman spectroscopy in a diamond anvil cell is used to study chemical 
bond strain while deviatoric stress is applied. To understand how to 

interpret deviatoric-stress Raman spectra, it is necessary to start from 
hydrostatic Raman spectroscopy. 

The key concept of hydrostatic Raman spectroscopy is that chemical 
bonds have characteristic anharmonicity γi, also known at the mode 
Grüneisen parameter, which is the relative change in the relative 
vibrational frequency with the strain of the vibration [38], in Eq. 4: 

γi = −
dlog(ωi/ω0)

dlog(Vi/V0)
(4)  

where i is an index indicating the calculation is for a particular bond, 0 is 
an index indicating the ambient value, ω is the frequency of the chemical 
bond vibration and V is the average volume of the chemical bond that 
changes with pressure. The value of the anharmonicity is not necessarily 
the same over a large strain range, but vibrational mode frequency and 
vibrational mode volume are always linked. 

The mode Grüneisen parameter can be measured when high-pressure 
X-ray diffraction data are combined with separately obtained high- 
pressure Raman data. In simple structures with only one or two char
acteristic interatomic distances, the volume change of the bond with 
pressure can be rigorously (and trivially) assigned to the volume change 
of the unit cell. In more complex unit cells, the volume change is 
rigorously assigned to the volume of the oscillation that changes under 
compression [38]. We have previously discussed how this analysis can 
be used to learn about bond characteristics in C-(A-)S-H towards 
improved force fields and designing new cements [29]. In this work we 
invert the relation in Eq. (4) to note that the frequency has a charac
teristic relationship to volume strain. 

The Q2 symmetric stretch at ω0 ~1000 cm− 1 is in a plane nearly 
perpendicular to the b-axis and with the CaO intralayer. We will call the 
intralayer c_intralayer. The distinction between the entire axis c and the 
c_intralayer is necessary because the compressibilities are so different 
[34]. The intralayer volume change is proportional to the area of the a- 
c_intralayer plane to a good approximation. The Q2 bending at ω0 ~ 670 
cm− 1 is bending between the b-axis and c-axis, so its volume change is 
proportional to the area of the bc plane. Garbev et al. noted that Q2 

bending frequency increased as the paired angle decreased [32] in 
crystalline calcium silicate phases. Our earlier work with hydrostatic 
Raman spectra in C-S-H [29] showed this frequency monotonically 
increasing, which suggests that the bond angle should be decreasing, as 
some calculations of C-S-H phases suggest [34]. However, correlations 
that are observed between crystalline phases will not necessarily hold 
within a phase as it is compacted. 

The error bars in the strain for the hydrostatic points were deter
mined by using two standard errors of the pressure uncertainty (~0.16 
GPa [29]) and applying this to the compliance tensor, always assuming a 
hydrostatic condition. The error bars of the strain for the deviatoric 
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a b
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Rubies

P = 0.1 GPa P = 5.0 GPa

Rubies

P = 0.1 GPa P = 6.7 GPa

1
2

1 2

3

S

T

Fig. 2. (a) Cartoon of set-up, showing top and bottom diamond (gray), stainless steel gasket (black), and stress field. (b) Optical images of gasket at beginning of 
experiment and at 5.0 GPa hydrostatic pressure. Images enhanced to improve rubies' contrast. Top images: C-A-S-H sample. Bottom images: C-S-H sample. Scale bar 
30 μm for all. 
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points were determined with two sample standard deviations of the 
stress field. For more details, see the supplementary material, Eqs. ES3- 
ES10. The assumptions we have applied have led to the widest reason
able error bars. 

The compliance tensor is applied assuming that all c-axes are ori
ented perfectly towards the diamond axis – and given that nearly all of 
the grains are oriented within 20◦ of the deviatoric stress vector at ~800 
MPa uniaxial stress [9], this assumption is reasonable. The assumption 
means that c-strains are overestimated in the deviatoric case, especially 
for the first few data points when grains have not yet ordered, because 
the c-axis strain is the most sensitive to orientation in the stress field. 
This has only a small effect on the C-A-S-H sample, because its compli
ance tensor is fairly isotropic. In the C-S-H sample the orientation 
assumption probably overestimates the strain in the c-axis, because the 
c-axis is the softest axis in the material. 

The deviation between mode strain and unit cell strain has to be 
observed by comparing the vibrational frequency at a particular unit cell 
strain for two conditions. The first condition is hydrostatic, with only 
elastic deformation (in our case, in pressures of at least 10 GPa in a 
pressure medium). This assertion is made by observation that the 
diffraction pattern of the samples is nearly identical after unloading the 
sample from a DAC during a high-pressure XRD experiment [1]. The 
second condition is a deviatoric stress high enough to cause plastic 
deformation. 

To summarize: vibrational mode strain is linked to vibrational mode 
frequency. If the mode strain is evolving differently under conditions 
known to cause plastic deformation (i.e., deviatoric stress) vs. conditions 
where there is no plastic deformation (i.e., hydrostatic), after accounting 
for the unit cell strain, then that mode is identified as being linked to the 
plastic deformation. 

2.8. Deviatoric stress Raman spectroscopy: Stress field in diamond anvil 
cells 

In this experiment, powders are loaded into a gasket with several 
rubies as stress field gauges and the powders' Raman spectra are 
measured at each tightening position. The pressure and deviatoric stress 
felt by each ruby at each measurement point and the average condition 
applied to the powders are given in Fig. 3a–f for both samples. The 
agreement is quite reasonable for diamond anvil cell work, with a 
standard deviation of 0.4 GPa for pressure and 0.5 GPa for deviatoric 
stress between rubies at a particular measurement for both experiments. 
The magnitude of the deviatoric stress agrees well with the results of 
Geng et al., where a similar loading setup was used for high-pressure X- 
ray diffraction experiments [9]. 

All five ruby spheres' R1 and R2 lines separated at high stresses, 
indicating that their a-axes are aligned with the principal stress. The a- 
axis is softer in ruby for pressures less than 6 GPa [39], and samples tend 
to align their softest axis with the principal axis of stress. 

Some of the rubies' lines actually decreased the separation at early 
stages of compaction (Fig. S4), which manifests as a negative calculated 
deviatoric stress component, e.g. Ruby 1, Fig. 3b, and Ruby 3, Fig. 3e. 
This indicates that at early stages this ruby‘s a-axis was not aligned with 
the principal axis of stress, but as the powder tugged at the ruby during 
compaction, the softest axis of the ruby (the a-axis) was pulled into 
alignment with the principal axis of stress. 

2.9. Determining unit cell strain in samples under non-uniform stress field 

The generalized Hooke's Law was used to estimate the relative 
change in the cell axis length. The compliance tensors were calculated 
with CSH-FF and taken from Ref. [9]. The tensor developed for C-A-S-H 
sample compares well with actual mechanical properties of the sample. 
The tensor developed for C-S-H in Ref. [2] compares well with the 

Fig. 3. Stress field in the diamond anvil cell as determined by rubies. Unless otherwise noted, cross marks indicate unloading. (a) Pressure in gasket for C-A-S-H 
experiment. (b) Deviatoric stress in gasket for C-A-S-H experiment. (c) Comparison of stress and pressure throughout experiment, error bars are one standard de
viation of standard values. (d) Pressure in gasket for C-S-H experiment. (e) Deviatoric stress in gasket for C-S-H experiment. (f) Comparison of stress and pressure 
throughout C-S-H experiment, error bars are one standard deviation of measured values. 
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dominant phase in the C-S-H samples (sample number Al0_C1 in 
Ref. [1]). The generalized Hooke's law is given in Eq. 5: 

Strainkl = C− 1
ijkl*Stressij (5)  

where kl is a crystal or sample axis (i.e., 11, 12, …), Cijkl is the full (36- 
component) compliance tensor, and ij is a stress direction from the 
reference of the sample. In the hydrostatic case, the stress is uniform 
everywhere and there is no bulk shear stress, so the point of reference 
does not affect the analysis. 

In the deviatoric case the stress is not uniform everywhere, so 
reconciliation of the stress axes and the sample axes is not guaranteed. 
However, these samples show very large preferred orientation under 
deviatoric stress, with a large fraction of the crystals aligning their 33 or 
c axis towards the largest component of the stress field [9]. 

3. Results and discussion 

3.1. Small-angle X-ray scattering of pressed pellets 

To investigate the effect of deviatoric stress on grain size, we com
pacted C-(A-)S-H powders with a uniaxial stress of 740 MPa in a die in a 
pellet press and compared the small-angle X-ray scattering (SAXS) pat
terns before and after. Representative sample patterns I(q) after sub
tracting capillary background are given in Fig. S2, and normalized 
patterns are given in Figs. 4a, b. (See Methods section for further de
tails.) The average thickness of the grains and the range of thicknesses in 
each case are given in Table 1. We do not find any difference between 
the C-A-S-H and C-S-H powder lamellae thicknesses. Differences in radii 
between the powders are not statistically significant. 

The fit parameters in Table 1 from SAXS compare well with the pa
rameters obtained by Geng et al. [1] as a byproduct of their Rietveld 
refinement, which provides an estimate of the size of the coherent 
scattering domain along an X-ray scattering vector. The thickness of the 
C-A-S-H sample by SAXS is nearly identical to the value obtained with 
Rietveld refinement (69.1 Å here vs 75 Å by Geng); however, the C-S-H 
sample appears much thicker here than by Rietveld refinement (73.4 Å 
vs. 35 Å by Geng). The difference arises because XRD peak widths used 
for Rietveld refinement are related to the mean coherent scattering 
length, whereas SAXS is agnostic to the crystallinity of the sample. The 
C-S-H sample has more defect sites (as Q1) than the C-A-S-H sample so 
this is the most likely explanation for the large difference with XRD 
analysis in the C-S-H samples. 

Fig. 4a, b normalize the intensity with a factor of q4. This normali
zation is used to make changes in grain thickness more apparent for 
visual inspection. In a Guinier-Porod model [26], the thickness of a disk 

is essentially determined the scattering vector where the intensity 
switches from being proportional to q4 to q2. The further to the right this 
bend is, the thinner the disks. Fig. 4a, b show that this bend is further to 
the right in the pellet samples, indicating that the lamellae are broken up 
by the compaction process. 

Grain-grain correlations in sheet silicates manifest as ripples in a plot 
of intensity divided by the fit form factor, I(q)/F2(q), which is effectively 
a fit S(q) [27] (Fig. 4c, d). In general, S(q) oscillates about 1.0 for all 
samples, meaning that interparticle distances and orientation effects are 
simply too varied to generate characteristic ripples. However, there are a 
few exceptions to this. First, there appears to be a peak in the pellets (red 
traces) at q ~ 0.06 Å− 1(red dashed line in Figs. 4c, d). Inspecting the fits, 
it is clear that this peak just an artifact of the fit, where the fit profile 
expects peaks where there are none (Fig. S2). 

The second notable feature is the doublet at q ~ 0.09 Å− 1 in the 
powder samples (black dashed line in Fig. 4c, d). This feature is present 
in the measured I(q), and is present at the same scattering vector for both 
samples (Fig. S5), and is not present after compaction. This peak likely 
corresponds to some local minima for opposing charged particles sepa
rated by either air or gel water, and has been observed experimentally 
for sheet silicates in various solvents [27]. The scattering vector 
magnitude corresponds to a particle–to–particle distance of 70 Å, which 
is roughly the size of the particles. This intensity is not observed in an 
empty capillary's pattern (Fig. S6). Local minima for interparticle 
spacing on the order of 10's – 100's Å are common in colloidal systems, 
and to our knowledge this is the first direct experimental evidence of 
such a stable spacing for C-S-H in the powder phase, vindicating several 
calculations predicting a similar value [40,41]. The similarity in value of 
the magnitude of the scattering vector for both samples is a result of 
their homologous structures; both are expected to expose the intralayer 
(004) plane [21,42]. The third notable feature is the broad peak in I(q)/ 

Fig. 4. SAXS of C-A-S-H and C-S-H powders subjected to loading conditions. Patterns have had capillary background subtracted and been rescaled. (a, b) q4- 
normalized scattering intensity of powder and crushed pellet for easier inspection to determine grain thickness in C-A-S-H and C-S-H, respectively. (c, d) Effective 
interparticle structure factor S(q) for powder and crushed pellet. Red dashed lines mark an artifact of the fit; black dashed lines mark intergrain spacing. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Fit parameters in small angle scattering. Values in parentheses are one standard 
error, including the standard error of fit values and standard deviation of 
measured values. The definitions of μ, σ, and aspect ratio are given in Eqs. 3a-3e.  

Sample  Average 
thickness, 2 * 
T (Å) 

Standard 
deviation, σ 
(Å) 

2 * 
Average 
Radius (Å) 

Aspect 
ratio, R/T 
(− ) 

C-A-S- 
H 

Powder 69.1 (3.5) 16.5 (1.0) 1060 (151) 0.065 
(0.006) 

Pellet, 
740 MPa 

47.5 (4.2) 10.8 (1.6) 931 (82) 0.051 
(0.000) 

C-S-H Powder 73.4 (1.0) 17.9 (0.3) 1165 (16) 0.063 
(0.000) 

Pellet, 
740 MPa 

47.8 (1.4) 10.9 (0.4) 870 (57) 0.055 
(0.002)  
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F2(q) around q ~ 0.04 Å− 1. This is a grain-grain correlation, as it is 
present at roughly q = 2π/2 T [43], and corresponds to grains stacked on 
top of one another. 

Compaction generally leads to more long range order [44], which 
should manifest as intense ripples in a SAXS pattern, yet the SAXS 
pattern of the compacted pellets shows no ripples, and the only “peaks” 
in the effective S(q) are annihilated by the compaction. This paradox is 
resolved by the inhomogeneity of lamellae dimensions and the spacings 
between lamellae in the compacted powders. The compaction at 740 
MPa imparts enough stress on the lamellae to break them apart and 
disrupts the stable 70 Å spacing structure from the powder. The het
erogeneity of the compaction prevents intensity from building up at any 
characteristic q [43]. Further experiments based on X-ray diffraction 
patterns of compacted C-S-H may yield more detailed insights to the 
compaction mechanism. 

SAXS pattern of the samples show a decreased thickness in pressed 
pellets, but it is unknown how this occurred at a chemical-bond level. To 
answer this question, we used Raman spectroscopy to track bond strain 
and the relative population of silica tetrahedra of C-(A-)S-H powders 
under deviatoric stress. 

3.2. High-pressure hydrostatic and deviatoric Raman spectroscopy 

The evolution of the silicate mode frequencies with pressure was 
measured using Raman spectroscopy. The mode frequency is closely tied 
to the mode strain. As the volume of the mode decreases with 
compaction, the frequency and the associated Raman shift increase. 
Applying the stress field from the rubies to the compliance tensor of the 
material shows that once the powders are compacted in the cell (i.e. 
after sample index 9 in Fig. 3) all of the crystal axes decrease in length. 

Fig. 5 displays the silicate mode frequencies under deviatoric stress 
and hydrostatic stress, conditions that lead to plastic and elastic strain, 
respectively. (For mode frequencies versus pressure, see Fig. S7a-d; for 
mode frequencies versus estimated unit cell strain, see Fig. S7e-h). 
Pressure coefficients are given in Table 2. Representative raw data for 
the hydrostatic and deviatoric loads can be found on Figs. S8, S9. Further 
discussion of hydrostatic pressure Raman spectra is given in Ref. [29]. 
Strikingly, in the C-A-S-H sample, the Q2 Si–O symmetric stretch strain 
diverges from the Q2 Si–O–Si bending strain in the deviatoric condition, 
while the C-S-H sample shows essentially the same relative increase in 
mode strains for both conditions. The divergence in the diamond anvil 
cell is resolvable when the stresses are at least P ~ 4 GPa, S ~ 0.7 GPa 
(although plastic strains are known to occur at lower stresses by the 
SAXS experiments). 

One explanation for the divergence is the difference in stress field 
between the two cases; in the deviatoric case, the c-axis takes more of 
the total strain, so the bending mode associated with the c-axis should be 

relatively more strained in the deviatoric case. However, even after 
accounting for the relative strain in the unit cell axes, the C-A-S-H 
vibrational modes still diverge (Fig. S7e, g). In fact, after accounting for 
the relative unit cell strains, the C-S-H vibrational modes evolve in the 
same way for both hydrostatic and deviatoric conditions (Fig. S7f, h). 

The large divergence in Q2 symmetric stretch bond strain in C-A-S-H 
under deviatoric stress indicates a relaxation near the Si–O (–Ca) bond. 
This mode frequency is a qualitative descriptor of the Si – O bond strain. 
The bond does not develop more strain under the deviatoric stress even 
as the other modes do; an upper bound for the minimum deviatoric 
stress to achieve this relaxation is 740 MPa applied to a powder by 
comparison with the SAXS results above. The resolution of the high- 
pressure Raman experiment is not sufficient to detect the relaxation at 
such low stresses, but at higher stresses the relaxation is apparent. 

We assign the deformation to a slip plane adjacent to the Si – O bonds 
in C-A-S-H. The intralayer is the most reasonable motif to slip. This 
hypothesis is in good agreement with the comparison to micas and with 
the surface energy discussion in the Introduction. Breakage of the Q3 and 
Q2 silica tetrahedra is not favored over the CaO interlayer because Si – O 
bonds have a valence unit near 4/4, whereas Ca–O bonds are more like 
2/7 or 2/8 [45]. 

The explanation of the bond strain evolution with stress is repre
sented by Fig. 6, which is inspired by (i) models of plastic deformation in 
clays that suppose sheets shear against each other [46] and (ii) a 
nanomechanical origin of structural strength [47]. At ambient condi
tions, the powder is isotropic and the unit cell has no deformation 
(Fig. 6a, b). At low compressive stresses the lamellae start to compact 
and shear against each other [48] (Fig. 6c, d). Eventually the stresses 
cause the lamellae to be sheared apart (Fig. 4e, f). Bond strains are 
qualitatively plotted in Fig. 4g for various constituent chemical bonds. 
From right to left: the O–Ca bonds are softer than Si–O bonds, and suffer 
greater strains until they slip. The oxygen member of the O–Ca bond is 
also bonded to a silicon atom, which means that after the slip, the Si–O 
bond strain does not increase its strain as much (Fig. 6g). The Q2 bending 
is unaffected by the slip because it is not party to the bond breaking 
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Fig. 5. Evolution of Raman shift of selected Si-O-Si modes in hydrostatic and deviatoric conditions. (a) In cross-linked C-A-S-H, (b) in non-cross-linked C-S-H. In 
hydrostatic compression, deformations are mostly elastic; in deviatoric compression, plastic deformations are observed. 

Table 2 
Vibrational Si-O-Si properties of samples studied in this work.  

Sample Mode Ambient 
frequency 
(cm− 1) 

dω/dP, 
Hydrostatic 
(cm− 1/GPa) 

dω/dP, 
Deviatoric 
(cm− 1/GPa) 

C-A-S- 
H 

Q2 bending  675  2.4  3.6 
Q2 symmetric 
stretch  

1010  6.5  4.2 

C-S-H Q2 bending  669  3.1  4.5 
Q2 symmetric 
stretch  

1012  5.5  5.5  
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event. 
We do not observe any evidence of a deformation or relaxation 

around the silica tetrahedra modes in the C-S-H sample, so the mecha
nism that achieved decreased grain thickness must be by a separate 
mechanism. If the environment around the Si-O-Ca(intralayer) bonds 
remains nearly isomorphic, as suggested by Fig. 5b, then the plane that 
slips must be the interlayer. Sliding along the interlayer would result in 
bridging tetrahedra rastering against each other, which would decrease 
the extent of polymerization and increase the number of Q1 sites in the 
structure. Recent characterization of a similar C-S-H sample using X-ray 
Raman spectroscopy under deviatoric condition with P ~ 20 GPa 
showed a permanent deformation in Ca–O bond length, which was 
assigned to deformation in both the interlayer and the intralayer [49]. 

The Q1 stretching region in C-S-H grows relative to the Q2 stretching 
region (Table 3, Fig. S10). This peak is chosen for normalization because 
its intensity shows the least dependence on the sample orientation ef
fects [29]. We also examined the compacts by Raman spectroscopy at 
ambient conditions and at stresses ranging from 240 to 740 MPa, which 
show the same trend as the powders in the diamond anvil cells. 
(Fig. S11). 

The height ratio is used for comparison because it is more stable 
compared to the area ratio (the width of the Q1 peak is highly dependent 
on the area selected for fitting). Curiously, in the diamond anvil cell and 
the pellet pressing experiments, the C-S-H Q1 area increases at low 
stresses but does not increase at greater applied stresses (Fig. S7b, S8b). 
One possible explanation is that the Q1 may “scavenge” each other 
during slip, so that as more are generated by the deviatoric stress, they 
react with each other when encountered to form Q2 in stress-induced 
polymerization. Silicate polymerization is known to occur when C-(A-) 
S-H grains are carbonated in air [28]. 

The final evidence of plastic deformation in the samples is the growth 
of the calcium carbonate peak beyond what would be expected from a 
sample in air (Fig. 7). In both samples the calcium carbonate peak grows 
relative to the Q2 peaks. Calcium carbonate grows from accessible cal
cium atoms and carbon dioxide. Plastic deformation, especially sliding 
along (004) intralayer, would expose more calcium atoms to carbon 
dioxide in the air. Over the course of the experiment (three days), the 
height ratio of CaCO3 to Q2 symmetric stretch grows from 0.7 to 1.4 for 
both samples. In the same powder allowed to react with carbon dioxide 
in air over ten days, the ratio only reaches ~1. The excess growth of 
carbonate phases means that calcium is made more accessible by the 
deformation in the DAC. 

3.3. Comparison between SAXS, deviatoric-stress XRD, nanoindentation, 
and creep 

We do not observe an increase in the Si–O bond strain in C-A-S-H by 
deviatoric stress Raman spectroscopy (S > 1000 MPa) until much higher 
deviatoric stress than the compaction experiment (S ~ 130 MPa). This 

Fig. 6. The link between plastic deformations and chemical bonds in C-(A-)S-H. (a) Powder at ambient pressure. (b) Schematic of C-(A-)S-H at ambient pressure. (c) 
Powder under small deviatoric stress is elastically deformed (d) Unit cell at stress below the material's elastic limit. (e) Powder under large deviatoric stress is 
plastically deformed, lamellae are broken apart, and preferred orientation develops. (f) Unit cell at stress above the elastic limit, here slipping on the intralayer. (g) 
Qualitative stress-strain plot of the material and its chemical bonds. Stress axis ticks correspond to the noted part of this figure. The figure is inspired by models of 
clay compaction [46] and the nanomechanical origins of structural strength [47]. 

Table 3 
Relative height of Q1 peak compared to Q2 bending peak of powders in diamond 
anvil cell.  

Condition C-A-S-H C-S-H 

Ambient  0.05  0.06 
S ≈ 0.5 GPa  0.06  0.16 
Unload  0.05  0.16  
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may be because the effect is too subtle to be resolved at lower stresses. 
We postulate that the C-A-S-H must have a greater resistance to plastic 
deformation than C-S-H, because if the intralayer was more susceptible 
than the C-S-H interlayer, then both samples would show minimal Si–O 
bond strain at high stresses. This is not the case, so the limiting resis
tance must be higher in C-A-S-H. 

The different mechanisms and active stress regimes we propose are 
in agreement with creep tests of cross-linked C-A-S-H showing much less 
creep than C-S-H [16]. The experiments of Ref. [16] compacted non- 
crosslinked C-S-H and cross-linked C-A-S-H powders into disks using 
~500 MPa uniaxial stress and performed nanoindenation with an 
average stress of at least 10's of GPa. Other C-S-H nanoindentation ex
periments on the same order of stress come close to reproducing the 
creep behavior of macroscopic concrete [15,17,50]. Because our SAXS 
and Raman spectroscopy results are obtained at lower stresses than 
nanoindentation experiments, and nanoindentation experiments repro
duce creep behavior of cements, the plastic deformation mechanisms we 
observe are likely relevant to extant Portland cements. When an inter
layer comprises only water molecules and ions, this is the plane that 
slips; when the interlayer is bridged by Q3 tetrahedra, the intralayer 
slips. 

This phenomenon is important when the packing density is so high 
that intergrain sliding on gel water is not contributing. Inspecting Fig. 17 
of Ref. [12], a paper that shows the effect of water molecules on the 
creep of cement using nanoindentation, the condition of high packing 
density looks to be met for an average water thickness layer of ~5 Å or 
less, because this is the point at which the effect of fewer water mole
cules does not seem to correlate with creep compliance. Incidentally this 
is the same thickness of water in the interlayer of 14 Å tobermorite, a 
non-cross-linked crystalline analog for C-S-H. 

In practical terms, using the data from Ref. [12], this condition can 
be met at relative humidity as high as 30%, comparing Ref. [12]'s Figs. 9 
and 16. In the limit of this model, this means that the creep resistance of 
cement matrix containing C-(A-)S-H has an upper bound in the dura
bility of the calcium oxide intralayer sheet. Inspecting the scatter that 
Ref. [12] produces between its samples shows that there is still much 
room for tuning the creep of cements based on the phases that are 
formed by the mix. 

More work is still needed to delineate between intragrain slip 
mechanisms and intergrain sliding, especially with high-pressure X-ray 
diffraction, to rigorously test whether the mechanisms proposed here 
are reproduced in real concrete specimens, and the role of other prop
erties of C-(A-)S-H, such as grain size and shape which are known to be 
important for compaction dynamics [18]. 

4. Conclusions 

Small angle X-ray scattering of C-A-S-H and C-S-H pellets pressed to 
740 MPa shows a decrease in grain thickness from ~70 Å to ~50 Å, 

while effective grain radii are unchanged in compression. To understand 
the deformation mechanisms, we used deviatoric-stress Raman spec
troscopy of a powder in a diamond anvil cell. This technique shows that 
in cross-linked C-A-S-H, Si–O bond strain does not increase much at high 
stresses, indicating a relaxation around Si–O tetrahedra, most likely of 
the seven-fold-coordinate Ca intralayer. In non-crosslinked C-S-H, bond 
strains evolve as expected for an isomorphic contraction. Furthermore, 
this sample shows a relative increase in the area of the Q1 peak which is 
attributed to interlayer sliding breaking chains apart. 

This work notes the decrease in average grain thickness of C-A-S-H 
under 130 MPa deviatoric stress and uses Raman spectroscopy to iden
tify at a chemical-bond-level how the grains plastically deform. The 
results agree with nanoindentation experiments of similar materials, and 
the confluence of these results points to intragrain deformation being 
the dominant mechanism for creep in the cement matrix when the grain 
edges have less than 5 Å water; this condition is effectively met when the 
relative humidity is less than 30%. Models of creep and compaction of C- 
A-S-H must account for this as researchers explore new cement chem
istries. More work is needed to understand if the slip planes implicated 
in this work dominate at all deviatoric stress regimes and what the role 
of grain size and shape is. 
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