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Published: 15 November 2016 - A'f :I_.OO-nam_)meter Ier_lg_th scale, the mesoscopic st_ructure of_calcnum silicate hydrate (C-S-H) plays a
critical role in determining the macroscopic material properties, such as porosity. In order to explore
the mesoscopic structure of C-S-H, we employ two effective techniques, nanoindentation test and
molecular dynamics simulation. Grid nanoindentation tests find different porosity of C-S-H in cement
paste specimens prepared at varied water-to-cement (w/c) ratios. The w/c-ratio-induced porosity
difference can be ascribed to the aspect ratio (diameter-to-thickness ratio) of disk-like C-S-H building
blocks. The molecular dynamics simulation, with a mesoscopic C-S-H model, reveals 3 typical packing
patterns and relates the packing density to the aspect ratio. lllustrated with disk-like C-S-H building
blocks, this study provides a description of C-S-H structures in complement to spherical-particle C-S-H

models at the sub-micron scale.

Calcium silicate hydrate (C-S-H) gel is a major hydration product in cement. In decades of studies, a lot of infor-
mation about the microstructure of C-S-H has been collected and translated into theoretical descriptions and
numerical models. Nowadays, the challenge is to link the C-S-H structure at the microscopic scale to the material
properties at the macroscopic scale'?. Reviewing the literature, the material properties and the microstructure of
C-S-H can be elaborated in a multi-scale manner®. At the atomistic level (i.e. 0.1 to 10 nanometers), crystals such
as tobermorite, jennite and recently clinotobermorite are used as the starting point for constructing atomistic
C-S-H models*®. At this length scale, C-S-H nanoparticle is described as a layered structure consisting of one
mineral-rich layer and one intra-particle water layer alternatively”®. Several C-S-H layers can form a branch-like
nanostructure’, connected with each other via electrostatic and van der Waals forces. By performing molecular
dynamics simulation and further numerical analysis, one can measure material properties of C-S-H nanocrys-
tals and adhesion strength between C-S-H layers'®-!2. The internal structural water is found to be a scaffolding
component that enhances the mechanical properties of C-S-H'*. The Young’s modulus of C-S-H nanoparticles is
around 70 GPa', higher than that of conventional concrete. This information implies that cement-based materi-
als are of great potential and could be further upgraded by fine-tuning the nano- and microstructure, such as by
implanting cementitious nanotubes'>!¢, Up to the sub-micron level (i.e. 10 to 1000 nanometers), it is generally
© accepted that C-S-H is made up of small building blocks with a characteristic length of around 4-5nm'”!8. These
* basic units can flocculate to form high-density (HD) or low-density (LD) C-S-H depending on packing den-
. sity'®21. At this length scale, C-S-H can be described as a system of cohesive rigid objects. The modulus of HD
C-S-H is around 30 GPa, not as good as individual C-S-H nanoparticles. The degraded mechanical performance
could be ascribed to sub-micron pores and cavities. Essential structural characteristics, including specific surface
area, pore size and volume fraction, can be measured by experimental techniques such as small angle neutron
scattering (SANS) and small angle X-ray scattering (SAXS)”*2. Recent experiments have observed the existence
of disk-like C-S-H building blocks?. At the macroscopic scale (i.e. over 1 micrometer), nanoindentation tests
can measure the hardness and modulus of C-S-H in cement pastes. Statistical analysis on the nanoindentation
measurements further provides information about packing density and phase composition of constitutes in the
indented material*!. Assuming that C-S-H is composed of dense mineral core and gel pores, it has been found
that all C-S-H phases contain a mineral core with the same mechanical properties®. The mineral phase is similar
to the previously mentioned C-S-H nanoparticles in mechanical properties, showing the consistency between
nanoindentation technique and atomistic modeling works. On the basis of the concept of building blocks or
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Figure 1. (a,b) Calculation of packing density on the basis of indentation modulus and hardness information.
(c) The deconvolution of hardness results. This is a sample deconvolution result obtained from 93
nanoindentation tests on cement paste with 0.3 w/c ratio.

nanoparticles, mesoscopic models of the C-S-H aggregation can be proposed. A discrete element method has
been employed in modeling nanoindentaion tests on C-S-H specimens with varied packing factors?. The simu-
lated nanoindentation tests have shown a good agreement with experiments. The sub-micron structure of C-S-H
has been described by a colloidal model?, which does not capture the lamellar nature of silica skeletons in C-S-H.
As an extension, modeling of disk-like objects can reflect the morphology of the solid silica layers. The concept
of C-S-H disk has been employed in the framework of continuum micromechanics to demonstrate the early
strength development of C-S-H?. Column-like and porous polycrystalline structures have been built and inves-
tigated with the continuum models®?. Here, a mesoscopic molecular dynamics model is developed using the
concept of disk-like objects'**3!, Simulations using this model could embody the lamellar nature of C-S-H gel at
the scale of around 100 nanometers.

This study aims to link the structure of C-S-H at the sub-micron scale to the material properties at the macro-
scopic scale. Grid nanoindentation tests are employed to measure the material properties and molecular dynam-
ics simulations are performed to reproduce the structures of C-S-H. The nanoindentation tests, with statistical
analysis, find that C-S-H in cement pastes prepared at different w/c ratios show different phase compositions
and porosities. Considering that the porosity could be related to the structure of C-S-H, we develop a meso-
scopic model and perform molecular dynamics simulations to investigate how the w/c ratio induces changes to
the C-S-H structure and affects the gel porosity. This study provides illustrations of the mesoscopic structure of
C-S-H, links the C-S-H structure to the porosity and could enrich our understandings of cement-based materials
at small scales.

Results

Deconvolution of nanoindentation data. The plots of indentation modulus, indentation hardness and
the packing density are shown in Fig. 1a and b. In Fig. 1a, some data points lie away from the theoretical mod-
ulus line, which is a commonly observable phenomenon and it implies that the empirical formulas violate for
some indentation tests**?°. The relative errors of reconstructed indentation hardness and indentation modulus
are around —5%, the standard deviations are around 20%, within the acceptable range?. A sample deconvolution
result obtained from 93 tests on the cement paste with 0.3 w/c ratio is shown in Fig. 1c. The deconvolution error
is in the order of 107, within an acceptable range. Deconvolution results of volume fractions of 4 characteristic
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Phasel f 4% 7% 8% 37% 35%
M (GPa) | 1001151 | 9.78+2.39 | 10.74+2.50 | 11.33£3.69 | 10.14+3.36
(Lflg’;ggl_’;;ked H(GPa) | 0.11+0.11 | 0.39+£0.07 | 035+0.02 | 033%0.14 | 0.16+0.07
7 0.56+0.05 | 0.56:£0.05 | 0.60+£0.02 | 0.60+0.04 | 0.57£0.03
Phase2 f 26% 33% 34% 36% 41%
M (GPa) | 20.71£3.74 | 18.36+4.44 | 1849+4.95 | 19.42£4.40 | 19.51+3.67
Low-density
(D) C.SH H(GPa) | 0.44+0.15 | 055+£0.09 | 0.52+0.11 | 0.60+0.14 | 0.60-£0.19
n 0.65+0.04 | 0.64:£0.03 | 0.65£0.03 | 0.66+0.02 | 0.66=0.04
Phase3 f 54% 49% 40% 20% 15%
M (GPa) |3037+5.92 | 28.5245.72 | 30.45+6.00 | 30.29+3.50 | 30.39+3.11
High-density
(HD) C.SH H(GPa) | 0.80+0.21 | 1.03+£030 | 1.04+£020 | 0.98+0.14 | 111032
7 0.73£0.04 | 0.72£0.05 | 0.76+0.04 | 0.74£0.03 | 0.75+0.04
Phase4 f 16% 11% 19% 7% 9%
M (GPa) | 49.53+£3.60 | 49.34+3.71 | 49.624+4.37 | 49.96+3.04 | 49.99 +3.04
Ultra-high-density
(UHD) &-S-H H(GPa) | 1514021 | 1984025 | 1.76+027 | 1.6240.50 | 2.11+0.30
" 0.82£0.03 | 0.87£0.04 | 0.87£0.04 | 0.78+0.01 | 0.85£0.03
Porosity P 28% +4% | 30% +£4% | 27% +£4% | 34% £3% | 34% +3%

Table 1. Deconvolution results of nanoindentation tests on cement specimens with varied w/c ratio. M, H
and 7 denote indentation hardness, modulus and packing density respectively. The porosity at the last line is
calculated by & = E}‘zlfj (1 =)
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Figure 2. (a) Volume occupancy of C-S-H phases in cement samples. (b) The porosity of cement samples with
varied water-to-cement ratios.

C-S-H phases and indentation properties are listed in Table 1. The indentation moduli of the four characteristic
phases (LP, LD, HD and UHD C-S-H) are around 10 GPa, 20 GPa 30 GPa and 50 GPa respectively, comparable to
existing studies®. The cement sample with w/c = 0.3 contains 4% LP phase, 26% LD phase, 54% HD phase and
16% UHD phase, in good agreement with previous grid nanoindentation results*. As the w/c ratio increases,
more low-density phases (LP +LD) are found and the porosity of the entire C-S-H composite increases, as plotted
in Fig. 2. With the increase of w/c ratio, the increase of porosity is a common phenomenon observed from experi-
ments***>* and simulations®*. The stiffness of the mineral phase ranges from 62 GPa to 64 GPa in all the samples,
comparable to previous studies?. The similar mineral properties in turn indicate that the grid nanoindentation
results are performed on a group of materials with similar mechanical behaviors.

Change of porosity predicted by mesoscopic models with varied building block sizes.  Snapshot
in Fig. 3a shows the configuration of the model with aspect ratio equal to 14.6. Figure 3b shows that the total
energy of the system decreases to a stable value after 1-ns simulation, indicating an equilibrated state. The equili-
brated trajectory shows randomly packed circles (front surfaces of a disk) and thin films (lateral section of a disk)
from the side view as shown in Fig. 3c. The schematic drawings in Fig. 3d show three typical structures formed by
those objects. Volume fraction of pores in the packed system is computed and displayed by Fig. 4a. It shows that
the porosity of packed disks increases as the aspect ratio of the disk increases. The trend corresponds to what we
have observed from nanoindentation tests, i.e., C-S-H prepared at a higher w/c ratio contains more low-density
phases and shows a higher porosity. The volume fraction of pores with different sizes is plotted in Fig. 4b. It shows
that high-aspect-ratio disks tend to form large pores.
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Figure 3. (a) Configuration of the coarse-grained C-S-H model at initial stage. (b) Change of total energy
against simulation time. (c) Configuration of the equilibrated C-S-H system. (d) Three featured structures can
be found in the modeled C-S-H system.

o))
(o)

75.0% - - 30.0%
c Disk aspect ratio increases Model number
2
5 s 1 m2m3 m4 m5u6m7
+ 65.0% 8 20.0%
E 58 70/60'2% £
o 0, .70
> 56.49% 2% =
G 550% {  529%>%1% o 10.0%
5 50.5% - E
2 /
il ||

45.0% 0.0%

1 2 3 4 5 6 7 <3 36 69 912 12-15 15-18 18-21 21-25
Model number Pore size (nm)

Figure 4. (a) Volume fraction of pore in the simulation box. The black bars over are schematics showing the
lateral section of the disk-like C-S-H building blocks. The building blocks in these models are featured with
varied diameter-to-thickness ratios. (b) Volume fraction of pores with different sizes.

Typical packing patterns of C-S-H building blocks.  The packing of the disk-like objects is analyzed in
2-dimension space because 3-dimension structures can be learned as an integration of 2-dimension slices. Three
characteristic pore structures are observed. Schematic diagram in Fig. 5a presents a bunch of circles, or cross sec-
tions of cylinder columns, representing a densely packed pattern in C-S-H. We use a letter O to denote such dense
packing pattern. In O-type structure, the pore (area in between the tangent circles) size is smaller than 1 nm,
corresponding to intra-globular pores. The dashed lines outline the repeating unit in O-type structure, which
is composed of three tangent circles. The packing density of the unit is 0.907, independent of the aspect ratio of
the C-S-H building block. The second type of structure is a combination of circles and thin films. We name this
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a

Figure 5. (a—c) The 3 typical structures, namely O, Q and A shapes, formed by disk-like C-S-H building blocks.
The dashed lines outline the repeating unit of the structure. From the repeating unit we can calculate the volume
occupancy of particles. For O-type in case a, n=0.907 is independent of diameter and thickness of the disk. For

Q-typein caseb,n = Zji :: is slightly affected by the diameter (d) to thickness (¢) ratio. For A-type in case c,
n= (;J—% is highly related to the diameter to thickness ratio.
+3t

structure by a Greek letter Q due to the resemblance in shape. As shown in Fig. 5b, this kind of structure is formed
at the boundary between columns and lateral sections of disk-like objects. Size of the pores in Q-shape ranges
from 1 nm to 10 nm, corresponding to small gel pores. Packing density of the repeating unit in Q-type structure
is nearly independent of the aspect ratio of the C-S-H building block and the values range from 0.797 to 0.799,
lower than HD (~0.85 in packing density) C-S-H phases. So we expect that HD C-S-H phase could be composed
of O-type and Q-type structures, while LD (~0.75 in packing density) should contain another loosely packed pat-
tern. The third type of structure is formed by thin films, the lateral sections of the C-S-H building blocks shown in
Fig. 5¢. This structure is similar to a Greek letter A, indicating the simplest 2-dimension enclosure (i.e. a triangle)
formed by pieces of thin films. The pore in the A-shape is larger than 10 nm, corresponding to capillary pores
(i.e. 10nm to 50 nm). The repeating unit in the A-shape structure is loosely packed and its packing density is a
function of the diameter-to-thickness ratio. Packing density of this structure reduces from 0.190 to 0.166 among
the models with increasing aspect ratio of disks (from 14.6 to 17.3 in model 1 to 7).

Discussion

At nanoscale (smaller than 10nm), the structural water is found to be a scaffolding component enhancing
mechanical properties of C-S-H nanoparticles'®. On the contrary, the sub-micron mechanical properties (charac-
terized by nanoindentation with a detecting window of around 500 nm) are lower when water content increases®.
This contradiction could originate at the transient scale! (mesoscale, around 100 nm) between the nano- and the
sub-micron scale. At the mesoscale, excess water content could influence the structure? of flocculated C-S-H
nanoparticles and degrade the mechanical properties.

In this paper, grid nanoindentation results show increasing amounts of low-density C-S-H phases and
increasing porosity as w/c ratio increases from 0.3 to 0.66. This change of porosity could be related to the meso-
scopic (around 100 nm) C-S-H structure, which is assumed to be composed of disk-like C-S-H building blocks.
According to a SANS experiment?, the aspect ratio (diameter-to-thickness ratio) of C-S-H disk increases when
water content increases. Following this observation, we simulate packing behaviors of rigid disks with varied
aspect ratios. The simulations embody the nature of C-S-H by setting the shape of the disks close to C-S-H disks
in reference to experiments'®*?, Statistical analysis on pore size shows that high-aspect-ratio disks are likely to
enclose large pores. The simulation is limited by a lack of information (such as polydispersity and compaction)
about the C-S-H packing in real world so it must not be an exact reproduction of real C-S-H. However, the con-
ceptual analysis on the packing patterns should be generic for similar colloidal systems composed of disk-like
objects. Conceptually, we look at 3 typical packing patterns, including i) face-to-face columns, ii) face-to-side
envelopes, and iii) side-to-side polygons, to demonstrate how aspect ratio influences pore formation. The
side-to-side polygon shape features a packing density adaptive to the aspect ratio of C-S-H platelets, i.e., more
oblate platelets (with a higher aspect ratio) lead to a lower packing density. Combining the experimental obser-
vations and numerical simulations, we conclude that the increase of w/c ratio would increase the aspect ratio of
C-S-H building blocks, enlarging the size and volume fraction of pores formed at the scale of around 100 nm.

Methods

Sample preparation. Cement pastes were prepared using ordinary Type I Portland cement. The water-to-
cement (mass) ratio ranges from 0.3 to 0.7. It should be mentioned that for the 0.7 w/c ratio case, bleed water
was accumulated and segregation was observed in cubic mold. In order to calculate the effective w/c ratio, we
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measured the density of cement after unmolding. The effective w/c ratio is 0.66 in the designed 0.7 w/c ratio case.
Details of the sample preparation are provided in the supporting information.

Nanoindentation test. The Triboindenter with a Berkovich tip (angle of 65.03°, tip radius of 0.2 um) was
used. A total of 100 indentations which were distributed as 10 x 10 grid were performed with 10 um spacing
length in each specimen. The designed loading program for C-S-H structure is as follows: 10s for loading, 5 for
holding and 105 for unloading stage. The 5s holding time for peak load is designed to minimize the creep effect
on the unloading®. Through applying continuum scale model to the P-h curve, two important quantities, i.e.
hardness H and indentation modulus E, can be calculated using equations (1) and (2) *:

P
H — max
A (1)
g = 3T
To2/A ()

where P,,,, is the measured maximum indentation force; A is the projected contact area; S is the stiffness of
unloading curve that can be evaluated based on § = (%’) . A full set of nanoindentation data is provided in
h=h

supporting information.

Statistical analysis on nanoindentation data. After obtaining a matrix of (H, M) data points, we adopt
the following statistical approaches to extract information about packing density (7). For details of these formu-
las of the two functions in equation (3), the reader is kindly referred to the supporting information as well as
literature®.

M = M(mg, v, 1); H = H(c, ag, n);i€ (1, N] 3)

Here, N is the number of data points, {m,, v,} are stiffness and Poisson’s ratio of mineral phase in C-S-H, {c,,
a,} are cohesion and friction coefficient ookf the C-S-H mineral, which are to be understood in the sense of
the Drucker-Prager strength model®. Unknowns {m, v,, ¢, o, 1;}, i € [1, N] are determined by minimizing the
difference between calculation and experimental results, as shown in equation (4). All the (H, M, n) data points
are listed in supporting information. The minimization is performed with home-made MATLAB codes and the
details are listed in supporting information.

I
m1n2[1—%

1

H')
s B
H

i

4)

Now we have a collection of (H, M, n) data. Each (H, M, n) data point falls into one of four characteris-
tic compositions, namely loosely-packed (LP), low-density (LD), high-density (HD) and ultra-high-density
(UHD) C-S-H. As a result, the entire (H, M, 1)) data collection, represented by a cumulative distribution function
(CDEF), is a combination of 4 sub-functions. Experimental CDF is obtained by counting data points as defined by
equation (5). Theoretically, the CDF can be deconvoluted into 4 sub-functions as shown in equation (6). These
sub-functions are in form of Gaussian CDF with mean value 1, standard deviation s and phase fraction f.

count(X < X;)

CDFoy,(X;) = N ; X=(M, H, n); i €[1,N] )
DRy (X) = S - ) [ O o, Hy e (L]
theo i = P Ty — eX a) = > > 5 1 >
AT ' ©

The next task, deconvolution, is to minimize the difference between theoretical and experimental CDE The
minimization is achieved by adapting 28 unknowns{f M R ] T 1 n, 5 71, j € [1, 4] subjected to two

constraints, as shown in equation (7). The minimization is performec{ w1th home made MATLAB codes and the
details are listed in supporting information.

N
min 3 Y (CDFu,(X,) — CDFy(X))
i=1X=(M, H, 1)

4
sty f,=landu’ + 5 < pl 4+ s X =M, H n) o
j 7

We obtain fraction of the four characteristic C-S-H phases from the deconvolution results. Finally, the gel
porosity is calculated by equation (8).
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d=Sf1-n)
;Z::l’ ! (®)

Molecular dynamics simulation. The fundamental assumption for developing coarse-grained C-S-H
models is the concept of disk-like building blocks!**°, which have been identified in recent experimental
works!®?>%7 Tt has been found that disk-like objects with high aspect ratio (diameter-to-thickness ratio) exist
in C-S-H. The C-S-H in cement paste prepared at higher w/c ratios consists of larger disk-like building blocks.
Hence, we set up a series of models with increasing aspect ratios for representing the increasing trend of w/c ratio.
The diameter is from 3.25 nm to 4.75 nm, according to colloidal model-IT (CM-II)!#2!. The aspect ratio increases
from 14.6 to 17.3, corresponding to the SANS experiment?. The interaction between building blocks is described
by the Gay-Berne potential®®, which calculates potential energy between pairwise spheroids, with considerations
of shape, rotation and position of each particle. It has been employed to simulate clay minerals with an oblate
shape® and disk-like C-S-H building blocks as well''**31. The key idea is that when the aspect ratio of an ellip-
soid is large (above 10), the ellipsoid resembles a disk. The potential energy of a pair of platelets is calculated by
equation (9).

g
hy,+ o

12 6
g A
Utheo =4 - [ ] 'f(a) b, ¢, €Ep Ep €o T A1> AZ)

h,+ o

)

Detailed formula of the function in equation (9) can be found in literature® and supporting information.
Unknown parameters {€,, &, €.}, which determine the values of energy well depth, can be derived from a mini-
mization process, as shown by equation (10).

2,=1(100), (010), (00 1)} 2

U
min 2 1- —Utheo
h12=[2%—1]0, P
Ay, A,=diag(1, 1, 1) (10)

The Uy, is the adhesion energy of C-S-H, calculated by multiplying the normalized surface energy by the
surface area, e.g., in the face-to-face case U, (7}, = (1 00)) = G - mwbc, where G~450 mj/m2 is characterized by
both experiments and atomistic simulations!***4!. After defining the parameters for GB potential, we perform
molecular dynamics simulations. The initial coarse-grained (CG) model is set up by averagely distributing the
8000 (20 x 20 x 20) beads in a simulation box, with a 6-nm spacing. The cutoft of GB potential is set to be 6.25nm.
With a 1fs time step, the system is equilibrated for 20 ns in NPT ensemble with temperature and pressure con-
trolled at 300 K and 1 atm respectively. The equilibrated trajectory is analyzed statistically to obtain porosity and
pore size distribution. Details about the minimization process, the parameters and the statistical analysis can be
found in supporting information.

References

1. Yip, S. & Short, M. P. Multiscale materials modelling at the mesoscale. Nat Mater 12, 774-777, doi: 10.1038/nmat3746 (2013).

2. Sanchez, F. & Sobolev, K. Nanotechnology in concrete — A review. Construction and Building Materials 24, 2060-2071,
http://dx.doi.org/10.1016/j.conbuildmat.2010.03.014 (2010).

3. Palkovic, S. D. et al. Roadmap across the mesoscale for durable and sustainable cement paste - A bioinspired approach. Construction
and Building Materials 115, 13-31, http://dx.doi.org/10.1016/j.conbuildmat.2016.04.020 (2016).

4. Richardson, I. G. Tobermorite/jennite- and tobermorite/calcium hydroxide-based models for the structure of C-S-H: applicability to
hardened pastes of tricalcium silicate, 3-dicalcium silicate, Portland cement, and blends of Portland cement with blast-furnace slag,
metakaolin, or silica fume. Cement and Concrete Research 34, 1733-1777, http://dx.doi.org/10.1016/j.cemconres.2004.05.034 (2004).

5. Bonaccorsi, E., Merlino, S. & Kampf, A. R. The Crystal Structure of Tobermorite 14 A (Plombierite), a C-S-H Phase. Journal of the
American Ceramic Society 88, 505-512, doi: 10.1111/j.1551-2916.2005.00116.x (2005).

6. Richardson, I. Model structures for C-(A)-S-H(I). Acta Crystallographica Section B 70, 903-923, doi: 10.1107/52052520614021982
(2014).

7. Allen, A.J., Thomas, J. J. & Jennings, H. M. Composition and density of nanoscale calcium-silicate-hydrate in cement. Nat Mater 6,
311-316, http://www.nature.com/nmat/journal/v6/n4/suppinfo/nmat1871_S1.html (2007).

8. Papatzani, S., Paine, K. & Calabria-Holley, J. A comprehensive review of the models on the nanostructure of calcium silicate
hydrates. Construction and Building Materials 74, 219-234, http://dx.doi.org/10.1016/j.conbuildmat.2014.10.029 (2015).

9. Dolado, J. S., Griebel, M., Hamaekers, ]. & Heber, F. The nano-branched structure of cementitious calcium-silicate-hydrate gel.
Journal of Materials Chemistry 21, 4445-4449 (2011).

10. Pelleng, R. J.-M. et al. A realistic molecular model of cement hydrates. Proceedings of the National Academy of Sciences 106,
16102-16107 (2009).

11. Yu, Z. & Lau, D. Nano- and mesoscale modeling of cement matrix. Nanoscale Research Letters 10, 173 (2015).

12. Palkovic, S. D., Moeini, S., Yip, S. & Biiyiikoztiirk, O. Mechanical behavior of a composite interface: Calcium-silicate-hydrates.
Journal of Applied Physics 118, 034305, http://dx.doi.org/10.1063/1.4926870 (2015).

13. Dharmawardhana, C., Bakare, M., Misra, A. & Ching, W.-Y. Nature of Interatomic Bonding in Controlling the Mechanical
Properties of Calcium Silicate Hydrates. Journal of the American Ceramic Society 99, 2120-2130, doi: 10.1111/jace.14214 (2016).

14. Manzano, H., Masoero, E., Lopez-Arbeloa, I. & Jennings, H. M. Shear deformations in calcium silicate hydrates. Soft Matter 9,
7333-7341, doi: 10.1039/C3SM50442E (2013).

15. Dolado, J. S. & Van Breugel, K. Recent advances in modeling for cementitious materials. Cerent and Concrete Research 41,711-726 (2011).

16. Manzano, H. et al. Do Cement Nanotubes exist? Advanced Materials 24, 3239-3245, doi: 10.1002/adma.201103704 (2012).

17. Skinner, L., Chae, S., Benmore, C., Wenk, H. & Monteiro, P. Nanostructure of calcium silicate hydrates in cements. Physical review
letters 104, 195502 (2010).

SCIENTIFICREPORTS | 6:36967 | DOI: 10.1038/srep36967 7



www.nature.com/scientificreports/

18. Jennings, H. M., Thomas, J. ., Gevrenov, J. S., Constantinides, G. & Ulm, E-J. A multi-technique investigation of the nanoporosity
of cement paste. Cement and Concrete Research 37, 329-336, http://dx.doi.org/10.1016/j.cemconres.2006.03.021 (2007).

19. Jennings, H. M. A model for the microstructure of calcium silicate hydrate in cement paste. Cement and Concrete Research 30,
101-116 (2000).

20. Tennis, P. D. & Jennings, H. M. A model for two types of calcium silicate hydrate in the microstructure of Portland cement pastes.
Cement and Concrete Research 30, 855-863 (2000).

21. Jennings, H. M. Refinements to colloid model of C-S-H in cement: CM-II. Cement and Concrete Research 38, 275-289,
http://dx.doi.org/10.1016/j.cemconres.2007.10.006 (2008).

22. Allen, A. J., Oberthur, R. C., Pearson, D., Schofield, P. & Wilding, C. R. Development of the fine porosity and gel structure of
hydrating cement systems. Philosophical Magazine Part B 56, 263-288, doi: 10.1080/13642818708221317 (1987).

23. Chiang, W.-S., Fratini, E., Baglioni, P, Liu, D. & Chen, S.-H. Microstructure determination of calcium-silicate-hydrate globules by
small-angle neutron scattering. The Journal of Physical Chemistry C 116, 5055-5061 (2012).

24. Vandamme, M., Ulm, E-J. & Fonollosa, P. Nanogranular packing of C-S-H at substochiometric conditions. Cement and Concrete
Research 40, 14-26, http://dx.doi.org/10.1016/j.cemconres.2009.09.017 (2010).

25. Ulm, E J. et al. Statistical indentation techniques for hydrated nanocomposites: concrete, bone, and shale. Journal of the American
Ceramic Society 90, 2677-2692 (2007).

26. Fonseca, P. C., Jennings, H. M. & Andrade, J. E. A nanoscale numerical model of calcium silicate hydrate. Mechanics of Materials 43,
408-419, http://dx.doi.org/10.1016/j.mechmat.2011.05.004 (2011).

27. Masoero, E., Del Gado, E., Pelleng, R.-M., Ulm, E-J. & Yip, S. Nanostructure and nanomechanics of cement: polydisperse colloidal
packing. Physical review letters 109, 155503 (2012).

28. Sanahuja, J., Dormieux, L. & Chanvillard, G. Modelling elasticity of a hydrating cement paste. Cement and Concrete Research 37,
1427-1439, http://dx.doi.org/10.1016/j.cemconres.2007.07.003 (2007).

29. Pichler, B., Hellmich, C. & Eberhardsteiner, J. Spherical and acicular representation of hydrates in a micromechanical model for
cement paste: prediction of early-age elasticity and strength. Acta Mechanica 203, 137-162 (2009).

30. Lau, D., Yu, Z. & Buyukozturk, O. Mesoscale modeling of cement matrix using the concept of building block. MRS Proceedings 1759,
mrsf14-1759-xx1703-1707, doi: 10.1557/0pl.2015.115 (2015).

31. Lau, D. & Yu, Z. Cement modeled as poly-dispersed assemblage of disk-like building blocks. The 2015 World Congress
on Advances in Civil, Environmental and Materials Research (ACEM15) (invited) Incheon, Korea, August 25-29,
http://www.i-asem.org/publication_conf/asem15/4ICMMM15/2t/T41.1.MS562_2205F1.pdf (2015).

32. Cook, R. A. & Hover, K. C. Mercury porosimetry of hardened cement pastes. Cement and Concrete Research 29, 933-943, http://
dx.doi.org/10.1016/S0008-8846(99)00083-6 (1999).

33. Kim, Y.-Y,, Lee, K.-M., Bang, ].-W. & Kwon, S.-J. Effect of W/C Ratio on Durability and Porosity in Cement Mortar with Constant
Cement Amount. Advances in Materials Science and Engineering 2014, 11, doi: 10.1155/2014/273460 (2014).

34. Haecker, C. J. et al. Modeling the linear elastic properties of Portland cement paste. Cement and Concrete Research 35, 1948-1960,
http://dx.doi.org/10.1016/j.cemconres.2005.05.001 (2005).

35. Morales, M. et al. Elastic modulus of a chemically bonded phosphate ceramic formulated with low-grade magnesium oxide
determined by Nanoindentation. Ceramics International 41, 12137-12146, http://dx.doi.org/10.1016/j.ceramint.2015.06.031 (2015).

36. Sorelli, L., Constantinides, G., Ulm, E-J. & Toutlemonde, F. The nano-mechanical signature of Ultra High Performance Concrete by
statistical nanoindentation techniques. Cement and Concrete Research 38, 1447-1456, http://dx.doi.org/10.1016/j.
cemconres.2008.09.002 (2008).

37. Chiang, W. S. et al. Multiscale structure of calcium- and magnesium-silicate-hydrate gels. Journal of Materials Chemistry A 2,
12991-12998, doi: 10.1039/C4TA02479F (2014).

38. Gay, J. G. & Berne, B. J. Modification of the overlap potential to mimic a linear site-site potential. The Journal of Chemical Physics 74,
3316-3319, http://dx.doi.org/10.1063/1.441483 (1981).

39. Ebrahimi, D., Whittle, A. J. & Pellenq, R. J.-M. Mesoscale properties of clay aggregates from potential of mean force representation
of interactions between nanoplatelets. The Journal of Chemical Physics 140, 154309 (2014).

40. Brunauer, S., Kantro, D. & Weise, C. The surface energy of tobermorite. Canadian Journal of Chemistry 37, 714-724 (1959).

41. Brunauer, S. Surface energy of a calcium silicate hydrate. Journal of Colloid and interface Science 59, 433-437 (1977).

Acknowledgements

The authors are grateful to the support from Croucher Foundation through the Start-up Allowance for Croucher
Scholars with the Grant No. 9500012, and the support from the Research Grants Council (RGC) in Hong Kong
through the Early Career Scheme (ECS) with the Grant No. 139113.

Author Contributions

Denvid Lau conceived the project. Ao Zhou prepared the samples and carried out the nanoindentation tests.
Zechuan Yu analyzed the experimental data and performed the molecular dynamics simulations. Denvid Lau
wrote the paper with input from Zechuan Yu and Ao Zhou. Zechuan Yu and Ao Zhou contributed equally. The
final version was approved by all authors.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yu, Z. et al. Mesoscopic packing of disk-like building blocks in calcium silicate hydrate.
Sci. Rep. 6, 36967; doi: 10.1038/srep36967 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:36967 | DOI: 10.1038/srep36967 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Mesoscopic packing of disk-like building blocks in calcium silicate hydrate

	Results

	Deconvolution of nanoindentation data. 
	Change of porosity predicted by mesoscopic models with varied building block sizes. 
	Typical packing patterns of C-S-H building blocks. 

	Discussion

	Methods

	Sample preparation. 
	Nanoindentation test. 
	Statistical analysis on nanoindentation data. 
	Molecular dynamics simulation. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a,b) Calculation of packing density on the basis of indentation modulus and hardness information.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) Volume occupancy of C-S-H phases in cement samples.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Configuration of the coarse-grained C-S-H model at initial stage.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Volume fraction of pore in the simulation box.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a–c) The 3 typical structures, namely O, Ω and Δ​ shapes, formed by disk-like C-S-H building blocks.
	﻿Table 1﻿﻿. ﻿  Deconvolution results of nanoindentation tests on cement specimens with varied w/c ratio.



 
    
       
          application/pdf
          
             
                Mesoscopic packing of disk-like building blocks in calcium silicate hydrate
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36967
            
         
          
             
                Zechuan Yu
                Ao Zhou
                Denvid Lau
            
         
          doi:10.1038/srep36967
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep36967
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep36967
            
         
      
       
          
          
          
             
                doi:10.1038/srep36967
            
         
          
             
                srep ,  (2016). doi:10.1038/srep36967
            
         
          
          
      
       
       
          True
      
   




