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A B S T R A C T

Tobermorite is the model for calcium aluminosilicate hydrate (C-(A-)S-H), the glue in concrete, and is also the
binding phase in cement-based materials under geological conditions and in ancient Roman concrete.
Correlating the mechanical properties of tobermorite with atomic structures substantially improves the under-
standing of C-(A-)S-H. We study this correlation for tobermorite with various Al contents using Raman, nuclear
magnetic resonance spectroscopy, and high-pressure X-ray diffraction. Al incorporation shortens the cross-linked
tobermorite chains, leading to more charge-balancing Ca and strong H-bonding, and enhancing the in-
compressibility of the basal-layer of Al-tobermorite. Non-cross-linked tobermorite exhibits high in-
compressibility of the basal layer but low incompressibility of the interlayer due to lack of cross-linking. The
substitution of stronger SieO with AleO shows no negative influence on the mechanical properties of to-
bermorite. The results provide fundamental information on how atomic structure influences the intrinsic
properties of C-(A-)S-H and have implications in validating computational methods and parameters.

1. Introduction

Modern concrete, with a history of nearly 200 years, is the second
most used materials by mass after water [1]. The binder in modern
concrete is ordinary Portland cement (OPC) with the annual production
of which exceeds 4 billion tons [2]. Such massive production of OPC
contributes to 7% industrial energy consumption and ~9% of anthro-
pogenic CO2 emission due to the high kilning temperature (i.e.,
1450 °C) and process-based CO2 emission [3]. Substitution of OPC with
industrial byproducts (e.g., coal fly ash and ground granulated blast-
furnace slag), which are mainly amorphous (calcium) aluminosilicate,
is often used to lower the environmental impact of cement/concrete
production and to improve the durability performance of cement-based
materials [4].

Ancient Roman concrete has been reputable for its structural in-
tegrity over 2000 years [5]. The binder in Roman concrete is a mixture
of lime and volcanic ash (mainly amorphous aluminosilicate) [6]. The
kilning temperature of lime is typically below 900 °C, and the en-
vironmental impact of using volcanic ash is minimal [7], allowing
Roman concrete production to associate with significantly lower total
environmental impacts than modern concrete production. Moreover,
the service life of Roman structures is about two orders of magnitude
longer than that of modern structures [8]. Thus, it is of great interest to

understand the astounding performance of Roman concrete.
Interestingly, modern and ancient concretes share a striking simi-

larity in chemistry. The primary binding phases in Roman concrete are
Al-tobermorite and porous calcium (alumino)silicate hydrate C-(A-)S-H,
a nanocrystalline phase similar to a defective tobermorite [8] [9] [10]
[11]. The primary binding phase in OPC-based modern concrete is also
C-(A-)S-H [12] [13], and at curing temperatures> 80 °C (e.g., under
steam curing or certain geological conditions) (Al-)tobermorite has also
been found in OPC-based materials [14]. In both modern and ancient
concretes, C-(A-)S-H and tobermorite are responsible for many physical
and mechanical properties [15] [16] [17].

In tobermorite, dreierketten-type silicate tetrahedron chains, which
consist of bridging and paired tetrahedra, are flanked on CaeO sheets to
form calcium silicate basal layers [18]. The adjacent basal layers can be
either cross-linked by two bridging sites (Fig. 1A) or connected by
hydrated Ca (Fig. 1C) [19]. Al incorporation prefers to occur at the
bridging site (Fig. 1B) [20]. For C-(A-)S-H, bridging site can be occupied
by hydrated Ca, leading to more discrete chains of (alumino)silicate
tetrahedra. Experimental and atomistic simulation results in Kumar
et al. [10] have proved that this bridging Ca environment is stabilized
via a strong hydrogen bonding. Furthermore, C-(A-)S-H typically shows
lower structural ordering compared to tobermorite [21] [22] [23].

For structural design, the mechanical properties of concrete are of
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great significance. The mechanical properties of porous C-(A-)S-H have
been extensively studied at the macro and nano scales [24] [25] [26]
[27]. The mechanical properties of C-(A-)S-H at the nano scale have
been studied using molecular dynamics [25] and density functional
theory (DFT) [28] and have only recently been measured using high-
pressure X-ray Raman scattering [29] and high-pressure X-ray diffrac-
tion (HP-XRD) [30] [31] [32]. The experimental results showed that
the incompressibility of non-cross-linked C-S-H is governed by the
densification of its interlayer rather than by the mean silicate chain
length [32] [33]. Another HP-XRD study shows that the Al-induced
cross-linking sites of aluminosilicate chains act as supporting columns
to resist closure of the interlayer under pressure [31]. The influences of
Al incorporation and cross-linking sites on the mechanical properties of
pore-free C-(A-)S-H have not been decoupled in previous experimental
studies. It remains unclear whether it is Al incorporation or the number
of cross-linking sites that governs the nanomechanical properties of
cross-linked C-(A-)S-H. Moreover, the mechanical properties of to-
bermorite have only been calculated using DFT [34] [35], the compu-
tational results of which have not been rigorously validated by ex-
periments. A recent study coupling Nuclear Magnetic Resonance (NMR)
spectroscopy and atomistic simulations [36] have resolved the debates
on the nanostructure of C-(A-)S-H and the results have shown higher
consistency than previous attempts [25] with recent HP-XRD results of
C-(A-)S-H [31] [32]. However, it remains unclear whether it is Al in-
corporation or cross-linking that governs the mechanical properties of
(Al-)tobermorite. Experimental evidences are needed to advance the
understanding of the mechanical properties of both C-(A-)S-H and (Al-)
tobermorite and to optimize computational methods or parameters
(e.g., force fields [37]).

In this study, cross-linked tobermorite (double-chain) with Al/
(Al + Si) molar ratio of 0, 1/12, and 1/6 and non-cross-linked to-
bermorite (single-chain) were synthesized. The influences of Al in-
corporation and cross-linking on their nanomechanical properties were
decoupled in HP-XRD study. 29Si NMR spectroscopy was used to de-
termine the structure of the (alumino)silicate chain in tobermorite. The
experimental study provides fundamental information for validating
computational studies of tobermorite and tobermorite-like phases (C-
(A-)S-H and its derivatives), for understanding the mechanical proper-
ties of ancient Roman concrete, and for designing cement-based mate-
rials containing (Al-)tobermorite (e.g., steam-cured concrete and oil
well cement).

2. Materials and methods

2.1. Materials

11 Å double-chain tobermorite was synthesized as follows: 1) cal-
cium silicate hydrate (C-S-H) slurry with a Ca/Si = 5/6 was mechan-
ochemically produced from CaO (from freshly calcined CaCO3 p.a. at
1000 °C for 2 h), high surface area SiO2 (Aerosil 200, Evonik), and
double distilled water with a H2O to solid mass ratio of 20. In addition,
two C-A-S-H slurries with target Ca/(Si + Al) molar ratios of 5/6, and
Al/(Al + Si) molar ratios of 1/12 and 1/6 were prepared by the ad-
dition of corresponding quantity of Al(OH)3 (Fluka). All syntheses were
performed under nitrogen to avoid sample carbonation. The mechan-
ochemical treatment was performed in an agate ball mill (Pulverisette,
Fritsch) for 32 h, according to the method described in [38]. 2) Finally,
the resultant slurries were treated hydrothermally in Teflon-lined steel
autoclaves at 170 °C for 22 h followed by an additional 2 h at 180 °C.
The products were filtered, rinsed with double-distilled, decarbonated
water and dried at 60 °C.

14 Å tobermorite was hydrothermally synthesized from a mechan-
ochemically prepared C-S-H phase with a Ca/Si ratio of 5/6 after the
procedure described in [39]. The hydrothermal treatment was per-
formed at 70 °C for 12 months. 11 Å single-chain tobermorite was
prepared by dehydrating a 14 Å tobermorite at 100 °C for 3 h.

2.2. Methods

2.2.1. 29Si nuclear magnetic resonance
Solid-state 29Si nuclear magnetic resonance (29Si MAS NMR) spectra

were taken for the samples on a 59.50 MHz Varian InfinityPlus 300
NMR spectrometer equipped with a 7.1 T widebore Oxford Instruments
superconducting magnet and a 6 mm Chemagnetics style MAS probe. A
45° excitation pulse was used, with a recycle delay of 120 s, decoupling
at 60 kHz, and MAS at 4.5 kHz. 29Si chemical shifts are given relative to
TMS (tetramethylsilane; 0 ppm) using kaolinite as an external standard
at −91.2 ppm.

2.2.2. Raman
Raman micro-spectroscopy was performed with a LabRam Aramis

(Horiba-Jobin-Yvon) with a spectrograph of focal length: 460 mm
equipped with a microscope (Olympus BX41). The excitation wave-
length is 473 nm with a power of 11 mW (measured after objective)
combined with a grating of 1800 lines/mm. We used a 100× objective
(NA = 0.9), and the resulting lateral and vertical resolutions were
0.64 μm and 2.3 μm, respectively. Single spots were measured with an

Fig. 1. Schematics of (A) double-chain Al-free 11 Å tobermorite, (B) Al-tobermorite, and (C) single-chain 11 Å tobermorite. The dark blue triangles and orange
triangles are silicate tetrahedra and aluminate tetrahedra, respectively. The light-blue diamonds represent CaeO polyhedra. The blue circles represent interlayer Ca
surrounded by water molecules. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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exposition of 5 s and 64 accumulations.

2.2.3. HP-XRD
The HP-XRD experiment was conducted at beamline 12.2.2 of the

Advanced Light Source at the Lawrence Berkeley National Laboratory.
A BX-90 diamond anvil cell with an axial geometry set-up was used.
The diameter of the diamond culet was ~400 μm. Stainless steel gaskets
were prepared with a cylindrical chamber of ~100 μm in thickness and
~120 μm in diameter. A ruby sphere (α-Al2O3 doped with 0.05 wt.%
Cr3+) was loaded with each tobermorite sample into the chamber.
Then, the chamber was filled with methanol-ethanol solution (4:1 by
volume) as a pressure medium. The ruby spheres were used as a pres-
sure gage to measure the hydrostatic pressure in the chamber using the
ruby florescence calibration method. The incident X-ray beam energy
was 25 keV with beam size of ~30 μm. The sample-to-detector
(MAR345 image plate) distance was ~330 mm. Lattice constants were
refined using CelRef, with Merlino's tobermorite structure of B11m
space group [18]. See Supplementary information for more details.

3. Results and discussions

Fig. 2 shows the 29Si NMR spectra of the double-chain 11 Å (Al-)
tobermorite. The Al-free double-chain tobermorite is highly poly-
merized as the fraction of end-of chain silica (Q1) at ~ − 80 ppm [40]
is significantly low (see Table 1 for fractions). Al incorporation give rise
to alumina cross-linking site (evidenced by increased Q3(1Al) fraction)
at the expense of silicate cross-linking (Q3(0Al)) [41]. As the Al content
increases, Al-tobermorite shows a lower degree of polymerization with
more Q1 and a comparable number of cross-linked sites (Q3(0Al) and
Q3(1Al)). The mean silicate chain lengths of the double-chain to-
bermorite with Al/(Al + Si) of 0, 1/12, and 1/6 are 135, 73, and 28,
respectively.

Fig. 3 shows the Raman spectra of Al-free double chain 11 Å to-
bermorite (A), single chain 11 Å (B) and fully substituted Al-to-
bermorite (Al/(Al + Si) =1/6) (C). The main feature in all three
spectra is the Si-O-Si bending vibration in Q2 chains [39] [42] which
frequency varies from 682 cm−1 (double chains) to 680 cm−1 (single
chains) and finally to 669 cm−1 in Al substituted tobermorite. Double
chain 11 Å tobermorite shows an additional band at 620 cm−1 which is
characteristic for Q3 sites [42] [43]. The Raman spectrum in Fig. 3B
lacks this band clearly showing an absence of cross-linking sites in the
single-chain 11 Å tobermorite. Similar results were obtained by Bia-
gioni et al. in Raman spectra after thermal treatment of plombierite

(14 Å tobermorite) [44]. In addition to the band shifts to lower fre-
quencies, there is a substantial broadening of the Raman signals wit-
nessing increasing structural disorder upon thermal treatment. In the
Raman spectrum of Al substituted 11 Å tobermorite (Al/(Al + Si) = 1/
6) the band at 620 cm−1 is also not observed, confirming the absence of
Si-O-Si linkages of type Q3. Instead a band at 568 cm−1 appears be-
longing to Al-O-Si vibrational modes according to the Loewenstein rule.
Another interesting feature is the presence of a band at 949 cm−1 which
can be attributed to Si-OH stretching vibrations thus confirming the
substitution Si4+ → Al3+ +H1+ in Al-tobermorite.

The unit cell parameters of tobermorite with various Al contents and
with/without cross-linking at ambient pressure do not show significant
variations (Table 2). As applied hydrostatic pressure increases, the
diffraction peaks of tobermorite monotonically shift to the right
(Fig. 3), suggesting a systematic decrease of interplanar distances (e.g.,
a closing interlayer spacing indicated by the shift in (002) peaks).
Pressure-induced broadening is observed for all peak at elevated pres-
sure due to amorphization (i.e., reduction in structural ordering) of the
sample caused by compression [45]. This pressure-induced amorphi-
zation is commonly observed in HP-XRD studies, including studies of
phases in cementitious materials [46] [47] [48] [49].

The incompressibility of the unit cell along a-, b-, and c-axes is
defined with the Biot strain along each axis as a function of applied
hydrostatic pressure. The incompressibility along a- and b-axes
(Fig. 4A) of all double-chain tobermorite lies within −1/245 and −1/
280 GPa−1, highly comparable to previously reported results of cross-
linked C-A-S-H [31]. The ab-planar stiffness (negative inverse of the
incompressibility) of double-chain tobermorite systematically increases
with increased Al/(Al + Si). With Al substitution, tobermorite bears a
greater number of charge-balancing Ca atom in the interlayer and/or
stronger H-bonding [20]. These extra Ca atoms and stronger H-bonding
enhance the steric constraints of the ab-plane (calcium silicate basal
layer), resulting in the stiffer ab-plane in Al-tobermorite. The in-
compressibility of single-chain tobermorite along a- and b-axes are−1/
293 and −1/322 GPa−1, respectively, comparable to previous results
of Al-free non-cross-linked C-(A-)S-H [32,33]. The ab-plane of single-
chain tobermorite is slightly stiffer than that of double-chain to-
bermorite, due to more charge-balancing Ca in the interlayer and a
stronger H-bond system of single-chain tobermorite (i.e., more steric
constraints). Cross-linking does not stiffen the ab-plane of tobermorite,
as explained by a hinge deformation mechanism [34]: the shared
oxygen atom of the cross-linking sites acts as a hinge, and the entire set
of atoms (i.e., Si and Al) which bond to the shared O atom pivots
around the hinge. Instead of contraction of covalent bonds (Si-O-Si and/
or Si-O-Al) at the cross-linking sites across the interlayer, reorientation
of the bonds requires less energy. The stiffening of ab-plane by cross-
linking is not observed in cross-linked C-(A-)S-H [31].

Biot strain along c-axis versus hydrostatic pressure of all to-
bermorite samples can be fitted with a linear trendline in Fig. 5B. The
incompressibility of cross-linked tobermorite lies within a narrow range
between −1/225 and −1/250 GPa−1, suggesting that the influence of
Al substitution on the c-axis incompressibility is insignificant. Although
AlO4 occupies many cross-linking sites and its AleO bond is typically
longer than SieO (1.75 Å in AlO4 versus 1.62 Å in SiO4) [50], the Al-
tobermorite with higher Al content is not softer than Al-free cross-
linked 11 Å tobermorite, indicating that reorientation, rather than
simply contraction of SieO or AleO bonds, around cross-linking sites
governs the c-axis stiffness. Otherwise, the longer AleO bond in AlO4

relative to SieO in SiO4 would contribute to lower c-axis in-
compressibility of Al-tobermorite. The incompressibility of single-chain
11 Å tobermorite along c-axis is −1/150 GPa−1, lower than those of
double-chain tobermorite. The lower stiffness of single-chain to-
bermorite is explained by the absence of cross-linking sites, which resist
the closure of interlayer space under compression [34]. The interlayer
Ca in single-chain tobermorite shields the Coulomb interaction across
the interlayer, leading to a softer interlayer space [34]. Thus, it can be

Fig. 2. 29Si NMR spectra of double-chain 11 Å tobermorite with various Al
contents.
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concluded that cross-linking sites enhance the stiffness along c-axis.
Geng et al. studied the nanomechanical properties of C-(A-)S-H syn-
thesized at 80 °C using HP-XRD [31], in which the stiffening along c-
axis by aluminate cross-linking sites is also found.

The measured K0 of single-chain tobermorite is 57 ± 2 GPa
(Fig. 5C), which is consistent with DFT-simulated K0 of 58 GPa [34].
The measured K0 of Al-free double-chain tobermorite is 63 ± 3 GPa,
also consistent with K0 of 67–68 GPa in the DFT study [34] [35], but
does not agree with another DFT study [51], where the calculated K0 of
Al-free double-chain tobermorite is 77 GPa. The measured K0 of single-
chain tobermorite is lower mainly due to the absence of cross-linking
sites. Our previous HP-XRD study of C-(A-)S-H synthesized at 80 °C also
shows lower K0 (~21 GPa lower) for C-S-H in the absence of cross-
linking sites relative to that with cross-linking sites [31]. The double-
chain Al-tobermorite exhibits 7–8 GPa higher measured K0 than Al-free
double-chain tobermorite. The measured K0 of synthetic Al-tobermorite
in this study, 63 ± 3 GPa, is slightly higher than that of Al-tobermorite
found in ancient Roman concrete (55 ± 5 GPa) [16]. We assign the
lower K0 of Al-tobermorite in ancient Roman concrete to the structural

distortion caused by potassium incorporation in the interlayer [28] [5].
Al substitution slightly stiffens the tobermorite due to stiffening in the
ab-plane through a greater number of charge-balancing Ca or stronger
H-bonding alternatively. Another possibility that has been evidenced in
a C-(A-)S-H study [10] may also explain the positive correlation be-
tween the Al content and mechanical properties of cross-linked to-
bermorite—the Al-induced shorter aluminosilicate chains can accom-
modate more bridging Ca and thus a strong hydrogen bonding system
can form. Although the number of bridging Ca of (Al-)tobermorite is
lower than that of C-(A-)S-H at high Ca/Si ratios [10], the possible
influences of bridging Ca and strong hydrogen bonding here should not
be ruled out. Indeed, the Raman spectrum of Al-tobermorite in Fig. 3C
shows presence of additional OH groups which must be involved in
strong H-bonding system in the ab-plane supported by shortening of the
b-axis. Despite the positive correlation between mean silicate chain
length and mechanical properties of C-S-H [27], we do not observe a
positive correlation between mean aluminosilicate chain length and the
mechanical properties of tobermorite. Instead, a negative trend be-
tween chain length and mechanical properties of tobermorite is found.

4. Conclusions

The present study systematically investigates the correlation be-
tween the structure and the intrinsic mechanical properties of 11 Å
tobermorite and Al-tobermorite using NMR and HP-XRD. The influ-
ences of Al substitution and cross-linking sites on the mechanical
properties of 11 Å tobermorite are studied. Experimental results show
that Al incorporation shortens the aluminosilicate chain length of to-
bermorite. The incompressibility of cross-linked tobermorite along the
a- and b-axes increases with Al substitution due to an increased number
of charge-balancing Ca, which enhances the steric constraints in the ab-
plane. Alternatively, if balanced by Al3+ +H+ → Si4+ as shown by
Raman data, the additional OH groups would be involved in a fairly
strong H-bond system (favored by shorter b-axis), which also con-
tributes to stiffening of the ab-plane. Similarly, the ab-planar in-
compressibility of non-cross-linked tobermorite is higher than that of
cross-linked tobermorite since the lack of cross-linking sites also leads
to presence either of more interlayer Ca, or stronger H-bonding for
steric constraints. Cross-linking sites act as supporting columns to
stiffen the interlayer space along the c-axis but do not stiffen the to-
bermorite in the ab-plane. Both Al substitution and cross-linking sites
increase the bulk modulus of tobermorite, and Al-tobermorite exhibits
the highest bulk modulus while single-chain tobermorite shows the
lowest bulk modulus. An inverse correlation between the mechanical
properties of cross-linked tobermorite and its aluminosilicate chain
length is found. The experimental results in the present work have great
implications for validating the use of different computational methods,
different force fields (e.g., CSH-FF, cement-FF, and Clay-FF) and asso-
ciated parameters (e.g., Lennard-Jones pair coefficient) in the study of
PC-based materials, particularly in the study of mechanical behaviors of
C-(A-)S-H and tobermorite. Specifically, the strong H-bond system in
Al-tobermorite and the interaction between the H-bond and bridging Ca
of short aluminosilicate chains could be examined in computational
studies at the atomistic-level. Additionally, the influences of charge-
balancing ions on the nanomechanical properties of (Al-)tobermorite
could also be examined in computational studies. The measured

Table 1
Measured fraction of Si environments in double-chain 11 Å tobermorite from NMR and calculated mean (alumino) silicate chain length (MCL).

Al/(Al + Si) Q1 Q2(1Al) Q2(0Al) Q3(1Al)/ Q3 (extra)* Q3(0Al) Cross-linking site MCL

0 0.03 0 0.63 0.14 0.21 0.33 135
1/12 0.06 0.11 0.55 0.09 0.19 0.32 73
1/6 0.17 0.23 0.36 0.21 0.03 0.33 28

*Q3(extra) is assigned to cross-linked Q3 charge-balanced by Ca.

Fig. 3. Raman spectra in the range of 200–1250 cm−1 of Al-free double chain
tobermorite. A) Al-free single chain tobermorite; B) and fully substituted Al
tobermorite (Al/(Al + Si) = 1/6). The asterisk denotes CO3 bands of a vaterite
impurity.

Table 2
Measured cell parameters of 11 Å tobermorite at ambient pressure.

Al/(Al + Si) a (Å) b (Å) c (Å) γ (°)

Single chain 0 6.719 7.342 23.50 123.12
Double chain 0 6.734 7.370 22.71 123.17

1/12 6.725 7.386 22.86 123.31
1/6 6.722 7.397 23.21 123.38
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intrinsic mechanical properties of different tobermorites in this study
could be implemented for design of sustainable and high-performance
concrete using bottom-up approaches.
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