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Abstract
Morphological quantification of the complex structure of hierarchical geomaterials is of great
relevance for Earth science and environmental engineering, among others. To date, methods that
quantify the 3D morphology on length scales ranging from a few tens of nanometers to several hundred nanometers have had limited success. We demonstrate, for the first time, that it is possible to go
beyond visualization and to extract quantitative morphological information from X‑ray images in the
aforementioned length scales. As examples, two different hierarchical geomaterials exhibiting complex
porous structures ranging from nanometer to macroscopic scale are studied: a flocculated clay water
suspension and two hydrated cement pastes. We show that from a single projection image it is possible
to perform a direct computation of the ultra-small angle-scattering spectra. The predictions matched
very well the experimental data obtained by the best ultra-small angle-scattering experimental setups
as observed for the cement paste. In this context, we demonstrate that the structure of flocculated clay
suspension exhibit two well-distinct regimes of aggregation, a dense mass fractal aggregation at short
distance and a more open structure at large distance, which can be generated by a 3D reaction limited
cluster-cluster aggregation process. For the first time, a high-resolution 3D image of fibrillar cement
paste cluster was obtained from limited angle nanotomography.
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Introduction
Whether occurring in nature, e.g., clays, sandstone, limestone,
or manufactured, as in the case of plaster, bricks, Portland cement
concrete, geomaterials play a major role in fundamental processes
occurring at the Earth’s surface, as well as in several industries
(civil engineering, oil industry, drilling fluids, food industry,
cosmetic industry, etc.). Most of them are characterized by a
hierarchical porous structure, generally ranging from nanometer
to macroscopic scale (Coussy 2010). Many of these geomaterials
are made of an intricate clustering of anisotropic nano-particles;
swelling clays are typical of this class of geomaterial. The 3D
particle organization on the length-scale ranging from a few tens
of nanometers to some micrometers—still a matter of debate
(Lagaly and Harvey 2006; Michot et al. 2004)—is a cornerstone
to properly understand transport properties (diffusion-permeation)
and mechanical strength. Another important class of geomaterials
is the porous matrix formed by the hydration of Portland cement,
one of the most widespread manufactured materials in the world,
that is also the origin of one of the most adverse effects on the
environment. The production of Portland cement, the primary
component of concrete, is responsible for the emission of 1.7
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billion tons of CO2 per year. Clearly, concrete optimization and
production of greener cement are the major challenges that must
be addressed in the near future.
To investigate the porous structure of materials, various
techniques, including transmission electron microscopy (TEM)
(Richardson 2004), scanning electron microscopy (SEM), and
X‑ray microtomography (Han et al. 2009) have been used. Despite
these advances, only a few techniques allow in situ and undisturbed
higher resolution 3D imaging for length scales ranging between a
few tens of nanometers to several hundreds of nanometers. Recent
resolution advances in soft X‑ray transmission microscopy (Rehbein et al. 2009; Thieme et al. 2008) offer unique opportunities
for exploring materials at this length scale. Transmission X‑ray
microscopy (TXM) is a versatile, non-invasive technique for
imaging samples with a thickness well above the one used for a
TEM sample. TXM even allows imaging of samples in aqueous
solution (Thieme et al. 2008), thereby preventing the generation
of drying artifacts.
For the first time, using limited angle nanotomography from
TXM transmission images, we obtain high-resolution 3D images of hydrated cement paste. Moreover, we also point out that,
while a single 2D transmission image is not sufficient to get a 3D
representation of a complex pore network, it allows a fast investigation of the sample (one frame per second), perfectly adequate

