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A B S T R A C T

This work proposes a method for numerically investigating the fracture mechanism of cement paste at the microscale based on X-ray computed tomography and
nanoindentation. For this purpose, greyscale level based digital microstructure was generated by X-ray microcomputed tomography with a resolution of 2 μm/voxel
length. In addition, statistics based micromechanical properties (i.e. Young's modulus and hardness) were derived from the grid nanoindentation test which was set to
have an interaction volume the same as the resolution of the digital microstructure. A linear relationship between the two probability density functions of greyscale
level and local Young's modulus was assumed and verified by the two-sample Kolmogorov-Smirnov (KeS) statistic. Based on this assumption, the fracture and
deformation of a digital cubic volume with a dimension of 100 μm under uniaxial tension was simulated using a lattice fracture model. In addition, the influence of
heterogeneity on fracture response was studied. Furthermore, the proposed method was compared with the results obtained from a traditional approach used
previously by the authors in which discrete phases (capillary pore, anhydrous cement clinker, outer and inner hydration products) were considered. The two methods
show similar crack patterns and stress-strain responses. The proposed method is regarded more promising as it captures also the gradient of material properties
(within the discrete phases) in the cement paste.

1. Introduction

Cement paste is the main binding phase in concrete. As such, its
mechanical properties are of great importance for the properties of this
composite material. Therefore, prediction of concrete performance de-
pends to a large extent on good understanding of cement paste beha-
viour. For predicting its mechanical properties, it is common to use
micromechanical models. Micromechanical modelling of cement paste
has generated considerable research interest recently as it provides an
insight into the link between the material's microstructure and its global
functional performance. In order to simulate the fracture behaviour of
cement paste, the microstructure and micromechanical properties of its
constituents need to be characterised.

Cement paste is a multi-phase material comprising several phases,
most importantly calcium silicate hydrate (CeSeH), calcium hydroxide
(CH), anhydrous cement clinker and pores. Consequently, micro-
mechanical models consider, in general, a multi-phase microstructure.
This microstructure can be obtained either by numerical modelling
[1–3] or experiments [4–7]. Both of these approaches rely heavily on
the theoretical knowledge of the microstructure evolution of the ma-
terial. Compared with the experiments, numerical cement hydration
models have clear advantages in terms of time effort and ease of use. In
such models cement clinkers are commonly modelled as spheres [1,2].

This simplification, however, has an influence on the simulated hy-
dration of cement [8]. Cement hydration models that consider realistic
particle shapes are still rare [3,9]. Regarding with the elasticity esti-
mation, the simulated microstructure has a strong influence on early-
age [10]. Although the microstructure has less influence in the later
hydration stage, where phase volume fractions dominate the elasticity,
it plays a key role in determining the material strength [11]. On the
other hand, X-ray computed tomography (XCT) is becoming a general
technique for three-dimensional microstructure characterisation of ce-
ment-based materials [7,12–14]. X-ray computed tomography can vi-
sualise the spatial distribution of cement phases with different densities
by greyscale levels. The phase segmentation can then be performed to
identify the spatial distribution of distinct hydration phases. However,
phase segmentation is not a standardized technique: many methods
exist, and it is difficult, if not impossible, to ascertain which segmen-
tation method produces more accurate results. For example, the iden-
tified pore phase volume varies significantly depending on the applied
segmentation method. In the literature [15] and [16], XCT images with
similar resolution are obtained. However, a tangent-slope method
merely depending on the greyscale level histogram results in a lower
calculated porosity (8.65% [15]) compared with the one from Ref. [16]
using theoretical porosity from Power's model (30%) as criteria to
conduct segmentation. Since this is only the first step in
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