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ABSTRACT. This paper summarizes recent developments in the field of nanoindentation analysis of highly 
heterogeneous composites. The fundamental idea of the proposed approach is that it is possible to assess 
nanostructure from the implementation of micromechanics-based scaling relations for a large array of 
nanoindentation tests on heterogeneous materials. We illustrate this approach through the application to 
Calcium-Silicate-Hydrate (C-S-H), the binding phase of all cement-based materials. For this important class of 
materials we show that C-S-H exists in at least three structurally distinct but compositionally similar forms: Low 
Density (LD), High Density (HD) and Ultra-High-Density (UHD). These three forms differ merely in the 
packing density of five nano-meter sized particles. The proposed approach also gives access to the solid particle 
properties of C-S-H, which can now be compared with results from atomistic simulations. By way of 
conclusion, we show how this approach provides a new way of analyzing complex hydrated nanocomposites, in 
addition to classical microscopy techniques and chemical analysis. This approach will turn out invaluable in our 
quest of adding the necessary “green” value to a commodity, concrete, by nano-engineering higher strength and 
toughness from first principles. 
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INTRODUCTION 
 

ore concrete is produced than any other synthetic material on Earth. The current worldwide cement production 
stands at 2.3 billion tons, enough to produce more than 20 billion tons or one cubic meter of concrete per 
capita per year. There is no other material that can replace concrete in the foreseeable future to meet our 

societies’ legitimate needs for housing, shelter, infrastructure, and so on. But concrete faces an uncertain future, due to a 
non-negligible ecological footprint that amounts to 5-10% of the worldwide CO2 production. It now appears that 
mechanics can be the discipline that enables the development of a sustainable green concrete future.  
We here adopt the perspective originating from Galileo’s Strength of Materials Theory, that weight, and thus CO2-
emission, increases with the volume of the produced material, while strength of structural members increases with the 
section. Hence, as one increases the strength of a material by a factor of , one reduces the environmental footprint by -1 
for pure compressive members such as columns and perfect arches and shells, -2/3 for beams in bending, and -1/2 for 
slabs. Similarly, if one adopted a Linear Elastic Fracture model, an increase of the fracture toughness KIc = KIc0, would 
entail a reduction of the environmental footprint by -1 for columns and -4/5 for (notched) beams in bending or in 
torsion.1 But thus far, all this hints towards a critical role of mechanics, and in particular Strength of Materials and 
Fracture Mechanics, in redesigning concrete materials and structures for the coming of age of global warming. In contrast 
to the classical top-down empirical approaches, we have chosen a bottom-up approach that starts at the electron and 
atomic scale to nanoengineer the fundamental building block of concrete; to assess the properties by nanoindentation; and 

                                                 
1 Arguably, since these gains in reducing the environmental footprint, lead to slender concrete structures, they are limited for 
compressive members by buckling and for bending members by deflection, for which in both cases -1/4 (when assuming a square-
root relation between Young’s modulus and strength according to currents standards [1]). 
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upscale strength, fracture and stiffness properties from nanoscales to macroscales of day-to-day concrete engineering 
applications. The key to all this is mechanics at the interface of physics and engineering. 
With this in mind, this paper summarizes recent developments in the field of nanoindentation analysis of highly 
heterogeneous composites. One of the most promising techniques that emerged from the implementation of 
nanotechnology in material science and engineering to assess mechanical properties at small scales is nanoindentation. The 
idea is simple: by pushing a needle onto the surface of a material, the surface deforms in a way that reflects the mechanical 
properties of the indented material. Yet, in contrast to most metals and ceramics, for which this technique was originally 
developed, most materials relevant for civil engineering, petroleum engineering or geophysical applications, are highly 
heterogeneous from a scale of a few nanometers to macroscopic scales. The most prominent heterogeneity is the porosity. 
Take, for instance, the case of concrete. Groundbreaking contributions date back to the 1950s with the work of Powers 
and his colleagues [2], who by correlating macroscopic strength [3] and stiffness data [4] with physical data of a large range 
of materials prepared at different w/c-ratios early on recognized the critical role of the C-S-H porosity (or gel porosity), 
respectively the C-S-H packing (“one minus porosity”) on the macroscopic mechanical behavior; in particular for cement 
pastes below a water-to-cement ratio of w/c<0.42, for which the entire porosity of the material is situated within the C-S-
H (no “capillary water” in Powers' terminology), and for which the hydration degree α of the hardened material is smaller 
than one. Powers considered the C-S-H gel porosity (gel pore volume over total gel volume) to be material invariant and 
equal to 28.00   independent of mix proportions, hydration degree, C-S-H morphology, etc. The application of 
advanced microscopy, X-ray mapping and Neutron scattering techniques to cement-based materials later on revealed that 
the assumption of a constant gel porosity could not be but an oversimplification of the highly heterogeneous 
nanostructure of cement-based materials, overlooking the particular organizational feature of cement hydration products 
in highly dense packed “inner” products and loosely packed “outer” products (see, for instance [5-15]). The quantitative 
translation of these morphological observations into a concise microstructure model of the gel microstructure is due to 
Jennings and co-worker [16-20], who recognized that outer and inner products are two structurally distinct but 
compositionally similar C-S-H phases; that is, amorphous nanoparticles of some 5 nm characteristic size pack into two 
characteristic forms, a Low Density (LD) C-S-H phase and a High Density (HD) C-S-H phase, that can be associated with 
outer and inner products. The existence and mechanical importance of these phases have been confirmed by 
nanoindentation [21-23]: LD C-S-H and HD C-S-H were found to be uniquely characterized by a set of material 
properties that do not depend on mix proportions, type of cement, etc. Instead, they are intrinsic material invariant 
properties. The link between these mechanical C-S-H phase properties and C-S-H packing density has been established, 
showing that the C-S-H phases exhibit a unique nanogranular morphology [24-25,19], with packing densities that come 
remarkable close to limit packing densities of spheres; namely the random close-packed limit (RCP, [26]) or maximally 
random jammed state (MRJ, [27]) of 64.0~  for the LD C-S-H phase; and the ordered face-centered cubic (fcc) or 

hexagonal close-packed (hcp) packing of 74.018/   [28] for the HD C-S-H phase. Far from being constant, the gel 
porosity of the C-S-H phase is recognized, in this model, to depend on the volume proportions of LD C-S-H ( LDf ) and 
HD C-S-H ( HDf ) [23]: 

 )74.064.0(10 HDLD ff           (1) 

The focus of this conference paper is to review some recent developments in the field of nanoindentation analysis of 
highly heterogeneous materials. Illustrated through the example of concrete, the approach here proposed can equally be 
applied to many other highly heterogeneous materials whose material behavior is governed by porosity (bones, shale etc. 
[29-30]). 
 
 
MICROMECHANICS-BASED NANOINDENTATION TECHNIQUES  
 

onsider an indentation test in a porous material, the characteristic size of the porosity being such that scale 
separability applies. The indenter is at a depth h, and what is sensed in the indentation test is a composite response 
of the solid phase and the porosity. That is, the hardness H and the indentation modulus M determined from the 

load – depth (P–h) curve according to classical indentation analysis tools [31] are representative of the particle properties 
(particle stiffness sm , hardness sh , (Drucker-Prager) friction coefficient  ), and of the packing of their particles (packing 
density  ), and some morphological parameters (denoted by 0 ) [29]: 
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where cA  is the projected contact area, and H and M are dimensionless functions. Linear and nonlinear 
microporomechanics [32] provides a convenient way to determine these functions. 
 
Does particle shape matter? [33] 
The determination of functions H and M requires the choice of particle morphology. For perfectly disordered 
materials, the key quantity to be considered is the percolation threshold, that is the critical packing density below which 
the composite material has no strength, nor stiffness. This percolation threshold depends on the particle shape [34]. 
Clearly, as seen in TEM images of C-S-H, the elementary particle has an aspect ratio. However, as far as the mechanics 
response is concerned, it turns out that particle shape does not matter as soon as the packing density of the porous 
material is greater than 60%. This is obviously the case of cement-based materials (as their industrial success is due to their 
strength performance), and also of most other natural composite materials like bone, compacted clays (shale), etc. One 
can thus conclude that the effect of particle shape is negligible as far as the mechanical performance is concerned [33]; see 
Fig. 1. 
 

 
Figure. 1: Normalized stiffness vs. packing density scaling relations. The percolation threshold of 0.5 corresponds  

to a perfectly disordered material composed of spherical particles, while lower percolation thresholds are  
representative of disordered materials with particle shape (here ellipsoids). Adapted from [33]. 

 
Micromechanics-Based Scaling Functions [35-36] 
The negligible effect of the particle shape on the homogenized mechanical properties largely simplifies the 
micromechanical analysis. It thus suffices, to consider spherical particles and a distinct disordered morphology of the solid 
phase, similar to a polycrystal, characterized by a solid percolation threshold of 5.00  . Based on linear micromechanics 
of the indentation modulus, a good approximation (which is exact for a solid Poisson’s ratio of 2.0 ) is a linear scaling 
[24]:  
 

 12  M
sm

M
          (3) 

 

Using a similar approach for strength homogenization, an appropriate scaling for hardness is [35-36]:  
 

),()1()( 21   H
sh

H
        (3) 
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and where 36785.-a  , 193312.b  , 307110.-c  , 73746.d  , 589339.-e  , 321634.f   and 205321.-g   are all constants 
associated with a Berkovich indenter geometry and a polycrystal morphology with percolation threshold of 5.00  .  
 
Implementation for Back-Analysis of Packing Density [29] 
Consider then a series of N indentation tests on a heterogeneous material. What is measured in these tests are N times 
(M,H) values at each indentation point representative of a composite response. Assuming that the solid phase is the same, 
and all what changes between indentation points is the packing density, there are three particle unknowns ),,( ss hm  and 
N packing densities. Hence, for 3N , the system is highly over-determined, which makes it possible to assess 
microstructure and particle properties. A typical example of this implementation of micromechanics-based scaling 
relations to analyze backing density is shown in Fig. 2.  
 

 
Figure 2: Micromechanics-based scaling relations of the packing density of indentation modulus and  

indentation hardness for a w/c=0.4 cement paste. Adapted from [29]. 
 
 
PACKING DENSITY DISTRIBUTIONS OF C-S-H 
 

y way of application, we apply this method to analyze packing density distributions for different cement paste 
materials. In a first step, we deconvolute the packing density together with indentation modulus and indentation 
hardness to obtain mean values and standard deviations of different phases. This is shown in Fig. 3. This type of 

analysis is performed for a large range of cement pastes prepared with different w/c ratio. The results, which are shown in 
Fig. 4, call for the following comments: 

- The packing density distributions (Fig. 3) for different w/c provides strong evidence of three statistically 
significant C-S-H phases; namely a Ultra-High-Density (UHD) C-S-H phase, in addition to the already known LD 
C-S-H and HD C-S-H phases. The nanomechanical properties of the UHD C-S-H phase, M and H, are found to 
follow similar packing density scaling relations as LD C-S-H and HD C-S-H. This suggests that the UHD C-S-H 
phase is structurally distinct but compositionally similar to the other C-S-H phases. That is, it is made of the same 
elementary building block, the C-S-H solid, and differs from LD and HD C-S-H only in its characteristic packing 
density. The UHD C-S-H phase has a packing density of %783.0  , which comes remarkably close to a two-
scale limit random packing of 87.064.0)64.01(64.0  .  

- An increase of the w/c ratio entails an increase in the hydration degree, α (Fig. 4a), estimated here as the vol. 
amount of phases that exhibit an indentation  modulus smaller than ~63 GPa. In turn, this increase is due an 
increase in similar proportions of both the C-S-H solid and the gel porosity; roughly 5% per Δ(w/c)=0.1. 

- The increase with the w/c ratio of both the C-S-H solid and the gel porosity in similar proportions has different 
effects on the microstructure organization of the hydration products into LD C-S-H, HD C-S-H and UHD C-S-

B 
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H (Fig. 4b): Above w/c=0.2, the volume occupied by UHD C-S-H –among the hydration products– is almost 
constant (20%), while the decrease in HD C-S-H is compensated by the formation of LD C-S-H: at low w/c, HD 
C-S-H dominates over LD C-S-H, while it is the inverse at high w/c ratios. 

- An extremely low w/c=0.15, characterized by a hydration degree on the order of α=0.6, a 10% gel porosity and a 
50% C-S-H solid volume fraction, favors (almost) exclusively the formation of the UHD C-S-H phase. 

 

 
 

Figure 3: Packing density distribution for a w/c=0.4 cement paste. Adapted from [29]. 

 
Figure 4: Volume fraction distributions in the microstructure: (a) volume fractions of the cement paste composite;  

(b) volume fractions of the hydration phases. Adapted from [39].  
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In summary, while the water available for hydration increases the amount of hydration solid, it appears that the concurrent 
increase in gel porosity favors the formation of looser packed LD C-S-H to the detriment of HD C-S-H; while the UHD 
C-S-H phase remains almost constant. 
Finally, it is interesting to locate these different phases in the microstructure. This can be achieved by spatially mapping 
the indentation results on a grid. To this end, we performed a series of 900 nanoindentations on a tightly spaced grid, with 
a spacing of 3μm between nanoindents. After deconvolution of the 900 nanoindentations, and application of the 
micromechanics-based scaling relations, to each phase (LD C-S-H, HD C-S-H, UHD C-S-H and clinker) is associated an 
interval of packing density. By doing so, each specific point on the grid of nanoindentations can be associated with the 
phase on which the nanoindentation was performed. Such a technique provides a mechanical mapping of the indented 
surface with an accuracy limited by the grid spacing.  
The results of this mapping are displayed in Fig. 5a for a w/c=0.2 material and in Fig. 5b for a w/c=0.3 material.  
Similar to HD C-S-H, UHD C-S-H can primarily (i.e. in significant amount) be found close to the clinker grains. A similar 
observation of a high stiffness phase in the vicinity of clinker grain was also reported in Ref. [37]. Some areas of UHD C-
S-H are also visible far from clinker grains. Yet, this occurrence may be attributed to the presence of a clinker grain below 
the surface; a conjecture that cannot be resolved with the surface mapping technique here employed. In return, a 
comparison  
of the amount of the different C-S-H phases present in the two materials clearly shows that HD C-S-H and UHD C-S-H 
dominate low w/c materials, while higher w/c materials are increasingly dominated by LD C-S-H. 
 
 

 

Figure 5: Mechanical mapping of LD C-S-H, HD C-S-H, UHD C(-S-)H and clinker phases in  
(a) a w/c=0.2 hardened cement paste; (b) a w/c=0.3 hardened cement paste. Adapted from [39]. 

 
 
CONCLUDING REMARKS 
 

anoindentation has originally been developed to assess mechanical properties at very fine scales; but its 
application to highly heterogeneous materials has provided the materials science community with a wealth of 
new information about morphology of elementary particles; thanks to the application of micromechanics-based 

indentation analysis tools that link mechanical properties to microstructure and constituent properties.   
It is of great interest to compare the particle properties so obtained with particle properties of C-S-H obtained by 
atomistic simulations. Such atomistic simulations of a realistic C-S-H model provide a particle stiffness of  GPa65sm  
using for the elasticity constants the Reuss-Voigt-Hill average, and a maximum negative isotropic pressure before rupture 
of the simulation cell perpendicular to the layer plane of GPa65sh [38]. These values are in very good agreement with 
the asymptotic values obtained from the micromechanics-based scaling relations (Fig. 3). Hence, a combination of 
nanoindentation, micromechanics-based scaling relations and atomistic simulations, provides a means to bridge between 
the atomistic structure of C-S-H, its nanomechanical morphology and macroscopic performance.  
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We are thus one step closer to implementing the Materials Science Paradigm for highly heterogeneous materials like 
concrete, bones, shale etc., linking composition with microstructure, and to ultimately predicting (“nanoengineering”) 
macroscopic mechanical performance of this class of hydrated nanocomposites based on composition and microstructure. 
This will turn out invaluable in our quest of adding the necessary “green” value to a commodity: concrete.  
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