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microstructure of cementitious composites have led to the development of fiber
reinforced Ultra High Performance Concretes (UHPC). The scope of this paper is twofold, first to characterize
the nano-mechanical properties of the phases governing the UHPC microstructure by means of a novel
statistical nanoindentation technique; then to upscale those nanoscale properties, by means of continuum
micromechanics, to the macroscopic scale of engineering applications. In particular, a combined investigation
of nanoindentation, scanning electron microscope (SEM) and X-ray Diffraction (XRD) indicates that the fiber-
matrix transition zone is relatively defect free. On this basis, a four-level multiscale model with defect free
interfaces allows to accurately determine the composite stiffness from the measured nano-mechanical
properties. Besides evidencing the dominant role of high density calcium silicate hydrates and the stiffening
effect of residual clinker, the suggested model may become a useful tool for further optimizing cement-based
engineered composites.

© 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last 15 years Ultra High Performance Concretes (UHPC)
have become a vanguard product in industrial and structural
applications [5–9] thanks to outstanding properties, such as com-
pressive strength of 150–200 MPa, tensile strength of 8–15 MPa with
significant remaining post-cracking bearing capacity, and remarkable
fracture energy of 20–30 kJ/m2 [1,2]. Commercial examples include
Reactive Powder Concrete now integrated in the ®Ductal range [1,2],
®BSI Ceracem [3], engineered and ultra-high strength and hybrid
fiber-reinforced cement composites [4], etc. The superior performance
of these products has been achieved by tailoring theirmicrostructures,
that is by maximizing the packing density with very fine minerals,
quartz powder and silica fume, and by enhancing the matrix
toughness with an optimal fiber reinforcement. Nevertheless, the
current knowledge of UHPC microstructure is still limited and mainly
stems from image analyses [10–12], which is rather qualitative than
quantitative, experimental characterization of transfer properties [13],
and X-ray diffraction (XRD) and thermo-gravimetric analysis (TGA)
[14]. While the mechanical material improvement has been experi-
mentally verified at the macroscopic scale (see Ref. [15] for ®Ductal
FM), the underlying mechanisms at the microscale that deliver this
avior and Durability (FDOA),
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superior response are still not well understood. In this work, we first
apply a recently developed statistical nanoindentation technique
(SNT) to an UHPC material in order to quantitatively characterize the
UHPC microstructure [16,17]. This method has been developed to
extend the domain of application of classical nanoindentation from
monolithic materials to multi-phase composites [18,19]. Previously,
classical nanoindentation techniques have been employed to study
the local mechanical behavior of cement-based materials, such as the
micro-mechanisms of creep in C–S–H phases [20] or the interface
transition zone in normal concretes reinforced by an optimal system
of polymeric fibers [21]. In contrast, based on a large population of
indentation tests, the SNT allows the in situ assessment of mechanical
properties, volume proportions, packing density distributions of
microstructural constituents, as well as the mapping of the micro-
structural morphology. The application of this technique to cement-
based materials led to the identification of the intrinsic properties of
two characteristic morphological arrangements of Calcium Silicate
Hydrates (C–S–H) in cement basedmaterials, namely the High Density
C–S–H (HD C–S–H) and the Low Density C–S–H (LD C–S–H) [22].
These properties were found to be independent of mix proportions
and can be considered as intrinsic material properties of cement-
based materials [23,24]. Notably, these invariant properties are quite
unaffected up to a thermal treatment of 200 °C when dehydration
processes take place [24,25]. The SNT has been also applied to study
the anisotropic microstructure of bones and shales [18].

With tests carried out on ®Ductal G2FM [26], this paper focuses on
the nano-mechanical signature of a wide class of UHPC materials and
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Fig. 1. (a) UHPC casting of the deck model in industrial conditions; (b) the completed deck segment.
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on the role of the fiber–matrix interfaces in the homogenized
properties. The paper is structured as follows: Following a brief
introduction to the SNTmethod, we present results of an investigation
of ‘real’ UHPC samples which were extracted from reference speci-
mens cast in industrial conditions during the fabrication of a UHPC
bridge deck [27]. The fiber–matrix interface zone is studied by line
nanoindentation, scanning electron microscope (SEM) and X-ray
diffraction analysis (XDR). The experimental results of this work are
synthesized into a four-level micromechanics model that aims at
linking microstructure and nano-mechanical properties to the
macroscopic mechanical performance of UHPC materials.

2. Materials and methods

2.1. Material and sample preparation

Tovalidatedesign conceptswith innovativeUHPCs, two2-way ribbed
UHPC deck slab segments (Fig. 1), of dimensions 6.1 m×2.5 m×0.38 m,
were cast in industrial conditionswithin the FrenchMIKTI national R&D
project [27]. Six beam specimens for bending tests were cast in the
same conditions from the same batch (Fig. 2a), as described in the AFGC
Recommendations [8]. A wide experimental campaign with static and
dynamic tests was carried out on the bridge segment structure at LCPC
Structures Laboratory and details can be found in [28]. For the
Fig. 2. (a) UHPC plates, 50×200×600 mm, from which samples were cor
nanoindentation tests, cylinders with a diameter of 20 mm were
cored out from the 50 mm thick beams, and then sliced in penny-
shaped specimens of 50 mm-thick (see Fig. 2b). At the time of the
nanoindentation tests, the beam specimens had been kept in the 20
to 25 °C, 35 to 55% RH laboratory conditions for about 36months. The
material, which is commercially available by Lafarge, France, under
the trade name ®Ductal G2FM [26], was prepared at a water-to-
cement ratio w/c between 0.19 and 0.21 using cement CEM I (chemi-
cal composition in Table 1), high-range water reducer, silica fume,
quartz powder, silica sand and about 2.15% in volume of steel fibers.
Compounds dimensions and densities are summarized in Table 2.
Silica fume is a by-product of the ferrosilicon alloy industries and has
excellent pozzolanic properties. The steel fiber is the largest con-
stituent with a diameter of 0.2mmand a length of 12.7mm,while the
quartz sand is the largest granular material in the matrix with a
diameter varying between 150 and 600 μm (Table 2). In turn, the
clinker and crushed quartz are the next to largest particle with an
average diameter on the order of 10 μm.

At the 6th day after casting, the material was heat treated to
improve strength and dimensional stability by applying, for 48 h, a
temperature of 90 °C at a relative humidity of 90%.

The cored cylindrical specimens were sliced into samples of 5 mm
thickness. The surface was polished with silicon carbide papers and
diamond particles for 8 h according to a standard procedure which
ed from; (b) photograph of one of the tested penny-shaped samples.



Table 1
Composition of the cement in mass percentage of each component, as provided by the
manufacturer

CaO SiO2 Al2O3 Fe2O3 SO3 LOI

67.17 22.14 3.12 2.51 2.13 1.68
Alite Belite Ferrite Aluminate Anhydrite Gypsum Calcite
71.1 15.0 7.0 1.2 1.4 1.2 1.8

Table 2
Mean particle size and apparent density of the UHPC compounds

Material Mean particle size specific gravity
[μm] [kg/m3]

Cement CEM I 10–25 3150
Silica fume 0.1–1 2220
Quartz powder 0.1–100 2650
Quartz sand 150–600 2650
Steel fibers 200 (diameter) 7850
Superplasticizer – 1070
Water – 1000
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guarantees a root-mean-square roughness inferior to one order of
magnitude of the average penetration depth [29].

2.2. SEM and XRD

For SEM and XRD investigation, the surface of the previously
indented specimens was metal-coated with carbon (Fig. 2b). High
resolution surface inspections of samples were carried out using a
Philips XL30 equipped with a microsonde Edax Dx 4i semi-
quantitative elemental analysis of solids using energy dispersive X-
ray microanalysis at the laboratories of Physico-Chimie des Matériaux
Département, LCPC. The image analysis is based on measurement of
signals resulting from the electron beam-specimen interaction which
include secondary electrons (SE) for imaging surface topology;
backscattered electrons (BE) for highlighting compositional differ-
ences; and X-rays for determining the chemical composition (XRD).
Images from an SEM are monochrome since they reflect the electron
or X-ray flux resulting from the beam-specimen interaction.

2.3. Nanoindentation investigation

We briefly recall that a nanoindentation test consists of establish-
ing contact between an indenter (typically diamond) and a sample,
and subsequently measuring the load, P, and the penetration depth, h
(for a comprehensive review see [19]). Fig. 3a shows a typical P–h
curve for a test with an initial constantly increasing load, followed by a
short hold and then a constant unloading. The analysis of the P–h
curve proceeds by applying continuum scale models [30,31] to derive
the indentation hardness H and indentation modulus M:

H ¼def Pmax

AC
; ð1Þ

M ¼def
ffiffiffi
π

p
2

Sffiffiffiffiffiffi
AC

p
;

ð2Þ

All the quantities required to determineH andM are directly obtained
from theP–h curves,with exceptionof theprojected areaAc (Fig. 3b). Chief
among these are the unloading indentation stiffnessS ¼ dP=dhð Þh¼hmax

,
and the residual indentation depth hf of the material surface after
completeunloading (Fig. 3a). The contact areaAC canbeextrapolated from
the maximum depth hmax using the Oliver and Pharr method [32]. For
homogeneousmaterial systems, the indentationmodulusM canbe linked
to theelastic constantsof the indentedmaterial byapplying a linearelastic
model to the data [30,31]. In the isotropic case, M reduces to the plane-
stress elastic modulus:

M ¼ E
1−v2ð Þ ; ð3Þ

where, E is the Young's modulus and v is the Poisson's ratio of the
indented material. Similarly, the hardness H can be related to strength
properties, namely cohesion c and friction angle ’ and the cone angle θ
by:

HucI ϑ; ’ð Þ ð4Þ

where I ϑ; ’ð Þ is a dimensionless function that can be determined from
advanced yield design solutions of the nanoindentation test [33–35].
Fig. 4 shows typical indentation curves for the differentmechanical
phases identified by the deconvolution analysis presented hereafter.
Irregular or discontinuous indentation curves may occur due to
cracking phenomena and can not be considered by the underlying
contact model [30,31].

Recognizing the highly heterogeneous nature of cement-based
materials in general and UHPC in particular, a large array of nano-
indentation tests needs to be carried out and analyzed statistically. The
premise of this statistical nanoindentation technique (SNT) is that each
indentation test is a single statistical event and that the properties
extracted from continuum indentation analysis are random variables
(Fig. 5). Typically, a large series of indentation tests are carried out on a
grid of the surface sample; for instance,100 indentations are sufficient
to guarantee a convergence on the elastic property of LD andHDC–S–H
with an error inferior than 5% [36]. The data are then analyzed by
deconvoluting the discrete experimental distribution values P(x) of
the mechanical properties x=(H, M) by the sum of n theoretical
probability distribution functions pJ, one for eachmechanically distinct
phase [16,18]:

min P xð Þ ¼ ∑
m

i¼1
∑

x¼ M;Hð Þ
∑
n

j¼1
fJpj xi; μ J ; sJ
� �
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where μJ and sJ are the mean and standard deviation of x=(M, H) of the
phase J=1, n; fJ is the volume fraction of the phase composing the
heterogeneous material; P(xi) is the measured value of the normalized
frequency;m is the number of intervals (bins) by which the problem is
discretized; and pJ is the value of the theoretical probability density
function of the single phase, which is assumed to be a normal
distribution:

pJ ¼ 2ffiffiffiffiffiffiffiffiffiffi
2πs2J

q exp
− x−μ J

� �
2

2s2J

0
@

1
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where μJ and sJ(H) stand for mean and standard deviation, respectively.
The minimization of Eq. (5) is done simultaneously for the frequency
distributions of the indentation modulus M and the hardness H. The
results of the deconvolution technique are the mean and standard
deviation of the indentation modulus and hardness, and the volume
fraction for each phase, i.e., {μJ(x), sJ(x), fJ}, of x=(M, H), for j=1, n. In
addition, to identify statistically relevant phase properties with a
sufficient contrast, the overlap of successive Gaussian curves represen-
tative of two phases is constrained by:

μx
J þ sxJ b μx

Jþ1 þ sxJþ1 x ¼ M;Hð Þ: ð7Þ

To ensure that indentation results do not depend on any character-
istic length, the scale separability condition must be verified for each
phase:

d=10 bb hmax bb D=10; ð8Þ

where d and D stand for the characteristic sizes of the largest
heterogeneity (particle size) and of the representative element



Fig. 3. (a) A typical load-indentation depth P–h curve; (b) Schematic representation of an indentation test with a Berkovic indenter on a homogeneous phase.

Fig. 4. Indentation response force, P, vs. indentation depth, h.
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volume, respectively (Fig. 3b). In other words, for hmaxbd the
indentation response will be affected by the heterogeneity dimension
of the phase, and for larger depth hmaxND the indentation depthwill be
affected by the interaction of different phases of the microstructure.

The nanoindentation tests were performed at the NanoMechanical
Technology Laboratory in the Department of Materials Science and
Engineering, MIT using a commercially available nanoindenter
(NanoTest, MicroMaterials Ltd.). The penetration depth h is continu-
ously recorded by the change in the capacitance of a parallel plate
capacitor, while the motion of the indenter into the surface is
controlled by an electro-magnetic pendulum device pivoting around
frictionless bearings. The test setup allows monitoring the P–h
relationship in a load range of 0 to 500 mN, and in a displacement
range of 0 to 20 μm,with resolutions of 3 nN and 0.06 nm, respectively
[36]. The three-sided pyramidal Berkovich indenter shape constructed
with a semi-vertical angle of 65.3○ was chosen, since it reduces the
pile-up phenomena around the indented area, which are not explicitly
accounted for by the adoptedmodel in determining the contact area AC

[32]. During the test calibration, the area function of the indenter was
obtained by indenting a calibration material (quartz) of known
mechanical properties in the depth range of 5–600 nm. The depth
range was chosen to be close to the range of depth used during our
experimental investigation on UHPC such as to avoid discrepancies
being introduced in the analysis due to any geometric artifacts. The
discrete data points were fittedwith a polynomial function of the form
Ac=C0hc2+C1hc+C2hc1/2 where C0=25.98, C1=929.34, C2=−140.47
[16,36]. The accuracy of the functionwas further verified using atomic
force microscopy images of the indenter tip [37].

A trapezoidal loading history was prescribed, defined by a loading
time τL=10 s, a holding time τH=5 s at Pmax=2 mN, and an unloading
time τU=10 s. The results during the holding phase can be employed to
study the creep behavior of the UHPC constituents at small scale,
however they are not presented in this work which focuses on the
elastic properties (the portion of the P–h curve during the holding
phase has been not included in Fig. 4). Each single test consists of a line
of 100 indentations with a spacing length of h=5 μm to better detect
possible transition zone, but sufficiently large to avoid any interaction
between two adjacent indentations (e.g., h=10 μm in [36] and h=5–
8 μm in [21]). Seven test series were carried out by randomly choosing
the position of the line on the sample surface for a total population of
700 indentations.

The P–h curves were examined in order to determine the validity of
each curve. Less than 5% discontinuous displacement plots were
observed with a ‘jump’ in the indentation depth (Fig. 4) which may
relate to cracking. Provided that the maximum penetration depth hmax,
whichvaries from50 to 300 nm, satisfies the separability scale condition
of Eq. (8), the SNT provides access to the properties of each phase. For
instance, prime candidate for d is the size of the single colloidal gel
particles of ~5 nm or the size of C–S–H sheet which is less than 2 nm,
whereas the characteristic size D of a well hydrated cement paste is on
the order of 1–3 μm [22,24]. Analogously, the grain dimension D for the
quartz powder, residual clinker, quartz sand is estimated to be,
respectively, 0.1 100 μm, 1–10 μm, 150–600 μm, whereas the crystal
size of each phase is expected to be much smaller than hmax.

3. Results and discussion

3.1. Microstructure images

Fig. 6 shows SEM images at different length scales from10−4–10−5m.
At the scale of 400 μm, it is possible to discern inclusions of fibers and
quartz sandwithin the cement paste. At a smaller scale, several residual
clinker particles with a diameter of approximately 10 μm are visible in
the cement paste. The powder quartz looks like tiny grains embedded in
the paste and, as the sharp edges indicate, they are expected not to have
reacted with the surrounding paste. However, recent studies with high
resolution SEM have shown that the finest fraction of powder quartz
(with size inferior of 1 μm) can react with the pore solution [12]. No
portlandite crystals (or calcium hydroxide, CH) and silica fume were
observed, and can be considered to have been fully converted into C–S–
H by the pozzolanic reaction. The zone surrounding the fibers appears
compact, although fewmicrocracks can be detected in the vicinity of the
sand particles.



Fig. 5. Schematic representation of the deconvulution techniques for composite materials.
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3.2. Deconvolution results

Based on the SEM observations of this study and previous results
on cement pastes [22,36], it is reasonable to assume that the hardened
UHPC microstructure is composed of, at least, the following n=8
phases:

▪ Phase 1–2) Calcium Silicate Hydrates (C–S–H) organized into, at
least, two forms, LD C–S–H and HD C–S–H, which have their own
morphological arrangement, packing density and mechanical
properties [22,23,36];

▪ Phase 3) Residual Cement Clinker (CC) is always present in cement-
based materials with a water-to-cement ratio w/cb0.42; and, as
the hydration proceeds, the smallest particles dissolve first, and
the large ones gradually start decreasing in size [20,38];

▪ Phase 4–5) Porosity shows a large range of size distribution and
includes capillary Porosity (P) with pore size between 10 nm and
10 μmand the Air Voids (AV) due to improper vibration and/or high
fresh UHPC viscosity (disconnected bubbles as large as 3mm). Note
that the intrinsic gel-porosity with a size between 0.2 nm to 10 nm
Fig. 6. SEM images of the
cannot be assessed directly by nanoindentation, but needs to be
analyzed from scaling relations [17,36].

▪ Phase 6) Powder Quartz (PQ) has a particle size distribution
ranging from 0.1 to 100 μm and is generally considered as inert,
although smallest particles with size of 1 μm may react with the
pore solution to form further C–S–H [12];

▪ Phase 7) Quartz Sand (QS) has a particle size distribution ranging
from 150 to 600 μm and is dimensionally the largest granular
material and is not reactive;

▪ Phase 8) The Steel Fibers (SF) are straight steel wires with a
nominal diameter of 0.2 mm and a nominal length of 12.7 mm.

By minimizing Eq. (5) for n=8 phases, the deconvolution technique
provides themechanical properties of eachmechanically distinct phase.
The experimental frequency plots (normalized histogram) for indenta-
tion modulus (M) and hardness (H) are displayed in Fig. 7a and b,
respectively, showing an accurate modeling of the experimental
probability distribution function (PDF). For Quartz Powder (QP) and
Quartz Sand (QS), the constraint condition (7) was released, since they
aremainlymade of the same chemical composition, i.e., silica. In return,
UHPC microstructure.



Fig. 7. Experimental frequency plots and the best-estimated PDF evaluated from the deconvolution technique for the indentation modulusM (a) and the indentation hardness H (b).
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for forthcoming developments the difference in their mean particle size
requires to consider them as two separate phases. For the deconvolution
algorithm, the initial values are derived from typical Powers reaction
formula with ®Ductal FM mix-proportions [2,9,20,26]. The deconvolu-
tion results are displayed in Fig. 7a and b as best-estimated PDF and in
Fig. 8a and b as the PDFs of each microstructure constituent for the
indentation modulus (M) and hardness (H). Table 3 summarizes the
results of the deconvolution optimizationprocess in terms of volumetric
proportion, the mean and standard deviation of the indentation
modulus (M) and hardness (H) for each phase as well as reference
values from the open literature. The intrinsic elastic properties sum-
marized in Table 3 differ up to 15%, which is a fairly good agreement
considering the experimental measurements' errors arising from
material variability (chemical, casting, polishing…) and instrumented
calibration.

The mean values of the indentation modulus of the LD and HD C–
S–H phases are in good agreement with the characteristic values
found for different cement pastes [21,22,24,25,29,36]. The first peak
with a mean hardness value of 2.5 MPa in the indentation modulus
plot of Figs. 7a and 8a relates to the weakening effect of the micro-
porosity on the C–S–Hmatrix and can be taken as an indirect measure
of the capillary porosity [24,36]. A notable result is that the volume
fraction of HD C–S–H is about 86% percent of the overall volume of the
C–S–Hmatrix, which is of course much higher than the value of about
30% which is found for materials with aw/c=0.5 [22,36]. Furthermore,
the cement clinker (CC) characterized by a very high modulus 141±
34.8 GPa with a large standard deviation, has a volume content of
about 11%, which is in line with the theoretical prediction from the
hydration reactions [20,38]. The residual cement clinker is expected to
stiffen the overall response [20,38–40], while the high scatter may
depend on the several clinker compounds (such as calcium silicate,
calcium aluminate and calcium aluminoferite) which are not
Fig. 8. The overall simulated PDF is the sum of single phase PDF evaluated from the deconvo
individually discernable by the present technique. Similar results are
obtained for the hardness values which are summarized in Table 3,
and which show a fairly good agreement with reference values
reported in the open literature. Notably the hardness of HD C–S–H is
slightly enhancedwith respect to the values reported for cement paste
samples [36]. The hardness value of the clinker, equal to about 10 GPa,
agrees well with previous results on pure clinker phases [20,38], while
the high scatter of the hardness values (Fig. 7b) has been normally
found in heterogeneous cement pastes [20,36]. Finally, the limited
accuracy of the SNT in determining the hardness' values of the quartz
phases with respect to the reference values [20] is due to the rather
flat frequency between 2.5 and 10 GPa in the corresponding frequency
plot (Table 3; Fig. 8b). The inaccuracy in determining the fiber volume
content can be imputed to the low volume fiber content and the
relative large size of fiber length with respect the analyzed length.

4. Fiber–matrix interface zone

This section focuses on the characterization of the Interface
Transition Zone (ITZ) around the fibers, which plays an essential role
in the mechanical behavior, fatigue life and durability of conventional
fiber reinforced concrete [40,41]. The ITZ was characterized by XRD
analysis and nanoindentation along point lines of 60 μm length from
the fiber surface with a 5 μm spacing.

4.1. XRD investigation

The chemical composition was measured on 6 lines starting from
the fiber surface of different randomly chosen fibers. Fig. 9a displays
the mean chemical composition at different distances from the fiber
surface. No significant change of chemical composition is revealed.
This hints towards a uniform composition of the hydration products in
lution technique for the indentation modulus M (a) and the indentation hardness H (b).



Table 3
Results from the deconvolution analysis with reference values from open literature
(references in squared brackets)

Extracted values Reference values

Microstructure
phase

Volume
fraction

Modulus Hardness Modulus Hardness

f M H M H
[%] [GPa] [GPa] [GPa] [GPa]

Micro porosity 1.5 7.0±4.0 0.19±
0.30

9.1±2.3 [36] 0.16±0.07 [36]

LD C–S–H 3.5 19.7±
2.5

0.55±
0.03

19.1±5.0 [24] 21.7±
2.2 [22] 20.2±2.0
[20] 18.8±4.0 [36]
23.7±0.8 [39]

0.80±0.20 [20]
0.66±0.3 [24]
0.47±0.17 [36]
0.93±0.11 [39]

HD C–S–H 21.5 34.2±
5.0

1.36±
0.35

29.4±2.4 [22] 31.0±
4.0 [20] 32.3±3.0
[24] 32.3±2.6 [39]

0.9±0.3 [20]
1.29±0.1 [24]
1.22±0.07 [39]

Quartz
powder

23.5 58.5±
19.4

5.14±
3.08

– –

Quartz sand 37.5 76.3±
15.1

5.14±
3.08

73±1.6 [20] 10±0.3[20]

Cement
clinker

11.0 141.1±
34.8

9.12±
0.90

125–145±25 [20,38]
126.8±8.1 [39]

8–10.8±3
[20,38] 6.7±1.2
[39]

Steel fiber 1.5 201.9±
20.3

11.99±
1.97

– –

Fig. 10. Four-level scale model for UHPC.
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the C–S–H matrix shell of 60 μm thickness surrounding the fiber, at
least with a spatial resolution of 5 µm.

4.2. Indentation analysis

Fig. 9b shows themeanvalue of the indentation stiffness at 12 points
adjacent to a fiber surface (within a distance of 60 μm). The scatter and
the normal distribution of the indentation modulus at different
distances are plotted as well. The stiffness in the zone surrounding the
fiber decreases along the radial direction to approach at a distance equal
to the fiber radius (~100 μm) the value of the surrounding UHPCmatrix.
This stiffness gradient may be attributed to a possible fiber influence on
the UHPC matrix apparent rigidity. This result clearly indicates that the
ITZ around fibers is not softer than the bulk matrix as for ordinary
cement composites [41] or for engineering cement composites [21].

5. Discussion: a multi-scale model for UHPC

The combination of nanoindentation, SEM and XRD provides
strong evidence that the macroscopic performance of UHPC materials
is determined by two factors that occur at different scales: (1) at a
nanoscale, the pre-dominance of HD C–S–H among the cement hydra-
Fig. 9. Chemical composition by X-ray diffraction (a) and indentation
tion products (Fig. 8a and b); and (2) at a microscale, the absence of a
weak transition zone between the fibers and the surrounding cement
paste matrix (Fig. 9a and b). These two characteristics distinguish
UHPC materials from normal fiber reinforced materials, prepared at
higher w/c ratios, in which the bulk behavior of the cement paste is
dominated by LD C–S–H, and in which a weak fiber–matrix interface
becomes a limiting factor of the material performance [41]. We thus
suggest that those two phenomena are intimately related; that is, the
higher density of the C–S–H entails an improved transition zone,
which ultimately translates into the Ultra-High Performance of UHPC
materials.

To illustrate our purpose, we consider a four-level multiscale
thought model for fiber reinforced cement-based materials as shown
in Fig. 10. In this model, we exclude the presence of any weak
interfacial zone. A comparison of model predictions with experi-
mental data provides evidence of the relevance of our suggestion.

In this multiscale model, each scale verifies the scale separability
condition (8), i.e., each level is separated from the next one by one
order of magnitude in size of the elementary heterogeneity. For this
model, we determine the macroscopic elasticity by means of linear
micromechanics which accounts for inclusion interactions.

To do so, we use the classical tools of linear continuum micro-
mechanics, namely the strain localization relations [42,43]:

e xð Þ ¼ A xð Þ : E ð9Þ

where ɛ(x) represents the microscopic strain at point x, which is
related by the 4th-order localization tensor A(x) to the macroscopic
modulus M (b) along a line of points close to the fiber surface.



Table 4
Input–output of the four-step homogenization model for UHPC

Level I Level II Level III

Input E ν f Input E ν f Input E ν f
[GPa] [l] [%] [GPa] [1] [%] [GPa] [1] [%]

1. C–S–H–LD 18.6 0.24 14.0 1. C–S–H 29.9 0.24 40.9 1. Paste 58.4 0.21 54.5
2. C–S–H–HD 32.2 0.24 86.0 2. Porosity 0 0 2.4 2. Quartz sand 73.2 0.20 37.5

3. Powder quartz 48.2 0.20 38.5 3. Fiber 183.7 0.30 1.5
4. Cement clinker 128.4 0.30 18.0 4. Air voids 0 0 6.5

Output 29.9 0.24 Output 45.3 0.23 Output 48.4 0.22

Fig. 11. Sensitivity analysis of the Young's modulus with respect to the air void content.
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strain E. The macroscopic strain E and the macroscopic stress Σ of a
representative elementary volume V (REV) are the averages of the
microscopic counterparts ɛ(x) and σ(x):

E ¼ he xð Þiv; ð10aÞ

Σ ¼ hσ xð ÞiV ¼ hCr : e xð ÞiV ð10bÞ

where Cr is the 4th-order stiffness tensor of the single phase, and
hyvi ¼ 1=V ∫ydV denotes the volume average of quantity y over domain
V. Substituting Eq. (9) and Eq. (10a) into the stress average of Eq. (10b)
yields the homogenized stiffness of the composite:

Chom ¼ hCr : AriV ¼ C0 þ ∑
n

r¼1
hAri fr−f0ð Þ ð11Þ

where the subscript “0” stands for the matrix embedding the r
inclusion phases. The localization tensor Ar incorporates information
about the morphology of the phase. From a morphological point of
view, the four level of Fig. 10 are characterized by a matrix-inclusion
geometry that can be effectively treated with theMori-Tanaka scheme
[44]. In this case, the localization tensor estimate of the Mori-Tanaka
scheme mathematically reads:

Aest
r ¼ Iþ Sesh

0 : C−1
0 : Cr−I

� �h i−1
:h Iþ Sesh

0 : C−1
0 : Cr−I

� �h i−1i−1

v
ð12Þ

where S0esh is the Eshelby tensor for a spherical inclusion [43,45]. In the
case of randomly orientedfibers, the Eshelby tensor S0esh obtained froma
geometric procedure of orientation averaging is still isotropic [43]. This
micromechanics scheme is selected for its simplicity and its very good
performance in the characteristic range of themultiple phases involved
(typically, 0–30%) and for the Poisson's ratios herein considered
(0.2≤ν≤0.3) [22]. The upscaling scheme of Eq. (11) is applied in three
steps according to the multiscale model of Fig. 10. The input–output
properties at each homogenization step of the multiscale model are
summarized in Table 4 and explained in details in the following.

5.1. Step I: C–S–H matrix

The first homogenization step consists in considering the C–S–H
matrix as a two-phase composite: the LD C–S–H plays the role of
inclusions embedded in a stiffer HD C–S–H matrix, i.e., “0”=HD C–S–H
and r=LD C–S–H in Eq. [11)s. From SNT (Table 3), the volume fraction of
the LD C–S–Hphase is found to be quite low, and occupieswithin the C–
S–Hmatrix a volume fraction of fLD C–S–H=3.5/(3.5+21.5)=14%. Since no
direct measurements of the Poisson's ratio of C–S–H phases are
available, we assumed a Poisson's ratio of 0.24 for both C–S–H phases
[22,36]. In any case, its influence on the calculation of the overall elastic
modulus is expected to be less than 10% for Poisson's ratio between 0
and 0.5 [17]. The Young's modulus of the two C–S–H phases is then
calculated with Eq. (3) from the indentation modulus estimates of
Table 3 by assuming (Table 4). The homogenized Young'smodulus of the
C–S–H matrix is 29.9 GPa, which is significantly higher than that of an
ordinary cement paste, i.e., 23.8 GPa for aw/c=0.5 cement paste [22,36].
This intermediate result shows thekey role of theHDC–S–Hon the C–S–
Hmatrix properties of a UHPCmaterial. The high volume fraction of HD
C–S–H in the cement paste (86% from Table 4) justifies a posteriori the
choice of theMori Tanaka's homogenization scheme.We finally remark
that a different homogenization scheme such as the self consistent
scheme, which is more suitable for granular phases, would yield similar
results because of the relatively low volume fraction of LD C–S–H (14%)
and the low contrast between the C–S–H phases' properties.

5.2. Step II: cement paste

The second homogenization step, sketched in Fig. 10, consists in
bridging from Level I to Level II. In this step, the cement paste is
considered as a four phase composite material in which the C–S–H
matrix (from the previous step) is a homogenizedmedium embedding
quartz powder (QP), porosity (P) and cement clinker (CC), i.e., “0”=C–
S–H matrix, r={P, CC, QP} in Eq. (11)). The homogenized Young's
modulus of the cement paste is 58.4 GPa and the Poisson's ratio is 0.21
(Table 4). The elasticity modulus of the UHPC cement paste is much
higher than what is known for normal cement paste materials [36].
This result is a quantitative confirmation of previous studies which
recognized the stiffening role of the residual clinker on the overall
properties of the hardened cement paste [20,38,39].

5.3. Step III: UHPC

The third and final homogenization step considers UHPC as a four-
phase composite material, in which the homogenized medium, i.e.,
the cement paste (CP), forms a matrix that embeds steel fibers (SF),
quartz sand (QS), and air voids (AV), i.e., “0”=cement paste from
previous step, r={QS, SF, AV} in Eq. (11).

The volume fraction of air voids cannot be determined from
nanoindentation tests, since the scale of disconnected air bubbles, 0.5
to 3mm-large on average,mainly related to the casting process, exceeds
the observation scale and the possibility of a quantitative evaluation by
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SNT. From a previous experimental campaign on a similar ®Ductal FM
material, the characterization of air void content was carried out on 12
cylindrical specimens of 102 mm diameter with the modified standard
method of ASTM C457 [9,46]. For 8 specimens, the filling procedure of
the samples was followed by a mechanical vibration for up to 300 s [9].
For each specimen an area of 103 mm2 was analyzed by counting the
voids intercepting a line of 1270mm. The air void contentwas estimated
to be about 6.5±1.3% with a small effect of the mechanical vibration. As
shown in Table 4, the resulting Young's modulus for UHPC is 48.4 GPa.
This predicted value is in excellent agreement with the experimental
value, 49.4±1.6 GPameasured from the bending tests on the thin beams
fromwhich the nanoindentation specimenswere cored out [27], orwith
the value 52.7±1.0GPa from compression tests on®Ductal FM cylinders
with diameter 76 mm measured according to ASTM C469 [9,47]. A
sensitivity analysis has been conducted in order to relate the air void
content and the global Young'smodulus, as determined by this last-step
homogenization (Fig. 11). The relationship between the elastic modulus
and the air void content up to 10% is approximately linear. The order of
magnitude of available results obtained from different stiffness
measurements of ®Ductal FM samples is confirmed. This agreement
between analytical and experimental results thus confirms the
observations by nanoindentation and XRD investigations (Fig. 9a and
b) that the synthesis andprocessingofUHPC result in amaterialwhich is
free of weak interface zones.

6. Conclusions

In this paper, the intrinsic properties of the microstructural
constituents of a UHPC material cast in real conditions were identified
and the nature of fiber–matrix interface was quantitatively examined.
The following conclusions can be drawn:

▪ The C–S–Hmatrixof UHPCmaterials ismainly composed ofHDC–S–
Hcharacterizedby intrinsic higher stiffness andhardnessvalues than
LD C–S–H that dominates normal w/c materials.

▪ A combination of nanoindentation, SEM and XRD provides strong
evidence that there is no weak fiber–matrix interface zone in
UHPC. We suggest that this is due to the predominant presence of
HD C–S–H in UHPC which ensures a uniform composite behavior;

▪ The use of the measured nano-mechanical properties into a multi-
scale upscaling model allows one to link microstructure and
constituent properties to macro-mechanical performance of UHPC.
Besides confirming the observation of a defect free ITZ, the proposed
microstructural model of UHPC, validated here for the elastic
properties of UHPC, may serve as well for advanced strength
prediction; and more generally as a rational and powerful tool for
material-to-structure optimization.
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