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a b s t r a c t

Ultra-high-performance concrete (UHPC), a multi-level cementitious composite that has properties influ-
enced by constituents existing at different length scales, requires the combination of different modeling
strategies to capture and understand its effective property. A multi-level (six levels) micromechanics-
based homogenization is proposed to investigate the elastic mechanical properties of UHPC. Molecular
dynamics and micromechanical theories based on Eshelby’s inclusion model are adopted to investigate
the effects of the properties of the various constituents, such as the fiber type, volume fraction, orienta-
tion, geometry, including the size and volume fraction of coarse aggregates on the elastic mechanical
properties of UHPC. Experimental investigations incorporating a compressive strength test, scanning
electron microscopy, and mercury intrusion porosimetry tests were conducted to validate the model.
The proposed multi-level homogenization scheme is able to quantitatively prove the importance of each
constituent and provide a modeling tool capable of facilitating a thorough investigation of the mechanical
properties of UHPC.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The development of ultra-high performance concrete (UHPC)
came about inthe past four decades after the advancement of reac-
tive powder concrete [1–2]. Since its discovery, UHPC has made a
remarkable impact in the construction industry owing to its supe-
rior performance [3–5]. UHPC offers increased tensile strength,
ductility, compressive strength, toughness and durability against
chemical attacks, and resistance to harsh environmental conditions
[3–6]. These properties allow for the construction of long-span
flexural structural members and lightweight bridge decks, in addi-
tion to construction projects involving structures that require high
strength materials.
The compressive strength, tensile strength, and elastic modulus
are the main properties that affect the structural performance of
UHPC. However, accurate determination of the above-mentioned
mechanical properties is difficult because of the complexity of
the microstructure formed when hydration of the cementitious
composites occurs [7]. Researchers seeking to understand the com-
plex microstructural interaction and properties of these intricate
cementitious composites have mainly opted towards experimental
investigations. These studies involved parametric analysis by
changing the volume fraction, fiber orientation, and aspect ratio
of fibers [8–15] or focused on the effects of fiber types and different
geometries of the fibers [16–19]. Even though several experimental
studies, including scanning electron microscopy (SEM) and
nano-indentation techniques, have been used to investigate these
materials, there are still knowledge gaps on the mechanics
of the materials [8–10,15,20–25]. Hence, it is necessary to apply
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alternative analysis and investigative models such as multi-scale
modeling schemes to predict the performance of UHPC under vary-
ing conditions.

A multiscale modeling scheme allows investigation of UHPC at
each length scale, which is necessary for materials with significant
heterogeneities at different length scales [26,27]. Macroscopic
material properties such as elastic moduli and mechanical strength
are mainly the effects of mechanisms that happen at smaller length
scales such as micro crack interactions [26,28,29]. Hence, a multi-
scale analysis should incorporate and combine the modeling of the
material properties at the nanoscale (10–9 m), microscale (10–6 m),
mesoscale (10–3 m), and finally the macroscale [30,31].

A recent work by Contrafatto et al. [27] focused on developing a
meso-scale model for concrete by considering it as a multi-phase
material. Several other researchers applied micromechanics to
model the microstructure of cementitious composites. For
instance, Li et al. [32] applied the principles of micromechanics
to study the effect of aggregates on the performance of concretes.
In another work, the effective Young’s modulus of concrete with
different aggregate gradation was determined by combining a
four-phase composite sphere micromechanical model, which takes
into account the presence of interfacial transition zone (ITZ) [33].
For low w/c ratio concretes such as UHPC, even though the thick-
ness of the ITZ is quite small, its effect on elastic properties of
the material can be significant depending on the aggregate type
[34]. Hence it is important to study these effects in depth using
the appropriate multi-scale modeling scheme.

Over the years, several multiple homogenization schemes have
been developed in order to determine the properties of cementi-
tious composites at different scales. Al. A. Ostaz et al. [35] com-
bined molecular dynamics (MD) and micromechanics to
determine the effective properties of normal strength concrete,
while Constantinides and Ulm [36], combined nano-indentation
and a two-step micromechanics to determine the effective
mechanical properties of concrete. For the modeling of the hydra-
tion product C-S-H, Tennis and Jennings [37] first hypothesized the
existence of two distinct forms of C-S-H based on nitrogen adsorp-
tion and later other researchers verified the merit of this modeling
by using Nano indentation techniques [36], NMR relaxometery
[38] and specific precipitation space which controls the formation
of C-S-H with varying densities based on the available precipitation
space and degree of hydration [39]. Moreover, several microme-
chanical homogenization works have also focused on strength
upscaling of cementitious composites to determine the compres-
sive strength, tensile strength and stress stress–strain relationships
and failure modes of the material [40–42].

In addition, Sorelli et al. [19], Silva et al. [43], and Zhang et al.
[44] demonstrated a micromechanics-based multi-level homoge-
nization scheme that enabled them to investigate the mechanical
properties of UHPC, high performance concrete, and hybrid fiber
reinforced concretes, respectively. These studies applied a combi-
nation of micromechanics and experimental techniques to obtain
input parameters at different levels and demonstrated the suitabil-
ity of micromechanics to predict the properties of cementitious
composites [20,35,36]. Zhang et al. [45], utilized the very useful
ensemble-volume averaging micromechanics method to develop
a three level homogenization scheme for hybrid fiber reinforced
concretes. While their scheme can successfully be used to deter-
mine the elastic properties of fiber reinforced concretes, due to
the significant difference in the microstructure of UHPC from other
fiber reinforced concretes, the direct application of the model to
UHPC would not be appropriate. In addition, Zhang’s model con-
sists of only three levels for the homogenizations steps, however,
for UHPC, due to the complexity of the microstructure and the
presence of inclusions at several length scales that gives the
material the very high packing density, more homogenization step
should be added.

Hence, this prompted us to develop a more specific multiscale,
multi-level homogenization modeling scheme that can help to pre-
dict the constitutive and mechanical properties of UHPC. To clearly
capture the microstructural properties of UHPC from other con-
cretes, the scheme applies a combination of molecular dynamics
(MD) and micromechanics models based on the Mori-Tanaka
method [46], ensemble volume averaging technique (EVA) [47]
and composite sphere model [48], the details of which will be dis-
cussed in subsequent sections, to consider the various important
phases present at the different length scales of the material. This
work also includes a parametric study to investigate the effects
of the fiber type, fiber geometry (aspect ratio), spatial alignment
(randomly oriented or aligned), the effect of adding coarse aggre-
gates of variable size and volume fraction. In addition, the proper-
ties of internal damage such as voids in the cementitious
composite and the interfacial properties between the fibers, aggre-
gates, and cement paste are investigated. Finally, the predictions of
the present model are compared and validated with experimental
investigations.
2. Theoretical background

This study implements a multi-level homogenization approach
to investigate the mechanical properties of UHPC. The proposed
multi-level homogenization consists of 1) MD simulations to deter-
mine the mechanical properties of the hydration products, 2) a
combination of SEM and mercury intrusion porosimetry (MIP) to
determine qualitatively the various phases present in the hydrated
concrete, and 3) a multi-level micromechanical homogenization
scheme to obtain the effective properties of the cementitious com-
posites at various length scales. Fig. 1 shows a flow diagram with
the general steps of the multiscale modeling approach and the
multi-level homogenization performed in this study.

At Level I, the multi-level homogenization starts with MD sim-
ulations conducted on the crystal structures of the hydration prod-
ucts [37,38]. In this study, an MD simulation conducted on the
Materials studio modeling and simulation environment using a
micro-canonical ensemble with a constant number of atoms, tem-
perature, and pressure is utilized to determine the elastic mechan-
ical properties of the major hydration products in UHPC. The issue
of how to model the structure of C-S-H has been an ongoing scien-
tific dilemma with several researchers suggesting various models.
Some have opted towards modeling the C-S-H as amorphous while
other argue its more crystalline, hence making it possible to use
the crystal structures of the calcium silicate minerals, jennite (Ca9-
Si6O18(OH)6�8H2O)) or tobermorite 14 Å (Ca5Si6O16 (OH)2�7H2O)),
which are considered very similar to C-S-H [49,50]. In addition,
according to a more recent study by Abdolhosseini Qomi et al.
[51], at low Ca/Si ratios (Ca/Si less than 1.2) C-S-H exhibits a lamel-
lar crystalline structures, while the structure of C-S-H at high Ca/Si
ratios (Ca/Si > 1.7) is more of an amorphous structure displaying
isotropic mechanical properties. Pellenq et al. [52], who developed
a molecular structure of C-S-H to achieve a Ca/Si value of about 1.7,
also affirmed that the Ca/Si ratio of the C-S-H gel formed generally
varies based on the water to cement ratio. This value is expected to
be close to 1.0 for general UHPC. Hence, taking this into account,
for UHPC, the choice for the simulation rests between jennite with
Ca/Si ratio of 1.5 and tobermorite 14 Å with Ca/Si ratio of 0.83.

In addition to the C-S-H, small amounts of portlandite (CH)
crystals and ettringite might be present in the microstructure.
Therefore, for this study MD simulation was conducted on jennite,
tobermorite 14 Å, CH and ettringite, and details of the MD



Fig. 1. a) Flow diagram of the multi-level homogenization scheme developed for UHPC b) Schematic representation of the multilevel homogenization.
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simulation can be found in Appendix A. After using the MD on the
anisotropic crystals, to obtain the elastic moduli of the isotropic
polycrysataline CSH, the Voigt-Reuss-Hill approximation [49] is
adopted to get the final values.
At Level II, after obtaining the isotropic polycrystalline elastic
moduli of the hydration products, the simulation utilizes the
micromechanics based Mori-Tanaka model [46] to determine the
effective mechanical properties of low density calcium-silicate-
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hydrate (LD-CSH), high density (HD-CSH) and ultra-high density
CSH, (UHD-CSH) composites. These are made up of the hydration
product crystals with varying levels of porosity, whereby the LD-
CSH has the highest degree of porosity, while HD-CSH has the med-
ium level and UHD-CSH has very small porosity [53]. The Mori-
Tanaka method which gives reasonable estimation of the elastic
properties of high concentration composites, utilizes the principles
of the representative volume element (RVE) and Eshelby’s inclu-
sion principle to determine the effective bulk modulus K

� �
and

effective shear modulus (lÞ [54]. This model is applied at this level
for its relative computational ease and good levels of accuracy.

At Level III and IV, the ensemble volume averaging (EVA)
micromechanical model proposed by Ju and Chen [47] is utilized
to determine the effective mechanical properties of the general
CSH matrix that will host the different inclusions in the larger
length scale and the cement paste matrix. The EVA has the capacity
to incorporate the effect of multiple types of inclusions in the
matrix, which makes it especially useful for this stage of the anal-
ysis. At Level III, two types of CSH matrices are computed, where
one is for heat treated UHPC (cured at temperature above 90 �C)
and the other for non-heat treated UHPC (cured at normal room
temperature). According to literature, based on the heat treatment,
the matrix phase and the volume fraction of the inclusion phases
will vary [53]. At level III, for UHPC without heat treatment, HD-
CSH will be the matrix while LD-CSH and UHD-CSH act as the
inclusions. On the other hand, for heat treated UHPC, UHD-CSH
will be the dominant phase hence the inclusions will be the LD-
CSH and HD-CSH. At level IV, the matrix phase is assumed to be
the general CSHmatrix and the inclusions while the ground quartz,
capillary porosity and the clinker will be taken as the inclusions.
Details of the computations will be discussed in section 4.

According to the EVA method for non-interacting, unidirection-
ally aligned, and similar shaped inclusions, the effective stiffness
tensor represented by C� is given as follows [47,54]

C� ¼ C0 Iþ
X2
r¼1

/r Ar þ Srð Þ�1 � I� /rSr � Ar þ Srð Þ�1
n o�1

� ��(
ð1Þ

where C0, I, /r, Sr, and Ar are the stiffness tensor for the matrix
phase, the fourth-order identity tensor, the volume fraction of the
r-phase inclusion, Eshelby’s tensor for the r-phase inclusion, and
the strain concentration tensor, respectively [47,54]. For this study,
two different types of inclusion shapes are considered: spherical
shape for the hydration products, fine sand, aggregates, air voids;
and prolate spheroidal shape for the carbon fiber (CF) and steel fiber
(SF) inclusions. The general forms of the Eshelby’s tensor for the
spherical and prolate spheroidal inclusions can be found in [55].
In addition, all the inclusions are initially modeled assuming they
have a perfect interface condition. Appendix B shows the compo-
nents of Eq. (1).

In a similar manner, at Levels V and VI, the EVA micromechan-
ical model is utilized to determine the effective elastic properties.
From the homogenization of Level V, the mortar phase is obtained,
which is composed of the cement paste as the matrix phase and
the silica sand and air voids (entrapped air) as inclusions. Next,
for Level VI homogenization, the final fiber reinforced UHPC is
obtained where the mortar of level V acts as the matrix and the
carbon fiber (CF), steel fiber (SF) and coarse aggregates act as inclu-
sions. However for the simulation, the CF, SF and coarse aggregates
are each embedded in the mortar matrix separately, which means
the final UHPC composite doesn’t contain all three of them
together.

The EVA model is applied to determine the UHPC with CF and
SF. In this model, since the orientation of fibers in the final UHPC
phase can be either randomly oriented or aligned in the same
direction, a 3D orientational averaging process is applied on the
effective stiffness tensor to determine the elastic properties for
randomly oriented fiber inclusions [43–45,56,57]. For this study,
the approach proposed by Lee and Simunovic [58] is adopted in
which the effective stiffness tensor after the 3D orientational aver-
aging process becomes [42,45]

C� ¼ bC 1ð Þ
IK dijdkl þ bC 2ð Þ

IJ dikdjl þ dildjk
� � ð2Þ

where the components of the tensors bC 1ð Þ
IK and bC 2ð Þ

IJ are functions

of C 1ð Þ
IJ and C 2ð Þ

IK from Eq. (1) and whose components can be found in
[55]. Here, it is important to note that the hat indicates the values
after the orientational averaging process.

In Level VI, in order to model the coarse aggregates as inclusions
in the UHPC mortar matrix, a form of composite sphere microme-
chanical model is adopted. In the composite sphere model, the
material is modeled as an effective medium that has spherical
inclusions of certain radius, with outer shells of a given radius
[48]. This study adopted the four-phase composite sphere model
developed by Li et al. [32], which adds an additional intermediate
shell between the particle and the matrix material to account for
the interfacial transition zone (ITZ), which can be seen in Fig. 2.
This modification makes it especially suited to model cementitious
composites such as concrete. Using this tool, the effective bulk
modulus K

� �
is obtained. And finally, the rule of mixtures is uti-

lized to determine the effective Poisson’s ratio (veff Þ. The details
of this computation can be found in [32].

Finally, at Level VI again, since an important factor that deter-
mines the effectiveness of fibers in UHPC is the bond or interface
condition between the inclusion and the matrix phase, this study
adopted an interface modeling scheme proposed by Qu [59], that
defines an imperfect interface as having a discontinuous displace-
ment field across the interface. According to this method, the inter-
face is modeled as a linear spring-layer of vanishing thickness,
which is characterized by a second-order tensor (gijÞ known as
the compliance tensor [59]. Using the compliance parameter gij,

the value of the modified Eshelby’s tensor (SMijkl) can be computed
from the original perfectly bonded Eshelby’s tensor Sijkl. The com-
pliance tensor is given by [48,59]

gij ¼ adij þ b� að Þninj ð3Þ
where a and b represent the compliance in the tangential and nor-
mal direction, respectively; ni represent the unit outward normal
vector, and dijis the Kronecker’s delta [59]. In this model, the values
of a and bwould be zero at a perfectly bonded interface, whereas, at
a completely debonded interface, the values of a and b would
approach 1 [59]. The modified Eshelby’s tensor for spheroidal
inclusion is given by [55]

Snþ1ð ÞMijkl ¼
1

4 1� v0ð Þ SM 2n�1ð Þ
IK dijdkl þ SM 2nð Þ

IJ dikdjl þ dildjk
� �h i

ð4Þ

where n = 1 or 2 indicates mild and severe imperfect interface con-

ditions, respectively. The second-order tensors SM 2n�1ð Þ
IK and SM 2nð Þ

IJ ,
which are functions of the compliance tensor gij and Eshelby’s ten-
sor components SIJ andSKL of the original spheroidal inclusions, are
given in Pyo and Lee [55].

3. Microstructure of UHPC at different levels

An experimental investigation consisting of compressive
strength tests, SEM and MIP analysis was conducted on three types
of UHPC samples in order to qualitatively determine the phases
present, observe porosity and interface conditions and finally vali-



Fig. 2. Schematics of composite sphere model.
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date the model output. Cubic samples of size 5 cm were prepared
and cured for 28 days in a water bath at 90 �C before testing. In
addition, literature was referred to confirm the observations and
obtain parameters such as porosity levels in the hydration prod-
ucts like the LD and HD CSH.

Three types of UHPC mixtures with different proportions of CF,
SF, and coarse aggregates were prepared by varying the parameters
of the inclusions such as the volume fraction for CF and SF and
weight percent for the coarse aggregates. Table 1 shows the mix
proportions prepared for this study. The constituents of UHPC
include cementitious components, such as Portland cement and
the pozzolanic materials silica fume and nano-silica, fillers with
different length scales such as ground quartz, and silica sand, and
finally the different fiber inclusions that are added to improve
the ductility and the compressive and tensile strengths. Since
UHPC requires high-density packing, the combined particle size
distribution of all constituents should be well graded. The particle
size range and distribution of the constituents that were used are
for nano silica (0.01–0.05 lm), silica fume (0.1–0.2 lm), ground
quartz (10–15 lm), cement (10–80 lm), fine sand (10–600 lm),
and coarse aggregates with varying maximum aggregate size of
5.0 mm to 50.0 mm.

After the curing of the samples, the microstructure of the mate-
rial was studied with the help of SEM and MIP to verify the mod-
eling assumptions regarding the volume fraction, porosity,
existence of micro-cracks, and condition of the interface. The anal-
ysis of the SEM images was conducted to qualitatively determine
the phases present at the different length scales of the simulation.
Fig. 3 shows the SEM images, while Fig. 4 shows the MIP results.

As can be observed from the subfigures in Fig. 3, which are at
different magnifications, the hydration product that was mainly
Table 1
Proportions of UHPC mixtures in (wt%).

Materials UHPC 1–1 Control UHPC 2–1 (CF) U

Cement 1 1 1
Silica fume 0.25 0.25 0.
Nano-silica 0.02 0.02 0.
Ground quartz 0.35 0.35 0.
Silica sand 1.1 1.1 1.
Coarse aggregate – – –
Water 0.23 0.23 0.
Superplasticizer 0.04 0.04 0.
Steel fiber* – – 2
Carbon fiber* – 2 –

*In volume fraction (%).
**Maximum aggregate size (rmax).
observed was CSH, while almost negligible amounts of CH and
ettringite were observed. On the other hand, a large amount of
unreacted clinker and quartz powder was observed; see Fig. 3(b)
and (c). In Fig. 3(e) and (f), the samples with a coarse aggregate
appear to be more porous than the other UHPC samples. Fig. 3(f)
shows the existence of a very thin ITZ around the coarse aggre-
gates, while Fig. 3(a) shows the fine aggregates as having almost
no visible ITZ. Lastly, in Fig. 3(g) and (h), it can be observed that
the SF has a very rough surface at the microscale, which facilitates
adherence of the CSH gel. On the other hand, the CFs, which are
much smaller, have a rather smooth and slippery surface that dis-
courages effective bonding between the fiber and the CSH gel.
Hence, the interface between the CFs and the surrounding CSH
matrix is expected to be weaker.

The hydration products of cement are generally porous with the
pore structure having various shapes and sizes [49,50]. When
multi-level modeling of UHPC is conducted, it is important to
explore the pore structure and determine the nature of the pores
that exist and at which length scale they exist in the cementitious
composite. Pores in cementitious composites have been classified
into the following four groups: gel pores, capillary pores, entrained
air, and entrapped air [51,52]. Gel pores are generally considered as
intrinsic parts of the amorphous CSH gel [60]. The MIP results pro-
vide a rough indication of the presence of these gel pores and cap-
illary pores. Capillary pores depend on the water to cement ratio
and hydration age [61]; thus, UHPC contains a relatively small
number of these pores.

Fig. 4 shows that the samples with CF (UHPC 2-1) appeared to
have the largest porosity. This observation indicates that the inclu-
sion of CFs in UHPC increases the porosity owing to their interface
slipping property. This observation is also in line with the observa-
HPC 2–2 (SF) UHPC 3–1 (4.75 mm)** UHPC 3–2 (9.5 mm)**

1 1
25 0.25 0.25
02 0.02 0.02
35 – –
1 1.1 1.1

0.60 0.60
23 0.22 0.22
04 0.04 0.04

– –
– –
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Fig. 3. SEM images for the prepared UHPC samples: (a-d) basic constituents and hydration products; (e, f) effects of adding coarse aggregates; (g, h) difference in surface
properties between carbon fiber and steel fiber in UHPC.
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tions of the fiber interfaces from our SEM analysis and results in
the literature that suggest that fibers generally increase the poros-
ity of UHPC in the hardened state [62].

In addition, the analysis of the cumulative volume intrusion
curve of the MIP test enables us to determine in which range most
of the porosity exists. This is accomplished first by taking the total
volumes intruded in the specific pore size ranges, then determining
the percentage of that volume from the total intruded mercury vol-
ume. This computation is given in Table 2. The calculation deter-
mined that, for the prepared control mix, the UHPC 1-1 total
porosity from the MIP test was 7.40% and the gel porosity, capillary
porosity, and entrapped air were obtained to be 2.35%, 2.03%, and
3.02%, respectively.
4. Simulation results at different levels

4.1. Level I: Molecular dynamics simulation results

The homogenization process and results at each level of the
material are discussed subsequently. For concrete at the nanoscale
level, we find the highly gel-like amorphous C-S-H, which exists
with variable structures based on the chemical molar ratio of the
Ca/Si, which ranges from 0.7 to 1.6 [63,64]. Even though the actual
molecular structure of CSHhas not been fully understood yet, due to
its close proximity to the structures of tobermorite 14 Å and jennite
molecular dynamics based studies have focused on modeling it as
one of these crystal materials [65,66]. Therefore, the MD simulation
was conducted on these two structures and the values obtained for
the Young’s modulus and Poisson’s ratio were 71.39 GPa and 0.38
for jennite, and 91.62 GPa and 0.28 for tobermorite 14 Å, respec-
tively. In this study, the MD was conducted on both jennite and
tobermorite 14 Å as wewanted to investigate the difference in their
elastic properties (Young’s modulus and Poisson’s ratio). But from
theMD simulation, for tobermorite 14 Å, the Young’smodules value
obtainedwas too large as compared to values presented in literature
for the general C-S-H matrix from nano-indentation experiments.
For the second level homogenization, since jennite or tobermorite
14 Å are supposed to be the building blocks for the C-S-H matrix,
the MD results suggested that the C-S-H structure has closer elastic
properties to jennite. Hence, for this study, the subsequent homog-
enizations were conducted using jennite.

In addition, as the other hydration product that can be present
in UHPC is portlandite (CH), MD simulation of the CH molecule
provided an elastic modulus of 55.74 GPa and 0.40 for Poisson’s
ratio. The values obtained by the MD simulation are reasonable
when compared to values from literature using nano-indentation
and other MD simulations [50,51]. These values are used as input
parameters for the homogenization of the hydration products with
gel porosity to form the different kinds of CSH.
4.2. Level II: Micromechanics of LD, HD, and UHD-CSH

At the second level of homogenization, the main hydration
products are homogenized into a single matrix phase that essen-



Table 2
Calculation of porosity distribution in the different length scales from MIP test.

UHPC 1–1 UHPC 2–1 UHPC 2–2 UHPC 3–1 UHPC 3–2

Total porosity (%) 7.40 10.50 4.72 6.27 3.90
Average pore diameter (nm) 12.60 8.66 13.70 16.30 8.10

V (%) P (%) V (%) P (%) V (%) P (%) V (%) P (%) V (%) P (%)
Gel porosity (0.5–10 nm) 31.74 2.35 63 5.45 21 0.99 30 1.88 67 2.61
Capillary porosity (10–10,000 nm) 27.43 2.03 29 2.51 27 1.27 49 3.07 28 1.09
Entrapped air (50–1250 lm) 40.82 3.02 8 0.69 52 2.45 10 0.63 5 0.19
Total 100 7.4 100 8.66 100 4.73 100 6.27 100 3.9

V (%): Percentage of total mercury volume intruded.
P (%): Percentage from total porosity.

B.F. Haile et al. / Construction and Building Materials 229 (2019) 116797 7
tially hosts all the other inclusions in the higher length scales. CSH
gel is a very porous phase with large portions of gel pores of sizes
ranging from 0.5 to 10 nm. These gel pores might be filled with
water or air, but for this study the gel pores are assumed as spher-
ical shaped inclusions with negligible Young’s modulus and Pois-
son’s ratio.

Previous studies have shown that based on the location and the
hydration conditions, the CSH-gel exists in two or three general
forms [52] i.e., low-density (LD), high-density (HD), and ultra-
high-density (UHD) CSH. These three phases are chemically similar
and show a slight dependence only on the water to cement ratio
[53]. According to previous works by Vandamme et al. [53], gel
porosity is considered as an intrinsic part of the LD and HD-CSH
matrices, which implies that based on the packing density and
the molecular structure of the materials, we can determine the
porosity which is also referred to as the gel porosity. Recent works
based on NMR relaxometry and analytical analysis on the densifi-
cation of C-S-H [38,39], showed that based on the degree of hydra-
tion and w/c ratio, the precipitating CSH-gel can have variable
densities depending on the quantity called specific precipitation
space. According to these studies, based on the hydration regime,
two classes of CSH form. Class A CSH, which forms at the initial
stages of hydration, is a CSH that is dense, ordered and without
gel pores as it precipitates, while, Class B CSH precipitates in the
open spaces of capillary porosities and gel porosity. For this class,
because the precipitation space is available, the CSH formed is less
dense and with a large amount of gel porosity. This classification
actually reinforces the assumption of the existence of hydration
products with different densities, which is similar to the previous
classification of LD, HD (Class B CSH) and UHD-CSH (Class A
CSH). In this study the LD, HD and UHD classification was adopted
due to its simplicity and as it is easier to find literature values for
validation of the model results.

‘‘The current developed multi-level homogenization scheme
assumes a fixed hydration degree of 60%, which is the expected
degree of hydration for UHPC at the age of 28 days. Hence, the den-
Table 3
Level II Mori-Tanaka simulation results.

Predicted phases Input phase Volume fraction (%) [36,5

LD-CSH Jennite 63
porosity 37

HD-CSH Jennite 76
porosity 24

UHD-CSH HD-CSH 80
CH 20

a : Literature value from nano-indentation by Vandamme et al. [53].
b : Literature values from Mori-Tanaka micromechanics homogenization by Hajilar et a
c : Literature values from self-consistent micromechanics homogenization by Hajilar et
d : Literature values from Microporomechanics homogenization by A. Al-Ostaz et al. [35
sity of CSH as it evolves with increased hydration and hydration
modeling will be out of the scope of this study. In addition, by rep-
resenting CSH as LD-CSH, HD-SH and UHD-CSH, which have vari-
able porosities based on the w/c ratio, the location of
precipitation, the hydration degree and the hydration condition,
we are effectively representing the CSH general matrix as a com-
posite made up of inclusions having different densities.

Consequently, for the study the gel porosity amounts for LD-
CSH, HD-CSH and UHD-CSH were obtained from literature sug-
gested values of the particle packing model. On the basis of
nano-indentation techniques, several researchers showed that
the packing density of LD-CSH and HD-CSH globules is approxi-
mately 63% and 76%, respectively; hence, the gel-porosity becomes
37% and 24%, respectively [52–54,59]. Finally the third phase,
UHD-CSH, is much less porous than HD-CSH with particle packing
density of approximately 83% and gel porosity of 17% [53].

The Mori-Tanaka method is adopted in the current study to
homogenize the composites as it is highly effective for high and
low concentrations of inclusions. In addition, for the special case
when the inclusions are voids, the Mori-Tanaka method provides
better solutions [46]. At this level of the study, the LD-CSH and
HD-CSH properties were computed by assuming the hydration
products resemble jennite crystals considering Ca/Si ratio to be
more than one. The jennite will act as the matrix phase in which
the porosity will be modeled as spherical inclusions, with zero
stiffness and Poisson’s ratio, embedded in the continuous matrix.
Furthermore, according to microstructural investigations of con-
crete consisting of a low water-to-cement ratio, UHD-CSH is a
nanocomposite of HD-CSH and CH [53]. Hence, UHD-CSH was
obtained by homogenizing these two forms into a single matrix
phase. Table 3 provides the modeling parameters and summary
of the results of the homogenization conducted at Level II along
with a comparison with the values in the literature. The values
from literature were obtained using nano-indentation techniques
and micromechanical modeling techniques such as self-
consistent method and Mori-Tanaka method. From the values, it
3] Prediction results Literature

E (GPa) t E (GPa)

32.98 0.32 22.5a, 25b 30.8d, 39c

43.87 0.34 41b,d, 30.4a, 48.6c

46.02 0.35 40.9a

l. [49].
al. [49].
].
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can be seen that our simulation results lay within the range of
reported values, with the experimental results presenting the
lower thresholds. The micromechanical modeling techniques pre-
sent higher values as they assume perfect and ideal microstruc-
tures that do not consider internal defects. This presents
marginal deviation from the experimental results. For the next
level of homogenization, the CSH properties obtained will be used
as input parameters. As mentioned in section 2, the values given in
Table 3 for jennite are isotropic because the Voigt-Reuss-Hill
approximation [49] has been applied on the MD values of the ani-
sotropic crystals, to obtain the elastic moduli of the isotropic and
amorphous polycrysataline CSH.
Table 5
Computation of volume fractions (%) for the quartz powder and cement clinker.
4.3. Level III: Micromechanics of CSH matrix

The LD-CSH, HD-CSH, and UHD-CSH are homogenized into an
effective material that can be assumed to be isotropic and homoge-
neous at this scale. This phase is generally known as the CSHmatrix
phase, and serves as themedium inwhich other inclusions are to be
embedded. For a concrete mix with a water to cement ratio of
approximately 0.2, based on the curing conditions or heat treat-
ment, one of the two densely packed hydration products form the
more abundant phase [53,67,68]. When the mixture is heat cured
at 90 �C, the UHD-CSH phase forms more dominantly, whereas
the LD-CSH and HD-CSH form in almost equal amounts [53].

Hence, this study adopts the EVA micromechanics method by
considering the system as a three-phase composite and the two
inclusions as spherical inclusions with perfect interface conditions.
In the absence of heat treatment, HD-CSH is considered as the
matrix phase; otherwise, UHD-CSH serves as the matrix. Table 4
lists the simulation conditions and the results of the two types of
CSH matrices formed. In this table the proportions of the three
CSH phases is adopted from Vandamme et al.’s [53] experimental
work on low w/c ratio concrete. After the simulation, the result
indicates that both the heat-treated and non-heat-treated CSH
matrix have almost similar mechanical properties. This observa-
tion agrees well with experimental predictions in the literature,
which suggest that heat treatment at or below 90 �C has minimal
effect on increasing the compressive strength or the Young’s mod-
ulus of UHPC [55,69].
Volume fractions at homogenization level IV (%)

Component Total Extraction Recalculation

CSH x 31.50 31.50 53.76
Quartz powder 12.49 12.49 12.49 21.31
Capillary porosity 2.03 2.03 2.03 3.41
Clinker 0.4 x 12.60 12.60 21.50
Steel fiber 2 2.00 – –
Fine sand 39 39.00 – –

100 59

x: indicates the volume fraction of hydration products (CSH) to be calculated by
assuming total volume is 100%. Note the CSH will constitute all the phases that
reacted to give the hydration products. Note that this computation is not thermo-
dynamically conducted, and is a rough estimate to determine the unreacted phases.
4.4. Level IV: Micromechanics of cement paste

At this level of homogenization, the simulation assumes three
types of spherical inclusions embedded in the CSH matrix, i.e.,
the capillary porosity, unreactive quartz, and unreacted cement
clinker, which occurs as a result of the low water to cement ratio
(0.2) and hydration degree of only 60% [70,71]. The smallest inclu-
sions are the capillary pores whereas the largest particles are the
unreacted cement clinkers.

The predictions obtained with our model were verified experi-
mentally by using SEM for qualitative verification of the phases
present, after which the MIP results were analyzed to determine
Table 4
Level III input parameters and EVA homogenization results (CSH-matrix).

Method Output Component

Ensemble volume averaging CSH- no heat treatment LD-CSH
HD-CSH
UHD-CSH

CSH-heat treatment LD-CSH
HD-CSH
UHD-CSH
the total porosity, gel porosity, capillary porosity, and entrapped
air volume fractions. Table 2 shows the computation of porosities
from the MIP test. In addition, the prepared mix design was used
to calculate the volume fractions of the quartz and unreacted clin-
ker. The volumes of the three inclusions are then determined by
considering that quartz is an unreactive phase; hence its volume
remains unchanged and the cement clinker as 40% of the original
cement volume fraction of the total mix.

The general mix design is used to determine the volume frac-
tion of each constituent by using their specific gravity. Subse-
quently, the volume fraction of the phases that are present at
this homogenization level is extracted and recalculated to obtain
the new volume fractions. The initial volume fractions of the
phases are approximately 12.49% and 39.26% for quartz and fine
sand, respectively. Then the capillary porosity from the MIP analy-
sis and volume of added fibers form 2.03% and 2.00% by volume of
the total mix, respectively. Using these values, Table 5 demon-
strates the recalculation of the new volume fraction of the CSH
matrix containing only the quartz, cement clinker and capillary
porosity. Note that during hydration, the volume of the general
material is reduced because of the thermodynamic reaction and
hence the total volume fraction of the products cannot be expected
to be 100%, as some phases disappear and new phases form [72].
However, since the thermodynamic analysis is not in the scope
of this work, we only focus on the unreacted phases which remain
constant in the material, such as the ground quartz and cement
clinker which is 40% of the initial cement content, since the
expected hydration rate is approximately 60% [70].

Using the above assumptions and computations, the final
phases of inclusions at this level of homogenization are summa-
rized in Table 6. The results of the analysis indicate that, even
though the input parameters are different, the effective mechanical
properties of the cement paste are very close. This is mainly due to
the mechanical properties of the CSH matrix phase and the ground
quartz, for which the values of Young’s modulus are similar. From
the Level IV homogenization, we also note the reinforcing effect of
the unreacted clinker, which is by volume calculated as being 40%
V (%) [53] Input parameters Simulation Results

E (GPa) t E (GPa) t

3 32.95 0.32 43.98 0.34
74 43.87 0.34
23 46.02 0.35
13 32.95 0.32 43.81 0.34
13 43.87 0.34
74 46.02 0.35



Table 6
Level IV EVA homogenization results (cement paste).

prediction Component Volume fraction (%) Particle size Input parameters Simulation results

E (GPa) t E (GPa) t

Cement paste CSH 53.80 matrix 43.98 0.34 52.05 0.30
Ground quartz 21.31 10–15 lm 48.20 0.20
Capillary porosity 3.41 0.01–50 lm – –
Clinker 21.50 10–80 lm 128.40 0.30
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of the initial volume content of the Portland cement. Most of the
significant increase in the modulus we observe at this level is
mainly attributable to this unreacted clinker.

4.5. Level V: Micromechanics of UHPC mortar

In order to conduct the homogenization at this level, whereby
the inclusions in the cement paste are silica sand and air voids with
sizes ranging from 10 lm to 1.2 mm, the volume fractions of the
silica sand and the air voids (entrapped and entrained air) should
be determined. This can be achieved by applying a similar compu-
tation as for level IV, in which 39.5% of the 100% UHPC mortar
phase is silica sand and 3.04% consists of air voids. This means
the matrix phase, cement paste, constitutes 57.46%. Subsequently,
the EVA micromechanical method can be used to compute the
effective mechanical properties of the cement paste phase. In addi-
tion, the qualitative image analysis Fig. 3(a), shows no significant
amount of ITZ between the sand particles and cement paste; hence,
perfect interface conditions are assumed. The input parameters
and the output from the micromechanical simulation are pre-
sented in Table 7.

4.6. Level VI: Micromechanics of UHPC with fibers and aggregates

(1) Homogenization of CF and SF
In Level VI, the homogenization is conducted by using the EVA

micromechanical model whereby the inclusions are CF and SF with
different aspect ratios. The fiber inclusions are assumed to have
prolate spheroidal shapes, and both perfect and mildly weakened
interfaces are considered in this study. Table 8 presents the input
parameters utilized for the simulation and the predicted results
for UHPC with randomly oriented CF and SF. The results show that
Table 7
Level V EVA homogenization results (UHPC mortar).

Prediction Component Volume fraction (%) Par

Cement paste 57.46 ma
UHPC mortar Silica sand 39.50 10–

Air voids* 3.04 50–

Air voids*: is the total of entrapped and entrained porosity in the composite

Table 8
Micromechanics based analysis of UHPC with fibers and coarse aggregates.

Component Volume fraction (%) Aspec

UHPC mortar (98, 60, 40)* –
UHPC with fibers Carbon fiber 2 3000

Steel fiber 2 65
UHPC with aggregate Coarse aggregate (Basalt) [70] 60* –

ITZ [33] 5–7* –

*the volume fraction is variable and depends on the aggregate size distribution and ass
**rmax can be taken as 2.4, 5.0, 9.5, 25.0, 37.5, and 50.0 mm.
the increase in Young’s is only approximately 3% when 2% of CF
and SF are added. This observation agrees well with literature pre-
dictions [73–76].

(2) Homogenization of coarse aggregates in UHPC

The results in literature suggest that adding coarse aggregates
to UHPC tends to reduce the strength of concrete mainly due to
the formation of weak zones in the form of ITZs [31,61]. In this
study, the optimal size range and volume fraction of coarse aggre-
gate are computed in addition to analyzing the influence of the ITZ
zone by considering different Young’s moduli and the thickness of
the ITZ layer around the coarse aggregates.

The four-phase composite sphere model described in Section 2.4
is utilized to compute the effective properties of the UHPC with
coarse aggregates. Since the model depends on the particle size
distribution of the coarse aggregates to determine the volume frac-
tion of the ITZ and cement paste, the calculation is performed by
using the method known as Modified Fuller’s particles size distri-
bution [32]. Using this method, we investigated the effect of the
aggregate size by considering different particle size groups that
have maximum radii of 2.4, 5.0, 9.5, 15.3, 25.0, 37.5, and 50.0 mm.

Fig. 5 shows the effect of adding coarse aggregate with a max-
imum radius of 5.0, 9.5, and 50 mm. The simulation is conducted
using the four-phase composite sphere model, and as can be
observed, initially the modulus increases until the aggregate vol-
ume reaches approximately 25%, then it decreases with further
increases in the volume fraction of the coarse aggregates. The anal-
ysis was conducted by assuming a constant ITZ thickness of 50 lm,
and ITZ Young’s modulus of 80% of the Young’s modulus of the
UHPC mortar [32]. These results show that, even though a constant
thickness of ITZ is assumed, an increase in the volume fraction of
ticle size Input parameters Simulation results

E (GPa) t E (GPa) t

trix 52.05 0.30
600lm 73.20 0.20 56.18 0.26
1250lm – –

t ratio Particle size Input parameters Predicted results

E (GPa) t E (GPa)

– 56.18 0.26
5–7 lm by 15 mm 240 0.20 58.28
0.2 mm by 13 mm 200 0.30 57.94
0.15-rmax** mm (varies) 54 0.15 –
t = 50 lm (0.6–0.8) of Emortar 0.30 –

umed ITZ thickness.
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the coarse aggregates leads to a gradual decrease in the Young’s
modulus. These results are in good agreement with the prediction
from literature [77,78]. The figure also indicates that larger coarse
aggregates tend to reduce the effective properties more than the
smaller aggregates.

4.7. Multi-level homogenization results

As it is progressed through the multi-level homogenization
scheme, the change in the mechanical properties of the material
at the different length scales can be observed. With each homoge-
nization, certain properties become magnified, whereas others are
averaged. Fig. 6 shows the change in the Young’s modulus (E) and
Poisson’s ratio (m) at each microstructural level of the analysis. The
figure also helps for the purpose of designing a mix with optimized
properties, by taking into account the effects of each constituent.
The figure presents the comparison of the Young’s modulus and
Poisson’s ratio from each homogenization level.
5. Model verification

According to literature, based on fiber content and aggregates
content, the Young’s modules of UHPC can range between 45 and
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70 GPa [5]. For this work, based on the mix design presented in
Table 1 and the curing condition discussed, the Young’s modulus
(Ec) was empirically computed from the experimentally deter-
mined compressive strengths (fc) to compare the experimental val-
ues with the model predictions. Note that the developed model’s
Young’s modulus prediction is independent of specimen shape or
dimension due to the RVE and the micromechanical modeling’s
assumptions; hence, comparison with the experimental correlated
values is possible. For the comparison, empirical equations devel-
oped for high strength concrete by several researchers and differ-
ent design codes were adopt. These include equations from Ma
et al. [77] for UHPC with coarse aggregates, CEB-FIP [79] and Euro-
code 2004 [80], ACI committee 363 [81] and finally Noguchi et al.
[82], which are presented in Table 9. These were specifically
selected as they were suitable to correlate the Young’s modulus
of concrete with high strength compressive strength values.

Fig. 7 shows the comparison of the experimental and the model
predicted values of the Young’s modulus of the control UHPC sam-
ple and the samples with 2% CF and 2% SF. From the comparison, it
can be concluded that our modeling results provide higher values
of the Young’s modulus as compared to the other empirical equa-
tions. On average, the values tend to show variations in the range
of 5% to 15%, and the highest deviation was observed for UHPC
with CF. The possible causes of the deviation are the initial high
moduli obtained for the hydration products of jennite and CSH,
and the fact that the multi-level homogenization assumes the level
of hydration as approximately 60% and the presence and disap-
pearance of certain phases, which might vary from the experimen-
tal condition. In addition, other sources of error can be due to the
comparison being made with Young’s modulus values obtained
from the adopted empirical equations, which do not consider addi-
tional inclusion in the samples (e.g., CF).

The model predictions for the case of UHPC with coarse aggre-
gates were verified by comparing with the experimental compres-
sive strength results available from the literature (Esteban et al.
[83], (UHPC CA-1), and Ma et al. [77], (UHPC CA-2)) which
employed mix designs that closely resembled the mix designed
used for the multilevel homogenization that is used in this study.
Hence, the matrix phase for this micromechanical analysis will
have similar mechanical properties. In addition, the literature pro-
vided full information on the coarse aggregates parameters
required to conduct the micromechanical analysis. Table 10 shows
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Table 9
Empirical equations used to relate the elastic modulus with compressive strength
values.

Model references Empirical model for UHPC (MPa)

CEB-FIP/Eurocode (2004) [79,80]
Ec ¼ 22000 f c

10

� �1=3

Ma et al. [77] (with coarse aggregate) Ec ¼ 21902
ffiffiffiffiffiffiffiffiffiffiffiffiffi
f c=10

3
p

ACI committee 363 [81]
Ec ¼ 21000 c

2300

� �1:5 f c
20

� �1=2

Noguchi et al. [82] Ec ¼ 1:146� 1:486� 10�3f c
1=3c2

c : Unit weight of UHPC, (2500 Kg/m3).
f c : Compressive strength of the UHPC.

51.02

44.16

56.50
51.97
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56.28
54.20

48.30
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Fig. 7. Comparison of the experimental and the model predicted values of the
Young’s modulus of UHPC 1–1 (Control), UHPC 2–1 (2% CF) and UHPC 2–2 (2% SF).
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the parameters obtained from the literature and used for the sim-
ulation of UHPC with coarse aggregates, while Fig. 8 shows the
comparison of experimental values from the literature and the
model predicted values of the Young’s modulus of UHPC with
coarse aggregates. The deviation between the experimental values
and the model predictions are less than 9% for all three cases.
While some deviation in the results is expected from the computa-
tion of the Young’s modulus from the empirical formula developed
by Ma et al. [77], the errors related to the micromechanics method
adopted here might be due to the simplifying assumptions that are
incorporated, such as the ITZ layers being of constant thickness.
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Fig. 9. Young’s moduli of UHPC samples with aligned and random orientations of
carbon fibers (CF) and steel fibers (SF).
6. Parametric investigation

6.1. Effect of fiber type and orientation

Based on the parameters presented in Table 8, the effects of
fiber orientation and fiber type were investigated for different vol-
ume fractions of the fibers. The literature suggests that the orien-
tation of the fibers in the structural elements is independent of
the type and content of fibers but depends on the method used
Table 10
Literatures obtained input parameters for the modeling of UHPC with coarse aggregates.

Experimental data Aggregate type Aggregate properties

V% E (GPa)

UHPC CA-1
Esteban et al. [86]

Limestone
(rmax = 4.7 mm)

30 65.60

UHPC CA-2
Ma et al. [77]

Basalt
(rmax = 2–5 mm)

32 54.00

*indicates Ma et al.’s [60] empirical equation that accounts for the presence of coarse ag
to pour the concrete, location in the member, and placing direction
[13]. In this study, the EVA method for aligned and random distri-
bution of short fibers in composites proposed by Pyo and Lee [55]
is adopted to investigate the properties of UHPC with different vol-
ume fractions of CF and SF.

Fig. 9 compares the Young’s modulus (E) for UHPC composed of
CF and SF, where EL and ET indicate the Young’s modulus in the lon-
gitudinal and tangential directions, respectively. Note that for this
step, perfect interface conditions are assumed for both types of
fibers. Without taking into account the bonding behavior, the CFs
out-performs the SF by approximately 1–5%. Furthermore, the per-
Experimental results Model predictions

t fc (MPa) E (GPa) E (GPa)

0.27 141 55.75* 57.70

0.15 150 51.00* 56.35

gregates in UHPC is used.
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formance of aligned fibers behaving as transversely isotropic mate-
rial is superior to that of randomly oriented fibers. These simula-
tion results are in agreement with the predictions from several
studies [58,59], which suggest that the fiber orientation does have
a significant effect on Young’s modulus and the tensile and com-
pressive properties of UHPC.

6.2. Effect of fiber geometry

The aspect ratio in this study is defined as, a = a1/a2, where a1
and a2 are the radii of the prolate spheroid in the major and minor
axis. This property was investigated by selecting three general
regimes of aspect ratios, from 0.5 to 10, 10–250, and 250–2000.
Then, based on these regimes, using CF with an Young’s modulus
of 240 GPa and Poisson’s ratio of 0.2, the general trend according
to which the Young’s modulus and Poisson’s ratio changed was
computed by using the EVA method. The results are plotted in
Fig. 10, which shows the change in the mechanical properties with
the aspect ratio.

As Fig. 10 shows, three different trends in the change in the
Young’s modulus as a function of the aspect ratio become appar-
ent. In the first range, which is for fibers with an aspect ratio rang-
ing from 0.5 to 10, the modulus initially decreases to reach its
lowest point at an aspect ratio close to 1 then increases again as
the aspect ratio approaches 10. An aspect ratio of 1 generally
means a spherical inclusion, which according to our analysis, is
expected to provide much lower stiffness to the composite than
any prolate-shaped inclusion regardless of how small the aspect
ratio is.

6.3. Effect of fiber interfacial properties

It is established that slip in both the tangential and longitudinal
directions becomes reduced as the surface roughness of the fibers
increases. Hence, assuming perfect bonding between the hydration
products and CFs can be expected to result in overestimation of the
contribution of the fibers to the mechanical properties. Therefore,
another homogenization is conducted for the CF reinforced UHPC
by assuming a mildly weakened interface property. This homoge-
nization uses Qu’s modified Eshelby’s tensor for spheroidal inclu-
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Fig. 10. General trend of the effect of the aspect ra
sion [59]. Then, by using the EVA method for different levels of
damage in composites [55], the results presented in Fig. 9 were
obtained. Computation of the modified Eshelby’s tensor for the
mildly weakened interface requires the compliance tensor nij,
which is a function of a and b, to be sufficiently small. Therefore,
for our case, we selected a range of values of a from 0 (perfect
interface) to 1.00E-5 by keeping b constant at 5.00E-5 and keeping
a constant at 1.00E-6 and varying B from 0 to 1. These values are
selected such that they closely approximate the values proposed
by Pyo and Lee [55] for their multilevel damage analysis, repre-
senting mild interface properties. Hence, the results in Fig. 11 show
that application of a mild interface of compliance in the form of
appropriate a and b values yields a simulation result that more clo-
sely represents the actual CF performance in the cementitious
composite, and that both factors (a and b) play equally important
roles to affect the performance of the material.
6.4. Effect of varying the ITZ modulus and thickness

The next parametric study we conducted was to investigate the
sensitivity of the model to the effective modulus and thickness of
the ITZ layer. Literature states that the Young’s modulus of the
ITZ should range between 40 and 60% of Young’s modulus of the
cement paste (Ecement) [64,67]. Hence, in this study the Young’s
modulus of the ITZ was varied from 10 to 80% of Ecement. The trend
presented in Fig. 12 was obtained as the result. This trend shows a
gradual reduction in the Young’s modulus as the modulus of the
ITZ was assumed much lower than the properties of the cement
paste.

The thickness of the ITZ layer (tITZ) was similarly varied. Even
though several researchers have suggested the ITZ thickness is
not dependent on the size of the coarse aggregate, the exact thick-
ness remains uncertain [31,67,68,72]. Therefore, the thickness of
the ITZ was varied from 0.01 to 0.10 mm to investigate the general
trend of its effect on the effective Young’s modulus of the compos-
ite as a whole. The results, shown in Fig. 13, correspond well with
the predictions made by Duplan et al. [84], who found that an
increase in the thickness of the ITZ adversely affects the mechani-
cal properties of UHPC.
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7. Concluding remarks

This study proposed a micromechanics-based multi-level
homogenization modeling scheme for the determination of the
effective mechanical properties of ultra-high performance concrete
(UHPC). A six-level homogenization tool was used to investigate
the effects of the fiber type, geometry, orientation, aggregate sizes,
aggregate volume fraction, and ITZ characteristics such as the
thickness and mechanical properties. In addition, the study also
examined the effect of the properties of the fiber interface on the
mechanical performance of UHPC. This work also involved experi-
mental investigations on UHPC samples to verify the assumptions
made and the results. Consequently, the following conclusions can
be drawn from this study.

1. For the multi-level homogenization modeling scheme, the
assumption of the crystal structure of CSH as jennite crystals
yields a final result of the elastic properties of UHPC that are
within reasonable range of literature values.

2. The gel and capillary porosity volume fraction affect the effec-
tive mechanical properties significantly, as it was observed that
they can reduce the modulus of Young’s of the crystal structures
of tobermorite14 Å and jennite by 50% to 35%.

3. The use of a mildly weakened interface to model the connection
between CF and the UHPC matrix in the simulation yielded a
more realistic value where by the SF reinforced UHPC had better
mechanical properties with less porosity.

4. Investigation of the fiber type, orientation, and volume fraction
showed that orientation plays an important role in the material
properties. The critical aspect ratio values affecting the mechan-
ical performance most was found to be the aspect ratio change
from 1 to 50.

5. A comparison of the experimental and predicted values of UHPC
with fiber showed that the values deviated by 10% to 15%
whereas for coarse aggregates, the prediction showed a devia-
tion of 7% to 15%.

This study demonstrates the applicability of the theories of
micromechanics and multi-level homogenization to determine
the elastic properties of cementitious composite in general and
UHPC. However, as can be observed from the results and literature,
UHPC is a complex material whose properties are highly influenced
by the constituents. The simplifying assumptions made can have
an effect on the final prediction capability of the model. Hence,
in order to improve the predicting capability of the multi-level
homogenization scheme, our future works will combine thermo-
dynamic based analysis to determine the exact amount of hydra-
tion products and unreacted phases present. In addition, the
model predictions showed larger deviation from the experimental
results for specimens containing CF; hence, other possible causes
of this deviation such as the premature rupturing of the CF during
loading should be investigated. Furthermore, in this work, the elas-
tic modulus values obtained from the simulation were compared
with the elasticity values obtained from the experiments using
empirical equations to determine the values. While it is true that
using empirical equations is not ideal, due to the absence of exper-
imental data for the elastic modulus values, it was decide to apply
the empirically computed values. The equations have been specif-
ically tested and developed for UHPC, with similar mix design to
the one used for this study. Hence, the elastic modulus values
obtained from the equations can be taken as the experimental val-
ues without creating significant error, as can be seen from the
result. In addition, for future works we want to incorporate
strength upscaling scheme that can determine the compressive
and tensile strength properties of this material, as have been done
for other cementitious composites. Moreover, micro-cracks would
be modeled as either penny shaped or oblate spheroidal inclusions
with interaction effects. Finally, the proposed multi-level homoge-
nization model will be extended to incorporate the study of post
peak elastoplastic damage properties of the material.
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Appendix

A: MD simulation parameters

Table A1 shows the parameters of the hydration products used
for the MD simulation in this study.



Table A1
MD Simulation parameters and conditions.

Simulation Parameters Jennite Tobermorite 14 Å CH Ettringite

Number of atoms 90 106 12 272
Cell size (Å) (a � b � c) 10.576 � 7.265 � 10.931 6.735 � 7.425 � 27.987 3.593 � 3.593 � 4.905 11.167 � 11.167 � 21.354
Crystal lattice type Triclinic Monoclinic Trigonal Trigonal
MD ensemble NPT
Forcefield Universal(UFF)
Temperature (K) 300
Temperature control Nosé-Hoover-Langevin
Pressure (GPa) 0.001
Pressure control Berendsen
Time step (fs) 1
Total dynamic time (ns) Until the volume of the system converges to the equilibrium quantity (1–3)
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Appendix B

EVA micromechanics

After substituting the Eshelby’s tensor with an appropriate
value in Eq. (1), the final effective tensor C* becomes [47]

C� ¼ C 1ð Þ
IK dijdkl þ C 2ð Þ

IJ dikdjl þ dildjk
� � ðB1Þ

in which

C 1ð Þ
IK ¼ 2k0v 2ð Þ

KK þ 2l0v
1ð Þ
IK þ

X3
n¼1

k0v 1ð Þ
nK ðB2Þ

C 2ð Þ
IJ ¼ 2l0v

2ð Þ
IJ ðB3Þ

where k0 is Lamme’s constant for phase 0, which is the matrix

phase. The components of v 1ð Þ
IK and v 2ð Þ

IJ , which were derived by

Pyo and Lee [85], are functions of the parameters K 2m�1ð Þ
IK and

K 2mð Þ
IJ , which demonstrate progressive degradation of the interface

between the inclusions and the matrix. The components of v 1ð Þ
IK

,v 2ð Þ
IJ , K 2m�1ð Þ

IK , and K 2mð Þ
IJ are given in Pyo and Lee [55]. In this study,

all the inclusions are initially modeled as though they have a perfect
interface condition; hence, only the components that demonstrate
perfectly bonded inclusion (m = 1) are considered, and the modified
components for the parameters are given in Appendix C.

Appendix C

Parameters v 1ð Þ
IK and v 2ð Þ

IJ in Eqs. (B2) and (B3)

Based on the number of damage levels m (m = 1–4), m = 1 indi-
cates perfectly bonded inclusion, m = 2 or 3 indicate a slightly and
moderately debonded interface, and m = 4 a perfectly debonded
inclusion that basically behaves as a void [55].

v 1ð Þ
IK ¼

X4
m¼1

K 2m�1ð Þ
IK ¼ K 1ð Þ

IK þK 3ð Þ
IK þK 5ð Þ

IK þK 7ð Þ
IK ðC1Þ

v 2ð Þ
IJ ¼ 1

2
þ
X4
m¼1

K 2mð Þ
IJ ¼ 1

2
þK 2ð Þ

IJ þK 4ð Þ
IJ þK 6ð Þ

IJ þK 8ð Þ
IJ ðC2Þ

In this study, all the inclusions are initially modeled as though
they have a perfect interface condition; hence, only the compo-
nents that demonstrate perfectly bonded inclusion (m = 1) are con-
sidered and the other parts are set to zero. Hence, Eqs. (C1) and
(C2) become

v 1ð Þ
IK ¼

X4
m¼1

K 2m�1ð Þ
IK ¼ K 1ð Þ

IK ðC3Þ
v 2ð Þ
IJ ¼ 1

2
þ
X4
m¼1

K 2mð Þ
IJ ¼ 1

2
þK 2ð Þ

IJ ðC4Þ

For a perfectly bonded and mildly imperfect interface,m = 1 and
2, to become

v 1ð Þ
IK ¼

X2
m¼1

K 2m�1ð Þ
IK ¼ K 1ð Þ

IK þK 3ð Þ
IK ðC5Þ

v 2ð Þ
IJ ¼ 1

2
þ
X2
m¼1

K 2mð Þ
IJ ¼ 1

2
þK 2ð Þ

IJ þK 4ð Þ
IJ ðC6Þ

The parameters K 2m�1ð Þ
IK and K 2mð Þ

IJ , which also depend on the
damage level m, are computed for m = 1 and m = 2 and given as
follows,

K 2m�1ð Þ
IK ¼ £m 2g 2m�1ð Þ

IK x 2mð Þ
KK þ 2g 2mð Þ

II x 2m�1ð Þ
IK þ

X3
n¼1

2g 2m�1ð Þ
In x 2m�1ð Þ

nK

" #
ðC7Þ

K 2 1ð Þ�1ð Þ
IK ¼ K 1ð Þ

IK ¼ £1 2g 1ð Þ
IK x

2ð Þ
KK þ 2g 2ð Þ

II x
1ð Þ
IK þ

X3
n¼1

2g 1ð Þ
In x

1ð Þ
nK

" #
ðC8Þ

K 2 2ð Þ�1ð Þ
IK ¼ K 3ð Þ

IK ¼ £2 2g 3ð Þ
IK x

4ð Þ
KK þ 2g 4ð Þ

II x
3ð Þ
IK þ

X3
n¼1

2g 3ð Þ
In x

3ð Þ
nK

" #
ðC9Þ

K 2mð Þ
IJ ¼ 2£mg

2mð Þ
IJ x 2mð Þ

IJ ðC10Þ

K 2 1ð Þð Þ
IJ ¼ K 2ð Þ

IJ ¼ 2£1g
2ð Þ
IJ x

2ð Þ
IJ ðC11Þ

K 2 2ð Þð Þ
IJ ¼ K 4ð Þ

IJ ¼ 2£1g
4ð Þ
IJ x

4ð Þ
IJ ðC12Þ

The derivation and components of x 2m�1ð Þ
IK ;x 2mð Þ

IJ ;g 2m�1ð Þ
IK , and

g 2mð Þ
IJ are given in [55] and their modifications for m = 1 are given

as follows,

x 2m�1ð Þ
IK ¼ C mð Þ

IK

1� 2n 2mð Þ
II

andx 2mð Þ
IJ ¼ 1

2� 4n 2mð Þ
IJ

ðC13Þ

x 1ð Þ
IK ¼ C 1ð Þ

IK

1� 2n 2ð Þ
II

andx 2ð Þ
IJ ¼ 1

2� 4n 2ð Þ
IJ

ðC14Þ

Then C mð Þ
IK defined in [55] can be modified for m = 1 to give,

C 1ð Þ
I1 ¼

1
2 � n 1ð Þ

22 � n 2ð Þ
22

h i
n 1ð Þ
I1 þ n 1ð Þ

21 n
1ð Þ
I2

1
2 � n 1ð Þ

22 � n 2ð Þ
22

h i
1� n 1ð Þ

11 � 2n 2ð Þ
11

h i
� n 1ð Þ

12 n
1ð Þ
21

ðC15Þ
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C 1ð Þ
I2 ¼ C 1ð Þ

I3 ¼
1� n 1ð Þ

11 � 2n 2ð Þ
11

h i
n 1ð Þ
I2 þ n 1ð Þ

12 n
1ð Þ
I1

2 1
2 � n 1ð Þ

22 � n 2ð Þ
22

h i
1� n 1ð Þ

11 � 2n 2ð Þ
11

h i
� 2n 1ð Þ

12 n
1ð Þ
21

ðC16Þ

where n 2m�1ð Þ
IK and n 2mð Þ

IJ defined in [55] can be modified for m = 1
to give,

n 1ð Þ
IK ¼ £1

4 1� v0ð Þ 2S 1ð Þ
IK g

2ð Þ
KK þ 2S 2ð Þ

II g
1ð Þ
IK þ

X3
n¼1

S 1ð Þ
In g

1ð Þ
nK

" #
ðC17Þ

n 2ð Þ
IJ ¼ £1S

2ð Þ
IJ g

2ð Þ
IJ

2 1� v0ð Þ ðC18Þ

with g 2m�1ð Þ
IK and g 2mð Þ

IJ as given in [55] are also computed for
m = 1 and are as follows

g 1ð Þ
IK ¼ 2 1� v0ð Þw 1ð Þ

IK

l0
1 þ S 2ð Þ

II

ðC19Þ

g 2ð Þ
IJ ¼ 1� v0ð Þ

l0
1 þ S 2ð Þ

IJ

ðC20Þ

where the fourth-order tensor (w 1ð Þ
IK Þ is given by:

w 1ð Þ
I1 ¼

k
0
1 þ l0

1 þ S 1ð Þ
22 þ S 2ð Þ

22

h i
k

0
1 þ S 1ð Þ

I1

h i
� k

0
1 þ S 1ð Þ

21

h i
k
0
1 þ S 1ð Þ

I2

h i
k
0
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1 þ S 1ð Þ
22 þ S 2ð Þ
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h i
k
0
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1 þ S 1ð Þ
11 þ 2S 2ð Þ

11

h i
� k

0
1 þ S 1ð Þ

12

h i
k

0
1 þ S 1ð Þ

21

h i
ðC21Þ

w 1ð Þ
I2 ¼ w 1ð Þ

I3

¼
k

0
1 þ 2l0

1 þ S 1ð Þ
11 þ 2S 2ð Þ

11

h i
k
0
1 þ S 1ð Þ

I2

h i
� k

0
1 þ S 1ð Þ

12

h i
k

0
1 þ S 1ð Þ

I1

h i
2 k

0
1 þ l0

1 þ S 1ð Þ
22 þ S 2ð Þ

22

h i
k

0
1 þ 2l0

1 þ S 1ð Þ
11 þ 2S 2ð Þ

11

h i
� 2 k

0
1 þ S 1ð Þ

12

h i
k
0
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21

h i
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Finally, k
0
m and l0

m can be computed from:

k
0
m ¼ 4 1� v0ð Þ lmk0 � l0km

� �
lm � l0

� �
3 km � k0ð Þ þ 2 lm � l0

� �
 � ðC23Þ

l0
m ¼ 2l0 1� v0ð Þ

lm � l0

� � ðC24Þ
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