N
N

N

HAL

open science

Is concrete a poromechanics material?-A multiscale

investigation of poroelastic properties

Franz-Joseph Ulm, Georgios Constantinides, Franz Heukamp

» To cite this version:

Franz-Joseph Ulm, Georgios Constantinides, Franz Heukamp.
A multiscale investigation of poroelastic properties.

{10.1007/BF02481626). <hal-03680318)

HAL Id: hal-03680318
https://hal.science/hal-03680318v1

Submitted on 27 May 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License

Is concrete a poromechanics material?-
Materials and structures, 2004, 37 (1), pp.43-58.


https://hal.science/hal-03680318v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Is concrete a poromechanics material? - A multiscale
investigation of poroelastic properties

F.-J. Ulm, G. Constantinides and F. H. Heukamp
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

ABSTRACT

There is an ongoing debate, in Concrete Science and
Engineering, whether cementitious materials can be viewed as
poromechanics materials in the sense of the porous media
theory. The reason for this debate is that a main part of the
porosity of these materials manifests itself at a scale where the
water phase cannot be considered as a bulk water phase, butas
structural water; in contrast to water in the gel porosity and the
capillary porosity. The focus of this paper is two-fold: (1) to
review the microstructure of cementitious materials in the light
of microporomechanics theory by starting at the scale where
physical chemistry meets mechanics, and which became
recently accessible to mechanical testing (nanoindentation); (2)
to provide estimates of the poroelastic properties (drained and
undrained stiffhess, Biot coefficient, Biot modulus, Skempton
coefficient) of cementitious materials (cement paste, mortar
and concrete) by means of advanced homogenization
techniques of microporomechanics. This combined
experimental-theoretical microporomechanics approach allows
us to deliver a blueprint of the elementary poroelastic
properti®s of all cementitious materials, which do not change
from one cementitious material to another, but which are
intrinsic properties. These properties result from the intrinsic
gel porosity of low density and high density C-S-H, which
yield a base Biot coefficient of 0.61 <5 <0.71 and a Skempton
coefficient of B=0.20 —0.25. While the base Biot coeflicient
decreases gradually at larger scales, because of the addition of
non-porous solid phases (Portlandite, ..., aggregates), it is
shown that the Skempton coefficient is almost constant over 3-
S orders of magnitude.

1. INTRODUCTION

Is concrete a porous material? - Or more precisely: is

RESUME

Une question divise encore la communauté scientifique au
sujet de la nature des bétons : les bétons peuvent-ils étre
considérés comme des milieux poreux au sens de la théorie des
milieux poreux ? Ce débat provient de la nature d’une partie de
la porosité des bétons. Cette derniére se manifeste a une échelle
#i: la phase aqueuse ne peut plus étre considérée comme un
simple fluide newtonien, mais comme une phase structurale,
contrairement a la porosité capillaire ou celle du gel. L objectif
de cet article est double : (1) Décrire la microstructure des
ciments sous I'angle de la théorie de la micro-poromécanique,
en partant d'une échelle decrite a la fois par la physico-chimie
et la mécanique, et qui est récemment devenue accessible aux
tests mécaniques (nanoindentation) ; (2) Estimer les propriétés
poroélastiques (élasticité drainée ou non drainée, coefficient de
Biot, module de Biot, coefficient de Skempton) des matériaux
derivés du ciment (ciment, mortier et béton) a l'aide des
techniques d’homogenéisation de la micro-poromécanique.
Cette approche micro-poromécanique a la fois expérimentale
et théorique nous permet de reconnditre une marque de
fabrique de tous les ciments, qui ne change pas d’un matériau a
l'autre, mais qui donne accés a leurs propriétés intrinséques.
Ces proprietés résultent de la porosité intrinseque au gel des
C-S-H a faible et forte densités, qui donnent un coefficient de
Biot entre b= [061-071], e un coefficient de Skempton
B =[0,20-025]. Tandis que le coefficient de Biot diminue
progressivement aux grandes échelles, en raison de la
contribution des phases solides non poreuses (Portlandite, ...,
granulats), le coefficient de Skempton est presque constant sur
une plage de 3 a 5 ordres de grandeur.

concrete a poromechanics material, that can be described
within the framework of the porous media theory? le. in
terms of the constitutive equations of poromechanics, e.g.



the one oflinear poroelasticity [1, 2],
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where z, =1E:l = the macroscopic mean stress, p =
3

pore pressure; £ =E:1 = the volume strain; ¢—¢, = the
porosity change, K, = drained bulk modulus; 5 = Biot-

Willis parameter; and N = Biot skeleton modulus.

The question we here raise is motivated by a long and
ongoing discussion in Concrete Science and Engineering,
with two schools of thought existing: one which considers
that the deformation behavior of concrete, while being a
porous material, is insufficiently described by the
poromechanics approach, because the main porosity of
these materials manifests itself at a scale where the water
phase cannot be considered as a bulk water phase, but as
structural water (e.g. [3-5]). Therefore, the effective stress
concept as originally proposed by Terzaghi [6] for h=1,
and refined by Biot [1] through introduction of the effective
pressure coefficient ¢, <b <1, should certainly fail to

describe the deformation behavior of such materials. The
second school of thought has considered concrete as a
poromechanics material, without necessarily distinguishing
between nano-, micro- and macroporosity, and this for both
saturated concrete [7-10], and unsaturated cement-based
materials [11, 12]; through the classical micro-macro
relations of poroelasticity:
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where K hom / ks = the drained bulk modulus-to-solid bulk
modulus ratio; ¢, = initial porosity. According to Berryman

[13], relations (3) were first obtained by Gassman in 1951
[14] for the case of a microhomogeneous porous media, and
by Brown and Korringa [15] and Rice [16] in 1975 for
general porous media with multiple minerals as
constituents. The application to concrete faces several
difficulties; for one concrete is a highly heterogeneous
material, with a heterogeneity which manifests itself at
multiple scales, in form of different pore spaces and
multiple minerals that build up the solid phase.

This makes it difficult to define a single solid bulk

modulus ks or a single porosity ¢, for such materials. The

large range of values for b and N that are currently in use
for cement-based materials highlights the uncertainty of
estimating the poroelastic properties of cementitious
materials.

Recent progress in experimental and theoretical
microporomechanics makes it possible today to upscale
poroelastic  properties from very fine scales of
heterogeneous materials. As nanoindentation has provided
an unprecedented access to micromechanical properties of
the elementary phases of cementitious materials [17-19], it
becomes possible to break down the complex

microstructure of cementitious materials to the scale where
cementitious materials do no more change —in a statistical
sense— from one mix proportion to another. This scale has
been traditionally the scale of cement chemistry
investigations, ever since Powers and his colleagues at the
Portland Cement Association [20] in the 50ies recognized
the colloidal and gel-like properties of cement paste, and of
the C-S-H' component in particular. At this scale, the
morphology and the mechanical properties do no more
change, being determined by the chemical formation
process, which is deterministic by nature. With this scale in
mind, it becomes possible to employ advanced
homogenization techniques of microporomechanics that
became recently available [21-23], and adapt them to meet
the requirements of the multiscale microstructure of
cementitious materials, starting at the scale where physical
chemistry meets mechanics. The results of this challenging
endeavor are estimates of the poromechanics properties of
cementitious materials at multiple scales. This is in short
the focus of this paper, and the way by which we want to
address the question - whether (and to which extent)
concrete is a poromechanics material.

2. ELEMENTS OF CONTINUUM
MICROPOROMECHANICS APPLIED TO
CEMENT-BASED MATERIALS

Concrete is a fairly complex heterogeneous composite
material, with a random microstructure at different length
scales ranging from the nanometer scale to the macroscopic
decimeter scale. Continuum micromechanics offers a
framework to address this heterogeneity. The underlying
idea of continuum micromechanics is that it is possible to
separate a heterogeneous material into phases with on-
average constant material properties. The three elements of
continuum micromechanics are [24]:

1. Representation, which deals with the geometrical
description of the considered heterogeneous material
system. Representation includes the identification of the
different phases in a representative element volume V
(r.e.v.), and their morphology. A phase, in the sense of
continuum micromechanics, is not necessarily a material
phase as used in physical chemistry, but a material domain
that can be identified, at a given scale, with a homogeneous
deformation state, that is with on-average constant material
properties. The classical poromechanics theory is based on
a two-phase representation of a porous medium as a solid-
fluid composite. As we will see, such a representation falls
short in representing a multi-scale porous material such as
concrete.

2. Localization, which establishes the link between a
macroscopic strain (or stress), prescribed at the boundary
OV of the re.v., and the microscopic strain (or stress) in
the individual (homogeneous) phases composing the r.e.v.
3. Homogenization, which is based on volume averaging
over the r.e.v. of the constitutive relations defined at the
scale of the phases. Homogenization delivers the
macroscopic poroelastic properties of the re.v. as a

' Cement chemistry notation: C = CaQ, S = SiO,, H = H,0.



function of the microscopic phase properties, their volume
fractions, and their specific morphologies.

Application of these three elements to cement-based
porous materials is detailed below.

2.1 Representation of the multiscale
microstructure of cement-based porous
materials

The heterogeneity of cement-based material manifests
itself at different scales. For purpose of poromechanical
analysis, the microstructure can be broken down into four
elementaty ievels, as skeiched in Figs. 1 and 2 [25, 26}.
These scales are discussed beiow.

LEVEL I Cement paste plus

Mertar. sand and Aggregates.

Concrete eventually Interfacial

>10°m Transition Zone

LEVEL N C-S-H matrix plus clinker

Cement Paste phases. CH crystals. and

<10%m macroporosity

LEVEL]1 Lew Density and High

C-S-11 matrix Density C-S-H phases
10 m (incl. gel porosity)

C-S-H solid phasc (globules incl.
intra-globules nanoporosity) plus
intesr-globules gel perosity

C-S-H solid
10°-10"""m

Fig. 1 - Representation of multiscale heterogeneous microstructure
of cementitious composites (adapted from [25]) and [29]).

largest scale at which the material properties do not change
from one cement-based material to another. [t is the scale,
where physical chemistry meets mechanics; that is the
matertal properties are solely defined by the physical
chemistty of the forimation process of the material. This
scale is typically situated above the atomic scale. In the
case of cement-based materials, it is the scale of the C-S-H
solid that forms at early ages by the hydration of C3S and
C2S. We refer to this scale as level *9°, as explained below”.

This scale has been the focus of many theoretical and
experimental cement chemistry investigations, starting with
the groundbreaking works of Powers and his colleagues at
the Portland Cement Association [2®8} recognizing the
colloidal and gel-like propetties of the C-S-H component.
Powers attributed a porosity of roughly 28% to this solid
phase. Ever since, many models have been devised to
characterize the microstructure with an emphasis on a
layered swucture of C-S-H. To cite a few, the well known
Feldman-Sereda model postulated the existence of
‘interlayer spaces’ in the C-S-H gel, containing strongly
adsorbed water [27}. Wittmann’s Munich model is based on
some of the concepts of colioidal science, relying
particularly on the idca of a disjoining pressure that
develops in the interlayer space as a consequence of
hindered adsorption [3, 5]. Similar conclusions were arrived
at by other authors as well (see eg [4]): given the
characteristic size of the interlayer space of less than ten
water molecules in size (elementary dimension of water is
distance between O-atoms 0.284 x 10" m), it was quickly
recognized that the water in this space cannot be considered
to be a bulk water phase, to which e.g. Stokes equations
apply. Instead, the mechanical response at this scale is
dominated by the surface properties of the C-S-H gel, and
the water present at this scale is structural water. Very
recently, Jennings in a number of papers [28, 29], provided
qualitative and quantitative evidence of an
amorphous colloidal structure of the C-S-H,

LEVELI: LEVEL ‘0’: ‘Globules’: . . N -

C-S-H matrix < 108 m C-S-H solid Basic Bldg. Block orgamged n _globules (see Fig. _2)’ composed

Two types of C-S-H Gel porosity Nanoporosity of basic building blocks and an intra-globules
porosity. This porosity which manifests itself

d>16.6 nm

A

H®» C-S-H

24% gel porosity

SEM image

Fig. 2 - Level ‘0’ C-8-H cotloidal model of Jennings [29]: Gel porosity versus

Nanoporosity.

2.1.1 Level ‘0’: Nanoscale

The lowest level of a mechanical representation of the
complex microstructure of cement-based materials is the

Basic Building Block

18% nanoporosity
(structuiral water)

at a scale smaller than the characteristic solid
dimension of 22x10°m, is ®, =18%
irrespective of the type of C-S-H. Instead, it is

- _\-!"“"‘\;-.,.’ intrinsic to the C-S-H solid phase, and can be
T associated with the nanoporosity filled by
:3*’; g structural water (and not buik water). Above

:r' this scale, there is a second type of porosity,
the gel porosity, but which was found to differ
from one type of C-S-H to another, as detailed
below. Hence, from a poromechanics point of
view, it is appropriate to consider this solid
phase (‘globules’ in Jennings terminology)
which includes a 18% intra-solid porosity
filled by structural water, as the elementary
solid phasc of a poromechanics representation
of cement-based materials. This solid phase
has been found to be of a characteristic size of
56x10°m.

% The name ‘Level 0’ Jor the nancscale of C-S-H materials was
coined by 1.G. Richardson during the Gorden Conference on
Cement-Based Materials in Ventura, Ca.. March 7, 2002



2.1.2 Level I: C-S-H phases - Gel Porosity - C-S-H
matrix

The solid phase of level ‘0’ together with gel-porosity
forms different types of C-S-H phases. These phases manifest
themselves in units roughly larger than 16.6 x 10° m [29], as
sketched in Fig. 2. We refer to this level as level I, as it
represents the smallest material length scale that is presently
accessible by mechanical testing, i.e. nanoindentation [19]. At
level 1, it is now well established that the C-S-H exists in at
least two different forms, a low density (LD) and a high
density (HD) form (see Fig. 2). The difference between the
two types of C-S-H relates to the gel porosity of roughly 24%
for HD-C-S-H, and 37% for LD-C-S-H [29], due to the
different packing density of the C-S-H solid of the two types of
C-S-H; in addition to the 18% nanoporosity within the C-S-H
solid phase (at level ‘0’); see Fig. 2. In contrast to the
nanoporosity, the gel porosity has a characteristic dimension of
the solid phase, i.e. on the order of 5.6 x 10° m, in which the
water present can be considered as a bulk water phase — in the
sense of the poromechanics theory. The gel porosity can be
defined in a standard manner:

4 4
o =L 202445 = L2 =037 4)
VHD LD

where Vf 7 is the pore volume, and V, the reference

volume (J=HD, LD). The gel porosity values are also
intrinsic to all cement-based materials: they are a
consequence of the formation process of C-S-H in the
course of hydration. That what changes from one cement
paste material to the other is the volumetric proportion of
HD-C-S-H and LD-C-S-H, within the C-S-H matrix. The
overall porosity of a C-S-H matrix composed of the two
porous material phases is:

V,.,+V,
£HD 'LD
oo = ! '=fHD¢oHD+fLD¢0LD (%)
Vesw

where Jup = up/ Vesa and fin= LD/ Ve =1= fup stand
for the volume fractions of the two types of C-S-H. In
contrast to the intrinsic porosity values (4), the C-S-H matrix
porosity (nanoporosity excluded) depends through the
volume fractions on the mix proportions (and cement
fineness [30]), and has the two limit cases
dP < oSt < §LP; for instance for a w/c = 0.5 cement paste,
the volume ratioof HD and LD C-S-His V,, /V,,, =3:7 [28,
25]; thus g% = 0.33. The ultimate mechanically intrinsic
building blocks of C-S-H are the HD- and LD-C-S-H
phases, for which the porosities do not change from one
material to the other, nor the solid composition. This has
been shown by nanoindentation tests by Acker [18] and
Constantinides er al. [25, 19], who obtained the same
stiffness values for the two types of C-S-H by
nanoindentation of different cement-based materials
(different w/c-ratio). These mean stiffness values are
independent of the type of cementitious materials; instead
they are intrinsic to cementitious materials in general; and
that what changes from one to the other cementitious
material is only the volume fractions of the HD-C-S-H and
LD-C-S-H.

2.1.3 Level II: Capillary porosity - n solid phases

Level II refers to the cement paste, which manifests itself
at a characteristic length scale of 10°-10* m (see Fig. 1). At
this scale, the porous C-S-H matrix together with the
unhydrated cement products (i.e. the four clinker phases
CsS, C,S, CsA, C4AF), large Portlandite crystals (CH =
Ca(OH),), aluminates and the macro-porosity ¢, (which is
often referred to as capillary porosity, and which is
generally present only in high w/c-materials) form the
cement paste. The porosity of a cement paste (excluding the
nanoporosity), in which the water is a fluid phase in the
sense of the poromechanics theory, is:

n—1
0” =4, +fas‘11¢gm =1_Zfr _(1_¢§SH)fCSH (6)
r=1

where f . =V g /V, is the volume fraction of the
porous matrix, and f =V _/V , is the volume fraction of

the different solid phases. The solid volume fractions can
be determined by advanced hydration models [30]. At this
scale, the intrinsic phases (i.e. phases that do not change
from one cement-based material to the other) are the four
clinker phases, the Portlandite crystals, and the water phase
saturating the pore space. Their material properties are well
known by now thanks to nanoindentation: the stiffness
values of the clinker phases have been determined by Velez
et al. [17], the one of Portlandite crystals by Acker [18],
and confirmed by Constantinides and Ulm [25]. From a
morphological point of view, the composite cement paste
consists of inclusions (clinker-phases, A-phase, CH-phase
and porosity) embedded into a porous C-S-H matrix, which
-at a level below- is composed of the two C-S-H-phases.

2.1.4 Level I11: Mortar and concrete

Level III of a characteristic length scale greater than 10
? m refers to mortar and concrete; that is a composite material
composed of a porous cement paste matrix, and sand particle
inclusions in the case of mortar, or aggregate inclusions in
the case of concrete. Some authors consider in addition the
Interfacial Transition Zone (ITZ) between inclusions and
matrix, which has been focus of many micromechanical
modeling attempts (e.g. [31-34]); but which will not be
pursued further in this investigation. From a poromechanics
point of view, the cement paste matrix is a porous matrix,
while -except for special applications- any porosity contained
in the aggregates is rather of occluded nature.

The intrinsic density, porosity and stiffness values of the
different constituents of cement-paste materials over the
range of length scales considered are summarized in Tables 1
and 2, and will serve as input parameter for the
homogenization model of the poroelastic properties
developed below. In this context, it is worth noting that the
four levels described above respect the separability of scale
condition; that is each scale is separated from the next one by
at least one order of length magnitude. This is a prerequisite
for the application of continuum micromechanics [24].

2.2 Localization

The breakdown of the multi-scale heterogeneous
microstructure of cement-based materials into the four level



microstructure, separated on-average by one or several
order of length magnitude, allows us to consider each level
as a r.e.v.,, V, composed of » homogeneous phases (in a
micromechanical sense) of constant material properties per
phase (see Tables 1 and 2).

Following continuum micromechanics, each level is
considered to be subjected to a homogeneous strain
boundary condition of the Hashin type:

onoV :£(x)=E-x (7

where &(x) is the microscopic displacement and x

denotes the microscopic position vector.

Furthermore, the microscopic strain in the different
phases is assumed to be linked to the macroscopic strain by
a linear strain localization condition:

g(x)=A(x):E (®)

with A(x)=the 4" order localization tensor, which satisfies
the compatibility condition:

E=(g), & (A®X), =1 )

v

where ( y) =.:7 Iy(x)dV stands for the volume average

of quantity y over domain V' ; and I is the 4™ order unit

tensor. For a heterogeneous material composed of
homogeneous phases, it is convenient to introduce a linear
phase strain concentration of the form:

(¢), =(AM), :E;i [{Am), =1 (o)

where f, =V /V stands for the volume fraction of the

phase. In the isotropic case, (A(x)) y, reduces to:

(A("»V, =A'J+A4°K (11)

where A’ and A? represent the volumetric and the

deviatoric strain localization coefficient; J_ = .}_5 O, 1s
w =39%%%

the volumetric part of the 4"™order unit tensor I, and
K =1-] is the deviator part; 3, stands for the Kronecker

delta.

The morphology encountered at all different levels of
cement-based materials is of the Eshelbian-type, that is an
ellipsoidal inclusion embedded in a reference medium [36],

for which an estimate A:"" of the localization tensor

(A(x))y’ is given in the form [24]:

A =[I+SH5 :(C;:C,-D]":

I+SE":(C:C. -T)]" -1 (12)
([I+S5":(Cy:C,-m]"),

where C, is the tensor of elastic moduli of the reference
medium, C_ is the 4" order stiffness tensor of phase

r=1,n;and S & is the Eshelby tensor of phase » which
depends on C,, the geometry and the orientation of phase

r . According to the choice of the reference medium, one
can distinguish: the Mori-Tanaka scheme, in which the
reference medium is chosen to be the matrix phase (i.e.
C,=C,> the Self-Consistent Scheme, in which the

homogenized medium is adopted as reference medium, that
is C,=C,,,-In this application to cement-based materials,

which are characterized at all levels by a dominating matrix
phase, we will choose the Mori-Tanaka approximation [37].
Furthermore, given the random microstructure of cement-
based materials, it is natural to consider all phases as
isotropic and the inclusions as spherical. The first
assumption implies the isotropy of the local and the
reference medium, that is:

C, =3k J+2g K; C,=3kJ+2g,K (13)

where k., g,.k, and g, are the bulk moduli and the shear

moduli of phase » and of the reference medium,
respectively. The second assumption of spherical inclusions
implies the following form of the Eshelby tensor S## for

phase 7 :
SEr = J+ BEK (14)
with
est __. 3kO . est __ 6(k0 +2g0)
0 o, . > 0 T T oaa a < (15)
3k, +4g, 53k, +4g,)

In this case, the localization tensor reduces to (11), in
which the volumetric and deviatoric strain localization
coefficients are estimated by:

-1
Arv.est - 1+agst [_k_r__]]
k()

k
l+ad| —+-1
Zr:fr 0 (k }

0
Adet = [H B (&—1n
&o
1+ g £21)|
Zfr( f (go D

Following the chosen Mori-Tanaka approximation, we
let k, =k, and g, =g, in(15),(16)and (17).

a1 (16)

a7

2.3 Homogenization of poroelastic properties
I: Drained stiffness and Biot coefficients
Homogenization methods for elastic and thermoelastic

properties of composite materials have been around for
quite some time (see review in [24]). By contrast, upscaling



of poromechanics properties is more recent [38, 39]. The
most recent contribution to micro-poromechanics is due to
Dormieux and co-worker (see e.g. [21-23]), on which we
base our derivations of the poroelastic properties of cement-
based materials. Like in classical continuum micro-
(solid)mechanics, the (total) macroscopic stress 2 and the
microscopic stresses o =o(x) are related by the volume
averaging condition:

T =(c(x)), (18)
If the microscopic stress is of the form:
o(x)=C(x):e(x)+0?(x) (19)

it is well established now (see e.g. [24]) that the volume
average over an r.e.v. V' subjected to regular boundary
conditions (7), for which the classical strain localization
condition of linear continuum micromechanics (8) apply,
entails the macroscopic stress equation of state:

2=C,  :E=X" (20)

together with the upscaling rules for the elastic stiffness

hom

C(x) > C,,,, -and the prestress o7 (x) > X”:
Chom = <(C(X) :A(X))V (21)
22 =(or(x): A(x))V (22)

Relation (21) is the standard expression of solid
continuum micromechanics, while relation (22) is known as
Levine’s theorem (cited from [24]).

In the case of a poroelastic material, the macroscopic
prestress X7 is linearly linked to the (average) fluid
pressure, through the 2™ order tensor of Biot coefficients b,
ie. X7 = —bp . In turn, the microprestress in such a material
is the microscopic (thermodynamic) fluid pressure in the
porosity, o”(x)=-5pl, where 7=0 in any solid phase,
and 7=1 in the porosity @, =(7),. In this case, for p=0,
which corresponds macroscopically to drained conditions,
and which is equivalent microscopically to a porous
material emptied of the fluid phase, the drained stiffness
tensor is obtained from:

p=0:Cpn =3 1,C, (), @
r=1

where <A>V, is the volume average of the strain localization
tensor over the solid phase ¥,. In the (local and global)

isotropic case, for which <A)V, is defined by (11), the
drained bulk and shear moduli are obtained in the form:

Khom = z :;l frkrA:
p=0: Ghom =Zf=l frg)A:i (24)

The strain localization coefficients A’ and A:‘ are
suitably estimated by (16) and (17).

In turn, the upscaling rule (22) provides the following
expression of the tensor of Biot coefficient [21]:

b=1:4,(4), (25)
which simplifies in the isotropic case to:
b=g,A4} (26)

where (A) v, is the volume average of the strain localization
tensor associated with the empty pore space, and Ay the

associated volumetric strain localization coefficient. It is
readily shown that (26) reduces to the classical Biot-Willis
expression (3;) for a two phase material composed of a
solid and the pore space. Indeed, using the compatibility
condition (9) for a two phase solid-porosity material:

(1=g) A} + o475 =1 27)
we obtain with the help of (26):
Kyon =(1-¢,) Ak, = (1-b)k, (28)

which is (3;). On the other hand, it is also readily
understood that the previous expression does not hold for
the case of a porous material composed of several solid
phases, for which the general expression (25) needs to be
employed. In this case, using the compatibility conditions
(9) and (10), the Biot coefficient tensor can be rewritten in
the form:

b=1:(]1—if,(A)VJ (29)

2.4 Homogenization of poroelastic properties
II: Biot moduli and undrained stiffness

The drained stiffness Chom and the Biot coefficients
b,,, are necessary quantities to translate the effect of a

pressure in the pore space into macroscopically effective
stress-strain relation, i.e. Equation (1). But they are only
one part of the picture of the poroelastic constitutive
behavior of porous materials; the second degree of freedom
of a porous material being the pressure-porosity state
equation (2), which generalizes to:

(¢_¢o)=b:E+% (30)

where N is the skeleton Biot modulus. The macroscopic

poroelastic state equation displays that the change in

porosity #—¢, can be viewed as the superposition of two

macroscopic load cases to which an r.e.v. is subjected [21];

see Fig. 3:

« The first load case (denoted by a superscript ()') is an
r.e.v., emptied of the fluid phase, p = 0, that is subjected
at its boundary to the regular boundary condition (7),
and for which the classical strain localization condition
of continuum micromechanics (8) applies. It is the load
case, which delivers the drained stiffness properties and



Fig. 3 - Micro-poroelasticity viewed as a superposition of an emptied
poroelastic r.€.v, and a pressurized r.e.v. {adapted from [21]).

the tensor of Biot coefficient. Indeed, for this sub-
problem, the volume balance of the empty porous
material together with the consistency condition (9)
delivers the change in porosity in the form:

(6-60) =1:(e), =gu1:(e),,

(31)
=¢,1:(A), :E

A comparison with the macroscopic poroelastic state
equation (30) for p = 0 delivers (25).

= The second load case (denoted by a superscript €)7) is
the r.e.v. subjected at its boundary to a zero
displacement, thus E =0, in which the solid-fluid
interface is subjected to the fluid pressure;

onéV,:oc"-n=-pn 32)

where 1 denotes the unit outward normal to the solid
phase. For this load case, we link stress and strain
volume averages with macroscopic state equations.
More precisely, combining (18) and (28), we obtain:

E=0; (o), =)_f,{0"), —#,pl=-pb(33)
r=1
or equivalently, using (29):

plb—go11= p1: 3 £,(I-(A), )=
! (34)

S0, >0, = pL(A), D)
r=l

where {0"), is the volume average over the solid
A

volume ¥, of the stresses prevailing in the solid phase
r = l...n. Analogously, combining the volune balance of

the porous material, E =08, () v, -Z e v
with the macroscopic state @quation (30) yields:

E=0;(¢-¢0)" =1:(ne"), =
13 ey, =2
1274, =

r=1

(35)

or equivalently, given the elastic nature of the solid
phases, i.e. (5”)1', =C':(o )V’I

E=0, (-4 =-1:3 £,C]:(0"), =£ 00
r=l :

Finally, substituting (34) in (36), we obtain thc following
general expression of the skeleton Biot modulus for a
porous material composed of a pore space and » solid
phases:

1 n
< =1:3 £C H(1:(I-(A), )) (37)
r=l
which reduces in the isotropic case to:
1 _~f04=4))
I ) et e - RSP Al 8
= le T (38)

The previous expression reduces to the classical
expression 32) (N =k _ib-g,)) forn= 1.

Last, it is useful to provide the link wath the undrained
poroelastic properties, by introducing the mass content
currently contained in the porosity [1, 2}:

m=pl'p (39)

where p/ is the current fluid mass density, which is a
function of the fluid pressure, e.g. in the linear case:

(40)

with K, the fiuid bulk modulus (Kﬂ = 2.3 GPa for bulk
water), and g/ the reference fluid mass density. Use of

(39) and (40) in (20) and (30) yields the linearized
poroelastic state equations in the form:

s-cu, [”ﬁ_ﬂi} an
P
m—m, P
=b:E+-— (42)
pd M

where Cim is the undrained stiftness tensor, M the Biot

modulus of the entire porous material (solid + fluid phase),
and B the 2™ order tensor of Skempton coefticienss, which
charactenze the undrained behavior of poroelastic materials:

1 ¢
Ci. =C,.+MbOb, —=—+2;
hom bosa M N Kﬂ (43)

B=M(C: )" b

In the isotropic case,
B = B}, with

Chon =3K3J+2G, K and



+Mb%;B= Mp

hom u
hom

KU

hom

=K

(44)

2.5 Homogenization of poroelastic properties
I11: The case of a porous matrix

One situation that deserves special attention, since it is
not explicitly captured by the standard microporomechanics
theory, is the case of a composite material composed of a
porous matrix and non-porous solid phases, the porosity
taking effect at much smaller length scales than the one that
characterize the matrix within the r.e.v. In this case, the
matrix prestress is @ ?(x)=-b(x)p. While the drained
stiffness properties are still given by (23), application of
Levine’s theorem (22) yields:

bhom = <b(X) : A(X)) v (45)

It is readily shown that (45) reduces to (25) in the case of
a porous materials in which the pore space manifests itself
as an identifiable morphological unit within the r.e.v., for
which b(x)=71, 7=0 in any solid phase, and 7=1 in the
porosity ¢, =(n), . This consideration also allows one to
address more complicated situations, in which the porosity
manifests itself at multiple scales that are separated by more
than one length scale, and in which the same pressure
prevails in the fluid phases at multiple scales, ie. drained
conditions. Such a situation calls for a multiple step
homogenization procedure.

Alternatively, (45) can be derived from a generalization
of (31). Indeed, for p=0, evoking the micro-to-macro
strain compatibility (9) at multiple scales yields:

(6-9,) Zfl{va} Zfb (&), =

Zf,b, :(A), :E=b,, :E
r=1
(46)
Analogously, for E =0, using (35), we obtain:
(#-4s)’ Zf 1:(ne"), =
(47)

_Zf

hom r=1

Zf N, Nhom N

where 1/N, is defined by (37) for each porous material
subsystem. Finally, a superposition of (46) and (47) yields
(30), in which the contribution of each porous subsystem is
such that the pore pressure prevailing in the different pore
spaces remains the same:

b=00=21,(940), =

N i R 2
;f,[b,.(fwn .E+Nr)

(48)

In this case, the undrained properties are still defined by
(43).

3. POROELASTIC PROPERTIES OF
CEMENTITIOUS MATERIALS AT
MULTIPLE SCALES

3.1 Materials: volume fractions and porosity

The materials we consider here are a cement paste and
mortar prepared at a water:cement ratio of w/c = 0.5, using
an ordinary Type 1 Portland cement. The mortar
composition is characterized by a water-cement-sand mass
ratio of w/c/s = 1/2/4, using a fine Nevada sand of density
p,= 2,650 kg/m’, dgo = 0.23 mm and dso = 0.17 mm. These

materials have been under investigation at MIT for several
years, and is well characterized by mechanical testing at
multiple scales, from nanoindentation [25, 19], ultrasonic
measurements of the elastic properties [25, 26], to triaxial
strength and deformation properties [9, 40, 34, 41], and
creep properties [42].

From mass density measurements of the hardened
cement paste and mortar (see Table 3), it is possible to
determine the sand inclusion volume fraction (level III):

P =(p), & £, =L P _036+0.03 (49)

where p¥ stands for the density of the porous matrix

(cement paste, level II), and p° for the density of the

inclusion-matrix composite (mortar, level III). The obtained
values are consistent with mass measurements of saturated
and oven dried specimens which yield (see Table 3):

Am’”

fi=1-"C = 0314003 (50)

where Am* and Am* represent the change in mass content
due to drying of the composite (mortar) and porous matrix
(cement paste), respectively:
Am. Msat - Mdry . AmM M;Zt M;'fy

7 7 T 7 S
Po PV Py PV

where V stands for the specimen volume, A

o = PV s
MM =p¥y ., and where M, =M}/ for the actual
measured masses of the saturated and dried materials, and

pll =1,000 kg/m’ is the water mass density.

Relations (50) and (51) are based on the premise that the
mass change results from drying of all the water that is
present in the porous matrix (incl. water in nanoporosity,
gel porosity and macroporosity), when the specimen is oven
dried at 105°C. It is tempting to relate the change in mass
content to the porosity at different scales. For a saturated
hardened cement paste of w/c= 0.5, for which all clinker
phases have been consumed in the hydration reactions, the
total mass measured is the sum of its components: C-S-H
matrix, Portlandite crystals (CH) and water in the
macroporosity; thus:




M ngt —iD —HD Table 1 - Intrinsic properties of cement paste and mortar
-p—ﬁl—/— = (,0 st 10+ P st Frip )fCSH + (52) constituents I
_‘;H LEVEL Density [ke/m’] | Porosity [%)] | Mass content [%]
P Jen+ P 0: C-S-H solid o) 0.9 am
: st Pry 0% ol
where p'0 =193 [29], po. =213 [29], p"  [Basic Building Block 2,800 - - 9
=224 are the intrinsic mass densities of the Globules | 2,480 2,300 18 18 291
(saturated) low-density C-S-H, the (saturated) high- I: C-S-H matrix
density C-S-H, the Portlandite, normalized by the C-S-H;p 1,930 1,440 37340.1¢ 499 29
one of water (see Table 1). C-S-Hip| 2,130 1,750] 23.7+0.19 389 [291®
Analogously, for the dried cement paste: II: Cement paste
M} (= —HD . Mes ©
o= + + CsS-Clinker| Ao — - -
olV <pd7nyD pdrnyD\)fCSH (53) mex
" Cs-Clinker| P, e
> -Clinker ey T - —
P Jeu 2 ZX my
LD —HD
=144 [29] and p° =1.75 [29] are My @
where ary [29] and p,, [29] C;A-Clinker | 2. o - -
the normalized mass density of the dried LD-C-S- I
H and the HD-C-S-H (see Table 1). The M b ©
difference in mass density between the saturated CsAF-Clinker PCZ—‘m - -
and the dried C-S-H phases is due to the water in XX
both the nanoporosity and the gel porosity: CH 2,240 - -
—y  —y , ITI: Mortar
P = Pay =9ot=07);J=LD,HD  (54) Sand | 2,650 | - [ - [34)

. a) Density values of C-S-H as predicted from the quantitative colloidal
with model of C-S-H by Jennings [28, 29];
b) Nanoporosity (intra-globules porosity) filled by structural water;

Do =P (1-0) (A=) (55)

where _.5,- =2.8 [29] is the normalized mass

density of the solid building block of the C-S-H;
@, =0.18 is the nanoporosity [29], ¢/° =0.37

and g/ = 0.24 are the intrinsic porosities of the

low density and the high density C-S-H phase (see
Table 1). Finally, using (52) and (53) in (51), together with
(54), yields:

%—=[(¢0(1-¢é")+¢é”)fw "

(¢0(1—¢5{D)+¢(5’D)‘fHD]fCSH +&,

Equations (52) and (56) and the compatibility condition,
Sesi + fen + o =1 form a closed set of equations for the

56)

determination of the unknown volume fractions of the
cement paste. However, this system of equations is very
sensitive to small variations. It is, therefore, more
appropriate to proceed in a step-to-step fashion, by starting
with known volume fractions. The volume fraction of
Portlandite can be easily estimated from the cement
composition, here f., =0.11 (see Appendix); and use in
(52) and (56) yields estimates for the capillary porosity and
the C-S-H matrix volume fraction, which are corrected to
meet the compatibility condition (as specified in the
Appendix); thus @, =0.07, f.,, =0.82.

¢) Gelporosity (inter-globules porosity) of low density and high density C-S-
H (excluding nanoporosity);

d) Am = change in mass content due to drying at 105°C; includes structural
water in nanoporosity and bulk water in gelporosity;

e) Clinker density determined from cement density p. = 3,150 ;’cg/mJT , and the
mass proportions my) of the four clinker phases (X = C3S,C,S,C;4,CAF) in
the cement which are provided by the cement producer.

3.2 High density and low density C-S-H phase
(Level ‘0”)

We start at level ‘0’ which is the one of the two different
types of C-S-H (see Fig. 2). Both, HD and LD C-S-H are
composed of a solid phase and a pore space. According to the
Jennings C-S-H model [29], this solid phase (‘globules’)
should be the same for both phases, while that what changes is
only the intrinsic gel porosity defined by (4). Mechanically
speaking, this implies that the stiffness properties of the solid
phaseshould coincide; thus with the help of (24) and (28):

Kion =(1=@)k A}, =k (1-b7)

s4ts,J
G}‘\]om = (1 - ¢(}I )gsA;l,'J (57)
J=LD,HD

inV,:

where &, and g represent the bulk modulus and the shear
modulus of the solid phase, 4., and A, are strain

localization factors of the solid phase. The values of &; and g;
are still out of reach experimentally, and that what is accessible
by nanoindentation are mean values of the homogenized
stiffness properties, ie. K/ ~and G/ . Fig 4 displays the



histogram of Young’s modulus values for a w/c= 0.5 cement
pas# [19), which gives the mean values in Table 2 (level I). As
expected, because of the lower porosity of the HD-C-S-H (see
Table 2), the average stiffiess of the high density C-S-H is
higher than the low density C-S-H having a higher porosity.
While the mean Young’s modulus values nicely scale with the
porosity, the Poisson’s ratio is rather constant for all type of
cementitious materials (v= 0.24; {43]). These values serve as
input for a back analysis of the solid stiffness propesties &, and
&, using a Mori-Tanaka scheme to estimate the concentration
factors. For the cement-based materials, we obtain
k=318 GPa, g,= 19.1 GPa, which comesponds to a Young’s
modulus of E =47.75GPa, and a Poisson’s ratio of

v=0.25".

Furthermore, use of these values in the classical esttmate
(3) and (43)-(44) yield the poroelastic constants of the high-
density and the low-density C-S-H:

p#° =0.61 NP =859GPa
MH"™ =87GPa B =0.24
bi? =0.71 N'°=93.1GPa
M =58GPa BL? =025

(38)

The poroelastic properties of the C-S-H matrix are
detertnined from (24), (45) and (47):

rKn:m = (Mv >,;m =kyp +(kpn —ky, ) Jindin
Gf{’m =<gA‘1)yQ” =8w +(gu) ~8up )fwAfn

by = {bA"'}Vm =bup +U’m *bm))fw";,'n
VN =Fin! NP+ [ NP

mnv,:

(59)
where we employed the consistency condition
SwAp +[mpAm=1 ad  f, 47, =1. Given this

compatibility condition, it is readily understood that the
poroelastic properties of the C-S-H matrix are all situated in
between the values of the low-density and the high density
C-S-H phase, i.e:
ELD < El < EHD
- hoin
inV,: 16 <pl_<b"”

/N <1/ NE, <1/ N#

(60)

where £°° = 21.7 GPa and E”” = 29.4 GPa are the universal
drained stiflness preperties of the fow-
density and the high-density C-S-H
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Fig. 4 - Nanoindentation stifTness measurements on a w/c = 0.5 cement paste. Left: C-S-H
matrix with nanoindentation section. Right: Histogram of stiffness values displaying a bi-
modal structure that can be associated with the two types of C-S-H, with fifted Gausian

curves (adapted from {19]). The area below the curves represents the volume fractions of

the high-density and low density C-S-H phases.

While it was expected that the low density C-S-H with a
higher porosity has a lower Biot coefficient than the HD-C-S-H,
it is interesting to note that the Skerapton coefficient of both C-
S-H phases is approximately the same, that is both C-S-H
phase are similar sensitive to undrained loading conditions.
Given the inxrinsic nature of the C-S-H phases, #hese
poroelastic constans can be considered to be umiversal
constants for all cemenfitious materials.

3.3 C-S-H matrix (Level I)

The C-S-H matrix (Level I) is composed of two porous
materials, the HD-C-S-H phase and the LD-C-S-H phase.

3 For convenience. we recall the relation between the bulk
modulus k, the shear moduius g, the Young's modulus E and the
Poisson’s Ratio v:

__9% . _3-2glk

3+g/k’ 6+2g/k

Medulus of Elasticity (GPa)
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phases, which arc directly determined
firom nanoindentation (see Table 2). In
between these bounds, the poroelastic
properties depend on the w/c-ratio
which affects the volume firactions fp
and f;» of the two types of C-S-H.
These volume functions are also
direcily  measurable (either by
nanoindentation, see Fig. 4, or by
hydration models [29, 30]). In this
case, the determination of the
poroelastic properties requires
estimates for the concentration factors
A, and 47 in(59).

Using the estimate given by the Mori-Tanaka scheme, in
which we choose the low density phase as matrix phase, gives:

gy = Ay = — (e D (61)
T+ p(x =D+ fu)
Al = 4497 = L+ Bp(n1-1) (62)

" ol By =DI+ fup

where x =k, 7=g,,/g,,»and where o, and g, are

givenby (15).
The outcome of this homogenization step are the
stiffiess parameters of the C-S-H matrix, K,fom and G/ ,

and the poroelastic constants. For a w/c = 0.5 cementitious
material, for which f;p=0.7 and f,;=0.3, we obtain
K ,{m =15.2 GPa and G{m =9 6 GPa, thus an elastic

stitfness of £ = 23.8 GPa, and the poreelastic constants:
w/c=0.5:b) =069 N/ =90.8GPa
M'=64GPa B’ =024

(63)



Table 2 - Intrinsic properties of cement paste and
mortar constituents I1: Elastic properties
determined by nanoindentation.

LEVEL | E [GPa] [ v 1]
0: C-S-H solid
Basic Building Block N.A. N.A.
Globules | 47.75 [L.A]® 0.25 LA™
I: C-S-H matrix
C-S-Hypl 21.7+£2.2 [25] | 0.24 [431®
C-S-Hupl 29.4+24 [251 | 0.24 [431
II: Cement paste
C;S-Clinker} 135+7 [18] 0.3
C.S-Clinker| 140+ 10 [18] 0.3
C;A-Clinker | 145+10 [17] 0.3
C,AF-Clinker | 125+25 [17] 0.3
CH|I 38+5 251 ] 0305 [3519
III: Mortar
Sand [ 62.5 [341 | 0.1 [34]

a) [1.A.] = determined by Inverse Analysis, includes
nanoporosity (intra-globules porosity) filled by structural
water;

b) Poisson’s ratio estimated from comprehensive study of Le
Bellego [43]);

¢) CH Poisson’s ratio determined by extrapolation to zero
porosity [35]).

The poroelastic constants of the C-S-H matrix have been
determined by a two-step homogenization procedure.
Alternatively, they can be directly determined by a one-step
homogenization procedure of a porous material composed of
only one solid phase (of stitThess k,=31.8 GPa, g,= 19.1 GPa;
determined from (57), and one pore space, being defined by
the C-S-H matrix porosity ¢ given in (5). The drained
elastic constants are given in a similar form of (57).

Employing a Mori-Tanaka scheme, we obtain for a
w/c=0.5 cement paste (for which f;p=0.3 and f;p=0.7),
K| =150GPaand G/ =9.7GPa,thus an elastic stitTness

of E! =23.9 GPa; and the poroelastic constants are:
hom

wlc=0.5: b/ =069 N._ =90.1GPa
M’'=6.4GPa B'=0.24

(64)

The poroelastic constants obtained with this one-step
homogenization procedure compare very well with the ones
determined from the two-step homogenization procedure
(63). The main difference in between the two schemes is that
the two-step homogenization procedure assumes the
relevance of the scale separability condition at levels 0 and I
(.e. (Lyp, Lip)> 5.6x10°m and L; s> (Lyp, Lip)), while
the one-step homogenization procedure only assumes that the
C-S-H matrix manifests itself at a length scale that is much
larger than the characteristic size of the C-S-H solid phase
L; >5.6x 10° m). On the other hand, the experimental input
parameters in both homogenization schemes are the same:
the stiffness properties and the volume fractions of the two
types of C-S-H, determined by nanoindentation (see Table
2). In the one-step homogenization procedure, the input
parameters k; and g, are determined by a back analysis of the
stiffness properies of the LD-C-S-H and the HD-C-S-H
(thus assuming (Lyp, Lip)> 5.6 x 10°m, which is more
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severe than L; 5.6x10°m). Hence, both upscaling
schemes have similar restrictions and validity, which explain
the good agreement of (63) and (64).

3.4 Cement paste (Level II)

At level II, the composite material is composed of a
number of mechanically active solid phases, in addition to
the porous C-S-H matrix, and an additional capillary
porosity. This case if covered by (24), (45) and (47). In
addition to the poroelastic properties of the C-S-H matrix,
and the capillary porosity @, , the intrinsic input parameters
(i.e. those that do not change from one material to the other)
are the stiffness values of the additional solid phases (the
residual clinker phases and Portlandite crystals, see Table 2).

The volume fractions of the phases are also known from
mass density measurements (52) and (56). For a w/c= 0.5
cement paste, for which all clinker phases are consumed in
the hydration reactions, the problem reduces to a composite
material composed of a porous matrix (C-S-H matrix of
volume fraction fosz=Vesy / Vi = 082, stiffness
kesy =Kiom 38csy =Gi,m)» an inclusion phase (the

Portlandite crystal inclusions of volume fraction

Jen= VeV = 0.11, stiffness kcy and gy see Table 2) and

a macroporosity #, = 0.07, for which:

= The drained bulk modulus and shear modulus is given
by (24):

V. { bom = S esuk csn A s + Feuk cud én }(65)
n:
G rgym =fesu8 esud (llzs'l.' +feugend gn

By estimating the concentration factors with a Mori-

Tanaka scheme, the drained stiffness properties of the
w/c=05 cement paste are K., =14.1GPa,

G =87GPa, thus a drained Youngm’s modulus of
E! = 21.7 GPa. We also note that the undrained bulk
modulus is K= 16.6 GPa, and the associated
Young’s modulus g »*# =22.3 GPa.

= The Biot coefficient is derived from (45), by adding to
the Biot coefficient associated with the capillary
porosity the contribution of the porous matrix:

:b)!

hom

¥/ 1 v — v 1 v
=by + fesuOromAcsn = oA} + Fesubrom Acsu

inV, (66)

For the w/c=0.5 cement paste, for which the capillary
porosity is relatively small (g, = 7%), the Biot
coefficient associated with this capillary porosity is small
as well, p/’ =0.15, and the overall Biot coefficient is
dominated by the contribution of the porous C-S-H
matrix, f...bl Alg =0.54; which yields a total of
bl =0.69.

= The skeleton Biot modulus is derived from (47), where

we add to the contribution of the porous matrix the
additional stiffness of the CH inclusion phase:



-1
inVII:N" =(fCSH+fCH(1_AZ‘H)J (67)

hom Ji
N hom kCH

For the w/c=0.5 cement paste, we obtain
N =955GPa. The overall Biot modulus is then

determined from (43), by considering as effective
porosity the sum of the capillary and the weighted gel
porosity, i.e. @' =@y + frgy x @ ; thus in summary

for the w/c = 0.5 cement paste, for which ¢/ = 0.34:

wl/ic=0.5:
b =069 N =955GPa (68)
M"=53GPa B”=0.22

These results are compared with a one-step homogenization
process, involving the solid phase of the C-S-H, which
occupies in the cement paste the volume fraction
f;” =1—fou-— T = (.55, the total porosity of the cement

paste ¢({’ =0.34, and the Portlandite inclusions wy =0.11.
Employing a Mori-Tanaka scheme (by letting k, =k, =
31.8 GPa, &0 =8, =19.1 GPa in (15), (16) and (17)), the

drained  skiffness properes are  K/! =14.7GPa,
G!' =9.1GPa, thus a drained Young’s modulus of

El =227GPa, and an undrained Young’s modulus of
E:1 =232 GPa; along with the poroelastic properties:

hom

wlic=0.5:
bl =0.54 N/’ =161.9GPa (69)

hom

M"=6.4GPa B" =0.21

While the stiffness properties differ little from those
obtained with a multi-step homogenization procedure, the
Biot coefficient is somehow lower, and the Biot skeleton
modulus somehow higher. In retum, the Skempton
coefficient is literally the same.

3.5 Mortar and concrete (Level I1I)

At Level III, the material is composed of a porous matrix
(the cement paste) and non-porous inclusions. From a
morphological point of view, the porosity belongs to the
phases at a level below (cement paste). Given the
separability of scale condition, the porosity does not enter
the Level III, but is already included in the poroelastic
properties of the cement paste that serve as input.
Consequently, the drained elastic properties are obtained
from the application of (59) to the two-phase system
(porous matrix and inclusions), neglecting any interface
zone around the aggregates; i.e.:

K =k +(k, k) f A}
in VI” :{ ;x;m M ( I M)sf‘l Id} (70)
Ghom =8y +(8,— 84 )J14]

where k, =K/ and g =G/ are the elastic properties of
the cement paste matrix, k¢, and g, the elastic properties of

the aggregate inclusions of volume fraction f;=V;/Vyy
given by mass density measurements (see relations (49) and

(50)), while 4; and 4 are strain localization factors. For
this case, the Biot parameters, b and N, are given by (45)

and (47)%
b’(’)’m= 1- AT =(1- Av)b’(’)
in V{” :f h ( fl?ﬁ M hou‘;{ fl I hom (71)
1 Nhom:Nhom/(l_f])
For the w/c = 0.5 mortar with a sand volume fraction of

roughly f; = 1/3 (from mass density measurements (49) and
(50) with values from Table 3) and known elasticity

properties (E;=625GPa; v=0.21), we obtain
KM =18.8GPa, GMX =12.2GPa, thus a drained

Young’s modulus of E =30.1GPa, an undrained
Young’s EX" =30.8GPa, along with the
following poroelastic properties:

modulus

w/c=0.5:
b =0.54 N/ =143.2GPa (72)

M7 =9.4GPa B" =0.24

where we employed ¢ =(1-f,)¢l = 023 for the

determination of the overall Biot modulus.

Finally, we compare these results with the ones that are
obtained from a one-step homogenization procedure of a
composite material, composed of three solid phases (C-S-H
solid k;=31.8 GPa, g;=19.1 GPa, (% —(1-f)f¥=~037;

Portlandite  crystals kcy=33.3 GPa, gcy=14.5GPa,
W = (1= f,) for =0.075 and sand inclusion k;=35.9 GPa,

g/=258GPa) and a total 01” =

(1- f)@d" = 0.23 (which includes both the gel porosity

porosity  of

and the capillary porosity of the cement paste matrix). In
this case, there is no clear dominadng matrix inclusion
morphology, as all (solid) phases may play the role of the
matrix. This suggests the use of a self-consistent scheme for
the determination of the concentration factors, i.e.
k,=K/" and g =G/ in (15), (16) and (17). This self-

consistent scheme delivers slightly smaller stiffness values

* We recall that the determination of the Biot coefficient and Biot
skeleton modulus of a composite composed of a porous matrix is
based on the consistency of the fluid pressure state equation. For
the porous matrix:

; P _ g bij

m VM . _]W[_ - —bhomE +(¢_¢0)

hom

where ($9—8,)" is the porosity change of the porous matrix,
which at level IIf reads @B-)" =(1- £, Xd—ds)" -

Furthermore, in the case of the empiy porous matrix (p = 0), the
strain E" is related to the strain at level IIl by the strain
localization condition E" = AL,E™. Hence, the pressure state

equation at level III which is consistent with the pressure
prevailing in the pore space of the porous matrix reads:

— _blll Eb’i +(¢_¢ )lll

= o

_pP_
i hom
Nham

along with (71):
b = (- At 1o
hom 1 M~ hom » NIH NII

hom hom



Table 3 - Measured versus predicted properties of a w/c =0.5 cement reported from such tests is often much
paste and mortar smaller than the dynamic stiffness
LEVEL I LEVEL 111 measured on the same material. By way
Measured Cement paste _w/c =0.5 Mortar of example, Table 3 reports th? dynamic
P [kg/nT] | 8984 9 2171415 Young’s modulus determined by
! OO0+ = Ultrasound Pulse Velocity (UPV) and
Am 3974 1.1 97.54 0.4 Resonance Frequency (RF) of the cement
pl e e paste and mortar we consider in this
Erone [Gpal 18.6+ 0.6 21.6+04 study, together with the static stiffness
Ezs [Gpa] 21.7+0.1 252+ 0.1 obtained from the unloading branch of a
Eupy [Gpa] 22.8+0.5 265+ 1.8 uniaxial compression test. The static
Predicted fi=0.33 | £=0.33+0.06 modulus is some 10-20% smaller than
Upscaling scheme [ 3-step (MT) [ I-step (MT) [ 4-step (MT) [ I-step (MT) the dynamic stiffness. Hence, a
Eiom [Gpal 21.7 22.7 30.1 28.4+ 2.7 consistent comparison with the estimated
V hom (1] 0.24 0.24 0.26 0.23 stiffness values obtained by upscaling
EX [Gpa) 223 232 30.8 29.0+ 2.6 should be made with the dynamic
” stiffness values. More precisely,
Y bom (1] 0.28 0.27 0.28 0.25 = In UPV-tests, fhe sgfﬁless is
biom (] 0.69 0.54 0.54 0.48%0.05 determined from the velocity with
Noom [Gpa] 95.5 161.9 143.2 131.7+12.9 which a wave travels through the
Miom [Gpa] 5.3 6.4 9.4 9.4£0.9 sample (for details see e.g. (44, 45)).
B (1 0.22 0.21 0.24 0.2330.01 Given the high frequency (in the

P = mass density of saturated sample;
Am = change in mass content due to drying at 105°C;

E i = Young’s modulus deterniined from uniaxial unloading tests
Eypy= Young’s modulus determined by Ultrasonic Pulse Velocity;

Egy = Young'’s modulus determined by Resonance Frequency:
Predicted (MT = Mori Tanaka,; SCS = Self-consistent Scheme):
Jr= sand inclusion volume fraction;

Eyom = drained Young’s modulus;

Vem = drained Poisson ratio;

E} = undrained Young's modulus;

vy . = undrained Poisson ratio;
brom = Biot coefficient;

Niom = Skeleton Biot modulus;
Miom = overall Biot modulus;

B = Skempton coefficient.

than those obtained with a multi-step homogenization
procedure: K™ = 17.3 GPa, G/" 11.6 GPa, thus a

hom
28.4 GPa,

m
undrained Young’s modulus E[:” =29.0 GPa; and the

drained Young’s modulus of E. an

following poroelastic properties:

w/c=0.5:
M =048 NM =131.7 GPa (73)

M™ =94GPa B"=0.23

These values are consistent with those obtained with the
multi-step homogenization procedure (72), particularly the
Biot modulus and the Skempton coefficient which are
(almost) identical.

3.6 Discussion

The developed upscaling schemes deliver estimates of
the poroelastic properties of cementitious materials at
multiple scales, that are difficult to assess experimentally.
Particularly, static tests in which simultaneously the mean
stress and the pore pressure are monitored are difficult to
perform in the purely elastic range, and involve very early
on irreversible deformation. The static stiffness that is

B
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500kHz - 5,000 kHz), and the
associated small wave lengths on the
order of 3-9 x 10 m [26), it is unlikely
that liquid mass can escape the
sample; and the conditions can be
assumed to be undrained. Hence,
UPV-measurements are  suitably
compared with the undrained stiffness
values.
= In RF-tests, a saturated sample is
brought into vibration, and the
stiffness is determined from the
frequency response of the sample (for
details see e.g. (46, 47]). Given the
wave lengths in the millimeter range
involved, it is unlikely that the fluid
pressure changes in large proportions; and the conditions
can be assumed to be approximately drained. This is
consistent with the general trend that RF-stiffness values

are systematically smaller than UPV-measurements [48],

which we also found in our study [26]; see Table 3.

Table 3 summarizes the stiffness values (and poroelastic
constants) obtained by upscaling. It is interesting to note
that the undrained stiffness values of the cement paste
almost coincide with the UPV-stiffness ( E:‘;x =22.3-

23.2 GPa versus E/l, =22.8+0.5); and also the drained

stiffness values almost coincide with the RF-measurements
(EJ =21.7-22.7 GPa versus EZ =21.7+0.1). This good

agreement is a clear indication of the predictive capabilities
of the homogenization scheme for the cement paste, that is
the capability of the model to capture the strain localization
in the solid phases. Since the strain localization is
intimately related to the Biot coefficient and Biot moduli,
we may interfere that the stiffness validation includes the
validation of 5/ and N,! given in (68) and (69).

By contrast, the stiffness values obtained by
homogenization of the mortar with an inclusion fraction of

Jfi= 1/3 are some 10-15% greater than the experimental
values for both the undrained ( Ert =29.0-30.8 GPa



versus  EX. =265+1.8) and the drained case

(El =28.4-30.1 GPaversus £ =25.2+0.1).

This is an indication of an additional micromechanical
feature which adds a compliance to the composite material of
non-negligible magnitude, and which has not been taken into
account in our upscaling schemes. Several contributions in
the open literature hint to the role of an Interfacial Transition
Zone (ITZ) in between the inclusions and the cement paste
matrix, which may well explain this difference. This zone is
known to be a zone of on average higher porosity than the
cement paste matrix. The Biot coefficient determined by
neglecting the ITZ, therefore, may well appear as a lower
bound of the actual Biot coefficient of the mortar. However,
the difference between experimental and predicted stiffness
values must also be seen in perspective of the experimental
accuracy of the inclusion volume fraction determined by
mass density measurements (49) and (50), ie
Jfr= 0.33£0.06, in conjunction with the relatively high
mortar-cement paste stiffness ratio of E;/Ey; ~2.9. Indeed,
using a one-step SCS homogenization scheme, the accuracy
of the determined homogenized undrained and drained
stiffness is on the order of the difference between
experimental and predicted values, Le.
Err =29.0+2.6 GPa and EX =28.4+2.7 GPa, and the

=0.4810.05 (see

hom
Table 3). In summary, while the ITZ may play a role on the
poroelastic properties of mortar and concrete (particularly for
very high w/c cement-based materials), it appears to us here
(for our w/c = 0.5 materials) of second order compared to the
sensitivity of the results with regard to the sand inclusion
volume fraction.

associated Biot coefficient is within

4. CONCLUDING REMARKS

Continuum Micromechanics and advanced microstructure
modeling of cement chemistry together with advanced
micromechanical testing (such as nanoindentation) provide a
rational means today to estimate the poroelastic properties of
highly heterogeneous materials, such as cement-based
materials, and to confirm that cement-based materials are
poromechanics materials that are sensitive to the pressure that
develops in the porosity of these materials at multiple scales.

If we admit that the gel porosity is the smallest pore
space in cement-based materials in which water occurs as a
bulk water phase, the poromechanical effect of this porosity
dominates over capillary porosity effects. The gel porosity
of 24% and 37% in high-density and low-density C-S-H,
which is the same for all cement-based materials, confines
the Biot coefficient within 0.61 < 4° < 0.71. Except for the
case of an excessive capillary porosity, this base Biot
coefficient decreases gradually at larger scales, because of
the addition of non-porous solid phases (Portlandite, ...,
aggregates), but is generally expected to be larger than
twice the (bulk water) porosity. This relatively high value
of the Biot coefficient indicates that the deformation of
cementitious materials is not only governed by the
deformation of the solid phases, but also by a change of the
porosity, particularly of the gel porosity in the C-S-H,
which is on the same order as the macroscopic deformation.
In a similar way, a pressure build-up or a pressure decrease
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(e.g. capillary pressure) also entails a non-negligible change
of this gel porosity, resulting in swelling or shrinkage of
these materials.

The Skempton coefficient B, which is a measure for the
sensitivity of porous material to drained and undrained
conditions, is almost constant over several orders of
magnitude, starting from the scale of the LD- and HD-CSH
(level 0), to the scale of the cement paste (level II), and mortar
or concrete composite (level III). It is on the order of B = 0.20-
0.25, which is a rather small value for a porous material with
such a high porosity. In tumn, this rather small value explains
the little difference between drained and undrained elastic
properties, and may well explain the little consolidation effect
that cement-based materials generally experience.

This may change, however, dramatically, when
cementitious materials are subjected to severe chemical
softening, such as calcium leaching. Calcium leaching which is
one of the most severe forms of chemical softening, dissolves
the Portlandite crystals and lead to a dissolution and re-
precipitation of the C-S-H phases. The first lead to an increase
of the capillary porosity, as the volume fraction of Portlandite
becomes part of the capillary porosity; which is expected to
increase the Biot coefficient of the cement paste (level II) and
the mortar (level 1II). Furthermore, the additional dissolution
and re-precipitation of the C-S-H solid phase is expected to
change the base Biot coefficient 4° (level 0) to an extent which
makes cementitious materials extremely vulnerable to pressure
variations in the pore space in the poroelastic domain [9]. The
same holds true for poroplastic and poroviscoplastic properties
of calcium leached materials, which have been addressed
elsewhere [41, 42].
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APPENDIX: DETERMINATION OF THE
PORTLANDITE VOLUME FRACTION

The Appendix specifies how to determine the Portlandite
volume fraction of a cement paste given the cement
composition. We first note that 2 mol C;S lead to 2.6 mol
CH, and that 2 mol C;S lead to 0.6 mol CH, i.e.

2C,S+10.6H—-»>C, S ,H;+2.6H
2C,S+86H —»C,,S,H,+0.6H

Thus, provided the C,S and C3S mass percent
(mC3;S,mC,S per mass cement) are known (which are
generally provided by the cement producer), an upper
bound estimate of the Portlandite volume fraction is given
by:
0.42 me s +0.13 M s

0.7142.24w/c

Sen S

where we made use of the molar masses and densities of
C;S, C5S and CH, and cement [49]. For the Type I Portland
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cement considered in this study, m. =053 [Zcs/g] ,

Mcgs =020 [gc,s/g], which yields foy < 14%. This
value is not far away from the actual CH-content of the
mix, which was found to be fcy = 11%.

With this value in hand, we solve simultaneously (52)
and(56), i.e. the following system of equations:

/M M N

—sat _224 fc,,

plv (193 F,,+2.13 £ P
Am ¥ 048 f,,+038 1, 7 &7

. ol )

The solution yields values for the matrix volume fraction
and the capillary porosity, which do not necessarily satisfy
the compatibility condition, ie. frsy + do+ for =1+ A. The
difference A#0 is a measure of accuracy of the
determination process, and requires cotrection of the
volume fractions. Given that both mass density
measurements favor the matrix volume fraction, it is likely
that the value of fcsy is determined with higher accuracy
than the value of the capillary porosity. The correction is
therefore made onto the capillary porosity.



