ECNDT 2006 - Poster 141

Determination of the Water Content in the
Porous Structure of Mortar By Means Of
Micromechanical Models and Ultrasonic
Velocity
Mª Montserrat ACEBES, Cristina GONZALO, CARTIF, Valladolid, Spain
Margarita GONZÁLEZ, José Javier ANAYA, Teresa SÁNCHEZ, Instituto de Automática
Industrial (CSIC), Arganda del Rey, Spain
Abstract. The application of cementicios materials is widely extended fundamentally for
its use as structural elements. In this sense, it presents some advantages respect to other
materials, in spite of the different physical and chemical attacks that limit its durability.
This durability is a function of its porous structure, because the existence of pores
facilitates the destructive agents which attack the interior of the material. These agents
frequently are transported dissolved in water and therefore he is advisable to determine the
presence of this element in the porous structure by means of non destructive techniques.
In this work we are going to evaluate the amount of present water in mortar samples from
the ultrasonic velocity and multiphasic micromechanical models.

Introduction
The behaviour of concrete structures throughout their useful lifetime is one of the main subjects
under study and investigation in civil engineering. Durability of said structures will depend on
factors such as chemical attack, the mechanical load to which they are subjected, temperature
variations and drying and wetting processes, amongst others. The scope of the damage produced
by the above-outlined factors will mainly arise due to the materials’ microstructural
characteristics. Microstructural characteristics depend to properties of the constituting materials,
dosage, manufacturing process, maturity, etc. The porous structure of the cementitious materials is
one of the main microstructural characteristics, due to the fact that it is responsible for transporting
the substances into the concrete structure. The porous structure is formed by an extensive network
of interconnected pores that cover sizes ranging from nanometres to millimetres, which may be
partially or totally full of fluids. One of the fluids that in general is present in said structures is
water, which, depending on the environment in which the concrete structure is situated, may cause
damage due to freeze – thaw cycles, diffusion processes and drying process, amongst others. In
general, the above-mentioned factors are presented in coupled fashion with each other, which
makes application of models providing global information covering durability of cementitious
materials very complex. The purpose of this paper will be the evaluation of the behaviour of the
ultrasonic velocity of the cement-based materials when the water content in the
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porous structure was to vary. The study will be executed by means of application of
multiphasic micromechanical models, jointly with non-destructive testing with ultrasonic
techniques.
Application of micromechanical models to cementitious materials allows us to
obtain information about the composite, in function of microstructural characteristics, with
these being elastic properties, volume fractions, geometry and orientation distribution
function of the inclusions within the matrix. In [1, 2] the formulation and application of a
triphasic micromechanical model was presented, with the object of determining the volume
of pores in mortar test specimens. The results obtained from the mentioned works allowed
estimating the porosity with an error comparable to that obtained in the destructive porosity
tests (Rilem, Mercury porosimetry, etc.). A study was presented in [3] covering behaviour
of the dry and saturated cement paste. Acceptable predictions covering the ultrasonic
propagation velocity in comparison with the measurements over the cement paste test
specimens were obtained by applying a biphasic model. Notwithstanding, the possibility of
having a pore partially full of water was not evaluated in this work.
This work consists in two parts. In the first a study covering behaviour of the
mortar’s porous structure upon variation of the water content is put forward, the same by
way of a four-phase micromechanical model. The micromechanical model to be used is
based on the average field theory of Mori Tanaka [4] and on Eshelby’s equivalent inclusion
principle [5]. Said model is an extension of the two-phase and three-phase models
mentioned above and it allows us to take into consideration the non-solid phase (porosity)
as another constituting phase. A few experimental results are presented in the second part,
which have been obtained as of the ultrasonic longitudinal velocity measurement and by
application of the multiphasic model.

1. Micromechanical Model of four phases
Let’s take into consideration an effective means, which is elastically equivalent to a
heterogeneous material formed by a matrix and three types of inclusions. In said material
the average strain of the composite is the sum of strain that are produced in each one of the
phases, taking into account that strain produced in the inclusions should be executed over
all the possible orientations, given that strain field in each inclusion is orientation
dependent.
As of the formulations outlined in [1] and [3] for the two-phase and three-phase
models respectively, we can observe that the elastic properties of the heterogeneous
material are a function of the elastic properties, volume fractions and distribution of
orientations of the constitutives phases:

(

C = f C m , C a , C p ,ν m ,ν a ,ν p , Ta , T p

)

where C represents the elastic constants tensor, v is the volume fraction and T is the
four-rank tensor (Wu’s Tensor) [9], which takes into account geometry, distribution and
orientation of each one of the types of inclusions.
Taking into account the above-outlined considerations, the four-phase model could
be exposed as:
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Where i denotes the types of inclusions [7]

1.1. Application of micromechanial model of four phases to cementitious materials
In the previous works, behaviour of the porous structure under cement paste [3] and
mortar [1] was studied, taking into consideration that the pores were completely full of air
or water. However, this consideration is far removed from the situation that we find for a
concrete structure in-situ. Given the extensive network of interconnected capillary pores, its
geometry and the environmental conditions in which the concrete is placed, it is quite
common to find that the porous structure is partially filled with water and that depending on
the season it ranges from dry to almost full of water. Thus, the model that was put forward
above will allow us to consider the pores with air and water as two different phases,
although with few similarities (geometry, distribution of orientations).
In this investigation, the mortar is considered as a material of four phases: a solid
matrix (cement paste, free of pores) and three types of inclusions: sand, pores with air and
pores with water. If we suppose that all phases are isotropic, the elastic constant tensor is
reduced to two independent elastic constants C 11 and C44 (transverse modulus), in reduced
notation,
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in which the sub-index m refers to the matrix and sub-indexes a, p and w to the
inclusions of sand, air and water respectively. Tijkl are the Wu tensor components, which
can be calculated in accordance to [6].
The components of the elastic constants tensor are related with the longitudinal and
transversal velocity as:
Vl =

C11

Vt =

C 44

ρ

ρ

3

where ρ is the density of the composite, which is a function of the densities and
volume fractions of the constituting phases.
The elasticity modulus of the composite is obtained as:
E=

C 44 (3C11 − 4C 44 )
C11 − C 44

2. Prediction of behaviour of ultrasonic velocity in mortar from the micromechanical
model
The behaviour of the velocity in mortars with pores partially or totally full of water will be
evaluated in this study. The geometry of the pores will be evaluated by considering these as
prolate spheroids with an aspect ratio of 1000, simulating the capillary pores; while the
sand is modelled as a sphere, due to the fact that in a previous work [1] it had been verified
that the geometry change had very little influence over the ultrasonic velocity.
First of all we will study the behaviour of the porosity in the ultrasonic velocity
while the pore is filling-up with water. For this let’s suppose that we have a test specimen
in which the elastic properties and density of the matrix and sand are known, table 1. In this
case we will vary the volume fraction of sand by means of the sand/cement ratio: 1/1, 2/1
and 3/1, and the total porosity, that is to say, between 5% and 25%.
Table 1. Materials parameters used in the simulations.
m
m
3
C11 (GPa)
C44 (GPa)
ρ (kg/m )
Cement paste
38
10
2.5
Sand
82.9
33.5
2.67
Pores with air
0
0
0
Pores with water
2.2
0
1

In figures 1, 2 and 3 the influence of the porosity variation and sand/cement
relation, 1/1, 2/1 and 3/1, respectively, on the ultrasonic velocity. In the measure that the
pore fills up with water we can observe how the velocity increases in the case of porosity
that is inferior to 15%. While in the case of porosities surpassing 15% a change in the
tendency takes place, with velocity reducing in the measure that porosity is greater.

Figure 1. Influence of the volume fraction
of sand and porosity on longitudinal
velocity to sand/cement ratio 1/1.

Figure 2. Influence of the volume fraction
of sand and porosity on longitudinal
velocity to sand/cement ratio 2/1.
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On the other part, if we compare the three figures we can observe that there is very
little variation in velocity with regards to the sand/cement ratio.

Figure 3. Influence of the volume fraction of sand
and porosity on longitudinal velocity to sand/cement
ratio 3/1.

The influence of the matrix’s elastic properties on the velocity is analysed here
below, the same based on the tetraphasic model. In this case the elasticity modulus of the
cement paste varies between 20 and 45 GPa, while total porosity is maintained at a constant
level (15%). The remaining properties are constant. Please see table 1.

Figure 4. Influence of the elasticity modulus of
matrix on the longitudinal velocity.

Figure 4 outlines the influence of the elasticity modulus of the non-porous matrix on
the longitudinal velocity. As of this figure we can observe that the velocity is very
susceptible to changes in the matrix’s elastic properties in comparison with the volume
fraction of sand. The matrix with the best properties displays less change in velocity than
the matrix that is less rigid, with a change in behaviour being observed of about 30 GPa.

3. Experimental
A set of mortar test specimens has been used with the aim of experimentally verifying the
influence that the amount of water that is present in the pores has over the velocity of the
composite.
The water/cement ratio of 0,45, 0,50, 0,55 and 0,60 was varied in order to change
the characteristics of the cement matrix and the porosity. Rated silica sand (D < 0,5 mm
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diameter) was used for manufacturing of our test specimens, dimensions of which are
40x40x160 mm. Table 2 outlines the amounts of sand, water and cement that have been
used in the manufacturing of both sets.
w/c
0.45
0.50
0.55
0.60

Table 2. Mortars composition.
Sand
Cement
1350
450
1350
450
1350
450
1350
450

Water
202.5
225.0
247.5
270.0

One of the extreme ends has been cut off from the original test specimen, a piece
measuring approximately 15 mm, to thus carry out the porosity measurements. Using this
porosity and the manufacturing proportions, the following volume relations were obtained
for the different components that are outlined in Table 3.
w/c
0.45
0.50
0.55
0.60

Table 3. Volume fractions and density of specimens.
va
vm
vp
0.6016
0.2280
0.1704
0.5859
0.2393
0.1748
0.5710
0.2475
0.1815
0.5569
0.2553
0.1879
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Density (g/cm )
2.13
2.07
2.10
2.09

The selected inspection technique corresponds to transmission via contact
throughout the test specimen. Two Panametric 500 Khz (A413) transducers have been used,
placed in the centre of the lateral faces. A SENDAS broadband pulser-receiver has been
used and a TiePie HS3 digital oscilloscope sampling at 50 Mhz, with 12 bytes of resolution.
The wetting process has been executed in a laboratory environment, introducing the
test specimens horizontally in a tank of water at 23ºC. The procedure that was executed is
as follows:
1.	 Drying of the test specimens at 80ºC during a 3 day period.
2.	 Once they reached room temperature, their length and weight was measured,
duly obtaining the ultrasonic signals. The same operations were executed over
an aluminium marker in joint fashion with the mortar test specimens to thus rate
the entire equipage in each measurement.
3.	 The test specimens were submerged in water and dried every certain period of
time (30 to 60 minutes). The surface was dried and weighed and when the
weight increase was significant, the remaining measurements corresponding to
point 2 were executed.
The acquired signals were digitally processed and the transmission time was
obtained by using the first cross-over times zero, given that it is considered that according
to the frequency that was used (λ  > 10·D) the effects of dispersion over the mortar could be
disregarded and the phase velocity can be used instead. The signal from the aluminium
marker is used for rating. In Figure 5 the variation in velocity of the test specimens as they
dry is duly outlined.
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Figure 5. Longitudinal velocity variation as test
specimens dry.

4. Discussion
The theoretical behaviour of the material used in the experiment is outlined in the figure 6.
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Figure 6. Longitudinal velocity, prediction and

measurement, for the group of samples.

Solid line: Theoretical velocity

Dashed line: measured velocity


Concordance of the general tendency in the variation of velocity can be observed. The lack
of total adjustment could be due to the fact that the pore filling process is not uniform [8]
and measuring of the velocity is executed in the central part of the test specimens.
In theory it has been verified that variation is practically independent from the
proportion of sand and very dependant on the total porosity and the elastic characteristics of
the cement matrix.
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5. Conclusions
In this work a methodology has been put forward, this being use of a tetraphasic
micromechanical model, which allows evaluation of the behaviour of the ultrasonic
velocity when the pores of a cementitious material is filling with water.
It has been verified that the variation of the ultrasonic velocity when the pores are
full of water mainly depends on the elastic characteristics of the cement matrix and on its
total porosity. In some cases the velocity increases, while in some it diminishes, remaining
almost constant in the case of others.
Consequently, determination of the water content in the pores by using ultrasonic
velocity is not a technique that can be generally used for any cementitious material. It can
only be used as a non-destructive ultrasonic technique when the characteristics of the
material can be determined by manufacturing or by way of extraction of markers.
The work that has been executed must be completed with experimental verification
of the remaining theoretical conclusions obtained by way of the tetraphasic model.
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