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Abstract. This paper presents the micro-mechanica modeling for predicting concrete behavior under
compressive loading. The model is able to represent the heterogeneities in the microstructure up to three
phases, i.e., aggregate particles, matrix and interfaces. The smeared crack concept based on non-linear
fracture mechanics is implemented in order to formulate the constitutive relation for each component. The
splitting tensile strength is considered as a fracture criterion for cracking in micro-level. The finite
element method is employed to simulate the model based on plane stress condition by using quadratic
triangular elements. The validation of the model is verified by comparing with the experimenta results.
The influence of tensile strength from both aggregate and matrix phases on the concrete compressive
strength is demonstrated. In addition, a guideline on selecting appropriate tensile strength for each phase
to obtain specified concrete compressive strength is also presented.

Key words: micro-mechanicad modeling; finite element method; non-linear fracture mechanics, con-
crete material; compressive behavior.

1. Introduction

It is well known that the concrete material is a complex mixture composed of various components
with different characteristics. The properties of the material vary from one position to another. It is
very difficult to establish a genera theory describing the overal concrete response from micro-
structural aspect. However, if such principle is developed, the mechanical behavior of concrete can
be predicted. In addition, suitable materials can then be selected to produce concrete with specified
performance. The literature review indicates that the available micro-mechanical models for concrete
can be grouped into two categories; discrete element method and continuum element method.

The discrete element method is based on a special assembly of specific elements to smplify the
problem. This type of models has been classified into two groups based on the underlying principle,
i.e, the particle model and the lattice model. For the former, Zubdewicz and Bazant (1987)
developed the interface dement to simulate cracks in composites of rigid inclusions embedded in a
soft linear elastic matrix. The interface layer cracking was based on the strength criterion of normal
force component. Consequently, the softening stress-strain relation after peak load corresponding to
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the microscopic interparticle fracture energy was introduced by Bazant et al. (1990). In their paper,
the truss network model is employed to exhibit the size effect of specimens. While, Schlangen and
van Mier (1992) adopted the lattice model of beam elements to simulate the brittle behavior of a
concrete material. Recently, Zhong and Chang (1999) proposed the discrete element modd by
assuming that the interparticle binder initially contains microcracks. The stress-strain behaviors
under uniaxial and biaxial conditions were presented.

In the continuum element approach, regular types of elements are used to represent the entire
domain of concrete. Thus, they can easily be implemented into a common finite element program.
The specia attention has been directed toward the development of the constitutive relation that takes
into account the non-linearity of material. Roelfstra (1989) considered the elastic aggregate particles
connecting to the weaker matrix phase by softening springs and friction elements. By employing the
concept of linear elastic fracture mechanics, Zaitsev and Wittmann (1981) simulated crack
propagation and failure of concrete and hardened cement paste. The crack trgjectories of the
granular microcracked concrete body under direct tension were numericaly investigated by Wang et al.
(1993). Bazant and Oh (1983) introduced the idea of crack band model in the smeared sense to
present the continuoudly distributed microcracking within a fixed width. The concept of smeared
crack is also implemented in the truss-network mode by Mohamed and Hansen (1999a, b) to
simulate the crack patterns of concrete specimen under different types of loading. In their modd,
the tensle cracking at the micro-level is the failure criterion and only axia deformation is
considered in the forms of truss elements, i.e., shear deformation is neglected.

In the context of three-dimensional anadysis, Bazant et al. (1996) implemented the microplane
modd to investigate nonlinear tri-axial behavior of concrete in compression with shear. Although
the microstructure of concrete is actually three-dimensiona, the two-dimensiona modeling can
represent the global behavior of concrete material satisfactorily with much less effort and time-
consuming when compared to a rigorous three-dimensiona anaysis.

In this paper, a smple modd of concrete microstructure for predicting concrete behavior under
compressive loading is presented. The finite element model is generated based on the two-
dimensional plane stress condition by using quadratic triangular elements. Shear deformation is thus
included in the model. The concrete cracking and constitutive relation come from the concept of
non-linear fracture mechanics. The failure criterion is applied to al three phases, i.e., aggregate,
matrix, and interfaces. The accuracy of the proposed moded is verified by comparing with the
experimental results. The influence of tensile strength from both aggregate and mortar phases on
concrete compressive strength is studied. In addition, a simple chart for selecting an appropriate
tensile strength of each phase for desired compressive strength of concrete is established.

2. Micro-mechanical model for concrete
2.1 Heterogeneity simulation

The microstructure of concrete is too complex. It includes several inhomogeneities that widely
vary in their size. For example, the general dimension of coarse aggregate is more than 10 mm,
while a fine aggregate scales from 0.01 to 10 mm. The capillary pores embedded in the nanometer
structure of hydration products are about 0.0005-0.01 mm. Therefore, it is impossible to model the
entire microstructure of concrete by a single model. Zaitsev and Wittmann (1981) suggested
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Table 1 Structurd levels of concrete and corresponding features

Structural level Macro-level Meso-level Micro-level Nana-level
Main heterogeneity Coarse aggregate Fine aggregate Large pores Small pores
Order or RVE* over 100 mm. 0.1 to 10 mm. 5e-4 to 0.01 mm. under 5e-4 mm.
Stress-strain characteristic Non-linear Quasi-linear Approx. linear Linear
Type of models Structura eng. Materia eng. Material science Material science

RVE* is the representative volume element.
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Fig. 1 Geometry of concrete microstructure considered in this study

considering concrete microstructure as a multi-level hierarchy system. Concrete is composed of the
random inclusions of coarse aggregate in a homogeneous mortar, which can be modeled further as a
system of distributed fine aggregate particles in a matrix of cement paste. Moreover, cement paste
comprises of pore space in uniform mass of hydration products. The important characteristics for
each level are summarized in Table 1.

In this study, the internal structure of concrete is idealized as reinforced with randomly distributed
round inclusions in the matrix system. The sample of the internal geometry is shown in Fig. 1. The
circles may represent coarse aggregate particles, fine aggregate grains or pore spaces, depending on
the level of observation. This inclusion phase is generated according to a given particle size
distribution. The simulation procedure of inclusion is similar to the one employed previoudy by
Bazant et al. (1990). The minimum clearance of 0.5 mm between the particles, the boundaries, and
1 mm among the particles are established to provide space for the matrix phase to surround the
inclusion particles, and to prevent the particle overlapping.
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Fig. 2 Mesh generation for concrete microstructure

2.2 Finite element modeling

The analysis of a micro-mechanical model for concrete, like in Fig. 1, requires the application of
numerical methods. In this paper, the continuum finite element method is selected to be a tool for
handling such a model. The finite element mesh for a system is generated based on Delaunay
triangulation. The sample mesh generation of concrete microstructure is shown in Fig. 2. The ring
areas around aggregate particles represent the interface phase.

For the sake of simplicity, the plane stress condition is assumed, and the quadratic triangular
dements with straight sides and midside nodes are employed for the discretization. This element is
considered an excellent element for two-dimensional analysis (Cook et al. 2002). The diffness
matrix for quadratic triangular element can be expressed as

[kl = [,[BI'[E][B]AV (1)

where [B] is the strain-displacement matrix and [E] denotes the congtitutive matrix. For isotropy and
plane stress condition, [E] can be given by

E _
El = 1% 1-v 0 2
=T a2y . 1_2y @

where E is the eastic modulus, and v is Poisson’s ratio.
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2.3 Failure criterion and constitutive relation

In the macro-level, a concrete member subjected to any type of loading may fail due to the effect
of splitting, crushing, shearing, or the combination of these actions depending on size, shape and
boundary condition of the specimen (Kotsovos 1987). However, from the micro-structura point of
view, it is accepted that the failure of concrete is the result of the initiation, propagation and
codition of individual cracks. These cracks normally occur when the principa tensile stress of the
dement in the material reaches the value of tensile strength of the material (Bangash 1989). The
plane of tensile strength depends on loading and boundary conditions. Thus, the present model is
based on the hypothesis that cracking at the micro-level of concrete materia is a failure criterion,
and the tensile strength is a key parameter.

When the loading is initially applied to the specimen, the principal stress within each element
does not reach the tensile strength of the material. All elements throughout the specimen behave
like linear elastic materials, and the constitutive matrix ([E]) for the plane stress condition given in
Eqg. (2) can be used. However, when the load is higher and tensile stress in the element reaches the
tensile strength, a crack is then taken place and the constitutive matrix is changed. According to
Karihadoo (1995), the stiffness matrix under plane stress condition for the element that the crack
occurs can be expressed as

E O 0
E]=|0 F EO ©)
0 O _&(1+ "

where E is the secant elagtic modulus of the element, E' is the slope of stress-gtrain curve after
pesk, as shown in Fig. 3, and B is the shear retention factor. In this model, the value of f that
equals 0.4 is used (Lorrain et al. 1999).

From the congtitutive matrix of the element after cracking given in Eg. (3), it is implied that an
dement under compression is linear elastic throughout the simulations. On the other hand, the

> ¢
€, €,

Fig. 3 Congtitutive relation for element subjected to tension
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stress-strain relation for elements subjected to tension is linear elastic up to the splitting tensile
srength (f,), and then is followed by a softening part, as shown by a shaded area in Fig. 3.
Therefore, the parameters required to establish the first part of the relation are E, f,, and v. The
parameter associated with the softening part of the curve is the fracture energy associated with the
given shape of dress-separation curve (Gg). This parameter can be derived from the concepts of
non-linear fracture mechanics, which are described in the following subsection.

2.4 Fracture toughness of concrete

The fracture energy or fracture toughness (G) is the required energy for the propagation of a unit
length of crack in a material with unit thickness (Shah et al. 1995). For a concrete material that
behaves like a quasi-brittle material, the fracture energy is divided into two parts: (i) the energy
consumed to create new crack surface, and (ii) the energy to overcome the cohesive pressure in
fracture process zone to separate the surfaces. However, the fictitious crack approach considers the
former energy to be negligible when compared to the latter one. Then the fracture energy can be
expressed as

G = [owdw 4
0

where o(w) is the normal cohesive pressure defined as a function of separation displacement and w,
is the crack separation displacement at the initial crack tip, as shown in Fig. 4. The cohesive
pressure is equal to tensile strength (f;) of the material where the microcrack starts and zero at the
crack tip. The upper limit of the integration w; will become the critical crack separation (w,) for full
crack separation (Shah et al. 1995). Accordingly, the integration in Eq. (4) for the area under entire
softening stress-strain curve is given by

Applied load, p

EEERERRERRE

Fracture
process zone
| 1

Initial crack

Fig. 4 Concrete crack and cohesion pressure in fracture process zone (Shah et al. 1995)
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W,

Gr = [o(w)dw (5)
0

By assuming linear decay of stress-separation curve, Eq. (5) becomes

(6)

According to the idea of smeared crack presented by Bazant and Oh (1983), the ultimate strain g,
of an element can be computed from w, in Eq. (6) by introducing a parameter of element size (h.)
as

g, = = )

The term “element size” seems ambiguous in this model since the triangular element is used.
However, it helps the model to be independent of the mesh number and the specimen scale (Bazant
and Planas 1998). In this paper, the element size is assumed to be a function of the element area,
which will be evaluated in the calibration step.

2.5 Calibration for element size

Since the element size (h,) is incorporated in the model, the calibration is then performed to
determine the value of h, based on the axial elastic modulus testing. This procedure is similar to the
one used by Mohamed and Hansen (1999a) for the truss-network model. First, the dlement size is
assumed to be the ratio of the element area, and the same eéagtic modulus is assigned to all
dements in the specimen. A unit deformation is applied at one end, while the other end is fixed in
the loading direction and free in the perpendicular direction. After evaluating the reaction at the
fixed end, the resulting elastic modulus of the specimen can be computed. If it is different from the
previous value, the calculation is repeated with a new element size being given until the computed
dastic modulus agrees well with the assigned one. It is found that the ratio between the element
size and the element area is different when the inclusion arrangement pattern is changed. The ratio
is varied from 0.68 to 0.84. Nevertheless, this ratio is quite constant with respect to the mesh size.

3. Model prediction for compressive loading

Consider a 100 x 100-mm concrete specimen subjected to compressive loading. The aggregate
particles are distributed exactly as shown in Fig. 1. Two sizes of the aggregate are used, i.e., 10 and
20mm in the ratio of 60:40 by area. The aggregate particles occupy about 64% of the whole
specimen area. The material properties for each phase are given in Table 2. In the first ssimulation,
the interface phase is neglected by assigning the same properties as those of the bulk paste. For two
other cases, the interface phase is considered with the properties, except Poisson’s ratio, being less
than those of the bulk paste.

All simulations for compression test are performed by gradually applying a uniform displacement
at one end, while the other end is prevented from movements in loading direction but is free in the
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Table 2 Materia properties of each phase for the numerical result in Fig. 5

Phase Simulation E (GPa) fi (MPaQ) Gr (N/mm) 1%
Aggregate All 80 16.0 0.080 0.15
Matrix All 40 8.0 0.064 0.25
1 40 8.0 0.064 0.25
Interface 2 36 7.2 0.058 0.25
3 32 6.4 0.051 0.25
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Fig. 5 Simulated stress-strain curve of concrete cube under compressive loading

perpendicular direction. The predicted stress-strain curves are shown in Fig. 5. The results indicate
that the concrete specimens from all simulations behave almost linearly up to 30 percent of the
ultimate load, and then are followed by a non-linear part. The degree of non-linearity increases with
increasing displacement until the ultimate load is attained. Thereafter, the specimens soften and the
load-carrying capacity gradualy deteriorates until the specimen fails. It can be observed from all
simulations that the magnitude of the peak stress increases when the material parameters of the
interface phase are increased. The smulation for failure pattern of the specimen, when the interface
is neglected, is presented in Fig. 6. The shear band type of cracking is observed, though the model
considers only tensile failure at the micro-level. Most cracks propagate at the interface around
aggregate particles. The vaues of the peak stress seem to be a proportion to the properties of
interface.

Fig. 7 shows the stress-strain curves of concrete specimens simulated for different patterns of
aggregate arrangement to consider the effect of the uncertainty in aggregate distribution. Four
patterns of aggregate arrangement are considered. The arrangement in pattern 1 is the same as that
in Fig. 1 and the fraction volume of aggregates is kept congtant for al patterns. It is noted from Fig. 7
that the main difference in compressive behavior of concrete with different aggregate arrangement is
the load-bearing capacity. The discrepancy in the ultimate loads of the specimens with well-
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Fig. 6 Smulated crack pattern at failure of concrete cube under compressive loading
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Fig. 7 Simulated stress-strain curves for different patterns of aggregate arrangement

Stress (MPa)

0

distributed aggregate (pattern 1 to 3) is within five percent. The lowest ultimate load is found in the
specimen of pattern 4, in which the segregation of aggregates occurs. Its value is about 10% lower
than the average value of the other three patterns. The influence of the specimen size on the
compressive behavior of concrete is investigated next. Fig. 8 presents the stress-dtrain curve
smulated for three different sizes of a concrete cube. As expected, the predicted compressive
strength is reduced when the specimen size is increased, which can normally be found in the
experimenta works.

The dependency of a finite element solution on the mesh size, or the so-called mesh sensitivity, is
a serious problem usually found in a modeling stage. To check the mesh sensitivity for this mode,
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Fig. 8 Simulated stress-strain curves for different specimen sizes
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Fig. 9 Simulated stress-strain curves for different numbers of elements

three different discretizations are generated by using the same aggregate arrangement pattern and
material properties. The number of element in each case are 10012, 20136, 40148 elements,
respectively. It is evident from Fig. 9 that the model is mesh insensitive, provided that the mesh is
fine enough to represent the heterogeneity in the concrete material.

Fig. 10 presents the comparison between stress-strain curves obtained from the present model and
the truss-network model given by Mohamed and Hansen (1999b). Three mixes of a 100 x 200-mm
concrete specimen with aggregate size of 19 mm are simulated. According to Mohamed and
Hansen, the aggregate particles are assumed to be linear elastic throughout the smulation, i.e., only
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Fig. 10 Comparison of simulated compressive behavior with the truss-network model

Table 3 Materid properties of each phase for comparison in Fig. 10

Simulation Phase E (GPa) fy (MPa) Gr (N/mm) 1%
1 Matrix 40 8.0 0.080 0.25
Interface 3R2 6.4 0.064 0.25
5 Matrix 35 6.0 0.080 0.25
Interface 28 4.8 0.064 0.25
3 Matrix 30 4.0 0.080 0.25
Interface 28 2.8 0.064 0.25

dastic modulus equal to 65 GPa is considered for the aggregate phase. The material parameters for
the interface and matrix phases are given in Table 3. In addition, Poisson’'s ratio equa to 0.25 is
used for both matrix and interface phases of all three simulations from the present model. Note that
Poisson’s ratio is not taken into account in Mohamed and Hansen's model.

Comparison in Fig. 10 indicates that the smulated ultimate load and the corresponding strain
from both models are much different. The predicted ultimate loads of specimens from Mohamed
and Hansen are lower and the corresponding strains are about 0.001. On the other hand, the
predicted strains at ultimate loads from the present mode are in the range of 0.0015-0.002, which
are close to the typical vadue from the experiment. This may be a consequence of the fact that the
model with truss elements has less loaded area than the one with the plane stress elements. When
the concrete specimen is compressed, the truss elements will sustain higher stress and will fail
prematurely. Since the failure criterion is defined in term of tensile strength, the ultimate load and
the corresponding strain in the truss-network model will then be lower than those from the present
modd. In the next section, the compressive behavior simulated from the present modd will be
compared with the experimenta results to validate the proposed model.
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4. Model verification with experiment

The experimental work was performed at Chulalongkorn University to verify the accuracy of the
present model. Three mixes of mortar were produced from the ordinary Portland cement, condensed
silica fume, the river sand with fineness modulus of 3.04, the tap water, and the naphthalene-based
superplagticizer, if necessary. The water/cement ratio was varied in order to make mortars with
significantly different strengths. Only one type of crushed limestone with the maximum size of
20 mm was used as the coarse aggregate. The aggregate particles with the size less than 10 mm are
about 60% of the whole aggregate by volume.

The tensile strength ( f;), elastic modulus (E), Poisson’s ratio (v), and fracture toughness (Gg) have
been evaluated for mortar phase at the age of 28 days and aggregate phase as given in Table 3.
Tensile strength of briquette mortar specimens was tested according to ASTM C-190, whereas for
elastic modulus and Poisson’s ratio, compression test of 50 x 50-mm cubic mortar specimens was
performed. For the aggregate phase, the cored rock specimens with diameter of 10 mm were tested
to evauate their splitting tensile strength, elastic modulus, and Poisson’s ratio, respectively. In
addition, the fracture toughness was calculated for both mortar and aggregate phases according to
the methods suggested by RILEM (1985) and ISRM (1988). The test setup for evaluating the
fracture toughness of mortar is shown in Fig. 11. Due to the fact that the properties of the interface
phase are extremely difficult to measure, they are assumed to be the same as those of the matrix
phase. The high-strength concrete mixes had been made to ensure that the interface behaves well in
the same degree as the bulk mortar (Monteiro and Mehta 1986).

Concrete was mixed and filled in 150 x 150-mm cubical molds prior to be demolded and stored
in the water until the time of testing. The compression test of the concrete cube was performed at
the age of 28 days by using the displacement-controlled universal testing machine. The axia
deformation of the specimens was detected by did gauges as shown in Fig. 12, which were
removed after the highest load was achieved. Fig. 13 shows a comparison of the stress-strain curves
between the numerical simulation from the present model and the experimental results. It is obvious

Fig. 11 Test setup for evaluating fracture toughness of mortar
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Fig. 12 Test setup for compressive test of concrete cube
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Fig. 13 Comparison of smulated compressive behavior with the experiment

Table 4 Materid properties of each phase for comparison in Fig. 13

Mix No. Phase E (GPa) fy (MPa) Gr (N/mm) v
1 Aggregate 98.2 20.8 0.09 0.17
Matrix/Interface 385 9.2 0.07 0.24
5 Aggregate 98.2 30.8 0.09 0.17
Matrix/Interface 36.8 7.8 0.06 0.24
3 Aggregate 98.2 20.8 0.09 0.17

Matrix/Interface 27.6 52 0.06 0.25
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Fig. 14 Typicd failure of concrete cube under compressive loading

that a good agreement between the two results is obtained for both stiffness and strength
characteristics of concrete in al three mixes. Fig. 14 presents the typica failure of the concrete
cubes obtained from the experiment. Note that the shear band type of cracking is found as predicted
from the present model (see Fig. 6).

5. Effect of component’s tensile strength on concrete compressive strength

In this section, the influence of tensile strength of both aggregate and matrix phases on the
compressive strength of concrete is presented. The same system used in the numerical results shown
in Fig. 5 is employed in the parametric study to invegtigate this effect. The tensile strength of the
aggregate phase is considered in the practical range of 8 to 40 MPa, whereas for the mortar phase,
its tensile strength is varied from 2 to 16 MPa. Fig. 15 presents the influence of tensile strength
from both phases to concrete compressive strength. It can be seen that increase in tensile strength of
mortar phase raises the compressive strength of concrete. However, the increment in concrete
compressive strength becomes smaler as the aggregate tensile strength is higher since the
compressive grength is then controlled by the tensile strength of aggregate. Similarly, the
improvement on concrete compressive strength by enhancing the tensile strength of mortar is also
limited by the aggregate tensile strength.

Fig. 16 presents a chart for selecting appropriate values of aggregate and mortar strength to
obtain desired concrete compressive strength. This chart may be applicable for concrete
compressive strength up to 250 MPa, which is extremely high strength concrete. The experimental
work has been carried out at Chulalongkorn University to demonstrate the applicability of the chart
for the concrete strength higher than 150 MPa. Similar chart can also be developed to obtain a
mortar with required strength from the appropriate values of the tensile strength of cement paste
and fine aggregate.
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Fig. 15 Influence of tensile strength from mortar and aggregate on concrete compressive strength
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Fig. 16 Guideline on selecting component’s tensile strength for specified concrete compressive strength

6. Conclusions

In this study, the micro-mechanical modeling of concrete microstructure to predict concrete
behavior under compressive loading is presented. The concept of smeared crack approach of the
fictitious crack model based on the non-linear fracture mechanics and the application of finite
element method with the quadratic triangular element under plane stress condition is implemented.
The proposed model can simulate the complete behavior of concrete under monotonic compressive
loading, including the softening response and the cracking pattern at failure. The predicted stress-
strain curves from the present model agree very closdy with the experimental results. The
incorporation of element size helps the model to be mesh-insensitive, i.e., the predicted response is
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independent on the mesh size, provided that the mesh is fine enough to represent the interna
heterogeneity. Furthermore, the effects of specimen size and aggregate arrangement pattern on the
stress-strain curve can be observed. The contribution from the tensile strength of both aggregate and
mortar phases to the compressive strength of concrete material is pointed out. The interaction
diagram between the components' tensile strength and concrete compressive strength is established
as a guideline to develop the concrete performance-based mix design. This model may be used for
simulating the mechanical behavior of concrete materia under other types of loading, such as, direct
tension, shearing, or any combination of these actions. Nevertheless, the verification of the mode
for other loading types has to be performed.
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