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Abstract

Mesolevel simulations were used to describe fracture processes in concrete. A new stochastic–heuristic algorithm was developed for

generating the composite structure of concrete in 3-D space, producing specimens with comparably high aggregate content and realistic

distribution. Aggregate particles were described as ellipsoids, allowing control in shape and size distributions. The continuum was discretised

into lattices of linear elements, in structural analyses. For 2-D analyses, slices from the 3-D specimen were idealised as planar trusses/frames,

while for the 3-D analyses the specimens were idealised as space structures. Fibre-reinforced concrete (FRC) was also modelled by

introducing additional linear elements interconnecting distant nodes of the lattice. Compression, direct tension and wedge-splitting tests were

simulated. Parametrical study was carried out to investigate the effect of different material properties and proportions in concrete admixtures.

Simulation results are in agreement with experimental observations. Applicability and enhancements for such models are discussed and

future research directions are proposed.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Current phenomenological models, which assume con-

crete as a homogeneous material, have been of consider-

able relevance in structural design, as they may realistically

predict the results of fracture processes in concrete. How-

ever, such models can neither estimate/describe the effects

of the concrete composition on the macroscopic material

behaviour nor contribute to material optimisations. For

obtaining a deeper understanding of the physical proces-

ses determining the macroscopic material behaviour, mod-

els considering the heterogeneous nature of concrete are

required.

Considerable differences of scale in the systems of

concrete’s internal structure do not allow the modelling of

such systems as one. Hence, different models may be

characterised by resolution ranges, which are usually deter-

mined by desired levels of detail and available computa-
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tional power. As a general classification, mechanical models

for concrete may be distinguished into three levels attempt-

ing to conform the scale to desired degrees of detailing of

the material’s structure. At a macroscopic level, the material

is considered as homogeneous. Hence, models take no

regard of the material composition. At the microscopic

level, the structure of the cement paste is modelled, partic-

ularly the porous media. At the intermediary level, the

mesoscopic level, the concrete is regarded as a two-phase

material, either as small aggregates surrounded by the

hardened cement paste or as coarse aggregate particles

dispersed in a matrix of mortar. Mesolevel models have

proved to be suitable for describing to a good extent the

complex fracture behaviour of the concrete, as well as for

investigating the influence of the concrete composition on

the macroscopic properties [1,2]. However, the resolution

range and applicability of mesolevel models may vary

considerably from one to another. The increase of resolution

range brings beneficial tractability but in general results in

loss of physical detail.

Potential flaws of mechanical mesolevel models of

concrete may be attributed to the limitations in producing



Fig. 2. Idealised slice cut-outs from a 3-D specimen for 2-D analyses.
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realistic depictions of the highly heterogeneous internal

structure of the concrete. The depicted concrete structure

used in numerical models, referred to as numerical concrete,

in most cases little resembles or does not resemble the real

concrete material used in the correspondent empirical anal-

ysis. Thus the use of accurate stress analysis methods, or

their results, may be highly questioned due to the inability

of fictitious concrete structures to capture physical reality.

While crude depictions have been capable of reproducing

macro behavioural features, they are unlikely to describe the

effects of different material properties of the concrete

components, as well as effects of different admixtures, on

the deformation and fracture behaviour. For mesolevel

models to portray such effects, it requires creating an

aggregate–matrix structure in a realistic way. Hence, the

corresponding generation mechanism should fulfil the fol-

lowing requirements:

(i) The location of the aggregate particles should be free

from correlations.

(ii) Shape and size of the particles should be randomly

distributed within given limits.

(iii) The spatial aggregate distribution should be relatively

uniform.

(iv) Given size distribution and content of the aggregates

should be exactly matched.

(v) The maximum aggregate content should be as high as

in the real concrete.

A new mechanism for generating a realistic aggregate–

matrix structure is proposed. The mechanism generates 3-D

concrete structures (Fig. 1), but it is equally suitable for both
Fig. 1. Computer generated 3-D specimen with 60% aggregate content.
2- and 3-D structural idealisations. 2-D concrete models are

easily obtained by slicing the 3-D model (Fig. 2). Aggregate

particles are assumed as ellipsoids, and by controlling the

ratio between their three middle axes a variety of shapes

may be obtained. The stochastic–heuristic scheme for

allocating the aggregates, which has been embodied in the

generation mechanism, allows for aggregate contents com-

pared to the ones in real concrete and also for equivalent

spatial distributions. In addition, the generation mechanism

successfully meets all other requirements outlined above.
2. Generation mechanism

The first three requirements, stated in the previous

section, imply the usage of random number generators. In

fact, the most trivial way of placing aggregate particles in

the test volume or test area is to obtain the location purely

randomly. When a particle is placed partially outside of the

test volume or overlapping previously allocated particles,

the trial location is dismissed and a new one is attempted.

Although the simplicity of such a scheme is attractive, the

efficiency is very poor. Practical computer random functions

are in general linear congruential generators and therefore

not free of sequential correlation on successive calls. In the

particular case of 3-D spaces, the total number of planes in

which triples of points could lie may be as low as the cube

root of 32,768, or 32, and is unlikely to be larger than the

cube root of 232, about 1600. This extremely pronounced

discreteness of the planes prevents the exploration of small

fractions of the volume. Therefore, such mechanisms are
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only capable of achieving comparably low aggregate con-

tents, and the approach is extremely redundant and time

consuming. In addition, the resulting mesolevel structure is

a very coarse idealisation, which in general does not

resemble the real concrete.

Vervuurt devised an improved mechanism [3] that sim-

ulates a process in which circular particles are dropped into

a mould. The horizontal position for a particle is selected at

random along the mould length. Thereafter the particle is

moved downward until a specified minimum distance to

particles previously placed is reached. To attain more dense

structures, this procedure may be attempted several times for

the same particle at different horizontal positions, selecting

the deepest position from all attempts. The resulting struc-

ture may not be very uniform due to the formation of holes

under the large aggregate particles. Another disadvantage of

this more effective algorithm is that the aggregate content

cannot be exactly predetermined. An alternative possibility

of generating an aggregate–mortar structure is to discretise

the test volume or the test area, similar to a finite element

meshing. Then, the obtained volume or area sections are

shrunk by a certain factor forming the particles [4]. In this

way, aggregate contents up to 100% can be achieved.

However, the obtained mesolevel structure is very different

from those in real concrete samples.

In the proposed generation mechanism, the aggregate

particles are idealised as ellipsoids. Depending on the

material that they are intended to model, the ellipsoids

may have to differ in size and roundness. An ellipsoid is

uniquely defined in the 3-D space by specifying the

lengths of its middle axes, the coordinates of its centre

point and the directions of its axes (by Eulerian angles).

The size can be limited by giving the grid lengths of two

quadratic sieves, where the ellipsoid should be able to pass

through the first but not through the second sieve. The

specified aggregate volume for each sieve determines the

size distribution. Adjusting the size of the last particles of

each sieve attains the exact volumes for all sieves. Differ-

ent shapes may be obtained according to the prescribed

roundness. By roundness of an ellipsoid, it is intended to

express how much the shape differs from that of a sphere.

The roundness is prescribed by specifying a value or range

for the ratio between the shortest and the longest middle-

axes length. Thus, the aggregate–matrix structure is gen-

erated in two steps:

(i) Particle generation, i.e., determination of size and

shape of all aggregate particles in order to match the

precise size distribution and aggregate content. Hence,

the lengths of the largest middle axes are randomly

selected within the bounds of two adjacent sieve sizes,

and the smallest axes are directly calculated according

to the specified roundness of the particle. The third

axis is an intermediary value, randomly selected

according to calculated bounds, which ensure that the

particle is retained in the lower sieve;
(ii) Particle allocation, i.e., the placement of the particles in

the 3-D Euclidian space. In this case, the centre point

coordinates and axis directions are determined particle

by particle starting with the largest ones. Initially, centre

point coordinates and axes directions are randomly

determined. Thus, if the particle is completely inside

the specimen and does not overlap previously placed

ones, the position is granted. Otherwise, stochastic–

heuristic algorithm is employed to perform successive

shifts and rotations in order to move the particle into the

specimen boundary or remove overlapping of particles.

Note that the algorithm performs some local heuristic

search in the neighbourhood of the initial random position,

using rotation and translation moves. To attain more uni-

form size distribution, the shifts (translation moves) are

performed in stepwise manner along heuristically deter-

mined directions, with step values proportional to the

ellipsoid axes and step sizes controlled according to the

aggregate scattering (low or high aggregate content). Rota-

tions are simulated by random changes in the Eulerian

angles.

The investigation of intersection of ellipsoids is a suffi-

ciently hard problem to prevent a closed analytical solution.

A numerical solution employing the Gröbner basis method

and solution of Sturm sequences through computer algebra

was devised for this case.

In the real process of concrete placing and compacting,

the smaller particles are somehow adjusted by the settlement

of the larger particles. The proposed mechanism allocates

initially the large particles and simulate smaller particles,

hitting others and bouncing back until they have reached

their final position. This yields a more realistic structure

than a purely random procedure. In addition, the shifts allow

the allocation of the ellipsoid centres to any position of the

3-D space instead of to a limited number of planes.
3. Structural idealisation and analysis

During the last 30 years, the use of discrete models to

describe the nonlinear behaviour of materials such as rock

or concrete has gained growing popularity [5,6]. Each of

such discrete models presents a set of different assumptions

with regard to material idealisation, structural idealization,

mechanical properties and material behaviour of discrete

elements (fracture law). In addition, these models may

differ also in the consideration of the material behaviour

(pure brittle or more ductile) as well as in the consideration

of the loading condition (tension or compression). Conse-

quently, all of these models have been reported fairly

successful in their specific purposes, but hardly efficient

in describing the material behaviour in situations other than

the ones on which they have been tailored. In the particular

case of cementitious composites, this suggests that general-

purpose tools may require certain level of flexibility to



Fig. 4. Arrangement of fibres in 3-D discrete specimens.
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accommodate the effects caused by differences in the

material compositions.

The model developed in this study combines many of the

successful features of existing models and some supplemen-

tary new features. In addition, the simulation software

developed in this study allows the selection of different

softening functions, mechanical properties and probabilistic

scattering for each material independently. It also allows a

selection among four different framework-type elements:

planar truss (4 df), planar frame (6 df), space truss (6 df) and

space frame (12 df) elements.

The meshes are initially generated as perfect lattices.

However, small nodal perturbations may be imposed to

produce irregular meshes. The initially 2-D (square) grid

consists of 4 nodes interconnected by four lateral elements

and two diagonals, while the 3-D (cubic) grid consists of

8 nodes interconnected by 12 edge elements, 12 diagonals

on faces and 4 internal diagonals.

The cross-sectional areas of the different classes of

elements (edge, diagonals, etc.) are automatically set in

such a way that the stiffness of the mesh matches the

stiffness of the continuum (assuming the same elastic

modulus E for all mesh elements). However, the imple-

mented software allows for manually assigning different

values for each class of elements.

The material types for the line elements are assigned by

projecting the lattice onto the aggregate–matrix structure

(Fig. 3) and detecting whether both element nodes lie inside

of the same aggregate (aggregate material) or both element

nodes lie in the matrix and the element does not intersect

any aggregate (matrix material). Otherwise, the element is

considered as a bond interface between the two other

materials. Hence, in the case of consideration of perfect

bonding, the material stiffness of each bond interface

element is assigned proportionally to the amount of each
Fig. 3. Details from 2-D discrete specimens: (a) structure matrix–

interface–aggregate for tension/compression simulations; (b) FRC structure

for wedge-splitting simulations.
of the two materials in the element. In case of consideration

of weak bonding, the interface element is considered as a

third and independent material.

The most common approach that has been employed by

various researchers to simulate the material behaviour and

overall fracture process is the employment of a failure

criterion for determining the collapse of discrete elements,

after which the elements are removed. Thus, after an initial

linear response, a nonlinear behaviour is obtained because

of the successive failure of the elastic–brittle discrete

elements. This approach seems apparently simple but also

dependent on the size of the discrete elements. In this work

an alternative approach, which includes a tensile softening

branch in the material law of the discrete element, was

implemented, assigning different softening laws in tension

and compression for the different materials. The tensile

softening functions are described on the basis of stress

crack-opening laws. In order to adjust the elastic moduli

of the softened elements at each step of the analysis, a

number of procedures have been implemented for the

different structural element types. The stress analysis is

carried out in incrementally stepwise manner under dis-

placement control using a direct solver.

The effect of fibre reinforcement was also modelled by

introducing additional elements connecting distant mesh

nodes in the matrix media after the generation of the

matrix–aggregate structure. Since the allocation of fibres

is associated with the mesh structure, the fibres are inde-

pendently placed in 2-D and 3-D concrete structures by

different algorithms. Fig. 3b shows details of a half speci-

men from 2-D wedge-splitting simulation. Note that in such

a case, for computational convenience the fibres were

placed only in the lower half of the specimen. In Fig. 4,

the aggregate structure and mesh elements were made

invisible to show the arrangement of the fibres in a 3-D
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simulation. For fibre-reinforced concrete, a softening func-

tion was derived on the basis of a bond–slip relation in

order to describe the behaviour of the elements representing

fibres.
4. Numerical simulations and discussion

Extensive parametrical analysis over a large number of

simulations was carried out to investigate the effects

of different model assumptions as well as the influence of

different properties of the constitutive materials and differ-

ent compositions on the mechanism of failure and on the

properties of the composite material. Only a few selected

results and brief descriptions of the simulations are to be

presented here, since a detailed discussion on the results of

the parametrical analysis is far beyond the scope of a single

publication. In the initial set of the numerical simulations,

the most common assumptions used by most models were

investigated under different load conditions. This first set

was particularly useful in a development stage to define or

develop the features of the current model. The second set of

simulations demonstrates some features and applications of

the model presented here.

4.1. Model development stage

The following conventional assumptions for mesolevel

model implementations, which have been proposed in the

literature, were investigated at this stage:

� Geometrical properties of mesh elements are determined

by setting the global stiffness of the mesh equal to the

stiffness of the continuum, assuming mesh of homoge-

neous material and all elements with the same linear

stiffness.
� The discrete concrete composition consists of elements

of three different types of materials, namely, mortar

elements, aggregate elements and the interfacial tran-

sition zone (ITZ) elements.
� Only coarse aggregate particles are generated and the

surrounding matrix media (mortar) are considered to be

homogeneous materials.
� ITZ is also considered as a homogeneous material, with

mechanical properties assigned to considerably lower

values than those of mortar.
� Values equivalent to those of mortar and aggregate

testing specimens are assigned to the properties of the

respective material elements.
� Overall softening effect is usually obtained by the

removal of elements that fail under a fracture law.
� The concrete (matrix–aggregate) structure and mesh

topology are generated on the 2-D space and scaled up

by a thickness t of the fictitious slice (due to the physical

and implementation complexity, models rarely generate

concrete structure and mesh topology in the 3-D space,
considering the entire depth of the specimen at once in

the structural analysis).

Under certain specified conditions, the above-mentioned

assumptions seem apparently sufficient for capturing the

overall features of the failure behaviour and crack pattern

observed in experimental studies. However, inconsistencies

appear as soon as different material compositions and load

conditions are investigated.

The development of the cracking surface along the

aggregate–matrix interface led most numerical models to

assign considerably lower values to ITZ element stiffness

and strength lower than that of the adjacent mortar. How-

ever, simulations results of direct tensile tests of specimens

with different aggregate content, assuming low strength

values for ITZ elements, showed a considerable loss of

overall strength, directly proportional to increasing of ag-

gregate contents, which disagree with experimental results.

The cracking surface quickly developed around aggregates

and the connecting surface of mortar became the resistant

material. Hence, increasing of aggregate content results in

reduction of the resistant mortar surface and consequent loss

of strength. On the other hand, when the strength of ITZ

elements was assumed equivalent to that of mortar elements,

there was little increase in global. The cracking remained

developing as before, along interfacial zones, although

eventually the crack path changed. In practice, there are

some alterations in material microstructure and, consequent-

ly, in mechanical properties due to differences in the

admixture, yet the growth of the crack surface imposed by

the rise of the aggregate content seems to offsetting most of

the loss in strength. The cracking pattern seems rather a

result of localised stresses in the ITZ, which as observed in

experimental studies [7] arise in particular from the differ-

ence of deformability between mortar and aggregates.

Stress–strain curves of four independent simulations of

direct tension are presented in Fig. 5. In such simulations,

the aggregate shape and stiffness were varied and an

exponential tensile softening function was used to bring

about the fracture process. Strength values for ITZ elements

slightly lower than those assumed for the mortar were

sufficient to enforce the same crack path as in the case of

assuming weak elements, with the effect of crack bridging

and development of the crack surface along the weaker ITZs

in agreement with experimental results. The effect of

aggregate shape/size is also captured in terms of ductility

of stress–strain curves. The use of aggregates of ellipsoidal

shape with the shortest-to-longest axis ratio (r) of 0.75

usually produced an increase of fracture toughness when

compared to the effect of nearly spherical aggregates. This

may be explained by the increase in crack surface, depend-

ing on the orientation of the aggregates along the crack path.

The use of softer aggregates resulted in natural loss of

global stiffness yet little increase in the overall strength,

which may be attributed to the reduction of stress concen-

tration along matrix–aggregate interfaces.



Fig. 6. Comparison of different approaches to simulate inhomogeneities in

mortar specimens.

Fig. 5. Numerical simulations of concrete specimens in tension, using

conventional model assumptions.
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In simulations of compressive tests, since the fracture

process is considerably more complex than in tension,

implementation problems escalate and the above-mentioned

assumptions are insufficient to cast the diffuse cracking

pattern. The observed characteristic failure in compression

may be described as a single diagonal shear crack band

cutting through the specimen, which does not correspond to

experimental results. The assumption of relatively weak

interface results in loss of global stiffness, with the overall

compressive strength considerably underestimated com-

pared to the estimated tensile strength and stress–strain

curves showing a rather brittle failure. The application of a

tensile softening function to decay the element stiffness

proved insufficient to produce overall failure. Alternative

approaches, which physically remove the elements that fail

in tension/compression, eventually enforce the removal of

neighbouring elements to prevent the structure turning into a

‘‘mechanism,’’ i.e., prevent unrestrained motions of neigh-

bouring elements. Neighbouring elements (directly or indi-

rectly connected to the collapsed member) may have to be

removed regardless of their state of stresses; thereafter,

stresses are redistributed among the remaining mesh ele-

ments. Such numerical manoeuvring may result in removal

of aggregate as well as mortar elements, and if a crack starts

to run into an aggregate, a good part or even the entire

aggregate may be gradually removed to allow the crack to

run through. This results in artificial changes in the crack

path and, depending on the aggregate content, in consider-

able loss of global stiffness.

Note in the first of the previously mentioned assumptions

that maintaining all elements with the same stiffness auto-

matically defines the value of Poisson’s ratio (m) by the

geometry of the mesh; for example, for a square-grid mesh

this value is 0.33. Bear in mind also failure process in

simulations with external tensile loading is primarily due to

successive collapse of mesh elements (in tension) along the
load direction, while failure in simulations with compressive

loading is caused primarily by the collapse of elements (in

tension) oriented across the loading direction. Hence, con-

sidering that the fracture process is nonlinear, simulated in

stepwise manner by discrete cracking, it is unlikely that

there exists an effective way of scaling the stress–strain

diagrams in order to take into account the values of m for

concrete admixtures.

Numerical simulations of mortar specimens were per-

formed to investigate the assumption of nearly homoge-

neous material. Initially, no aggregate structure was

generated and a standard deviation of 5% in values of

element properties was assumed. The obtained stress–strain

curve (Fig. 6) does not vaguely resemble experimental

curves of direct tensile tests. The lack of a driving force

for the crack resulted in development of cracking surface

concurrently from both sides. The material showed a strain

hardening of up to 50% of the yielding stress, depending on

the Poisson’s ratio of the structure. In the simulations shown

in Fig. 6, different stiffness values were assigned to diagonal

and edge elements of the mesh to yield a mesh with m = 0.2.
The overall tensile strength was about 20% higher than the

strength of the individual elements, compared to about 50%

higher for mesh with m = 0.33. On the other hand, the

compressive strength seemed highly underestimated when

compared with the tensile strength. The crack developed

diagonally, straight from one corner to the other. Similar

crack patterns were observed in previous attempts to model

concrete in compression by other researchers [8]. In partic-

ular cases of concrete under compressive loading a shear

failure may occur; for most cases of practice the failure is

caused by tensile stresses transversal to loading resulting in

concurrent longitudinal cracks. In practice, it seems that

such shear stresses are partially resisted and redistributed by

the frictional forces in the composite granular material.
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As described in the literature and mentioned above,

mesolevel models only generate coarse aggregates, which

usually represent less than 40% of the volume. Hence, the

surrounding matrix (cement paste, voids and small aggre-

gates), which is considered homogeneous, may be over 60%

of the volume. Therefore, the assumption of mortar as

nearly homogeneous material may be directly responsible

or contributes largely to inconsistencies in the results.

Inhomogeneities have been introduced in certain models

either by a standard variation in the strength properties or by

a randomly distributed decay in a percentage of elements.

The effects of both approaches are also shown in Fig. 6. At

high values of standard deviation (0.35) the shape of the

curve only slightly improves but the overall tensile strength

is still very high. The random decay seems to produce a

better effect but is still insufficient. Both approaches are

merely based on distribution of chaos at random, which has

little chance of using problem-specific knowledge or bring-

ing any enlightenment to the problem.

4.2. Model settlement stage

Translating experimental observations about weak prop-

erties of the ITZ into considerably low tensile strength

seemed not to be an adequate approach for robust models.

Alternative ways to introduce weakness in terms of degree

of inhomogeneity of interface and mortar elements, which

take into consideration the aggregate size distribution and

other admixture information, are required.

In this stage, a number of the alternative approaches to

correct possible flaws of mesolevel models were attempted

and the implementations that showed best performance were

put together to produce the final state of the model.

The properties of mortar elements were generated a priori

over the entire mesh using a proposed approach in which a

media of small aggregate particles is generated. The par-

ticles in consideration here are only those that are equal or

larger than the mesh size, but are not to be considered in the

fictitious concrete structure. These particles are used to

identify some elements of the matrix whose material prop-

erties are equivalent to aggregate. Note that no interface

elements were considered in this media of small aggregates.

The properties of the remaining matrix elements are roughly

estimated with basis on the aggregate properties considering

(1) a decay in the properties somehow proportional to the

fractions of different aggregate sizes in a Fuller distribution,

which constitute the volume of the mortar, taking into

account the grid size of the mesh and (2) the expected

volume of the porous media. Standard deviations of a

maximum 5% value were applied to the properties of the

elements. This technique obviously introduces overheads in

terms of computational effort, but it seems to pay off in

performance. The resulting curve seems to be considerably

improved (Fig. 6).

The concrete structure was generated thereafter and

superposed over the existent mesh of mortar elements in
order to determine the aggregate and ITZ elements, i.e.,

elements that lie partially inside of the aggregate. Hence, if

mortar stiffness is assigned to ITZ elements, the loss of

stiffness is proportional to the total aggregate surface.

Although this loss may not be very substantial, two

approaches were alternatively employed to circumvent this

problem. The first approach calculates an equivalent mod-

ulus of elasticity proportional to the amount of both materi-

als in the element. The second and perhaps more suitable

approach scales up the stiffness of the aggregate by a factor

proportional to the volume that is lost in the consideration of

ITZ elements. For the aggregate elements the properties are

completely reassigned, but for the ITZ elements only a small

(0.10–020) reduction factor is randomly applied to the

strength values. In the proposed model, failure was simu-

lated by assigning an insignificant value to the member

stiffness and, therefore, no member is physically removed. It

was assumed that in a locally closed strut-tie system, the

‘‘failure’’ of tensile ties artificially increases the stresses in

the compressive struts resulting in plastic deformation and

failure of the compressive struts. Therefore, a softening

function was introduced to account for the effect of the

plastic deformation and eventual failure. Such set of imple-

mentations not only improved the curves but the crack

patterns. In the simulations of compressive tests the crack

pattern presented development of concurrent cracking sur-

faces, which did not happen before.

Simulations of direct tensile, uniaxial compression and

wedge-splitting tests of FRC specimens were also carried

out, but only after the adjustments on the settlement stage.

For the 2-D analyses, an effective length of the fibre was

assumed considering only the projection of the 3-D fibre on

the plane of the 2-D slice cutout. In the results, the

maximum load is only slightly influenced by the fibres,

whereas the postpeak strength increases significantly with

the fibre content, yielding more ductile fracture behaviour

(Fig. 7). The crack pattern is more diffuse for the steel-fibre-

reinforced concrete when compared to the plain concrete.

The simulation results obtained for steel-fibre-reinforced

concrete are in agreement with experimental observations.

However, the 2-D model produces fairly rough curves and is

limited to low-aggregate-content specimens or to the con-

sideration of only large coarse particles. The increase of

aggregate or fibre contents produces jamming of fibres in

localised areas, resulting in temporarily increases in strength

and, consequently, relatively sharp peaks on the curve. Such

effect may be at certain extent observed in experimental

testing, but using much higher aggregate and fibre contents

than the ones employed in these simulations.

The curves and cracking pattern presented were obtained

from 2-D analyses, because in this case the discrepancies are

better displayed. The 2-D approach is commonly used not

due to better performance, but due to difficulties in obtain-

ing the 3-D concrete structure. Since the proposed model is

based on a 3-D concrete structure, comparisons between 2-

D and 3-D analyses could be performed. A specimen was



Fig. 7. Stress– strain curves of simulations of FRC in compression with

various fibre contents. Fig. 9. Specimen of wedge-splitting simulation showing collapsed and

softened members.

J.P.B. Leite et al. / Cement and Concrete Research 34 (2004) 1025–10331032
cut in many subsequent slices along the two axis directions

perpendicular to the loading direction. The concrete struc-

ture was examined independently in the two directions. On

average, the aggregate content of the slices is close to the

content of the specimen and when the volume is integrated

over a large number of slices it approaches the value

specified for the aggregate volume. However, the aggregate

content of individual slices may vary considerably from one

to another. Consequently, the curves from assorted slices

may be also quite different. In direct tensile tests, most

cracking surfaces developed in the middle third part of the

specimen and were roughly horizontal. However, in a

number of slices, the cracking surface developed concur-

rently from two opposite sides of the specimen, thus, clearly

showing that even considering only slices in a single

direction, the cracking surfaces in the simulations were

not the same. In fact, when the cracking surfaces of all

slices in the two directions are plotted together in the 3-D

space, they form a diffuse band instead of cracking surface.

Therefore, the curves obtained in 3-D analyses have to be

compared with the averaged curve of the slices of the same

specimen. The averaged curve is more brittle and tends to

overestimate the strength of the specimen as compared to
Fig. 8. Cracking pattern in simulations of direct tension (left),
the 3-D curve. The 3-D curves are less sensitive to varia-

tions of aggregate content when the interface is considered

very weak, which suggests different assumptions from 2-D

material properties. In FRC simulations, the 3-D curves are

gentler than 2-D curves and considerably less sensitive to

variations in fibre and aggregate contents.

Fig. 8 shows examples of cracking surfaces obtained in

selected simulations of direct tension, uniaxial compression

and wedge-splitting tests. The element displacements were

scaled up to clearly present the crack pattern. The cracking

patterns of simulations perfectly correspond to cracking

surfaces obtained in experimental tests. In the wedge-split-

ting simulation of Fig. 8c, fibre reinforcement was used,

resulting in change in the cracking path with slight increase

in strength and considerable increase in ductility, as has also

been observed in experimental tests. Fig. 9 presents the

comparative cracking path in the case that fibres were not

used. The dark lines show the members that have collapsed,

while the intermediary colour shows the members that have

entered into softening process due to the rising of localised

stresses. The collapsed members show that in this case the

crack runs straight below the notch, along the aggregate
compression (middle) and wedge-splitting (right) tests.
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interfaces. In the simulation, the stress distributions under

the notch as well as stress concentrations along the aggre-

gate interfaces were in perfect agreement with experimental

observation.

Note that for the results presented here only 2-D and 3-D

truss member types were employed.
5. Conclusions

Mesolevel models are prospective tools to describe both

qualitative and quantitative effects of independent mechan-

ical properties of different material components into the

global mechanical properties of the composite material.

Experimental studies can only statistically estimate such

effects through analyses of samples, since two or more

specimens with identical structure cannot repeat in experi-

mental tests. In addition, in experimental tests it is hardly

possible to investigate the influence of changes in properties

of independent components, since changes in one component

result usually in adjustment of other components and simul-

taneous changes in the micro- and mesoscopic structure.

Most mesolevel concrete models have been developed

for simulations under tension. This is because the failure

of concrete under tension is much more clear and easier

to implement than under compression. However, model

idealisations and assumptions, which are valid only for a

particular loading situation, are mere artificial manoeuvres

to mimic understood and well-defined features. They are

not only inept to describe the real material behaviour but

also unlikely to produce enlightenment and practical

applications.

In simulations under compression, faced with the com-

plexity of the failure mechanism, thorough investigations

are yet required before sound conclusions may be drawn.

However, comparisons between simulations of the same

specimen under different loading conditions proved to be

particularly useful for detecting inconsistencies in models

and distinguishing assumptions that mimic the real-material

behaviour from those that are merely numerical manoeu-

vres. Substantial effort should be introduced to enhance the
performance of existing models under compression since

there lie most application for concrete.

Although 3-D idealisations and analyses require more

sophisticated setting and higher computational effort, they

are clearly more accurate and naturally suitable for practical

applications. The 2-D analyses suffer from a number of

limitations and in general escalate the problems. On the

other hand, they are more efficient to spot out the incon-

sistencies, and therefore particularly useful for model

development.

The refined generation mechanism of the proposed

model makes it suitable for both 3-D and 2-D analyses,

with the advantage of dealing with a unique mesoscopic

concrete structure. The more realistic concrete structure has

allowed substantial enhancement in simulations of concrete

under compression and reflects better understanding of the

material behaviour.
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