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In the paper general outline is given of research performed during last
years by the group working in the Laboratory of Strain Fields at the
Institute of Fundamental Technological Research, Polish Academy of
Sciences in Warsaw. The main subject of research is the mechanics
of cement-based composite materials. Experimental and theoretical re-
search are accompanied by applications realized in co-operation with
building companies.

1. Introduction

The term ”cement-based composites” covers a large group of materials
made of Portland cement as a binder, of coarse and fine aggregate and of
various kinds of admixtures, additives and dispersed reinforcement. All these
components may be of different origin, properties and volume fractions, and
their fabrication may proceed according to varied technologies. Cement-based
materials correspond well to the widely accepted definition of composites.

Cement mortars and concretes are used extensively in their present {form
since the beginning of the century. However, traditional concretes cannot
satisfy new demands, e.g. in high rise buildings, long span bridges, nuclear
reactor vessels, etc. That is why we are now in a phase of rapid development
of the Portland cement based materials, stimulated by application of new
components and technologies, use of modern methods of investigation, and also
by new requirements in building and civil engineering structures. Several kinds
of new materials become more and more popular: fibre reinforced concretes,
polymer concretes, high performance concretes, etc.
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As it concerns new requirements, the durability is one of the most impor-
tant aspects from both technical and economical viewpoints. Various non-
classical phenomena like cracking, {racture, plastic deformation, fatigue, etc.
should be also taken into consideration. The necessary knowledge as well as
new kinds of approach to materials like fracture mechanics, damage theory,
multicriteria optimization and many other are now available and can be also
applied to cement based composites.

The mechanics of concrete-like composites is a system of experimental re-
sults, test methods and relations which are slowly bridging the traditional
gap between the material scientists and civil enginecrs. Obviously, all par-
ticularities which characterize these materials should be taken into account.
For example, large volumes of materials used and conditions in which they
are produced impose special restrictions on material costs and manufacturing
methods.

The aim of this paper is to review more important problems of investi-
gations concerning cement-based composites, with special attention paid to
research carried on in recent years in the Laboratory of Strain Fields at the
Institute of 'undamental Technological Research. Sclected references are ad-
ded.

2. Composites and their components

The components of composite materials may be presented in a somewhat
simplified way in four main groups: binders, activators, fillers and reinforce-
ments. In cement based composites main activator is usually water. All those
groups are not always represented in different materials, Brandt (1994). In
another classification of components attention is paid to their characteristic
form. The continuous phase (matrix) is embedding the dispersed phase (in-
clusions). The case when two phases arc continuous - like in ferro-cement -
is traditionally not considered to be a typical cement based composite, being
rather a composed structure (like RC - reinforced concrete). The inclusions in
cement based composites may have the form of more or less regular particles
or grains, fibres and pores or voids, separated or interconnected. The terms
matrix and inclusions are used at different levels: the matrix itself may be
composed of lower level inclusions embedded in a binder.

Between matrix and inclusions an intermediary region exists called in-
terface. The stresses are transmitted through that interface from matrix to
inclusions (particles, grains or fibres) and vice versa. Local failures occurring
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there in form of plastic yieldings or cracks modify considerably the behaviour
of the composite material under external actions.

Portland cements are materials which by their binding propertics and bond
to other components assure the transmission of stresses. Cement with water,
called cement paste is used as a matrix of lowest level. Together with fine
aggregate it can form another matrix at higher level.

There are several kinds of cements and they may be also combined with
other types of binders, e.g. with polymers.

The fillers or inclusions are used as particles or grains of various shapes
and dimensions. They are introduced into the matrix to improve mechanical
properties, to fill voids, increase density, and to control crack propagation.
Non-hydrated cement grains play also a role of fillers. Sometimes the cheap
and porous inciusions are introduced to decrease the material cost, its unit
weight, or to improve the thermal insulation properties.

The inclusions are made of natural gravel and crushed stone, sand, voids
only filled with air or with specially produced gas, etc.

Special category is formed by microfillers which are by two orders smaller
than cement grains. Since a decade so-called silica fume obtained as a waste
condensate in production of ferrosilicon and silicon alloys is extensively used
for high strength and high performance concretes.

As reinforcement thin fibres are applied, short or long, randomly dispersed
or regularly distributed, also in the form of mesh or fabrics, which are all
called dispersed reinforcement. When a system of interconnected pores in a
hardened concrete matrix is filled with a polymer during impregnation process,
then a special type of reinforcement is also created. In certain cases the hybrid
reinforcement is used, which mecans that the reinforcement is composed of two
or more types of fibres, carefully designed for their separate purposes.

There are three main groups of polymer concretes: PC (polymer concrete),
PCC (polymer-cement concrete) and PIC (polymer impregnat concrete) ac-
cording to definitions accepted by the American Concrete Institute. The role
of polymers in these composites is entirely differentiated mainly by the fact
that additive and synergistic mechanisms are different. Additive mechanisms
depend on the properties of the components and on their fractional volumes.
The rule of mixture is decisive on the macrostructural level and it determines
the final composite properties. The synergistic mechanisms depend rather on
the phenomena in the microstructure of the interfacial layers at the surface
of the components and certain small quantities of an admixture may play a
considerable role in final composite behaviour.

The list of cement-based composite materials which form the new genera-
tion of building materials should be completed by several kinds of special con-
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cretes, which by use of particular components and technology exhibit special
properties and satisfly special requirements. Among the other, High Perfor-
mance Concretes are at present rapidly developing and are subject of extremely
numerous investigations.

3. Material design and optimization

In design of cement based composites traditionnally trial-and-error me-
thods are applied, and the design is based rather on experience than on analy-
sis and theoretical models. Detailed review on the design of mix composition of
concrete is given by Kasperkiewicz in [54]. With increasing variety of possible
components and with development of requirements and imposed conditions,
the application of more rational optimization methods is nccessary. In the last
years the effort in research at the Laboratory was concentrated on develop-
ment and application of appropriate methods of optimization of cement based
composites.

The general formulation of the problem of optimization of a material is the
same as in the structural optimization, cf [52] and [53].

An optimal material is described by a set of decisive variables «
(i = 1,2,...,n) which minimize or maximize an optimization criterion.

Variables z; are assumed to be independent and together with arbitrary
selected parameters they determine completely the object of optimization: a
structure or a material. They are called material variables.

Optimization criteria describe basic properties of materials. They are cal-
led also objective functions; there may be more than one objective function.
In material optimization the objective functions describe selected properties
which are considered as important and decisive for the material quality and
applicability. The solution consists of determination of these values of de-
sign variables which extremize these properties. As material properties all
physical, chemical and other properties may be considered. For enginecring
materials particularly important are mechanical properties like strength, Yo-
ung modulus, specific fracture energy, durability but also specific cost ol the
material.

In structural and material optimization there are several common featu-
res. The both groups of problems are correctly formulated when criteria,
constraints and variables are defined analytically. Sometimes not best but
only ”better” design variants are unprecisely called "optimal solutions”. But
calculation of a few cases and selection of the best one among them is not
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an optimization approach. It is improper to speak about optimal solution
without clear declaration concerning in what sense and within what domain
(feasible region) is this solution valid.

It should also be emphasized that the optimization problem is always so-
lved not in reference to real materials, but taking into account their approxi-
mate models. The result of an optimization procedure is therefore dependent
on assumptions and approximations admitted in these models, for example an
assumption of elasticity and homogeneity of the individual phases, uniform
distribution of inclusions or fibres, etc.

The optimization does not replace entircly the procedure of material de-
sign, because it may not cover certain aspects and requirements, which de-
termine the material completely. Disregarding various sccondary aspects is
justified by necessary simplification of the optimization problem. On the con-
trary, in the final design of the material, which follows the optimisation pro-
cedure, satisfied must be all conditions and requirements concerning safety,
serviceability, economy, etc. Necessary modifications are tlien introduced to
the material composition and structure. Like its analogue in constructions the
optimization of the material is therefore only a part of the design, in which
some intuitive procedures are replaced by objective calculations.

The sensitivity of the objective function with respect to changes of variables
is a separate problem. For unequivocal optimization the objective function
should not have too steep gradients. However when the objective function does
not really depend on the decisive variables, then the variables are probably
incorrectly selected.

Proper choice of constraints and objective functions is important in the
formulation of the problem. The solution is based on given conditions, but
sometimes an objective function should better be replaced by a constraint or
vice versa. It occurs also that small modification of a constraint may influence
considerably the objective function. In such a case the resignation of some
preliminary assumptions concerning constraints may be justilied.

If the optimization problem is formulated with one single criterion F(z;)
and with the appropriate constraints, then the necessary conditions for a ma-
ximum are derived from the well known Kuhn-Tucker theorem.

Only in rare cases it is admissible to limit the optimization procedure to one
single criterion, e.g. a structure of minimum cost or a material of maximum
strength. Such a formulation has in general somewhat academic character and
may be used only as a siinplified example for preliminary explanation of the
problem. In most cases the necessity of taking into account several criteria si-
multaneously is obvious although they are often introduced in an indirect way
— as appropriate constraints. General procedure involves so called multiobjec-
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tive or multicriteria optimization, in which several criteria are accompanied
by appropriateconstraints.

The criteria or decisive functions are components of the vector XN in
n-dimensional space. Every point of this space corresponds to one particular
material defined by n decisive variables. The feasible region @ is a part of
the n-dimensional space and is determined by the constraints.

The space of the objective functions R¥ is k-dimensional. Every point of
this space corresponds to one vector of the objective function Ij(z;), and to
the feasibility region @ corresponds region F(Q), which incorporates among
other all partly optimal solutions, that is such points which have no "better
neighbours” from the point of view of whichever criterion. Such a set is called
compromise set.

The compromise set is a rigorous and strict solution of the problem, but
important is the next, final step involving sclection of the preferable solution,
based on a subjective decision. This may be done using dilferent assumptions
and methods. For example, when strength and cost are two conflicting ob-
jective functions, then the compromise set contains all solutions possible from
the design point of view. For one application the cheapest solution may be
selected, and for the other — the strongest one. In general, a system of arbi-
trary weights is assumed for each objective function, which means that some
functions are considerced as more important than the others. This leads to
formulation of so called utility function, in which the weights of all criteria are
introduced.

General formulation of optimization of cement based composites is presen-
ted in [54] together with a few examples. Numerical solutions concerning fibre
distribution in fibre reinforced concretes are given by Brandt (1984), (1985a,b),
(1986) and (1987), Marks (1988) and (1989), Brandt and Marks (1992), Brandt
et al. (1992). Also composition of ordinary concrete is considered by Brandt
and Marks (1993), Marks and Potrzebowski (1992), Kasperkiewicz (1993) and
(1994). Problems of optimization of polymer concretes are considered by Czar-
necki and Lukowski in [54]. The methods of optimization of concretes with
controlled water permeability are proposed by Bajorek in [54].

All values characterizing the properties of the material components used
in composite material manufacture are subject to random and systematic va-
riations. The same concerns their eflective volume fractions and their distri-
buttion in the composite material. That is why experimental verification with
actual materials and in local conditions of execution is necessary to test the
assumptions and in most cases to introduce certain modilications into the set
of design variables accepted for the optimizalion procedure.

Further development of optimization approach to cement based composites
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should be directed at various realistic objective functions and variables and at
better formulation of objective functions. An important generalization takes
into account stochastic nature of the variables and processes involved Piasta

in [54].

4. Internal structure

Internal structure of the material is described by configuration of its va-
rious elements (grains, pores, cracks, fibres, cte.) that is by their spatial
distribution. Most of mechanical properties are dependent upon structure;
in this respect the material is then called "structure sensitive”.Considerable
research effort at the Laboratory was spent on description of idealised and
real structures composed of short steel fibres dispersed in cement matrix, cf
Kasperkiewicz (1978b,c), Kasperkiewicz et al. (1978). Analytical relations
were then proposed to express influence of fibre distribution on mechanical
properties of the composite material, cf Kasperkiewicz (1978a).

Observed was also dependence on the microstructure of the composite of
a non-mechanical properties, like for example water diffusion constant D, cf
Garbalifiska and Kasperkiewicz (1994).

Structure of aggregate grains, pores and cracks are analysed by stereologi-
cal methods mentioned below, but this rescarch is not so much advanced yet to
give formulae relating stereological characteristics to the mechanical properties
of concrete materials. The test methods are used mainly for control purpo-
ses, e.g. well checked is correlation between frost resistance of concrete and
its air-voids spacing, which can be now evaluated with computerized methods
developed in the Laboratory.

5. Mechanical properties

Properties of composite materials depend upon their composition and in-
ternal structure. The most important mechanical problems of cement based
composites which were considered at the Laboratory concern plain concrete,
shotcrete and fibrous concrete.

Strength under various stress states as well as forms of fracture were de-
termined experimentally and related to material composition and structure.
Several papers were published on flexural behaviour of SFRC by Brandt et
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al. (1989), and on fracture energy of concrete by Kasperkiewicz (1986) and
(1995), Kasperkiewicz et al. (1986) and (1989), Kasperkiewicz and Stroeven
(1991), Tran and Kasperkicwicz (1994), on tensile strength of SFRC by Ka-
sperkiewicz (1979), and on its behaviour in splitting by Potrzebowski (1983).
The approach using fracture mechanics and analysis of crack propagation was
investigated and basic relations have been established among the other in pa-
pers by Brandt (1980) and Kasperkiewicz (1983). In this approach increasing
attention was paid to the energy consumption during cracking and fracture
processes.

Considerable influence of fibre distribution and direction on mechanical
properties was observed and practical conclusions [or material design and
optimization were proposed, cf Brandt (1982) and (1991). This direction of
research led to formulation of optimal solutions.

Mechanical problems at interface between fibre and matrix are of impor-
tance for composite behaviour of FRC. Reinforcement with short fibres of
different materials is effective provided that appropriate bond is assured be-
tween fibres and matrix. To determine the bond strength and distribution of
bond stress along fibres a special test method was applied and developed in
which a fibre or a group of fibres were pulled out of the matrix. The beliaviour
of such a system was observed by different means, among others applying ho-
lography. The obtained results were used to improve mechanical properties of
the material. Several original results are published in papers by Burakiewicz
(1979) and by Potrzebowski (1991), who proposed a general model for stress
transfer between fibre and matrix.

Properties of cement composites under impact loading were investigated by
Glinicki (1992) and {1993) who has shown liow tle tensile strength is increasing
with the rate of loading and found out that the phenomenon is strongly related
to the material structure.

Mechanical properties of composites reinforced with non-metallic fibres
were also determined in special experiments. Carbon and polipropylene fi-
bres were used by Brandt and Glinicki (1992), who shown that microcracks
were efficiently controlled by carbon fibres due to their small dimensions and
excellent distribution.

Durability of glass fibre reinforced composites was investigated in co-
operation with Ecole des Mines de St.Eticnne (France). The problem is related
to the destructive influence of highly alkaline Portland cement paste on glass
fibres. This influence comprises in fact two effects: corrosion of fibres and
increase of brittleness of the fibre-matrix interface. As a result, ordinary E-
glass fibres cannot be used with Portland cement based matrix, because after
a few weeks all reinforcing effect disappears. There are various methods to
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reduce thesc effects or to slow them considerably. The newest approach to this
problem is based on application of a new generation of alkali-resistant glass
fibres together with special polymer based admixtures in the matrix. In a few
papers the results of tests are presented and models of composite behaviour
were proposed by Glinicki et al. (1994), Glinicki (1994).

Nonconventional approach to fracture of plain concrete elements was at-
tempted by Brandt and Prokopski (1993), who tried to determine a relation
between composition of concrete specimens and the shape of their [racture
surfaces which may be quantified by their fractal dimension. The tests have
shown that the fracture surfaces are fractal objects and that differences can
be observed in fractal dimensions of these surfaces belonging to different kinds
of concrete.

6. Test methods

Mechanical properties of specimens and elements are determined using
modern, displacement controlled testing mashines. Various states of stress are
investigated, by which mechanical properties like strength, flexural toughness,
ability to absorb strain enecrgy, impact resistance etc. arc deterinined. The
results of various material compositions and structures are compared with the-
oretical calculaltions and general relations are proposed together with practical
formulae for design.

Internal structure may be observed on cross-sections, thin sections and on
radiograms. There are many methods which may be applied: from macrosco-
pical observation to most sophisticated investigations using scanning clectron
microscopy (SEM) or thermogravimetric analysis (TGA).

Over the years dillerent test methodes have been applied in the Labora-
tory. They involved among others analysis of images of plates obtained by
X -rays to describe distribution of steel fibres, c¢f Kasperkiewicz (1983). When
the fibres are introduced to the fresh mix it is important to obtain their ran-
dom or regular distribution according to prealably determined design. Using
stereological approach it possible to analyse quantitatively the images of the fi-
bres and to determine their spatial distribution. Similar stereological methods
are applied to images obtained from cross-sections where individual fibres are
visible. The image analysis was initially perforined manually but at present
special equipment for automatic image analysis is applied in the Laboratory.
Knowing the distribution of fibres and the properties of the composite it is
possible to propose conclusions concerning for example the quality of methods
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of composite material [abrication, e.g. randomness or regularity of fibre di-
stribution.

Stereological formulae were developed for analysis of grain distributions in
concrete by Brzezicki et al. (1994).

Similar methods were also applied to distribution of pores and aggregate
grains, to analysis of the grain shape, etc., by Brzezicki (1993) and (1994).

Displacements between fibre and matrix during puil-out process were me-
asured using laser interferometry by Potrzebowski (1991).

In most of tests performed in the Laboratory on specimens subjected to
static loading the acoustic events related to microcracking are counted and
recorded. It is then possible to observe correlations between all variations
of measured parameters (load, displacement, strain) and development of mi-
crocracking. Using acoustic emission some interesting conclusion have been
proposed as to the influence of carbon fibres on the microcracking, c¢f Brandt
and Glinicki (1992).

7. Applications

In the Laboratory the research is always closely connected to possible appli-
cation in building and civil engineering. Already in 70’s and 80’s first attempts
were made to use steel fibre reinforced concrete (SFRC) for special parts of
civil engineering structures and industrial buildings. In that aim seminars and
conferences were organized to present new materials to professional engincers
and building companies. A general review of properties of various cement
based composites was given in a small monography by Brandt et al. (1983).

Since a few years Iligh Performance Concretes (IIPC) are attracting at-
tention in various advanced laboratories in the world. It is in fact a new
generation of cement based materials obtained by application of superplasti-
cizers, reduction of water, use of various admixtures and microfillers and by
careful selection of all components.

Mechanical properties and composition of IIPC were considered in two
review papers by Kucharska and Brandt (1993), Brandt and Kucharska (1993),
in which main directions and methods were presented and discussed. In the
same time tests were carried on with clear objective of direct application.
As one of the results, alter scries of tests, several mix compositions of 1[PC
have been obtained at I'TR and specimens were executed with compressive
strength reaching 110 + 120 MPa. The compositions and technologies were
presented by Glinicki et al. (1995) and are prepared for special publication.
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Fibre reinforced concretes for special applications in construction of under-
ground railway system in Warsaw were tested and successful mix compositions
have been proposed, cf Brandt et al. (1994). Members of the Laboratory are
involved in cooperation with several civil engincering companies in view of
improving practical knowledge and technology used in construction.

A new idea of reinforcing concrete with aramid fabrics was tested, having in
view the possibility of controlling shrinkage cracks in masive concrete elements
cf Kasperkiewicz and Reinhardt (1993).

Very significant field of application of cement-based composites is repair of
outdoor concrete structures which are exposed to various sources of corrosion
and destruction. This is a very important problem from both technical and
economical viewpoints, because large amount of money is spent cvery year
from national and local budgets around the world for repair of existing struc-
tures. Close cooperation and financial support from the Institute of Road and
Bridges (Ministry of Transportation) enabled to perform tests and to prepare
compositions of fibre reinforced materials which may be used for repair of con-
crete structures. These works are continued and first results were delivered in
the form of internal reports, practical recommendations and publications, e.g.
Potrzebowski (1994).

Research activity of the Laboratory was completed by organization of se-
veral summer schools, teaching seminars, international symposia and series of
lectures delivered at technical universities in Poland. Maintained are extensive
links with leading laboratorics abroad.

8. Conclusions

Cement-based materials form a large group of composite materials which
are important for certain branches of Polish economy. Extensive development
of these materials, especially improvement of their quality and developing
various new applications is observed in all advanced countrics. It is necessary
to promote such research further to form basis to cope with all chalenges of
present times.

Cement-based materials are composites of very complicated structure and
of mechanical properties related to a multitude of paraineters. To produce and
apply them in a rational way extensive research cffort is necessary. This can-
not be replaced ncither by information and products imported from abroad,
nor by sophisticated but general considerations. I'or a success in this research,
knowledge from different fields ranging from chemistry ol Portland cement up
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to the fracture mechanics and mathematical morphology must be deliberately
combined with the most advanced experimental methods and field applica-
tions.

References

1. BRaNnDT A.M., 1980, Crack Propagation Encrgy in Steel Fibre Reinforced
Concrete, Inl. Journ. of Cement Composiles, 2, 3, 35-42

2. BRANDT A.M., 1982, On the Calculation of Fracture Energy in SFRC Elements
Subjected Tobending, Proc. Int. Symp. Bonding in Cementilious Composiles,
Paisley, Appl. Sc. Publ., London, 73-81

3. BRANDT A.M., 1984, On the Optimization of the Fiber Orientation in Cement
Based Composite Materials, Proc. Inl. Symp. 7"Fiber Reinforced Concrele”,
Detroit 1982, G.C. HofT edit., ACI, 267-285

4. BRANDT A.M., 1985a, On the Optimal Direction of Short Metal Fibres in
Brittle Matrix Composites, J. of Materials Science, 20, 3831-3841

5. BRANDT A.M., 1985b, On the Optimization of Fibre Orientation in the Brittle
Matrix Composite Materials, Stevin Lab. Rep. Delft Univ. of Technol., Delft,

pp 40

6. BRANDT A.M., 1986, Influence of the Fibre Orientation on the Energy Ab-
sorption at Fracture of SFRC Specimenc, Proc. Inl. Symp "DBrittle Malriz
Composites 17, edit. A.M. Brandt, [.I1. Marshall, Elsevier Applied Sci. Publ.,
London, 403-420

7. BRANDT A .M., 1987, Influence of the Fibre Orientation on the Mechanical
Properties of Fibre Rreinforced Cement (FRC) Specimens, Proc. Int. Congress
RILEM, 2, Versailles, 651-658

8. BRANDT A.M., 1991, Influence of I'ibre Orientation on the Cracking and Frac-
ture Energy in Brittle Matrix Composites, Proc. Euromech. Coll., 269, Elsevier
Appl. Sc., London, 327-334

9. BRANDT A.M., 1994, Cement-Based Composiles: Malerials, Mechanical Pro-
perties and Performance, E&TFN Spon/Chapman & Ilall, pp 470

10. BRANDT A.M., CZARNECKI L., KaJrasz S., KAsPErRKIEWICZ J., 1983, Buses
for Application of Concrele-Like Composiles, (in Polish), COIB Warsaw, pp 91

11. BRANDT A.M., GLINICKI M.A., 1992, Ilexural Behaviour of Concrete Ele-
ments Reinforced with Carbon Fibres, Proc. RILEM/ACI Workshop "Iligh
Performance Fiber Reinforced Cemen! Composiles”, Chapman and Ilall, Lon-
don, 288-299

12. BrRANDT A.M., GLINICKI M.A., Marks W. 1992, Optimization of Cement
Based Composites Reinforced with Carbon Fibres, Proc. 2nd Int. Symp. "Te-
zlile Composiles in Building Construclion”, Part 1, Pluralis, Lyon, 17-28

13. BRanDT A.M., GLINICKI M.A., Porrzesowskt J., 1994, Application of
FRC in Construction of the Underground Railway System, Proc. NSF Wor-
kshop on Fibre Reinforced Cement and Concrele, Shellield, 400-114



14.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

MECHANICS OF CEMENT-BASED COMPOSITES 477

BrRANDT A.M., KUCHARSKA L., 1993, Mechanical Properties and Application
of High Performance Concrete, Proc. Int. Symp. on Innovative World of
Concrele, Bangalore, India, Oxford and 1Bl Publ. New Delhi, KN3-KN20

BranoT A.M., Marxs M., 1882, Optimization of Cement Based Composites,
Proc. Int. Conf. "Concrete 92”7, Tehran

BRANDT A.M., MARKS M., 1993, Examples of the Mutlicriteria Optimization
of Cement-Based Composites, Composite Structures, 25, 51-60

BrRANDT A.M., Prokoprski G., 1993, On the [ractal Dimension of Fracture
Surfaces of Concrete Elements, J. of Malerials Science, 28, 4762-4766

BrANDT A.M., STROEVEN P., DaLnuiseN D., DoNKER L., 1989, Fracture
Mechanic Stests of Iibre-Reinforced Concrete Beams in Pure Bending, Repor!
25, 1-89-7/C4, Fac. of Civ. Eng., Dellt Univ. of Techn., Dellt 1989

BurakiEwWICZ A., 1979, Fibre-matrix Bond in Fibre Reinforced Concretes (in
Polish), IFTR Reports, 42, Warsaw

BrzezickI J., 1993, Image Analysis in Investigations of Concrete Structure (in
Polish), XXXIX Konf. KILW PAN i KN PZITD, Krynica, 5, 21-28

Brzezickl J., 1994, Image Analysis in Evaluation of the Shape of Coarse
Aggregate Grains (in Polish), XL KNonf. NILW PAN i KN PZITD, Krynica, 5,
19-26

BrzEzICKI J., ICASPERKIEWICZ J., MARKS M., 1994, Stercology and Image
Analysis in Evaluation of Aggregate Grading in Ilardened Concrete, STERMAT
'94-1V International Conference "Slereology and hnege Analysis in Materials

Science”, edit. L.Wojnar, Beskid Sla,ski, 3-6 October 1994, 333-338

GARBALINSKA H., KASPERKIEWICZ J., 1994, Relation between Porosity Struc-
ture and Diffusion Coeflicient of Cement Mortar (in Polish), XL Konf. KILW
PAN : KN PZITB, Krynica, 6, 21-28

GrINIcKI M.A., 1992, Influence of the Rate of Loading on the Strength and
Deformation of Cement Based Coinposites (in Polish), IFTR Report, 2, Warsaw

GLINICKI M.A., 1993, Tensile Stress-strain Behaviour ol Cementitious Com-
posites at High Loading Rates, J. of Malerials Science, 28, 2148-2156

GLINICKI M.A ., 1994 Impact Behaviour of Matrix-modified GRC Composites,
Proc. Int. Symp. Briltle Malriz Composiles, 4, edit. A.M, Brandt, V.C. Li,
I.H. Marshall, IKE and Woodhead Publ., Warsaw 370-380

GLINICKI M.A ., KASPERKIEWICZ J., POTRZEBOWSKI J., 1995, Superplasti-
cizer Effectivness in High Performance Concrete, Warsaw (internal Report)

GLINICKI M.A., VAUTRIN A., SOUKATCIIOFF P., FRANCOIS-BRAZIER J.,
1994, Plate Impact Testing Method For GRC Materials, Cement and Concrele
Compostles, 16, 4, 241-251

KASPERKIEWICZ J., 1978a, Reinlorcement Parameter ['or Fibre Reinforced
Concrete, Bull. del’Acad. Pol. Sci., ser. sci. lech., 26,1, 11-18

KASPERKIEWICZ J., 1978b, Apparent Spacing in Iibre Reinforced Composites,
Bull. del’Acad. Pol. Sci., ser. sci. tech., 26,1, 1-9



478

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

A .M.BRANDT, J.KASPERKIEWICZ

KASPERKIEWICZ J., 1978¢, Analysis of [dealised Distribution of Short Fibres
in Composite Materials, Bull. de I’Acad. Pol. Sci., ser. sci. lech., 27, 7,

601-609

KaspPeErki(EWICZ J., 1979, Ultimate Strength and Strain of Steel I'ibre Rein-
forced Concrete under Tension (in Polish), Mech. Teoret i Stes., 17, 1, 19-34

KasPERKIEWICZ J., 1983, Fibre Structure in Composites with Dispersed
Fibrous Rcinforcement (in Polish), ”Concrete-Like Composiles Mechanics”,
Jablonna, edit. J.Kasperkiewicz, Ossolincum, Wroclaw, 211-249.

KasPERKIEWICZ J., 1983, Internal Structure and Fracture Processes in Brittle
Matrix Composites (in Polish), IFTR Reports, 39, Warsaw

KASPERKIEWICZ J., 19806, Fracture and Crack Propagation Energy in Plain
Concrete, Heron, 31, 2, 5-14

KASPERKIEWICZ J., 1993, Application of Spreadsheet Packages in Optimiza-
tion of Concrete Compositions (in Polish), XXXIX Conf. KILW PAN and KN
PZITB, Krynica, 5, 59-66

KASPERKIEWICZ J., 1994, Optimization ol Concrete Mix Using a Spreadsheet
Package, ACI Materials Journal, 91, 6, 551-559

KaAsPERKIEWICZ J., 1995, I'racture Energy ol Concrete — Nonstandard Eva-
luation, JUTAM Symposium on Size-Scale Effccls wm the Failure Mechanisms
of Malerials and Siruclures, Politecnico di Torino, October 3-7, 1994, Torino,
edit. A. Carpinteri

KAsPERKIEWICZ J., DALHUISEN D., STROEVEN P., 1986, Structural Eflects
in the Fracture of Concrete, 'Briltle Malriz Composiles 1, Proc. of European
Mechanics Coll., 204, Jablonna, Poland, 12-15 Nov. 1985, edit. A.M. Brandt i
I.II. Marshall, Elsevier Applied Science, London, 537-548

KASPERKIEWICZ J., MALMBERG B., SKARENDANIL A., 1978, Determination of
Fibre Content, Distribution and Orientation in Steel-Fibre Concrete By X-Ray
Technique, Proc. RILEM Symp. "Tesling and Test Methods of Fibre Cement
Composites”, The Construction Press, Lancaster, 297-305

KASPERKIEWICZ J., REINHARDT II.W. 1993, Aramid Fibres as a Reinfor-
cement for Concrete, Int. Symp on FRP Reiuforcement - ACI Convenlion,
Vancouver, Canada, March 30-31, 1993, ACI SP-138, 149-162

KASPERKIEWICZ J., STROEVEN P., 1991, Obsecrvations on Crack Ilealing in
Concrete, Proc. [nl. Sympostum ”"Briltle Malriz Composites 37, edit. A.M.
Brandt 1 I.LH. Marshall, Warszawa, Elsevier Applied Science, 164-173

IKASPERKIEWICZ J., STROEVEN P., DALHUISEN D., 1989, Fracture Behaviour
of Plain Concrete in Bending, "Brittle Malriz Composiles 2”7, Proc. Interna-
tional Conf., Cedzyna, Poland, 20-22 Sep., 1988, edit. A.M. Brandt i LII.
Marshall, Elsevier Applied Science, London, 506-515

KucHARSKA L., BRANDT A.M., 1993, Composition, Technology and Mecha-
nical Properties of lligh Performance Concretes (in Polish), /nZynieria i Bu-
downictwo, 50, 9, 356-360

Marks M., 1988, Composite Elements of Minimum Deformalbility Reinlor-
ced with Two Families of Fibres (in Polish), Engineering Transacltions (Rozpr.
Inz.), 36, 3, 541-562



46.

47.

48.

49.

50.

51.

52.

53.

54.

MECHANICS OF CEMENT-BASED COMPOSITES 479

Marks M., 1989, Optimal Fibre Orientation in Concrete Like Composites,
Proc. Int. Symp. "DBrittle Matriz Cowmposiles 2", edit. A.M. Brandt and [.11.
Marshall, Elsevier Applied Science, London, 51-61

MARKS W., PoTrzeBowsKi J., 1992, Multicriteria Optimization of Structural
Concrete Mix, Civ. Eng. Arch., 38, 4, Warsaw, 77-91

PoTrzEBOWSKI J., 1983, The Splitting Test Applied to Steel Fibre Reinforced
Concrete, Inl. Journ. of Cement Comp. and Lighlweigh! Concr., 5, 1, 49-53

PoTrZEBOWSKI J., 1991, Processes of Debonding and Pull-Out of Steel Fibres
from Cement Matrix (in Polish), IFTR Reports, 15, Warsaw

PoTrzEBOWSKI J., 1994, Effect of Silica Fume and Fibres on Shrinkage of
SFRC for Repairs (in Polish), XL Konf. KILW PAN i KN PZITB, Krynica,
5, 109-116

TRAN Tu V., KASPERKIEWICZ J., 1994, The Relationship between Stress and
Crack Opening in Fracture of Concrete, "Briltle Malriz Composiles 4", edit.
A.M. Brandt, V.C. Li and LII. Marshall, Woodhcad Publ. - IKE, Cambridge
and Warsaw, 219-228

Criteria and Melhods of Structural Oplimization, A.M. Brandt edit., Martinus
NijhofT, 1984

Foundations of Optimum Design in Civil Engincering, A.M. Brandt edit., Mar-
tinus Nijhoff, 1989

Optimizalions Melhods applied in Malcvial Design of Composiles with Cement
Mairices (in Polish), A.M. Brandt edit., Civil Enginecring Studics, 38, KILAW
and IFTR PAS, Warsaw 1994, pp 270

Mechanika kompozytédw o matrycach cementowych

Streszczenie

W pracy przedstawiono tematyke badan i niektére wyniki nzyskane w duziedzi-
nie kompozytow o matrycach cementowych. Badania sa prowadzone w Pracowni P4l
Odksztalcen IPPT PAN w Warszawie. Badania dotyczg gléwnie wlasciwosei mecha-
nicznych i kompozycji tych materialéw. Obok prac doswiadczalnych i teoretycznych
prowadzone sa badania aplikacyjne we wspdlpracy z przedsigbiorstwami budowlanymi.
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