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In science there is progress in the sense that some terra inaognita 

becomes passable and is consequently raided by some new development, 

but the distinctive feature of science is that in the process we make 

up new terra inaognita ourselves. In that process, there is no 

progress, but this process might be called progress itself. Science is not 

the quest of reaching UUima Thule , but the perpetual race of 

Achilles who pushes the turtle a little bit further in front of him so that 

he can race a little bit longer. It is an enjoyable race to run. 

H.O.K. Kirchner 



1. INTRODUCTION 

Since the introduction of finite element methods for the analysis of reinforced 

concrete structures, much emphasis has been laid on the development of 

constitutive models for the constituent materials and their inter-relations. In the 

Dutch 'concrete mechanics' project /55,57,163/, a breakdown in 'basic building 

stones' was made as indicated in fig. l.l. 

Material models for plain concrete under multiaxial conditions and reinforcing 

steel, the bond zone and the crack zone (aggregate interlock and dowel action) 

should be incorporated in numerical models /18,19,56/, in order to compute 

realistic response of reinforced concrete structures. 

Fig. l.l. Concrete mechanics project. 

The concrete mechanics project is an on-going cooperative research program 

between the Dutch technical universities of Delft and Eindhoven, the Rijks

waterstaat, a division of the Netherlands Ministry of Transport and Public Works, 

and the Institute for Applied Scientific Research on Building Materials and 

Building Structures (TNO-IBBC). The first phase of the project, which ended in 

1981, was concerned mainly with the development of material models for use in 

computer programs with the restriction of short term (static) loading. 

The second phase which is in progress presently, puts more emphasis on off-shore 

applications (cyclic and sustained loading). 

The problem of triaxial non-linear behaviour has so far been approached by 

means of a literature study. Current constitutive laws for plain concrete 

(hardening plasticity with various yield surfaces /19/, and the model developed 

by Link for biaxial loading in /56/) were adopted. 
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The description of non-lfnear triaxial behaviour is currently one of the main 

topics of research. The fact that, in 1983, two major symposiums (lf) were 

organized on the topic illustrates its importance. 

The increased demands with regard to general applicability of constitutive 

models is mainly due to the increasing complexity of modern concrete struc

tures. New areas of application arise such as ocean structures, nuclear contain

ments, tall buildings and large span bridges. Also the tidal surge barrier, which is 

presently under construction in the Eastern Scheidt, is a fine example of ever 

expanding boundaries of application of concrete as a structural material. 

The above mentioned examples are concerned with structures that are situated 

in environments that impose complicated and uncommon loading histories to the 

material. 

Not only are these huge unusual structures a reason for the growing general 

interest in non-linear triaxial behaviour of concrete, but also, safety con

siderations of beams and slabs subjected to combined shear-loading and bending 

moments, rely on assumptions related to concrete stress-strain behaviour. In 

analysing failure conditions (for example rotation capacity of plastic hinges in 

beams /36/), the descending branch of the stress-strain curve comes into play. 

In the introductory report of the 1981 IABSE Conference in Delft, Eibl 

/44/proposes for future research: "A realistic investigation of the descending 

branch of the concrete constitutive law, including the rotational capacity of RC

slabs and RC-beams", and further, "Another interesting and still discussed 

technical problem is combined bending and shear in webs and flanges of T -beams. 

Although further tests are necessary especially for cases where failure is due to 

exceeding compressive strength, finite element methods based on realistic RC

behaviour could be very helpful". 

In the same introductory report, Eibl /44/ states: "The fact that a priori known 

experimental results, especially load-deformation relations can be described 

after the experiment has taken place, should not be overestimated. Everybody 

doing such calculations knows how many parameter changes are possible and 

somtimes done to gain such data- fit". 

International Conference on "Constitutive laws for Engineering Ma
terials", ed. C.S. Desai, and R.H. Gallagher, Tuscan (Az.), January 10-
14, 1983. 

William Prager Symposium on "Mechanics of Geomaterials: Rocks, 
Concretes, Soils", ed. Z.P. Bazant, Northwestern University, Evanston 
(Ill.), September 12-15, 1983. 
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Prediction competitions, such as the one organised by Collins of Toronto 

University /35/ are very appealing in this context. From the results of this 

competition it was concluded that very simple models can produce predictions 

just as good and just as bad as very complex models. Also it was concluded that 

the behaviour of concrete under non-proportional load paths is not very well 

understood. 

In fact this is in agreement with considerations made by Blaauwendraad in his 

inauguration at Delft University. He stated that- for the time being - mechanics 

models are sufficiently developed, but further material properties should be 

obtained. And as Drucker states /43/: "Experiment is essential, it is vital and it 

is creative. Over the years, experiment alone provides the basis for the 

refinement and extension of existing theory and the development of new theory". 

However, Finite Element Methods provide a new and powerful tool which is 

helpful especially for research purposes (for example see /117 /). 

It is in the scope of this research to provide for additional multiaxial stress

strain data for concrete. Servo-controlled testing devices in combination with 

very stiff loading frames, provide new material data in addition to earlier 

predominantly load-controlled data. Earlier post-peak data was obtained mainly 

for uniaxial loading in tension /47,129/ and compression /126/, and more recently 

also very scarce for triaxial compression paths using conventional triaxial 

cylinder tests /1,79/. In this report, the results are shown of the very first 

experiments with cubical specimens, using a three-fold servo-control in a 

multiaxial apparatus. Major emphasis is laid on the study of non-proportional 

load-paths and the conditions for failure. 

In evaluating stress-strain data for concrete, it must be realised that "the 

deformability and resistance to fracture under various conditions require for 

their real understanding and interpretation in terms of the internal structure of 

the material" /50/. An extensive study of the micro-structural changes in 

concrete subjected to external uniaxial compressive loading was carried out by 

Stroeven /152/. Macroscopic observations from the usual material tests, using 

cubes and cylinders, should be related to processes aCting on a smaller size 

scale. 

Most constitutive models 'simply' relate macroscopic stress and strain, and the 

material body is considered as a continuum. Simply adopting models, previously 

developed for materials with different internal structure, based on similarities at 

the macroscopic level is hazardous and, in principle, can lead to a wrong model. 
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Such a model may predict the response of common material tests successfully, 

but is likely to fail under different loading histories. An approach relating micro

and macro processes, in principle, can be based on energy-concepts. In this 

context however, it is important to decide which information or processes are 

important for describing macro-behaviour. 

In view of the complicated internal structure of concrete such an approach is 

certainly not easy. A balance should exist between the effort expended and the 

accuracy obtained. 

For example in determining stiffness degradation due to a process of distributed 

micro-cracking, it may be sufficient to analyse the effect of a single micro

crack and their mutual interactions, in order to obtain a 'smeared model' by 

means of a well chosen averaging process. 

Possibly such an approach may lead to sufficiently accurate predictions, instead 

of taking into account aggregate positions and crack extension processes as 

detailed as possible (see for example /170/). 

In principle a theory with 'internal memory' is required. As progressive cracking 

occurs under increasing external load, an approach using fracture mechanics 

would seem to be indicated. The application of fracture mechanics to concrete 

was first discussed by G!Ucklich /53/, and has been developed into a field of 

general interest. 

In this thesis the above considerations are discussed in relation to the ex

perimental results obtained. It is emphasized that, as far as theory development 

is concerned, only some first thoughts are presented. Main purpose of the study 

is to obtain further experimental stress-strain data for concrete under multiaxial 

load histories, including strain softening (i.e. the failure conditions), and to try to 

understand the governing phenomena. The experimental results are discussed 

critically in relation to the experimental technique that was adopted. 

- short description of the contents of this thesis -

In chapter 2, a rather limited survey of the literature is given, regarding current 

knowledge on internal structural changes, typical 'failure-boundaries' and strain

softening. Since little information is available regarding strain-softening of 

concrete under multiaxial conditions, the discussion is limited to softening in 

uniaxial compression and tension. 

In chapter 3 an extensive description of the adopted experimental technique is 

given. The construction of the triaxial cubical machine is explained. Furthermore 

test control, measuring devices and data aquisition system are described. 
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At the end of chapter 3, the manufacturing method of the specimens, and a 

complete review of the experimental program .is shown. 

Chapter 4 gives a review of the uniaxial compression results. Relatively many 

uniaxial tests were carried out in order to study the influence of the applied 

manufacturing method. Great emphasis is laid on the deformation measuring 

system too. Finally some results are shown regarding size effects in uniaxial 

softening. 

In chapter 5, the main triaxial experimental results are shown. Major emphasis is 

laid on stress-strain behaviour under triaxial conditions including the softening 

branch, but also on observed rupture modes in relation to the stress-strain 

diagrams. 

Chapter 6 discusses some very preliminary thoughts on constitutive modelling. 

The use of damage models, relating internal structural changes and macroscopic 

phenomena is discussed. Also some 'smearing methods' are examined. Important 

in the discussion is to decide if a continuum description of triaxial concrete 

behaviour is acceptable, or whether a discrete model is required. 

In chapter 7, some additional experimental results following so-called 'rotation

paths' are shown. Also some very first small angle rotations using the pre

load/saw method are indicated. The results are discussed in relation to chapter 6. 
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2. SURVEY OF LITERATURE 

In this chapter, a short review of literature is given. The survey is rather limited, 

while an extensive study was reported before /103/. In section 2.1 some attention 

is given to the behaviour of concrete at the submacroscopic level. Further in 2.2, 

typical boundaries in the fracture proces are discussed, both for uni- and triaxial 

loading. Finally in 2.3 stability models regarding strain-softening in compression 

are discussed. Also, some theories for tensile fracture are mentioned. 

2.1. The behaviour of concrete at the submacoscopic level. 

Concrete is often modelled as a two- or three phase material. We can distinguish 

between an aggregate phase and a cement-matrix phase which is built up from 

the smaller aggregate particles and the bonding constituent cement. Also a large 

amount of pores (air voids) is present. 

The ratio between the subsequent constituents will influence the deformational 

properties of the concrete-mix and the final strength. Next to these internal

structure related variables, a large number of external factors will influence the 

observed behaviour too. For small-sized tests on cubical or cylindrical speci

mens, for example used for the determination of the strength and deformational 

properties of the material, these other factors are loading-rate, specimen-size, 

moisture-conditions, temperature, etc. 

This study is confined to static (short-term) loading (loading rate £ - 10-5 /sec 
. -2 I 21 ) or o- 5.10 N mm sec , and moisture and temperature effects are excluded. 

At this point a definition of the different size-levels should be given. In 

accordance with Mihashi and Wittman /105/ and later re-defined by Wittmann 

/169/the following three groups can be distinguished: 

1. Macroscopic level, 

The characteristic length is in the order of 100 mm or more, properties to 

be studied are those for a continuum, that is average stress- and strain and 

non-linearity of mechanical properties. The corresponding engineering mo

dels should be presented preferably in such a form that they can be used 

immediately in numerical analysis. 

2. Submacroscopic level or meso-level, 

The characteristic length is in the order 1 to 10 mm. Typical phenomena to 

be studied at this level are crack-formation and fracture mechanism. It is 
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obvious that the average stress and strain and the non-linearity of the 

mechanical properties at the macroscopic level will be largerly influenced 

by phenomena acting at this level. 

3. Microlevel, 

Characteristic length in the order of 10-1 mm or less. Also here we may 

assume that the behaviour at the lower levels will be affected by mecha

nisms which are typical for this level. Physical and chemical processes will 

be active at this level. Models at this size level are called material science 

models. 

It is an experimental fact that faults in concrete such as pores and micro.:.cracks 

are present before any loading is applied. (see for instance Stroeven I 152,1531 

and micro-crack studies performed at Cornell University /71,141,142,146,156/). 

A crack is defined as a discontinuity of which the boundaries were in an initial 

parallel position when crack formation occurred. 

The micro-cracks mentioned before are at the submacroscopic level. With the 

fluorescenting technique, original developed by Forrester I 491, Stroeven I 1521 

showed that before any loading is applied to the specimen, already 50% of the 

total crack length at peak-stress-level (macro-level) was present. Only cracks 

with length exceeding 1 mm were taken into account. These micro-crack studies 

were carried out using uniaxial compressed prismatic specimens. After a 

specimen was loaded to a certain stress-level, the fluorescenting dye was applied 

at the specimen-surface and was allowed to dry, before the loading was released. 

After the specimen was completely dried, photographs were taken of the treated 

surface, in UV-light. One of Stroeven's photographs is shown in fig. 2.1. 

Fig. 2.1. Crack-pattern made visible with the fluorescenting technique 

(after 1152/) 
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In a concrete system, the cracks, or better weaker planes will develop mainly 

under the larger aggregate particles. These 'weak planes' are the result of 

bleeding, shrinkage and temperature difference during the hardening process of 

the concrete. (fig. 2.2). 

direction of 
casting 

Fig. 2.2. Accumulation of weak planes under large aggregate-particles. 

The effect of initial anisotropy on the uniaxial tensile strength was reported by 

several investigators /74,147,171/. A decreasing tensile strength was measured 

when loading was applied parallel to the direction of casting rather than 

perpendicular. Similar results were reported by Hughes & Ash /74/ for uniaxial 

compression on a low strength concrete. 

- Crack-propagation and fracture of concrete -

Due to high tensile stress concentrations in the specimen, produced by inter

action between larger aggregates and voids /77,128/, cracks may initiate and 

propagate in concrete under uniaxial compressive loading (fig. 2.3). 

I direction of + external loading 

Fig. 2.3. Interaction between large aggregates, after /128/. 
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The micro-cracks are found to appear at the interface aggregate-cement matrix, 

and when loading is increased, tend to propagate along the aggregate surfaces. 

I 143,71,1521. The findings that cracks initiate and propagate along the larger 

aggregate interfaces is consistent with research by Alexander, Wardlaw & 

Gilbert, 121 on the nature of the aggregate-cement matrix bond. In normal 

strength concrete this bond between two phases is generally considered as the 

"weakest link" in the concrete structure. 

In general three types of micro-cracks are distinguished: 'bond-cracks' at the 

cement-matrix aggregate interface, 'mortar-cracks' which run through the 

matrix material, and 'aggregate-cracks' /71,91,1561. As was reported by Stroeven 

I 1521, mortar cracks also were observed to run along the interfaces of the larger 

sand-grains. Accordingly a better classification would be interfacial cracking 

(including all · cracks at the aggregate-cement paste interface) and paste

cracking. 

In a recent study on crack-formation and propagation in high-strength concrete, 

by Carrasquillo et. a!. 126,271, a classification in simple-cracks and combined 

cracks was proposed. The simple-cracks are isolated micro-cracks in either of 

the three above mentioned fashions, whereas combined cracks are formed from 

two or more simple-cracks. 

The first link between micro-crack-propagation and stress-strain behaviour of 

concrete was made by Hsu et.al. /711. Changes observed at the microscopic 

stress-strain behaviour of cylinders under uniaxial compressive loading, were 

accompanied by changes in crack-density and crack-mode. From cylinders, 

loaded to a certain strain-level, thin slices were cut (perpendicular to the 

direction of loading), and after dyeing·, the micro-crack- length and modes 

according to the first classification were determined. In figure 2.4, three crack

maps and the governing stress-strain relation are shown. 

IN/mm2] 

Op =20.7 

• 
;.' 

' v 

(b.) 

\IIIW:~-18 --------
\ /"/ ---

/'/ IIIW 3-30 

0.5 1.0 1.5 2.0 25 3.0 
e: [%o] 
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crack- map IIIW9- 18 E = 1.8 %o crack- map IIIW3- 30 E =3.0%o 

Fig. 2.4. Hsu et.al./71/, crack-maps at 0, 1.8 and 3° /oo. 

At zero-strain level, only a number of bond-cracks are observed. With increasing 

strain, bond-cracks started to grow as soon as a stress-level of approximately 

30% of ultimate was reached. The increase of bond-cracks (amount and length) 

was accompanied with a deviation of the macroscopic stress-strain curve from 

linearity. Further increasing of axial strain, showed a progressive accumulation 

of bond-cracks and at 70 - 90 % of ultimate load, mortar cracks started to 

propagate, and also crack-bridging was observed. Finally at a strain level of 

3 ° /oo, a complete deterioration of the concrete structure occurred. In this stage 

the cracks only remained stable when an increase of strain was accompanied by a 

decreasing stress. The so-called softening branch was measured by Hsu et~al. 

/71/, while the loading-frame was stiffened by placing two springs parallel with 

the concrete specimen. In the descending branch of the stress-strain curve, the 

energy released by the macro-cracks could be taken by these springs. In section 

2.3 some more attention is given on these aspects. The length of bond- and 

mortar cracks at several strain-stages is shown in table 2.5. 

Strain (0 /oo) 0 - 1.2 - 1.8 - 2.4 - 3.0 

Total aggregate 382.5 385.3 375.2 332.7 344.2 
perimeter (mm) 

Total bond crack 47.5 55.1 75.2 55.4 100.6 
length (mm) 

Percentage of perimeter 11.9 14.3 20.0 16.6 29.2 
cracked 

Total mortar crack 0.28 2.03 3.43 5.05 15.62 
length (mm) 

Table 2.5. Hsu et.al. /71/, bond-crack and mortar-crack length with increasing 
axial strain. 
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The load-level, where severe mortar-cracking starts, is often refered to as 

critical stress. At this level, a reversal in the volume strain vs. stress diagram is 

observed. Similar observations were made by Stroeven I 153/. The minimum 

volume boundary is closely connected with a sharp increase of the load-induced 

portion of crack-surface per unit of volume. He concludes that phenomenological 

behaviour on the macro-level is directly related to the average structural 

changes. The observations of Stroeven /153/ are depicted in figure 2.6. The 

volumetic strain-stress curve is shown in the upper part, the increase of load

induced crack surface is shown in the lower part of the graph. 

E v (jls train! 

75 f 

50 

25 

0.5 

l t.Sv (rTVn2/mm3] 
1.0 

Fig. 2.6. Volumetric strain (E v = (E 1 + E 2 + E 3)/3) and specific crack surface 

area versus applied axial stress after /153/. 

Stroeven further states: "Rupture can now be interpreted in structural terms. A 

small but gradual, though discontinuous; rising of crack length and number is 

observed in the first stage of loading. During the second stage the dominating 

mechanism consists in joining of cracks". 

The observations of Stroeven /152/, are consistent with the recent investigations 

by Carrasquillo et.al./26/. Indeed it seems that the joining of separate micro

cracks is a major step in the rupture propagation of concrete. 

The minimum volume boundary was reported by numerous investigators, using 

different techniques. The above mentioned observations on changes at the micro

structural-level is one way. /71,152,91,156/. Other possibilities are direct 

surface-strain measurement /38,13/, or accoustic emission /139,132/. 

The above mentioned results, reflect the behaviour of uniaxial compressed 

specimens. Crack-detection also was done on triaxial loaded cubes by 
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Krishnaswamy /91/. For a stress combination o 1 < o 2 = - 3.5 N/mm 2 
< o 3 = -

3.0 N/mm2• The length of bond-and mortar cracks was determined at six 

different loading-levels. In figure 2. 7 a comparison is made between the crack

history of a uniaxial compressed specimen, and a triaxial loaded specimen. At 

80% of the maximum stress-level, identical crack-densities are measured (colo

red dye technique) for the uni- and triaxial loaded cubes. The higher strength in 

triaxial compression is the result of delayed micro-crack propagation. Also for 

the specimen loaded in triaxial compression, a fast increase of micro-crack 

density is observed at 80% of ultimate stress, indicating the existence of a 

minimum volume. No fiction reducing measures were taken in the crack

detection tests reported by Krishnaswamy. (see also chapter 3.1). 
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Fig. 2.7. Micro-crack development under uni- and triaxial compression, after 

/91/. 

The above mentioned crack-detection techniques make use of X-rays /146,26/, 

fluorescenting dye I 49,39,152,153/, or simple colored dye /71,91/, in order to 

visualise the micro crack structure. Recently, at much higher resolutions, crack 

detection was carried out on cement-paste and mortar specimens using a 

Scanning Electron Microscope by Darwin & Attiogbe /37/. Crack-densities 

obtained at a 1250 x magnification showed to be a factor ten larger than the 

conventional X-ray and dyeing techniques. In figure 2.8 the results of Darwin &: 

Attiogbe obtained for cement-paste with varying w/c-ratio are shown. Also 

plotted are the results from Carrasquillo et.al./26/, obtained with the X-ray 

technique for high strength concrete. 
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Fig. 2.8. Micro-crack density versus applied compressive strain for cement

paste after /37/ and for high strength concrete after /26/. 

The crack-density in cement-paste varies inversely with the w/c-ratio for non

loaded specimens. A linear increase of crack-density with applied compressive 

strain was found. Furthermore based on these observations, the conclusion was 

drawn that the highly non-linear behaviour of concrete, mortar and cement-paste 

may be the result of the high crack-density in cement-paste. 

The work of Darwin & Attiogbe shows a continuously increasing crack density 

with applied strain. No reference is made to existing critical boundary's for 

crack-initiation, propagation or crack-bridging. 

2.2. Different stages in progressive fracture. 

In the previous section the minimum volume £ (determined from the macros
v 

copic strains £., i = l, 2, 3), was associated with the starting point of severe 
I 

mortar-cracking (see fig. 2.6). The observations from the previous section, 

relating submacroscopic cracking with macro phenomena in uniaxial compres

sion, may be extended to triaxial compressive loading situations. 

At moderate stress-levels, when the fracture process is confined to isolate 

'micro-cracking', an almost linear-elastic response is measured. According to 

Newman and Newman /ll2/, elastic response is observed up to stress-levels o1 
,. 0.4 - 0.5 o 1 k in uniaxial and triaxial compression. When this limit is ,pea 

exceeded, micro-cracks start propagating in a stable manner, and the limit is 

referred to as 'lower bound criterion for failure I ll2/. In a later investigation by 

Kotsovos and Newman /85/, this boundary is redefined as 'onset of stable crack 
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propagation' (OSFP). 

For increasing principal stress 01' eventually the above mentioned minimum 

volume is obtained. Newman and Newman I 112/ refer to this boundary as 'upper 

. bound criterion for failure', and later Kotsovos and Newman as 'onset of unstable 

fracture propagation' (OUFP). 

Upon further increasing stress, beyond OUFP, a maximum stress-level is reached 

(stress-failure in load controlled testing). Only when proper measures are taken, 

the fracture process also remains stable beyond peak-stress, and a descending 

branch is measured (see section 2.3). 

In figure 2.9.a, the above mentioned stages in the progressive fracture process 

are shown in the meridian plane in principal stress space. The meridian plane 

contains all loading combinations that can be investigated with standard triaxial 

cylinder tests (i.e. the compressive meridian for stress combinations o 1 < o 2 = 
o3, and the tensile meridian o 1 = a 2 < a 3, with o i negative compression, are 

both situated within this plane). In figure 2.9.b, the subsequent fracture surfaces 

are plotted in a similar cross-section in strain-space. 
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Fig. 2.9. OSFP, OUFP and ultimate strength envelopes for concrete subjec

ted to axissymetric triaxial stress-states, after /85/. 

The OSFP curve is closed, and appears symmetrically with respect to the 

hydrostatic axis, both in stress and strain space. According to Kotsovos and 
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Newman /85/, this symmetry implies that material is isotropic within the OSFP 

envelope, and responds similar to different deviatoric loading paths. The OUFP

envelope and ultimate strength envelope are both open ended and non-symmetric 

with regard to the hydrostatic axis. The material becomes anisotropic, due to 

oriented cracking dictated by the maximum principal compressive stress. The 

OSFP-envelope is associated with the fatigue strength of the concrete. Below 

this level, concrete does not suffer from any significant cracking. The OUFP

level is associated with the long-term strength of the material (see /85/, and also 

compare with /132/). 

Boundaries in the fracture process of concrete subjected to multiaxial loading, 

were also proposed by several other investigators (Kupfer /92/, Launay and 

Gachon /93,94/), and are in principle similar. 

In contrast to the above distinction, Spooner et.al. /148,149/ indicate that the 

fracture process of concrete is progressive. The definition of the above defined 

lower bound is dependent on the sensitivity of the measuring method, and rather 

subjective. Spooner at.al. /148,149/ argued that concrete behaves similar as an 

ideal material in which energy is dissipated by two processes. Due to the first 

mechanism (a), energy is dissipated during only the first loading over a given 

strain-range. A second mechanism (b) provides for energy dissipation both during 

increase and decrease of strain. The energy dissipated due to mechanism (a) can 

be taken as a measure of the damage sustained to the material. The second 

mechanism (b) provides a damping effect similar to that observed in real 

materials under repeated loading. By subjecting a material sample to a series of 

unloading-reloading cycles the subsequent dissipating mechanisms can be distin

guished (see fig. 2.10). 

Upon first loading, the total energy of the material given as the surface under 

the stress-strain curve includes damage energy Wy, damping energy w•0 (mecha

nism (b)), and elastic energy Wf. (which is recoverable). Upon unloading, no 

further damage is sustained, but energy is dissipated due to damping (mechanism, 

(b)), W"0 . The total energy dissipated in the first load cycle ABC is equal to the 

surface of the stress-strain curve between the loading and unloading curve, and 

is given by 

w diss = Wy + W'o + W''o ••••• (2.1). 
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Fig. 2.10. Definition of damage energy, damping and recovery energy 

components, after /148/. 

Note that the elastic energy WE is recovered. On reloading to the previous 

unloading point B, the additional work done is equal to W'0 + WE • No further 

damage energy dissipated while the previously attained maximum strain-level is 

not exceeded. The total energy dissipated in the second cycle is equal to w•5 + 

W"
0

, where it is assumed that damping may be dependent on the direction of 

straining. 

In /148/, no attempt was made to separate between the two damping energies, 

thus w•0 + W"0 = 2W0 • By adopting a cyclic loading history to a material 

sample, the above mentioned energy components can be determined. 

Based upon a number of accoustic emission experiments, it was found that no 

further emission was observed before the previously attained strain was excee

ded. (cyclic loading history, 'to the envelope', see fig. 3 and 4 in /148/, using 

concrete specimens). 

It was concluded by Spooner /148/ that concrete behaves essentially similar to 

the model material displaying the above mentioned dissipating mechanisms. 

Adopting the described method, a break-down in energy components was derived 

from a series of cyclic experiments on concrete prisms /148/ and cement-paste 

specimens /149/. In fig. 2.11, the cummulative energy dissipated in damage for a 

concrete specimen is shown. It was concluded that damage starts at very low 

strain-levels and is progressive. 
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This type of 'damage function' (fig. 2.11) was_ proposed by Dougill /40/ and 

Oougill & Rida /41/ for use in a theory of progressively fracturing solids. In 

principle, this approach may also be adopted in triaxial loading situations. 

Attention to these aspects is given in chapter 5 and 6 . 
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Fig. 2.11. Cumulative energy dissipated in damage in a concrete specimen, 

after /148/. 

The damage dissipating function was derived from experiments displaying a 

stable softening branch. In such an approach, stress-failure is merely a casual 

quantity related to a certain damage level. Some aspects of strain softening are 

discussed in the next section. 

2.3. Softening behaviour under compressive or uniaxial tensile loading conditions 

- Concrete in uniaxial compression -

From uniaxial compression tests it is known that concrete displays a gradual 

decrease of load carry'ing capacity with increasing axial strain when a maximum 

load-level is exceeded. This so-called softening behaviour is observed when a 

proper strain-controlled test is carried out. In terms of damage (cracks), it is 

observed that large macro-cracks form after the peak-stress-level is exceeded. 

Normally it is assumed that these macro-cracks should run parallel with regard 

to the compressive loading direction. From previous investigations however, it 

was also observed that inclined cracks or multiple oriented cracks may develop 
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/39/. Also in biaxial tests, inclined crack-surfaces are observed, even when 

friction-poor boundary conditions are used /92/. The most common assumption on 

this matter however is that the inclined cracks solely are the result of constraint 

between loading application system and specimen. The constraint, although 

reduced considerable, also will be present in tests providing for 'friction-poor' 

boundary conditions (see also section 3.1). 

The descending branch in the compressive stress-strain curve is observed only 

when proper measures are taken. The relatively large energy-release due to 

formation of macro-cracks, has to be supported by other elements in the 

complete structure, which are still in their pre-peak region. The complete 

structure mentioned before, includes the testing machine and the hydraulic 

system in cases of the normal small size tests on prisms or cylinders. In early 

investigations, the requirements for a stable test were obtained by placing 

springs parallel to the specimen /54/, or by performing an excentric loading test 

/126,70,132/. In the latter case, stress-redistributions were allowed to occur 

within the specimen. However, the coupling between stress- and strain is 

difficult, due to the non-linear behaviour of the material. 

A test will remain stable when the energy released by the specimen can be 

supported by the machine: the energy increment of the total system always must 

be positive: 

D.W = D.W . + D.W h" > 0 tot spec1men mac me ..... (2.2.) 

From the continuum mechanics point of view, the existence of the descending 

branch and thus negative elastic moduli is impossible. The material looses 

stability, and the tangential stiffness matrix becomes non-positive definite. As 

stated by Bazant /5/, it must be concluded that a structure (specimen) must 

loose stability as soon as the peak-stress-level is exceeded. However, as 

discussed before, it is possible to measure a stable descending branch when 

sufficient precautions are taken, and an energy redistribution is possible within 

the complete system. 

In /5/, Bazant discusses the conditions for a stable strain-softening branch. The 

effects of size, heterogeneity and stored energy on the stability analysis are 

shown. The model used by Bazant is depicted in fig. 2.12. The strain softening is 

assumed to occur in a region with length 2 t1. The strain-softening zone is 

assumed to undergo a uniform infinitesimal strain increment O£ 
1

, the remaining 

parts of the specimen will unload (strain increment O£ 2). 
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Fig. 2.12. Strain-softening localisation /5/. 

The total work which has to be supplied to the system can then be calculated: 

IJ.W = 2[A t1(o
0 +! Et oe: 1) 6e: 1 + Al 2 (o

0 +! E6e: 2) 6e: 2 + 
+ (P0 +! C 6u

2
)ou

2 
..... (2.3.) 

where A = the cross-sectional area of the specimen and P0 = A.0°. The other 

parameters are shown in figure 2.12. As mentioned before, the system remains 

stable, if under any condition, energy has to be supplied to the specimen (/J.W >D). 

The final form of the condition for instability is: 

L 
-Et/E > -Et,crit/E = 1/ [ / t1 - 1 + AE/(C l1)] ••.•• (2.4.) 

The assumption made in the analysis that the uniaxial stress-strain curve may be 

applied in the situation of figure 2.12 is discutable. The requirement that the 

strain-softening is localised in a small zone, leads to incompatibility of lateral 

strains between the localisation zone and the unloading zones. Due to this 

assumption, the influence of constraint on the strain-softening instability is 

neglected. 

Some results concerning the influence of constraint between loading application 

system and specimen are recently published by Kotsovos /87/. In the context of 

the stability analysis, we will show some of his results here. A more comprehen

sive survey of the important aspects of boundary conditions in the testing of 

multiaxial stress-strain behaviour of concrete will be given in section 3.1. 
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Kotsovos /87/ investigates the influence of five types of "anti-friction" media on 

uniaxial post-peak stress-strain response of concrete: 

- no "anti-friction" medium (dry steel platens), 

- a layer of synthetic rubber (neoprene, 0.45 mm thick), 

- a MGA-pad, consisting of a 0.008 mm thick hardened aluminium steel 

placed adjacent to the specimen. Molyslip grease (3 % MoS2) and a 

Melinex polyester film were placed against the steel platens of the testing 

machine. 

- brush bearing platens, and 

- "active-restraint", by means of clamps which were placed at a distance of 

3 mm from the loaded surfaces. 

Results were obtained for two concrete mixes: mix 1, uniaxial compressive cyl. 

strength f' = 29 N/mm 2, and mix 2, f' = 50 N/mm
2

. The tests were carried out c c 
using cubical specimen (d = 100 mm) and cylindrical specimen (6 100 x 250 mm). 

The strains were measured by means of L VDTs, placed between the loading 

platen, and additionally by means of strain-gauges at the specimen surface. Fig. 

2.13 shows the influence of the five loading application systems on the post-peak 

load-displacement curve, measured with the L VDTs, for the "higher-strength" 

concrete. 

Based on these results, and on a number of tests on beams loaded in four-point 

bending /88,89/, in which lateral displacements were measured near the loading 

platen, the conclusion was drawn that concrete is a perfectly brittle material. 

According to Kotsovos, we can assume that the post-peak behaviour is solely the 

result of the constraining action of the loading application system. Furthermore 

based on the beam-tests, it was stated that the large deformations leading to a 

considerable amount of rotation capacity are rather the result of the constraint 

between loading-platens and beam surface instead of the normally existing 

softening branch. The constraint is considered to be responsible for a triaxial 

stress-state under the loading platen, thus providing the necessary conditions for 

an increase of axial deformation combined with a decrease of lateral defor

mation and an increasing load carrying capacity. 

The questions which arise from the investigations by Kotsovos are important, 

although a less extreme point of view is preferred. The results shown in figure 

2.13 all demonstrate brittle behaviour, resulting in an unstable (downwards 

directed) descending branch. 

It is known that a soft load-application system will lead to a sign-reversal of the 

shear-stresses acting at the specimen - loading platen interface,and thus will 
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Fig. 2.13 Load- displacement curves for various loading application systems, 

after Kotsovos /87/. 

provide additional micro-cracking in the pre-peak region due to tensile splitting. 

In this context it must be emphasized that the thickness of the soft-layer 

(rubber, MGA-pad) has a considerable influence on the behaviour /113/. (figure 

2.14). 
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Fig. 2.14. De pendency of la teral deformation on loading application system, 

after Newman /113/. 
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In /5/ it was shown that ductility, expressed by the ratio £/£p (with£ f =failure 

strain, and £ = strain at peak) is influenced by the size of the specimen with 
p 

respect to the size of the aggregate (i.e. size of inhomogeneities) and by the 

spring constant C of the machine (see also equation (2.4.)). 

Test-results obtained by Carrasquillo et.a!. /26,27/, show a delayed crack

formation process for high-strength concrete, when compared to medium and 

!ow-strength concrete. At failure, a considerable amount of cracks (micro-cracks 

and combined cracks) run through the aggregate-particles. The delayed crack

propagation is also shown by the nearly straight pre-peak stress-strain response 

of the high strength concrete. Based on the paper by Bazant /5/, one might 

expect an increasingly instable behaviour of high strength concrete, due to the 

reduced effect of heterogeneities. (The high strength material is rather homo

geneous due to similar strength properties of the aggregate phase and cement

matrix phase). 

Similar observations hold for the post-peak behaviour of cement-paste (Spooner 

et.al./ 149/) and for the post-peak behaviour of light weight concrete (Wang et.a!. 

/165/, Grimer & Hewitt /54/). 

An additional important factor leading to a stable decending branch is the 

frictional behaviour of the material. Sliding in cracks over larger or smaller 

asperities will have a pronounced effect on the observed post-peak behaviour. 

- Geomaterials in uni- and triaxial compressive loading -

Strain-softening is not a phenomenon which is characteristic for concrete only. 

Gee-materials such as rock also display strain-softening behaviour (see for 

example Ichikawa et.a!./7 5/, and the work of Bieniawski and co-workers I 16,17 /). 

In standard triaxial compression tests in a stiff machine, the development of a 

pronounced shear-band in the post-peak _stress-strain curve is observed. For 

'brittle' soft rocks such as coal, multiple stick-slips are found in the strain

softening branch /154/. In spite of the fact that in some cases also a multiple 

fracture mode is observed, the shear-band-mode is considered as typical for the 

behaviour of rock-masses under compressive loading. 

The strain-softening is confined to the joint (shear band) and its immediate 

vicinity, the rock masses between the joints continue to behave in an elastic 

manner (Sture & Ko I 154/). This means that strain-softening is not considered as 

a material property, but is rather the performance of a structure whose 

individual components such as joints and interfaces exhibit a loss of strength 
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with progressive displacement. The progressive failure of rock in a triaxial 

compressive test is shown in figure 2.15. 
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Fig. 2.15. Progressive failure of rock in a uniaxial or standard triaxial test, 

after Sture & Ko /154/. 

Based on the above mentioned observations, a shear-strain softening model was 

developed by Sture & Ko (see fig. 2.16). The two intact pieces are assumed to be 

very stiff compared to the granular mass in the shear-zone. The stability of the 

structure is dependent on the geometry of the shear-zone as well as the material 

parameters (fig. 2.16). The variation in work D. W, due to a machine displacement 

5u is given by 
2 "o'At . 5y
55 

- S1'il'(l (tan oy
55 

- 6y 55 ) 
At 

sin a. ..... (2.5). 

1 2 . ~ 2 
+ '2 C •t SlOO.·uy SS 

Where G = Ot I By is the shear modulus in the shear-zone, and 6y = tan -1 
ss ss ss 

( u/t sin ). A is the cross-sectional area of the specimen and t is the thickness 

of the shear-band. The angle a. determines the orientation of the shear band 

normal to the loading direction. 

Comparison of both the normal strain-softening model (eq.2.4) and the shear 

strain softening model with a number of standard triaxial compression tests (with 

critical stability in the post-peak region) under various confinements in a 

machine with adjustable stiffness, showed better agreement of the shear strain

softening model. The energy variations in the specimen and the machine support 

were found to be in the same magnitude for all cases investigated, which 
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indicates a balance between energy released and energy absorbed. The thickness 

t of the strain-softening zone was estimated by measuring the fine grains torn 

loose in the shear zone. In I 1431, it is stated that the size of the fracture zone is 

initially of the order of microns, but the zone grows rapidly with the relative 

translation between the fracture surfaces as asperities are ground down and 

loose grains are torn apart. The shear modulus in the shear-zone was estimated 

to be on the order of 1 - 5% of the intact modulus. The inclination a. of the shear 

band was, dependent of the material tested, between 65 and 75 degrees. A slight 

curvature of the shear-fracture plane was observed in some cases. 
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Fig. 2.16. Shear-strain softening model after I 1541. 

shear zone 

The normal and shear strain-softening models were developed in an attempt to 

take account of the localised failure modes of concrete and geo-materials in a 

numerical scheme. And as Bazant 151 remarks: "strain-softening is impossible 

without heterogeneity of the material. This represents a certain inconsistency in 

the mathematical model, because by characterizing the strain-softening in terms 

of stress and strain, the state variables of a continuous medium, one implies the 

material to be a continuum, and this property is incompatible with the existence 

of strain-softening. One way to circumvent this inconsistency is to describe the 

strain-softening by means of a stress-displacement, rather than stress-strain 

relation, the displacement being a relative displacement over a certain characte

ristic length". 

- Strain-softening of concrete in uniaxial tensile loading -

It is indicative of the state of the art that tensile cracking and shear transfer are 

discussed separately from the non-linear behaviour in compression, indicating a 
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basic Jack of generally valid concepts for a full range of stress-states. Normally 

no relation is assumed to exist, or proven to exist between tensile failure of 

concrete and compressive failure, and the subjects are always treated separate

ly. In studying the complete stress-strain behaviour of concrete under multiaxial 

loading conditions this Jack of unification is annoying. 

Some clarity in the progressive failure of concrete under uniaxial tensile loading 

has emerged from the work by Hillerborg, Modeer & Peterson /63/. Let us 

consider a prismatic specimen subjected to uniaxial tensile loading (fig. 2.17). Up 

to a certain stress-level, the stress-strain curve is nearly linear, and a similar 

behaviour is measured in the three regions A, B and C. At a certain instance, due 

to micro-crack propagation a deviation from linearity is observed /47,72,73/. 

When, with increasing strain, a peak stress-level is reached, a tensile macro

crack will start propagating at a very localised place. 
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Fig. 2.17. Tensile "stress-strain" behaviour. 
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If the crack is covered by measuring length A, a clear strain-softening will be 

observed. However, in the area covered by gauge B, unloading is observed due to 

the decreasing load-carrying capacity in the tensile crack-zone. The overall 

deformation measurement will show a crude average of gauge A and B (fig. 2.17). 

The step made by Hillerborg and co-workers, was to define a stress crack-width 

diagram rather than a stress-strain relationship. In fact the method is compara

ble with the plastic-zone model in fracture mechanics. The only difference is 

that the stress acting at the crack-tip, is now distributed according the 'strain

softening branch', where-as in the so-called Dugdale-madel /20/ a constant stress 

distribution (yield stress, oy) is assumed. In front of the crack-tip a process-zone 

is formed, and the energy necessary for a crack with width w is exactly the 
0 
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surface under the stress-crackwidth curve (fig. 2.18). In the so-called Fictitious 

Crack Model (FCM), developed by Hillerborg et.al. 1631, the falling branch was 

approximated by means of a linear relationship. 

crack len t 

E: w 

Fig. 2.18. Fictitious Crack Model, after Hillerborg et.al. 1631. 

Recently some examples of application of the FCM were shown I 641. The most 

important fact underlying the proposed model, is that large deviations were 

observed when linear-elastic fracture mechanics were applied to normal scale 

concrete structures. As was mentioned in a recent paper by Bazant & Oh /7 I, the 

large deviations are due to the heterogeneity of the concrete. Due to the large 

size of the aggregates, the fracture process zone is found to be relatively large 

when compared to the plastic zone in front of a crack-tip in the application of 

fracture mechanics in the field of metals. Peterson 1122,1231 indicated that 

linear elastic fracture mechanics only could be used for concrete when the 

structure size dllch > 10, where lch is the characteristic length of the material, 

and d is a characteristic dimension of the structure under consideration (for 

example the depth of a beam). 

The characteristic length of a material can be calculated from the stress-crack 

width diagram, and is found to be equal to 

••••• (2.6.), 

where E is the elastic modulus, Gf the fracture energy and f t the tensile 

strength. The large characteristic length for concrete, lch"' 400 mm, shows that 

for the normal laboratory experiments, the influence of the process zone cannot 

be disregarded. 

In the model proposed by Bazant & Oh 171, the fracture energy Gf' consumed in 

the formation of all micro-cracks per unit area was assumed to act over an 

effective crack band width w : 
c 

26 



••••• (2.7.) 

Where Cf is the slope of the descending branch in the uniaxial tensile stress

strain diagram. The strain t.f/wc is defined as the relative deformation over the 

process zone width. A simple relationship was derived in order to link the 

fracture energy with the total surface under the stress-strain curve, including 

the softening branch: 

••••• (2.8), 

where W = f o .6£ , the surface under the stress-strain curve. The crack-band 

theory was compared with a number of tests on notched specimen, and proved to 

be satisfactory when a width of the crack band equal to w c - 3d a was used (da is 

the maximum aggregate size). Finite element calculations showed that the 

length If of the fracture process zone was generally between 2wc and 6wc. The 

characteristic value was assumed to be lt - 4w - 12d • c a 
In /7 I it was mentioned, that the virtue of modelling fracture through stress-

strain relationships - rather than through stress-crackwidth relation (FCM) -, the 

influence of triaxial effects due to compressive stresses acting parallel to the 

stress plane can easily be taken into account. 

The behaviour under uniaxial tension also can be modelled in terms of continuous 

damage models (CDM).The principle of continuous damage mechanics by Janson 

& Hult /80/, has been worked by L6land /97 I for concrete under uniaxial tension. 

The models do not take into account the stress-concentrations ahead of crack

tips (such as is done in the Fictitious Crack Model), but merely assume that 

defects are initially present start propagating under various types of loading 

(mechanical loading, drying and swelling, temperature etc.). The mechanical 

intact area between the defects is able to carry load. Driving force for damage 

accumulation is considered to be the tensile strain. 

When a concrete specimen is loaded under uniaxial tension, damage will 

propagate throughout the complete specimen when the strah-level does not 

exceed the strain-capacity £ • When surpassing this strain-limit, damage will cap 
concentrate in a localised zone (see fig. 2.19). The longitudinal dimension is 

assumed to be in the order of the maximum aggregate-size, while most cracks 

will propagate through the cement-matrix phase and along the aggregate-cement 

matrix interface (at least for static loading). 
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Fig. 2.19. Continuous Damage Model, after /97/. 

Damage is defined as a scalar w, representing the quotient between intact cross

sectional area (A ) and the total macroscopic cross-sectional area (A). 
n 

••••• (2.8) 

A net-stress s is defined, which is the average stress-value over the intact area, 

and is related to the applied strain £ by: 

and 

s = E.E, for 0 < £ < E cap 

s = syield= E.£ cap' for £cap ~ E 5 E ult 

.•••• (2.9), 

where E is the elastic modulus of the intact material, and £ult is defined as the 

maximum strain at the end of the softening branch. From this formula, it is 

obvious that the net-stress s will remain at a constant level after the strain-limit 

Ecap is exceeded. 

A stress-strain relationship can now be calculated when a relation is defined 

between damage and applied strain. In the pre-peak region, L6land proposes an 

exponential relationship: 
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W(€:) =W. +C .• €:(3 
I I 

••••• (2.10.a.) 

and in the post-peak region a linear relationship: 

forE cap< €: ~ Eult ..... (2.10.b.) 

where c 1, c 2 and (3 are constants. 

Finally the relation between nominal stress a (averaged over the original cross

sectional area A) and the net-stress s is given by: 

o = s (1- w) ..... (2.11.) 

The relation between net-stress, damage and nominal stress with strain €: is also 

shown in figure 2.19. 

Complete fracture occurs when w = l. In the paper by L{lland, a good correlation 

is shown with the experiments by Evans & Marathe /47/. A similar model has 

been proposed by Mazers /100/, which was extended recently for compression 

and triaxial states of stress /101/. The criterion for damage accumulation is also 

considered to be the tensile strain. In the triaxial formulation damage is 

assumed to propagate when the second invariant of the strains exceeds a certain 

limit. Compressive strains are reduced to zero, before this condition is checked. 

The continuous damage models, used for tensile loading, normally are considered 

to be applicable for compressive loading too. Similarities between the tensile and 

compressive stress-strain curves were observed by Hughes & Chapman /72,73/. 

Also the 'damage-function' (fig. 2.11) given by Spooner & Dougill /148/ for 

compressive loading shows similarities. In his thesis, Stroeven /152/ mentions an 

analogue model for concrete under compressive !oading. The models may give an 

appropriate description of the stress-"strain behaviour of concrete, the mecha

nism of damage-accumulation however is by' far from understood. In notched 

beam tests, different post-peak behaviour for concrete, mortar and cement paste 

was reported by Moavenzadeh and Kuguel /lOB/. (compare with the uniaxial 

compression case, p. 22). The decreasing slope of the softening branch was 

attributed to side cracking in mortar and concrete specimens. 

-Strain-softening of concrete in triaxial compressive loading-

Only scarce experimental results regarding strain-softening of concrete under 

multiaxial compressive loading have been published recently. Ahmad & Shah /1/ 
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gave attention to the behaviour of steel tube confined concrete cylinders (fig. 

2.20) in a very limited test-series. 

two polyethylene 
sheets to breal< the 
bord between 
concrete and steel 

machine base platen 

1 .. 76.2 j 

Fig. 2.20. Steel-tube confined cylinder test, after Ahmad & Shah I 11. 

Special measures were taken, to assure that no vertical loading was carried by 

the steel cylinders. The lateral pressure, increased gradual with increasing 

vertical stress, until yielding of the steel occurred. The lateral pressure can be 

varried by using tubes of different thickness. In figure 2.21, the measured stress

strain response of a test with tube thickness of 0.145 mm, on a concrete cylinder 

with uniaxial compressive strength of 37.3 Nlmm2 is shown. 

as 
400 a-£ curve of 

confining steel 

a r-40 1 0=30 ___ / , 
IN/mm21 -30 ~~-=-~=----- ,/' 

-20 1 5 ~/ / 
"" 10 / 

-.... '0.5 

- experimental curves 
--- fit of stress-strain 

curves after Sargil/133/. 
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Fig. 2.21. Complete triaxial stress-strain curves for steel tube confined 

cylinder tests, after I 11. 
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The graph shows a slight increase of peak-stress-level, and a decreasing slope of 

the stress-strain curve descending branch in CDmparison with uniaxial data. The 

confining stress varied from -1.37 N/mm
2 

at peak-stress-level to -1.50 N/mm
2 

at the residual stress-level. The parameter D, shown in fig. 2.21 was used to fit a 

polynomal stress-strain relation, original developed by Sargin I 133/ for uniaxial 

compressive stress-strain curves, to triaxial stress-strain curves ( o 2 = o 3). 

At the 1984 Toulouse Symposium results an· a micro-concrete, using conventional 

triaxial cylinder tests were reported by Jamet et.al. /79/. The results of Jamet 

showed a decreasing slope of the stress-strain curve descending branch with 

increasing lateral confinement. Similar results are known for rock (see for 

example Ichikawa et.al. /75/). 

In the next chapters, most of the topics mentioned in this chapter are discussed 

in relation with the current results. 
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3. EXPERIMENTAL TECHNIQUE 

In this chapter, the experimental method and equipment that were adopted in the 

current investigation are described. In section 3.1 some aspects of load applica

tion systems (i.e. boundary conditions) are discussed. Further in section 3.2 the 

lay-out of the triaxial experimental machine, methods of load and deformation 

measurement, test-control and data aquisition system are given. Finally in 

section 3.3 the manufacturing method of the concrete specimens is indicated and 

an overview of the entire experimental program is given. 

3.1. Boundary conditions 

When a compression test on concrete is carried out, numerous problems regar

ding experimental procedures are encountered. The strength and deformational 

response will depend to a large extend on the lay-out of the experimental 

machine, and the loading application system (or boundary conditions) that is 

used. 

Regarding the loading application system, two major principles can be distin

guished. Either we can choose for a uniform stress-distribution along the 

specimen boundary, or we can choose for a uniform boundary displacement (see 

fig. 3.1). 

El =0 

specimen 

uniform boundary 

1

. 

stress 

lmll~llllllllllllllllllllllllllll (j = cons t. 

~' 

uniform boundary 
strain 

Fig. 3.1. Boundary conditions in the testing of material stress-strain 

response. 

Under the condition of uniform boundary stress, the normal stress-distribution in 

the specimen will be very well defined. However, due to the heterogeneity of the 
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material under consideration, the displacements will be less smoothly 

distributed, and will take a form dependent on the grain distribution within the 

specimen. A uniform boundary stress can be obtained by means of a loading 

application system with zero-stiffness. The displacements must be determined by 

means of a proper averaging procedure. Implication of such a system is that no 

shear-forces will be acting at the specimen-loading system interface. When loading 

is applied through a zero stiffness medium, shear deformation of the specimen 

are allowed, which is important in the testing of anisotropic materials. 

If on the contrary an infinitely stiff system (dry platen, fig. 3.4) is used, a 

uniform boundary displacement will be applied to the specimen. In this case a 

non-uniform stress-distribution will emerge and only an average strength can be 

determined (under the assumption that both loading platens are fixed). As a 

result of differences in lateral expansion of the stiff loading application system 

and the concrete specimen, constraining shear forces will develop at the 

specimen-loading application system interface. (see also fig. 2.14). Due to this 

constraint a triaxial stress-state will arise at the specimen-ends, and an over

estimation of the concrete strength will result. In general we can assume that a 

lower boundary for concrete strength is obtained when a zero-stiffness is 

applied, and an upper limit is formed when an infinite stiff system is used. No shear 

deformations of the specimen are allowed when both loading platen are fixed 

(indicated by y = 0 in fig. 3.1). 

The influence of constraint between loading platen and concrete specimen is 

since a long time understood. Only simple measures are necessary in uniaxial 

compressive tests. An increase of the specimen height h, leading to h/d-values of 

2.5 to 3 (where d = the lateral dimension of a prismatic or cylindrical specimen), 

results in a bounding value for the uniaxial compressive strength. For higher 

values of h/d no further decrease of strength was observed. Decreasing the ratio 

h/d however would lead to a sharp increase of measured strength. This was shown 

by Schickert /139/, in a series of tests on prisms with varying height and 

constant cross-sectional area. The prisms were loaded between rigid loading 

platens. For specimens with h/d = 1, an increase of uniaxial compressive strength 

of about 20 to 25% was observed, when compared with the strength of prisms 

with h/d = 2.5. 

In a linear elastic calculation the uniformity of the stresses in a middle section 

for prisms with h/d = 2 was shown by Schleeh /140/. The boundary conditions in 

the calculations were comparable with rigid loading platens. 

As was mentioned before a triaxial stress-state will develop in the specimen-
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ends as a result of the constraining action of the rigid-loading platens. This is 

shown in fig. 3.2.a for a cylinder under uniaxial compression. 

In fig. 3.2.b a typical failure mode for this structure is shown. Due to the triaxial 

compressive stress-state in the specimen-ends (as was also shown to exist by the 

calculations of Schleeh), micro-cracks may initiate and propagate along the 

boundaries of these relatively stiff cones. When the load is increased, and micro

cracking becomes more pronounced (section 2.1), the structural response of the 

cylinder will change. Probably a splitting action is induced in the central part of 

the cylinder, resulting in a decreasing strength when compared to less slender 

specimens. It may therefore be assumed that the results obtained from such 

specimens (prisms and cylinders in uniaxial compression, or cylinders in a 

conventional triaxial test with a hid-ratio - 2.5), loaded between rigid platens, 

do not represent the "true" material behaviour. 

o,'tfy 
~ 

I 

Fig. 3.2. Behaviour of a cylinder under uniaxial compressive loading between 

rigid steel platens. 

Indicative in this context also may be the results obtained by Newman, K et.al. 

I 1151. Strain measurements in the interior of cylinders, by means of cast-in 

gauges, showed a larger response to external load, when compared with strain

gauges mounted at the specimen-surface. Larger strains in the interior were 

recorded throughout the complete pre-peak stress-strain diagram. The effect 

was observed for dry specimens, as well as for completely saturated cylinders. 

Similar observations were also reported by Read I 127 I. The interior strains were 

about 14% higher than the surface strains. 

Under multiaxial loading conditions another important aspect with regard to the 

loading application arises. When load is applied by means of rigid platens in a 

biaxial test, the loading in one direction will be partly carried by the two 
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adjacent loading platens in the second loading direction (fig. 3.3). 

The result of this mutual interference is a further overestimation of the ultimate 

strength of concrete under multiaxial conditions. It will be obvious that when 

soft platens are used, the interference effect will be eliminated to a large 

extent. For a soft-system such as brush bearing platens (fig. 3.11), it was 

calculated that about 2% of the external load was carried by the adjacent 

loading platen in a biaxial test I 1111. 

R J"--4 
U-a_1a_....,~,...1b,___,D 

deformalion and stress 
distribution in cross-section I- I 

Fig. 3.3. Interference of loading-platens in a biaxial test using rigid steel 

platens , after Kupfer 1921. 

- loading application systems -

Many loading application systems with more or less unconstrained boundary 

conditions are found in the literature. The main purpose of all these systems is to 

arrive at a uniform stress-state within the specimen, and thus reducing the 

constraint between loading application and specimen. The following systems are 

found in literature (see also fig. 3.4): 

a) Loading through rigid steel platen, without friction reducing measures. 

As we have mentioned in the previous section, the system is normally 

applied in tests concerning uniaxial strength properties of concrete. This 

system is also used in conventional triaxial tests on cylindrical specimens 

I 112,113,85,86,66,671. The lateral confinement in the cylindrical tests is by 

means of fluid pressure. 

Rigid loading platens have also been applied in the early tests on cubical 

specimens I 1661. Furthermore the method is used for comparison with 

friction-reducing load application systems 191,92,1111. 

b) Rigid loading platens with friction reducing measures by means of inter

mediate layers. 
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Different types are found in literature, such as rubber (Kobayashi & 

Koyanagi, 1841, 3D), talc-powder with. aluminium sheets (Launay & Gachon 

193,941, 3D), teflon (Mills & Zimmerman 11061, 3D), polyethylene sheets 

with molybdenum sulfide grease (Bertacchi & Bellotti 1141, 3D) and recently 

thin polished metal sheets (Erdei I 45,46/). When intermediate layers are 

used, attention should be given to the thickness of the soft layers (grease, 

rubber). Increasing thickness will result in a sign-reversal of the constraint, 

thus leading to a splitting action at the specimen-ends. A comprehensive 

study of intermediate layers is given in 11131. A disadvantage of this system 

is that no tensile stresses can be applied to the specimen. 

c) Loading through non-rigid platens. 

Two different systems have been developed and used in recent years. Firstly 

we mention the well known brush-bearing platens, original developed by 

Hilsdorf I 651, and later applied by several investigators (Kupfer 1921, 
Nelissen I 1111, and Liu et.al. 1961 in biaxial tests, and Linse 1951 in triaxial 

tests). The friction between the loading application system and specimen is 

reduced due to bending of the separate brush rods. The maximum allowable 

load transfer is confined to the buckling resistance of the brush-rods. 

A second non-rigid loading platen has been developed by Schickert 

I 137,138,1391, at the 'Bundesanstalt fUr Materialprufung' in Berlin. A 

loading platen is formed by a number of pistons which are separated by thin 

rubber layers. The complete structure is placed on a rubber sheet, thus 

providing sufficient deformational freedom in axial and lateral directions. 

The system can be used at higher stress-levels when compared with brushes. 

Disadvantage of the system is however that no tensile loading can be applied 

to a test-sample. 

d) Fluid cushions. 

Loading is applied to the specimen directly by means of fluid pressure. The 

fluid is separated from the specimen by means of a flexible membrane. The 

method is used for producing lateral confinement in triaxial tests on 

cylindrical specimen. However at Colorado University, the .system is used in 

a so-called 'true triaxial test' on cubical specimen. The cubical cell, original 

developed for the testing of geologic materials (Ko and Sture 1831, Sture and 

Desai I 155/) also proved to be a powerful! tool in testing of concrete and 

mortar (Andenaes et.al. 131, Gerstle et.al. 151,521 ). 

The above review is rather limited, but more comprehensive reviews are found 
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in literature /113/. A very clear qualitative classification of loading systems was 

given in a cooperative multiaxial testing program /51,52/. The loading systems 

were roughly classified to friction reducing ability and uniformity of the 

generated boundary stress distribution. This schematic classification is shown in 

figure 3.5. The dry platen system (DP) is situated at the right-top corner of the 

diagram. The system generates a uniform displacement distribution at the 

specimen boundary, and induces a considerable constraint. 
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Fig. 3.4. Various loading application systems, after /51,52/. 

The other extreme system, is the fluid 'cushion (FC) system, which imposes a 

uniform stress-field to the specimen, with zero lateral constraint. These extreme 

boundary conditions were also mentioned in the previous section. The other 

loading systems mentioned will lead to intermediate situations. The lubricated 

platens (LP) will provide only a reduction of the frictional behaviour at the 

specimen interface. The non-rigid loading system also produces a decreasing 

axial stiffness (brushes (BR), and flexible platens (FP)). 

The cooperative international multiaxial testing program /51,52/ clarified in the 

problems encountered in triaxial testing of concrete. Differences between 

loading application systems, and deformation me~surements were clearly shown. 

In fig. 3.6 the influence of the loading application systems mentioned in fig. 3.5 

on the uniaxial and equal-biaxial strength is shown. The effect is obvious: 

friction reducing measures result in a decreasing uni- and biaxial strength. 
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Fig. 3.5. Test specimen constraints, after /51,52/. 
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Fig. 3.6. Dependence of uniaxial and equal-biaxial strength on loading 

application system (after /51,52/). 

Furthermore from the cooperative international multiaxial research prog~am it 

was concluded that unconstrained boundary conditions are necessary in order to 

obtain strength and deformation results with limited scatter. Friction reducing 

measures are needed in order to acquire reliable strength results and also for 

measuring correct stress-strain relationships. As a third conclusion in /52/ it was 

stated that with the current testing procedures and the apparent brittle failure 

behaviour of concrete it is difficult to obtain strain data near or beyond the peak 

stress-level. 

Only with the Munich triaxial apparatus, which was reported in detail by Linse 
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/95/, the onset of a strain-softening branch was measured for some of the 

loading paths investigated (see also Aschl, Linse and Sttickl I 4/). 

- Choice of the loading application system -

As it was mentioned in the introductory chapter, the major objective of the 

research is to Jearn more about the post-peak stress-strain response of concrete 

under multiaxial conditions. As we will see in the next section, a loading frame 

for cubic specimens coincides best with the available equipment in the laborato

ry. 

The choice of a cubical machine was quite straightforward. We would not be 

confined to stress-states involving two equal principal stresses such as in 

standard triaxial tests on cylindrical specimens. However, it would be possible to 

investigate the influence of the intermediate principal stress on multiaxial 

strength and deformational behaviour. In general it is assumed that all possible 

combinations and parameters involving triaxial behaviour can be investigated by 

using a 'true triaxial test' on cubic specimens. As discussed by Bazant /8/, these 

tests do not take account of rotation of principal loading axes against the 

material axes. However, in the cubic test the directions of principal stresses and 

strains always coincide. While however no or very little experimental data is 

available regarding the softening behaviour of concrete under multiaxial loading 

conditions, it was considered useful to start with a cubical machine. 

With the help of the classification for loading application systems, given in 

figure 3.5, brush bearing platens were chosen. From one side we had to fulfil the 

condition of unconstrained boundaries, on the other hand due to the need for a 

uniform displacement distribution, the loading application system should resem

ble a stiff platen system. In view of the classification of figure 3.5.a, brush 

bearing platen would be the best choice. Yet it must be realised that a stiff 

loading system will lead to an undetermined stress-distribution in the specimen: 

only an average strength can be determined. However, the requirements for 

measuring strain-softening resemble those of a stiff platen system. 

It should have been possible to measure strain-softening by means of fluid

cushions, too. In this case, however, the displacement-slate is undetermined and 

a reliable averaging procedure should be used in order to measure a mean-value 

for the displacement. Otherwise, probably, a considerable scatter in post-peak 

data would result. 

Similar considerations were reported by Linse /95/. By means of a qualitative 

calculation, he showed that neither stiff loading platens, nor fluid cushions Jed to 
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correct results. The criterion in these calculations was that, in the specimen, a 

uniform stress- and strain state should occur near the boundary with the .loading 

application system. The choice of brush bearing platens, also offers the possibili

ty of tensile loading. In this case, the brushes are glued to the concrete surface. 

Care should be taken to see that none of the epoxy enters between the brush

rods, as this would prevent a proper action of the brushes 195,92,1111. Using 

another system. such as flexible platens, or lubricated platens would involve a 

separate system for tensile loading. This was not considered very appropriate, 

and also very time. consuming while in such a case we had to learn to operate 

with two different systems (with probably different responses). As will be shown 

in chapter 4, the deformational response of the brushes is rather complicated 

already. For determining the dimensions of the brush-rods, the extensive 

publications of the Munich-group 192,951 proved benificia!. 

3.2. Triaxial Experimental machine. 

3.2.1. loading-frame 

A three fold servo-control was available for use with the triaxial machine. 

Furthermore, three 2000 kN compression I 1400 kN tension hydraulic actuators 

were recently added to the laboratory equipment. The apparatus consists of 

three identical loading frames that are hung in a fourth overall frame by means 

of steel cables (see fig. 3.7.a and b). The three loading axes are not connected to 

each other and can act co111plete!y independent. 

Movement of the axes with regard to one another is not restricted in the 

horizontal plane, in the vertical direction however, the frames are fixed. The 

translations and rotations of the three frames permitted, and the resulting 

specimen deformation are shown in fig. 3.8. 

In fact a non-symmetric machine was constructed. A non-symmetric specimen 

deformation will occur in the vertical loading axis only. The situation is nearly 

the same as the Munich triaxial apparatus, the only difference being the degree 

of non-symmetry . The Munich apparatus consists of three fixed loading-frames, 

resulting in a three-fold non-symmetric deformation. A deviation between the 

measured specimen-load and true specimen-load will occur depending on the 

level of the specimen-deformations. From calculations by Linse 1951, it was 

shown that a negligible influence resulted from the non-symmetry. A similar 

analys is was recently published by Heyne I 611 that showed the influence of the 

lateral stiffness in the me thod of loading on the strength-results. 
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Fig. 3.7.a. 

Fig. 3.7.b. 
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By means of an experimental study, Winkler /168/ showed that no appreciable 

effect on strength-results occurred when either a specimen was loaded through 

brush-bearing platens in a one-part triaxial machine (that is with fixed loading 

axes), or in a multipart machine. Indeed, at peak-stress-level, the influence of 

vertical boundary-shear force (which is the result of the frictional characteristic 

of the loading application system) on measured strength was negligible, as shown 

by a simple analysis in appendix A6. Yet in the descending branch of the stress

strain curves, the combination of increasing deformation and decreasing normal 

load was less faVourable. Additional comments on this matter are made in 

section 5.2.4 and 7 .2.3. 
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Fig. 3.8. Schematic view on triaxial apparatus (movement of loading axes 

and specimen-deformation). 

The construction of a single loading axis is shown in figure 3.9. Each loading axes 

consists of four steel rods (1), fixed in a rectangular configuration (see fig. 3.7 .a) 

between two rigid steel end platens (2). The position of the rods was chosen in 

order to allow for three identical loading axes. 

At one side of this frame the hydraulic actuator (3) is connected, and the piston 

(no. 4, stroke max. ~ 100 mm) can move freely through an opening in the upper 

end-platen.At the piston-side, a brush-bearing platen· (7) is connected through a 

spherical seating (5). The radius of the spherical seating was chosen to ensure 

that the centre of rotation coil"1cided with the specimen surface-centre (cube d = 
100 mm, no. 8). 
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2) 

l. frame rods 6 110 mm 

2. end-platens 

3. hydraulic actuator 

(2000 kN compression/ 

1400 kN tension) 

4. piston 

5. spherical seating 

6. load-cell 

7. brush-bearing platens 

8. specimen, cube d = 100 mm. 

Fig. 3.9. Construction of a single loading frame. 
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During a triaxial experiment, the spherical seating was fixed with three bolts in 

order to avoid rotation of the loading platens during the test. For triaxial tests 

involving cyclic loading to the envelope curve (see table 5.4 and fig. 5.3) it is 

considered favourable to have the spherical seating fixed. Especially in the 

descending branch of the stress-strain curve, rotation of the loading-platen 

during load-cycling could lead to a higher envelope stress-strain curve I 1481. It 

must be mentioned that the axes were still allowed to rotate in the cables. The 

effect and the extent of this influence is not clear! 

In the case of fixed loading platens, the specimen will experience a constant 

displacement but, due to inhomogeneities, the centre of loading of the specimen 

will not coincide with the centre of the loading axis. Yet a smooth prismatic 

rupture pattern is observed I 1141. 

In 11141 it was mentioned that testing between a fixed and a hinged loading 

platen is unsuitable. The test conditions are undetermined. It must be mentioned 

that, in the uniaxial experiments, the test conditions were for this 

"unfavourable" manner (series 2 and 3, see table 3.25). Yet, as will be shown in 

chapter 4, the displacement distribution was quite constant up to the peak-stress 

(series 382, see section 4.2, fig.4.12). In the triaxial experiments, the spherical 

seating was thus only used for a proper alignment of the specimen in the 

apparatus before test-initiation. In order to demonstrate the accuracy obtained, 

in fig. 3.10 the surface-strain measurements for a biaxial compressive stress

ratio experiment are shown (specimen 8A2-2, a/ oz!o 3 = -11-0.1010, see table 

5.4). The separate strain gauge readings are plotted against time. Strain gauges 

no. 10 and 11 are mounted in the o1-direction, and are compressive. Gauges no. 

12 and 13 are mounted in the o2-direction and are tensile strains. 

The difference between upper- and lower-surface strain measurement is negligi

ble in the pre-peak region, both for £ 1 f and for £ 2 f (compare the ,sur ,sur 
response of gauge 10 with gauge 11, and no. 12 with no. 13). In the post-peak 

region splitting of the outer-concrete layers is observed, and for this particular 

experiment failure began at the lower surfa.ce (strain gauges no. 11 and 13). 

Before such a (pre-peak) response could be obtained, a lot of practicing was 

necessary. In section 4.2, more attention is given to the post-peak surface strain

measurement. 

Now return to figure 3.9. At the lower-end platen, the load-cell (6) is fixed. On 

top of this load-cell the second brush-bearing platen is connected. Due to the 

lay-out of the experimental machine, which was clarified in figure 3.8, two right 

angles are present in the "triaxial chamber" at the load-cell sides (between the 

horizontal and vertical loading axes). 
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Fig. 3.10. Surface-strain measurement for specimen 8A2-2, biaxial compres

sion, a/ a zl a 3 = -1/-0.10/0, loading direction parallel (see table 5.4.). 

This 'set-up' required an e xtremely accurate setting of the loading axes with 

respect to each other. By means of a water-level-instrument (WILD, accuracy 

2mm/10000 m), the loading axes were hung orthogonally. A second check after · 

six months showed that no additional lengthening of the cables had occurred. 

As will be shown in chapter 4, the application of an epoxy-resin capping is more 

reliable for deformation measure ment. Although sufficiently accurate specimens 

could be manufac tured, the application of the capping was also considered 

favourable for the alignement of the specimen in the triaxial apparatus. 

In figure 3.11 the brush construction is clarified. The brush-rods (5 x 5 mm2) are 

separated by means of a grid consisting of 0.2 mm thick strips (phosfor bronze) 

a t the clamped side of the rods. The rod-packet is clamped as a whole at a solid 

steel block. The effective length of the rods is 85 mm. 
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Fig. 3.11. Brush-construction and deformation measuring system (L VDT

measurement). 

In the current set-up (multipart machine), the maximum allowable brush

deformation (and thus also specimen deformation) was determined and should not 

exceed 2.5 - 3.0 mm. For the calculation of the brush-rods the buckling of a 

complete loading-axis with respect to the specimen should be taken into account. 

The brush-surfaces had to be absolutely flat for accurate deformation 

measurement. At the start of a test, full contact between loading platen and 

specimen was desirable, yet unatainable. Especially in the case of deformation

ratio experiments, this requirement should be fulfilled (see chapter 5). 
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Before starting each test-series, the brushes were carefully ground. During 

grinding, 0.2 mm strips were inserted between the brush-rod-tips, and the 

complete rod-packet was rigidly clamped near the top in a special frame. A 

grinding sequence always started with the two inner contact surfaces (brush-rod 

packet - steel block interface). 

After the inner contact surfaces were ground, the brush was put together under a 

small axial compressive load. Finally, the upper surface was ground carefully and 

the temporary clamps on the brush - rod - tips were removed. The accuracy 

(smoothness or flatness) of the method was approximately 10 - 20 1-1m. T~is 

accuracy diminished after a number of experiments was carried out, and as will 

be shown in section 4.3 the application of an epoxy-resin capping was an 

advantage. 

In the case of a tensile experiment, two glue-connections had to be made. The 

rod -packet was glued to the solid steel block (adhesive: Degussa Agomet F 310, 

harder D), and a connection was made between the brush bearing platen and the 

specimen (epoxy-resin Edilon Dex'R). Before the specimen was glued between the 

brushes, a plastic filler was inserted between the brush-rods in order to prevent 

intrusion of epoxy between the rods. A similar technique was used earlier 

/92,95,111/. 

3.2.2. load and displacement measurement 

Forces were measured by means of calibrated load-cells (no. 6 in fig. 3.9). The 

load-cells consisted of a dumbbell-shaped steel measuring cylinder, upon which 

four strain gauges were mounted in a full Wheatstone bridge configuration. The 

measuring cylinder was covered by a second steel cylinder in order to protect the 

strain-gauges from damage and polution (the steel-cover was only fixed along . 

one side to the measuring cylinder in order to avoid load- transfer through the 

cover). 

The load-cells were checked carefully periodically during the investigation and 

no deviations were detected. 

Deformations were measured using three different methods depending on the 

type of test. In a triaxial experiment no free surfaces are available for the 

measurement of deformation. Either some kind of cast-in measuring device has 

to be used (see for example /138/), or the specimen deformations have to be 

deduced from a 'system-displacement' (for example the deformation of the 

brushes, some methods are given in /95,52/). 

A choice was made in favor of the second method. Displacements were measured 



using the system depicted in figure 3.11. Between the rigid steel blocks, upon 

which the brush-rods were clamped, two or three L VDTs (depending on the type 

of test) were attached, measuring the relative displacement between two 

opposite loading platens. In a bi- or triaxial experiment and in the early uniaxial 

tests (series 2 and 3, see table 3.25), two L VDTs (type Hottinger W 10-K, linearity 

deviation 5; 0.2%) were placed in a diagonal position with regard to the 

specimen. In the later uniaxial experiments (series 8, 9, 10, 14 and 15, see table 

3.25), the specimen deformation was determined with three parallel L VDTs, 

placed at 120° intervals. The LVDTs were calibrated manually in a rig containing 

a microscrew (type Mitutoyo, range 25 mm, readings 0.002 mm). The LVDT

measurement (later referred to as loading platen measurement) was used for 

test-control as shown in the next section. 

In uni- and triaxial tensile experiments, greater accuracy was required and two 

additional small-stroke L VDTs were mounted at the brush-rod tips (type 

Hottinger, W 1 - TM, linearity deviation 5; 0.2%, placed in a diagonal position 

(fig. 3.14)). 

The uni- and biaxial experiments permitted additional surface strain measure

ment. All uni- and biaxial experiments provided for this extra measurement in 

the direction (s) parallel to the applied loading. Two 60 mm strain gauges (TML

PL-60-11, max. allowable strain 1.5 - 2%) were mounted on two opposite 

surfaces of a specimen using a polyester adhesive (type TML-PS). In some of the 

uniaxial experiments some additional strain gauges were used, both in the loading 

direction Ca1, £ 1), and in the l13teral directions (£ 2, £ 3). If any additional surface 

measurements were carried out, they are mentioned in the main text (chapter 4, 

uniaxial experimental results). 

For measuring deformations in the unstressed directions in the case of a uniaxial 

or biaxial experiment (respectively lll 2,llt 3 and lll 3), the measuring device shown 

in figure 3.12 was used. In the following it is referred to as "strain-reader". 

In the middle (thin) part of the strain-reader two strain gauges were mounted. 

The bending of the thin part is a measure of the displacement between the 

regulation bolts. A linear relationship existed between the strain gauge response 

and the cube deformation (up to displacements of approximately 5 mm). The 

strain-readers were fixed to small circular aluminum plates (~ 8 mm) upon which 

a small steel ball was pressed. The circular plates were glued to the concrete 

surface. The regulation bolts were placed on the steel ball as shown in fig. 3.12. 

The strain-readers were always attached to the specimen under a small pre

stressing. 

48 



speciml'n . 

Fig. 3.12. Strain-reader, used for measurement of deformation in the 

'unstressed' directions. 

The strain-readers were able of an appropriate deformation measurement, also 

when severe cracking occurred in the concrete specimen (descending branch). In 

the uni- and biaxial experiments always four strain-readers were attached to the 

specimen. The arbitariness of the fracture process made a proper averaging 

method unavoidable. 

The photographs shown in fig. 3.13 through 3.15 show fully instrumented 

specimens, respectively under uniaxial compression, uniaxial tension and biaxial 

compression. In case of a triaxial compression or tension-biaxial compression 

experiment (loading combinations investigated, see chapter 5), the displacements 

were measured by means of LVDTs only. 

3.2.3. test-control 

The regulation circuit for the triaxial experiments consists of a hydraulic and an 

electric part. The hydraulic part consisted of three servo-hydraulic actuators · 

(actuators manufacturer, Hydraudine, servo-valve MOOG model 76-375, capacity 

28.5 1/min) connected through accumulators (SCHENCK PN 250 T) with a high 

pressure oil pump (SCHENCK PP-208, 280-285 bar). 

The capacity of the oil pump was quite low (20 1/min), so the use of a stiff 

loading frame in combination with short oil-connections was necessary in order 

to measure a stable descending branch. 

The electric part of the regulation circuit for a triaxial constant stress-ratio 

experiment (- o 1 > - o 2 > - o 3, o i negative in compression), using a displace

ment control in the major loaded direction (i.e. the direction in which fracture 

occurs) is shown in figure 3.16. 
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Fig. 3.13. Fully instrumented uniaxial compression tests, showing the 

loading-platen measurement (W 10), surface measurement by means of strain 

gauges both in axial and lateral directions and the attachement of strain

readers. 
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Fig. 3.14. Fully instrumental uniaxial tensile experiment, showing additional 

short stroke L VDTs (W 1- TM) 

Fig. 3.15. Fully instrumented biaxial compressive experiment. The strain 

readers are attached in the corners between the brushes. 
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Fig. 3.16. Regulation circuit for constant stress-ratio experiments with a 

constant displacement rate in the major loaded direction. 

The readings from the L VDTs (W 10) near the specimen (fig. 3.11) in direction 1 

were fed into servo-controller 1 (type SCHENCK-RV 35) via a 5 kHz carrier 

amplifier (5CHENCK-MV-15). Also connected to this servo-controller was a 

function generator (type EXACT, model 340 materials testing generator). The 

signals, both from the L VDTs and the function generator (i.e. the required 

loading-path and displacement rate) were compared and if necessary a signal was 

given to the servo-value 51 at the hydraulic actuator. 

As a result of the specimen's displacement fill , a load Pl was measured (load

cell Pl via Hottinger KW5 3073, 5kHz carrier amplifier). 

The two other loading axes 52 and 53 were in force-control. In order to maintain 

a constant stress-ratio, the signal of Pl was fed into the servo-controllers no. 2 

and 3 via the function-generator inputs. The ratios P2/Pl and P3/Pl could easily 

be set at the servo-controllers. In the case of a constant displacement-ratio 

experiment, the signal of the function generator was fed into the concerning 

servo-controllers. The required ratio between the displacements t:.l ./f:.l . was set 
I J 
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at the servo-controllers. 

The ratios between the several control components (load or displacement) of a 

triaxial experiment were quite accurate in this manner. Deviations could occur 

while an experiment always was started from a small initial stress-level. This 

requirement was a direct result of the fact that in all triaxial experiments a 

force-control was present in the minor loaded direction (a 3 = P a l' P = 0, 0.05 

and 0.10, see chapter 5). Of course, the ratio of the three stress-components 

always should correspond to the required ratio. For the stress-ratio tests this was 

easy to achieve, however, in the case of a constant displacement ratio 

experiment (for example 61 2 =a. 61 1 and a3 = 13 a 1), the initial stress-ratio 

a2! a 1 depended on the deformational behaviour of the concrete used (poisson 

ratio). For this class of experiments, the initial stress-ratio was estimated by 

means of a linear-elastic calculation (appendix A3). 

Another complication should be mentioned here. The experimental design of the 

triaxial series (batch 8 and 9, see chapter 5) included a number of cyclic 

experiments (in terms of stress 'to the envelope', in the direction causing 

fracture (see section 5.2.6)). 

After unloading, for example in a constant stress-ratio experiment ( a1; a2! o3 = 

l/a./r;3), the zero-stress level was reached simultaneously in all three directions. 

Of course this is no objection if a loading direction is in 'displacement-control' 

(a 1' £ 1). However, the two minor loaded directions (a 2, a 3) are in force-control, 

and therefore should never become zero. If a stress a 
2 

of a 3 would reach zero

level, the 'force-control' would become unstable and consequently the loading 

platen retracts from the specimen. This should be avoided under all circumstan

ces, and therefore the initial stress-ratio ( a2! o 1 and a3/ a 1) was always taken 

0.10- 0.20 N/mm
2 

too large with respect to the require d values in the case of 

force control. 

3.2.4. Data aquisition system 

For scanning the measuring devices, processing and storing ·data during an 

experiment, a computer controlled data-logger (PEEKEL Autolog 900 S System) 

was available. Loading was applied to a specimen continuously, and no stops were 

made for measuring purposes. 

A carrier amplifier (PP-100 S) and an input scanner were connected to the 

central data- logger (which contained a LSI-11, 16 bit computer). The system was 

provided with a high speed digital voltage meter with high resolution. 
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The central processor controled the scanning unit. Up to 100 channels can be 

connected to the .system: all strain gauge input configurations are possible, 

including the use of L VDTs and strain gauge transducers for force and pressure. 

Also, DC-inputs could be connected. 

All signals except the DC-inputs are amplified by the PP-100 Sand transduced to 

a representative digital signal. DC-inputs were directly sent to the digital 

voltage meter. Further processing of the data is by means of suitable software. 

A simple console terminal (Texas Instruments 743 KSR) is used for input

commands and programming and it served as an output device too. 

Only limited memory facilities were available. Therefore a single drive KERR 

minifile-6000 floppy disk unit was used as a data storage device. The floppy disk 

unit operated with 4 inch mini diskettes. 

In the current research, the strain gauges (quarter bridge surface measurement 

and half bridge strain-readers) were connected directly to the input scanner. The 

load-cells and L VDTs were always connected via external amplifiers (SCHENCK

MV 15 in case of a 'control-component', and Hottinger KWS 3073 for the 

remaining devices). The output of the external amplifiers was fed into the input 

scanner CDC-inputs). 

Two recorders (Philips x-y recorder PM 8041, and KIPP x-y, y' recorder BD 91) 

were available for visual control of load-displacement response during the 

experiment. A diagram of the complete system is shown in fig. 3.17. 
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Fig. 3.17. Data aquisition system 
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Specifically developed software permitted continuous measuring during an 

experiment. A typical measuring sequence is shown in figure 3.18. 

In each measuring step, all the connected devices, including the elapsed time (in 

sec.), were scanned, and the data were stored on a mini-diskette. A mini-diskette 

could store up to 300 measuring-steps. Four subsequent steps were stored 

directly and each fifth step was printed at the terminal too. A typical measuring 

step is also given in fig. 3.18. Each step starts with a scan of the connected load

cells (maximum 3), followed by a scan of all deformation measuring devices. 

Finally the load-cells were scanned a second time and the average values of the 

three loadings (P1, P2 and P3) were determined before the data were transported 

to the mini-file. A total scan took approximately 200 - 400 msec, depending on 

the number of devices that were connected. In the triaxial experiments a 

maximum load increase of 0.10 N/mm2 was measured during a scan. 

A relatively long time was necessary for data-storage. The minimum interval 

between two subsequent scans was approximately 5-6 sec, which increased to 

about 20 sec. when the data were printed. 

The speed of the measuring system was generally sufficient for the triaxial 

experiments (see appendix AS, monotonous stress-strain curves (fig. AS. 7-A5.13), 

each fifth measuring point is marked). Problems were encountered in the triaxial 

tension - biaxial compression experiments using a cyclic load-path. For future 

investigations allong these lines a further increase of speed will be required. 
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Fig. 3.18. Measuring sequence 
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Except for averaging the load-measurements, no data processing was carried out 

with the data-aquisition system. For further processing, such as correction for 

brush deformation, zero-correction, plotting, statistical analysis, etc., the data 

were transported to the university main computer system (Burroughs B 7700). 

Before this could be accomplished the data were copied on an 8 inch floppy disk 

using a Comm-Stor (RS-232) floppy disk unit. 

3.2.5. calibration of brush deformation and zero-correction. 

The brush construction is partly included in the L VDT measuring length, as was 

indicated in fig. 3.11. The total deformation, measured by means of the L VDTs 

should be corrected for brush deformations. A callibration test was carried out, 

using an aluminium cube (d = 100 mm), upon which six strain gauges (meas. 

length 10 mm) were mounted centrally in the axial loading direction. A linear 

relationship was measured between the applied axial stress o 1, and the total 

brush deformation lll brush = tll LVDT - £rd. The results of the uniaxial 

calibration test and the linear regression analysis that was carried out are shown 

in fig. 3.19. 
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Fig. 3.19. Calibration of brush deformations. 

When an experiment was carried out, always a small 'initial run' was observed in 

the load-deformation curve. An overestimation of initial deformation is the 
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result of non-smoothness of specimen and brush surface that are in contact. 

A zero correction (translation along the e: -axis) was carried out to the stress

strain curve by calculating the maximum slope in the ascending branch. The zero 

strain was calculated from the maximum slope Etan,O and the stress-level at 

which it was measured (see fig. 3.20). 

01 

E tan.1 

--~ 
/ ' 

' ' '-.._Etan.1 

" ' ' ' ' 

Fig. 3.20. Zero-correction for stress-strain curves. 

The initial run could be prevented by adding a capping between the specimen and 

brush as indicated previously. This was considered especially useful in the 

triaxial experiments for those cases where a change in deformation direction was 

observed in the ascending branch of the stress-strain curve. 

3.3. Manufacturing method for the specimens. 

- specimens -

As it was mentioned in section 3.1, the triaxial testing machine was prepared for 

cubes with side d = 100 mm. As a result of the right angles between the 

horizontal frames and the vertical frame at the load-cell side (fig.3.8), very 

accurate manufacture of the cubes was demanded, therefore, great attention 

was paid to the planparallelity and rectangularity of the specimens. 

Two major possibilities can be distinguished with regard to the manufacturing 

method. Either it was possible to cast the cubes in accurate stiff moulds of 
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the exact size, or larger blocks could be cast and the cubes sawn from them 

after the concrete hardened. As a consequence of the choice of brush bearing 

platens for load-application system, the use of moulded specimens was 

preferable. The high peak stresses induced at the specimen surface, due to the 

relatively small rod-size, would be smoothed out by the soft cement-matrix layer 

on the specimen surface. Furthermore, as the separate brush rods would intrude 

into this soft layer, an increasing safety against buckling of the rods would 

emerge /95/. 

On the other hand, a highly heterogeneous specimen, suffering from all kinds of 

segregation effects would result I 152,151/. A second disadvantage of this method 

is the fact that special measures had to be taken in order to obtain a smooth 

casting-surface (for example by casting a taller specimen and after hardening, 

sawing or grinding the casting-surface). The casting-surface is the upper surface 

when casted. 

As a matter of fact, the second possibility was chosen. The specimens were cast 

in larger blocks- prisms-, with dimensions 700 x 135 x 135 mm 3 (see fig. 3.21). 

Fig. 3.21. Cubes (d = 100 mm), sawn from initial larger prisms. 

The prisms were cast horizontally. Six cubes ( d = 103 -104 mm) were sawn from 

the central part after 28 days hardening under water. The specimens were sawn 

by a local stone-mason, using a very stiff rotation diamond saw. After sawing the 

opposite sides of the cubes were ground flat and parallel to each other of the 

required size (d = 100 mm) using a diamond grinding disk. 

The original prism-size assured that a layer with thickness da (= maximum 

aggregate size = 16 mm) was removed from each side of the cubes. This. largely 

eliminated the segregation effect which arose during hardening of the concrete. 

Also by using sawn specimens, the six surfaces were treated similarly. 

Furthermore, when performing tensile tests where the cube had to be glued to 
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the loading-platen, the sawn surface provided the best boundary condition for 

obtaining a proper connection (v.Tongeren, see in 1111/). 

It will be obvious that neither moulded specimens, nor sawn cubes will give an 

ideal result. However, it was felt, that a homogeneous specimen was favourable 

in order to obtain proper results. As will be shown in chapter 4, a capping of 

epoxy-resin was inserted between cube and brush-bearing platen. The major 

reason for this measure was to obtain a reliable measurement of deformation. A 

second advantage, however, was that the specimen was loaded more uniformly 

(with regard to the peak-stresses). 

In fig. 3.22, the different specimen-boundaries are shown for both the sawn and 

the moulded specimens. 
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Fig. 3.22. Boundary conditions for moulded ·and sawn specimens. 

Shrinkage and drying effects caused cracks in the specimen's surface if moulded 

I 1511. Furthermore a basically different deformational behaviour may be expec

ted from the different structural properties of the core concrete and the surface 

concrete of the moulded specimens. A difference in deformational behaviour was 

shown by Schickert 11391. However, in this context, the sawn specimens also are 

not ideal, while splitting of segments from aggregate particles could occur at the 

specimen-surface. (fig. 3.22) I 1511. 

- materials used -

For all tests, the same concrete mix was used. The maximum aggregate size 

chosen was da = 16 mm. The ratio between cube size and maximum aggregate 

size is equal to d/da = 6 - 7. This value was necessary in order to arrive at a 

proper strain measurement (Muller / 109/). Also for this specimen configuration, 
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a continuum model using stress and strain as the state variables is still possible 

(at least in the pre-peak region). 

The cement content used was 320 kg/m3, the type of cement being an ordinary 

portland cement (type A). All cement needed was obtained from the same batch, 

and was stored under dry and air-tight conditions during the complete research. 

The w/c-ratio was chosen 0.50 in order to avoid segregation effects as much as 

possible. The grading-curve of the aggregate (sand and gravel larger than 0.25 

mm originated from the river Meuse at Panheel, the sand smaller than 0.25 mm 

was obtained from the Kempen) was taken according to curve B16 of the Dutch 

codes VB 74, and is shown in table 3.23. 

Sieve 
mesh 

% 

16-8 

24 

8-4 

20 

grain-size distribution (%) 

4-2 2-1 1-0.5 

14 10 12 

Table 3.23. Grain size distribution of aggregates used. 

0.5-0.25 0.25 

12 8 

The specimens were casted in batches containing two prisms (fig. 3.21), three 

control-cylinders (J 100 x 250 and 3 - 6 control-cubes (d = 150 mm). Always two 

batches (A and B) were casted at the same day. 

During casting the specimens were vibrated (vibrating table, Ton industrie type 

854613, 50 Hz, centrifugal force = 1 kN) for 180 seconds. Approximately 1 hour 

after casting, the specimens were vibrated a second time for 120 seconds. The 

casting-surfaces were finished, and the specimens were placed under a plastic 

cap to avoid drying out. 

Two days after casting, the specimens were demoulded and placed in a fresh

water-bassin. At 28 days, the prisms were transported to a local stone-mason, 

and were sawn during the same day. After grinding the specimens in the 

laboratory, the specimens were sealed in plastic bags and placed in a room with a 

constant temperature of 20° C. During sawing and grinding, which in most cases 

took approximately 3 - 4 days, care was taken that the specimens were always in 

a wet-condition. The control cylinders and cubes were always kept in the same 

temperature and moisture conditions as the 100 mm-cubes. For clarity, the 

complete process from casting to storage is shown in figure 3.24. In case of 

surface-measurement the specimens were taken 2 days before testing from the 

plastic bags, and strain gauges or other measuring facilities were applied to the 

surfaces. 
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age 0 
[days] 

2 

0 r--1-4---, 

28 70 

moist.cond. -t-----lllder water------11---..et --.. 1>111-•-- sealed----+ 

T [ 0 ( 1-- ------- room temperature 20°( -------.+ 

l. casting 

2. de-moulding 

3. sawing (stone-mason) 

4. grinding (laboratory) 

5. testing (age 70 days) 

Fig. 3.24. Processing of the specimens before testing. 

3.4. Summary of experiments. 

In table 3.25, a summary of all the experiments that were carried out is shown. 

In the following chapters, a test-series is always identified with the batch 

number from which the specimens originate. 

In the first column of table 3.25, the subsequent batch numbers are indicated. 

Further for each batch, the casting date, a short description of the purpose of a 

test series, the measurements that were carried out, and the results of the 

control-tests using cubes (d= 150 mm) and cylinders (6 100 x 250 mm) loaded 

between rigid steel platens, are shown. The age at loading is the age of the 

control specimens when loaded. The age of the 100 mm cubes that were loaded in 

the triaxial apparatus may be slightly different. In the last column of table 3.25, 

the section in which the results of the concerning test-series are discussed is 

indicated. 

The loading speed of the uni- and triaxial experiments, using 100 mm cubes, was 

slightly different in the subsequent test-series. A specimen was always loaded 

with a constant strain-rate in the major compressive direction (or tensile 

direction when fracture prevails in the tensile direction). 

For series 2/3, the strain-rate was equal to €: 1 = 5.10-6/s, for series 5/6, 10 and 

15, E: 
1 

= 10.10-6/s, and in the triaxial experiments (series 8/9 and 7), €: 1 = 

20.10-6/s. These differences in loading speed are very small and will hardly 

affect the results /111,126/. 
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batch casting- short description measurements ,. 1) t ~ 100J2501) age at k150 2 
no. dateO) (see section 3.2.2.) (N/mm) (N/mm) loading 

(days) 

2A 250182 - uniaxial compression -force (P1) -42.4 (1.58) -39.0 (1.48) 72 
2B - manufacturing -overall del . (111 1) -46.8 (1.50) -42.3 (0.71) 72 
JA 170282 parameters - lateral del. (Ill ,111 3) -46.J (J. JO) -35.0 (3.82) 71 
JB - surf ace strains~£ 1, E 2) -49.9 (3.40) -35.9 (4.81) 71 

- extended surface 
measurement (JR-serles) 

- crack-detection (2B2-prism) 

4A 100382 - first trials, bi- -force (P1, P2, PJ) -39.9 (0.71) -31.7 (1.10) 83 
4B and triaxial - overall del. (Ill \'111

6
,111 3) -48.J (0.90) -40.1 (1.69) 134 

loading, tens./ - in some biaxial es s also 
compr., 3D compr. surface measurement (e: 1, e: 2> 

5A 310382 - biaxial series -force (P1, P2) -51.8 (1.90) -40.7 (3.30) 181 
5B -overall del. (AI ,111 2) -48.0 0.35) -37.1 (J.62) 187 
6A 210482 -surface strains ~e: 1, E 2) -49.4 (1.58) -38.9 (2.12) 181 

- lateral del. (111 3) 

6B 210482 - trials tension- -force (P1, P2, PJ) not determined 
compression (20/30) (used for other purpose) 

- saw-tests on -overall del. (111 1,111 2,111 3) 
'cracked-concrete' 

7A 120582 - rotation-experiments -force (P1, P2, PJ) not -43.2 (J.52) 468 
7B - triaxial compression -overall del. (111 1,t.l 2,t.I

3
J determined 

SA 140782 - triaxial series -force (P1, P2, P3) -48.9 (2.48) -36.6 (2.J6) 252 
86 - overall del . (A\1, 61 2, .111 3) -50.0 (1.77) -36.5 (2.99) 252 
9A 040882 - uni- and biaxia also -49.8 (1.10) -39.9 (0.72) 251 
96 surface-strains (tl' c 2J and -50.0 (1.16) -40.6 (0.83) 251 

lateral del. (strain-readers) 

lOA 241182 - callibratlon of del. - force (P1) -49.0 (2.34) -35.8 (2.76) 76 
lOB measuring system -del. (AI~ -51.9 (0.49) -37.0 (1.12) 76 . 

-size effect - extende surface meas. 
- uniaxial compression <tl'£ 2> 

-lateral del. (AI
2

,ll1
3

) 

14A 2) 030883 - check on age -force (PI) not determined 
- uniaxial compression - axial del. (ll1

1
, lli

2
, ll1

3
J 

-surface strains (t1) 

15A2) 240883 - size effect - similar to series 10. -46.1 (0.47) -35.4 (3.30) 105 
- uniaxial compression 

Table 3.25. Summar~ of exeeriments 

(1) loading speed 6 =0.25 N/mm
2
/sec, mean value of three tests, (cube strength 

f'k lSO and cylinder strength f' .1. 1001250) coefficient of variation between 
brac~ets, c ~ 

(2) sawn at the laboratory, 
(3) date =day - n;onth - year. 

Specimen codification p Aq - r 

p = batch number 
q = prism number of concerned batch 
r = specimen no. in prism q (see fig. 3.21). 
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4. UNIAXIAL EXPERIMENTAL RESULTS 

During the complete investigation, several uniaxial compression tests were 

carried out serving different purposes. In this chapter the experimental designs 

and results of the subsequent test series are shown. 

Before this is done, a short introduction to statistical analysis is given in section 

4.1. The theory of linear models was adopted in the design and analysis of the 

experiments. Further in section 4.2. the results are shown of series 2/3, 

regarding the influence of several parameters related to the manufacturing 

method of the specimens (see section 3.3). In 4.3. the results of the 10-series are 

gathered (deformation measurement) and finally in section 4.4. some results of 

series 10/15 are shown, indicating the influence of specimenheight on the 

uniaxial stress-strain curve. 

4.1. Introduction to statistical analysis. 

For the design and analysis of the experiments, the. theory of linear models was 

applied in the subsequent test-series. A summary of the method, which can be 

found in detail in Mendenhall /102/, is given below. 

The experimental results are described by means of a linear model (linear in the 

parameters (31), containing k variables. 

The model is given by: 

..••. (4.1.), 

where '1. is a vector of size n containing the experimental results. The variables 

xi are dependent on the levels of the influence-factors and may either be 

quantitative, or by means of dummy-variables also be qualitative. The vector ~ 

contains all random errors, which are assumed to be mutually independent and 

have a normal distribution with expectation E (~) = 0 and variance var (~) = a 0 
2. 

The expression (4.1.) may be written in a shortened form: 

....• (4.2.), 

where X is the design matrix, and which contains all information regarding the 

treatment-combinations. The purpose of the tests is to estimate the variables (3. 
1 

by means of the method of least squares. The estimate ~ of (3 is determined 

through 

...•. (4.3.). 
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The vector ~is of size (k + 1) with expectation E (~) = B • 

In case of an orthogonal experimental design, (X'X) reduces to a diagonal matrix. 

The estimate of the random error can be determined from the sum of squares of 

deviations of the observations (KSr) according to: 

2 
o0 = ~ I (n - k - 1) ..... (4.4.), 

in which the difference n - (k + 1), between the number of observations and the 

number of parameters is the number of degrees of freedom. 

The variances and covariances of the estimates b. of B. are fully determined by 
-1 I 

the matrix (x•xr1• o0
2• An estimate for the variance and covariance of b. (and 

-I 

b.) is therefore given by: 
-j 

a 2 
(b.)= c (x•xr1 1 .. 
-1 11 

. .... (4.5.a.), 

1 • 2 
and cov (b.' b.)= ( (x•xr } . .. 00 

-1 J I) 
..... (4.5.b.). 

Further, it can be proved that 

(b. - p.) I o (b.) 
-1 I -1 

••••• (4.6.), 

has a students-t distribution, with n - (k + 1) degrees of freedom. Now it is 

possible to determine the (1- a.) confidence intervals for the pi by means of 

p.+ta.12 . o(b.) 
1- -1 

..... (4.7.). 

Also hypothesis concerning the parameters b. or a linear combination of 
-j 

parameters of the form 

•..•. (4.8.), 

may be investigated. 

For example, the hypothesis that (k - g) variables are equal to zero, 

H0 : Pg+1 = Bg+ 2 = •••• = 13 k = o , (g < k) ••••• (4.9.), 

may be checked using a F -distribution with (k - g) and n - (k + 1) degrees of 

freedom according to: 

{KSro - KSr)/{k-g) 
F = ----'------

••••• (4.10.), 

KS/(n-k-1) 
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where KS is the sum of squares of deviations of the observations for the -ro 
reduced model with (k - g) values of 13· equal to zero, and KS is the sum of 

t -r 
squares of the original model. When the value of!::: surpasses a critical value, the 

hypothesis H must be rejected; the parameters 13· (g+ 1 ~ i .$. k) have a 
0 l 

significant influence. 

We may also be interested in confidence limits for linear combinations I= a'b. 

These are fully determined by means of 

.) )-1 • 2 var <..!_ =a' (X'X a.o0 
•.... (4.9.). 

The procedure may now be summarized as follows. For a linear model containing 

all main-effects and two-factor interactions the b. are determined with (eq.4.3), 
-l 

and the random error is estimated with (eq.4.4). Using the F -test, we can 

investigate if it is possible to reduce the model. Confidence limits for the ~i or 

linear combinations for the b. are determined. 
-l 

For the statistical analysis, the computer program 'Linear Regression', which is 

available at the University's main computer, was used. 

4.2. Influence of manufacturing method of the specimens. 

4.2.1. Experimental design for uniaxial tests (series 2 and 3) 

Before the bi- and triaxial experiments were carried out, a relatively large 

number of uniaxial displacement controlled compression tests was performed. In 

· order to measure the pure effects of triaxiality on the concrete stress-strain 

behaviour, it was considered favourable to use homogeneous specimens. If 

systematic differences are due to the applied manufacturing method (which was 

mentioned in section 3.3.) these factors should be known and if po:ssible be 

eliminated. Three parameters were considered important in this context: 

-1- the replicability between subsequent batches (i.e. the scatter in strength 

and deformational results of different batches), 

-2- the influence of the direction of loading with regard to the direction of 

casting, indicating effects of initial anisotropy, and 

-3- the position of a cube in the original prism before sawing (see fig. 3.21). 

The experimental design provided for a total number of 48 uniaxial compression 

tests. The cubes originated from the eight prisms of batches 2A, 28, 3A and 38. 

The six cubes of each prism were treated as follows: specimens 1, 2 and 3 are 

loaded perpendicular with regard to the direction of casting, the three remaining 
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cubes (4, 5 and 6) are loaded parallel. Three different cube-positions are possible 

within a prism: the end position (no. 1 and 6), half-position (no. 2 and 5) and 

middle position (no. 3 and 4). A review of the experiments is given in table 4.1. 

BATCH 2A 3A 
2B 3B 

total: 6 prisms, designated 2A1,2A2,2B1,2B2, 3A1,3A2.3B1, 382 

specimen no. 
in prism 

loading
direction 

1 
2. 
3. 
4. 
5. 
6. 

IJOSition 

1,6 
2,5 
3,4 

perpendicular 

parallel 

of cubes 

end position 
half position 
middle posit ion 

/ / 

I I 2 

Table 4.1. Uniaxial experiments, series 2 and 3. 

I 

casting
surface 

/ 7 

3 I 4 I 
7 c:::. 

5 I 6 IJ 

All uniaxial experiments of series 2 and 3 were carried out in the vertical loading 

axis of the triaxial apparatus (axis no. 3, see fig. 3.8). When loading was applied 

parallel to the direction of casting, the upper surface of the cube (when casted), 

was situated under the upper brush bearing platen (at the side of the spherical 

seating, see fig. 3.9). In case of perpendicular loading, the casting surface was 

one of the free surfaces of the specimens, as shown in figure 4.1. The loading 

speed (strain-rate) was held constant during the experiments: E: 1 = 5.10-6 /sec. 

In table 4.2. a review is given of the different measuring devices that were used 

in the subsequent uniaxial experiments. The measurement of lll i (i = 1, 2, 3) was 

similar for all experiments: overall displacement measurement lll 1 by means of 

two L VDTs and lateral displacement measurement lll 2, lll 
3 

by means of strain

readers in a configuration as shown in fig. 4.2. The strain-readers were attached 

to the specimen at a distance of 20 mm from the brush-specimen interface. 
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prism no. 

2A1 
2A2 
281 . 

282 

3A1 
3A2 
381 

382 

casting su-face 
loading fR 
parallel . 1 

I 

Lll, 

casting surf. I 
loading perpendi~ular 

I 
jP, 

free surface: 
crack de teet ion 

measuring devices 

- LVDTs, 2W10, diagonal 
-strain readers, 2 in 

each direction, diagonal 
-load cell 

- L VDTs, 2W 10, diagonal 
.61 3 - 4 strain readers 

m one direction 
- 2 strain-gauges 

PL 60-11 
In case of perpendicular 
loading, one gauge 
mounted at the casting 
surface, the other at 
the opposite surface. 

crack-detection on free surfa
ces, using fluorescenting tech
nique /49,152/. 

- LVDTs, 2W 10, diagonal 
- 2 strain-readers, 

diagonal 
- 2 strain-readers, 

diagonal 
- 2 strain gauges , 

PL 60-11 
Specimens from prism 381 were 
subjected to 5-10 load cycles up 
to £ 1 =0.001 strain before loading 
to failure. 

-LVDTs, 2Wl0, diagonal 
see 3A1-381 

- 6 strain gauges (PL 60-
11), four at corner posi
tion (10 mm from the 
edge), two at central 
position. 

- 2 strain gauges (PL 60-
11) at half height. 

Table 4.2. review of uniaxial experiments, measuring devices, series 2 and 3. 
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For the specimens originating from the prisms 282 through 382, additional 

surface strain-measurements were carried out (see also section 3.2.2). Two strain 

gauges (no. 10 and 11) were mounted in a central position at two opposite 

surfaces of the cube (see fig. 4.2). The measuring length of the gauges was 60 

mm. For specimens 382-1 through 382-6 extended surface strain measurements 

were carried out. Six strain gauges (measuring length 60 mm) were mounted to 

the specimen at two opposite surfaces as shown in figure 4.2. The four corner 

gauges (no. 14, 15, 16 and 17) were placed at a distance of 10 mm from the 

specimen edge. Furthermore two lateral gauges (meas. length = 60 mm, no. 12 

and 13) were mounted to the remaining free surfaces at half height. 

Especially the results of these latter tests (382-1 through 382-6) provided much 

information on the complete deformational behaviour of the specimen. The 

fracture propagation through a uniaxial compressed cube (in the descending 

branch of the axial stress-strain curve) could be followed. 

The six specimens originating from prism 282 were used for crack-detection 

purposes. The fluorescenting technique developed by Forester /49/ and applied by 

Stroeven /152/and Diaz & Hilsdorf /39/ was adopted. The specimens were 

subjected to a cyclic loading sequence. A specimen was loaded until a prescribed 

axial strain-value. When this strain-value was reached, the loading was stopped 

and the fluorescenting dye was applied to one of the free surfaces, and allowed 

to penetrate the specimen for about 60 seconds. There after the axial load was 

released (at the same loading speed CE:zl = 5.10-6 /sec) as for the ascending 

branch) until a stress-level o1 = -5 N/mm was reached. 

When the dye was completely dried, a colour slide was taken of the treated 

surface lighted by two ultra-violet lamps. For darkening purposes, a special tent 

was built around the 'triaxial chamber' for the photographic equipment and both 

lamps. 

The crack-detection surface was chosen for investigating possible effects of 

initial anisotropy (see figure 4.3). 

A crack-detection experiment took approximately 3 hours. A test consisted of B 

crack detection steps up to a strain-level £ 1 = -0.0045, which was in general 

beyond the inflection point in the axial stress-strain curve. 

The 'crack-densities' and 'orientation distributions' obtained from these experi

ments are only indicative. As will be shown in the following sections, the 

behaviour of the specimen surface and the specimen core ·seems to be quite 

different. Some of the results obtained from the surface crack detection will be 

given in chapter 6. 
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crack
detection 
surtace 

perpendicular 

casting 

crack
detection 
surface 

parallel 

Fig. 4.3. Crack-detection for specimens 282-1 through 282-6. 

For all uniaxial experiments of series 2 and 3 the conditions at peak (stress o1p 

and the corresponding strains £. , i = 1, 2, 3 both for loading platen and surface-
1p 

strain measurement) are given in appendix A1, table A.l.1 and A.l.2. 

4.2.2. Statistical analysis of the results 

- strength results -

A statistical analysis, using the theory of linear models (that was introduced in 

section 4.1) was carried out, adopting the peak stress level o1p as a response 

variable. The linear model is given by 

..... (4.10) 

The variables xi represent the level of the influence factors: the loading 

direction with respect to the direction of casting Cx 1), the cube position (x 2, x
3
), 

the batch (x4, x
5

, x6), and a number of two-factor interactions (x 7, x8 ........ , 

x17). 

The mean strength (100 mm cube) is given by the estimate b
0 

of p
0

• All factors 

are qualitative. 

The full details of the model and analysis are shown in appendix A1, table A.l.3., 

showing the values of the variables x., the estimates b. of r:l. (i = 0, 1, ..... , 17), 
1 1 ~-'1 

the coefficients of variation (vfJ.r/o
0 

2, equation 4.9) and the P~values. 
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The factors which were found to be significant at the 5% level are: the linear 

term for differences between positions Cx2), the three terms Cx
4

, x
5

, x
6

) for 

differences between batches and a two-factor interaction (xl3 = x2 x5). The 

reduced model, containing only significant factors is given by 

Olp = y = - 39.56- 0.61 x2 - 1.25 x4 + 0.55 x5 + 

- 0.67 x6 - 0.55 x2 x5 .••.• (4.11.) 

The estimate for the random error is a 2 = 1.51 ( v = 29). The average uniaxial 
0 

compressive strength was a1p,100 = b
0 

= - 39.56 N/mm 2, which was slightly 

higher than the uniaxial compressive cylinder strength o1 1 = - 38.1 N/mm
2 

,cy 
(which was determined from the control cylinders of batches 2A - 38, see table 

3.25). 

The experiments revealed a strength increase for specimens originating from the 

end positions (no. 1 and 6). The effect is depicted in figure 4.4, also showing the 

95% confidence limits. 

I -45 

batch 
[;] M.. 

~l.!l_lol N 

E 
E 

~ 
c. 

~-=-i=-~ 
~(vl 

0 
-40 ]A_(x) 

X 

- 35 1------t -----! ~(o) 
0 

I 95% confidence 
-30 limits 

~~~ specimen 
I I I position 

middle half end 

Fig. 4.4. Influence of specimen position before sawing on the uniaxial 

compressive strength. 
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The results indicate that a stiffening effect emerges from the end platens of the 

mould. When the prisms are casted, the concrete at the prism ends will be better 

compacted, due to the presence of the end plates in the mould. 

The differences between batches were found to be significant at the 5% level. 

Yet the expression in eq. 4.11. is rather meaningless with respect to the terms 

x
4

, x5 and x6. In fact the factor 'batches' is stochastic. The implication of this 

fact is that certain influence factors should not be tested against the random 

error o 2, but rather against a combination of random errors, including the one 
0 

for the stochastic factor batches. 

An additional analysis, taking into account the factor batches as a stochastic 

factor showed no difference with the foregoing results. 

The increase in strength from batch 2A - 38 is rather striking and must probably 

be attributed to differences in compaction of the specimens. For all further 

batches (no. 4 through 15), the compaction time was held constant (as was 

mentioned in section 3.3), resulting in a decreasing scatter. 

The direction of loading with regard to the direction of casting did not have a 

significant effect on the ultimate strength level. 

- energy requirement -

A second statistical analysis was carried out, now using the energy-requirement 

W r as a response variable. The energy-requirement is defined as the amount of 

energy that is necessary to obtain a given strain-level £ : 
0 

w 
r,Eo 

•.••• (4.12). 

Equation 4.12 represents the total surface under the axial stress ( o1) - axial 

strain ( £1) curve, and is different from the damage energy concept that was 

proposed by Spooner et.al. /148,149/ (see section 2.2). 

The calculated values of W are given in appendix A1, table A.l.l. and A.l.2. for 
r 

three levels of£ : £
0 

= £ 1 k' £ = 6 °/oo and £ = 7 °/oo (compressive o pea o o 
strain). 

The linear model to be fitted was similar to the preceding model in which the 

strength results were adopted as a response variable. For the energy-requirement 

the model is given through 
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•.•.• (4.13). 

The full details of the model (eq.4.l3) and the analysis are shown in appendix A1, 

table A.l.4. The reduced model, only containing the significant factors at the 5% 

level is given by: 

. 
wr,0.006 = 159.45 + 6.48 x1 + 3.41 x2 + 1.87 x4 - 2.97 x5 

+ 4.39 x6 •.••• (4.14). 

The estimate for the random error is a 2 
= 78.96 ( V= 27). It should be mentioned 

0 

that the energy-requirement for the crack detection tests (specimen 262-1 

through 262-6) was calculated using the envelope curve which connects all 

subsequent load-cycle peaks. 

..!!l 
::l 

200 

.2, 180 

-.o s 
0 .. .-

3 
160 

140 

120 

r 

I 

I 
2A 

I 

I 
I 

I 

I 
I 

I I 
I 

/ 
I 

I 
2B 

I 
3A 

0 

o data points 
• half position 

I 95% confidence 
limits 

1 
batch no. 

39 

Fig. 4.5. Influence of position and loading direction for subsequent batches on 

the energy requirement at £
0 

= 0.006. 
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The factors loading direction (x
4

), position of specimen before sawing (linear 

term x
2

) and differences between batches (x
4

, x
5

, x
6
) could not be omitted from 

the model (eq.4.13). About 9% extra energy is required in order to reach a strain

level Eo = 0.006, when loading is applied parallel rather than perpendicular with 

regard to the direction of casting. 

Similar considerations should be made for the factor batches as were mentioned 

for the linear model describing the peak stress results (eq. 4.10). 

The factor position also is found to have a significant effect when the energy

requirement is adopted as a response variable. The results of the second analysis 

are depicted in figure 4.5. 

4.2.3. Uniaxial stress-strain behaviour 

- initial anisotropy -

The influence of the direction of loading with regard to the direction of casting 

on the axial stress-strain curve is demonstrated in figure 4.6. The stress-strain 

curves for specimens 382-3 (loading perpendicular) and 382-4 (loading parallel) 

are representative for all uniaxial test results. In the ascending branch of the 

stress-strain curves, the initial slope is found to be smaller when loading is 

applied parallel. 

"' c 
c .... 
~ 

;;; 

"' "' w e: 
"' 

-70 

- 60 

- 50 

-40 

- 30 

-20 

-10 

m--el382-3 PERPEND J CULAR 
~382-4 PARALLEL 

iJNIAX!AL STRESS - STRAIN CURVES 5 1-EI 
J NfLUENC£ OF 0! REC rJ ON OF LOAD' N~ 

RESULTS Of SER J ES 38 2 

0+---~--~----+---~--~----+---~--~----+---~--~--~ 
0 - I - 2 -3 - 4 - 5 -6 - 7 -8 - 9 - I 0 - II - 12 

STRAIN El (7..J 

Fig. 4.6. Influence of initial anisotropy on the uniaxial stress-strain curve in 

compression. 
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Eventually the peak stress-level is reached, the strain at peak stress being higher 

in the case of parallel loading. In the descending branch of the stress-strain 

curves, similar behaviour is observed both for the parallel loaded specimen and 

for the perpendicular loaded cube. 

The reason for the observed effects is obvious. Due to shrinkage, differential 

temperature and bleeding during the hardening process of the concrete, voids or 

weaker matrix material zones develop under the larger aggregate particles (this 

fact was mentioned in section 2.1). When loading is applied parallel, the initial 

'micro-defects' are in a less favourable direction for their propagation. The 

micro-cracks have to round the aggregate particles, and the stress-strain curves 

indicate that a larger deformation is necessary in order to arrive at a 'damage

density' at which a maximum carrying capacity is reached. The effect is 

, demonstrated in fig. 4. 7 .a. 

When on the other hand loading is applied perpendicular with regard to the 

direction of casting, the initial 'micro-defects' are oriented in the same direction 

as the applied compressive load (fig. 4. 7.b). The orientation is now very 

favourable for propagation, and will occur at relatively low displacement levels. 

The formation and propagation of macro defects in the stress-strain curve 

descending branch seems not to be influenced by a simple change of the loading 

I direction of 
f casltng 

I 

@~ 

~~ 
8 ~! ... ~ 

I 
I 
+ ~~~~?on 

I 

Ia, I PARALLEL + --I 

load Rfuced 
cracks 

' dire<tion ot 
f castim,J 

§" 
;r~·-·-·' larger I micro -cracks a-
aggregate .

1 

weaker matrix material 
particles 

(bl 

I 
I 

loading 
direction 

---+-

Pt:RPENOICUlAR 

Fig. 4. 7. Micro-crack propagation when loading is applied parallel (fig. a.) or 

perpendicular (fig. b.) with regard to the direction of casting. 
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382-2 and 382-3, loading direction perpendicular. 

b. idem, for specimens 382-4, 382- 5 and 382-6, loading direction 

parallel. 
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direction. Only the 'damage-history' before joining of smaller cracks into (visible) 

macro-cracks occurs, seems to be important. 

Differences in the pre-peak compressive stress-strain curve, due to initial 

anisotropy, were reported by Hughes and Ash /74/ too. In their paper, results 
2 

were presented for a low strength concrete only (cube strength 28.5 N/mm , da= 

19 mm). An increase of approximately 50% in peak stress was measured when 

loading was applied perpendicular to the direction of casting rather than parallel. 

Hughes and Ash mentioned that this increase is less for higher strength 

concretes, which is in agreement with the current results. 

As a reason for the strength difference observed, it was mentioned /74/, that the 

porous zone beneath the coarse aggregate particles offers little resistance to 

deformation when loading was applied parallel. In this case shear failures may 

occur around the aggregate. When loading is applied perpendicular, lateral 

~plitting of the mortar around the aggregate occurs /74/. 

Mix parameters and compaction of the concrete when cast are responsible for 

the effect of initial anisotropy. 

In view of the above discussion implications in the lateral (unstressed) directions 

should be expected too. In the case of parallel loading two equal lateral 

displacements should be measured (lll 2 = L':d 3), while the conditions at the 

micro-structural level are similar for both lateral directions. When loading is 

applied perpendicular the micro-structure is different: the 'weak-planes' or 

'micro-defects' -are situated in planes which are oriented perpendicular to the 

direction of casting (fig. 4. 7.b). While probably the majority of macro-defects 

will develop in the direction perpendicular to the direction of casting, the largest 

lateral displacements should be expected in the direction parallel to the casting 

direction. 

perpendicular 
I 

parallel 

Fig. 4.9. Definition of ~:: 2 and E3 in case of perpendicular and parallel loading 

(uniaxial compression). 
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At the macro-level, indeed the indication was found that the lateral displace

ments are affected by the loading-direction too. In figure 4.8.a and b the lateral 

strains (e: 2, e: 3) are plotted against the axial strain Ce:1) for the six specimens 

originating from prism 382. In the upper figure (4.B.a) the lateral strain - axial 

strain plots are shown for the thre~ perpendicular loaded specimens (382-l, 382-

2 and 382-3). The lateral strain e: 
2

, depicted by the solid lines in fig. 4.B.a, is 

parallel to the direction of casting. The orientation of e: 2 and e: 3 with regard to 

the direction of casting is clarified in figure 4.9. 

In the lower part of figure 4.8, the results of the three parallel loaded cubes are 

shown (382-4, 382-5 and 382-6). The broken lines in fig. 4.8.a and b represent the 

strain e: 3, which is perpendicular to the direction of casting, when loading is 

applied perpendicular or parallel. 

The large scatter of lateral strain measurements for the perpendicular loaded 

specimens is striking. Figure 4.8.a indicates that the largest deformation occurs 

in the direction parallel to the direction of casting. Yet the effect is not 

systematic, and is probably disturbed by the splitting of the outer concrete 

layers which occurs in the stress-strain curve descending branch (and which 

seems to be a rather random process). 

In case of parallel loading (fig. 4.8.b.) the lateral strain measurements are all 

situated in a narrow band, indicating a proper symmetric loading. From figures 

4.8.a. and b. also the delayed fracturing of parallel loaded specimens may be 

observed. Large increments of e: 2 and e: 3 occur at higher levels of e: 1 when 

loading is applied parallel rather then perpendicular. 

Similar effects are also observed in triaxial loading, as will be shown in section 

5.2.5. In case of triaxial loading no boundary disturbances in the sense of 

splitting of outer concrete layers will occur and a systematic influence of 

loading direction on lateral strains was found. 

These results indicate that only small changes at the micro-structural level ( in 

this case a change of orientation of initial faults) has a pronounced influence on 

the macroscopic 'stress-strain' relationship. More attention is paid to the effects 

of initial anisotropy in sections 5.2.5 and 6.2. 

- replication of uniaxial stress-strain curves -

In figures 4.10 and 4.ll.a and b, a number of uniaxial stress-strain curves are 

gathered showing respectively the replication of stress-strain response (o
1 

- e:
1

) 

for specimens originating from subsequent batches (2A - 38) and for specimens 

originating from the same prism (3Al). 
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The results presented in figure 4.10 were all obtained from specimens originating 

from the prism ends (position no. 6). The loading direction was the same for all 

experiments: parallel to the direction of casting. The scatter in peak strength is 

rather large, the reasons for this fact being mentioned in the previous section. 

In general a slight increase of strain £ 1 at peak stress level was measured when 

the peak stress increased. The shape of the axial stress-strain curve was however 

similar for all experiments. 
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Fig. 4.10. Replication of stress-strain curves o1 - £
1 

for specimens 

originating from different batches (2A-3B), loading direction parallel. 

The residual stress-level was the same for all tests presented in fig. 4.10 (about 

o
1 

=- 11 N/mm2 at £
1 

=- 8 °/oo). . . 

The results shown in figures 4.1l.a-b indicate that a good replication is obtained 

for specimens originating from the same prism. The solid lines in figures 4.1l.a 

and b are results obtained from the overall L VDT -measurement (between the two 

opposite loading platens), the dashed lines are the stress-strain curves obtained 

from the surface strain measurement by means of the two central placed strain 

gauges (see fig. 4.2). Further attention to differences between loading platen and 

surface strain measurement is given in the next section. Replication of lateral 

deformation measurement was already shown in fig. 4.8. 
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Fig.4.ll. a. Uniaxial stress-strain curves (o1 - £ 
1

) for specimens 3Al-l, 3Al-2 

and 3Al-3, loading direction perpendicular. 

b. idem, for specimens 3Al-4, 3Al-5 and 3Al-6, loading direction 

parallel. 

79 



4.2.4. Fracturing in uniaxial compression 

- observations from surface measurements -

The axial stress-strain curves, showing overall and surface strains (fig. 4.1l.a and 

b), revealed a striking difference between the surface and core concrete 

response of a specimen. In the ascending part of the axial stress-strain curve, the 

surface strain E 1 f' was always behind the strain-value E 1 1 1 obtained ,sur , oa.p. 
from the overall displacement measurement between the two loading platens. 

The differences in pre-peak strain-measurement were systematic, as may be 

seen from the results in appendix A1 (table Al.1 and Al.2, peak strains, and fig. 

A.l.5 and A.l.6, stress-strain curves o1 - £ 1 for specimens originating from 

prisms 3A2 and 382). 

The relative loading platen displacement ld 1 was of course corrected for the 

total brush-deformations ld brush' which were determined from a calibration 

test on an aluminum cube (see section 3.2). 

A difference up to 30% of E 1 f with respect to £ 1 1 1 was measured in the ,sur , oa.p. 
uniaxial compression tests. Similar results were reported by Schickert /139/, 

using the flexible platen system (fig. 3.4) and dry steel platens as load 

application system in an extensive experimental research on concrete and mortar 

prisms subjected to uniaxial compression. 

The differences between £ 1 f and E 1 1 1 
are mainly the result of the load-,sur , oa.p. 

application system and disturbances at the specimen - load application interface. 

In section 4.3 more attention is given to the nature of these effects. 

From the results presented in figures 4.11 and Al.5 - A.l.6, a pronounced 

difference in post-peak behaviour is observed when surface and loading platen 

strains are compared. The difference between E 1 f and E 1 1 1 
increases ,sur , oa.p. 

enormously beyond peak-stress level. 

Just beyond peak ,E 1 f stili increases, however at a considerable lower rate ,sur 
when compared with E

1 1 1
• Eventually, at the inflection point in the o

1 oa.p. 
£ 1 1 1 curve, the surface strains E 

1 
f start to decrease. It must be , oa.p. ,sur 

concluded that unloading takes place in the outer layers of the specimen, and the 

residual carrying capacity (of the now highly fractured specimen) seems to be 

the result of the 'more or less' intact specimen core. 

At the same time that the uniaxial tests were carried out, similar results were 

reported by Kotsovos /87/. The results indicate that a structural response rather 

than a material response is being measured in the stress-strain curve descending 

branch. 
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Fig.4.12. a. Separate strain gauge readings vs. time for specimen 382-2, 

loading direction perpendicular. 

b. idem for specimen 382-6, loading direction parallel. 
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The six specimens originating from prism 382, were subjected to an extensive 

surface strain measurement. In axial direction six strain gauges were mounted at 

two opposite surfaces of the specimen (fig. 4.2). In Figure 4.12.a and b the 

separate strain gauge readings (of the six axial gauges) are plotted against the 

elapsed time for specimens 382-2 and 382-6. 

The dashed dotted lines, which are plotted perpendicular to the time axis show 

where the peak-stress level o 1p is reached (at t = 500 sec for 382-6 and t = 465 

sec for 382-2). 

In figure 4.13 the strain gauge locations (no. 10-15) both for specimen 382-2 

(loading perpendicular) and specimen 382-6 (loading parallel) are shown in a cross 

section of the cube (perpendicular to the direction of o 1). The shaded area in the 

cross-section of 382-2 indicates the upper surface of the specimen during 

casting. For specimen 382-6 this casting surface does not appear in the relevant 

cross-section. 

382-2 
perpendicular 

casting
surface 

f·racture 
initiation\ 

15 11 

~ 
12 10 

3 82-6 
parallel 

") 
13 

Fig.4.13. Strain gauge locations and 'fracture propagation' for specimen 382-

2 (left figure) and 382-6 (right figure). 

Up to peak stress level the strain gauge readings were situated in a relatively 

narrow band. The scatter in strain readings at peak stress was found to be larger 

when loading was applied perpendicular rather than parallel. The results in table 

4.14 show the average surface strain at peak stress o1p determined from the six 

axial strain gauges, and the coefficient of variation as a percentage of the 

average value. 
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The increase of the coefficient of variation, in the case of perpendicular loading, 

must be attributed to the different less compacted structure of the casting 

surface probably. For specimens 382-1, 382-2 and 382-3, the largest strains (in 

the pre-peak region), always appeared at the side of the casting surface. 

specimen £ 1,surf .at o 1 coeff. of 
0 p 

variation (%) no. ( /oo) 

382- 1 - 1. 76 13.8 

2 - 1.83 13.9 

3 - 1.77 10.3 

382- 4 - 1.88 7.7 

5 - 1.98 9.8 

6 -1.96 7.8 

Table 4.14. Surface strains at peak stress, average value and coefficient of 

variation for series 382. 

The scatter of surface strain measurements is influenced by several factors. 

First of all the length of the measuring device (d = 60 mm) with respect to the m 
maximum aggregate size (d = 16 mm) is important. According to /109/ a scatter a 
of approximately 5% in strain readings should be expected when d /d - 4 (as in 

m a 
the current research). 

Furthermore a more close evaluation of the experimental results showed a 

systematic difference between corner gauge measurement (no. 12-15) and 

central gauge measurement (no. 10-fl). The average corner gauge value 

(l:ll corner = (£ 12 + £ 13 + E 14 + E 15) /4) lf d cube) was always behind the central 

gauge value (t.lcentral = ((E10 + E11) I (2) ll dcube). 

At peak stress-level the average difference (for the six specimens) was t.l d = 

t.lcentral -t.lcorner "' 10 ~m. 

From figures 4.12.a and b it may be observed that this difference in central 

displacement and corner displacements appears from the initiation of a test to 

the peak stress-level. The results suggest that the specimen is loaded through a 

convex loading platen as shown in figure 4.15. Indeed due to bending of the 

brush-rods with increasing lateral deformations of the concrete specimen, a 

spherical loading platen surface will appear. The flexible platen system (fig. 3.4) 

that was used by Schickert /139/, responds in a similar manner. 

83 



By measuring the relative displacements of the separate pistons with respect to 

each other (a flexible platen is built from 25 pistons, A = 20 x 20 mm2, 

specimen size A = 100 x 100 mm2 with variable height),p it was shown that 

differences up to 40 !J.m appear at 90% of o 1p. 

As was mentioned before (fig. 4.11), larger differences were measured when 

loading platen strains E 1, loa.pl. were compared with surface values E 1,surf 

(when brush bearing platens were applied) . 

• I 
I I 

- -t--r-- - -·+-- r-

i I 
! 

...... 
Fig.4.15. Deformation of the specimen - brush system in uniaxial compression. 

The occurrence of a convex brush surface is no surprise, and has been indicated 

before /137,95/. The implication of this system deformation on the deformation 

response is shown here for the first time. It will be obvious that the curvature of 

the loading-platen will increase when lateral deformations increase (for example 

in the stress-strain curve descending branch). More attention is paid to this 

matter in the next section. 

- post peak surface strain measurement -

Returning to figures 4.12 and 4.13. The differences between the separate strain 

gauge readings become even more pronounced when the peak stress-level is 

exceeded. Initially just beyond o1p' the surface strains continue to increase. 

Upon further axi a l straining (in terms of the loading platen value E 
1
· 

1 1 
), a 

, oa.p. 
sudden unloading is obser ved at the specimen surface. 
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In the case of specimen 382-2, this unloading is first observed fru: gauges no. 12 

and 13 at t = 492 sec. (see fig. 4.12.a). Both gauges were mounted at the casting 

surface (fig. 4.13). For all three perpendicular loaded specimens (3B2, no. 1 

through 3), unloading was first observed near the casting surface. It is therefore 

not too hazardous to assume that fracture starts at the casting surface in the 

case of perpendicular loading. Thus in spite of the removal of 16 mm thick outer 

layers of the original prism (fig. 3.19), still a rather heterogeneous structure 

remains. After a further increase of £ in the stress-strain curve 1,Joa.pl. 
descending branch (see fig. 4.11), the fracture (surface unloading) spreads 

throughout the entire cross-section of the specimen. 

Surface unloading for specimen 382-2 is observed in the sequence 10, 14, 15 and 

11, as depicted in figure 4.13. Similar results are presented for a parallel loaded 

specimen (382-6), but in this case, the fracture did not start at any particular 

place. All three parallel loaded specimens showed that the fracture started at a 

different place. 

The delayed fracturing in case of parallel loading, which was mentioned in the 

previous section also becomes clear from the surface measurements. From fig. 

4.12 it can be seen that for parallel loaded specimens, the surface strain 

measurement remained intact for a relatively long time after the peak stress 

level was exceeded (when compared with perpendicular loaded curves). The first 

surface unloading for specimen 382-6) was observed at t = 588 sec for gauge no. 

15. 

In general, visible cracks (that is visible with the unaided eye)appear in the 

specimen, just beyond peak stress-level. The results presented in figures 4.11 

through 4.13 indicate that specimen degradation starts with surface spelling 

(fracture initiation by means of surface spelling was recently demonstrated by 

Ottosen /117/ too, in a finite element analysis of a uniaxial compressive cylinder 

test, adopting a continuum material model for strain softening!), which takes 

mainly place in the first part of the stress-strain curve descending branch (o 1 -

£ 1 1 1 ) before the inflection point. Stress redistributions occur in the , oa.p. 
specimen when the peak stress level is exceeded, and it seems that the remaining 

carrying capacity is due to a more or less intact core. 

It was mentioned before that macro cracks (visible with the unaided eye) appear 

and start propagating when the peak stress level is exceeded. It is assumed that a 

fully developed macro-crack pattern is developed when the residual stress-level 

in the o1 - £ 1 1 1 curve is reached. Further decrease of load carrying , oa.p. 
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capacity at this stage, only will occur due to widening of the present macro 

cracks. From the stress-strain curves that were shown in figure 4.11 it can be 

seen that the decrease of ol' once this residual level has been reached, is a very 

slow process. 

In general it was found that the macro-cracks with the largest width were 

situated near the specimen surfaces. In figure 4.16 the crack pattern of the 

upper loading surface of specimen 282-3 (uniaxial compression, loading direction 

perpenducular) after termination of the experiment is shown. This particular 

specimen was loaded up to e: 1 1 1 = - 8.6 ° /oo. The residual deformation after , oa.p. 
unloading was equal to e: 1 1 1 = -5.8 ° loa. The lateral deformation after , oa.p .,res. 
unloading, was determined from the four strain-readers (fig. 4.2) and was equal 

to e: 2 = 38.6 °/oo. 

numbers in figure 
indicate crack -width 
in [mm] 

casting
strface 

upper 1 
loading jo1 
surface 

t:N.,,,_ 
I sur face 
01 

Fig.4.16. Crack pattern of the upper loading surface for specimen 282-3. 

In figure 4.16 only those cracks which were visible with the unaided eye have 

been plotted. The shaded areas show where small pieces were torn loose. At 

three levels in horizontal direction and in vertical direction, the crack widths 

(magnifie d ten times) are indicated. 
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It can be seen that the wider cracks (in one case, near the casting surface even 

up to 1.5 mm) appear closest to the edges of the specimen. This may indicate 

that the innermost cracks are prevented from opening, probably as a result of 

constraint between brush bearing platen and the concrete specimen (see also 

appendix A6, fig. A6.2). From figure 4.16 also the more or less rectangular 

crack-pattern, which is imposed to the specimen by the brushes, is recognised. 

More attention is paid to uniaxial fracture in section 4.3 and 4 .. 4. 

- lateral surface strains -

In figure 4.17 the lateral strain determined from the two lateral strain gauges 

no. 12. and 13. ( £ 2,surf = (£ 12 + £ 13) I 2) is plotted against the average lateral 

strain value obtained from the four strain-readers (£ 2 t d ) for specimens ,s r.rea er 
382-1 through 382-3. All three specimens were loaded perpendicularly. The value 

of E 2,surf at o1p for the three experiments is indicated in figure 4.17. 
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Fig.4.17. Lateral strains: £ 2,surf vs. £ 2,str.reader for specimens 382-1 

through 382-3. 

In the pre-peak region, it was found that £ 2 f was always larger than ,sur 
£ 2 t d • This may indicate a slight bulging of the specimen-surface (see ,s r.rea er 
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fig. 4.15): the strains determined from the strain-readers (at a distance of 20 mm 

from the specimen-brush interface) may be disturbed by the (reduced!) end 

constraint. From previous studies /137/, it is known that bulging of the specimen 

free surfaces is not entirely eliminated by using brush bearing platens. Neverthe

less a considerable reduction is obtained when compared with load application 

through rigid steel platens. 

For the flexible platen system /139/ the reduced bulging of the side surfaces was 

demonstrated by measuring the deformation of a specimen surface by means of a 

great number of proximity type transducers. 

Beyond peak stress-level, the lateral surface strain E 2 f stays behind the ,sur 
strain reader values. In fact the strain reader measurement corresponds to the 

loading platen measurement, and is not affected by cracking. The large differen

ces between E 2 f and E 2 t d is probably due to surface unloading (as ,sur ,s r.rea er 
suggested in the previous section). It must be mentioned that eventually the 

strain-gauges are damaged by surface cracking. 

4.3. Deformation measurement -results of "10-series". 

From the uniaxial preliminary tests (series 2/3, section 4.2) a rather large 

difference between surface and overall strains was measured (see figures 4.11 a -

b). As can be seen from these figures, and the additional results in appendix A1 

(peak results in tables Al.1 and Al.2, stress-strain curves in figures Al.4 and 

Al.5), differences up to 30% were measured at peak stress-level. 

The surface strains always stayed behind the overall strains in the ascending part 

of the o 1 - E 1 curve. The discussion in this section is mainly restricted to the 

pre-peak region, that is with regard to differences between surface and overall 

strains. The "structural behaviour" in the post-peak region (see section 4.2.4) 

makes comparison of surface and overall strains impossible. 

In the subsequent biaxial preliminary experiments (series 5/6, appendix A4), 

similar results were obtained however now in some cases up to 30 - 50% at peak 

stress level (see fig. A4.5). 

The difference was considered important, and 16 additional uniaxial compression 

tests on prisms (height h = 200 mm, cross section A = 100 x 100 mm 2) and cubes 

(d = 100 mm) were carried out in order to unravel the complex deformational 

behaviour of the specimen brush system. 
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In the following, the experimental design (section 4.3.1), two statistical analyses 

using strength and deformational results as response values (section 4.3.2 and 

4.3.3), and some further comments on the "structural behaviour" of a prism in 

the stress-strain curve descending branch (section 4.3.4) are given. 

4.3.1. experimental design for uniaxial tests, series 10. 

Several factors may influence the overall deformation measurement. In fact 

when discussing stress-strain results, the complete experimental environment 

should be taken into account. This was recently indicated by Clayton /31/. 

Factors which are considered important in the current investigation are: 

- 1 - the smoothness of the contact surfaces within the total L VDT

measuring length (see also figure 3.11), 

- 2 - the intrusion of the brush-rods in the specimen and high local peak 

stresses at the brush-specimen contact surface will lead to different 

deformational behaviour up to a certain depth in the concrete speci

men, and 

- 3 - the bending of the brush rods during increasing lateral deformations will 

lead to a spherical loading platen. 

In the specimen-brush system several contact surfaces are situated within the 

L VDT measuring length (see fig. 4.18). At each side of the specimen two contact 

surfaces are found. The most important contact surface is the interface between 

concrete specimen and brush bearing platen. The second contact surface is 

situated near the steel block (that is the steel-steel interface near the clamped 

side of the rods, see fig. 3.11). 

In general it was no problem to manufacture a sufficiently accurate brush. After 

the grin ding sequence, a non-smoothness smaller than 10 - 20 ll m fOU!d be 

obtained. Yet, when several specimens were loaded, the brushes would wear out, 

due to mechanical damage of the upper surface, resulting in a decreasing 

accuracy. 

The non-flatness of the contact surfaces may lead to a considerable run in the 

initial stage of the overall load-deformation curve. On one hand this will lead to 

an overestimation of the specimen deformation when measured between the 

loading platen, on the other hand, surface strains may be too small. The 

differences in response are depicted in fig. 4.18. 
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Fig.4.18. differences between surface strains and overall strains in the 

initial stage of the load-deformation curve in uniaxial compression. 

In the uniaxial experiments of series 2 and 3, the inflection point in the o 1 -

E 1 1 1 curve denoted as A in figure 4.18, was reached at a rather high stress , oa.p. 
2 level: o 1 = -15 N/mm • This may indicate a considerable non-smoothness of the 

contact surfaces (no capping was used in tests-series 2/3). It must be mentioned 

that the accuracy of the concrete specimen surfaces was in the same order as 

newly ground brushes ( < 10 llm). 

A closer look to the brushes after the experiments (series 5/6) were carried out, 

revealed that small dimples were pressed in the lower steel block of the brushes. 

The dimples were mainly situated near the edges of the steel block. Thus the 

largest contact area is situated in the brush-centre, and decreases near the 

edges, leading to stress concentration in the specimen centre. The plastic 

deformations that occurred are the result of too large lateral deformations that 

were allowed in the stress-strain curve descending branch. 

Some insight in the response of a specimen loaded through "spherical" loading 

platen is obtained from an approximation for two spherical bodies in contact 

(p.409 e.v. in /159/). Damage starts from the specimen centre, and in fact a 

splitting action is induced. The difference between surface and overall strains is 

not surprising in such a "structure". These observations indicate that great care 

should be taken when using brush bearing platens. In the subsequent e xperiments 

(series 10, triaxial tests series 8/9, rotation tests series 7 and size-effect series 

15), the brushes were care fully checked for mechanical damage on either of the 
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contact surfaces, and were ground carefully several times (adopting the grinding 

sequence that was mentioned in section 3.2.1). 

Mechanical damage at the concrete brush interface could not be avoided 

completely (that is at the brush side, small dimples pressed in the steel surface), 

so a small "initial run" in the stress strain curve should always be expected. 

Two other disturbances were mentioned in the beginning of this section. The 

intrusion of the brush-rods is not easily eliminated. The phenomenon will be 

different when an aluminum cube is loaded. This indicates that the initial 

calibration of the brush deformations (section 3.2) might be erroneous. The 

effect of the splitting forces of the separate brush rods is clearly demonstrated 

in fig. 4.16. The third factor, bending of brush rods, only becomes significant 

when large lateral deformations occur. In the pre-peak region of a uniaxial 

experiment the total lateral deformation of a cube is smaller than 100 ~m. Very 

large lateral deformations occur in the stress-strain curve descending branch (up 

to a few mm). The deformation of the brush-surface due to bending of the brush 

rods was calculated by Linse /95/. It is not clear if very small differences in 

height will influence the stress-strain response dramatically. Yet it seems 

appropriate to check the original brush deformation calibration (see section 

3.2.5), using concrete specimens. 

Based upon the above discussion, the following factors were considered worth

while for further study: 

- 1 - The specimen height. If the height increases, the total effect of 

boundary disturbances reduces when compared with the total defor

mations. Experiments were carried out using 200 and 100 mm high 

specimens (with constant cross-section A = 100 x 100 mm2). It is 

probably not too hazardous to assume that the central region of a 200 

mm high prism, loaded between brush bearing platen is uniformly 

deformed. 

- 2 - The use of a capping between specimen and brush bearing platen is 

considered favourable, especially, in bi- and triaxial displacement-ratio 

tests (see section 5.2.1), when a "run" in the initial part of the load

deformation curve is inadmissible. Yet, it should be assured that no 

capping penetrates between the brush-rods because this would inhibit 

their function. 
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A total of 16 specimens was loaded in uniaxial compression. Two further 

parameters were .added: batches (lOA and lOB) and positions (end and middle, see 

fig. 4.20), which are both due to the manufacturing method. Thus the comple.te 

experimental design consisted of four parameters, each on two levels, represen

ting a full replicate of a 24 factorial (4 factors, each at 2 levels). A review of 

the 16 experiments is given in table 4.19. 

Capping (C) 

yes no 

height (H) position (P) batch (B) 

100 mm end lOA lOAl-1 lOA2-l 

lOB lOBl-1 lOB2-l 

middle lOA lOAl-3 lOA2-3 

lOB lOBl-3 lOB2-3 

200 mm end lOA 10A2-4 lOAl-4 

lOB 10B2-4 lOBl-4 

middle lOA lOA2-2 10Al-2 

lOB 1082-2 lOBl-2 

Table 4.19. Experimental design for the 10-series. 

The cubes and prisms were sawn from the original prisms that were used for all 

other batches (see figure 3.21). For the 10-series, the samples were sawn from 

the original prism as indicated in figure 4.20. Specimens no. 1 and 4 are end 

positions, no. 2 and 3 are middle positions. 

As a result of this manufacturing method, all specimens were loaded 

perpendicularly with regard to the direction of casting. The strain rate for all 

experiments was fixed at €:
1 

= 10.10-6/sec. 

Once more it is emphasized that the brushes were carefully ground before the 

experiments were carried out! 

1, 4 - end position 
2,3- middle position 

/ casting surtace 

Fig.4.20. Sawing of cubes and prisms for the 10-series. 
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The capping material was the same epoxy resin which was used for the tensile 

experiments (epoxy resin Edilon Dex'R, elastic modulus approximately 8000 

N/mm2). The capping was applied under a small compressive load ( o 1 "' - 1 

N/mm 2). In all cases the epoxy resin capping was applied in the evening, and 

testing was done the next morning (a number of preliminary tests showed that a 

hardening time of 6 - 8 hours is sufficient). 

In order to avoid penetration of the epoxy resin between the brush rods, a silicon 

filler was applied between the rods. Furthermore in order to avoid the epoxy 

from sticking to the brush surface, this was slightly greased before it was 

applied. 

a.) 

casting
surface 

casting 
surface 

£1-10,11 
£2-12,13 

£1-10,11,14,15, 
16,17 

£2-12,13 

STRAIN GAUGES 

casting
surface 

casting
surface 

c.) 

t.Lz - 35,36 
t.L3- 37.38 

d.) 

t.t 2- 3S.36 
t.L3- 37,38 

STRAIN READERS 

Fig.4.2l.a-d Strain gauge and strain reader positions for cubes and prisms of 

batches lOA/lOB. 
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- measuring devices -

Test control was by means of L VDTs (3 x 120 degrees) fixed between the loading 

platen. The positions of strain gauges and strain readers both for cube and prism 

tests of batch lOA/lOB are shown in figure 4.21 a - d. In figure 4.2l.a the strain 

gauge configuration is shown for a cube test. Two 60 mm gauges (no. 10, 11) 

were used for axial strain measurement (e:
1
). The two gauges were mounted in a 

central position on two opposite free surfaces of the specimen. On the two 

remaining free surfaces, gauge no. 12 and 13 (meas. length 60 mm) were mounted 

for measurement of lateral strains e: 2• Gauge no. 12 was always mounted at the 

casting surface. 

In case of a prism test (fig. 4.2l.b.) also four 60 mm gauges were used for axial 

(e: 
1

, no. 10,11) and lateral (e:
2

, no. 12,13) strain measurement. The four gauges 

were mounted to the free surfaces in a centre position (similar as for the cube), 

gauge no. 12 was always mounted to the casting surface. For the prism tests 

however also four additional 30 mm gauges (no. 14,15,16,17) were mounted in 

axial direction. Gauges no. 14,15 were mounted to the same surface as gauge no. 

10, and 16 and 17 to the surface on which no. 11 is fixed. Gauges no. 14, 15, 16, 

17 were mounted at a distance of 25 mm from the upper and lower specimen 

brush interface (that is distance from gauge centre to specimen edge). 

Both for the cube and the prism test two strain readers were attached to the 

specimen for measuring llL 2 (no. 35 and 36) and two for measuring l!l
3 

(no. 37 

and 38). The two strain readers for each lateral direction were placed in a 

diagonal position. For the cube tests, the distance between strain reader and 

(upper or lower) specimen-brush interface was equal to 20 mm. In case of a prism 

test, this distance was 70 mm (see fig. 4.2l.c-d). 

4.3.2. statistical analysis of strength results. 

In appendix A2, table A2.1, the conditions at peak stress level a
1
p were gathered 

for the 16 experiments of batches lOA and lOB. 

A statistical analysis, using the theory of linear models (section 4.1.) was carried 

out, adopting a1p as a response variable. The linear model is given by: 

10 
al =Ey= L~jXj 

P - i=O 
..... (4.15) 

The variables xi represent the level of the influence factors: the specimen height 

(x1 = (h - 150) I 50), the batch (x 2 = -1,1 for resp. lOA and lOB), the position (x
3 
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= -1,1 for resp. end and middle), the application of a capping (x4 = -1,1 for resp. 

yes and no), and six two-factor interactions (x5, x6, ....... , x10). The mean 

strength of the experiments is given by the estimate b
0 

of ~0 • 

The full details of the model (eq.4.15) and the analysis that was carried out are 

given in appendix A2, table A2.2., showing the values of the variables xi' the 

estimates bi of ~i (i = O, 1, .... , 10), the coefficients of variation and the P-value. 

The factors that were found to be significant at the 5% level are underlined. The 

reduced model is given by, 

a1P = -43.37 + o.n x2 
..... (4.16.) 

The model contains only the average strength and the only significant factor 

batches. The estimate for the random error is o 0 
2 = 1. 714 ( v = 5). 

The results show that the application of an epoxy resin capping had no significant 

effect on the uniaxial strength of the specimen. Also no significant effect of 

height on strength was observed. This fact indicates that the brushes act well 

with regard to strength response. That is, assuming that a uniaxial strength does 

exist and it is unique! 

This could be concluded from the uniaxial preliminary tests, series 2 and 3 

(section 4.2.2) too, where the strength obtained from uniaxial tests on cubes (d = 

100 mm) loaded between brush bearing platen was compared with the uniaxial 

cylinder strength (obtained from experiments on cylinders with 6/d = 1 I 2.5, 

loaded between rigid steel platens). The strength results of the 10-series confirm 

theobservations by Schickert /139/, who adopted the flexible platen system as a 

friction reducing load application medium in a large number of uniaxial loaded 

prisms with variable height. 

The position of a specimen in the original prism before sawing had no significant 

effect on the uniaxial strength. This observation is contradictory to the results 

of series 2/3 (section 4.2). These results indicate that the factor positions is 

rather uncertain. In the triaxial experiments (series 8/9, chapter 5) therefore the 

end positions were omitted from the experimental design. 

4.3.3. deformation results 

The main purpose of the uniaxial experiments of the 10-series was to determine 

the total disturbances in deformation measurement, which are an implication of 
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boundary conditions to which a specimen is subjected. It should be emphasized 

that the specimen response is a structural response, and it is rather hazardous to 

define a "true concrete strain". For the 16 experiments of series 10, the "brush

deformation" (or rather the sum of all disturbances within the L VDT measuring 

length) defined as 

t.l brush (o) = t.l LVDT (o)- t.l surf.(o) ..... (4.17.), 

was determined at four levels of axial stress o
1 

= -10, -20, -30 and -40 N/mm 2• 

In equation 4.17, t. L VDT (a) is the total (non-corrected) deformation measured 

by means of L VDTs between the brushes (fig. 3.11.) at a given level of axial 

stress, and t.l f (o) is defined as sur 

A surf (o) = h'. (£10 (o) +Ell (o)) I 2 ..... (4.18.), 

the 'equivalent specimen deformation', determined from the axial surface strain 

measurement by means of the two central placed (60 mm) straingauges no. 10 

and 11, multiplied by a certain length h'. It is assumed that a more or less 

uniform deformation distribution is imposed to the length h' (h' < h, where h is 

the total specimen-height). 

h 

I 
I 

i
disturbance 
zone 

••• - d1brush rod 

I 
- +-

1 

i 
I 
• 

Fig.4.22. disturbance zones with different deformational response, near the 

specimen brush interface. 
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For simplicity it was assumed that h' = h, which implies that the local 

disturbances near the upper and lower specimen-brush interface are neglected. 

The depth of the disturbance zone near the specimen ends will be in the order of 

the lateral dimension of a single brush rod (that is before micro cracks start 

propagating, and the structural properties of the specimen have not yet 

significantly changed), see figure 4.22. 

This means that for a prism (height h = 200 mm), the total disturbance zone will 

be approximately 5% of the total specimen height. 

It is assumed that the local effects at the specimen ends do not influence the 

deformational response of the central region of the specimen for stress levels 

within the range under consideration (10 < lu11 < 40 N/mm 2). In figure 4.23 

the a 1 -ill brush curves for some of the specimens of batch lOA (fig.a) and lOB 

(fig.b) are shown. The specimens that were loaded without capping show clearly 

the initial run due to the contact effects. 
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Fig.4.23. measured o1 - ill brush relations for specimens of batch lOA f lOB. 
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The inflection point in the initial part of the axial stress-strain curve (point A in 

figure 4.18) was found at a slightly lower stress level, when compared with the 

experiments of series 2/3 (that is for those experiments of the 10-series, which 

had no capping, see table 4.19). In the experiments with capping, the initial "run" 

in the axial stress-strain curve disappeared completely. The effect is 

demonstrated in figure 4.25.a, in which for two experiments (1082-3, h = 100 

mm, no capping and 1082-4, h = 200 mm, with capping), the tangential modulus 

Etan = 6o1/ 0£ 1 (loa.pl.) is plotted against the axial strain £ 1 (loa.pl.). The 

difference in the initial part of the curve, due to contact effects is obvious. 

For higher stress levels (near o lp"" -45 N/mm
2
), the rate of growth of ill brush 

increases (see fig. 4.23). The fast increasing difference between overall defor

mation and surface deformation in this stage of the experiment is probably due 

to the fact that a "spherical" loading platen develops as soon as the lateral 

deformations start to increase (at approximately 75% of o lp' the lateral strains 

start to increase significantly, see fig. A2.6 and A2. 7). 

As reported in section 4.2.4 (fig. 4.11), surface unloading is observed in the post

peak range of the overall stress-strain curve. This effect is probably influenced 

by the development of the spherical loading platen, while surface 'fracture' (see 

fig. 4.24) begins in the pre-peak region when separate micro-cracks join to form 

combined cracks (using the formulations by Carrasquillo et.al. /26/). 

'intact' 
core splitting ot 

outer layers 

Fig.4.24. Intact specimen core, and surface splitting in uniaxial compression. 

As was mentioned before, ill b h was determined for all 16 experiments of the rus 
10-series, at four levels of axial stress o 1• If the prescribed stress-level was 

missed, due to the measuring system used (see section 3.2.4, data aquisition 

system), then the value of ill brush was determined from a linear interpolation 

between the two nearest (that is in terms of stress!) upper and lower measuring 

steps. 
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Subsequently a statistical analysis was carried out, adopting lllbrush at the four 

prescribed stress levels as a response variable. The linear model is given by 

25 
t~lb h = Ey_ = r ~ x rus i=O 1 1 

•... (4.19). 

The main effects in this model are, the specimen height (x1), differences 

between batches (x
2
), positions (x

3
), capping (x4) and the axial stress-level (x5, 

x
6

, x
7
). Furthermore all two-factor interactions between the main effects were 

included (x
8 
..... x

25
). In appendix A2, table A2.3., the full details of the model 

and the levels of the influence factors are given. 

The total number of observations was 64. Thus the number of degrees of freedom 

that were available for estimating the random error is equal to v = 64 - 25 - 1 

= 38. In table A2.3, the results of the analysis are shown also: the estimates bi of 

~i' the coefficients of variation and the P-values (significant P-values are 

underlined). The reduced model, that only contains the significant effects is 

expressed by 

. 
lllbrush = -60.38 -3.08 x1 -2.99 x2 -4.45 x3 -4.96 x4 

-11.25 x
5 

-1.50 x1x2 -3.99 x1x3 -0.69 x3x5 ..••• (4.20), 

in which x 1 = (h - 150) I 50, x2 = -1,1 for resp. batch lOA and lOB, x3 = -1,1 for 

respectively end and middle position, x4 = -1,1 for with and without capping 

respectively, and x5 = (- o1 -25)/5, where o1 is negative in compression 

(dimension [ N/mm2J ). By means of eq. 4.20, the total disturbance effect 

lllbrush is calculated in [ J.Lm). The random error estimate is 00 
2 = 28.277 ( v = 

38). Eq. 4.20. may be written as 

.••.. (4.21). 

For correction of 'overall deformations', only the slope a in eq. 4.21 is important. 

The constant factor may be eliminated while always a 'zero correction' is carried 

out (section 3.2). From eq. 4.20 it is observed that all main effects except the 

stress-level only add to the constant factor. Thus it seems that the factor 

capping, only influences the initial part of the stress-strain curve. This is 

important, and for all further experiments a capping was used. As was mentioned 

before the use of a capping is most favourable in the triaxial displacement ratio 

experiments (see section 5.2.1). A further advantage of the capping is that some 

small deviations from rectangularity of a specimen in a triaxial test can be taken 

more easily. The effect of application of capping in a uniaxial compression test 

is clearly shown in figures 4.25 a-b. 
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mens 1082-3 and 1082-4, showing the influence of capping between speci-
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The factors batches and specimenheight also add only to the constant factor b in 

eq. 4.21. Figure 4.26 demonstrates that only small differences in surface strain 

measurement exist between specimens with h = 100 mm and with h = 200 mm 

(resp. solid lines and dashed lines in fig. 4.26, all originating from batch 108). 

Only in the post-peak branch large differences are found, as can be seen from 

the results in fig. 4.25.a, and the stress-strain curves in appendix A2, fig. A2.4 -

A2.5. The prisms always show a very steep descending branch. In section 4.4 

more attention is given to this matter. 
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Fig.4.26. Stress vs. strain curves o1 - E 1 surf' for four specimens of batch 

lOB, loaded with capping. 

Now return to equation 4.20. The slope of the fll brush . - o 1 relationship, 

calculated by means Df this equation was used for the working of all experi

ments. Thus also the previous shown stress-strain curves (o1 :. E 
1 1 1 

) in oa.p. 
section 4.2, and the results of the 10-series that are shown ih this section and 

appendix A2, have been worked using eq. 4.20. 

It must be mentioned that the slope of the calibration curve (eq.4.20) is 

influenced by the factor position. This difference should however not be 

attributed to the brush deformation. In fact this approach is not entirely 

appropriate and therefore another approach should be followed. Either the slope 

determined from an end position specimen should be used (which is the smallest 
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value for a: a = 2.112 for end positions, and a = 2.388 for middle position 

specimens), or the original calibration with the aluminum cube should be used. 

The differences are however not very large. For a uniaxial experiment with peak 

stress o1p = -45 N/mm
2

, the absolute difference at peak is equal to (2.388 -

2.112). o lp = -12.4 1..1. m. This value is small when compared with the total 

specimen deformation at peak (h = 100 mm- t.l 1p "' 200 I.J.m). Using equation 

4.20 implies that loading platen strains are translated to surface strains of a 200 

mm prism or a 100 mm cube. The differences between specimens of different 

height are only reflected in the different constant factor of eq. 4.20, but they 

are not considered to be important. Also, these results may indicate that, for 100 

mm cubes, the central section is uniformly strained. 

As was mentioned before, all results in this thesis have been calculated from 

equation 4.20. One exception is made, the peak strains £ 1 lo 1 in table A2.1 p, a.p. 
are based upon the original aluminum cube calibration. From table A2.1 it may 

be seen that accurate grinding of brush surfaces only produces differences 

between the surface and overall strains in the order of 10%. 

Also for the triaxial tests (series 8/9) a number of uniaxial experiments was 

carried out, and adopting eq. 4.20, a perfect agreement between surface and 

overall strains was found (see figure A5.4. a - b). This may indicate that the 

brushes were in a good condition during the triaxial tests. 

The brush deformation calibration, eq. 4.20 was also used for higher stress-levels 

(in triaxial experiments) and also for the post-peak measurements. In both cases 

however the brush deformation is only a fraction of the total strain, so no large 

errors are introduced. 

4.3.4. Some further comments on fracture in uniaxial compression. 

In section 4.2.4, the fracture of a cubical specimen loaded by means of brush 

bearing platens was described. By following the sequence of surface unloading, 

registrated by means of several strain gauges, it was indicated that in the 

descending branch of the axial stress-strain curve ( o
1 

- £
1 1 1 

) structural 
, oa.p. 

response rather than material behaviour is measured (see fig. 4.12 and 4.13). 

In this section the discussion is extended to the fracture of prisms (height h = 200 

mm) in uniaxial compression. The prism experiments of series 10 also provided 

for an extensive surface measurement: as was indicated in figure 4.2l.b., six 
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strain gauges were mounted in the axial (loading) direction, at two opposite side 

surfaces of a prism. 
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mm, loa.dir. perpendicular) 

b. lateral strain - axial stress plots for . lOAl-4. 
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In figures 4.27 through 4.29 some results are shown for specimen lOAl-4. In 

figure 4.27. a-b, the axial stress- axial strain .curves Co
1

- e:
1

(loa.pl.) and o
1

- e:
1 

(surf). in fig. a.) and the axial stress- axial strain curves Co1 - e: 2 str.readers' o 1 
- e: 3 t d and o1 - e: 2 f in fig. b.) are shown. With regard to the surface ,s r .rea er ,sur 
strains it should be mentioned that in figure 4.27 .a. the axial surface strain at 

the specimen ends (average value of top and bottom gauges no. 14, 15, 16 and 

17), and the average central surface strain (no. 10, ll) are shown. The dashed 

line in fig. 4.27.a, representing the average lateral strains measured by gauges 

no. 12 and 13 is plotted until mechanical damage was sustained to one of the 

gauges due to surface cracking. 

In figure 4.28. the surface fracture pattern of specimen lOAl-4 is shown, 

indicating also the strain gauge positions on the specimen surface. The cracks 

shown in this figure were all visible with the unaided eye. The shaded areas show 

places where extensive surface spelling occurred. 

Finally in figure 4.29, the separate strain gauge readings are plotted against 

time. The dash-dotted line in fig. 4.29, that is drawn perpendicular to the time 

axis indicates the peak-stress level o1p (t = 262 sec.). 

First of all it must be mentioned that the o
1 

- e: 1 1 1 curve displays a more , oa.p. 
steep descending branch when compared with cube experiments. This may also be 

observed from the axial stress-strain curves which are gathered in appendix A2, 

fig. A2.4 and A2.5 (results of batch lOA I lOB). The effect is explained in the 

following section (4.4). 

The fracture pattern of specimen lOAl-4 displays a localised "shear-plane", that 

is the major fracture plane is inclined to the loading direction o 
1 

(roughly along 

line A-A, as indicated in fig. 4.28). The shear fracture seems to be formed 

through an array of 'tensile cracks' that run parallel to the direction of loading. 

The inclination of the shear plane is approximately 25 - 30 degrees with regard 

to the direction of loading. 

The shear plane fracture was observed for four of the eight prism tests of series 

lOA I lOB (specimens lOAl-4, l0A2-2, lOBl-2 and lOB2-2), and is also known 

from previous investigations (see for example 139/). 

In the four experiments, the "shear-plane" was always oriented with regard to 

the casting surface as indicated in figure 4.30. 

According to investigations carried out by Newman and Sigvaldason 11141, this 

"shear-plane" fracture mode should be attributed to a non-uniform stress

distribution within the specimen. 
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Fig.4.30. orientation of the shear-plane in a uniaxial compression test. 

This non-uniform stress-distribution is the result of rotation of one of the loading 

platen, when an experiment is carried out with one end effectively fixed and the 

other end effectively pinned. The effect may even become more significant when 

a non-homogeneous specimen is used. In the current investigation, the prisms 

were loaded perpendicular, which implies that one side of the prism will be 

weaker. The specimen neutral axis does not coincide with the loading axis. The 

four remaining prisms failed with cracks running more or less parallel to the 

direction of loading (at the specimen surface). It must be mentioned that in three 

of four cases, shear-plane fracture occurred for specimens originating from the 

("casting prisms") middle positions. So differences in positions, which were found 

to have no significant effect on strength, do show some influence on deformatio

nal response and fracture modes! This difference in fracture mode of a specimen 

does not seem to influence the macroscopic stress-strain curve o
1 

-£1 (loa.pl.) as 

may be seen from fig. A2.4.b and A2.5.b. This is an important observation: the 

macroscopic stress-strain curve does not appear to be influenced by the fracture 

mode. Probably the rotation of the upper loading platen is reflected by an 

unevenness in the descending branch and the effect is most pronounced when 

perpendicular loading is applied. It must be emphasized that the effect of 

rotating the loading platen decreases as the specimen length decreases. This 

implies that the effect will be less pronounced in cube tests, however the stress

distribution within the specimen will remain non-uniform. 

From figure 4.27.a it is observed that the central surface strains (£ 1 f' gauge ,sur 
no. 10, 11), follow the overall strain £ 

1 1 1 
rather far into the descending 

, oa.p. 
branch. Surface unloading can be observed much later as compared with the 

other experiments (for example see the cube tests, fig. A2.4.a and A2.5.a). On 

the contrary, the average end surface strain (average value of gauges no. 14, 
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15, 16, 17) ceases to rise at an earlier stage. From fig. 4.28 it is observed that 

the major fracture plane runs "through" gauge no. 11, as a consequence it 

measured large strains (see fig. 4.29). The results indicate clearly the localised 

failure mode of the specimen, and also confirms the previous observation that 

structural response rather than material behaviour is measured in the stress

strain curve descending branch (section 4.2.4). 

The 'structural response' in the stress-strain curve descending branch is also 

expressed by the lateral strain measurement. Those strain readers which do not 

measure 'over' the major fracture in the specimen, show far less strains when 

compared with the strain-readers that are placed over the "fracture 

localisation". (see fig. 4.27.b, strain-readers 35, 36, are situated at relatively 

intact blocks of the specimen, compare with the fracture pattern in fig. 4.28). 

The same effect is more clearly shown in fig. 4.31 for specimen 10A2-2. The 

localised fracture mode was even more pronounced when compared with 10A1-4. 

In fig. 4.31 the lateral strains £
2

, £ 3 are plotted against the axial (loading 

platen) strain £ 1 1 1 
• The strain-readers 37 and 38 are mounted "over" the , oa.p. 

fracture plane, and show large deformations in the post-peak region (the peak 
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stress level is indicated with an arrow). All other measurments cease to rise 

when the peak stress-level is exceeded. It is emphasized that the strain-reader 

measurement coincides with a 'loading-platen' measurement, and is independent 

from surface cracking, that is unless the fixing point is not disturbed by surface 

spelling. The strain gauges no. 12 and 13, showed no mechanical damage after 

termination of the experiment, so it may be assumed that the response of the 

'intact blocks' is measured with the strain gauges. 

The lateral strain - axial strain plots for the specimens that failed according the 

"shear-plane" mode (fig. 4.30), was found to be different when compared with the 

lateral strain - axial strain relations measured for the four other experiments 

(that displayed a parallel crack pattern). This may be observed from figures A2.6 

and A2. 7 in appendix A2. In these figures, the solid lines represent the average 

lateral strain measured by means of strain-readers no. 35 and 36, and the dashed 

lines show the average result of strain-readers no. 37 and 38 (these latter strain

readers were placed parallel to the direction of casting). 

Based on similar lateral strain - axial strain plots obtained from uniaxial 

compression tests on cylindrical specimens, and from strain measurements on the 

compressive face of a beam loaded in four-point bending, Kotsovos /89/ con

cluded that the 'best' descending branch for concrete would be a complete and 

immediate loss of load carrying capacity when the peak stress-level was reached. 

From the prism tests, failing along a localised shear fracture, it was observed 

however that the lateral strain - axial strain relation is influenced by the 

position of the measuring devices. Behaviour as measured in case of a cubical 

specimen, for which fracture planes seems to be more gradual distributed 

through the specimen, is observed in the prism test when the concerning 

measuring device is placed over the "failure localisation". Of course, this will 

also apply to the beam tests. The above discussion may suggest that structural 

behaviour is being seen rather than material behaviour in the descending branch 

of the stress-strain curve. A descending branch is 'structure-dependent', but this 

is no reason to believe that similar phenomena will also occur in full scale 

structures. 

As will be shown in chapter 5, the conditions for which a stable softening branch 

is measured, seem to be more important. 
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4.4. Size effect in uniaxial softening. 

The uniaxial compressive experiments of series 10, that were reported in the 

previous section (4.3), revealed an increasingly steep gradient of the o 1 -

£ 11 1 curve descending branch for the prism ttlsts, when compared with the , oa.p. 
results obtained from cube tests (see fig. A2.4 and A2.5). The maximum 

tangential modulus Etan,1 = 5o 1/6£ 1 in the stress-strain curve descending 

branch for prisms (h = 200 mm) was approximately twice the value obtained from 

cube tests. This may be observed from fig. 4.25.a, in which plots of Et 1 vs. an, 
£

11 1 
are shown both for 100 mm and 200 mm high specimens (1082-3 and , oa.p. 

1 082-4). The stress-strain curve peak coincides with Et 1 = 0, the tangential an, 
modulus becomes negative in the post-peak range. 

Extrapolating these results suggests that a further decrease of the slope of the 

softening branch is being measured for small-sized specimens (with slenderness 

ratio h/d < 1), and an increasing slope for higher specimens (h/d > 2). 

In addition to the 10-series experiments, a small number of uniaxial compression 

tests was carried out on 50 mm high samples (cross-section A = 100 x 100 mm 2, 

similar as for the 10-series experiments). Due to this extension, now results were 

obtained for three different specimenheights: h = 50, 100 and 200 mm. The title 

of this section refers to this variation in axial specimen dimension. 

- description of experiments -

Starting point for these tests were six cubes (d = 100 mm) originating from batch 

15A (specimens 15A1-1 through 15A1-6). The 50 mm prisms were obtained by 

sawing them from 100 mm cubes, positions no. 1, 3 and 5, as indicated in figure 

4.32. The three remaining cubes (15A1-2, 4 and 6) were not altered, and also 

loaded in uniaxial compression. These three latter experiments could be 

compared with the 10-series results. 

prism/batch 15A1 

Fig.4.32. Sawing of prisms (h = 50 mm) and cubes from batch/prism 15Al. 
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In table 4.33, the relevant experiments for slenderness ratios h/d = 0.5, 1.0 and 

2.0 (d = 100 mm) are gathered. From the 10-series, only those experiments 

loaded with capping are taken into consideration. The test-conditions for the 15-

series experiments were similar as for the 10-series: capping between specimen 

and brushes, loading direction perpendicular, and strain rate E:1 = 10.10-6/sec. 

specimenheight 

batch 15A 

batch lOA/lOB 

50mm 

15Al-l 
15Al-3 
15Al-5 

100 mm 

15Al-2 
15Al-4 
15Al-6 

lOAl-1 
lOAl-3 
1081-1 
1081-3 

Table 4.33. Uniaxial size effect, review of experiments. 

200mm 

lOAl-2 
10A2-4 
1082-2 
1082-4 

Surface and overall strain measurements were carried out as shown in figure 

4.34. a-b. In figure a. the strain gauge configuration for a 50 mm prism is shown. 

In the axial (loading) direction, two 30 mm strain gauges were mounted to the 

two side surfaces of the specimen (no. 10 and 11, the measuring length was 

reduced as a consequence of the smaller specimenheight). 

I 
a.) 

h·{~ 
casting - . 
surface I 

£1-10,11 
E2-12 ,13 

STRAIN GAUGES 

b.) 

lll2- 35,36 
lll3- 37,38 

STRAIN READERS 

fig.4.34. a. strain gauge configuration for 50 mm prisms, batch 15A. 

b. idem, strain-reader positions. 
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In the lateral direction (e:
2
), two strain gauges (no. 12 and 13, measuring length = 

60 mm) were mounted in a central position to the bottom and upper (= casting) 

surfaces of the specimens. 

The positions of the four strain-readers were similar to the previous 10-series 

experiments, with the exception that the distance between specimen-brush 

interface and the strain-readers was reduced to 15 mm (see figure 4.34.b) 

The 100 mm experiments (l5Al-2, 4 and 6) used identical instrumentation as the 

10-series cube tests (see fig. 4.2l.a. and b.). 

- experimental results -

In the following discussion, the combined results of the 10 and 15 series 

experiments (table 4.33) are examined. It must be mentioned that specimen 

l5Al-4 was loaded excentrically due to malfunction of the spherical seating, and 

is therefore omitted. The average uniaxial compressive peak-stress, obtained 

from 100 mm cubes loaded by means of brush bearing platens, was some what 

smaller for the 15-series (alp = - 40.1 N/mm2), when compared with the 10-

series (olp = -43.9 N/mm 2, obtained by averaging the peak stress-levels of the 

four 100 mm specimens, indicated in table 4.33). 

In figure 4.35, the stress and strain conditions at peak for specimens with 

different height are indicated. In the upper part of this figure, the dimensionless 

value o lp/ o lp (100) is plotted for the three different specimenheights. o lp (100) 

is the average uniaxial compressive strength obtained from 100 mm cube tests 

and is indicated in the upper right corner of fig. 4.35, both for batch lOA/lOB 

and for batch l5A. In section 4.3.2, it was shown that no significant difference in 

strength response is measured for the 100 and 200 mm high specimens of the 10-

series. Figure 4.35 shows that no increaS'e of uniaxial compressive strength was 

recorded for the small-sized 50 mm samples either, compared with the strength 

response of the 100 mm cubes. This observation coincides with results reported 

by Schickert /139/. In fact it was to be expected; the response of the flexible 

platen system used in his investigation almost corresponds to that for brushes. 

For both systems a spherical loading platen surface develops during an 

experiment, when lateral deformations of the specimen start to increase. 

In /139/ it was also shown, that a hugh increase of uniaxial compressive strength 

emerges when tests are carried out, adopting rigid steel platens for load 

application. For the concretes tested by Schickert (825/15 and 835/16, max. 

aggregate size da = 16 mm), an increase of approximately 90% was measured, 

when the uniaxial strength of 50 mm samples were compared with the results of 
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Fig.4.35.Conditions at peak stress level for specimens with different height. 

- 100 mm specimens (both with cross-sectional area A = 100 x 100 mm 2, which is 

similar to the current research). The constraint between rigid loading platen and 

concrete specimen was responsible for the greatly increased uniaxial 

compressive strength of small specimens. 

In the lower part if fig. 4.35, the strains at peak stress level, both measured 

between the loading platen (£ 1 1 1 ) and at the specimen surface (£ 1 f' , oa.p . ,sur 
gauge no. 10,11) are plotted for the three different specimenheights. The 

discrepancy between loading platen deformation and surface deformation increa

ses for decreasing specimenheight, indicating that disturbances at the specimen

brush interface become more important. The specimen deformations are for 

these small sized specimens relatively small when compared with the total 

deformation within the L VDT measuring length. 

In appendix A2 , figures A2.B.a and A2.B.b, the complete stress-strain curves (o 
1 

-£ 1 1 1 
as solid lines ·and o1 - £ 1 f as dashed lines in fig. A2.B.a) and the , oa.p. ,sur 

axial strain - lateral strain plots (£ 
1 1 1 

- £ 
2 

(35,36) as solid lines and 
, oa.p . 
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Ell 
1 

- E 3 (37, 38) as dashed lines in fig. A2.8.b) are shown for the three 50 , oa.p. 
mm tests of batch 15A. 

Similar observations as were mentioned before in section 4.2 and 4.3., also apply 

for the 50 mm samples. Surface unloading is observed in the post-peak region. 

Furthermore a slight difference in lateral-strains E 2 and E 
3 

is measured in the 

post-peak range, indicating the influence of initial anisotropy on the deformatio

nal response of the specimens. The 50 mm samples were loaded perpendicular 

with regard to the direction of casting. Thus E 3 is parallel and E 2 perpendicular 

to the direction of casting as indicated in fig. 4.34. 

From figure A2.8.a a gradual descending branch of the o1 - e: 1 1 1 curve is , oa.p. 
observed. In figure 4.36 the axial stress-strain curves o1 - E 11 1 

obtained , oa.p. 
from experiments on specimens with different height are compared. (resp. 15Al-

5 (h = 50 mm), 1081-3 (h = 100 mm) and 1082-2 (h = 200 mm) ). The axial stress 

o1 is made dimensionless with regard to the peak-stress o1p for each 

experiment. 
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Fig.4.36. Influence of specimenheight on the uniaxial stress-strain curve. 

The difference is obvious: decreasing the specimenheight results in a decreasing 

slope in the stress-strain curve descending branch. Similar results are found 
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when prisms are loaded in uniaxial compression, reinforced with rectangular 

stirrups, and the distance between the stirrups is varied /131/. In the pre-peak 

region the curves are almost identical, independent of the specimensize. 

The phenomenon becomes clearer when the post-peak displacement t.l 1,tot -

t.l 1, 0 1p is plotted against the dimensionless stress o 1/ o1p. In figure 4.37, plots 

of o/o 1p vs. (t.l 1,tot- t.l 1,o 1p) are shown for three specimens of different 

height (their o 1 - £ 1 1 1 curves are shown in fig. 4.36). The differences in , oa.p. 
post-peak response for specimens with different axial dimensions almost 

disappears completely, and in fact the localised failure in uniaxial compression is 

demonstrated. 
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Fig.4.37. Post-peak stress-displacement diagrams for specimens 1082-2 (h 

200 mm), 1081-3 (h = 100 mm) and 15A1-5 (h = 50 mm). 

The differences in the stress-strain curve descending branch are due to the fact 

that a localised deformation is smeared over different specimenheights (the 

measuring length is equal to the specimensize!). As was mentioned in section 2.3 

(figure 2.17), similar phenomena are observed in uniaxial tensile fracture. 

The localised fracture mode in uniaxial compression was found to be very clear 

from the final structure of a prism (h = 200 mm), see section 4.3, figure 4.28 -

4.31. A fractured prism (h = 200 mm) broke into relatively large pieces 
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and this affected surface measurement in axial direction as well as lateral 

strains measured with strain-readers and strain gauges (figure 4.31). 

In the case of a 50 mm prism or a 100 mm cube the broken pieces were generally 

much smaller. In fact the specimen size did not allow for the development of a 

large continuous fracture plane as was observed for some of the 200 mm 

specimens. In figure 4.38, some of the cone-shaped restpieces of broken 

specimen 15A1-3 (h = 50 mm) are shown . 

. ' · ... ,. " ~ 

0 50 100 

Fig. 4.38. Cone-shaped rest-pieces of broken specimen 15A1-3. 

The height of these cones was restricted to the size of the specimen. From a 

failed 50 mm prism it could be observed that is was built from cone-shaped rest 

pieces in mutual alternating positions as indicated in fig. 4.39. Cone-shaped 

'rupture-elements' (see definition in section 5.2.4, page 139) on top of larger 

aggregate particles have been reported before /152,161/. 

Fig.4.39. Alternating positions of cone-shaped rest-pieces for small sized 

specimens. 
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In spite of the different manifestations at failure, the amount of energy required 

for fracturing a sp.ecimen seems to be independent from the specimenheight. In 

this context the failure energy requirement is defined as the surface under the 

post-peak stress-displacement diagram (figure 4.37). It is noted that for values of 

Ct:d l,tot - .t.t 1, alp) > 0.25 mm, the stress-displacement diagram of the small 

sized (50 mm) specimens remains above the curves for the higher specimens. This 

phenomenon may probably be explained from increasing influence of boundary 

shear in the post-peak region (appendix A6), which is probably more important 

for small sized specimens. 

As was mentioned before, the failure mode of prisms (h = 200 mm) has a 

considerable influence on the lateral strain - axial strain relations in the post

peak region (fig. 4.31). In figure 4.40, a comparison is made between axial strain 

- lateral strain plots for specimens with different height. 
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Fig.4.40. Axial strain - lateral strain plots for specimens with different height. 

For each specimen size, the range of the lateral strain readings (e: 
2 

and e: 
3
) is 

indicated in figure 4.40. The width of the zone in which lateral strains are 

recorded decreases for decreasing specimenheight. In fact the desintegration of 

prisms in rather larger rest pieces is responsible for the very long range that is 

measured for the 200 mm specimens. A measuring device may accidently be 

situated on a larger rest piece, thus registrating unloading. For the smaller sized 
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specimens (h = 50, 100 mm) this is simply impossible as a result of the large 

number and smaller size of the rupture elements. Therefore large differences in 

lateral strain readings can not occur. 

This observations might be extrapolated for even higher prisms, or also to 

different structures. For example the beam-tests reported by Kotsovos /89/ are 

interesting. Based on lateral strain - axial strain plots, originating from uniaxial 

compressive cylinder tests, and from the compressive zone of a beam test, it was 

concluded by Kotsovos that rotation capacity in such a structure is the result of 

a triaxial state of stress in the compression zone, rather than the result of 

'strain-softening'. In view of the size-effect his conclusion may be essentially 

wrong. The chance that in case of a beam test precisely over the 'deformation 

localisation' is measured is relatively small. On the other hand, the cylinder 

compression tests, loaded between rigid steel platens, results in a large number 

of small sized rupture elements, thus leading to a completely different axial 

strain - lateral strain relation. 

4.5. Concluding remarks 

In this chapter, the results of numerous uniaxial compression tests were 

described and interpreted in terms of structural changes. A uniaxial experiment 

was essentially considered as triaxial. 

Major conclusions are that a thorough knowledge of manufacturing parameters 

can be used as a 'scatter reduction measure' in triaxial testing. In general, 

triaxial results suffer from large scatter (see for example /51,52/). In the current 

set-up, specimens were sawn from initially larger prisms, and it was found that 

specimen position (P) and the direction of loading with regard to the direction of 

casting (D) had a significant influence on strength (P) and deformational response 

(P and D) of the specimens. 

Further, emphasize is laid on the deformational behaviour of the specimens. It 

was found that, especially in the stress-strain curve descending branch the 

specimen should be considered as a structure. Fracture initiation is observed at 

the outer layers. It seems more appropriate to describe the specimen response as 

'structural' rather than as 'material property'. Deformation measurement is 

complicated when brush bearing platens are used. The results obtained are well 

within 'engineering accuracy'. 

From the experiments on specimens with varying height it was found that a 

constant fracture energy prevails. Description of the descending branch in terms 

of a load-displacement curve, rather than stress-strain curve seems preferable. 
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5. MUL TIAXIAL EXPERIMENTAL RESLJL TS 

As was mentioned in the review of experiments in table 3.25, three series of 

multiaxial tests were carried out. The first series covered a number of biaxial 

tests, of which only the strength results are mentioned in this chapter. Some 

additional results of the biaxial series (5A- 68) are shown in appendix A4. 

More detailed information regarding stress-strain behaviour and failure modes is 

given for the two other series. In this chapter a review is given of the triaxial 

series (batch BA - 98). The rotation test-results (batch 7 A/78) are shown in 

chapter 7. 

5.1. Triaxial experimental design. 

The experimental design of the triaxial series was constructed using the theory 

of linear models (section 4.1). A half replicate of a 4.24 factorial in four blocks 

:.Vas carried out (4 factors at 2 levels each, and 1 factor at 4 levels). The 

experimental design was taken from Cochran & Cox /34/, and is shown in table 

5.4. Variables in the test-series were: 

a) The loading path in the a 1 - a 2 plane. 

Loading was applied folowing a constant stress-ratio path or a constant 

deformation-ratio path, each on four levels as is shown in figure 5.1. 

lll1, 01 (compression) 

o\ :r Is Is 
:_o, o ~·~. ~~ 
~\ (' (;; 
\ i / 
\ I . 
\ / 
. I I \ . 

(tension) (compression) 

Fig. 5.1. Radial stress- and deformation paths. 

The four stress-paths due to the constant displacement-ratio paths, and the 

four r adial stress-paths were chosen in the tension- compression and triaxial

compression regions. 

118 



b) The confining-stress o
3 

in the third principal direction. 

The level of o
3 

was always chosen proportional to the major compressive 

stress o1 : o
3 

= 0.05 o1 and o3 = 0.10 o1• The confinement o3 was always 

compressive. The brush-bearing platens set a limitation to the maximum 

allowable deformation level (maximum = .!. 3 mm, tensile or compressive 

deformation). Because the peak-strain-level will increase with increasing 

confinement in the third direction /4,138/, it was of no use to choose a 

confinement at a higher level. The limitation set by the maximum allowable 

brush-deformation was already noticeable for the confinement 0.10 0 1. As 

will be shown in the next sections, it was not possible to follow the complete 

descending branch to the residual stress-level for some of the cases 

investigated. 

c) The orientation of the initial damage field with regard to the applied 

triaxial stress-state. 

Either a cube was loaded parallel with regard to the direction of casting or 

loading was applied perpendicular. In case of parallel loading, the casting 

surface was oriented perpendicular to the major compressive direction o 1, 

as depicted in figure S.2a. When loading was applied perpendicular, the 

initial damage in the form of weak planes under the larger aggregate 

particles (fig. 2.2), was aligned in a very favourable direction for crack-

propagation. In case of a triaxial compression test (o
1 

< o
2 

< o
3

< D), 

casting surface was oriented perpendicular to the minor principal 

casting
surface 

2 

03 

a) parallel loading 

- triaxial compression 

o1 < o2 < o3 < o 
tension-biaxial compression 

01 < 0 3 < 0 < 0 2 

b) perpendicular loading 

- triaxial compression 

- tension-biaxial compression 

the 

Fig. 5.2. Orientation of the initial damage field with regard to the applied 

external loading. 

119 



compressive stress o 3. 

For the tension-biaxial compression tests, the situation was slightly different. 

When loading was applied perpendicular, the casting surface was oriented 

perpendicular with regard to the tensile direction (fig. 5:2.b). 

d) Monotonic loading or cyclic loading to the envelope curve. 

Two basic loading paths were adopted in the investigation. Either a specimen 

was loaded monotonically to failure, or loading was applied with cycles to the 

envelope curve. In the triaxial cyclic compression tests and the cyclic 

t ension-biaxial compression displacement-ratio tests, the load-displacement 

curve in the major compressive direction was used for defining the unloading 

conditions. The other two loading directions were related to the major 

compressive direction by means of the test-control which was described in 

section 3.2.3. 

ln the pre-peak region, deformation steps lll 1 = 0.15 mm (LVDT reading) 

were allowed before the loading was reversed. In the post-peak region the 

descending branch was the criterion, and as soon as a load-decrease liP
1 

with 

increasing deformation lll1 was observed, the loading direction was reversed. 

The stress-difference for deciding for unloading was 0.1- 0.2 N/mm2• 

The loading and unloading cycles were applied manually by means of an 

immediate change of polarity of the function generator signal. The pre- and 

post - peak criteria for load-reversal are depicted in figure 5.3. 

o, pre-peak descending branch 

lll 

Fig. 5.3. Criteria for load-reversal for cyclic tests. 

In the tension-biaxial compression stress-ratio tests, the tensile stress-strain 

curve was guiding. No load-cycles were carried out in the pre-peak region for 

these t ests. 
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Implication of the experimental design (fractional factorial 4.24) was that one of 

the two-factor interactions coincided with the block-effect. In the current set

up the block-effect determined the differences between the four batches SA -98. 

The combined effect of monotonic/cyclic and displacement/stress ratio was 

confounded with the block-effect and therefore not estimateable. 

CJ2/01 = + 0.2/-1.0 M 

c 
0.0/-1.0 M 

c 
- 0.1/-1.0 M 

c 
- 0.33/-1.0 M 

c 
~12/~11 = + 0.2/-l.O M 

c 
0.0/-1.0 M 

c 
- 0.1/-1.0 M 

· c 
. -0.33/-1.0 M 

c 

M = monotonic loading 

C = cyclic loading to the envelope 

para. = parallel loading 

perp. ~ perpendicular loading 

9 f 2 

-J.itioo 
I prism no. 2 

batch 

o3/o1 =- 0.05/-1.0 o3/o1 = -0.10/- 1.0 

perp. 

881-5 

9Al-3 

981-2 

8A1-3 

982-5 

8A2-4 

881-3 

9Al-2 

para. perp. 

8A1-4 9A1-5 

981-3 881-4 

9A2-4 8A2-5 

882-4 981-5 

9A1-4 8A2-3 

882-5 982-4 

8Al-2 9A2-2 

982-2 882-3 

position 1, 6 end 

2, 5 half 

3, 4 middle 

para. 

981-4 

8A2-2 

881-2 

9A2-5 

882-2 

9A2-3 

982-3 

8A1-5 

Table 5.4. Triaxial Experimental Design. 
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As can be seen from table 5.4, the use of the specimens at the prism end (no. 1 

and 6) was omitted in the triaxial experimental design. From the uniaxial 

experiments, reported in section 4.2, the influence of original position of the 

cube on strength and energy-response was reported. An increase of strength was 

observed towards the prism-ends. The effect was also observed in the biaxial 

series (appendix A4), and there was an indication that it was even more 

pronounced in biaxial loading. 

Therefore it was considered expedient to rule out the effects of position in the 

triaxial tests by simply omitting the specimens originating from the prism-ends. 

The uniaxial experiments also showed similarities in deformational behaviour if 

all specimens originated from the same prism (see fig. 4.11, series 3A-3B). 

Although the strength-response would be slightly overestimated compared with 

the inner-positions, it was considered usefull to check the uniaxial response 

under tensile and compressive loading by means of the two end-cubes from each 

prism. 

Thus the total number of experiments was extended to 48 tests, including 8 

uniaxial compressive and 8 uniaxial tensile tests. The uniaxial tests were always 
. -61 loaded parallel. The strain rate for all tests was fixed at E 1 = 20.10 sec. 

- measuring devices -

The instrumentation of the triaxial experiments was indicated before in section 

3.2.2. 

In the four biaxial experiments (see table 5.4, stress-ratio o2/o 
1 

= 0/-1, o 3 = 
0 o 1), additional surface measurements were carried out. In each stressed 

direction, two 60 mm straingauges were mounted at the upper and lower free 

surfaces (see fig. 3.10). 

In all uniaxial control tests (tension and compression, 100 mm cubes), two 60 mm 

straingauges were mounted in axial direction. In the uniaxial compression tests, 

lateral strains were measured by means of four strain-readers, in a configuration 

similar as for previous uniaxial tests (compare with fig. 4.2l.c). In the uniaxial 

tension tests, lateral strains were measured with two 60 mm straingauges. 

5.2. Experimental results 

An overwhelming amount of data came available from the multiaxial experi

ments. The data-aquisition system, described in section 3.2, was of great help in 

the working of the results. The advantage of the system was that in a rather 
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simple manner, a large number of results could be displayed graphically. In this 

section some of the strength and deformational results are given, the full triaxial 

results are gathered in appendix A5. 

5.2.1. Response of constant displacement-ratio tests. 

The experimental designs both for the bi- and triaxial series provided for a 

number of displacement-ratio tests. The response of such experiments is rather 

complicated (at least in stress-space), when compared with the constant stress

ratio tests. Before the 'failure-envelopes' are shown, the behaviour of a concrete 

specimen loaded by means of a constant displacement-ratio is described. 

The constant displacement-ratio tests were carried out in order to provide data 

for non-proportional stress-paths. From investigators involved in constitutive 

modelling, the objection is often raised, that with the early constant-stress-ratio 

paths /95,96,4/ and hydrostatic-deviatoric loading paths /51,52,138/, results are 

obtained which do not coincide with the actual response of structural compo

nents. With regard to stress- or strain induced anisotropy this objection is quite 

justified. 

Also with the constant displacement-ratio experiments it would be possible to 

match stiffness and compliance descriptions, probably leading to new insights of 

the structural response of the material. 

The experimental designs provided for displacement-ratio tests in the biaxial 

compression as well as in the tension-compression region. Actually a biaxial 

displacement state was defined, also for the triaxial tests, while the confinement 

always was taken proportional to the major compressive stress (a 3 = ~ o 1, ~ = 0, 

0.05 and 0.10). Furthermore the experimental designs included a number of tests 

under plane-strain conditions (£ 2 = 0). It should be mentioned that recent~y 

monotonic and cyclic biaxial tests, with a constant displacement-confinement 

were carried out by Buyukozturk & lisman /23/. The sequence of loading in their 

tests was as follows: a horizontal load was applied to the specimen (square plate, 

loaded by brushes) to a pre described deformation level. Secondly, the vertical 

load was increased until failure occurred, while the horizontal displacement was 

maintained at a constant level. The loading in vertical direction was by means of 

a stress-control, so no information regarding post-peak behaviour was obtained. 

The behaviour of a constant displacement-ratio test is clarified by means of 

figure 5.5. In the figure the stress-path corresponding to a biaxial displacement

ratio is shown (specimen 582-3, td /[).l 2 = -1/-0.33, o 3 = 0, loading direction = 

perpendicular). The initial slope of the stress-path is defined by the initial 
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poisson-ratio of the material, and in case of a non-zero confinement ( o3), also by 

the third loading component (see appendix A3). With increasing applied deforma

tion, an increased curvature of the stress-path is observed due to the growth of 

the poisson-ratio under external loading (see also chapter 4, uniaxial experi

ments). It must be emphasized that the increase of loading in the intermediate 

direction (o 2), due to a poisson-ratio coupling with direction 1, may be less than 

calculated by means of linear theory, using the initial poisson-ratio obtained 

from uniaxial tests. A predominant cracking in the unconfined direction, will 

lead to different values of v in a biaxial experiment. As was shown by Walsh 

I 164/, the ever increasing poisson-ratio under external loading, is the result of 

crack-initiation and propagation. In our tests indeed a steeper ascend of the 

stress-path was observed, when compared with values obtained from calculations 

with linear elastic theory, using the poisson-ratio from uniaxial experiments. 

Also in the test reported by Buyukozturk & Zisman /23/, a decreasing poisson

ratio was observed under asymmetric constant confining displacement. (0.08 

instead of the poisson- ratio v = 0.15- 0.20 under uniaxial compression). 

At a certain deformation level, llll,ult the major compressive stress o 1 will 

reach a maximum. Large macro-defects start to develop in an orientation 

depending on the governing loading combination. In the case of the biaxial 

compression test of figure 5.5, large deformations occur in the unconfined 

direction ( E3), as is shown in fig. 5.6. 

The major principal stress-strain curve o 1- E 
1 

will enter the descending branch. 

While o1 decreases, the level of o 2 remains almost constant, but increases again 

after the residual stress-level is reached in direction 1. For this specimen, a 

rather unstable descending branch was measured. This was in general a problem 

in biaxial tests (see also appendix A4). Eventually a second peak-stress level is 

observed, however now in the original intermediate direction. In fact the loading 

is rotated against the specimen's damage-axes. The peak-level of o 
2 

is consider

able lower than the first peak-stress in direction 1, and the effect must be 

attributed to the presence of large macro-defects in the specimen. From this 

behaviour it is concluded that dama ge due to a certain deformation in direction 1 

leading to a descending branch in the o1-E 
1 

curve, does not substantia lly 

influence the intermediate direction (intermediate in terms of deformation). In 

fact failure occurs in first instance in the plane normal to the intermediate 

direction, which is confined by means of a compressive displacement ill 
2

• In 

section 5.4.2. more attention will be given to the observed failure-modes. 

In the t ension-compression displacement-ratio t ests, similar behaviour is obser

ved. However in these cases, a first peak-stress is reache d in the tensile 
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Fig. 5.6. Stress-strain curves for specimen 582-3, biaxial deformation-ratio. 
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direction, and when the ratio between the tensile and compressive displacement 

is chosen properly, a second peak will be observed (dependent on the type of test) 

in the bi- or triaxial compression region. The behaviour can be explained from 

the fact that before the tensile crack will open, it is closed again due to the 

increasing 'poisson-action' of both compressive stresses. In the next section, 

more attention is given to this matter. 

Of course also triaxial displacement-ratio tests may be carried out. In fact in the 

trial-experiments preceding the triaxial series (8A-9B) a test was performed with 

deformation-ratio b.l 1/ .t.t 2/ b.l 3 = -l/-0.33/0. While the three deformations 

involved were all compressive, no (stress) failure was observed. In fact, under 

these conditions no such failure ever can be found. The stress-path may 

eventually reach the failure envelope, but will then probably proceed into the 

high triaxial compression region (fig. 5. 7). 

stress -path for triaxial 
deformation -ratio test ( b.llb.ljb-1

3
= c) 

failure 

Fig. 5.7. Response of a triaxial deformation-ratio experiment. 

5.2.2. Strength results 

In figure 5.8 the strength results for both the bi- and triaxial experiments are 

shown in the plane o
3 

= 0. For the triaxial tests in fact the projection of the 

planes o3 = Po 1, with ~= 0.05 and 0.10, on the plane o
3 

= 0 is shown. 

Each data-point in fig. 5.8 is the result of a single experiment. As was mentioned 

in section 5.1, the use of the end-position specimens was omitted for the triaxial 

series. From the biaxial tests, which are in more detail reported in appendix A4, 
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a clear effect of position on strength was measured. For comparitive reasons 

therefore, the end-positions are omitted also tor the biaxial tests in fig. 5.8. 

In table A5.1, for all triaxial experiments the conditions at peak (stresses oip and 

strains e: . , i = 1, 2, 3) are gathered. The peak results of the 100 mm uniaxial lp 
control tests have also been included. The uniaxial compressive strength for 

batch 8A/8B was equal to o'lp,lO~ = - 45.3 N/mm
2 

(n = 4), the uniaxial tensile 

strength was olp,lOO = 2.8 N/mm (n = 3), where n is the number of successful 

tests from which these averages are obtained. For batch 9A/9B, these values 

were respectively o\p,lOO =- 47.9 N/mm
2 

(n = 4) and olp,lOO = 3.1 N/mm
2 

(n = 

4). The stress-strain curves of the eight (100 mm) uniaxial compression tests are 

shown in fig. A5.3. In fig. A5.4. a-b the surface strains are compared with LVDT 

measurement for the same uniaxial tests. These results may indicate that the 

response of the brushes was satisfactory (compare with section 4.3). 

Furthermore in table A5.1, the peak results of three preliminary triaxial tests 

are shown (indicated with (1) in fig. 5.8). 

The biaxial results are consistent with previous investigations (Kupfer /92/, Liu 

et.al. /96/ and the cooperative international research by Gerstle et.al. /51,52/). 

A comparison with previous research is shown in fig. A4.3. 

The triaxial tests show a similar shape of the failure envelope as was found for 

the biaxial tests. A slight difference. was observed between the batches 8A-9B, 

the effect being magnified in the triaxial compressive stress-space (respectively 

the open and closed marks in fig. 5.8). A fast increase of strength is observed in 

the triaxial compression region, with increasing confinement in the intermediate 

and minor principal direction. 

The response of a stress-ratio test is obvious, and the peak-level is reached 

simultaneously for all three loading-directions. As was shown in the previous 

section, the response of a deformation-ratio tests, is highly non-linear in stress

space, and depends largely on the deformational characteristics of the material. 

As in general an increased scatter is observed in deformation measurements, an 

increased scatter also seems to occur for the strength response of deformation

ratio tests. 

The peak-strengths of the deformation tests are situated on the same failure 

locus as the constant-stress-ratio experiments. This is obvious. when the results 

obtained from the plane-strain tests are compared with the stress-ratio paths 

o1/ o2 = -l/-0.33 for different confinement levels o
3

. 
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The tensile peaks of the tension/compression deformation ratio tests are also 

indicated in fig. 5.8 (compare with values in table A5.1). 

A similar statistical analysis as was done for the biaxial tests, was carried out 

for the triaxial tests, although in this case the results were not successful. The 

random-error was large, which is mainly due to the large number of effects 

which had to be estimated with a small number of experiments. The number of 

degrees of freedom available for estimating the random error only was 3. 

From the analysis the main-effects due to the intermediate and minor principal 

stress, and the effects due to a displacement or stress-ratio test were found to 

be significant at the 5% level. These effects are also very apparent from figure 

5.8. 

No refinements were made, trying to fit different, possibly more accurate 

models. It is felt that the description of the failure-locus is not sufficient, and a 

full constitutive law should in fact include the failure-surface. Also the treat

ment of the deformation-ratio tests, which was included by means of a linear 

term in the model, was not satisfying. The te!lts show clearly the interaction 

between stress- and deformation. 

Very illustrative in this relation is the response of the deformation tension

compression experiments. The stress-paths for the four tension-compression 

displacement-ratio tests are shown in figure 5. 9. 

The tests show a first peak-level in the tensile direction, and due to the poisson

effects of the compressive directions, the tensile stress-state is transformed in a 

compressive-stress, leading to a second, but now triaxial compressive failure. 

Also shown in this figure are the results of eight constant stress-ratio tests along 

the axes o2 = 0 and o 2 = 0.10. o1, for confinement o 3 at both levels (0.05 and 

0.10). Comparison of the stress-path o1-o 2 in the biaxial compression region 

with the constant stress-ratio tests, indicates that the failure locus is followed 

by the displacement-ratio tests. If the same effect occurs in the tensile region is 

not sure, while no constant stress-ratio tests have been carried out for 

combinations between ozto1 = + 0.2/-1.0 and 0/-1.0. The failure locus in the 

tension-compression region might be followed if the tensile crack is prevented 

from opening by an increasing poisson-effect due to the compressive directions. 

The subject may be interesting for future research. If indeed the failure locus is 

followed for these tests, only a few tests are needed to study the transition stage 

from tensile to compressive failure. The stress-paths of all constant displace

ment-ratio experiments are given in appendix AS (fig. A5.28- A5.33). 
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5.2.3. Multiaxial stress-strain behaviour 

This is in fact the main-purpose of this investigation. With the aid of the three

fold servo-control, it was possible to measure the complete stress-strain 

response under multiaxial conditions. For comparative reasons, the stress-strain 

curves of the cyclic tests are shown as envelope-curves. From the statistical 

analysis, of both the bi- and triaxial series no effect of cyclic or monotonic 

loading on the envelope curve was observed. Similar indications are available 

from litterature, for uniaxial compression (Spooner et.al./148/, Karsan & Jirsa 

/81/), as well as for uniaxial tensile loading (Reinhardt & Cornelissen /129/). The 

stress-strain curves for concrete seems to be unique, and all stress- and strain 

conditions within the envelope-curve may exist. More attention to the cyclic 

stress-strain behaviour is given in section 5.2.6. 

An example of the biaxial stress-strain behaviour was already shown in fig. 5.6. 

The stress-strain results of the biaxial series are not completely reported, while 

there are some doubts about their validity. The observed unstable descending 

branch, and the poor correlation between surface and overall deformation 

measurement, indicated that a splitting type of failure occurred (see appendix 

A4). Indeed a considerable non-flatness of the brushes was observed after the 

tests were carried out. This was due to the large lateral deformations that were 

allowed (in the unconfined direction, o 3 = D). 

In this section the influence of the intermediate and minor compressive-stress on 

the observed stress-strain behaviour is shown. Only a selection of measured 

stress-strain curves is given in the main text, the full details of the measured 

stress-strain curves are given in appendix A5, fig. A5.7 through A5.27. Further

more very first results of tension-biaxial compression results are shown. 

- Influence of the minor principal stress -

In figure 5.10, three stress-strain curves for experiments under plane strain 

conditions (e: 2 =D) are shown. In the upper part of the figure, strains e:
1 

and e: 3 
are plotted versus the major compressive stress o 1" In the lower graph, the 

increase of o 2 is shown. All three tests were loaded perpendicular. The effect of 

confinement o3 = ~ o 1 is evident. The increase of strength was already reported 

in the previous section. From the stress-strain curves, an increasing strain at 

peak stress ( o 1 - e: 1) is observed. The softening branch shows a similar shape for 

the three confinement-levels, only an increase of the residual stress-level is 
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observed with increasing confinement. The rate of increase of lateral deforma

tion (£
3

) is decreased by the presence of confinement (o3). 

E2/E1 = 0/-1 
loa. direction: perpendicular 
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Fig. 5.10. Stress-strain curves for plane strain-tests, with increasing con 

finement o3 =So 1 ( ~= O, 0.05 and 0.10). 

The increase of o 2 is due to the poisson-effect. Calculation of the initial 

poissons-ratio from the plane-strain tests indicates a value of 0.1~0.15, which is 

smaller than values measured in uniaxial compression. Probably the orientation 

of micro-crack development is important in this context. 

Until the peak-stress-level, an ever increasing value of o 2 is measured. In the 

descending branch, the stress o2 decreases, indicating unloading in this direction. 

Failure mainly is confined to the directions 1 and 3, and the intermediate 

direction seems undesturbed. Some more attention to these features is given in 

section 5.2.4. (failure-modes). 
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- Influence of the intermediate principal stress -

In figure 5.11. the stress-strain curves for three levels of a 2 are plotted: the 

results of the tests 981-3 (o 2;a1 = 0/-1), 9A2-4 (-0.1/-1.0) and 882-4 (-0.33/-1.0), 

loaded by a constant stress-ratio with confinement u 3 = 0.05 a 1• 

30 25 20 15 10 5 
--- strain £2 [%o] 

-------------·-·--

30 25 20 15 10 5 
strain £ 3 [%o] 

-120 

-VJ '"
1

1Nimm21 

-20 

0 

0 

-5 -10 -15 -20 -25 -30 

-100 

-601~ 
z -60-
b 
II) 

-40 ~ 

-20 

..... 
II) 

strain £ 1 [o/oo]-

-·- 981-3 
9A2 -4 
882-4 

( -1/- 0.05/0] 
( -1/-0.10 I- 0.051 
(-1/ -0.33/-0.05) 

loading direction: parallel 

Fig. 5.11. Stress-strain curves for experiments with different intermediate 

stress-level. Constant stress-ratio tests with a 3 = 0.05 o 1, loading direction: 

parallel. 

All tests were loaded parallel with regard to the direction of casting. In the 

upper part of fig. 5.11, the strains £ 1 and £ 2 are plotted against the major 

compressive stress o l' in the lower part the a 1 - e: 3 curves are shown. 

The difference in post-peak behaviour is striking. Where the experiments -1/0 

and -1/0.33 show a steep descending branch, the third experiment -1/-0.10 shows 

a completely different behaviour. In this case a smooth, gradual decreasing 
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descending branch is measured. This type of failure was observed for all tests 

leading to two large (not necessarily equal) tensile deformations i.e. the 

experiments with failure points near the compressive meridian of the strength 

envelope. 

Comparison of the constant-stress-ratio tests -1/-0.33/r3, with the plane-strain 

tests reveals the similarities at the peak-level. The conditions at peak are almost 

identical (E 2 0, also for the constant stress-ratio tests), although the path to 

reach the conditions are quite different. The tests indicate that there is no 

difference between stress and strain-ratio tests at (stress) failure. 

This observation is not consistent with data reported by Buyukozturk & Zisman 

/23/. An increase of strength under displacement confined biaxial tests was 

reported, in comparison with the previous experiments by Kupfer /92/. It must be 

emphasized that the results of Buyukozturk et.al. /23,24/, were obtained with a 

different experimental machine, and as shown in the international cooperative 

research by Gerstle et.al. /51,52/, one should be careful with comparing results 

obtained with different experimental techniques. The differences measured by 

Buyukozturk are within the range reported by Gerstle et.al. 

- tension-biaxial compression stress-ratio experiments -

As can be seen from the experimental design, table 5.4, only a very limited 

number of tension-biaxial compression (t/c/c) stress-ratio experiments was 

carried out (stress-ratio O/o2;o3 = -1/0.2/r3, r3= -0.05 and -0.10). One of the 

t/c/c tests failed along one of the epoxy layers between specimen and brush 

bearing platen (BAl-4, O/ ozto3 = -1/+0.2/-0.05, C, para), the three remaining 

experiments, all showed a stable descending branch in the tensile direction. The 

distance of the tensile crack was in all cases larger than 10 mm from the 

specimen-brush interface. 

In figure 5.12. a-b, two examples of o 2 - E 2 curves are shown. In figure a, the 

result is shown for a monotonic test (9A1-5) with stress-ratio -1/+0.2/-0.10. The 

specimen was loaded perpendicular, which implies for a t/c/c experiment that 

the tensile loading direction is applied unfavourable with regard to the initial 

damage (see fig. 5.2.b). 

Figure b shows the result of the companion test 981-4 (stress-ratio -1/+0.2/-0.1), 

loa.dir. parallel. The second specimen was loaded following the cyclic path. The 

implications in o1 and a 3 direction are not shown. In both directions an elastic 

un- and reloading was observed. The conditions at peak in both lateral 

compressive directions are indicated in table A5.1. 
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curves for tension-biaxial compression tests, stress

ratio -l/+0.2/-0.1. Specimen 9A1-5, perpendicular (fig, a) and 981-4, parallel 

(fig. b). 

From the plots in fig. 5.12, the difference in peak strength is obvious (see also 

table A5.1). The difference is probably the result of different orientation of the 

initial damage with regard to the tensile loading direction. Similar results (a 

decrease of tensile strength when initial crack planes are oriented perpendicular 

to the tensile stress), were reported before for uniaxial tension /147,171/. Yet it 

is emphasized that only one pair of t/c/c stress-ratio tests was available. This is 
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very limited, especially if the increasing scatter in the t/c/c region is taken into 

consideration (compare with results reported by Kupfer /92/). 

For specimen 9Al-5, the energy-requirement, i.e. the surface under the o2 - e: 2 
curve (related to the total specimen volume) was determined, and approximately 

equal to W 
2 

"' 1 Nm. This result is about the same values as obtained for the 

uniaxial tensile experiments (respectively 981-6, W ~ 0.9 Nm, and 982-6, W "' 

1.2 Nm, see fig. A5.5. a-b). The presence of the compressive stress-components 

does not seem very much of influence for these stress-combinafions. Note the 

large difference in energy-requirement when compared with compressive stress 

combinations (see table Al.1 and Al.2, uniaxial compression, and fig. 5.23, bi

and triaxial compression). 

5.2.4. Failure modes 

- observations/triaxial compression -

From the uniaxial compression tests on prisms (section 4.3 and 4.4) with variable 

height, it was concluded that failure occurs in a very localised zone. The 

structure that is formed, is however not very apparent from the final remains of 

an uniaxial compressed specimen. The outer layers which seems to behave quite 

different do not add in a positive sense to the e xplanation of t he phenomenon. 

Modelling of the descending branch by means of a stress-displacement diagram 

however seems to be more appropriate than the conventional stress-strain 

diagram. In fact similarities are suggested to exist between the tensile and 

compressive failure of concrete. 

The localised failure mode of the material under compressive loading becomes 

more clear when the final structure of a specimen loaded under multiaxial 

conditions is studied. When a cube was removed from the experimental machine 

after an experiment had been carried out, the cube was completely covered by 

the epoxy-resin layers. An orthogonal c.rack pattern was imposed to the cube 

surface, mainly due to local splitting of the separate brush-rods. With the aid of 

a diamond grinding disk, the outer layers of the cube were removed to a depth of 

approximately 2 mm. Although the grinding of the highly fractured structure was 

carried out very carefully, it could not be avoided that some of the material was 

torn loose during the process. 

In figure 5.13. a and b the surfaces of the specimen 882-4 ( o1/ o2/ o3 = 

-1/-0.33/-0.05, C, parallel) and 9A2-4 ( o1/ o2/ o3 = -1/-0.10/-0.05, M, parallel) 

are shown after the epoxy layer and some of the outer concrete were removed. 

The stress-strain curves of both specimens were already shown in figure 5.11. 
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The distinct post-peak stress-strain behaviour for different levels of inter

mediate compressive stress is also expressed by the "final-structure" of a failed 

specimen. Where 882-4 displays a very localised shear-band, the other specimen 

9A2-4 (shown in fig. 5.13.b) fails in a rather crumbly manner. A closer view of 

figure 5.13.b reveals that the crumbly structure is the result of mutual crossing 

shear-bands. All experiments, carried out under similar loading conditions 

displayed this type of failure. A cube (d = 100 mm) loaded in uniaxial 

compression also fails along these lines. 

In this context it is perhaps preferable to use the term rupture, defined as the 

failure by which a structure disintegrates into two or more pieces (Bieniawski 

et.al. /16,17 /). The ruptured specimens, shown in figure 5.13 and A5.6, form (in 

case of the localised shear-band mode) rigid jointed block systems. The joint (= 

shear-band) between the blocks seems rather weak, however in order to separate 

the blocks along the shear-planes, a considerable splitting force is required (the 

blocks cannot be separated by hand). From the photographs of the ruptured 

specimens, one could get the impression that the shear-planes have a rather 

large width. Yet it must be emphasized once more, that material (partly 

debonded aggregate particles or heavily cracked mortar pieces) is torn loose 

during the grinding process used for removal of the epoxy-resin layers. 

The cubes loaded at the higher confinement level ( o
3 

= 0.10 o 1), also ~hawed the 

shear-band rupture mode. In some of the experiments, for example 8A1-5 (stress

strain curves, fig. A5.27), it was not possible to measure the complete descen

ding branch, due to the limitation set by the maximum allowable deformation of 

the brushes. In these cases, the onset of a shear-localisation is observed (see fig. 

A5.6.b), and the impression is that it is formed from initial parallel 'tensile

cracks'.In a more advanced stage of rupture, the effect is also visible for 

specimen 981-2 (fig. A5.6.c). 

When the blocks are separated, loose material (small-sized granular material) is 

found in the joint. In fig. 5.14. a joint surface is shown after splitting of 

specimen 882-5 (stress-strain curves, see fig. A5.10.b). The major stress-strain 

curve ( o1 - E1) was near the residual stress-level, and the shear-localisation may 

expected to be fully developed. It was found that very small sized grains, but 

also some larger elements are 'released' from the joint. Probably the larger 

rupture-elements are torn loose during the splitting action, and the small-sized 

fraction may have formed due to frictional sliding in the shear-band. 

The total weight of the released particles was 4.9 grams. By sieving the 

material, the fraction smaller than 250 ~m was determined: about 20% of the 
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total mass (0.9 gr.) was found to be smaller than 250 ~m. This value is less than 

rigorous, also it was found that a considerable amount of dust remained at the 

joint-surfaces. The joint-surface showed rather large global curvatures. The 

fracture plane showed a schist-like structure. Also it was found that a large 

number of aggregate particles in the joint was fractured. It is however 

questionable if the aggregates are fractured during the formation of the shear

band in the stress-strain curve descending branch, or are merely the result of the 

splitting of the joint. A view of the surface rupture modes, reveals in fact very 

few fractured aggregates. (fig. 5.13.a and b). For specimen 882-4, but also for 

981-2 (fig. A5.6.c), larger aggregate particles have a widening effect on the 

shear bands, and remain uncracked (The spots are indicated with an arrow). On 

the other hand highly fractured aggregate particles are also observed (see 

specimen 882-4), but this is probably the result of the splitting action of the 

separate brush-rods. 

Fig. 5.14. Joint-surface for specimen 882-5. 

From previous investigations by Stroeven /152/, and also by Vile /161/, it is 

known that 'cone-like' matrix-material deposits form on top of large aggregate 

particles as depicted in figure 5.15. The 'cone-like' rupture elements are formed 

when a shear-band develops through an array of initial parallel tensile micro

cracks. This tensile crack'-array was visualised by Stroeven using the fluorescen

ting technique, and was shown in fig. 2.1. 

A close observation of the surfaces of the ruptured specimens, reveals quite a 

number of these 'rupture-elements'. (see for example 9A2-4 and 981-2, resp. fig. 

5.13.b and A5.6.c). It may be argued that these rupture-elements are important 

in the formation of macroscopic shear-bands. 
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matrix material deposits on top of large sized aggregate particles, after 

/152/. 

The shear-band type of rupture is normally considered typical for geological 

materials such as rocks and soils (Bieniawski et.al. /16,17/, Sture & Ko /154/). 

The descending branch which is observed in uni- and triaxial compressive tests, 

must be merely attributed to the behaviour of a structure, which includes the 

loading machine. In view of the observed rupture modes in the present investi

gation, a similar conclusion must be drawn for concrete. The softening branch is 

the result of a stable 'strain-localisation' and future research should be concer

ned with the conditions at onset of the 'strain-localisation', but also with the 

boundary conditions (loading application system and loading frame), which assure 

a stable behaviour. 

It was discussed by Bieniawski and co-workers that a stable descending branch is 

measured if the specimen/machine stiffness during unloading is larger than the 

slope of the descending branch of the stress-strain curve. Some stability models, 

taking into account the influence of the loading device, were already mentioned 

in section 2.3. Probably more complex boundary conditions are guarding the 

phenomenon. 

In section 2.3, also the experiments carried out by Kotsovos /87 I were mentio

ned. The shear-stresses induced at the specimen-loading application system 
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interface were shown to have considerable influence on the slope of the 

descending branch of the uniaxial compressive stress-strain curve. ·In figure 5.16, 

the ruptured specimens from the investigation by Kotsovos are shown. From left 

to right, the failed cylinders using active restraint, plain steel platens, brush 

bearing platens, MGA-pad and rubber as a load application system are shown. 

The results were obtained for concrete with a uniaxial strength f'c = 51 N/mm2, 

which is very close to the uniaxial strength in the present investigation (f'k-lOO = 
46.6 N/mm2, for batch SA-98). -

Fig. 5.16. Rupture modes of concrete cylinders, using different loading 

application systems, after /87 I. 

The rupture modes shown in fig. 5.16 resemble those reported for prisms (h = 200 

mm) in section 4.3. The localised failure mode for concrete under uniaxial 

compression is evident. 

From the figure it becomes clear that the orientation of the strain-localisation 

with respect to the major compressive ·direction occurs, when the frictional 

characteristics at the specimen boundary are changed. The strain-localisation is 

almost parallel with the loading direction when MGA-pads or rubber-layers are 

used. The stress-strain curves for these systems show a very steep descending 

branch as was shown in figure 2.13. In view of the normal strain-softening model 

(Bazant /5/), the thickness of the lumped softening zone approaches zero and 

also the critical tangent modulus will approach to zero, indicating a complete 

loss of load carrying capacity at peak-stress-level (equation 2.3). 

It is obvious from the above discussion, that a refinement of the stability models 

that where mentioned in section 2.3 is necessary. Boundary shear is an important 

factor for obtaining a stable descending branch. 

When brushes are used, the shear forces acting at the specimen surface may be 
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estimated by means of a simple calculation. In appendix A6 such an analysis is 

shown for uniaxial and triaxial loaded specimens. The boundary shear is nearly 

zero, and may be neglected in the pre-peak region. Beyond peak a sharp increase 

of boundary shear results from fast increasing deformations. The subject is 

considered very important, and future investigations are necessary. 

- further observations and classification of failure modes -

The shear-bands in the multiaxial compression tests develop in planes formed by 

a large positive (tensile) deformation and a large compressive deformation. 

Therefore the normal on a shear-plane is always oriented perpendicular with 

regard to the intermediate compressive stress. 

For a number of ruptured specimens, the average value of 4>, i.e. the orientation 

of the shear-planes with respect to the major compressive direction is deter

mined and shown in table 5.17. (Note: the average inclination of all shear-bands 

in a specimen is indicated). 

specimen 
no. 

882-4 

9A2-5 

981-5 

981-2 

9A2-4 

882-5 

982-2 

98 2-3 

Table 5.17. 

loading-combination 

5 -1/-0.33/-0.05, C, para 

5 -1/-0.33/-0.10, M, para 

5 -1/-0.33/-0.10, C, perp 

5 -1/-0.10/-0.05, C, perp 

5 -1/-0.10/-0.05, M, para 

D -1/-0, 5 -1/-0.05, M, para 

D -1/-0.33,5-1/-0.05, M, para 

D -1/-0.10,5-1/-0.10, M, para 

IP 
(de g) 

21 

21.5 

25 

20 

24.5 

21.5 

20 

25 
01 < 02 < 03 

triaxial compression 

Average value of 4> , denoting the orientation of the shear-band 

with respect of the major compressive direction. 

The shear-bands are not smooth, but show rather large local and global 

curvatures. The value of 4> is alwa ys taken as the average inclination of the 

shear-band. For biaxial tests similar values were found, and are in agreement 

with the experiments by Kupfer /92/. He reported values of approximately 30 

degrees for uniaxial compressive loading, and ,18 - 27 degree for biaxial 

compression. 

The concrete in between of the shear-bands is almost uncracked when the shear

localisation is observed in only one direction (specimen 882-4, fig. 5.12.a). 
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Deformation is confined to the joint and its immediate vicinity. Sliding in the 

shear-planes only is allowed when accompanying crushing occurs at the crossing 

of the shear-bands (fig. 5.18). The local crushing is also demonstrated in the 

photographs of the ruptured specimens: a highly fractured or granular mass is 

formed on top of the blocks (shear-cones = macroscopic rupture-elements, 

compare with fig. 5.15.). 

0 .... 
1 

01 < 02 < 03 < 0 

(triaxial compression -
planar mode) 

local crushing at 
top of rupture elements 

Fig. 5.18. Mechanism of shear-plane rupture. 

In rock-mechanics frequently the assumption is made that unloading occurs in 

the 'uncracked blocks' between the joint /16,17,154/. The assumption is confir

med by a close examination of the behaviour of plane-strain tests. 

The intermediate compressive stress o
2 

in these experiments is solely the result 

of a poisson-coupling with the two other compressed directions ( o2 = v ( 01 + 

o
3

)). The observed stress-strain behaviour was already shown in figure 5.10. As 

discussed before, the shear planes develop in the descending branch of the major 

compressive stress-strain curve (o1 - £ 1), the fact being consistent with 

observations from rock-mechanics (see fig. 2.15). The plane-strain test demon

strates a clear unloading in the intermediate stress-direction when a Joss of load

carrying capacity is measured in the major compressive direction o 1 (fig. 5.10). 

In figure 5.19. the different observed rupture modes for different levels of 

intermediate stress are shown. The 'classification' is valid for all three levels of 

minor compressive stress that were investigated (o 3 = p o 1, p = 0, 0.05 and 

0.10). 
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The two different types of rupture in the triaxial compression region were 

already demonstrated by fig. 5.13. The classification was already mentioned in a 

previous publication /104/. 

A steep descending branch was observed for those experiments allowing for only 

one tensile deformation: 

lll 1 !5: lll 2 !5: 0 < At 3 
..... (5.1.) 

The ruptured specimens showed very pronounced inclined shear-bands with the 

normal oriented perpendicular to the intermediate compressive direction. 

A second typical rupture mode in the triaxial compressive region was observed 

when an experiment allowed for two large possitive (tensile) deformations: 

llll < 0 < lll 2 !5: lll3 ..... (5.2). 
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The rupture mode, shown in figure 5.13.b. is representative for this type. The 

first type is referred to as planar mode, the second type allowing for two tensile 

deformations is defined as cylindrical mode. 

The transition stage between the two distinct rupture modes is defined by a 

plane-strain test (E 
2 

= 0). Of course not a sudden switch between rupture-modes 

will occur, the ratio between compressive and tensile deformations in the plane 

where a shear-band develops is considered important. 

Palaniswamy and Shah /119/ reported different rupture modes at high confine

ment levels in standard triaxial compression tests using cylindrical specimens (o 1 
< a2 = o 3). Under low confining pressure a significant internal microcracking and 

decrease of pulse velocity was observed, under high confining pressure very little 

micro-cracking and drop of pulse velocity occurred at failure. Yet the 

implications in the descending branch could not be measured with their stress 

controlled equipment. More recently, Jamet et.al. /79/, demonstrated an increa

sing ductility with increasing confinement in a series of triaxial compression 

tests (a 
1 

< o 
2 

= o 
3
) on micro-concrete cylinders. These observations are in 

agreement with experiments on rock /16,17,75/. 

A decreasing softening slope with increasing confinernent was also observed in 

the current investigation for loading combinations along the compressive meri

dian (i.e. cylindrical rupture mode, compare for example stress-ratio tests -1/-

0.1/-0.1 with results reported in chapter 7, fig. 7.13, and with uniaxial compres

sion tests). 

The planar mode experiments did not show a decreasing softening slope with 

increasing minor compressive stress (that is, for the confinement levels investi

gated, see fig. 5.10). 

- failure in tension-biaxial compression -

The experiments, loaded along a t/c/c stress-ratio path displayed a single tensile 

crack, perpendicular to the tensile stress direction at failure. The tensile 

fracture energy in these experiments was approximately equal to the energy 

requirement in uniaxial tension (see section 5.2.3). 

Probably for low values of a 3 (as in the current investigation), comparison of the 

t/c/c tests with biaxial tension-compression experiments is allowed. Isenberg 

/78/observed a transition from cleavage (tensile) failure to compressive failure 

(which he referred to as crushing) near a stress-ratio o /O 2 = 17 (with o 
1 

compressive and o 
2 

tensile) in a number of torsion-compression tests on concrete 
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cylinders. In this context the agreement between the t/c/c experiments and the 

uniaxial tensile tests is no surprise. 

In the t/c/c displacement ratio tests, it is quite likely that the failure-locus is 

followed. The appearance of a single tensile crack has apparently no effect on a 

second triaxial compressive failure (see section 5.2.2). In fact these 

displacement-ratio paths provide for a gradual 90° rotation of principal stresses. 

Some abrupt rotation test results will be presented in chapter 7. 

One last comment should be made regarding failure in t/c/c stress-ratio 

experiments. A similar analysis as was shown in appendix A6 for triaxial 

compression is required for estimating the boundary shear, and its effect on 

crack-opening. 

Such an analysis was not carried out, but the effect should certainly be checked 

for future investigations. 

- volume change -

In figure 5.20 the volumetric strain Ev = E: 1 + E: 2 + E: 
3 

is plotted against the 

major compressive strain E 1 for six constant stress-ratio experiments. In fig~ 

5.20.a three experiments with o3 = 0.05 o 1 are shown, in figure b the samples 

loaded at the higher confinement level o 3 = 0.10 o 1. When a specimen was 

loaded according the cyclic path (to the envelope), only the envelope curve is 

drawn. The six samples were all loaded parallel with regard to the direction of 

casting. 

At initiation the experiments show compaction. The complete relationship 

between volumetric strain and major principal strain is non-linear, and no such 

boundary as onset of micro-crack propagation /112,85/ is detected. The graphs 

suggest a continuous damage process under triaxial compressive loading, as was 

concluded by Spooner et.al. /148/ for uniaxial compression. 

With increasing compressive strain E: 1' a decreasing rate of compaction was 

measured, and a minimum volume was observed in most triaxial compressive 

experiments just before the peak stress-level (a1 marked with an asterisk in ,max 
figure 5.20) ·is reached. Beyond peak a sharp increase of volume was measured, 

the rate of volume-increase being higher for the lower confined specimens (with 

a limit for uniaxial and biaxial compression). The different rupture modes for 

various levels of intermediate compressive stress a 2, as were reported in the 

previous section are expressed by different volumetric strain-axial strain ( £ 
1
) 

curves too. 

For the planar rupture modes (which appears most frequently), the minimum 
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volume was reached at values of l]E: = (c: 1 at E: v,min) I (£ 1 at a 1,peak) varying 

between 0. 7 and 0.8. In the cylindrical case (crushing-mode) this value was about 

0.5 - 0.6. The average value of ijE for the eight accompanying uniaxial 

compressive tests was l] E: ,uniaxial = D. 70 (coef. of variation = 5. 7 %). In 

general a faster increase of volumetric strain beyond peak is observed for those 

tests failing in a planar mode. 

As was shown in the previous section, specimens loaded in triaxial compression 

(in terms of stress) may either fail along a pronounced shear-plane or by forming 

a multitude of short inclined shear-planes in several directions. The occurence of 

the large volume-increase that is observed beyond peak stress-level (o 1) is no 

surprise in view of these rupture modes (fig. 5.13. a - b). Sliding over asperities 

in the shear-planes results in a dilatant uplift. 

Void formation becomes significant when the macroscopic shear-planes are 

formed. 

In the pre-peak region when only micro-defects are present, the effect of void

formation however also appeared. The curvature in the pre-peak region of the E:v 

-£
1 

graphs (fig. 5.20 and A5.34 - A5.36), leading to a minimum volume, suggests 

void-formation. 

In figure 5.14. the rather rough surface of a shear-plane was shown. It was also 

mentioned that loose material was found in the joint. The question is where this 

small-sized granular material remains during sliding (under the assumption that 

the grains are formed during the rupture process, and are not the result of the 

splitting action induced to the specimen at termination of the experiment in 

order to separate the bloc ks). Either the grains are distributed more or less 

uniformly over the contact surfaces or they are gathered in larger air-voids 

(pores). Also possible is that the grains accumulate at specific sites before or 

beyond macroscopic asperities (such as global curvatures in the matrix material 

or larger aggregates). Some possibilities are depicted in figure 5.21. 

The answer to this proble m is crucial in arriving at a proper model for the sliding 

mechanism. The volumetric strain - axial strain (E1) curves shown in fig. 5.20 

and A5.34 - A5.36, indicate that the granular material in the shear-joint has 

some influence. For the triaxial loaded specimens, that display a clear shear

plane rupture (planar-mode), an upward directed curvature is observed near the 

end of the Ev -£1 curve . This phenomenon is for example very clear for specimen 

882-4 (fig. 5.2D.a) and 882-3 (fig. A5.35.b). The upward directed curvature is 
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probably the result of a second compaction phase when the shear-planes are 

completely formed (that is at the residual stress-level in the o1 - £ 1 curve). 

a.) 

small sized granular material 

b.) 

( .) 

Fig. 5.21. Sliding over asperities in macroscopic shear-planes. 

The granular material in the shear localisation is probably responsible, while it 

may compact under shear-loading. (compare with the behaviour of granular 

materials such as soils). 

In several constitutive models, for example /28/ the term 'shear-compaction 

dilatancy' is used. This terminology refers to volumetric compaction under 

(deviatoric) shear loading, and may be measured when speci fie tiydrostatic

deviatoric loading-paths are used. Recently the effect has been demonstrated in 

the pre-peak region /135/. The physical meaning is however not very clear, and 

the effect should not be confused with the above mentioned compactions (or 

rather decrease of volumetric strain) once the shear-plane is formed. 
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The localised rupture modes, forming inclined shear-planes, and the sliding which 

occurs in these highly deformable zones might suggest that recently developed 

'aggregate interlocking' theories /162/ apply for this class of problems. It should 

be emphasized that these models only work when the shear-plane is completely 

developed, and assume that no granular material is present in the joint. While in 

our tests fractured aggregates and loose material were observed (for a medium 

strength concrete mix) it is necessary to do some further testing on low strength 

concrete, before such an attempt is undertaken. It is likely that the granular 

material is in conflict with assumptions made in these theories. 

5.2.5. Initial anisotropy. 

Closely related to the effects of stress and strain induced anisotropy is the 

influence of damage sustained during casting and hardening of the specimens. In 

section 4.2, the effect was shown to have significant influence on the energy

requirement of specimens loaded in uniaxial compression. An increase of energy

requirement of approximately 10% was measured when a specimen was loaded 

parallel rather thEm perpendicular with regard to the direction of casting (see 

fig. 4.6). Similar effects, however now more pronounced, are measured when triaxi< 
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Fig. 5.22. Influence of initial anisotropy on triaxial stress-strain behaviour. 
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compressive loading is applied. In figure 5.22 the stress-strain curves for 

specimens BA1-3 and 882-4, loaded according a constant stress-ratio 0/0/0
3 

= 

-1/-0.33/-0.05 and the specimens 981-5 and 9A2-5, both loaded according the 

proportional stress-path -1/-0.33/-0.10 are shown. From each pair of specimens, 

one cube was loaded parallel, the other was loaded perpendicular with regard to 

the direction of casting (see also section 5.1). 

Identical conclusions as for the uniaxial loaded samples can be drawn. The pre

peak stress-strain response is considerably affected by the orientation of the 

initial damage field with regard to the governing stress-state. The same effect is 

observed for all pairs of specimens, including those loaded by a constant 

displacement-ratio. Only the tension-compression deformation-ratio experiments 

showed a different response. The effects of ini tiel anisotropy were less pronoun

ced due to the slight differences in orientation (see section 5.1). 

The statistical analysis of the strength results of the triaxial series showed no 

significant effect due to the orientation of the loading with regard to the initial 

damage field. There is an indication however that for higher confinement levels 

a slight increase of strength occurs, when loading is applied parallel rather than 

perpendicular. Yet more experiments at higher confinement levels are necessary 

to quantify the effect. 

The effects of initial anisotropy are clearly demonstrated by the energy-curves 

shown in figure 5.23. For the proportional stress-path tests at the higher

confinement level, the energy-requirement was determined and plotted against 

the major compressive strain El' The energy-curves are shown for three levels of 

intermediate stress: o/o1 = 0, 0.1 and 0.33. Both curves for parallel and 

perpendicular loading are shown. 

Comparison of the perpendicular loaded specimens response with the parallel 

loaded cubes reveals a delayed increase of energy for the parallel loaded 

specimens. The ultimate level of energy-requirement of the parallel loaded 

samples is for all cases higher and the difference increases with increasing level 

of intermediate stress. (Note: this is not very clear from the meassured 

relationships, but these can probably be extrapolated as indicated in fig. 5.23). 

The experiments that fail in the cylindrical mode show a delayed energy-require

ment when compared with samples failing in the planar mode (compare the 

experiments o2/o 1 = -0.1/-1.0 and those with O/O 1 = -0.33/-1.0). The effect 

only displays the difference in descending branch response (section 5.2.4). 

By changing the direction of the initial damage field with respect to the applied 

triaxial loading, an increasing ductility is observed for parallel loading. The 
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Fig. 5.23. Total energy requirement vs. major compressive strain £ 1, for 

constant stress-ratio tests, o
3 

= 0.10 o 1. 

increased ductility is responsible for a significant increase of strain at peak

stress-level. 

The effect is considered to be dependent on compaction and hardening conditions 

of the concrete when casted. The uncertainity of these conditions will bring 

about difficulties in quantifying the effect. Further research, using concrete 

mixtures with different strength and deformational behaviour is necessary. 

5.2.6. Behaviour of concrete under multiaxial cyclic loading. 

A constitutive model describes in fact the changes at the micro-structural level 

(or macro- level in the post-peak region) of a material subjected to external 
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loading conditions. 

The rupture modes shown in section 5.2.4 shed some light on the governing 

phenomena. Yet the history of damage accumulation for example under monoto

nic increasing load, is highly complex and a proper evaluation of the phenomena 

leading to rupture is probably only possible when a criterion for crack

propagation, interaction and joining is established. 

The quantitative analysis of the damage sustained to a concrete specimen, 

subjected to multiaxial loading, is a complicated matter. In uniaxial compression 

experiments, damage accumulation is described by a sequence of non-recover

able deformation /81,99/, or by separating the dissipated energy in various 

components by means of a well chosen loading history /148/. Yet the analysis 

performed are confined to the axial loading direction only, and generally no 

attention is given to implications for lateral displacements. The damage-function 

is a complicated three dimensional structure, and can (likely) not be modelled by 

a simple one-dimensional function . 

The cyclic tests with load-cycles to the envelope, which were previously used in 

uniaxial compression tests /81,99,148,145/, biaxial compression tests 

/12,23,24/and in uniaxial tension /129/ may be helpfull in determining the 

complex damage-surface. 

Theories based on the 'damage-function' of the material have recently been 

suggested /41/, however experimental background still is lacking or as recently 

formulated by Dougill /42/: "As yet the quantitative analysis of energy dissipa

tion has not been extended to other stress-states (except for uniaxial compres

sion) it would be informative to do so and in particular to observe how the 

quantities Wy (damage energy dissipation) and w0 (damping energy dissipation) 

are influenced by the mean normal stress. It might be supposed that, at a given 

strain, Wy would be decrease·d and w0 increased by an increase in the 

volumetric component of applied loading" (see also section 2.2). 

The experimental design (table 5.4) included a limited number of multiaxial 

cyclic experiments. Load cycles with variable amplitude (in terms of stress: "to 

the envelope", in the direction decisive for fracture), were applied using the 

same static loadingspeed as for the monotonic tests C£ 1 = 20.10-6/sec). 

A proper constitutive model should include the unloading and reloading charac

teristics of the material. The experimental results reported in this section may 

be helpful! in studying these aspects. To my knowledge no other cyclic triaxial 

experimental results, including post-peak behaviour have been published before. 
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It is emphasized that the results reported herein should be considered as a first 

attempt to unravel the complicated deformational behaviour of concrete under 

multiaxial load-histories. Many improvements are still needed. 

While the number of experiments is very limited (16 cyclic experiments), only 

some general observed trends are discussed. 

- description of experiments -

The conditions for loading and unloading were already mentioned in section 5.1. 

The stress-strain curve in the major compressive direction was guiding, except in 

the tensile-biaxial compressive stress-ra~io experiments, for which the tensile 

stress-strain curve was decisive for rupture. The discussion following below is 

mostly concerned with those experiments that fail in the triaxial compression 

region. 

The stress- and displacement-ratio experiments respond slightly different to 

load-cycling. In the case of a proportional stress-path experiment, the sample is 

loaded in the major compressive direction (or tensile direction in case of a 

tension-biaxial compression test) by means of a constant displacement rate 

d( ll l 1)1dt = constant. The increment of lll 1 leads to a non-proportional increase 

of o1: llo 1 < 0 (compression). Due to the proportional coupling of a2 and o3 with 

ol' this results in: llo 2 =a. llo 1 < 0 and llo 3 = ~ bo1 <D. 

Unloading occurs simply by an instantaneous change of the polarity of the 

displacement increment and results in a simultaneous (stress-) unloading in the 

three principal directions. Reloading is initiated as soon as the zero-stress-level 

is reached. This zero-stress-level is reached at the same moment in the three 

principal directions. 

Damage (formation of micro-cracks and frictional energy dissipation in the pre

peak region, and shear-band formation and frictional sliding in the post-peak 

region) results in non-recoverable deformations lll. (i = 1, 2, 3). The behaviour of 
I 

a cyclic stress-ratio test is depicted in figure 5.24.a. 

The response of a cyclic displacement-ratio experiment is somewhat different 

(fig. 5.24.b). Loading is done by maintaining a constant ratio between two 

displacements ( lll 2 = a. lll 1) and a constant stress-ratio between the major and 

minor compressive direction ( o
3 

= ~ o 1). The displacement rate is constant: 

d ( lll 1) I dt = C, implying d ( lll 2) I dt = a..C. Unloading is done by an immediate 

reversal of the displacement increment (simultaneously in direction 1 and 2). 

This measure results in nonrecoverable deformations in the three principal 

directions at zero stress-level Co 1 and o 
3
), and additionally a non-recoverable 

stress in the direction loaded by a displacement coupling. 
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Oi (i=1,2,3) 

d(fll,J/dt = ( 
o1to2to3 = 11a.1 P 

fll1 res 1- 0 
I ' 
I 
I time 

Fig. 5.24.a. Response of a cyclic triaxial stress-ratio experiment. 

Oj ( i=1,2,3) 

d(fll1)1dt = ( 
fll1/lll2 = 1/a. 
o1to3 = 11p 

Fig. 5.24.b. Response of a cyclic triaxial displacement-ratio experiment. 

Thus load-cycling in the intermediate stressed direction, loaded through a 

deformation coupling with the major compressive direction ( o1, t-l 1), results in a 

variable stress-amplitude Co
2

) between two compressive envelope curves. 
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The stress-strain curves for the cyclic experiments are gathered in appendix AS 

(figure A5.14 - A5.27). In case of a stress-ratio experiment, the strains e:. (i = 1, 
1 

2, 3) are plotted against the major compressive stress in three separate figures 

(a, b and c). 

Also shown are the strain paths e:1 - e:
2 

and e:1 - e: 3 for each test (figure d). In 

case of a displacement-ratio experiment similar graphs are shown: o 1 - e:1, a 2 -

e: 1 and o
1 

- e: 
3

, completed with the strain paths (e: 1 - e: 2, e: 1 -e:3). 

The two cyclic biaxial (stress-ratio) experiments 981-3 and 881-4, allowed for 

comparison of surface deformation measurement and overall (L VDT) measure

ment. Surface strains were measured with two 60 mm strain gauges mounted at 

the upper and lower surfaces of the specimen (see fig. 3.10). In fig. A5.14.c and 

A5.17.c, both e: 
1 

(surf) and e: 
2 

(surf) are the average value of the two strain 

gauges mounted in the concerning loading direction. 

No appreciable effect on stress-strain behaviour was found when either loading 

was applied monotonic or cyclic to the envelope curve (i.e. when the monotonic 

curve and envelope curve are compared). The observation is consistent with 

previous uniaxial investigations by Spooner et.al. /148/ (uniaxial compression) 

and Reinhardt and Cornelissen /129/ (for uniaxial tension). Yet it should be 

emphasized that the total number of triaxial cyclic experiments is very limited. 

More experiments are necessary in order to arrive at statistically secured 

conclusions. 

- deformation measurements for biaxial cyclic tests -

From the biaxial cyclic experiments (981-3 and 881-4) a different response of 

surface and overall deformation measurement was observed. The surface mea

surements are confined to the pre-peak region only while rupture of the 

specimen (post-peak branch) was accompanied with splitting of the outer 

concrete layers (see also chapter 4). 

In figure 5.25 a comparison is made between the pre-peak load-cycles obtained 

from surface-strain measurement and overall (L VDT) measurement for specimen 

981-3 Corfo 2/o3 = -1/-0.05/0, C, parallel). In the right part of the figure, e:1 is 

plotted, in the left part e: 2. It should be mentioned that the e: 
2
-surface 

measurement remained intact until the 8th reloading curve (e:
2 

is indicated in 

the left part, only the first two cycles are not indicated while they coincide with 

the third cycle). This is no surprise, while shear-bands are formed in the o 
1 

- o
3 

plane, while the intermediate stressed direction remains almost undesturbed (see 

section 5.2.4). 
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5 4 3 

stress o1 
[N/mmZJ 

2 
-- strain Ez (o/oo] 

-2 -3 

specimen 9B1 -3 
stress -ratio -1/-0.05/0 
loa. direction= parallel 

-l VDT -measurement 
(test control 2W-10) 

----surface meas. 
average value of 
2 strain gauges 
(meas.length = 60 mm) 

-4 -5 ,;.6 -7 -8 

strain E1 [o/oo) ---

Fig. 5.25. Differences in deformational response (surface and overall strain 

measurement) for specimen 9B1-3. 

In the major compressive direction ( o1 - E l)' a distinct behaviour of surface and 

loading platen measurement is observed for near~zero stress-levels in the 

unloading and reloading curves, appart from the deviations in absolute strain 

value ( E 1 (surf) - E 1 (loa.pl.), as was reported in chapter 4). 

The first loading branch (0-A), has undergone a zero-correction following the 

method described in section 3.2. At point A, the displacement-increment is 

reversed, and both curves (surface and loading-platen measurement) show a fast 

stress-unloading. With decreasing E1, the stress-unloading decreases, and both 

curves approach the 'strain-axis' very gradual. It is noted that the approach of 

the loading-platen curve is more gradual. Upon reloading (B-C), the loading 

platen curve initially follows the unloading curve (A-B), but soon the stress-rate 

will increase, resulting in a steep ascending reloading curve. 

On the other hand the surface measurement shows a fast increasing stress, 

directly after the reloading point B. 

Comparison of the o1 - E 2 curves reveals that the effects are less pronounced in 

the intermediate stressed direction. 

The results ( o 
1 

- E 1 curves) suggest that still some kind of contact-effect 

disturbes the deformation measurement by means of L VDTs between the loading 

platens. Yet in the triaxial experiments this is the only (more or less) reliable 
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deformation measuring method. Neither the surface measurement nor the 

loading platen measurement will lead to correct strain values for these small

sized specimens (see also chapter 4). The truth will be somewhere in between. 

From uni- and biaxial cyclic experiments, the differences of measuring method 

on observed stress-strain behaviour can also be detected from previous investi

gations (Karsan & Jirsa, uniaxial compression, surface measurement, /81/, and 

Spooner & Dougill, 10-compression, loading platen measurement /148/). 

- tangential stiffness in the major compressive direction -

In figure 5.26, the tangential stiffness Etan, 1 = 5o/ 0£ 1 is shown for the first 

four loading-curves of specimen 981-3, both obtained from surface measurement 

and loading platen measurement. The tangential modulus is plotted against the 

r;najor compressive strain £ l' 

The initial stiffness (lst loading curve) is slightly higher for the values obtained 

by surface measurement. The second loading curve shows an increasing stiffness, 

which is at about the same level for both surface and loading-platen measure

ment. 

40 

20 

10 

-!J 

I 
Etan,1 (loa.cycles) 
[kN/mm2] 

cycle no. 
2. 

-1 -2 -3 

specimen 9B1-3 
stress-ratio -1/-0.05/0 para. 

----surface measurement 

--loa. pl. measurement 

-4 -5 -6 
strain £1 [%o] 

Fig. 5.26. Tangential modulus for loading curves (no. 1-4), specimen 981-3 

( o1/ azt o3 = -1/-0.05/0, C, parallel). 

The increasing stiffness after the first loading cycle must be attributed to an 

initial compaction or consolidation within the specimen. Similar effects have 

been observed by others in uni- and biaxial cyclic compression tests on mortar 

and concrete too /99,23/. 
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Fig. 5.27.a-b Unloading (fig. a) and reloading (fig. b) stiffness for subsequent 

cycles, specimen 882-4 (o/oz!o 3 = -1/-0.33/-0.05). 

The following loading curves show a decreasing· maximum tangential modulus. 

From fig. 5.26 it is obvious that the maximum stiffness is approximately equal 
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for surface and overall deformation measurement. The 'strain-history' before 

reaching the maximum value of Et 1 is however very different and the strainan, 
value for which Et 1 is reached is higher in case of loading platen an, ,max 
measurement. 

The loading and unloading stiffness of the 'specimen-machine' system is deter

mined for all cyclic experiments that fail in the triaxial compressive region. In 

figure 5.27 a typical example is shown (specimen 882-4, 0/ Oz' o
3 

= -1/-0.33/-

0.05, C, parallel). 

In the upper graph, a plot of the loading modulus against the major compressive 

principal strain £ 1 is shown. An increase of approximately 30% of Etan,1 with 

respect to the first loading stiffness is measured in the second cycle. In the 

subsequent cycles a further decrease of stiffness (that is maximum stiffness for 

~ach load cycle) is observed. A fast decrease is observed after the second cycle, 

and again when the stress-strain curve (a 
1 

- £ 1) describes a descending branch. 
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Fig. 5.28. Bounding curves for tangential stiffness (specimens 882-4 and BA1-3, 

O/oz!o3 = -1/-0.33/-0.05). 

The stiffness reduction is considerable less than was expected from a monotoni

cally loaded specimen. The effect is demonstrated in fig. 5.28, where the 

maximum stiffness of each load cycle is gathered in an upper envelope stiffness 

curve, and also the monotonic bounding curve is shown. The monotonic curve is 

calculated from the envelope stress-strain curve o
1 

- £
1

. 
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The tangential modulus becomes eventually negative (in the descending branch of 

the stress-strain curve) when the monotonic curve is considered. Yet the cyclic 

'maximum-stiffness' bounding curve indicates that the stiffness decrease is con

siderably less and in fact never becomes negative. In the peak cycle, i.e. the 

loading cycle preceding to the peak stress o1, a stiffness decrease of 30% is 

observed with respect to the maximum stiffness measured in cycle 2. At test

termination, the maximum tangential stiffness is approximately 50% of the 

stiffness measured in the peak-cycle. At termination, the residual stress-level is 

just being reached, and if the similarities with uniaxial compression tests exists, 

a further, but now more slow decrease of stiffness may be expected. 

The family of 'loading-stiffness' curves, shown in fig. 5.27, shows an increase of 

strain-range before the maximum stiffness is reached. The difference becomes 

very clear from comparison of the pre-peak and post-peak cycles. The long run 

before maximum Et 1(1 ) in the post-peak range suggest that 'contact-an, oa. 
effects' within the specimen become more important. In view of the reported 

failure (rupture) modes in section 5.2.4. this is no surprise. 

The upper and lower tangential stiffness bounds are shown in appendix A5, fig. 

A5.35- A5.40 for all triaxial cyclic compressive experiments. Additionally in fig. 

A5.41 the stiffness results obtained from five uniaxial compressive experiments 

(282-2 through 282-6) are given. These latter tests were used in a micro-crack 

study by means of the fluorescenting technique, and were in fact subjected to 

cyclic loading sequence to the envelope stress-strain curve ( o 1 - E: 1 curves, see 

fig . Al. 7). 

Unloading in the uniaxial experiments was done to a lower stress-level o1 = 

-5N/mm 2, and not to zero-stress as was 'done in the triaxial experiments. This 

means that the increasing contact effect at low stress-levels in the subsequent 

reloading curves is almost entirely eliminated. While in general the maximum 

stiffness was reached at higher stress-levels, as shown in figure 5.29 for 

specimen 8A2-4 (plane strain, o3 = 0.05 o 1), comparison of the uni-and triaxial 

results is allowed. 

Spooner et.a!. /148/ demonstrated that the initial modulus of elasticity is a 

sensitive measure for damage accumulation in concrete under uniaxial compres

sion. Similar results were recently also reported for mortar by Maher & Darwin 

/99/. Yet the term 'damage' remains vague, and mostly all kinds of effects are 

included (cracking, frictional effects, voids (pores), etc.). In the uniaxial experi

ments by Spooner and Maher, the initial tangential or secans modulus at a 
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Fig. 5.29. Tangential stiffness decrease for constant levels of major 

compressive stress for specimen 8A2-4 (loading curves). 

constant (low) stress level (about 5 N/mm2) was determined for the subsequent 

reloading cycles and plotted against the compressive axial strain. However it is 

not sufficient to define damage at one stress-level, and a more complete 

description of the acting mechanism is necessary. The upper tangential stiffness 

envelope suggests that the 'true-stiffness' of the material (whatever that is) is 

considerably higher. 

- mechanism of unloading and reloading -

It was mentioned before that the decreasing stiffness of the subsequent loading 

cycles, and the increasing run in the reloading curves (at higher deformation 

levels) before arriving at the maximum attainable tangential stiffness (fig. 5 •. 27) 

in the concerning load-cycle, is the result of increased "contact-effects" within 

the specimen. In fig. 5.30 an attempt is made to clarify the governing 

phenomena. 

In case of a planar rupture mode (pronounced shear- band), the influence of the 

intermediate compressive direction on sliding mechanisms is negligible. Large 

deformations occur in the plane formed by the major and minor compressive 
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stress. In the post-peak region the behaviour of the localised deformation zones 

is important (see section 5.2.4). Upon loading, starting from point A (macros

copic stress-free state), the total contact area capable for the transfer of 

compressive forces, will grow under increasing compressive displacement. The 

maximum possible contact-area at a certain level of "shear-band development" 

will be dependent on the amount of tensile deformation in the minor compressive 

direction (i.e. the shear-band width). 

The areas that are in first contact will suffer from large stress-concentrations, 

which can eventually lead to further damage. Due to increasing deformation a 

further extension of the contact area will 'result. 

Also important is the frictional effect acting at the contact surface. Once the 

frictional restraint in the contact areas is surpassed, a further sliding in the 

"shear-band" will occur, resulting in an increasing tensile deformation perpen

dicular to the compressive direction. Progressive damage (micro-cracking and 

local crushing near the contact areas) and frictional effects become significant 

when the inflection point in the reloading curve is reached (point B) 

Spooner et.al. showed that in uniaxial compression further damage occurs to a 

specimen when the maximum obtained strain-level E 1 in the previous unloading 

cycle is exceeded upon reloading. The conclusion was drawn based on accoustic 

emission measurements /148/. 

On the other hand, the uniaxial cyclic experiments on mortar by Maher & Darwin 

/99/, with load-cycles between fixed stress-levels also showed further d~mage 
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accumulation depending on the total number of cycles. Unfortunately these 

experiments and others /12,23,24,145/ do not show the implications of load 

cycling on lateral displacements. 

In the triaxial cyclic experiments it was observed that the deformation in the 

minor compressive direction (£3) in a reloading cycle exceeded the previous 

obtained maximum unloading strain (£
3 1 

at the envelope stress-strain curve , un. 
o
1 

- £ 3) of the preceeding load cycle, before the 'common point' /145/ was 

exceeded in the major compressive direction o1 - £ 1" The effect can be -observed 

from the strain-path curves £
1 

- £
3 

in fig. A5.14 through A5.27 (figures d), but 

also from comparison of the level of o 1 at the common-points both for the o 1 -

£ 1 and o 
1 

- £ 
3 

curves. If a simultaneous increase of £ 1 and £ 3 would occur, then 

the reloading curve (£1 -£3) should cross the previous unloading branch exactly 

at the envelope curve £
1 

- e:
3

• Sliding in the shear-bands, causing increasing 

deformation e:3 occurs before e: 1 1 is exceeded, the limit that is con-,max,un 
sidered as descisive for further damage accumulation in uniaxial experiments 

/148/. The effect is observed in all triaxial cyclic experiments and becomes more 

pronounced at higher confinement levels. 

A proper hypothesis may be that before the inflection point in the reloading 

curve ( o1 - £ 1) is reached, the effects of increasing contact area are dominant, 

beyond the inflection point further damage accumulation occurs primarily by 

sliding (causing increasing lateral deformations £ 3) and eventually also by 

further micro-crack propagation and local crushing (causing a decreasing stiff

ness Et 
1 

of the material). The contact area capable for compressive load-an, 
transfer in the shear-bands increases until the inflection point of the reloading 

curve is reached, providing for an increasing stiffness in the major compressive 

direction. Beyond the inflection point the total contact area will decrease due to 

sliding, thus allowing for further weakening of the material near the contact 

surfaces. The stiffness of the material decreases again. Finally under increasing 

axial deformation a new "failure-point" at the envelope stress-strain curve ( o 1 -

£ 1) is reached. 

Upon unloading a sudden stress-drop is observed in the major compressive 

direction ( o1 - £ 1 curve, see fig. 5.30). The rate of stress-decrease slows down, 

probably when the total compressive contact area in the shear band decreases 

and thus also the elastic energy-recovery. The stiffness Et 1 measured just an, 
after unloading exceeds the initial 'elastic' tangential modulus considerably (see 

fig. 5.27). 
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A large part of the total applied strain e:
1 

is non-recoverable due to frictional 

effects in the shear bands. The non-recoverable strain increases when the total 

applied strain increases. In the minor compressive direction (e: 3) which is 

considerably influenced by the shear band, an almost total non-recoverable strain 

is observed (see fig. A5.14 through A5.27, o1 - e: 3 curves). 

Only when the residual stress-level ( o 
1

) is reached, the hysteresis loops in the o 
1 

- e:
3 

curves becomes flatter and the unloading strain decreases. This may also be 

due to irregularities in the load-application. As was mentioned in chapter 3, the 

setting of the pre-loadings at test-initiation can give rise to deviations of about 

5% with respect to the required value. A small remaining stress o3 at unloading 

may have this 'push-back' effect of the relatively intact blocks between the 

shear bands (fig. 5.18), in the shear-bands. The effects will be more pronounced 

when the shear-band is in a more developed stage (see also chapter 7). 

The above discussion is limited for the case of a fully developed shear-band. The 

continuous decrease of tangential stiffness and other related aspects suggests 

that similar phenomena are acting at a smaller (size) level in the pre-peak 

region. 

Sliding in micro-fissures and/or the behaviour of 'tensile crack arrays' /152/ may 

be responsible for the macroscopic cyclic pre-peak stress-strain behaviour (see 

fig. 5.31). 

micro -cracks 
closed 
(unloading) 

i 
I 

.' future shear
/ band 

Fig. 5.31. Sliding in 'tensile crack arrays'. 

micro-cracks 
open (reloading) 

A similar mechanism was proposed by Reinhardt and Cornelissen /129/ for 

uniaxial tensile cyclic loading. These aspects should be given more attention in 

future investigations. 



- dilatancy in cyclic experiments -

In section 5.2.4 plots of volumetric strain Ev against major compressive strain £ 1 
were shown for all monotonic and cyclic experiments. As no appreciable 

difference between monotonic curves and cyclic envelope curves was detected 

this comparison was considered admissible. In the concerning figures 5.20 and 

A5.34 -A5.36, only the envelope curve was shown in the case of a cyclic 

experiment. In fig. 5.32 the complete Ev - £ 1 curves are shown for two cyclic 

constant stress-ratio experiments. Fig. 5.32.a shows the volumetric strain curve 

for specimen 882-4 (o/o
2
;o3 = -1/-0.33/-0.05, C, parallel), figure 5.32.b shows 

the Ev - £ 1 curve for specimen 981-5 (o/oz!o3 = -1/-0.33/-0.10, C, perpendi

cular). 

Both specimens were loaded until the residual stress-level in the o1 - E 1 curve 

was reached (see fig. A5.16 and A5.19). Samples loaded following these stress

paths have a nearly zero intermediate strain as can be seen from the stress

strain curves in the appendix, so an estimate for the volumetric strain is given by 

Ev = £1 + £3. 
The loading-unloading loops in fig. 5.32 have an average inclination of 45 degrees 

with the £ 1-axis, indicating a total non-recoverable deformation in the minor 

compressive direction (£ 1 3 = E 1 d" 
3
). enve ope, un oa mg, 

The implication is that a rather large part of the volumetric strain in non-

recoverable and upon unloading an increase of volume is observed for the load 

cycles just preceding the peak-cycle and all load-cycles beyond peak-stress ( o 1). 

The graphs demonstrate differently that the behaviour of the localised shear 

bands in the plane formed through the major and minor compressive directions is 

guarding the complete degradation process of the material. On the other hand, 

the curves suggest that a continuous description of the behaviour possible. 

5.3. Final remarks. 

The triaxial experiments, that were described in detail in the previous sections 

(5.1 and 5.2), all showed localised rupture. In the tension-biaxial compression 

region, a single tensile crack appeared, similar as in uniaxial tension. In the 

triaxial compressive region, two different rupture modes were observed. The 

planar mode, characterised by one large tensile deformation, showed localised 

shear planes in the plane formed by the major and minor compressive stress 

components. This type of rupture is observed for rock subjected to triaxial 

compressive states of stress as well (see for example /16,17 /), and the similari

ties in behaviour for the different materials is evident. 
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For the stress-states near the compressive meridian, a multitude of short 

inclined fracture planes was observed. Two large tensile deformations allow for 

development o'f fracture planes both in the o1 - o 2 and o1 - o3 planes. This type 

of rupture was referred to as cylindrical mode. 

This last mentioned rupture mode seems not very 'localised' (see fig. 5.13). The 

cylindrical mode also is observed in uniaxial compression, and the results 

presented in section 4.4 indicate that failure is localised. A constant fracture 

energy requirement was measured for prisms with varying height, loaded in 

uniaxial compression. 

Differences in rupture for varying states of stress can be shown in terms of 

'energy-requirement'. For all triaxial experiments, the energy-requirement was 

calculated separately for the three principal directions. The amount of energy at 

'peak' w. (i = 1, 2, 3) was calculated from the governing P. - l:ll. diagrams. A 
1 1 1 

concrete volume equal to the specimen-volume was considered. In fig. 5.33. a-b, 

the energy at peak is shown for all experiments at the lower confinement level 

(o 3 = 0.05 ol' see table 5.4). 

The separate energy-components W. (i = 1, 2, 3) are plotted for the different 
1 

ratios a. = a 2/o 1 that were investigated. Both the results of stress and 

deformation experiments are indicated. 

In fig. 5.33.a, the peak energy-requirement W1 in the major compressive 

direction is shown, in fig. 5.33.b, the values of W2 and W3 in the intermediate 

and minor stressed directions are shown. 

An increasing energy-requirement W1 was measured when the o2Jo
1
-ratio 

changes from tension-compression to biaxial compression (respectively a <0 and 

Ct. = 1). Very clear from this figure is the influence of initial anisotropy, leading 

to higher values of W1 when loading is applied parallel rather than perpendicular. 

Note that W1 always is positive. 

The energy-component W3 in the minor compressive direction is always negative, 

and decreases for increasing a. The negative values for W3 are simply the result 

of tensile deformations in the minor compressive direction in a triaxial compres

sion experiment. 

In the intermediate direction, W2 is almost equal to W3 when 0 < a< 0.10. When 

a. increases, W2 changes eventually of polarity and becomes positive. W2 = 0 

when a plane strain is carried out. In section 5.2.4 the plane strain tests were 

considered as a transition from cylindrical to planar rupture. 
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Now define negative energies as passive components, and positive energies as 

active. When two active components are present , failure is along the planar 

mode. In the case of two passive components, the cylindrical mode will be 

observed. In principle this reasoning can be extrapolated for different loading 

combinations. 

Palaniswamy and Shah /119/ reported a change of failure modes in triaxial 

compression tests ( o1 < o 
2 

= o 
3
) when the lateral confinement increases. 

Probably the W2 -a. diagram can be extrapolated. In a triaxial compression test 

W2 = W3. Thus eventually (when the same values are also valid at high 

confinement levels) if o
2 

= o
3 

> 0.33 o 
1 

a different rupture mode can be 

expected. 

The diagrams should be extended for the mtssmg values a.= o 2/o 1" In the 

tension-compression regions also a transition stage is expected (compare with 

the results by Isenberg /78/for tension-compression tests). Furthermore, stress

combinations along the tensile meridian should be investigated ( o1 = o 2 < o 3). As 

can be seen from fig. 5.8, two preliminary equi-biaxial experiments at different 

confinement level were carried out. Both specimens showed a rather instable 

post-peak behaviour. The specimen loaded in biaxial compression o
1

/o 
2 

= 1, o 
3 

= 
O, showed an explosive failure after a short excursion in the descending branch. 

Also the gradient of the softening branch increased when compared with other 

triaxial compression tests, failing according the planar mode. 

Loading combinations along the tensile meridian can be investigated with triaxial 

cylinder tests. Yet available experimental results are mainly in the crushing 

regime, i.e. along the compressive meridian (see Lowe /98/). Yet in view of the 

highly instable behaviour at failure combinations along the tensile meridian are 

possibly more important and critical. 
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6. SOME ASPECTS OF CONSTITUTIVE MODELLING 

The type of experiments that were described in detail in chapter 4 and 5, are 

normally used for purposes of constitutive modelling. During the last decade 

many models ranging from rather simple plasticity (see for example in /30/) to 

complicated continuous damage models /48,90/ have been introduced, mainly for 

application in non-linear finite element programs. It is without doubt that the 

introduction of numerical methods in engineering has had an enormous impact on 

the development of these material models. 

The numerical programs are able of a three dimensional analysis of complicated 

structures, taking into account non-linear material laws. Yet the increased 

activity in the field of constitutive modelling has hardly added to a more basic 

understanding of material behaviour. Problems such as 'shear' failure are still 

open questions. Also conditions at rupture, and crack initiation processes are 

hardly understood. 

Many models have been proposed based on resemblance at the macroscopic level 

with other materials. For example, plasticity models have been proposed for 

concrete, while under increasing confinement concrete displays an increasing 

ductility, and in the pre-peak region the unloading slope is roughly equal to the 

initial slope of the stress-strain diagram (see fig. A5.37 through A5.40). For low 

confinement levels this is certainly not true, and the analogy .stops. Furthermore, 

it is not possible to model strain-softening. 

At this point Freudenthal /50/ may be quoted: "Most of our knowledge concern

ing the mechanical behaviour of engineering materials is derived from phe

nomenological (large scale) observations, and frequently, an empirical inter

pretation of a large volume of partially coordinated observed facts. The 

shortcomings of this approach become more and more evident as the materials 

increase in complexity, as the conditions of service under which the materials 

will perform become more diversified, and, finally, as the number of "laws" that 

must be deviced to express the interrelation between the relevant variables 

necessary increases. In general such "laws" are valid only within i:he range of the 

observations that serve as a basis for their derivation". Freudenthal continues 

"Hence, the volume of experimental work required to provide the empirical 

"laws" needed to solve the increasingly complex problems of engineering design 

is becoming especially unwieldy". 

As was mentioned in section 2.1, the average stress and strain and the non

linearity observed at the macroscopic level will be largely influenced by 
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processes acting at a lower size level. The large scale behaviour becomes 

predictable, at least qualitatively from knowledge of the internal structure of 

the material. 

The highly heterogeneous structure of concrete makes an analysis along these 

lines certainly difficult, and considerable simplifications will be necessary. 

In the following sections some attention will be given to the requirements for a 

smeared micro mechanics approach. It must be emphasized that only some first 

thoughts are discussed, and still a lot of work has to be done. When this 

investigation was initiated, it was assumed that a continuum description would 

be possible. 

Now in view of the localised rupture modes presented in section 4.4 and 5.2.4, it 

is also important to decide if a continuum theory is appropriate for modelling the 

discrete behaviour beyond peak. This fact .will also be included in the discussion. 

No attempt is made to give a complete review of previously developed 

constitutive models for concrete. Throughout the entire investigation develop

ments in this field were followed with great interest. Several comprehensive 

surveys are available in literature (for example Chen and Saleeb /29/). 

6.1. Structural changes in concrete subjected to external mechanical loading. 

At the sub-macroscopic level (see section 2.1), concrete displays a complex 

heterogeneous structure consisting of several types of inclusions embedded in a 

more or less homogeneous cement-matrix. Two types of inclusions are distin

guished: first the larger aggregate particles (for example those particles larger 

than 1 mm), and secondly larger air voids or pores (for which of course the same 

size limit should apply as for the aggregate particles). The definition of a size 

limit is rather arbitrary, while in general a continuous particle size distribution 

is used. It may also depend on the phenomena that are described. For example, 

in the aggregate interlock theory by Walraven /162/, a size limit was defined at 

0.25 mm. 

Hsu et.al./71/, Stroeven /152/ and others demonstrated that micro-cracks are 

present in the concrete structure before any external load is applied. The micro

cracks are the result of shrinkage, differential temperatures and segregation 

during the hardening process of the concrete. In fig. 4.6 and 4. 7 it was 

demonstrated that the direction of loading with regard to the direction of 

casting has a considerable influence on the uniaxial compressive stress-strain 

curve. The effect was also systematically detected in the multiaxial experiments 
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(see fig. 5.22). It seems that the micro-cracks, but probably also weaker matrix 

material zones develop preferential under the larger aggregate particles. The 

concrete structure displays clearly initial anisotropy and differences in micro

structure were recognized from the crack detection experiments of series 282 

(see also section 4.2). Some of the results of these tests will be shown in the next 

section. 

Now consider a specimen in uniaxial compression. The specimen is a material 

body from a spatial limited shape and is fully defined by geometrical and 

material properties. 

When it is assumed that no structural changes occur at small stress-levels, the 

specimen will have an initial stiffness (Et 1 0), which is fully determined by an, , 
the mechanical properties of the constituents. In figure 6.1 the material body 

consisting of a matrix material with randomly dispersed inclusions ~ i is shown 

schematicly. 

If the mechanical properties of the inclusions are known (in terms of the shear 

modulus ~i and bulk modulus Ki)' and the volume fractions of the constituents 

are known too, the mechanical properties of the composite material may be 

estimated. Several theoretical approximations are available and a number of 

these models were gathered by Mura ( /110/, page 364). 

Fig. 6.1. Composite material containing inhomogeneities ~1, ~ 2 ••• ( ~ = 
shear modulus, K = bulk-modulus). 

For concrete with a defined aggregate phase, the measured elastic modulus was 

compared with theoretical values obtained with the Hashin and Shtrikman model 

(see /110/, p. 375). The comparison was carried out by Stroeven /152/, and the 

experimental data coincided reasonably well with the theoretical results. 

173 



Yet for a 'normal' concrete, it is rather difficult to obtain the elastic properties 

(IJ., K) of the aggregate phase. Several multiphase models were presented also by 

Hansen /60/. 

When the external applied loading increases, the micro-cracks in the concrete 

structure will start propagating. Interaction between large aggregate particles 

(see fig. 2.3), results in high tensile stress concentrations at the aggregate

cement matrix interface. The occurrence of these tensile stresses was shown by 

Buyukozturk et.al. /25/, by means of a finite element analysis of a biaxial loaded 

plate containing large rigid disks. From the analysis, and also from a model test 

it was shown that crack propagation initiates from the aggregate cement matrix 

interface. Bond-cracking was observed earlier by Hsu et.al. /71/, among others. 

In the past many studies have been undertaken in order to investigate the nature 

of the cement aggregate bond, which was considered responsible for concrete 

failure (see for example papers by Alexander et.al. /2/, and Taylor & Broms 

/158/). 

An analytical solution for the problem of a partially debonded rigid disk 

embedded in an infinite matrix with different properties was given by Perlman & 

Sih /121/. An example was worked for the case of uniaxial tension at infinity. 

Adopting the general solution by Perlman & Sih, Stroeven /152/ carried out an 

analysis for uniaxial compression. Calculations were performed for symmetric 

and non-symmetric loading applicatio[l with regard to the crack position. It was 

concluded that in case of non-symmetric loading, the crack is forced to grow 

along the particle - matrix interface until symmetry is re-established. A 

symmetrically situated small crack did not influence the stress situation around 

the inclusion when compared to a completely bonded disk. (that is apart from the 

area close to the crack-tip). No attention was given to crack-closure, although 

this is likely to occur for certain crack positions (with regard to the direction of 

loading). 

- isolated micro-cracking -

It will be obvious that due to aggregate interaction, and the presence of micro

cracks at the aggregate matrix interface the rate of crack extension will be 

influenced. 

In the initial stage (up to stress levels o < 0.3 ·a ), the size d of the isolated 
p c 

micro-cracks is small when compared with the specimen dimension d : s 

d /d « 1 c s 
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The crack is considered as a lineal feature in a plane. In this stage of loading 

only a very small increase of d will occur, and the energy released due to the c 
formation of new crack area is small when compared with the total energy 

requirement of the specimen. The energy release will influence the macroscopic 

stiffness of the material. In the initial stage of the macroscopic stress-strain 

curve a slight curvature is measured, however it may be neglected, and the 

material is assumed to behave linear elastic. 

In the (small sized) micro-crack stage the material can undoubtetly be con

sidered as a continuum. 

It should be mentioned that in acoustic emission measurements by Spooner and 

Dougill /148/ a significant acoustic emission was detected in the initial part of 

the stress-strain curve. It was concluded that significant damage occurs at test 

initiation. However it is not clear what will be the nature of the damage. The 

initial emission may be the result of the consolidation of the material during 

first loading, leading to a significant higher stiffness (see plots of Et 1 against an, 
axial strain E 1 of triaxial cyclic experiments in section 5.2.6, fig. 5.28). Probably 

the initial acoustic emission can not be associated with crack-extension. 

When the applied external load increases, further crack extension will occur. The 

process of crack propagation is still a stable process at these moderate loading 

levels. Several types of crack arrest mechanisms appear as a result of the 

heterogeneity of the concrete. For example a crack approaching a tough 

aggregate particle will be arrested while the amount of energy required for 

fracturing the aggregate or for crack extension by rounding the interface of the 

inclusion will in general be larger. Several crack arrest mechanisms were 

indicated by Shah and McGarry /144/, and lately by Zielinski /171 /. 

Not necessarily those micro-cracks for which extension was observed in the 

initial loading stage will propagate under further increasing external load. In fact 

the conditions at the micro-crack tips of those cracks which showed initial 

growth are relieved by means of a crack arrest mechanism, and by increasing the 

overall stress, other potential (formerly relatively stronger) fracture zones may 

start propagating. 

It was indicated by GIGcklich /53/, that the energy-requirement curve for a 

crack in concrete, either in a uniaxial tensile or compressive stress field is a 

curve with an increasing slope (see fig. 6.2 for tensile loading). 

G!Ocklich discussed the application of linear elastic fracture mechanics to 

concrete. For a perfectly brittle material the energy requirement is given by 

W = 2 ay ··~··(6.2), 
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in which a is the semi-major axis of an elliptical crack loaded in uniaxial tension 

(fig. 6.2, opening mode), and y is the surface energy of the material (which is 

assumed to be homogeneous). 

crack length a 

critical 
crack length 

Fig.6.2. Forced growth of a crack in tension, after GHicklich /53/. 

The Griffith criterion for fracture states /20/: crack growth can occur if the 

energy required to form an additional crack of size da can just be delivered by 

the system. 

For a plate of unit thickness, containing an elliptical crack with length 2a, the 

condition for crack growth becomes 

d (U - F + W) I da = 0 ••••• (6.3.a), 

or 

d (F - U) I da = dW /da •.... (6.3.b), 

where U is the elastic strain energy contained in the plate, F is the work done by 

the external force and W is the energy for .crack formation. In eq. 6.3.b, d (F -U) 

/da = G, the "energy release rate" or "crack extension force", which is equal to 

G =n:ai IE ••.•• (6.4), 

where E is the Young's modulus of the surrounding material. 

By solving eq. 6.3.b, it follows after substitution of eq. 6.2, that the critical 

stress for crack propagation is equal to 

oc = J 2Ey /n:a ••••• (6.5), 
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which is the original Griffith criterion. In case of crack-tip blunting, i.e. when 

energy is consumed due to plastic deformations at the crack tip, the surface 

energy y should be replaced by I= y + y p' where y p represents the amount 

of energy consumed in plastic processes. 

The stresses at the crack tip in plane stress conditions (see fig. 6.3) may be 

written in the generalised form 

•.•.. (6.6), 

where KI is known as the stress intensity factor for mode I cracks (tensile 

opening). The whole stress field at the crack tip is known when the stress 

intensity factor.KI is known. 

a 
I I I I I I I I I t 

y 

2a 

I I I I I I I I I I 
a 

Fig.6.3. Crack in an infinite plate. 

For the explicit form of the functions f .. ( .:1) is referred to Broek /20/. Crack 
lJ 

extension will occur when stresses and strains at the crack tip reach a critical 

value. Thus fracture occurs when KI reaches a critical value Kic: 

••••• (6. 7). 

This criterion is equivalent to the energy criterium, since it follows from eqs. 

(6.4) and (6. 7) that 

2 
K Ic / E = Gic ••••• (6.8). 
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For a heterogeneous material such as concrete, the surface energy is not a 

constant value, but it takes a different value for each of the constituent 

materials. It was indicated by GIOcklich /53/, that with increasing size of the 

crack, the size of the highly stressed zone in front of the crack tip would 

increase too. This is evident from eq. (6.6). 

The cracking process for a material such as concrete is not only limited to the 

crack tip, but it includes the entire highly stressed zone too, which implies that 

the amount of energy required for further crack extension, increases with 

increasing crack size (process zone concept, see also section 2.3). Also the crack 

arrest mechanisms that were indicated before, are responsible for the increasing 

energy requirement of concrete. 

Now return to figure 6.2. An initial crack of length a
0 

will initiate under stress 

o
0

, but will be arrested at a1 as a result of the increasing energy demand. When 

the slope of the energy requirement curve dW /da ceases to increase, no further 
r 

increase of stress is needed, and the crack will grow spontaneously. 

An inclined elliptical crack in a compressive stress field will have tensile 

stresses near the crack tip, provided that the crack has a certain width. This 

becomes clear from a simple linear elastic analysis of the stresses o 11 ( ~ = 

~0 )' acting at the boundary of an elliptical hole in an (isotropic homogeneous) 

plate, loaded at infinity ( 1], ~ elliptical coordinates, solution taken from 

Timoshenko and Goodier /159/, p. 192). 

In figure 6.4 the stresses at the edge of the hole (that is o 1] ( ~ = ~ 
0 

)' o ~ = 0 

along the edge) are plotted for an elliptical void with aspect ratio n = a/b = 100 

loaded in plane stress (o2 =a. o 1). The loading direction o1 is 30 degrees inclined 

to the major ellips axis as indicated in the inset of figure 6.4. 

The dimensionless value o 1] ( ~ = ~ 0 ) I o 1 is plotted against the coordinate 11 (0 

< 1] < 180 deg., symmetric with regard to the major ellips axis) for three 

values of a.(respectively a.= 0 (uniaxial compression), a.= 0.5 and a.= 10). 

In case of a.= 10, the dimensionless stress is with respect to o
2

, which is the 

major loading component for values a.> l. 

As expected, high tensile (negative values of o11 ( ~ = ~ 0 ) I o 1) and compressive 

stresses are found near the 'crack tips'. In the case of uniaxial compression, the 

largest tensile stress-concentrations are observed near 11 =0 deg. For each 

loading combination o2 = a. o 1, with a.< 1, the tensile stress concentration was 

found at the same side of the crack-tip. For increasing values of a., a.> 1, the 

maximum tensile stress switches to the other side of the crack-tip. 

178 



011 lg; g,l 
10 a, 
60 r compressivo 

stress 

50 

40 

'Kl 

20 

10 

JO 

-10 

-20 Q. :z 0 (uniaxial compression I 

-'Kl 

-40 I tensilt 
stress 

-so 

60 

n • a/b • 100 
P· 30 dtg. 

r 
' ) 

;I 
/ j 

/ ' 

120 - - --150-·-- ~. )180 

' ·.J lJ (degr .. s) --

Fig.6.4. Dimensionless stress a 
11 

( ~ =~o ) I a 1, along the edge of an elliptical 

hole in a homogeneous isotropic material, loaded at infinity in plane stress. 

It is noted that with increasing values of o2, the tensile stress peak at the crack

tip is blunted. A higher external load is needed for crack extension. The tensile 

peak stress in the case of uniaxial compression (a. =D), reaches its maximum when 

0 JO 60 

lJ•90'1 
lfor p •7'1 

I 
11/ 

I 

i 
j 

p Jdeg.) 

90 

lJ )deg.) 

Fig.6.5. Maximum tensile stress at the edge of an elliptical hole, loaded by a 

remote compressive stress for several orientations. 
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the major ellipse axis has an orientation of approximately 13= 30 deg. to the 

direction of the compressive loading. This is indicated in figure 6.5, in which the 

maximum value (ol]( ~ = ~ 0 ) lo1 is plotted for each value of pCo ~ 13 ~ 90 deg.). 

The value of l](the coordinate along the edge of the elliptical hole) is indicated 

by means of the dash-dotted line in fig. 6.5, for which the maximum tensile 

stress is obtained for a given orientation p. When p approaches 13= 90 deg., the 

maximum tensile stress is located at the centre of the major ellipse axis, 

provided that the crack is not closed. 

Similar values for critical crack orientation in a compressive stress f ield were 

reported by G!Gcklich /53/. 

A strain energy density criterion was proposed by Sih /821. The criterion states 

that crack growth takes place in the direction of the minimum strain energy 

density. The strain energy dW per unit volume dV is calculated from the three 

stress intensity factors for the three basic crack modes (KI, Kn and KIII' 

respectively opening, sliding and tearing mode). The strain energy density can be 

expressed as 

dW I dV =SIr ..... (6.9), 

where S is the strain energy density factor determined by the stress intensity 

factors and some geometrical and material constants (e.g. see Kassir & Sih 182/). 

The coordinate r determines the distance from the volume element dV to the 

crack-tip. The factor S is only determined for values of r ~ 0. 

Fracture takes place in the direction of minimum S, and the angle .{1 for which 

this occurs may be calculated 

dS I d \> = o and d2S I d .{1 
2 

> o ..... (6.10). 

The strain energy density method may be used for analysing mi xed mode 

problems (i.e. combinations of crack modes). 

In 1821, an example is given for the application of the S-criterion for crack 

initiation under compression. In figure 6.6 values of the critical compressive 

stress o~ for three different crack shapes are indicated qualitatively. The 

magnitude o~ for crack initiation is at a minimum when p, the angle of load 

application is approximately 40 deg., and is nearly independent of the crack 

shape. For small and large angles of 13, the magnitude of o~ increases fast. 
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a· c 

elliptical crack 

through crack 

Fig.6.6. Critical compressive stress for fracture initiation versus ~, after 

Kassir & Sih /82/. 

The critical orientation of a crack in a compressive stress field is thus 

approximately similar when either the stress criterion or the strain energy 

density criterion is applied. 

Propagation of an inclined crack in a compressive stress field, occurs by crack 

branching in a direction parallel to the compressive stress as indicated in figure 

6. 7 (see for example Ingraffea /76/, Gllicklich /53/, Paul /120/). 

0 

II I I I I 

Fig.6. 7. Crack-branching, initiating from an inclined crack in uniaxial com

pression. 

For the crack in fig. 6. 7, the energy release rate was calculated by Gllicklich /53/. 
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The strain energy release is expressed by 

•.••• (6.11). 

This value is equal to the amount of energy contained within an ellipse whose 

major axis is parallel to the compressive direction (length 2a) and the other axis 

is 2b. (see fig. 6. 7). 

The strain energy release rate is given by 

d( t. W' ) I da = n: b o 2 I 2E e 
••••. (6.12), 

which is the driving force for crack extension in compression. It is noted that the 

driving force is independent of the crack length a, and thus it is quite probable 

that the crack is immobilized after branching. 

Thus as a result of the crack arresting mechanisms, and the branching, slow 

crack extension will occur at moderate stress levels (Jet's say o < 0.5 o k). c pea 
In compression many isolated micro-fracture planes will develop throughout the 

entire specimen volume, whereas in tension only one discrete crack will appear. 

The increased curvature in the pre-peak stress-strain curve in compression is, as 

Glucklich /53/ concludes, the result of many discrete growths. The stiffness

ratio between aggregate and matrix material will undoubtedly influence the 

extent of crack-arrest, and probably also the curvature of the stress-strain curve 

(see I 1 70/). 

The isolated fracture sites in the specimens can be considered as a spreaded 

energy dissipating mechanism, which is responsible for the deviation of the 

concrete stress-strain curve from linearity. In the initial loading stage, the 

fracture sites may be considered uniformly distributed (that is when the effects 

of initial anisotropy are neglected), and the material is modelled as a continuum. 

- combined cracks -

When size and number of isolated cracks increase, the probability of crack

joining, resulting in a sudden growth of crack length, will increase. If these 

crack-joining events appear more frequently, a larger deviation from the ideal 

material response is observed. Probably the energy dissipation at higher overall 

stress levels, should not only be attributed to the formation of new crack 

surface, while this will be rather limited when two isolated cracks join to form a 

combined crack (definition after Carasquillo et.al. /26/). 
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Also the greeat increase in size of the stress-relieved zones, leading to partial 

unloading is considered important. The crack joining mechanism is depicted in 

figure 6.8. The case of tensile loading is shown, but similar effects may also 

appear in a specimen subjected to compressive loading. 
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relieved 
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Fig.6.8. Increase of stress relieved zones due to joining of separate micro

cracks. 

Due to increasing overall stress, the number of crack-joining events will 

increase, and the average size of the micro-cracks will also grow. The dimen

sions of the cracks will however still remain smaller when compared to the 

specimen size: 

d < d c s 
.•... (6.13). 

As a result of the increased size of stress-relieved area, due to crack-joining 

(fig. 6.8), not all potential 'dissipation sites' will remain equally important. Small 

micro-cracks situated within the sphere of influence of combined cracks will be 

prevented from further extension. 

Additional growth will only occur at those areas where high stress-concentra

tions are present due to the interaction between combined cracks, as indicated in 

figure 6.9. 

Due to the branching effect, the majority of the combined cracks will be 

oriented parallel to the direction of loading (assume uniaxial compression). 

It will be obvious that a continuum description will become more and more 

discutable at this stage of material degradation. At these stress levels ( a - 0. 7 
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- 0.8 a lpeak)' the minimum volume is obtained (that is in uniaxial compression), 

which boundary is normally associated with the long term strength of concrete 

(see also section 2.2). 

If the overall stress is kept constant at this high level, failure will be 

unavoidable. Crack propagation is now unstable, and a complete and sudden loss 

of load carrying capacity will occur when no measures are taken to absorb the 

excess of energy release. 
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Fig.6.9. Development of preferential crack-propagation sites, due to in

creased size of stress-relieved zones. 

- macro cracking -

Upon further increasing overall stress, the combined cracks will join to form 

continuous macro-cracks. Again a sudden crack length jump occurs, accompanied 

by a further extension of the stress relieved zones. When the specimen is under 

'stress-control', a sudden loss of load carrying capacity is observed. The energy

requirement curve has reached its maximum slope, see fig. 6.10. 

Only if certain boundary conditions are fulfilled, the structure, which contains 

now large macro-cracks, will remain stable. In the experiments that were 

described in chapter 4 and 5, stable crack growth was obtained by adopting an 

appropriate deformation control in combination with a stiff loading frame. 
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The second joining mechanism, leading to the formation of large macro-cracks, 

gives rise to a further increase of energy release, resulting in a gradual loss of 

load carrying capacity. The enormous amount of energy released in the stress

strain curve descending branch must be taken by other elements in the complete 

loading system. 

The concrete specimen is gradually transformed into a structure consisting of 

several relatively intact blocks separated by increasingly weakening joints. 

In this stage of specimen degradation (i.e; in the stress-strain curve descending 

branch), the size of the fracture zones is of the same order of magnitude as the 

specimen dimensions: 
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Fig.6.10. Energy-requirement curve for stable crack growth in compression. 

From the triaxial results, the impression was obtained that the macro-'cracks 

develop through an array of parallel micro-cracks (see section 5.4.2). The 'shear

failure' thus observed seems only of secondary importance /152,54/. 

If the macro-cracks are fully developed, which may probably be assumed as soon 

as the residual stress level in the axial stress-strain curve is reached (that is the 

o1 -£1 curve, the direction decisive for fracture in case of a multiaxial 

experiment), the stiffness of the specimen is fully determined by the frictional 

characteristics of the "weak joint" between the more or less intact blocks (see 

sections 5.2.4 and 5.2.6). 
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The degradation process of the specimen is characteris'ed by the occurence of 

crack length jumps, influencing the stiffness of the total structure. As a result of 

the sudden increase of the crack length and related with this the growth of stress 

relieved zones, the fracture planes are very localised. It might be argued that 

the size of the fracture zones relative to the specimen size determines if a 

continuum description is possible or not. 

6.2. Characterisation of.damage 

It was indicated before (section 5.2.6 and 6.1), that a constitutive model should 

describe the internal structural changes of the material under consideration. It 

would be preferable to calculate the damage propagation from the applied 

displacement field (which is in general three dimensional) to which a specimen is 

subjected. 

It is noted that a material is subjected to displacements, rather than stresses, 

which are the computed (engineering) response of displacements. In fact this 

statement indicates that a 'strength criterion' for material failure is rejected. 

The tension-compression displacement ratio experiments (fig. 5.9) may indicate 

the importance of tensile displacement in fracture (see also /98/). An energy 

approach, combining both stress and strain, and which can provide in principle 

for a link with smaller size levels seems to be preferable. 

Before any loading is applied to the specimen, the behaviour is linear elastic, and 

stresses may be calculated using the generalised Hooke's law. 

a= s. E . .••. (6.15). 

The fourth-order tensor S of the elastic moduli can in principle be determined 

from the elastic properties of the constituent materials and their volume 

fractions (aggregate and matrix phase). 

As indicated in the previous section, structural changes occur when a displace

ment field is applied, and energy is released due to progressive micro-cracking. 

The energy release is normally associated with newly formed crack area, and the 

stiffness tensor is affected by the increasing crack density 

E • (Sll - S) • E = 2 /:;. W ••.•. (6.16), 

where S~ is the stiffness tensor of the material containing a certain amount of 

micro-cracks, and /:;.W is the total amount of released energy. 
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The most general description is obtained when !J.W is calculated from an applied 

displacement field, taking into account the present cracks and their propagation. 

Equation 6.16 indicates in fact the total deviation of the actual material from 

idealised material behaviour. The surface between the linear elastic stress-strain 

curve and the actual concrete stress-strain curve is the total energy release and 

demonstrates nicely the increasing size of the damage sites with regard to the 

specimen dimensions. 

While the damage evolution can not be deduced from an applied loading history, 

simply as a result of a lacking (micro-)propagation law, a phenomenological 

description of damage must be used. In the last years numerous efforts have been 

undertaken to investigate a possible application of fracture mechanics to 

concrete (see also the discussion in section 2.3 and 6.1). For macro-crack 

propagation in small sized structures, the linear elastic formulation cannot be 

used /63/, and a non-linear variant was developed /63,7/, which seems to give 

proper results for the structural size effect /11/. 

Yet it is by no means clear, if the non-linear formulation (taking into account 

the energy absorbed in a large process zone, containing micro-cracks, in front of 

the macro-crack tip, see section 2.3) may also be applied for micro-cracks. 

Until a 'micro-crack propagation' criterion is developed, taking into account the 

behaviour of isolated micro-cracks and the interactions and joining effects of 

separate micro-cracks, a phenomenological description of damage seems to be 

the only appropriate manner. 

- comments on previously developed models -

Recently several continuum damage models have been proposed for modelling 

the non-linear macroscopic concrete stress-strain behaviour in relation with 

underlying micro-crack processes. /97,100,101,48,90,157,40,41/. 

The aspect of both degradation of strength and stiffness was adopted by Dougill 

/40/and Dougill and Rida /41/ in a theory of progressively fracturing solids. The 

model material displayed the property of strain-softening. Underlying the 

progressively fracturing theory is an energy dissipation function J, which takes 

essentially the shape of the energy-requirement curve for stable crack propaga

tion in concrete as shown in figure 6.10. 

It was suggested by Dougill and Rida /41/ that the dissipation function J should 

be determined from the results of physical experiments, rather than by deducing 

J from theoretical considerations. In this context they referred to the results 
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obtained by Spooner et.al. /148,149/, that were indicated in section 2.2. Figure 

5.23 shows the energy requirement curves for triaxial loading, however these 

curves are not corrected for damping and recovery as was suggested by Spooner 

et.al. The triaxial cyclic experiments can be used for a break-down in energy

components (section 5.2.6). 

The progressively fracturing theory provides for elastic unloading and reloading 

as indicated in figure 6.11. 

a 

£ 

Fig.6.11. Progressively fracturing solid. 

Although this behaviour does not coincide with observed unloading - reloading 

characteristics of concrete (see section 5.2.6), the model provides for valuable 

insights in the material behaviour. A plastic fracturing variant was proposed by 

Bazant & Kim /6/ in order to accomodate this shortcoming. Using a linear 

relationship for J(E ), the stress-path response was calculated for biaxial strain 

ratio experiments as shown in fig.6.12. The predicted stress-path coincides 

qualitatively remarkably well with measured response, presented in figure A5.28 

through A5.33, 5.5 and 5.9 in this thesis. (Although these represent, a triaxial 

test, the deformation ratio was biaxial.) 

Deviations are observed in the compression - compression region. Whereas the 

experiments show a second peak stress in the second strained direction (i.e. £ 2, 

£ 1 I £ 2 = constant, see figure 5.5), this· is not predicted by the model, probably 

as a direct implication of the choice of a linear form of the energy dissipation 

function J( £ ). 

The energy dissipation function may be considered as a 'damage evolution law' of 

the material. The shape of this function (fig.6.10) is essentially similar to the 

damage laws that were proposed for use in the continuous damage models for 

tension (e.g. L6land /97/, Mazars /100,101/, see section 2.3, fig. 2.19). 
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Fig.6.12. Stress-paths for radial deformation paths, after Dougill and 

Rida 1411. 

The 'damage evolution law' reduces in fact to a scalar, representing the surface 

under the stress-strain curve in the direction decisive for fracture. Thus, 

Eo 

W(£ 0 ) = f o11£1ld£ 
0 

•.... (6.17), 

in which w (£0_) represents the amount of damage sustained to the material at a 

given strain level £ 0 • 

Recently also a general applicable model on thermodynamics basis was formula

ted, adopting damage as an internal state variable affecting the free energy of 

the material (Fonseka and Krajcinovic 148,901). 

Similar results as those obtained with the theory of progressively fracturing 

solids may be obtained by adopting the self consistent method for estimating the 

effective elastic properties of a cracked solid (e.g. Budiansky & O'Connell 1221, 
O'Connell & Budiansky 11161, Cleary 132,331 and others). The self consistent 

approximation was exploited earlier in analogous analysis of the elastic proper

ties of composite materials 121,621. The model predicts the elastic properties of 

a material consisting of a homogeneous isotropic matrix in which flat elliptical 

cracks are dispersed. The amount of cracks is defined by a crack-density 

parameter, which depends on the average size and number of micro-cracks. In 

case of elliptical cracks 1221, the crack density w is given by: 

w = 2N I rt · <A 
2 I p ) ....• (6.18), 
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in which A is the area of a crack (A = n: a b), P is its perimeter (P = 4a. E(k), 

where E (k) is the. complete elliptical integral of the second kind with k = (1 -

b2 /a2)h, and N is the total number of cracks per unit volume. Angle brackets 

denote an average. 

Also crack shape and orientation distribution of the micro-defects will influence 

the result. The effective moduli are calculated by estimating the total amount of 

potential energy b.W, dissipated as a result of a certain crack density. The key 

step in the analysis is to compute the energy loss due to a single elliptical crack 

in a matrix which has the properties of the cracked solid. 

It is assumed that the micro-cracks are smoothly distributed over the total 

material volume, and do not mutual interact (thus no clustering and crack joining 

effects are allowed for). 

The self consistent models require a crack orientation distribution as an input 

parameter, and in general it is assumed that this distribution is random /22,33/. 

A solution for non-random crack distributions (in fact orthotropic variants) were 

recently reported by Hoenig /68,69/. Results were obtained for two general 

cases: all cracks parallel to a plane (referred to as planar transverse isotropy), 

and secondly the case with all cracks parallel to an axis (cylindrical transverse 

isotropy). In fact these two types of anisotropy are observed in the triaxial cube 

tests (that is stress or strain induced anisotropy, see section 5.2.4). 

In fig. 6.13 the results of an analysis, using the self consistent approximation as 

it was formulated by Budiansky & O'Connell /22,116/, as a starting point, are 

shown. In the upper part of this figure, the measured secans modulus E 1/E . sec, o 
in the axial loading direction is plotted against the axial strain e: 1' The secans 

stiffness is dimensionless with regard to the initial stiffness E
0

• 

Although the self consistent method applies for situations involving tensile load, 

it may also be used in cases under compressive load (provided that tensile 

stresses may appear locally, see section 6.1). 

The equations for a material body in which saturated circular cracks (with radius 

a) are randomly dispersed are used (eq. 53 - 57 and fig. 8 in /22/). The crack 

volume is assumed to be filled with a fluid of bulk modulus K. The cracks must 

have a non-zero volume, and for circular cracks this is equal to 4/3. n:a2c (c is 

the minor axis of the ellipsoid). For circular cracks, the saturation parameter 

which defines the stiffness of the fluid phase, is expressed through, 

s =(a/c) • K/K ..... (6.19). 
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An empty (dry) crack is defined by ~ = 0, a crack filled with a 'hard' fluid is 

given through ~ = oo • For air-filled cracks in rock, Budiansky & O'Connell 

mention values of K I K "' 10-6• For cracks filled with cool water, a value of 

K /K "' 0.03 is indicated. For cracks with aspect ratio a/c "' 103, these .values 

result in values of the saturation parameter ~ "' 10-3 in case of air-filled 

cracks, and ~ "' 30 for cracks filled with cool water. 
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Fig. 6.13. Estimate of the crack density w for specimen BAl-l, using the self 

consistent approximation, after /22,116/. 

In the lower part of fig. 6.13, the estimated crack density w = N ( a3 ) (for 

circular cracks) is indicated for different values of ~ . Qualitatively the w (E) 

curve (crack density curve) takes the same shape as the energy requirement 

curve (compare with fig. 6.10). In case of cracks filled with 'hard fluid', the crack 

density necessary for a certain stiffness decrease, grows enormously when 

compared with dry-crack estimates ( ~ = 0). The equations for dry-cracks and 

cracks filled with hard fluid reduce to a linear relation between E'*/E and w. (see 

fig. 8 in /22/). As there is no large difference between the estimates for ~ = 0.01 
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and ~ = 0, the air-filled cracks can be estimated with the equations for dry 

cracks. Similar the cracks filled with cool water are approximated quite well for 

It is not certain which density should apply for the experiments that were 

described in chapter 4 and 5. The specimens were sealed until the experiment 

was carried out (see section 3.3), and the rest-pieces of a cube after test 

termination were always moist. 

In the self consistent approach, as it was formulated by Budiansky and O'Connell 

/22,116/, the energy dissipated due to the presence of a certain amount of 

micro-cracks was computed using linear elastic fracture mechanics concepts. 

The crack density parameter w (£) = N (£ ). ( a3) (£) takes the same shape as 

the energy requirement curve in uniaxial compression (compare fig. 6.13 and 6.10 

for the case of stable crack growth). 

The paradox is evident: the model is fed with parameters that are in fact derived 

from the stress-strain relations that must be computed. In this case it might be 

argued that a simple direct fit of stress-strain curves would suffice, for example 

by extending available uniaxial expressions as were proposed by Popovics 

/125/and Sargin /133/, into a three dimensional formulation. In fact such an 

extension was carried out by Ahmad & Shah /1/ (see also section 2.3, fig. 2.21) 

for triaxial loading combinations along the compressive meridian. 

Yet the description of internal micro structural changes in terms of number and 

size of micro-cracks and their orientation distribution may have some advanta

ges. Especially in the case of loading axes rotation with regard to the principal 

damage axes of the material seems to be important. By including an orientation 

distribution, path dependent behaviour may in principle be accounted for. The 

recent micro-plane models, developed for uniaxial tension by Bazant & Oh 

/10/and extended for combined tensile and shear loading by Bazant and 

Gambarova /9/ are a promising extension in this direction. These models can in 

principle also describe compressive loading conditions. 

- some results of crack detection experiments -

From the crack detection experiments of series 282, that were only shortly 

mentioned in section 4.2.1, some insight in the progressive cracking of a 

specimen loaded in uniaxial compression may be obtained. Using the fluorescen

ting technique /49,152/ the progressive cracking on a surface of the specimen 

could be followed. The specimens were subjected to a cyclic loading sequence as 
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was indicated in section 4.2.1. For two of the experiments, the stress-strain 

curves a
1 

- £
1 

and a
1 

- E 
2 

(with £ 2 = E3, the four strain readers were all 

attached in one direction, see table 4.2) are shown in appendix Al, fig. Al.7. a-d 

(specimen 282-2, loa. dir. perpendicular and 282-4, loa. dir. parallel). 

Two examples of crack maps, both for specimens 282-2 (at E 1 = -4.53 ° loo) and 

for 282-4 (at E 
1 

= -5.62 ° loo) are shown in figure 6.14.a and b. The crack maps 

were carefully copied from a two fold magnified slide image, and only the cracks 

with length exceeding 2 mm are indicated.· The shaded areas in the crack maps 

indicate positions of pores. For both specimens the castin9 surface and the 

loading direction are indicated in fig. 6.14. 

In figures 6.15 and 6.16 a-b, the results of a stereological analysis of the crack 

maps are shown, both for specimen 282-2 and 282-4. The stereological method 

proposed by Saltikov is based on the coverage of a sample plane by a line grid. 

The method was described in detail by Stroeven 1152,1531, who was the first to 

apply it for examination of micro-crack patterns in concrete. 

The number of intersections N of a test line with micro-cracks must simply be 

counted. Two and three dimensional characteristics of the micro-crack structure 

can be derived from the value NL = N I L, where L is the length of the test-line. 

For example the total crack length per unit of sampled area is given by 

..••. (6.20), 

where NL is determined by means of a system of random secants. For a detailed 

description of the method is referred to publications by Stroeven 1152,1531. 

In the current investigation, only attention is given to the number of inter

sections per unit of test-line NL ( .;}), where .;} is the angle between the test-line 

and the loading axis (indicated in fig. 6.16). In figure 6.15 the results of countings 

along 11 parallel test lines at mutual distance of 10 mm are shown. The 

countings are made both in the direction parallel to the direction of loading ( .;} = 
0, referred to as NL,I I) and in the direction perpendicular to the loading 

direction ( .;} = 90°, referred to as NL, 1.). 
Results for specimens 282-2 and 282-4 are indicated in fig. 6.15. A continuous 

increase of both NL, l and NL,I I was observed with increasing axial strain E 1. 

For both specimens a significant difference between NL,I I and NL, .1 was 

observed. In the case of the perpendicular loaded specimen (282-2, dash-dotted 

lines) NL,/ I hardly increased up to the peak level (at E 1 = -2.26 ° /oo), beyond 

peak only a slight increase was observed. 

The results indicate that continuous parallel cracks develop faster when loading 

is applied perpendicular to the direction of casting (rather than parallel). 
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lloading 
direction 

Fig. 6.14.a. Crack map for specimen 282-2, loa.dir. = perpendicular, loading 

level £1 = -4.53 ° /oo. 

lloading 
direction 

Fig. 6.14.b. Crack map for specimen 282-4, loa. dir. =parallel, loading level 

£ 1 = -5.62 ° /oo. 
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The differences due to initial anisotropy were indicated before at the macro 

level and are thus also recognised from the micro structure. A visual check on 

the two crack maps that are shown in fig. 6.14 also indicate the difference. 

It must be mentioned that the residual stress-level at the last crack detection 

measurement is approximately the same for both specimens (o1 = -19.6 N/mm
2 

at E1 = -4.53 °/oo for 282-2, and o1 = -19.5 N/mm
2 

at E 1 = -5.62 °/oo for 

specimen 282-4, see also fig. Al. 7). 

In fig. 6.16, a-b the roses of number of intersections are shown at two levels of 

axial strain E 
1 

for both specimens 282-2 and 282-4. The roses of number of 

intersections are constructed from measurements of NL ( ~) at various angles .;} . 

The roses of number of intersections reflect the actual crack orientation 

distribution in the sampled plane (see /153/). The shape of the roses is dependent 

on the size of the cracks that are taken into consideration. 

Only a quarter of the complete roses is shown in fig. 6.16. Symmetry may be 

assumed along the loading axis (NL,/ ;) and the normal to the loading axis (NL, 1.) 

with both lines intersecting at the centre of the sampled area. The values of 

NL (.;}) that are indicated in fig. 6.14 represent the averages of four correspon

ding orientations (thus at ~ = n: /8, the average is shown for countings at .;} = 
n:/8, 7 n:/8, 9IT./8 and 15n: /8). 

In order to reach a certain decrease of load carrying capacity in the stress-strain 

curve descending branch, a higher strain level E 1 is required when loading is 

applied parallel to the direction of casting. The strain levels E 1 at which the 

roses are measured . iri fig. 6.16 correspond to stress-levels in the descending 

branch equal to o1 "' -19.6 N/mm 2 (282-2, E1 = -4.53 ° /oo and 282-4, E 1 = 
5.62 ° /oo) and o 1 ., 38.5 N/mm 2 (resp. 282-2, E 

1 
= -2.91 ° /oo and 282-4, E 

1 
= -

3.41 ° /oo). 

In general it was observed that larger crack densities are needed in the case of 

parallel loading. Furthermore at the low strain level in fig. 6.16, specimen 282-2 

showed an elliptical crack orientation distribution, whereas the distribution for 

the parallel loaded specimen was almost circular. At higher strain levels, the 

ellipse increased in size for the perpendicular loaded specimen. The major ellipse 

axis remained along the NL 1. -axis. For specimen 282~4 (parallel loading), also 
' an elliptical orientation distribution was measured at the higher strain level. 

The amount of cracks also increased in the direction parallel to the (compres

sive) loading direction. This was probably due to the fact that the crack did not 

follow a straight path, but rather had to round the larger aggregate particles. 
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Fig.6.16. a. Roses of number of intersections per unit test-line for 

specimen 282-2 (perpendicular). 

b. idem for 282-4 (parallel). 
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Probably the shape of the ellipse is dependent on the size of the aggregates. 

The reasons for the distinct behaviour due to initial anisotropy were indicated 

before (see section 4.2). In case of parallel loading, the initial elliptical 

orientation distribution (NL,I I I NL,l > 1) must be 'rotated' over an angle of 90 

degree in order to obtain the rupture orientation distribution (NL,I I I NL, 1 
< 1). 

The results may be extrapolated to a three dimensional orientation distribution, 

and for a parallel loaded specimen (uniaxial compression) an oblate spheroid will 

emerge with the smaller axis parallel to the direction of loading (see fig. 6.17, 

NL = NL , loa. dir. along the z-axis). ,x ,y 

Fig.6.17. Hypothetical three dimensional crack-orientation distribution. 

In case of perpendicular loading, the majority of the cracks will be situated in 

planes parallel to the casting surface. The orientation distribution in the x-y 

plane will deviate from a circular distribution and NL ~ NL . It is suggested ,x ,y 
that a relation exists between the crack orientation distribution and the 

deformation field to which a specimen is subjected. 

A non-random crack orientation distribution can in principle be applied in a self

consistent scheme for estimating the effective elastic properties of a cracked 

solid 122,331. Also the micro-plane model for tension and shear /9,10/, requires 

an orientation distribution of the weak planes as an input parameter. 

However, when for example an ellipsoidal orientation distribution is adopted in a 

self-consistent scheme, then the basic assumption of isotropy is violated when 

loading axes are rotated against the major ellipsoid axes (for rotation angles 4J 

~ n. Tt 12). 

The degree of anisotropy, which can be expressed in terms of the ratios NL ,x 
INL and NL I NL , at which violation becomes serious is of course important ,y ,x ,z 
in this context. Probably when the orientation distribution is nearly spherical, 
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only a small deviation from reality will occur. This will however only be true for 

very small loading levels. In the pre-peak region, path dependency was observed 

from tests under hydrostatic-deviatoric loading paths (i.e. experiments carried 

out at Color~do University 1135,136,150/). The hydrostatic-deviatoric loading 

regimes that were investigated are essentially similar to a number of 90 deg. 

rotations of principal stresses. In chapter 7 some results of triaxial 90 degree 

rotation experiments in the post-peak region are shown. 

Other problems arise when such a smeared approach is chosen, which does not 

take into account the interaction effects between cracks. The size of the cracks 

with regard to the specimen size seems to be important. In fig. 6.18 the 

dimensionless value d ld is plotted against the applied major compressive c s 
strain. 

e: 

Fig. 6.18. Increase of crack size d with regard to the specimen size d versus c s 
axial strain e: 1. 

At rupture, i.e. when the residual stress-level is reached in the major compres

sive direction, the size of the cracks is approximately equal to the characteristic 

specimen dimensions, thus d I d = 1. 
c s 

The increase of de I ds will be roughly according fig. 6.18, which represents 

graphically the degradation process that was described in section 6.1. 

At test initiation the value d I d represents an average of many small cracks. 
c s 

Upon increasing axial strain e: 1, the value d I d will increase, but the number c s 
of active cracks will probably decrease. This process continues until a few 

macroscopic cracks are formed, which determine the complete specimen 

response. 

When the crack density is given through w(e:) = N (£ ), < a3 > (£ ), then N will 

decrease with increasing £,and ( a 3) will increase. 
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It seems that we should not try to find high c_rack densities using very high 

resolution methods (see fig. 2.8, results by Darwin and Attiogbe /37 I using SEM), 

but rather should try to determine the 'critical' circumstances under which a 

macroscopic crack will develop through an array of micro-cracks (Bienianski 

et.al./16,17 I for rock, see section 5.2.4). 

An important fact is that the observed stiffness degradation of the specimen is 

far less when compared with results obtained from monotonic experiments. If 

stiffness and crack density . are related, as· was assumed in the . example of the 

self-consistent model, then a far less crack density is predicted from the 'true 

stiffness' measured in cyclic experiments (see section 5.2.6, results of cycli.c 

triaxial tests, fig. 5.28 and A5.37 through A5.41). 

Another factor, which was not discussed before, is important in this context. 

Shear in cracks is a potential source of energy absorption, and was completely 

neglected in the previous discussion for the sake of "simplicity". Sliding over 

rough-crack surfaces also leads to dilantancy (see fig. 5.20), which cannot be 

modelled using a self-consistent .scheme. The maximum value for the effective 

Poisson's ratio is only 0.5 in the self-consistent model. In uniaxial compression 

tests values up to 5 are measured ! 

6.3. Final remarks 

In the previous sections, the damage propagation in a concrete specimen, 

subjected to a certain deformation field (with at least one compressive direc

tion), and some comments on continuous damage models were discussed. 

Theoretically the behaviour of a specimen can be modelled starting from a 

'background' material with a certain stiffness (or compliance); which can be 

determined from the volume fractions ahd initial stiffness of the constituent 

phases. 

Subsequently when a certain deformation field is applied, the energy released 

due to . the appearance and propagation of single micro-defects should be 

calculated. It would be preferable to calculate the damage propagation from the 

applied external deformation field (and history), rather than assuming an energy 

dissipating function, which is in general deduced from the stress-strain curves 

that should be modelled. In such an approach, strength is a casual quantity, 

dependent on the amount and width of cracks in the concrete-structure. 

For use in finite element packages (for example /19/) a continuum description 

seems to be preferable, although for tensile crack modelling also discrete 

formulations have been developed (Grootenboer /56/, Saouma· and Ingraffea 

/134/). 
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Thus in order to obtain a certain curvature in the stress-strain curve, a 

dissipating mechanism is needed, and when also path dependency should be 

described, the orientation distribution of the energy dissipation sites with regard 

to the current deformation field should be known. 

It is not certain if a fracture mechanics approach (either the linear-elastic (see 

section 6.1) or a non-linear elastic formulation /63,7 /) can be applied at the 

submacroscopic level. 

When a tensile crack is considered (for example in a plate (with finite 

dimensions) under uniaxial uniform deformation) the surface under the stress

strain curve descending branch is associated with the fracture energy release 

rate /63/. This amount of energy contains several components including friction 

and side cracking. As recently indicated experimentally by Reinhardt /130/, the 

tensile crack developes from one side of the specimen gradual to the other side, 

indicating that in the tensile stress-strain curve descending branch a gradual 

decreasing effective area able for load-transfer. This is essentially the assump

tion of the continuous damage models in tension (see section 2.3, fig. 2.19). 

Similar observations apply for triaxial compression. The macro-cracks or rather 

shear bands, develop gradual in the stress-strain curve descending branch 

(compare the photographs in fig. A5-6.a-d, and the corresponding stress-strain 

curves o1 - £ 1). 

Some critical reflections on fracture mechanics were reason for Zielinski /111/, 

to use a surface energy concept, associated with total fractured area for each 

constituent phase, rather than a fracture mechanics formulation as an energy 

absorption mechanism in a model for the impact tensile strength of concrete. 

Yet if the non-linear fracture mechanics formulation (process zone model) 

indicates only the degree of crack arrest and frictional capacity of the macro

crack, then also the same mechanism might apply at the submacroscopic level or 

at the micro level. As was indicated by Grudemo /58/, crack arrest mechanisms 

also appear in cement paste at the micro-level ! 

A 'damage model' adopting the internal damage propagation as a starting point, 

may be described phenomenological in terms of: 

- the number and total area of cracks at a certain given deformation level, 

and due to a certain loading history, 

- the size of the cracks with respect to the specimensize (that is the size of 

the largest cracks at a certain deformation level), 

- the crack width, 
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- the orientation distribution of the cracks, and, 

- the frictional characteristics of a crack. 

In the previous section (6.2) some results of surface crack detection were shown. 

It is emphasized that these results are only indicative. The surface behaviour is 

different from the core concrete behaviour (see section 4.2 fig. 4.11). 

Furthermore another complication arrises. As was observed from the uniaxial 

prism tests (h = 200 mm, section 4.3), and the triaxial compression tests, failure 

in compression is a very localised phenomenon. Deformation concentrates in a 

narrow zone, and the adjacent blocks remain apparently intact. Also the side 

surfaces of the crack-detection tests on cubes showed only a few macroscopic 

cracks (that are visible with the unaided eye). In fig. 6.19, the macro-cracks that 

were observed at the crack-detection surface of specimen 282-2 are shown 

(fig.c). The axial deformation at test termination was equal to c: 1 = -6.19 °/oo. 

The macro-cracks for this particular specimen, indicate that also inclined cracks 

develop in the uniaxial cube tests. 

In figure 6.19.a-b, the micro-crack patterns at strain levels c: 
1 

= -2.91 ° /oo and 

c:1 = -4.53 ° /oo are indicated. Only those micro-cracks that are situated near or 

at the sites where macro-cracks eventually develop are shown. 

If only the indicated micro-cracks are active, an enormous reduction of crack 

density occurs (compare fig. 6.14.a and 6.19.b). It is emphasized that these 

results are only indicative. Macro-cracks develop inside the specimen as well (for 

example by splitting of surface layers), and subsequently become visible at the 

specimen surfaces. For this particular specimen there was no indication that the 

crack detection surface was split from the rest of the cube (observations from 

upper and lower loading surfaces !). From this particular test (282-2, load.dir. 

perpendicular), macro-cracks predominantly developed in planes parallel to the 

casting surface. 

In view of these results, and also from the experimental results reported in 

section 4.4 (uniaxial size effect) and 5.2.4 (triaxial co;,pression rupture), a 

continuum model seems rather doubtfull, and a discrete formulation at failure 

seems preferable (similar as for tensile fracture). A smeared crack approach is 

only possible when the actual crack density is exaggerated. 

In this context, the . recently developed composite damage model should be 

mentioned (Willam /167/, 8icanic et.al. /15/). The composite damage model is an 

attempt to take into account the localised fracture mode in tensile cracking and 
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Fig. 6.19.a- c. Crack maps for specimen 282- 2, at three subsequent loading 

levels: £ 1 = - 2.91 ° /oo (fig.a), £ 1 = -4.53 ° /oo (fig.b) and £ 1 = - 6.19 ° /oo 

(macro-crack pattern, fig. c). 
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frictional slip (that also occurs in triaxial compression), in a smeared model. The 

softening modulus of an equivalent continuum element is derived from a series 

model, consisting of an 'intact elastic' zone and a localised damage zone (see fig. 

6.20). The series model was used before by Bazant 151 and Sture & Ko 11541 for 

the description of localised fracture in uni- and triaxial compression (see section 

2.3). 

j 

_iv:]l 
GJ 

to localization of 
shear strain 

j 

{-[} Y,f 
t homogenized 

j. ,J shear strain 
a 

::f=J Yrl 

Yd.r 
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+---+-~1---Y 
Yt Yr 

equivalent continuum 

Fig. 6.20. Composite damage model in shear, after 11671. 

If the size t of the localised damage zone approaches to zero., the model reflects 

the usual smeared softening approach. The fracture energy for the equivalent 

continuum model is invariant if the softening modulus is adjusted with the size of 

the elementary volume. This is in agreement with experimental results presented 

in section 4.4. of this thesis. 

If on the other hand the size and law for the localised damage zone are kept 

constant, the crack band model 17 I is recovered. As mentioned in 1151, the 

composite damage model provides the link between the usual softening approach 

for continuous distribution of micro-defects (see also section 6.2), and the crack 

band approach for localised fracture (/7 I for tensile cracking). 

Finite element analysis with the composite damage model were carried out for 

the case of uniaxial tension and triaxial compression on cylindrical specimens 

(NX mortar specimen, ~ 54 x lOB mm). Since only post-peak behaviour was 

important, the material behaviour was described with a simple bilinear elastic -

softening model, with the triaxial strength being defined by the extended Mohr -

Coulomb criterion with tension cut-off. 
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The computations revealed that mesh insensitive results (radial and axial 

variations in mesh-size) in tension are obtained when the fracture energy content 

of the various size elements was kept constant. Considerable deviations were 

observed when a constant softening slope was adopted in uniaxial tension. The 

conclusion is in agreement with the localised fracture models for tension 163,71. 
In the case of triaxial compression (identification of material properties from 

experimental results on NX specimen with confining pressure a = 0.69 Nlmm2), c 
mesh insensitive results were obtained when the fracture energy density of the 

various size elements was kept constant, i.e. when the shear softening modulus is 

considered as a material property. Willam 1167 I states: "Clearly, this result 

indicates that distributed fracture prevails in the case of shear failure and infers 

that the fracture mechanics postulate of an invariant fracture energy release 

rate (or rather fracture energy requirement, sic) is highly questionable". 

The results of Willam 1167 I and also Bicanic et.al. 1151 are in contradiction with 

computations by Pietruszczak and Mr6z 11241, who concluded that the relation 

of shear band size t with respect to the element size should be taken into 

account in order to obtain results that are insensitive for the chosen element 

discretisation. 

Also in view of the experimental results in section 4.4, the conclusion by Willam 

11671 seems contradictory. It was indicated by Willam that the differences with 

computations by Pietruszczak and Mr6z are due to the specimen configuration 

(cylinder and square panel under plane strain conditions respectively). 

It should be mentioned that for increasing lateral confinement, the slope of the 

softening branch decreases, as was noted in 1151. It is considered worthwhile to 

investigate the nature of the above mentioned inconsistencies, and also to study 

cases where asymmetric confinement occurs (see chapter 5). 

It seems that a check on stability of strain-softening is inevitable, and is 

dependent on the size of the strain softening volume. Also when a continuum 

model is proposed (see section 6.2), the conditions under which a strain-softening 

element remains stable should be checked. 

In terms of real structures this implies that the excess energy due to progressive 

fracturing in the strain softening region, should be taken by other (neighbouring) 

elements that are still in their pre-peak regime. 
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7. ROT A TION OF LOADING AXES WITH REGARD TO MATERIAL AXES 

Concrete is an anisotropic material. Upon loading an oriented progressive 

cracking process is observed (see section 6.2). The orientation distribution of the 

cracks is dependent on the loading history (ratio of principal stresses and 

maximum loading level) to which a specimen is subjected. For the concrete used 

in the current investigation, also effec~s due to initial anisotropy were observed 

(see sections 4.2 and 5.2.5). The objection against conventional proportional 

stress-paths (see for example /4/, and also some of the experiments in chapter 

5), and the hydrostatic-deviatoric loading histories (that were for example 

adopted in the international cooperative research program /51,52/) is that they 

do not yield information on path dependent behaviour. 

Information on progressive degradation is obtained from cyclic loading regimes 

(in terms of stress 'to the envelope curve', see section 5.2.6). For such loading 

regimes in uniaxial compression, a break down in several energy components was 

proposed by Spooner et.al. /148/ (see section 2.2). 

Recently two extensive experimental studies were carried out (Scavuzzo, Stan

kowsky, Gerstle and Ko /136/, and Traina /160/), using multiaxial non

proportional loading paths. In both investigations a cubical machine was used, 

and the non-proportional load paths were in fact a series of 90 degrees rotations. 

The experiments that were carried out at Colorado University (Stankowsky & 

Gerstle /150/, Scavuzzo et.al. /135/), which adopt the octahedral formulation as 

a starting point, revealed that principal stresses play a larger role in defining 

material behaviour than originally had been suggested in the octahedral formula

tion. This remark is in agreement with the results obtained in the current 

investigation. The implication is that the assumption of coaxiallity of incremen

tal stress and strain vectors in the octahedral formulation is rejected. This was 

shown in /150/. 

As was discussed by Bazant /8/, the "true triaxial test" in a cubical machine does 

not allow for continuous loading axes rotation at angles 0 < <.p < 90°. An abrupt 

rotation may however be obtained when specimens are sawn at a certain 

orientation from initial larger pre-loaded specimens. 

As an alternative, Bazant /8/ proposed cylindrical specimens subjected to axial 

load, lateral external and internal pressure (i.e. solid or hollow cylinders may be 

used) and torsion. In such an experiment 'the principal stress direction may be 

rotated continuously or abruptly during the loading process. Yet when solid 

cylinders are used, the shear stress distributions varies with the distance to the 

specimen axis, and the influence on the fracturing process will be rather 

uncertain. In fig. 7.1 the two rotation possibilities are indicated. 
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Fig. 7.1. Rotation of loading axes with regard to material axes. Abrupt 

rotation in cubical tests (fig. a) and triaxial torsional test (fig. b). 

In the following sections the results of a small number of preliminary rotation 

tests are described. Due to the layout of the experimental apparatus, rotation 

for angles 0 < c.p < 90° only can be done using the pre-loading/sawing method (fig. 

7.l.a). Major emphasize in the following sections is laid on 90 deg. rotation tests. 

Only two 30 deg. rotation tests were carried out, and some complications that 

arise in these experiments are discussed. 

7.1. Description of experiments. 

Specimens originating from batch 7A/7B were used for the preliminary rotation 

tests. While two basic different failure modes were observed in the triaxial 

compression region (see section 5.2.4), two different loading regimes were 

chosen for the 90° rotation tests. 

The two basic loading paths are: 

-1- planar mode rotation test (fig. 7.2.a). 

first loading: o1/o 2 = -1/-0.5, E:
1 

= 10.10-6/sec. 
2 o3 =constant = -1 N/mm 

The first loading was carried out until a certain point (o
1 1, £

1 1
) in the 

,un ,un 
major stress-strain curve descending branch ( o1 - £ 1) was reached. At this 

point severe damage was sustained to the specimen, and the specimen was 
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unloaded until a stress-level o1 = -1 N/mm2 (fig. 7.3). 

Subsequently a 90 deg. rotation was carried out by simply changing the 

major and minor compressive directions, thus, 

second loading: o 3;o2 = -1/-0.5, £3 = 10.10-6/sec. 
2 

0
1 

=constant = -1 N/mm 

The second loading was carried out until a tensile strain level was reached 

E: 
1 

- 20 ° /oo in the minor compressive direction. Occasionally a unloading

reloading cycle was carried out, either in the first loading or the second 

loading sequence. 

-2- cylindrical mode rotation test (fig. 7.2.b). 
. -6; first loading: E: 1 = 10.10 sec. 

2 
o

2 
= o 3 =constant = -1 N/mm 

Again first loading was carried out into the o 1 - E: 1 curve descending branch, 

and the specimen was unloaded to a stress-level o1 = -1 N/mm2. Sub

sequently a 90 deg. rotation was carried out by simply changing the major 

and minor compressive directions, thus, 
. -6; second loading: E: 

3 
= 10.10 sec, 

2 
o 1 =a 2 = constant = -1 N/mm . 

An experiment was terminated when a tensile strain level equal to 15 ° /oo 

was reached in both minor compressive loading directions. Also for the 

cylindrical rotation tests, several unloading-reloading cycles were carried 

out at arbitrary points in the loading history. 

The direction of casting was defined with respect to the major and minor 

compressive direction. Either loading was applied parallel or perpendicular, 

similar as was indicated in fig. 5.2 for the triaxial compression tests. The reason 

for the small compressive load in the minor loaded direction was to provide for a 

plane specimen surface. 

In table 7.4, a review is given of all preliminary rotation experiments and the 

accompanying control tests that were carried out. Indicated are the specimen 

number, testdate, loading history and the figure where the concerning result is 

shown. 

Four specimens originating from prism 7 A1 were loaded in the planar mode (7 A1-

2 and 7 A1-6), and in the cylindrical mode (7 A1-3 and 7 A1-4). Rotation in these 
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o
3

=-1N/mm2 
'------V 

o 3 = -1N/mm2 
'-------Y 

first loading first loading 

second loading 

a.) PLANAR MODE b.) CYLINDRICAL MODE 

Fig. 7.2. Planar mode rotation test (fig. a) and cylindrical mode rotation test 

(fig. b). 

a, 

Fig. 7.3. Definition of rotation point. 

experiments was carried out at an arbitrary point in the a 1 - £ 1 curve 

descending branch. The indicated loading direction is the orientation of the 

casting direction with regard to the o 
1
-direction. Thus, for example, specimen 

7 Al-2, loa.dir. perpendicular, indicates loading o1 perpendicular to casting 

direction, and after rotation, o3 parallel to the Direction of casting. 
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specimen test-
no. date (1) 

7Al-2 020883 

7A1-3 290783 

7A1-4 280783 

7A1-6 040883 

7A2-3 230883 

7A2-4 230883 

7A-K1(3) 100883 

7A-K2(3) 110883 

7A-K3 120883 

7B-K1 150883 

7B-K2 150883 

7B-K22(3) 170883 

7B-K3 160883 

7B-K32(3) 180883 

loading-path 
(see fig. 7.2) 

planar mode rotation test, 
perpendicular (2) 
cylindrical mode rotation test, 
perpendicular. 
cylindrical mode rotation test, 
parallel. 
planar mode rotation test, 
parallel 

o1/o 2/o 3 = -1/0/0, ~\ = 10.10-6/s, 

monotonic, parallel 
. -6; 
E 1 = 20.10 s, o2 = o3 =constant= 

-1 N/mm 2, cyclic, parallel. 

cylindrical mode rotation test, 
loa.dir. = 30 degrees. 

. -6; 
E 1 = 10.10 s, o2 = o3 =constant= 

-1N/mm2, monotonic, parallel. 

O/o 2/o 3 = -1/0/0, £1 = 10.10-6/s, 

monotonic, parallel. 

o/o2;o3 = -1/0/0, £1 = 10.10-6/s, 

monotonic, parallel. 

o1/o 2/o
3 

= -1/0/0, £1 = 10.10-6/s, 

monotonic, parallel. 

cylindrical mode rotation test, 

\j) = 00 
• -6 

0/0 2/o 3 ';' -1/0/0, E1 = 10.10 /s, 

monotonic, parallel. 

cylindrical mode rotation test, 

\j) = 30°. 

(1) testdate = day - month - year 

(2) orientation of o
1 

with regard to casting direction. 

(3) 100 mm cube sawn from 150 mm control cubes. 

Table 7.4. Review of preliminary rotation experiments, casting series 7. 

figure 
number 

A7.2 

7.6 

A7.4 

A7.3 

A7.8 

A7.5 

7.13 
7.14 

A7.6 

A7.7 

Two specimens from prism 7 A2 were used for control purposes (respectively 

uniaxial co-mpression and triaxial compression o 1 < o 2 = o
3 

= -1 N/mm 2 with 

cycles to the envelope curve (see also triaxial series, section 5.2.6)). 

209 



All further experiments were carried out using specimens that were sawn from 

initial larger cubes (d = 150 mm). These specimens are encoded 7A-Kl through 

7B-K3. 

Specimen 7A-Kl also was loaded following the cylindrical rotation path. The 100 

mm cube was sawn from the 150 mm cube under an inclination 4>= 30° with the 

direction of initial damage (fig. 7.5). 

150 mm 

initial damage in 
planes parallel to 
casting surface 

Fig. 7.5. Orientation of specimen 7A-Kl, with regard to the direction of 

casting, and loading directions. 

Specimen 7 A-K2 was another control test, sawn under an inclination 4> = 0° from 

the 150 mm cube and loaded monotonically to failure (loa.comb. a 1 < a 2 = a 3 = 
2 -1 N/mm, d(td 1) I dt =constant). 

The four remaining specimens (7 A-K3, 78-Kl through 7B-K3) were pre-loaded in 

uniaxial compression using 150 mm brushes. Two of these larger brushes were 

available, the construction principle being similar as for the 100 mm brushes. (A 

150 mm brush consists of 28 x 28 rods, Alred= 5 x 5 mm
2

, distance between rods 

drod = 0.3 mm and effective length trod = 100 mm, construction principle 

compare with fig. 3.11). 

The 150 mm cubes were provided with four 60 mm strain gauges, mounted in the 

axial (loading) direction (one strain gauge in a middle position to each side 

surface), in order to check the uniformity of the deformations. The 150 mm 

cubes were always loaded parallel. 

From the pre-cracked 150 mm samples, small (100 mm) cubes were sawn, and 

loaded according the cylindrical rotation path. Results are given for two of such 

rotation tests, indicated with the number of the original 150 mm cube, extended 
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with the additional number 2 (thus 78-K22 and 78-K32). 

Specimen 78-K22 was rotated over an angle I.P = 0° (thus in fact no rotation), 

and 78-K32 was rotated over I.P= 30° and loaded similar as specimen 7A-K1 (see 

also fig. 7.5). 

The deformation measurement was carried out, using the loading platen system 

(fig. 3.11), and was similar as for the triaxial series. No surface or strain-reader 

measurements, other than indicated above were carried out for · the 150 mm 

cubes. 

In appendix A 7, the results of the rotation experiments are gathered. In table 

A7.1, the conditions at peak (o. and £ . , i = 1, 2, 3) are given both before and lp lp 
after rotation. Each rotation experiment is shown in four figures, and one of the 

tests is explained in detail in the next section (specimen 7 A1-3). 

The uniaxial compressive strength of batch 7 was determined from the six 

control cylinders only and is indicated in table 3.25 (f' = 43.2 N/mm2). c 
The six 150 mm control cubes were used for small angle rotations as mentioned 

before. The strength values of four of the pre-loadings are given also in table 

A7.l. The average uniaxial compressive strength obtained from 150 mm cubes 

loaded between brushes was equal to o•150mm = -44.2 N/mm
2

, which is only 

slightly higher than the cylinder result. 

7.2. Results of rotation experiments. 

In this section the results of the rotation tests are shortly discussed. The results 

have a rather preliminary character, and' no hard conclusions can be drawn at 

this moment. Yet the results provide a valuable extension to the previous 

reported triaxial experiments (see chapter 5), and can be used for purposes of 

constitutive modelling. In section 7.2.1, the response of a cylindrical mode 

rotation test is described. Further in section 7.2.2, the different response of 

planar and cylindrical mode experiments is indicated, and finally in 7.2.3 some 

comments are given regarding small angle (0 < 4> < 90°) rotations. 

7.2.1. Response of a cylindrical mode rotation test. 

In figure 7.6 a-d, the results of experiment 7A1-3 are shown. The specimen was 

loaded according the cylindrical mode rotation path (see fig 7.2 b), and the 

orientation of o1 was chosen perpendicular with regard to the direction of 

casting (o 3 was oriented parallel). 
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In figure 7.6 a the o1 - E 1 curve is shown. First loading leads to a maximum 

stress-level o 1p, where after a smooth descending branch is measured. This was 

expected in view of the results of the triaxial experiments, series 8/9 (chapter 

5). In the o1 -e:1 curve descending branch, an additional unloading - reloading 

cycle was carried out, and after a short range in the descending branch, the 

specimen was unloaded in o 1-direction to o1 =- 1 N/mm 2 (indicated with rp = 

rotation point in fig. 7.6). 

During the first loading in the o1-direction, the lateral stresses remain at a 

constant (low) level (o
2 

= o
3 

=- 1 N/mm 2). The lateral strains are almost equal 

up to the rotation point (see fig. 7.6 d, strainpaths e: 1 - E 2 and E 1 - E 3). In figure 

7.6 b, E 
2 

is plotted aganist the axial stress 0 1" Note that for this particular 

experiment, e: 2 is not completely irrecoverable as was observed in the triaxial 

cyclic experiments of series 8/9 in the minor compressive direction (see appendix 

A5, fig. A5.14- A5.27). 

Obviously the concrete specimen is partly restored to its original dimensions due 
2 

to the "push back effect" of the constant lateral stress o 2 = -1 N/mm . Larger 

macro defects, that develop in the o1 - E 
1 

curve descending branch are oriented 

parallel to the o 
1

-direction, and are partially closed due to the presence of the 

constant lateral confinement. In the triaxial cyclic experiments (series 8/9), this 

could not occur while o
3

, the minor compressive stress, always was unloaded 

proportional to the major compressive stress o 1 (note: although the actual 

loading history may differ, the loading conditions of the macro-cracks may be 

compared!). 

Now return to figure 7.6. In figure c, the lateral strain e:
3 

is plotted against the 

stress o3, and before rotation, the o
3 

- E 
3 

curve appears as a straight line 

parallel to the E 3-axis. The maximum tensile strain in E 
3
-direction is measured 

when the most remote point in the o 1 - E 1 curve descending branch is reached 

(that is of course before the rotation point). 

When the rotation point is reached, the loading is stopped for some time (appr. 5 

-10 min). During this interval, adjustments are made to the circuit of regulation 

in order to provide for loading in the o
3
-direction, using a displacement control 

d(6l 3) I dt =constant, while o2 = o 
1 

are kept at a constant level (- 1 N/mm2). 

When the loading direction was changed only small distortions in deformation 

measurement were observed. These deviations appear as small dimples in the 

stress-strain curves near the rotation point and can be neglected. 

When loading proceeds in the o 3-direction, again a peak stress-level is reached 

( o3p)' whereafter a smooth descending branch is measured (see fig. 7.6 c, after 

the rotation point is exceeded). The o 
3 

- E 
3 

curve shows a considerable run 
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a. results of cylindrical rotation test 7 A1-3, loa.dir. perpendicular, 

o1 - E 1 curve. 

b. idem, o1 - E 
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curve. 

213 



Fig.7.6 

-80 

rp rotation point 

-70 

fig. c.) 
-60 

N 
r:: -50 r:: 

' z 

"' -40 
"' 
"' "' w -30 
"' ,__ 
<J) 

fig . d.) 10 

6 

-6 -6 

-4 
0 
z 
~ 

N -6 
w 
z 

- 6 
~ 

"' ,__ 

"' -10 

STRESS 53 VS. STRAIN E3 

SPECIMEN= 7RI-3 
TE5TDRTE: 290783 
LOR-COMB.: El IO•IOE - 6/5 

52:53: -1 N/MM2 
LOR . REGIME: CYCLIC 

PERPENDICULAR 

- 2 - 4 -6 - 6 -10 -12 
STRAIN E3 0: . J 

/ 
/ ,. 

STRPIN E1 VS . STRPlN E2 AND E3 

SPEC l M(N: 
T(STDRTE: 
LOR.COMB." 

7Rl-3 
290783 

El ID•I0[ - 6/S 
S2:S3: -1 N/MMZ · 

CYCLIC 
PERPENDICULAR 

10 12 14 16 18 20 22 
J 

·- EI-E2 
-- El-E3 

c. results of cylindrical rotation test 7Al-3, loa.dir. perpendicular, 

o3 - E 3 curve. 

d. idem, strainpaths E1 - E 2 and E1 - E3. 

214 



before the peak level is reached. This is due to the fact that macro-cracks which 

are the result of the first loading sequence, and which are partly oriented in 

planes perpendicular to the o3-direction, must be closed again. 

Probably the run in the o3 - £ 3 curve, before the inflection point is reached, can 

be used as a measure for the damage sustained to the specimen in the first 

loading sequence. 

In both lateral directions, tensile strains are measured when loading proceeds in 

o
3
-direction. In the £ 

1
-direction the strain increment is instantaneously positive. 

In the £
2
-direction however, initially a small decrease is observed (viz. the small 

horizontal branch in the o
1 

- £
2 

curve in · fig. 7.6.b, at the left side of the 

rotation point; see also strain path £ 1 - £ 2 in fig. 7.6.d), whereafter also a 

positive increment of £ 2 is measured. 

The mechanism is evident from fig. 7. 7. Poissons action v31 , due to the second 

loading in o
3 

direction ( o
3 

< o 
1 

= o 
2

, compression), is not hindered by cracking 

due to the first loading, and will therefore increase immediately. 

v31 • v32 poisson action due 
to second loading l

o2 

o 3<o1=o2 
-v31 ----------

r---+-.---_-_-_ ...,....._ ~---
1 ..-"" I B_../ 
)/ jv32 I-'__. 

, I //1 
-~------- I 

I I 

: lv32 A I l _______ _ 

a, 

crack planes due to 
first loading o

1 
< o

2 
= o

3 

Fig. 7. 7. Mechanism of Poissons action due to second loading in a cylindrical 

rotation test. 

The rate of increase will grow with increasing contact area in crack planes A 

perpendicular to stress o
3
• On the other hand, Poisson action v32 is affected due 

to the presence of crack plane B, and macroscopic strain increase will only be 

observed when crack-planes B are closed. 

From fig. 7.6.d it may be observed that the second stress-peak (i.e. o 3 ) stays ,p 
behind of the previous atained level in the o 1-direction descending branch (that 

is the stress-level o1 1, just before unloading to the rotation point). Thus it ,un 
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seems that the carrying capacity after rotation is affected by cracking due to 

the first loading. This is no surprise when the orientations of the crackplanes 8 is 

considered (see fig. 7. 7). 

7.2.2. Comparison of 90° planar and cylindrical rotation tests. 

The major difference between the two types of rotation experiments is most 

clearly shown from a comparison between the major stress-strain curves before 

( o
1 

- £
1 

curve) and after rotation (o 
3 

- £ 3 curve). In fig. 7.8.a-b, such a 

(a .) J;ylindrical mode 7A]-3 

-70 
N 
E 
.!: 
z 

,...., 
o_ ,, 
0 ',, ,, 
VI I 
VI / 03-£3 
~ I 
VI I 

I 
I 

I 
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/ 

" / 

8 6 4 2 0 -2 -4 -6 -8 -10 -12 
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J)lanar mode 
7A1-2 

(b.) 

-70 
N 
E 
E -z 
,...., 
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I 
I 
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Fig. 7.8. Response of 90° cylindrical (fig. a, 7 Al-3) and planar (fig. b, 7 Al-2) 

rotation tests. 
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comparison is given for both .planar and cylindrical experiments. In figure 7.8.a 

the o1 - £ 1 curve before rotation and the o 3 - £ 3 curve after rotation are given 

in the same plot for specimen 7 A1-3 (cylindrical mode). In figure 7.8.b a similar 

plot is given for a planar test (7 A1-2, see also fig. A 7.3). 

Upon first loading, both specimens (7 A1-3 and 7 A1-2) were loaded perpendicular 

with regard to the direction of casting. 

the most important difference between planar and cylindrical rotation tests is 

the peak stress level that may be reached after rotation ( o 3p). The cylindrical 

experiment (fig. 7.8.a) - as was also described in the previous section - shows a 

decreasing carrying capacity o3 upon rotation. The unloading stress o1 1 in p ,un 
the first loading sequence ( o 1 - £ 1 curve descending branch) before the rotation 

point is not exceeded, and it seems as though the o 3 - c: 3 curve joints the o 1 - £ 1 
curve descending branch. For all cylindrical rotation tests this type of behaviour 

was observed, as may be seen from the concerning graphs in the appendix (viz. 

fig. A7.4 through A7.7). 

The planar rotation test (fig. 7.8.b) shows a distinct behaviour after rotation 

when compared with the cylindrical test. In o3-direction the same maximum 

stress level is reached as was measured in the first loading sequence. 

The difference in strength response can be explained from the different rupture 

modes for the two types of rotation tests (see also section 5.2.4). In the planar 

experiments, cracks develop predominantly in planes perpendicular to the minor 

compressive direction as a result of the first loading sequence (d(t!l 1) I dt = C, 
2 o2 = 0.5 o 1, o 3 =- 1 N/mm ). 

When the major loading axis is rotated to the o 3-direction, the previously 

developed cracks are in a very unfavourable direction for propagation. When it is 

assumed that linear elastic fracture mechanics concepts are valid, this fact may 

be obvious from figures 6.5 and 6.6 with (3 = 90°. In principle the situation is 

similar for the case of a parallel loaded specimen with regard to initial damage. 

The only difference is the amount and width of cracking. 

The phenomena also becomes clear when the concept of an ellipsoidal crack 

orientation distribution is adopted as a thought model. Upon first loading a 

prolate ellipsoid will develop with NL3 > NL2 "' NLl (see also section 6.2). 

When the major compressive stress is rotated, the largest amount of cracks 

should be expected along Nu· Thus eventually the case N'u > N'L3 > NL2 will 

emerge. In the intermediate direction Co 2) no large changes will occur. In the 

experiments a more or less elastic un- and reloading was observed. The amount 
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of cracks in o 2 direction will thus not exceed the initial amount of cracks. It 

might be assumed that a considerable amount of energy is required to "rotate" 

the crack orientation ellipsoide, in order to obtain the required amount of cracks 

necessary for failure. The phenomenon is demonstrated in fig. 7.9.a. 

,a, 

/+' second loading 1 I . 1 \ 
rotation c1-c3 1 [ 1 \ \ 

Fig.7.9 

I I I ~ \ 
i i \ \ 

I I : I 
\ I I I I 

\ 
I I. I I 

\ J I 
\ '.i/ I 
'-'-it-

1 

Ia, 

""'crack aientation distribution 
f 1rs t loading 
planar mode 

a. Hypothetical crack orientation distribution before and after 

rotation for a planar experiment. 

b. idem for a cylindrical test 

A similar line of reasoning may be followed for a cylindrical rotation experi

ment. Before rotation, the cracks may be assumed to be distributed according an 

oblate spheroidal distribution (fig. 7.9.b). Upon rotation, the required crack 

density for failure is present in o2-direction, and further extension is only 

necessary in the o
1
-direction. 

In principle, also the orientation distribution of the initial damage may be taken 

into consideration. As was demonstrated in section 6.2 the orientation distribu

tion is quite different in case of perpendicular or parallel loading with regard to 

the direction of casting. 

The thought-model can in principle also be extended for small angle rotations (0 

< 4> < 90°), as will be shown in the next section. 

Remains a last result of the planar rotation tests to be shown. In figure 7.10 a-b, 

the tangential stiffness modulus of the subsequent loading curves is plotted 

against the major compressive strain both before and after rotation for specimen 

7 A1-6 (see also fig. A 7.3). 
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In figure 7.10.a the tangential stiffness Etan,l is plotted against £ 1 for the two 

pre-rotation cycles (only loading curves). This result is in agreement with the 

observations from the cyclic triaxial tests in section 5.2.6. The 'true stiffness' 

decrease of the specimen is far less when compared with the stiffness 

determined from a monotonic test. 

After rotation a similar response is measured as indicated in fig. 7.10.b for the 

four post-rotation cycles (loading curves, Etan,3 - £ 3). Very apparent in this 

context is the maximum stiffness measured in cycle C after rotation. The strain 

£
3 

is compressive, thus it may be assumed that the cracks due to the first 

loading sequence are closed again. It seems that the 'true stiffness' Et 3 of the an, 
specimen is hardly influenced by the damage sustained due to the first loading 

sequence. In view of this result it is also no surprise that almost the same 

carrying capacity is measured after rotation. 

7.2.3. Small angle rotations. 

As was mentioned in the introduction to this chapter, small angle rotations (0 < 

4> < 90°) are possible in the cubical machine following the pre-crack/saw method 

(see fig. 7.l.a). As may be seen from table 7.4, four specimens originating from 

initial larger cubes (d = 150 mm) were loaded in triaxial compression (d (llt 1) I dt 

= C, o2 = o 3 =- 1 N/mm2, respectively specimen 7A-Kl, 7A-K2, 7B-K22 and 7B

K32). 

Two of these 150 mm cubes were pre-loaded in uniaxial compression (i.e. 

cylindrical rupture mode) between large brushes (see section 7.1). Specimen 7B

K2 was loaded to 0.92 o lp in the descending branch and 7B-K3 was loaded to 

0.62 o lp· Both specimens contained visible macro-cracks. From the pre-loaded 

specimens, 100 mm cubes were sawn carefully at orientations 4> = 30° (7B-K32), 

see also fig. 7.5) and 4> = 0° (7B-K22). 

The sawing of the cracked specimens was a rather hazardous task. From some 

preliminary saw tests on cracked concrete, it was found that no additional 

damage was sustained to the specimen when it is only moderately loaded in the 

descending branch. The diamond saw was allowed to 'grind' smoothly through the 

material. The specimen was taped at both sides of the saw-cut during sawing. 

The other two specimens (7A-Kl and 7A-K2) were not pre-cracked, but directly 

sawn to smaller cubes (respectively at orientations 4> = 30° (7 A-Kl) and 4> = 0° 

(7 A-K2), with regard to the direction of initial damage planes). 

Before the results of these experiments are shown, the crack orientation 

distribution concept is discussed in relation to small angle rotations. 
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Consider a two-dimensional crack orientation ellipse with semi-axes a and b, a 

b, as indicated in fig. 7.11. 

Fig. 7.11. Elliptical crack orientation distribution (20-case). 

A two dimensional case is shown for the sake of simplicity. A compressive stress 

o1 is applied to the material under an angle \j) (0 < \j) < 90°) with the major 

ellipse axis. If o.p = O, and the ellipse reflects the initial damage orientation 

distribution, then the case of parallel loading is obtained. The case . o.p = 90° 

represents perpendicular loading with regard to the direction of casting (see also 

section 6.2). 

In section 6.1, it was demonstrated that an inclined elliptical crack in a uniaxial 

compressive stress field, is in the most favourable direction for propagation 

when the angle of inclination is approximately 30° (see fig. 6.5). Using figure 

7.11 as a starting point, the number of cracks that are in a critical position for 

propagation (angle (3) can be calculated for different values of o.p, following 

.•..• (7.1), 

where NL ( \j)- (3) and NL ( \j) + (3) represent the length of radii at {)-= \j) - (3 and {)

= \j) +(3, and are indicated in fig. 7.11. 

The length of a radius at a certain angle {)- is given by 

j 2 2 2 . 2 Nl ({)-) = a/ cos {)- + (a /b ). Sin {)- ..... (7.2). 

In figure 7.12, results for the dimensionless value NL/a are plotted for various o.p 

and different aspect ratios a/b of the ellipse. The critical orientation of a single 
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defect is taken ~ = 30°. When a/b = 1, the crack orientation distribution is 

random (isotropic case), and no critical orientation for 4l is found. 

-------------- t"/.~;.~ distribution) 

1.0 

----a/b•lO 

30 60 90° -ljl-

Fig. 7.12 Number of critical oriented cracks NL/a in a material body with 

an elliptical crack orientation distribution. 

For small values of a/b ( < 2), a gradual decrease of critically oriented cracks is 

observed for increasing values of 4J. The largest number of critical oriented 

cracks is calculated when lp = 0° (i.e. parallel loading in the case of initial 

anisotropy). Large values of NL/a lead probably to an increasing curvature in the 

overall stress-strain curve ascending branch. 

For more slender elliptical distributions, the critical orientation for a 1 is equal 

to the critical orientation of a single micro-defect ( ~= 30°). For other values of 

4l a fast decreasing number of critically oriented cracks is calculated. 

The above reflections, only consider the tensile crack opening mode. For shear, 

in principle the same line of reasoning may be followed. In fact the shear loading 

is considered to be very important in triaxial compression. 

In view of the discussion in chapter 6, the total number and orientation of 

isolated micro-cracks will mainly influence the stiffness of the specimen in the 

first part of the ascending stress-strain curve. At high stress-levels, the 

interaction between isolated micro-cracks will become important. 

The size of the defects increases, and eventually will be close to the specimen 

size (i.e. finite dimensions of the material body). 

It is suggested however that the crack orientation distribution concept also can 

be used in the case of localised fracture. A coupling between crack-size and 
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orientation must be derived. 

It is emphasized that, in the case of initial anisotropy, the strength and 

deformational properties of the porous zones beneath the coarse aggregate 

particles should be taken into account too /74/. 

In section 6.1, it was indicated that at failure, macro-cracks develop in a skew 

direction through an array of parallel micro-cracks (these macro-cracks are also 

referred to as shear-bands, see section 5.2:4). On basis of the observations from 

the triaxial compression tests (series 8/9), it is argued that when a large number 

of critically oriented cracks is present in the specimen, the conditions for 

development of a shear-band are fulfilled much earlier. It is hypothesized that in 

such a case a decreasing carrying capacity is measured. 

Now consider some first test results. When the initial crack structure is rotated 

over an angle lj)= 30° (specimen 7A-K1, see fig. A7.5 a-d), and the axial stress

strain curve o1 - £ 1 (o 2 = o 
3 

= const. = - 1 N/mm
2

) is compared with the result 

of a monotonically parallel loaded specimen (7A-K2, see fig. 7.13 - 7.14), hardly 

no difference is observed. 

The orientation distribution of the initially present micro-cracks will hardly 

deviate from a circular distribution (i.e. aspect ratio a/b is close to 1, when a 2-

dimensional case is considered). In view of figure 7.12, indeed no large 

differences in response are expected for values a/b = 1 a 1.5. 

In figure 7.13 and 7.14, the results of the two pre-cracked rotation tests (7B-K22 

and 7B-K32) are compared with two parallel loaded cubes, following conventional 

loading paths (respectively 7 A-K2, monotonic/parallel and 7 A2-4, cyclic/paral

lel). In fig. 7.13 the axial stress-strain curves are shown for these four 

specimens, and in fig. 7.14 the strain-paths are shown (resp. £ 1 - £ 2 and £ 1 - £ 
3

). 

Specimen 7B-K22 was in fact not rotated, and the load induced cracks due to the 

uniaxial pre-loading were kept parallel with the o1-direction. The 150 mm cube 

was pre-loaded to a stress-level o1 = 0.92 o 1p in the descending branch. 

The reloading shown in fig. 7.13, in triaxial compression shows a decreasing 

stiffness and a decreasing carrying capacity. The peak stress level for specimen 

7B-K22 is approximately 90 % of the average peak stress of the specimens 

loaded according conventional paths (that i~ o 1 = - 43.6 N/mm2 for 7B-K22, and 
2 p 

0 lp = - 49.3 N/mm for 7 A2-4 and 7 A-K2). Furthermore the descending branch 

of specimen 7B-K22 seems to join the descending branch of the conventional 

loaded samples (7A-K2 and 7A2-4). 
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Fig. 7.13 Axial stress-strain curves a 1 - £ 1 for specimens 7B-K22 and 7B

K32 (both precracked) and 7 A-K2 and 7 A2-4. 
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Fig.7.14 Lateral strains (e: 2 , e: 3) plotted against axial strain e: 1 for 

specimens 7B-K22, 7B-K32, 7 A-K2 and 7 A2-4. 

The other pre-cracked specimen 7B-K32 was rotated before the second loading 

was applied (\f)= 30°, see also fig. 7.5). The uniaxial pre-loading was now up to 

0.62 o1p in the descending branch. 
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The second loading shows an enormous decrease of initial stiffness (a 1 - £ 1 
curve) and a large decrease of load carrying capacity. Also for specimen 7B-K32 

the descending branch seems to join the descending branch of the conventional 

tests. 

Remarkable is that the peak stress-level, obtained in the second (now triaxial) 

loading is approximately 64% of the average peak stress of the conventional 

loaded samples (respectively o1 = - 31.9 N/mm
2 

for 7B-K32, and o1p = - 49.3 
2 p 

N/mm for the conventional loaded samples 7A-K2 and 7A2-4). 

The results indicate that the previously obtained stress-level in the uniaxial pre

loading (that is the unloading stress in the descending branch) is again obtained in 

the triaxial re-loading, as a percentage of the strength obtained in conventional 

tests (monotonic loading or cyclic loading to the envelope curve). 

The decreasing stiffness is in agreement with the results from the orientation 

distribution concept in fig. 7.12. The expected tendency for decreasing stiffness 

with increasing amount of critically oriented cracks is found in the tests (fig. 

7.13). Yet, also the width of the present cracks will influence the stiffness of the 

material! 

The results in fig. 7.13 and 7.14 indicate the replication of the triaxial 

experiments. Specimens 7A-K2 and 7A2-4 showed a remarkable little difference. 

Also when these results are compared with the o1 - £ 1 curves of 7A1-4 (fig. 

A7.4) and 7A-K1 (fig. A7.5) it is observed that the replication is satisfactory. 

The strainpaths £ 1 - Ez and £ 1 - £ 3 can hardly be distinguished for tests 7A2-4 

and 7 A-K2. Although both specimens were loaded parallel, different lateral 

strains are measured. This may be due to the orientation of the cube in the 

experimental machine, and the influence of boundary shear (see section 5.2.4 and 

appendix A6). Yet it is also possible that by coincidence failure prevailed in the 

£ 3-direction which showed the largest deformations ! 

7.3. Final remarks. 

It is emphasited that only some very first .results are shown, and no hard 

conclusions can be drawn yet. The greatest care should be exersized in 

implementing these results in constitutive models. Many questions remain. First 

of all, in view of the uniaxial test results (failure starts at the outer layers, 

chapter 4), it is questionable to what extend the core of a uniaxial preloaded 150 

mm cube is damaged. The rotated specimens are sawn from the central part. 

In this context it would be preferable to use triaxially pre-loaded specimens, in 
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order to have a better control on fracture in pre-loading. Also by adopting 

uniaxial pre-loaded specimens we are confined to the cylindrical rupture mode. 

To my opinion more insight in the problem may be obtained using the planar 

fracture mode, which may be obtained from a triaxial pre-loading using 150 mm 

cubes. 

A second problem involved in the rotation experiments is indicated in fig. 7.15. 

The application of non-rotatable 'rigid' loading platens is undesirable in the 

testing of anisotropic materials /59,118/. 

01 

Ill I I I II I I 

03= [SJ -a 
::;:=3 

fllltftttf 
01 

Fig. 7.15 Shear failure in a jointed block system. 

The brush bearing platens that are used in the current investigation impose plane 

boundary conditions to the specimen. An inclined anisotropic specimen is 

enforced to fail along an 'orthogonal' crack-pattern. Shear deformations are not 

allowed for. The type of deformations indicated in fig. 7.15 may be investigated 

by adopting fluid cushions as a load application system /83/. 

Yet it remains questionable which boundary conditions apply for real structures. 

Therefore it seems appropriate to carry on along both lines (brushes and fluid 

cushions, or also other load application systems) in order to investigate the 

sensitivity of an inclined cracked concrete structure. 

The tests presented herein may be used as a starting point. 
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8. RETROSPECTIVE VIEW AND CONCLUSIONS 

The principal objective of this investigation was to extend the current knowledge 

about the strain-softening of concrete subjected to multiaxial loading histories. 

The introduction of numerical models for the analysis of reinforced concrete 

structures, has had a great impact on the development of constitutive equations; 

particularly, when the models take into account realistic material behaviour 

(triaxial non-linearity, cracking, etc.). 

Few experiments have been done to confirm these models and no experimental 

data for strain-softening of concrete when subjected to multiaxial loading was 

available at the start of this investigation. 

A triaxial apparatus for testing cubical specimens was developed and its 

construction was completed in 1981; thereafter, an extensive testing program 

was carried out. The triaxial apparatus was provided with a triple servo-control 

which made it possible to measure stable strain-softening under triaxial loading 

conditions. Loads were applied to the specimen by using brush-bearing platens 

which deforms the cube uniformly with reduced friction. 

Emphasis was placed on measuring the deformation and the results obtained are 

presented in chapters 4, 5 and 7; they indicate the effectiveness of the . triaxial 

apparatus. 

Stress-strain results were obtained for only a medium strength concrete (uniaxial 

compressive strength obtained with 100 mm cubes loaded between brushes 

f'k 100 ,., 45 N/mm
2
). 

' 
In a series of preliminary uniaxial compression tests, several factors were 

investigated relating to the method of making specimens. Initial anisotropy was 

observed in these tests. A significant increase of ductility in the axial stress

strain curve was found when the uniaxial loading was applied parallel to the 

direction of casting rather than perpendicular. Also the amount of lateral 

deformation varied. The uniaxial compression strength was not influenced by 

initial anisotropy. 

Strength and deformation of the specimens depended upon where the cube had 

beensawn from the prism. Results were consistent for aU the experiments. 

In the uniaxial experiments, deformation was measured at the specimen's 

surface, as well as between the loading platens. When the overall strain

softening was measured, surface unloading was observed. Stress was widely 

redistributed throughout the specimen. The behaviour observed in the descending 
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branch of the stress-strain curve should be considered as a structural charac

teristic rather than a material property. 

A number of uniaxial compression tests were performed on prisms of different 

slenderness-ratio (0. 5 s; h/d~ 2, d= 100 mm) and they revealed that the amount 

of energy required for fracturing the specimen was independent of its size. A 

stress-displacement diagram seems preferable to a stress-strain diagram for 

describing the post-peak behaviour. The failure mechanism in uniaxial compres

sion was obviously similar to tensile failure. 

Stable strain-softening was measured under bi- and triaxial loading conditions 

too. Experiments were carried out mainly in the triaxial compression region, but 

only a limited number in the tension-biaxial compression region. 

The triaxial experiments were replicated satisfactorily (see chapter 7 and fig. 

A5.42 to A5.46). Different load-paths were investigated and a detailed descrip

tion of all the results was given in chapters 5 and 7. Here, only the general 

trends that were observed during triaxial fracture will be mentioned. 

In the triaxial compression region, two different types of fracure could be 

distinguished: for stress-combinations near the compressive meridian 

( o 1 < o 2 "' o 3), fracture occurred, with a multitude of inclined planes. This type 

of fracture is referred to as cylindrical. 

This type of failure shows a gradually descending branch of the stress-strain 

curve. Two large tensile deformations, not necessarily equal, result in a two

directional fracture. 

The other type of fracture is planar .. and will be observed when failure occurs 

mainly in one direction. The inclined local shear-bands that are developed, pass 

through the plane of the major and minor compressions. The stress-strain curves 

in the major compressive direction show a steeply descending branch. In fig. 8.1, 

the types of fracture observed are shown, both for the uniaxial size tests and 

the triaxial compression experiments. 

In the planar type of fracture (triaxial compression), the specimen disintregrates 

into a few relatively intact blocks that are separated by local shear-zones. This 

type of fracture is observed in triaxial compression tests on rock too, /16,17/. It 

can be concluded that both concrete and rock behave similarly when subjected to 

triaxial loading. 

The local shear-band gives the impression that it develops after the material has 

been weakened by parallel micro-cracks. 
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Fig. 8.1. Review of observed fracture modes in uni- and triaxial compres

sion. 

The cylindrical type of fracture can be measured in the standard triaxial cylinder 

tests, too. Recently, some results were reported for confined cylinder tests on 

micro-concrete, /79/ in which the cylinders were found to fail along a single 

inclined shear-band. The cubes in this investigation failed by forming many small 

'rupture-elements', for which a size-effect, similar to the one reported for 

uniaxial compression (fig. 8.1), is responsible probably. 

The slope of the descending branch of the stress-strain curve in a planar 

experiment was not influenced by the level of the minor compressive stress (i.e., 

for the confinements investigated, o3: ~ol' ~= 0, 0.05 and 0.10). The descending 

branch of the stress-strain curve in the cylindrical experiments was greatly 

influenced by the level of lateral stresses. 
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Effects of initial anisotropy were observed in the triaxial experiments, similar to 

those reported for uniaxial compression. 

In chapter 6, some theoretical models were discussed in relation to the 

experimental results that were obtained. A damage model, which takes into 

account internal structural changes such as the amount and orientation of 

defects was proposed. The size of the defects (cracks) with respect to the 

specimen's size is considered to be responsible for the decreased carrying 

capacity of the specimen in the descending branch. The conditions for stability in 

the descending branch require further investigation. 

It should be emphasized that the model has not been developed yet for use in 

computer codes. In fact, only some first thoughts have been presented and much 

work is still needed. 

The triaxial apparatus produces new accurate results; however, only a limited 

triaxial program has been carried out. It is hoped that the apparatus will 

continue to be used in the near future ' 
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SAME NVA TTING 

In een uitgebreid experimenteel onderzoek is aandacht besteed aan 'strain

softening' van beton onder meerassige spanningstoestanden. 

Het toenemende complexe karakter van bouwconstructies is de oorzaak van de 

toenemende vraag naar gedetailleerde en fundamentele kennis van het materiaal 

beton. Ongetwijfeld heeft de introductie van niet-lineaire berekeningsmethoden 

op basis van de eindige elementen methode een grate invloed op de ontwikkeling 

van constitutieve vergelijkingen. Het voorspellen van bezwijkcondities van 

driedimensionale gewapend beton constructies wordt mogelijk indien meer kennis 

beschikbaar komt omtrent het bezwijkmechanisme van beton onder meerassige 

spanningstoestanden. 

Een drieassige kubusmachine werd ontworpen en gebouwd. Het meten van een 

stabiele dalende tak in het spannings-vervormingsdiagram (dat wil zeggen 

gecontroleerd bezwijken) werd bereikt met behulp van een drievoudige servo

control in combinatie met stijve belastingframes. Toepassing van de welbekende 

borstelpakketten leidde tot een praktisch wrijvingsloze invoer van belasting 

(uniform verplaatsingsveld). 

In een uitgebreid vooronderzoek met behulp van eenassig gedrukte kubussen werd 

de invloed van een , aantal met de vervaardigingsmethode van de proefstukken 

samenhangende parameters onderzocht (reproduceerbaarheid, stortrichting en 

posities). Eveneens werd nauwkeurig de invloed van het belastingssysteem 

onderzocht. 

Uit een aantal eenassige drukproeven op prisma's met variabele hoogte kon 

worden geconcludeerd dat een constante hoeveelheid breukenergie nodig is bij 

het bezwijken, onafhankelijk van de proefstukhoogte. 

Drieassige proefresultaten zijn nu verkregen voor een betonkwaliteit. Een grate 

verscheidenheid van belastingpaden werd onderzocht in het drieassige drukgebied 

en het trek-druk-druk gebied. 

In het drieassige drukgebied bezwijkt een proefstuk onder de vorming van een 

aantal min of meer ongescheurde reststukken gescheiden door schuifvlakken. De 

indruk is, dat deze schuifvlakken zich ontwikkelen door een 'array' van oorspron

kelijk evenwijdige trekscheurtjes. De afmetingen van de reststukken bleek 

afhankelijk te zijn van de opgelegde spanningstoestand (en zoals bleek uit de 

eenassige proeven op prisma's oak van de proefstukafmetingen). De invloed van 

de stortrichting werd eveneens gemeten onder drieassige spanningstoestanden. 
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Met behulp van verschillende belastingpaden kan kennis worden verkregen 

omtrent voortschrijdende beschadiging in het proefstuk. Dergelijke proeven zijn 

van belang voor het ontwikkelen van een op 'damage' gebaseerd constitutief 

model. In het laatste dee! van dit proefschrift worden enkele facetten van 

dergelijke modellen besproken. Belangrijk bij de ontwikkeling van een beschadi

gingsmodel .lijn onder andere de orientatieverdeling en de afmetingen van 

(micro)scheuren. De afmeting van de scheuren ten opzichte van de proefstuk

afmetingen wordt verantwoordelijk geacht voor de afnemende draagcapaciteit 

van het proefstuk in de dalende tak. De condities waarbij de dalende tak stabiel 

blijft, zijn hierbij van belang en vragen nader onderzoek. 
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specimen testdate loading- alp E:lp e: lp (surf) E: 2p E 3p W (Joule)4) 
no. direction 

(N/mm 2) (
0 /oo) (

0 /oo) (
0 /oo) (

0 /oo) peak 0.006 0.007 

2A 1- 1 060482 perp. -35.55 -2.41 1.02 1.13 60.0 148.4 161.4 
2 070482 " -33.63 -2.05 0.63 0.64 45.5 135.3 146.7 
3 050482 " -31.16 -1.91 0.95 0.84 39.0 118.0 128.1 
4 050482 para. -33.14 -1.97 0.99 0.98 47.1 144.3 157.9 
5 050482 " -34.37 l) 
6 070482 " -35.86 -2.26 0.51 0.84 55.3 154.8 168.7 

2A 2- 1 070482 perp. -36.58 -2.25 1.18 0.86 57.2 151.9 165.0 
2 060482 " -35.60 -2.34 1.31 1.16 57.8 150.0 163.6 
3 070482 " -35.08 -2.10 0.77 0.84 49.2 143.3 155.9 
4 060482 para. -33.07 -2.03 0.93 0.68 45.8 151.9 165.0 
5 070482 " 2) 
6 060482 " -36.36 -2.40 1.00 0.92 61.9 157.1 170.9 

N 
28 1- 1 -"" 060482 perp. -41.72 -2.50 1.08 1.10 72.6 176.1 191.0 

(.T1 

2 060482 " -39.15 -2.27 0.57 0.63 60.6 157.5 170.1 
3 060482 " -39.59 -2.40 1.17 1.02 65.4 157.7 170.1 
4 060482 para. -39.35 -2.53 0.85 1.00 69.7 175.0 191.3 
5 070481 II -40.21 -2.43 1.24 1.31 66.8 171.8 186.1 
6 070482 II -41.34 -2.43 1.01 0.78 69.1 181.8 197.7 

28 2- 1 130482 perp. -39.64 3) 
2 140482 II -42.04 -2.26 -2.31 1.11 1.11 67.7 166.9 
3 140482 II -41.29 -2.09 -1.90 0.69 0.69 58.9 166.8 178.7 
4 150482 para. -42.27 -2.73 -2.20 1.05 1.05 80.3 184.9 
5 150482 II -42.12 -2.69 -2.15 1.18 1.18 79.2 186.8 
6 130482 " -41.83 - 2.69 -2.34 1.25 1.25 79.1 185.8 201.1 

1) fault in measuring system 
2) malfunction of spherical seating 
3) excentric loaded 
4) energy requirement at peak-stress-level, 0.006 strain and 0.007 strain 

Table Al.l. Experimental results, series 2A/28 



Appendix A1 

specimen testdate loading o1p £1p £ 1J~6rf) £2p £3p £ 2p (surf) W (Joule)4) 
no. direction 

2 (N/mm ) (
0 /oo) ~/oo) ~/oo) (

0 /oo) (
0 /oo) peak 0.006 0.007 

3A 1- 1 280482 perp. -38.71 -2.10 -1.83 0.88 1.06 - 1) 51.9 131.2 141.5 
2 280482 " -39.42 -1.92 -1.78 0.62 1.03 48.4 142.8 154.1 
3 280482 " -38.09 -1.90 -1.61 0.85 1.06 45.5 136.7 146.8 
4 290482 para. -38.49 -2.20 -1.84 1.07 0.89 53.9 154.5 167.9 
5 290482 " -38.95 -2.34 -1.98 0.93 1.14 59.6 154.4 167.6 
6 290482 II -37.63 -2.35 -1.92 0.86 1.03 57.4 151.8 164.4 

3A 2- 1 290482 perp. -40.75 -2.17 -1.76 0.85 0.84 55.5 153.8 166.2 
2 290482 " -38.66 -2.10 -1.31 0.89 1.10 50.5 141.7 153.3 
3 290482 II -42.07 -2.29 -1.92 0.99 1.22 61.9 157.7 170.0 
4 290482 para. -39.33 -2.42 -1.67 1.41 0.87 61.8 159.3 173.7 
5 290482 " -40.22 -2.53 -2.08 1.10 1.30 66.9 163.0 177.5 
6 290482 " -39.67 -2.44 -1.78 1.18 0.95 63.1 166.6 182.4 

N 
~ 

38 1- 1 060582 -44.49 -2.07 -1.73 0.95 1.59 65.2 158.8 169.2 0'1 perp. 
2 070582 " -42.20 -1.78 -1.44 1.05 0.91 49.6 146.8 156.9 
3 070582 II -43.60 -1.73 -1.71 0.87 0.67 48.4 155.0 2) 
4 070582 para. -42.16 -2.03 -1.75 0.77 0.99 57.9 165.3 178.2 
5 100581 " -41.51 -2.13 -1.47 0.95 1.17 59.1 161.2 174.0 
6 100582 II -44.37 -2.12 -1.96 1.12 0.97 65.5 166.5 2) 

38 2- 1 110582 perp. -45.53 -2.07 -1.70 0.97 0.75 0.80 61.4 173.2 186.4 
2 110582 " -44.21 -2.20 -1.93 1.16 0.87 0.87 62.8 164.1 176.6 
3 110582 " -43.31 -2.20 -1.86 1.32 1.01 1.04 63.5 164.0 175.8 
4 120582 para. -42.55 -2.59 -1.90 1.17 1.29 1.60 72.5 179.3 195.4 
5 120582 " -43.29 -2.58 -2.06 1.08 1.29 0.86 73.5 181.9 197.8 
6 120582 " -43.88 -2.56 -2.09 0.75 0.92 1.07 74.0 181.8 198.2 

1) £ 2 f not measured in series 3A1, 3A2 and 381 
2) te1tt'Lt~rminated before strain-level was reached 
3) £1 Y is average value of two central placed strain gauges (see fig. 4.2 .) 
4) ene~'q' requirement at peak, 0.006 strain and 0.007 strain. 

Table Al.2 Experimental results, series 3A/38 



Appendix A1 

factor and value of estimated st.dev. P-value 

levels X. value b. (vtJr/o 0
2
) ( (l = 0.05) 

I 

(N/mm~) 

mean xo = 1 b0 = -39.56 0.0215 0.000 

loa.dir.D x1 =-1,1 b1 = 0.11 0.0215 0.541 

(perp.,para.) 

position P x2 = 1,o,-1 b2 = -0.61 0.0312 0.009 

E,H,M 

position P2 2 x3:3x2 -2 b3 = -0.08 0.0111 0.532 

batch B x4:-3,-1,1,3 b4:-1.25 0.0044 0.000 

2A,2B,3A,3B 

batch B2 2 
b5 = 0.55 0.0215 0.005 x5=(x4 -5)/4 

3 batch B3 x6=(5x4 - b6=-0.67 0.0042 0.000 

41x4)/12 

DP X7=X1X2 b7 = -0.05 0.0313 0.800 

OP2 X8=X1X3 be= 0.07 0.0111 0.588 

DB x9=x1x4 b9 = 0.10 0.0044 0.240 

DB2 XlQ=X1X5 b10 = 0.12 0.0215 0.498 

DB3 X11=X1X6 b11 =-0.07 0.0042 0.413 

PB x
12

:x2x
4 bl2 = 0.12 0.0062 0.230 

PB2 Xl3:X2X5 bl3 = -0.55 0.0312 0.016 

PB3 x14=x2x6 b14 = -0.03 0.0062 0.773 

P2B X15=X3X4 b15 = -0.05 0.0023 0.444 

P282 X16=X3X5 b16 = -0.08 0.0111 0.555 

P2B3 Xl7=X3X6 b17 = -0.01 0.0021 0.812 

estimate for random error cr0 
2 = 1.51 c v = 29) 

Table Al.3. Strength-results of series 2 and 3. 
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factor and value of estimated st.dev. P-value 

levels ·x. value bi (v~r/6 0 
2) ( a.:0.05) 

I 

(Joule) 

mean x0=1 b0 = 159.45 0.0253 0.000 

loa.dir.O x1:-1,1 b1 = 6.48 0.0248 0.000 

(perp.,para.) 

position P x2=1,0,-1 b2 = 3.41 0.0328 0.044 

E,H,M 

position P2 2 x3:3x2 -2 b3 = 0.46 0.0140 0.662 

batch 8 x4:-3,-1,1,3 b4 = 1.87 0.0055 0.008 

2A,28,3A,38 

batch 82 2 
b5 = -2.97 0.0248 0.043 x5:(x4 -5)/4 

3 batch 83 x6=(5x4 - b6 = 4.39 0.0045 0.000 

4ix4)/12 

DP X7=X1X2 b7 = -0.82 0.0328 0.612 

DP2 X8=X1X3 b8 =-0.70 0.0142 0.513 

DB X9=X1X4 b9 = 0.12 0.0054 0.854 

082 XlQ=X1X5 b10 = -0.74 0.0253 0.606 

083 Xll=X1X6 bll = 0.07 0.0046 0.913 

P8 x12: x2x4 b12=-1.13 0.0063 0.122 

PB2 x13=x2x5 b13 = 1.65 0.0328 0.313 

P83 X14=X2X6 b14 = 0.41 0.0068 0.582 

P28 X15=X3X4 bi5 = 0.38 0.0033 0.460 

P282 X16=X3X5 b16 = -0.44 0.0142 0.680 

P283 x17: x3x6 bl7 = 0.32 0.0023 0.457 

estimate for random error 2 OO = 78.96 ( V=27) 

Table A1.4. Energy results (at 0.006 strain) of series 2 and 3 
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loading direction perpendicular. 

b. idem, for specimens 3A2-4, 3A2-5 and 3A2-6, loading direction 

parallel. 
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Specimen no. test date o1p £1p £ 1p,surf e2p £3p £ 2p,surf 
2 (N/mm ) (o/oo) (o/oo) (o/oo) (o/oo) (o/oo) 

10A1- 1 070283 - 44.31 - 2.143) - 2.oo1) 0.65 0.86 1.082) 
2 090283 - 42.19 - 2.12 - 1.86 0.80 0.75 0.90 
3 110283 - 44.68 - 2.24 - 2.07 0.71 0.62 0.80 
4 040283 - 44.38 - 2.14 - 2.10 0.65 0.96 0.68 

10A2- 1 040283 - 44.44 - 2.06 - 1.86 0.95 0.86 1.20 
2 080283 - 45.11 - 2.06 - 2.00 0.64 1.09 0.75 
3 090283 - 45.68 - 2.23 -1.96 0.85 0.81 0.74 
4 090283 - 43.57 - 2.07 - 2.12 0.73 0.92 0.87 

1081- 1 090283 - 44.22 - 1.98 - 1.91 0.72 0.91 0.85 
2 070283 - 42.46 - 2.03 - 1.78 0.68 0.73 0.85 
3 080283 - 42.55 - 2.23 - 2.16 0.78 0.96 0.99 
4 080283 - 42.14 - 2.16 - 2.07 0.73 0.95 0.96 

N 
U'l 1082- 1 080283 - 43.29 - 2.19 - 1.83 0.70 0.70 0.93 w 

2 100283 - 40.51 - 2.07 - 1.87 0.73 0.77 0.77 
3 070283 - 42.41 - 2.09 - 1.84 0.83 0.92 0.95 
4 100283 - 42.77 - 2.09 - 2.06 0.86 1.19 1.16 

Table A2.1. Results of 10-series. 

1) average value of two central placed strain ga'uges no. 10,11 (see fig. 4.21) 
2) average value of two lateral gauges no. 12, 13 (see fig. 4.21) 
3) loading platen value, determined using brush-calibration test with aluminum cube 
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factor and value of estimated st.dev. 2 
P-value 

levels x. value 2b. (var/6 0 ) (a.= 0.05) 
I 

(N/mm ) 1 

mean xo = 1 b0 = -43.37 0.06 0.00 

height x1 =(h-150)/50 bl = 0.49 0.06 0.195 
H = 100, ZOO mm 

batch lOA, lOB x2 = -1,1 b2 = o.n 0.06 0.038 

position E, M x3 = -1,1 b3 = 0.17 0.06 0.616 

capping yes, no x4 = -1,1 b4 = 0.09 0.06 0.789 

HB X5 = XlX2 b5 = -0.01 0.06 0.986 

HP x6 = xlx3 b6 = 0.14 0.06 0.681 

HC x7 = xlx4 b7 = 0.01 0.06 0.965 

BP x8 = xzx3 b8 = 0.30 0.06 0.407 

BC x9 = x3x4 b9 = -0.03 0.06 0.922 

PC xlD = x3x4 blO = -0.08 0.06 0.822 

estimate for random error o0 
2 = 1. 714 ( v = 5) 

Table AZ.Z. Strength-results of 10-series. 
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factor and value of x. estimated st.dev. P-value 
I 

(v~r/o 0 2) levels · value bi ( IJ.m) ( 0.= 0.05) 

mean x0 = 1 b0 = -60.38 0.0156 0.000 

height H x1 =(h-150)/50 bl = -3.08 0.0156 0.000 
100, 200 mm 

batch B x2 = -1,1 b2 = -2.99 0.0156 0.000 
lOA, lOB 

position E, M x3 = -1,1 b3 = -4.45 0.0156 0.000 

capping, yes, no x4 = -1,1 b4 = -4.96 0.0156 0.000 

stress-level 5 x5 =(-o-25)/5 b5 = -11.25 0.0031 0.000 

stress-level 51 2 
b6 = 0.71 0.0156 0.293 x6 =(x5 -5)/4 

stress-level 52 3 
b7 = -0.10 0.0031 0.729 x7 = (5x5 -

4lx )/12 

HB x8 = xlx2 b8 = -1.50 0.0156 0.030 --
HP X9=XlX3 b9 = -3.99 0.0156 0.000 

HC xlO = xlx4 blO = 0.04 0.0156 0.952 

H5 xll = xlx5 bll = -0.17 0.0031 0.578 

H51 X12=X1X6 bl2 = 0.49 0.0156 0.465 

H52 x13 = x1x7 bl3 = 0.07 0.0031 0.809 

BP xl4 = x2x3 bl4 = 0.61 0.0156 0.363 

BC Xl5 = X2X4 bl5 = 0.95 0.0156 0.161 

85 Xl6 = X2X5 bl6 = -0.46 0.0031 0.130 

851 xl7 = x2x6 bl7 = -0.19 0.0156 0.779 

852 Xl8 = XzX7 b18 = -0.04 0.0031 0.905 

PC xl9 = x3x4 bl9 = -0.30 0.0156 0.654 

P5 x20 = x3x5 bzo = -0.69 0.0031 0.025 

P51 x21 = x3x6 b21 = 0.13 0.0156 0.845 

P52 x22 = x3x7 b22 = 0.01 0.0031 0.968 

C5 x23 = x4x5 b23 = -0.49 0.0031 0.108 

C51 x24 = x4x6 b24 = 0.31 0.0156 0.641 

C52 X25 = X4X7 b25 = -0.09 0.0031 0.765 

estimate for random error a 0 
2 = 28.277 ( v = 38) 

Table A2.3. Deformation-results of 10-series. 
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the lateral strain £ 3 (see also fig. 4.21 in the main text). 
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Calculation of initial loading-ratio for constant displacement-ratio experiments 

Let ~= o
3
/ o1 and a.= £ 2!£ 1• We assume o 1 < o 2 < o 3, where o is negative in 

compression. 

From linear-elastic theory we know: 

... ,.(A3.1) 

Under the assu~tion that linear elastic theory holds for very low stress-levels 
(up to -5 N/mm ), we can calculate the level of o 2, given an initial-loading in 
or-direction and the required deformation ratio a.: 

a.(1- v~) + v(1 +~) 
0 

(1+VU) 1 
..... (A3.2) 

From the uniaxial cube tests (100 mm cubes, compressed between brushes) the 
initial Poisson-ratio was found to be in the order of 0.15 - 0.20. For the biaxial 
and triaxial experiments (respectively casting series 5, 6 and 8, 9) the following 
value for o2/ o1 were used (table A3.1). 

values for o2/o1 v = 0.15 V=0.20 

~= 0.0 a.=- 0.2 -0.052 0.000 
0.0 0.150 0.200 
0.33 0.460 0.500 

~=0.05 ct=-0.2 -0.042 0.012 
0.0 0.158 0.210 
0.1 0.254 0.305 
0.33 0.467 0.510 

~=0.10 a.=- 0.2 -0.033 0.025 
0.0 0.165 0.220 
0.1 0.263 0.316 
0.33 0.476 0.522 

Table A3.1. Boundary-values for o2/ o 1 in displacement ratio tests. 

In the multiaxial test, the initial loading level was taken as small as possible, 
with the ratio between the above mentioned boundaries. 
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Biaxial experimental results, series 5/6 

In this appendix, shortly some results of the biaxial experiments (series 5/6) are 

shown. The experimental design is shown in table A4.l. Variables were, the 

loading combination, stress or deformation-ratio, monotonic or cyclic loading to 

'the envelope' (see fig. 5.3), position of the specimen before sawing and batches 

(5A, 58 and 6A). In total, 36 biaxial experiments were carried out. 

In table A4.2 and figure A4.3 the strength results are shown. In figures A4.4.a-b 

and A4.5, some deformational results are indicated. 

stress-rat1o 
O/o 2= -1/+0.2 

-1/0 

-1/-0.33 

deformation ratio 
~1 1/~12= -1/+0.2 

-1/0 

-1/-0.33 

monotonic 

5A2-4 
582-6 
6A2-5 

5A2-5 
582-4 
6A2-6 

5A1-6 
581-5 
6A1-4 

5A1-1 
581-2 
6Al-3 

5Al-3 
581-1 
6Al-2 

5A2-2 
582-3 
6A2-1 

loading regime 

cyclic to the 
envelope 

5A2-6 
582-5 
6A2-4 

5A1-4 
581-6 
6A1-5 

5A1-5 
581-4 
6A1-6 

5Al-2 
581-3 
6A1-1 

5A2-1 
582-2 
6A2-3 

5A2-3 
582-1 
6A2-2 

table A4.l. Biaxial experimental design. 
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Statistical analysis of biaxial strength results, series 5/6. 

j 2 2 7 
Linear model : y = o1 + o 2 = L: p.x. + ~ 

i:Q I I 
.... (A4.1) 

Only taken into consideration are the main effects (see table below). The 

response values of all biaxial compression tests were taken into account (thus 

stress-ratio and displacement-ratio experiments -1/0 and -1/-0.33). 

factors and value of estimated st.dev.
2 

P-value 
levels X. value 

2
b. (var/o0 ) (a=0.05) 

1 (N/mm ) 1 

mean x0= 1 bo= 55.58 0.04 0.00 

loa.comb.C x1 = -1,1 b1= 5.90 0.04 0.00 
-1/0 and -1/-0.33 

stress- or def .- x2= -1,1 b2= 3.92 0.04 0.00 
ratio path S 

monotonic or x
3

:: 1,-1 b3= -0.19 0.04 0.80 
cyclic loading 

position P x4= -1,0,1 b4:: -2.39 0.06 0.017 
E,H,M 

position P2 2 x5= 3x4 -2 b5= 1.03 0.02 0.076 

batch B x
6

:: -1,0,1 b6= -1.33 0.07 0.171 
5A,5B,6A 

batch B2 2 x7= 3x6 -2 b7:: -0.21 0.02 0.088 

estimate for the random error: o0 
2:: 12.42 (V:: 15). 

Table A4.2 statistical analysis of strength results, series 5/6. 

Reduced model: y = 55.58 + 5.9Dx1 + 3.92x2 - 2.39x4 . ... (A4.2) 

The significant factors (a= 0.05) are factors affecting the stress-path (respec

tively C and S) and positions (linear term P). The factor monotonic/cyclic loading 

was not significant at the 5% level. This is in contradiction with biaxial results 

obtained by Beams et.al. /12/, however in agreement with previous uniaxial 

experiments /81, 148/. Maybe the comparison with earlier experiments under 

monotonic loading as was done by Beams et.al. is not allowed (for example 

differences in batches). 
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Fig. A4.3. Comparison of biaxial strength results with previous investigations. 

Uniaxial compressive strength (obtained from six 100 mm cubes, loaded between 

brushes, see table A4.1), o -1/o= -44.1 N/mm2. The end positions are indicated 

with (1) in figure A4.3. 
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Deformation results of biaxial experiments. 

In figures A4.4.a-b and A4.5, limited deformational results of the biaxial 

experiments are shown. In figure A4.4.a-b, two examples of measured stress

strain curves are shown (respectively plane strain test 581-1, and constant 

stress-ratio test 6A1-4, -1/-0.33/0). In the main text, chapter 5, two additional 

results were shown (respectively 582-3, fig. 5.5 and 5.6, 61 1/612= -1/-0.33, 0 3= 0, 

and 5A1-3, plane strain test in fig. 5.10). In fig. A4.4.a, the o1-£
1

, 0 1-€
3

, 0 2-€ 1 
and o

1
- £1 f curves are shown, in fig. A4.4.b, the 0 1-€ . curves 0= 1,2,3). ,sur 1 

Obvious will be the unstable behaviour in the o1-€ 
1 

curve descending branch. In 

the case of the stress-ratio tests with ratio -1/-0.33/0, no stable descending 

branch could be measured. 

From fig. A4.4.a-b, the poor correlation between surface and overall strains will 

be obvious. In fig. A4.5, the discrepancies between surface and overall strains 

are shown more clearly for the four above mentioned experiments. 

Although a capping between specimen and brush was used, a large difference 

between surface and overall strains was measured. The reason for this behaviour, 

only was found after the tests were carried out. Small dimples were pressed near 

the edges of the lower steel block of the brushes (fig. 3.11), apparently the result 

of too large lateral strains in the unconfined direction (see for example fig. 

A4.4.a). The result of the small plastic deformations in the brush steel block is, 

that at test initiation, the largest contact area will be situated in the central 

part. In fact the specimen is loaded by means of 'spherical loading platen'. As a 

result large differences between surface and loading platen strains appear, and 

addition of a capping will hardly affect the deformational results. However, the 

strength results seem not to be influenced by this phenomenon (fig. A4.3). 

I -4. 

~--3D 
w 

-2D 

surface strain = average value 
of upper and lowr 60 mm gauc;»es 
, ... fig. 3.10) 

/ 

/ 

// 
/ 

-lO 

/ 

/ 
/ 

5B1-1 !plane strain) 

., 5B2-311111il>1 2 = -1/-0.331 

/-------·---------
6A1-4 5A1- 3 

1oyo2 = -1/-0.331 !plane strain) 

arro\15 indicate strain 
at peak- stress level 

-5.0 -6.0 

strain £ 1,loa.pl. (
01-1 --

Fig. A4.5. Plots of E1,Ioa.pl. against £ 1,surf for four biaxial experiments. 
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fig. A4.4 a. Biaxial monotonic deformation-ratio test, specimen 5B1-1, 

loa.dir. perpendicular (E2/El= 0/-1, o3= 0). 

b. Biaxial monotonic stress-ratio test, specimen 6A1-4, Joa.dir. 

perpendicular (o
1
/o2/o3= -1/-0.33/0). 
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Triaxial experimental results (series B and 9) 

Summary of results page 

AS.l. 

A5.2. 

Peak stress and strain results for triaxiat experiments 

Orientation of specimens in the triaxial apparatus 

269 

271 

A5.3. - A5.5. 

A5.6. 

A5.7.- A5.9. 

A5.10.- A5.13. 

A5.14.- A5.19. 

A5.20.- A5.27. 

A5.2B.- A5.33. 

A5.34.- A5.36. 

A5.37.- A5.4l. 

A5.42.- A5.46 

Results of uniaxial control tests, series B/9 

Photographs of failed specimens 

Stress-strain curves of monotonic stress-ratio 

experiments 

Stress-strain curves of monotonic displacement-ratio 

experiments 

272 

276 

279 

282 

Stress-strain curves of cyclic stress-ratio experiments 286 

Stress-strain curves of cyclic displacement-ratio 

experiments 298 

Stress-paths of displacement-ratio experiments 314 

Volumetric strain - axial strain curves 320 

Tangential stiffness. plots 323 

Strain-paths 325 

A review of the triaxial experiments is given in table 5.41 page 121. 
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Table A5.1. Details of triaxial ex~eriments, serie 8/9. 

specimen- test date ratio oio1 M/C loading- o1p 
o2p 

03p E1p 
E2p 

E3p age 2 
no. 2) ~~/r1 direction (N/mm ) (o/oo) (days) 

6) 5) 

SA 1- 1 230383 M para. -44.84 - 1.91 0.89 0.70 252 
2 150383 0 0.10 0.05 c " -84.26 -30.69 -5.03 8.59 -0.32 5.59 244 
3 180383 s 0.33 0.05 M perp. -82.91 -27.95 -4.61 - 6.94 -0.58 5.19 247 
4 220483 S-0.20 0.05 M para. 4) 282 
5 160383 0 0.33 0.10 c " -135.12 -99.20 -13.88 -19.98 -5.33 18.63 245 
6 120483 M " 2.55 272 

8A 2- 1 240383 M " -47.55 - 2.27 0.91 0.81 253 
2 210383 s 0.0 0.10 M " -55.26 0 -5.66 - 3.84 2.39 0.44 250 
3 040583 0-0.20 0.10 c perp. -112.97 -20.33 -11.66 -19.13 4.81 11.37 294 
4 170383 0 0.0 0.05 c " -76.27 -18.96 -4.15 7.30 0.44 . 5.67 246 
5 180383 s 0.10 0.10 M " -84.76 -8.79 -9.00 9.45 3.69 3.61 247 

N 
6 130483 M 3) 273 0'1 para. 

0.0 

88 1- 1 240383 M " -45.30 - 2.30 0.79 0.89 253 
2 210383 s 0.10 0.10 c " -76.82 -7~57 -7.96 -14.82 7.05 5.94 250 
3 140383 0 0.10 0.05 M perp -73.02 -22.35 -4.11 - 6.07 -0.26 3.87 243 
4 220383 s 0.0 0.10 c " -51.20 0 -5.28 2.73 1.45 0.15 251 
5 030583 S-0.20 0.05 c " -11.49 1.79 -0.96 0.43 0.071 -0.03 293 
6 140483 M para. 2.87 274 

88 2- 1 250383 M " -43.64 - 2.22 0.88 1.22 254 
2 040583 0-0.20 0.10 M " -106.32 -18.81 -10.92 -18.64 4.69 10.46 294 
3 150383 0 0.33 0.10 M perp. -111.25 -67.13 -11.44 -12.83 -3.53 8.90 244 
4 220383 s 0.33 0.05 c para. -85.59 -28.67 -4.62 -10.27 0.14 6.89 251 
5 170383 0 0.0 0.05 M " -82.16 -22.70 -4.51 -12.06 0.53 9.23 246 
6 150483 M " 3.03 275 

9A 1- 1 250383 M " -46.95 - 2.43 1.06 1.13 233 
2 280383 0 0.33 0.05 c perp. -91.48 -57.79 -5.11 - 8.42 -2.18 7.95 236 
3 080483 s 0.0 0.05 M " -50.56 0 -3.56 - 2.91 1.92 0.64 247 
4 060583 D-0.20 0.05 c para. -83.51 -11.86 -4.74 -10.30 2.74 6.35 275 
5 020583 S-0.20 0.10 M perp. -12.15 1.86 -1.56 - 0.71 0.18 -0.12 271 
6 180483 M para. 3.95 257 
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specimen- testdate ratio
no. 2) r2/r1 ~3’°1 M/C loading-

direction
6) 5)

for each prism: no. 1. uniaxial compression, no. 6. uniaxial tension I control tests

M perp. -117.99 -10.10 -11.77
perp. -131.09 -45.53 -13.70
perp. -118.49 -114.44 -12.69

-14.46 3.93 7.65 427
351

-11.32 -11.34 12.46 352

02p E2p
0 2 aIp (N/mm ) 3p ip (o/oo)

C

9A 2 - 1 280383 M para. - 45.92 -2.27 1.05
2 290383 D 0.10 0.10 C perp. -125.91 -49.91 -12.66 -15.45 -0.66
3 300383 D 0.0 0.10 C para. -117.59 -40.81 -12.13 -21.13 0.95
4 070483 S 0.10 0.05 M “ - 67.06 - 6.70 - 3.91 - 7.74 2.68
5 310383 S 0.33 0.10 M “ -127.00 -42.02 -13.30 -21.21 -0.02
6 190483 M “ 3.00

9B 1 - 1 110483 M “ -48.29 -2.40 1.16
2 310383 S 0.10 0.05 C perp. -76.35 -8.05 -4.61 -5.96 1.30
3 080483 S 0.0 0.05 C para. -50.51 0 -3.29 -3.34 1.48
4 030583 5-0.20 0.10 C “ -13.05 2.32 -1.71 -0.48 0.17
5 050483 S 0.33 0.10 C perp. -115.02 -38.41 -11.68 -15.42 -0.11
6 190483 M para. 2.79 0.088

9B 2 - 1 130483 M “ -50.43 -2.48 1.03
2 070483 D 0.33 0.05 M “ -96.92 -62.33 -5.17 -10.71 -2.84
3 290383 D 0.10 0.10 M “ -116.85 -49.06 -11.77 -20.59 -1.17
4 060483 D 0.0 0.10 M perp. -121.12 -33.13 -12.15 -16.03 0.77
5 060583 D-020 0.05 M “ -85.13 -13.13 - 4.64 -9.90 2.76
6 200483 M para. 2.49 0.073

0.77
10.28
13.64

3.84
13.88

236
237
238
246
239
258

1.17
2.96
0.75
-0.12
10.65

250
239
247
272
244
258

1) D = displacement-ratio test
S = stress—ratio test

2) test-date: day, month, year

0.85
9.55
12.70
10.38
7.09

- tension - compression displacement ratio tests / tensile peak stress-level.

252
246
237
245
275
259

3) excentric loaded, due to mal
function of spherical seating

4) failure of epoxy layer

5)
6)

8A 2 - 3 040583 D-0.20 0.10
8B 2 - 2 040583 D-0.20 0.10
9A 1 - 4 060583 D-0.20 0.05
9B 2 - 5 060583 D-0.20 0.05

6B 2 - 5 220683 D-0.20 0.10
4B 2 - 4 240283 S 0.33 0.10 M
4B 2 - 5 250283 D 1.0 0.10 M

see section 5.1.
M = monotonic loading
C = cyclic loading

C perp. -24.13 1.84 -2.80 -0.73 0.14
M para. -22.98 2.08 -2.60 -0.58 0.14
C para. -18.43 1.59 -1.51 -0.75 0.18
M perp. -24.21 1.28 -1.61 -0.97 0.33

0.04
0.02
0.05
0.05

c:i
f’3

a
-, a

~

c
~‘D.

~- -+,

II

ac,,O

DC.

—o
0
D

r..)

~tT .O~ ~J t.J ‘.11 .~ ~.,4 F’.) ~ 4~. ‘.~J F’.) ~fl .~‘ ~M F’)
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Loading-axis 

1. 2. 3. 

SAl- 2 D = -1.0 s = -0.05 D = -0.10 3.(vertical 
3 s = -1.0 s = -0.05 s = -0.33 axis) 
4 
5 D = -1.0 s = -0.10 D = -0.33 

SA2- 2 s = -1.0 s = -0.10 2. 
3 D = -1.0 D = +0.20 s = -0.10 
4 D = -1.0 s = -0.05 D= 0.0 
5 s = -1.0 s = -0.10 s = -0.10 1. 

S81- 2 s = -1.0 s = - 0.10 s = -0.10 
3 s = -0.05 D = -1.0 D = -0.10 
4 s = -1.0 s = -0.10 
5 s = -1.0 s = +0.20 s = -0.05 

S82- 2 D = -1.0 D = +0.20 s = -0.10 
3 s = -0.10 D = -0.33 D = -1.0 
4 s = -1.0 s = -0.05 s = -0.33 
5 D = -1.0 s = -0.05 D= 0.0 

9Al- 2 D = -1.0 s = -0.05 D = -0.33 
3 s = -1.0 s = -0.05 
4 D = -1.0 D = +0.20 s = -0.05 
5 s = -1.0 s = +0.20 s = -0.10 

9A2- 2 D = -1.0 s = -0.10 D = -0.10 
3 D = -1.0 s = -0.10 D= 0.0 
4 s = -1.0 s = -0.05 s = -0.10 
5 s = -1.0 s = -0.10 s = -0.33 

981- 2 s = -1.0 s = -0.05 s = -0.10 
3 s = -1.0 s = -0.05 
4 s = -1.0 s = +0.20 s = -0.10 
5 s = -1.0 s = -0.10 s = -0.33 

982- 2 D = -1.0 s = -0.05 D = -0.33 
3 D = -1.0 s = -0.10 D = -0.10 
4 D = -1.0 s = -0.10 D= 0.0 
5 D = -1.0 D = +0.20 s = -0.05 

D = deformation-control 
S = stress-control 

Table A5.2. 
Orientation of the specimen with respect to the loading axes in the triaxial 
apparatus for the multiaxial experiments I series SA - 98. 

271 



Appendix AS 

0 
0 

M <D C) u--' 
...... , _w 
. "' C>Z...J 

NW '-0--' .....,_ 
- 1- a: 

• 0:: I 00:: 
-w za: 
WV"J tiOCL 

<'">r 
ZV"J "' ..... 
CI:V"J N 
o::w "' ........ ..... 
"' --' "' · 0 

"'"' II 
>>- w 

z !I .I: 
-a 
V'J U 

"' --' 
"' a: w-
C.:: X 
>-a: 
V"J-

z 
:::> 

C) 

"' 

ro-
:CC> 
C) w 
w<>" 

a: a: 
C) C) 

--' ·-' 

- NNN 

I I !I II II 

CL a.... a_ a... 
0 000 

wwww 

I I I I 
.-N-N 
a: cr. men 
CDCX>CD<D 

IIIJ 

0 
<D 

0 
r-

1 

0 
<D 

I 

CZ!.HUNJ 

N 

a 

00 
I 

tO;-..: 
I 

w 

..,. 
I 

N 
I 

<D 

Fig.A5.3.a. Uniaxial control tests series 8, 100 mm cubes, stress-strain curves 

o1 - El' o1 - Ez and o1 - £: 3 (specimen 8A1-1, 8A2-1, 881-1 and 

882-1). Lateral strains E 2 and e: 3 are not plotted until test

termination. 
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Fig.A5.3.b. Uniaxial control tests series 9, 100 mm cubes, stress-strain curves 
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1
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2 

and o
1
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(specimen 9A1-1, 9A1-2, 981-1 and 

982-1). 

273 



Appendix A5 

-4 

-3.5 

-3 
"' 

"' -2. s 
a: 
"' " 
"' u -2 a: .._ 
0: 

~ 

;;:; -I. 5 

z 
a: 
:= -I 

"' 

-.s 

-4 

-3.5 

-3 

"' 

"' -2.5 
a: 

"' " 
~ -2 a: .._ 
0: 

" "' 
;;:; -I. 5 

;< 
:= -I 

"' 

-. 5 

Fig.A5.4 

(a.) 

-. 5 -I -I .5 

(b.) 

- .5 -I -1.5 

/ 
STRAIN E\CLOA.PL. l vs. STRAIN El!SURfACEl 

/ 
UNIAXIAL CONTROL TESTS SERIES 8 

LOA. COMB.= 51 /52/53~-1 /0/0 
LOA.REOIME= MONOTONIC 

/ 
y-· PARALLEL 

,_,.;' ' 
--....._ 

IS--l!ISA I- I EITOP ·I 91 r.: 
IS--l!I8A2-l El TOP -2. 7 r.. 
&----4>68i -1 El TOP ·2 .30 7. . 
....__..662-1 E I TOP ·-2. 22 r.. 

-2 -2 . 5 -3 -3.5 -4 -4.5 -5 -5.5 -6 
STRAIN (l!LOA · PL . VALUEl lr. . J 

/ 
STRAIN EliLOA.PL. l VS. STRAIN Ell SURfACE I 

/ UNIAXIAL CONTROL TESTS SERIES 9 

LOA.COMB.= Sl/52/S3:-l/O/O 
LOA . REOIME= MONOTONIC 

IS--l!I9AI-I El TOP 
IS--l!I9A2-l (!TOP 
~961-1 EITOP 
....__...962-1 [!TOP 

-2 -2 . 5 -3 -3.6 -4 -4.5 
STRAIN EHLOA.PL . VALUEl rr..J 

-5 

PARALLEL 

-2.43 7.. 
-2.27 7.. 
-2.40 r. . 
-2.48 r.. 

-5.5 -6 

a. Uniaxial control tests, series 8, strain E 1 (loa.pl.) vs. strain E 
1 

(surf), check on brushes. 

b. idem, uniaxial control tests series 9. 
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.... 
d{f:.l1)/dt = c 

61 2= 0.336 t1 , perpendrcular to plane of drawing_ ·,, ... · 

Fig.A5.6. a. Rupture pattern for specimen 982-2 (E2/E1 = -0.33/-1.0, a 
3
/o 

1 
= 

-0.05/-1.0, M, para). 
f< ,.r 

o 3 =9JO:o1 

~ ..• 

. · ~- ' 

···:., .•• specimen SA1~.S ·: r;n,acro -cr acks .tvis\Qle, ·with thef!~~.!~ ei_~j 
Fig.A5.6. b. Rupture pattern for specimen BA1-5 (E2/E1 = -0.33/-1.0, a 

3
; a 

1 
= 

0.10/-1, C, para). 
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,, 

Fig.A5.6. c. Rupture pattern for specimen 981-2 (o/o2/o 3 = -1.0/-0.10/-0.05, 
C, perp.) 

Fig.A5.6. d. Rupture pattern for specimen 981-5 Co 1/o 2to
3 

= -1.0/-0.33/-0.10, 
C, perp.) 
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30 

30 

(!)--4)9Rt-3 St-Et 
~9Rt-3 St-E2 
.,._9Rt -3 St-EJ 

25 20 15 

(!)--4)8R2-2 St-Et 
~BR2-2 St-(2 
.,._BR2-2 St-[3 

25 20 15 

N 

" " ' ::; 

tO 

10 

· 160 

STRESS-STRRJH CURVES 510£11 VS. lPS(JJ 

-t ~0 
SPECIMEN: 21.:.1. 
TE5TORTE= 080483 
LOR.CONB. ·~ 52/51:-0.05/-t.O 

53/St: 0 0/-t . O 

-120 
LOR.REOJME= MONOTONIC 

PERPENO I CULRR 

-t 00 (a.) 

-80 

- 60 

-t 0 ··t5 

· t60 

STRESS-STRRJH CURVES SIC(!) VS. lPS(JJ 

-1 ~0 

··t20 

-100 

- 80 

-60 

-5 
EPS( I J rr •• J 

SPECIMEN: 6R2-2 
TE5TORTE: 2t0383 
LOR-COMB.~ 52/SI: -0 . , /-t. O 

53/SI: 0 . 0/-t.O 
LOR. REOIME= MONOTONIC 

PRRRLLEL 

(b.) 

-10 -IS -30 

Fig. A5.7. a-b biaxial monotonic stress-ratio tests, specimens 9A1-3 and 
8A2-2 (o 1/o 2 = -1/-0.05 and -1/-0.10, a 3 = 0) 
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- I 0 ··15 
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070483 

S?/51= -o .• t-1.0 
S3/SI:-O . OS/-I.O 
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PARALLEL 

(a.) 

STRESS- STRAIN CURVES SIO[IJ VS . EPS[IJ 

··140 

- I ?0 

-5 
EPS[ I J [%. J 

SPECIMEN= 
TESTOAT[: 
LOR .rona .c 

LOR . qEOIME= 

8AI-3 
180383 

52!51:-0.J3/- I.O 
S3/SI:-O .OS/-I . O 

MONOTONIC 
PERPENO I CULRR 

(b.) 

Fig. A5.8. a-b triaxial monotonic stress-ratio tests, specimens 9A2-4 and 
8A1- 3 Co1/o2 = - 1.0/-0.1 and -1.0/-0.33, o3 = O.Oso1) 
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-140 TESTDRTE= 180383 
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S3/S1: -D. i/-1.0 
LOA-~EGIME= MONOTONIC 

-120 PERPENDICULAR 

(a.) 

-6 -10 -16 
EPS[ I J [,,, J 

-160 

STRESS-STRAIN CURVES SIO[IJ VS. lPS[JJ 

-140 

-6 
EPS[IJ [~ •• J 

SPEC I MEN= 
TESTDRTE= 
LOA.CONB-= 

9R2-5 
310383 

S2/S1:-0.33/-1.0 
53/ - -0 .• /-1 .0 

(b.) 

ONIC 
LEL 

Fig. A5.9. a-b triaxial monotonic stress-ratio tests, specimens 8A2-5 and 
9A2-5 (o

1
;o

2 
= -1.0/-0.1 and -1.0/-0.33, o3 = 0.1001) 
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STR£55-SfRAIN CURVES 5101 IJ VS. EPSI II 
SPEC I MEN= Jlll.:.§_ 
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LOA.fOMB." £2/El: Q.0/-1.0 

53/51:-0.05/-1 . 0 
LOA. ~EO I ME= MONOTONIC 

PARALLEL 

(b.) 

£P5C ll (~;.J 

Fig. A5.10, a-b triaxial displacement-ratio tests, monotonic loading, spe
cimens 982-5 and 882-5 (E2/El = 0.2/-1.0 and 0/-1.0, a 3 0.05 a 1) 

282 



Appendix A5 

30 

30 

~881-3 S1-E1 
-i--+881-3 S2-E1 
.....__.,.881-3 S1-E3 

25 20 15 

~982-2 S1-E1 
-1--+982-2 S2-E 1 
-982-2 S1-E3 

26 20 16 10 

-160 

-140 

-120 

-100 

-80 

-160 

-J 40 

-120 

STRESS-STRAIN CURVES SIOfl J VS. EPS£ ll 
SPECIMEN= 
TESTO~TE= 
LOR -COMB .o 

LOR-~EOIME= 

881-3 
140383 

E2/E1= -o.,/-1 - 0 
SJ/51=-0 . 05/-1 . 0 

MONOTONIC 
PERPENO I CULRR 

(a.) 

STRESS-STRAIN CURVES SJ0£11 VS . lPS!JJ 

-5 

SPEC I MEN= 
TES TO~ IE= 
LOA. COMB. o 

LOA-REOIME= 
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S3/S1 =-0. 05/-1.0 

MONOTONIC 
PARALLEL 

(b. I 

EPS£ J J J'Y •• J 

Fig. A5.11, a-b triaxial displacement-ratio tests, 
cimens 881-3 and 982-Z (EZ/E1 
03=0.0501) 

monotonic loading, spe
-0.1/-1.0 and -0.33/-1.0, 
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Fig. A5.l2, a-b triaxial displacement-ratio tests, monotonic loading, spe
cimens 882- 2 and 982-4 (E2/El = 0.2/-l.O and 0/-l.O, o

3 
0.10 0 l) 
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Fig. A5.13, a-b triaxial displacement-ratio tests, monotonic loading, spe,. 
cimens 982-3 and 882-3 (E2/El = -0.1/-1.0 and -0.33/-1.0, 
o3 = 0.10 a 1) 
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STRESS Sl VS. STRAIN El AND E2!LOA.PLATEN-MEAS.l 
-100 

SPECIMEN: 981-3 

- 90 TESTDATE= 080483 
LOA-COMB " 52/51 =-0.05/-1 .0 

5~/Sl : 0.0/-1.0 
- 90 LOR . REOJME= CYCLIC 

PARRl.Lc~ 

·'10 

·60 -- 51-El!LOA .PL . l 
- 51-EZ!LOA . PL . J 

0 - 1 
~2 ('/~. J 

-2 -3 -4 -5 -6 -7 -8 -9 -10 
E 1 (~;. J 

STRESS 51 VS . STRAIN E3 

SPECIMEN= 981 - J 
TES rDR TE = 080483 
LOA.COM8 ." 52151:-0.05/-1.0 

S3/S1= 0 ,0/-1.0 
LOR.REGlNE: CYCLIC 

PARALLEL 

15 20 25 30 35 45 
STRAIN E3 C%.J 

biaxial stress-ratio test, cyclic loading, o 1 - £ 1 , o 
1 

- £ 
2 

and o 1 - £3 curves for specimen 981-3 Corfo2/o3 = 
-1/-D.US/DJ 
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STRESS 51 VS . STRAIN E1 AND E2CSURfACE-MEAS . I 

SPECIMEN: 
TESTDATE: 
LOA -COMB . : 

LOA.REOIME: 

961-3 
060463 

S2/S1:-0 .05/-1-0 
S3/S1= o .ot-t.o 

CYCLIC 
PARALLEL 

-- S1-E11SURFRCE1 
- Sl-E21SURFACE1 

(2 ORAHN UNTIL MEA~-2l5 

I 0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 
E2D~.J El U'.·J 

STRAIN E1 VS . STRAIN E2 AND E3 

SPECIMEN= 9Bi-3 
TES TORTE: 060483 
LOA.COMB .: 52/Sl:-0.05/-) .0 , SJ/51= o.ot-1 .a 
LOA.REGIME: CYCLIC 

PARALLEL ,, 
' i' 

· I 

.... ::,; -- E1-E2 
.':!/ - El - (3 

.'.';: 
, ; r, 

_,.; 
... , 

·' 

-5 -10 - IS -20 -25 -30 -35 -40 -45 -50 
STRAIN E1 cr.. I 

specimen 981-3 ( o1/ o2/ o"J = -1/- 0.05/0), stress-strain curves 
o 1 - £1 (surf) and o 1 - £ 2 csurf), and strain-paths 
£1 -£2' £1- £3· 
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Fig. A5.15, a-b, 

SlllESS Si VS . STRR!N f1 

SPECIMEN: 961-2 
TESTDATE= 3\0383 
LOR . COMB.-~ S2/S I= -Q. i/-J .O 

53/Si:-0.05/-\.0 
LOA .~EOINE: CYCLIC 

PERPENDICULAR 

-6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN El O •• J 

STRESS 51 VS . STRAIN E2 

SPECIMEN= 961-2 
TESTDATE= 310383 
LOA . rOM5 • SZ/SI: -0. •/-1 .0 

53/SI=-0 05/ -1 -0 
LOA-~E GI ME: CYCL IC 

PERPENDICULAR 

6 10 12 14 16 18 20 22 24 26 28 30 
STRAIN E2 [i',.J 

triaxial stress-ratio test, cyclic loading, o 1 - ~ and 0 1 - £ 
2 curves for specimen 981-2 (o1;o2;o3 = -1/-0.1ut-0.05). 
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Fig. A5.15, c-d, 

STRESS Sl VS. STRAIN E3 

SPECIMEN= 9BI - 2 
: ES fDA TE= 310383 
LOA . fOMB -" S2 / SI= -Q . ;/ - 1.0 

~ 3/SI:-0 . 05/-1 .0 
CYCUC 

PERPENDICULAR 

6 10 12 14 16 18 20 22 24 26 28 30 
STRAIN E3 (~ •• J 

STRAIN El VS . STRA!N £2 AND E3 

SPEC I MEN= 
TES IDA IE = 

981- 2 
310383 

LOA . fOMB -" 52/SI= -O . i/-1.0 
S3/SI=-0 . 05/-I.O 

LOA.REGIME= CYCLIC 
PERPENDICULAR 

-10 -15 -20 -25 -30 - 35 - 40 -45 -so -ss -so 
STRAIN El (~ •• J 

-- El-£2 
- E 1-E3 

specimen 981-2 (o 1ta2to 3 = -1/-0.10/-0.05), o
1 

-e:3 and 
strain-path curves, e:1 - E 2 and E 1 - e: 3• 
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STRESS 51 VS . STRAIN El 

SPECIMEN= 882-4 
TES TORTE= 220383 

-1 40 LOA-COMB. • 52/51=-0 33/- 1-0 
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Fig. A5.16, a-b, 

STRESS 51 VS- STRAIN E2 

SPECI MEN= 
TES TDA TE= 

682-4 
220383 

LOA.COM8 -• S2/51=-0 . J3/-1.0 
53/51=-0-05/-1 .0 

LOA .~£GIME= CYCLIC 
PARALLEL 

3. 5 4 . 5 

triaxial stress-ratio test, cyclic loading, o 
1 

- £_1 and o 1 - £ 2 curves for specimen 882-4 ( o1/ o2/ o 3 = -l/-0.3>{-0.05). 
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Fig. A5.16, c-d, 

STRESS SJ vs. STRAIN E3 

SPECIMEN: 862-4 
TESTDATE= 220363 
LOR. COMB . o 52/51=-0 .33/-J . O 

53/51:-0 .05/-1 . 0 
LOR.~EOIME= CYCLIC 

PARALLEL 

6 8 10 12 14 !6 18 20 22 24 26 28 30 
5TRAJN [3 (~;.J 

STRAIN E1 vs. S TRA f N E2 AND E3 

SPECJMEN= 662-4 
TES TORTE: 220383 
LOR. COMB.·' S2/S 1 =-0 33/-1.0 

S3/SJ:-O 05/-1 .Q 

LOA.REGJME: CYCLIC 
PARALLEL 

STRAIN EIC'l •• J 

- El-E2 
-- El-E3 

specimen 882-4 (oio2/o 3 = - 1/-0.33/-0.05), o1 - e:
3 

and 
strain-path curves, e: 1 - e: 2 and e: 1 - e: 

3
• 
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STRESS Sl VS. STRRJN El AND E2!LOR.PLRTEN-MERS. I 
-100 

SPECJMEN= BBI-4 

-90 TE5 TORTE= 220383 
LOR-COMB-~ 52/51= -0-1/-1-0 

S3/Sl= o.0/-1.0 
-80 LOR.~EOIME: CYCLJC 

PERPENDICULAR 

-70 

~ -60 -- Sl-El!LOR.PL.J 
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ex: 
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- Sl-E2!LOR.•L. J 

-50: 

-~ t: 

0 -1 -2 -3 -4 -5 -6 -7 -8 -9 -10 
E2 O •• J 

STRESS S I vs. STRAIN E3 

SPECIMEN= 881-4 
TESTDRTE= 220383 
LOR.COMB-~ S2/S l = -O.l/-1.0 

53/51= o.0/-1-0 
LOR.~EGJME: CYCLJC 

PERPENDJCULAR 

40 45 
STRAJN E3 [%.J 

biaxial stress-ratio test, cyclic loading, o1 - £
1 

, o
1

- £
2 and o 1 - £3 curves for specimen 881-4 (o1/o 2/o 3 =: 

-1/-0.J.O/DJ. 
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STRESS 51 VS. STRAIN E1 AND E2CSURfACE-MEAS. I 

SPECIMEN: 
TESTDATE: 
LOR . COMB. : 

LOR .REOifiE: 

861 - 4 
220383 

52/SI: -0 . 11-1 .o 
S3/Sl: 0.0/-1.0 

neue 
PERPENDICULAR 

~ -60 -- St-EICSURfRCEI 
z 

2 

.!:/ 
:./._.,i 

:/: 
~: : 

- St-E2! SURFACE I 
E2 DRAWN UNTIL MEAS.296 

I 0 -I -2 -3 -4 -5 -6 -7 -8 -9 - 1 0 
E2 (%, J El C%.J 

! I 

... ·.! 
. . ) 

STRAIN El VS . STRAIN E2 AND E3 

SPECIMEN= 681-4 
TES TORTE: 22D383 
LOA . COM6 . : 52/Sl: -0.1/-1 .0 

S3/SI: 0.0/-1 .0 
LOR.REOINE= CYCLIC 

PERPENDICULAR 

-- EI - E2 
- Et - E3 

-5 -10 -15 - 20 -25 -30 -35 -40 -45 -50 
STRAIN E1 (%.) 

specimen 881-4 ( O/ oz! o~ = -1/- 0.10/0), stress-strain curves 
o1 - £

1 
(surf.) and o 

1 
- £ 2 {surf.) and strain-paths, 

e:1 -£2 and e:1- £3' 
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ST~ESS 51 vs. STRAIN El 

SPECIMEN: 881-2 
TESTDATE= 210383 
LOA.COMB-" 52151 = -0-t/-1.0 

53151: -O.tl-1.0 
LOA.REGIME: CYCLIC 

PARALLEL 

- 2 -4 -6 -8 -iO - 12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRA IN E1 [~ •• J 

STRESS 51 VS . STRAIN E2 

SPECIMEN: 
TESTDATE: 

88 1-2 
210383 

LOA.fOMB -" S2/Si: - O. t/-1 . 0 
53/51= -0 -1/-1 .o 

LOA.REGIME: CYCLIC 
PARALLEL 

-60 
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0~~+-~+-~~~~~~~~~~~~~~~---4---4---4---+--~ 
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Fig. A5.18, a-b, 

6 10 12 14 16 18 20 22 24 26 28 30 
STRAIN E2 [~~·J 

triaxial stress-ratio test, cyclic loading, a 1 - S and a 1 - e: 2 curves for specimen 881-2 ( a1/ a2; a3 = -1/-0.lUJ-0.10). 
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STRESS SJ VS. STRAIN E3 

SPECIMEN= 881-2 
TESTORTE= 210383 
LOA . COMB-~ 52/St = -0.,/-t.O 

53/St= -O . t/-1 .0 
LOA . ~EOIME= CY CLIC 

PARALLEL 

111(11
1 1 t r fl(l(i( I 

~ \\\.\ \ \ \ \ \ 
tO t2 t4 16 18 20 22 24 26 28 30 

STRAIN E3 ("/ •• J 

STRA!N E1 VS. STRAIN E2 AND E3 

SPECIMEN= 
TESTORIE= 

BBt-2 
"2i'ii3B3 

LOR.COMB . ~ 52151: -0 . 11-1.0 
53/SI= -0 . 11-1.0 

LOR.~EGIME: CYCLIC 
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Fig. A5.18, c-d, 

-10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 
STRAIN El C"! •• J 

-- E1-E2 
- E 1-E3 

specimen 881-2 Coio 2to 3 = -1/-0.10/-0.10), o1 -£3 and 
strain-path curves, £ 1 - £ 2 and £ 1 - £ 3• 
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Fig. A5.19, a-b, 

-12 
STRAIN [I [~;.J 

-~ I . 5 2 2. 5 
STRAIN E2 [~ •• 1 

S!RESS 51 VS. STRAIN E1 

SPECIMEN= 981-5 
!ES TORTE= 050483 
LOA-COMB · "· 52151=-0 33/-1-0 

LOA.~EOIME= 

53/51=-0-10/-1.0 
CYCLIC 

PERPENDICULAR 

-20 -22 -24 -26 -28 -30 

STRESS S l VS . STRAIN E2 

SPEC IMEN = 
TESTOATE= 
LOA .C OMB ." 52/51=-0 33/-1.0 

53/S1=-0 i0/ - 1.0 
LOR -REGIME: CYCLIC 

PERPENDICULAR 

3 . 5 4 . 5 

triaxial stress- ratio test, cyclic loading, o1 - Ej and o1 - £ 2 
curves for specimen 981-5 ( o1f o2! o3 = -1/-0.3>7-0.10). 
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Fig. A5.19, c-d, 
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6 10 12 14 16 18 20 22 24 26 28 30 
STRAIN E3 f%,J 

STRAIN E1 vs. STRArN E2.U 

SPECIMEN= 9Bi-5 
TESTDATE= 050483 
LOA.COMB." 5215 I =-0 33/-1.0 

53/SI=-0 ,Q/-1. 0 
LOA.REGIME= CYCLJ C 

PERPENDICULAR 

-30 -35 -40 -45 -so -ss -5o 
STRAIN El (,.,J 

- E 1-E2 
-- E1-E3 

specimen 981-5 (O/ozto 3 = -1/-0.33/-0.10), o1 -E:3 and 
strain-path curves, e: 1 - e: 2 and e: 1 - e: 3• 
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STRESS S1 VS. STRAIN E1 

SPECIMEN= 9A1-4 
TESTOATE= 060583 
LOA.COMB·" E2/E1 = +0.2/-1.0 

53/SI:-0.05/-1.0 
LOR.~EOIME= CYCLIC 

PARALLEL 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN E1 (,,.J 

STRESS 52 VS. STRAIN E1 

SPECIMEN= 9A1-4 
TES TORTE= 060583 
LOR.COMB." E2/E1= +O.l/-1.0 

53/SI:-0.05/-1.0 
LOR.~EGIME= CYCLIC 

PARALLEL 

-4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN E1 ('i' •• J 

Fig. A5.20, a-b, triaxial disp.lacement-ratio test, cyclic loading, o .1 - £
1 

and 
o.L- £ 1 curves for specimen 9A1-4 (E2/E1 = +D.2t=1.0, a 3 = 
O;u5 a 

1
) 
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Fig. A5.20, c-d, 

STRESS 51 VS. STRAIN E3 

SPECIMEN: 9AI-4 
TES TOA TE: 06QSe3" 
LOA-COMB-• E2/EI= • 0 -2/-1.0 

53/SI:-0 .05/-1.0 
LOA.~EOIME: CYCLIC 

PARALLEL 

6 I 0 12 14 20 22 28 30 
STRAIN E3 (~ •• J 

STRAIN El vs . STRAIN E2 AND E3 

SPECIMEN: 9AI - 4 
TESTOATE: 060583 
LOR.fOMB -• EVE I= •O.l/-1.0 

53/SI=-0 -05/-1 .o 
LOA.~EGIME: CYCUC 

PRRRLLEL 

- E I-E2 
-- EI - E3 

-10 -1s -20 -2s -3o -35 -40 -45 -so 
STRAIN E I C~ •• J 

-55 -60 

specimen 9A1-4 (E2/E1 = +0.2/-1.0, o3 = 0.05 0 1), o1 - e: 3 curve and strain-path curves e:1 - e: 2, £ 1 - e: 3 
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STRESS 51 vs. STRFlJN El 

SPECIMEN: 8R2-4 
TESTORTE= 170363 
LOA.COMB.: E2/El= 0.0/-1.0 

53/Sl:-0.05/-1 . 0 
LOA.REOIME= CYCLIC 

PERPENDICULAR 

-2 -4 -6 -8 -10 -12 -14 -16 -16 -20 -22 -24 -26 -26 -30 
STRAIN E1 (')',,J 

STRESS 52 vs . STRAIN E1 

SPECIMEN= 6Fl2-4 
TESTOATE= 170363 
LOR.COMB.: E21E 1 = o.ot-1 . 0 

S3/Sl=-O.OS/-1.0 
LOA.RECIME: CYCLJ C 

PERPENDICULAR 

-2 -4 -6 -6 -10 -12 -14 -16 -16 -20 -22 -24 - 26 -26 - 30 
STRFliN El ('/,,J 

Fig. A5.2l, a- b, triaxial displacement-ratio test, cyclic loading, o
1 

- e: 
1 

and 
o ?_- e: .l curves for specimen 8A2-4 (E2/E1 = 0.0/-1.0, o

3 
= 

0.'0501J. 
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Fig. A5.21, c-d, 
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STRAIN E3 [~;. J 

STRESS Sl VS. STRAIN E3 

SPECIMEN: 
TES TORTE: 
LOR . COMB -" 

LOR . REOIME: 

8A2-4 
170383 

E21El= 0.0/-1 .Q 

53/SI:-0.05/-1.0 
CYCLIC 

PERPENDICULAR 

S TRA f N El vs. STRAIN E2 AND E3 

SPECIMEN= 8A2-4 
TESTDRTE: 170383 
LOA.roMs.~ EVE I= 0.0/-1.0 

53/Si:-0.05/-1.0 
LOR.~EGJME: CYCLIC 

PERPENOJCULRR 

- El-E2 
--- EI-E3 

-25 -30 -35 -40 -45 -50 -55 -60 
STRAIN [I [~ •• J 

specimen 8A2-4 (E2/E1 = 0.0/-1.0, a3 = 0.05 a 1), a
1 

,.. £ 3 
curve and strain-path curves £ 1 - £ 2, £ 1 - £ 3 
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STRESS S1 VS . STRAIN E1 

SPECIMEN= BAI-2 
TES TORTE= 150383 
LOR . COM~ · " E2/E1: -0 . 11-1 .o 

S3/S1:-0.06/-1.0 
CYCLJC 

PARALLEL 

-2 -4 -6 -8 -10 -1 2 -14 -16 -16 -20 -22 -24 -26 -28 -30 
STRAIN El O •• J 

STRESS 52 vs. STRAIN E1 

SPECIMEN: 8A1-2 
TESTDRTE: 160383 
LOR.rOMB." EZIEI = - O.i/-1.0 

53/51:-0 .05/-1 .o 
LOR.~EGIME= CYCLIC 

PARALLEL 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN El C7 •• J 

Fig. A5.22, a-b, triaxial displacement-ratio test, cyclic loading, a .1 - e: 
1 

and 
o2 - e: 1 curves for specimen BA1-2 (E2/E1 = -0.1t=l.O, o

3 
= 

0.115 0 1) 
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Fig. A5.ZZ, c-d, 

STRESS 51 vs. STRAIN E3 

SPECIMEN: 8Al-2 
TES TORTE= 150383 
LOA.('OMB . : E2/EI = - 0 . 11-1.0 

53/51:-0.05/-1 .o 
LOA.~EGIME= CYCLIC 

PARALLEL 

6 10 12 14 16 18 20 22 24 26 28 30 
STRAIN E3 [~ •• J 

STRAIN (1 vs . STRAIN (2 AND E3 

SPECIMEN= BAl-2 
TESTOATE: 150383 
LOA .COMB.; EZIE l: -O.a/-1.0 

53/51:-0.05/-1.0 
LOA - ~EGINE: CYCLIC 

PARALLEL 

- E1-E2 
-- E1 - E3 

-20 -25 -30 -35 -40 -45 -so -ss -6o 
STRAIN El C%.J 

specimen 8A1-Z (EZ/El = -0.1/-1.0, a3 = 0.05 a 1), a 1 - £
3 

curve and strain-path curves £1 - £ 2, £1 - £3 

303 



Appendix A5 

-160 

-140 

-120 

~ 

N - 100 "' >= ..... 
~ 

;;; -80 

V) 
V) 

w 
:= ·60 
V) 

-40 

-20 

·160 

·140 

·120 

N -100 r 
I: ..... 
z 

N -80 
V) 

"' "' w 
:= -60 
V) 

·40 

-20 

STRESS Sl vs. STRAIN El 

SPECIMEN= 9R1-2 
TESTDATE= 280383 
LOA-COMB . ; E2/E1= -O.J3/-I.O 

53/SI= -0.05/-1.0 
LOR.~EGIME= CYCLIC 

PERPENDICULAR 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN El (~ •• J 

STRESS 52 VS. STRAIN El 

SPEC I liEN= 
TESIORIE= 

9RI-2 
280383 

LOR . COMB . ; E2/E1= -0 . 33/-1 . 0 
53/SI= -0 .05/-1 -0 

LOR . qEGIME = CYCLIC 
PERPENDICULAR 

-2 -4 -6 -8 -10 -12 -14 -16 -16 -20 -22 -24 -26 -28 -30 
STRAIN U (, •• J 

Fig. A5.23, a-b, triaxial displacement-ratio test, cyclic loading, o J. - e: 
1 

and 
o 2 - e: 1 curves for specimen 9A1-2 (E2/E1 = -0.33t-l.O, o

3 
= 

O.:U5 o 1) 
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Fig. A5.23, c-d, 

STRESS S1 vs. STRAIN E3 

SPECIMEN: 9A1-2 
TES fDA TE: 280383 
LOR.COMB·" E21E I: -0 .33/-1.0 

53/SI: -0.06/-1 .0 
LOA.REOIME: CYCLIC 

PERPENDICULAR 

6 10 12 1'4 16 18 20 22 24 26 28 30 
STRAIN E3 (%. J 

STRAIN El VS . STRAIN E2 AND E3 

SPECIMEN= 
TESTDATE: 

9AI-2 
280383 

LOA.COMB . " E2/EI: -O.J3/-I . 0 
S3/SI= -0 .05/-1.0 

LOR.~EGIME: CYCLIC 

- EI-E2 
·-- EI-E3 

PERPENDICULAR 

-20 -25 -30 -35 -40 -45 -so -ss -60 
STRAIN E 1 C%. J 

specimen 9A1-2 (E2/E1 = -0.33/-1.0, cr
3 

= 0.05 o
1

), a
1

- e:
3 curve and strain-path curves £ 1 - £ 

2
, £

1 
-£

3 
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STRESS S1 vs. STRAIN E1 

SPECIMEN= 8A2-3 
TESTDATE= 040583 
LOA .COMB·." E2/E 1 = +0.2/-1.0 

S3/S1= -O.i/-1.0 
LOA.~EGIME= CYCLIC 

PERPENDICULAR 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN E1 I~ •• J 

8A2-3 
040583 

-4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN E1 C~ •• J 

Fig. A5.24, a-b, triaxial displacement-ratio test, cyclic loading, o 1 - £
1 

and 
o2 - £ 1 curves for specimen 8A2-3 (E2/E1 = +0.2[-l.O, o3 = 
O.J.O a 1) 
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Fig. A5.24, c-d, 

STRESS 51 VS . STRAIN E3 

SPECIMEN= 8A2-3 
TES TORTE= 040583 
LOA.COMB.; E2/El= •0.2/-1.0 

53/SI= -O.J/-1.0 
LOA.~EOIME= CYCLIC 

PERPENDICULAR 

) 
6 10 12 14 16 18 20 22 24 26 28 30 

STRAIN E3 [~ •• J 

STRAIN El vs. STRAIN E2 AND E3 

SPECIMEN= 8A2-3 
TESTDATE= 040683 
LOA.COMB.; EZ/E 1 = +0.2/-1.0 

53/51= -0-1/-1.0 
LOA.~EGIME= CYCLJ C 

PERPENDICULAR 

- E 1-E2 
·-- El-E3 

-10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 
STRAIN E1 ['r,.J 

specimen BA2-3 (E2/Ei = +0.2/-1.0, a3 = 0.10 a 1), a1 - £
3 curve and strain-path curves £1 - £ 2, £ 1 - e:

3 
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53/51= -0.1/-J.O 
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STRESS 52 vs . STRAIN El 

SPECIMEN= 9A2-3 
TESTOATE: 300383 
LOR.COMB - ~ E2/E I= 0.0/-1 .o 

53/51= -O.J/-1-0 
LOR.REG111E= ClCLIC 

PARALLEL 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN El tt •• J 

Fig. A5.25, a-b, triaxial displacement-ratio test, cyclic loading, o 1 - £ 1 and 
o2 - £ 1 curves for specimen 9A2-3 (E2/E1 = 0.0/-1.0, o3 = 
0.'10 a 1J. 
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STRESS S1 VS. STRAIN E3 

SPECIMEN= 
TESTOATE= 

9A2-3 
300363 
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Fig. A5.25, c-d, 

6 10 12 14 16 18 20 22 24 26 28 30 
STRAIN E3 (~ •• J 

STRAIN E1 vs. S IRA IN E2 AND E3 

SPECIMEN= 9A2-3 
TES TORTE: 300383 
LOA . COMB . ~ E2/E 1 = 0.0/-1.0 

53/51= -o.,t-1.0 
LOA.REGIME= CYCLJ C 

PARALLEL 

- E 1-E2 
-- E1-E3 --

-10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -so 
STRAIN E1 [%.J 

specimen 9A2-3 (E2/E1 = 0.0/-1.0, 0'3 = 0.10 o
1

), o
1

- £
3 curve and strain-path curves £ 1 - £ 2, E: 

1 
- £

3 
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STRESS S1 VS. STRAIN E1 

SPECIMEN: 9A2-2 
TESTOATE= 290383 
LOA.COMB~= E2/E1= -O.t/-1.0 

S3/SI= -0.1/-1.0 
LOA.REGIME= CYCLIC 

PERPENDICULAR 

..z.. -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN £1 (~ •• J 

STRESS 52 vs. STRAIN El 

SPECIMEN= 9A2-2 
TESTOA TE= 290383 
LOA.COMB." £2/El = -o.,/-1.0 

53/S I= -O.J/-1.0 
LOA.REGINE= CYCLIC 

PERPENDICULAR 

·2.. -4 -{> -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 ..:30 
STRAJ N E I C'Y •• J 

Fig. A5.26, a-b, triaxial displacement-ratio test, cyclic loading, o .1 - £
1 

and 
o2 - £ 1 curves for specimen 9A2-2 (E2/E1 = -0.1/-1.0, o

3 
= 

0."10 0 1) 

310 



Appendix A5 

STRESS 51 VS. STRAIN E3 
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Fig. A5.26, c-d, 

6 8 10 12 14 16 16 20 22 24 26 26 30 
STRAIN E3 [,;, J 

STRAIN El VS. STRAIN E2 AND E3 

SPECIMEN: 9R2-2 
TESTDRTE: 290383 
LOA . COMB ." E2/El: -O.J/-1.0 

S3/SI: -O.J/-J .O 
LOA.~EGIME= ClCLIC 

PERPENDICULAR 

- EI-E2 
-- El-E3 

-:-.-25 -30 -35 -40 -45 -50 -55 -60 
STRAIN El ["f.,J 

specimen 9A2-2 (E2/E1 = -0.1/-1.0, a
3 

= 0.10 0 1), o
1 

- e: 
3 curve and strain-path curves £ 1 - £ 2, £ 1 -£

3 
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STRESS S1 vs. STRAIN E1 

SPECIMEN= 8R1-6 
TESTDATE= 160383 
LOA-COMB -0 33/-1.0 

-0. i0/-1 .o 
CYCLJC 

PARALLEL 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN El cr •• J 

STRESS 52 vs. STRAIN E1 

SPECIMEN= 8Al-S 
TESTDAfE= 160383 
LOA.COMB." EVE 1 = -0 331-1 . 0 

S3/S1= -0. i0/-1 .a 
LOA-REGIME: CYCLJC 

PARALLEL 

-2 -4 -6 -8 -10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 
STRAIN E1 (f •• J 

Fig. A5.27, a-b, triaxial displacement-ratio test, cyclic loading, a 
1 

- e: 
1 

and 
a 2 - e: 1 curves for specimen 8A1-5 (EZ/El = -0.33/-1.0, a3 = 
0:10 a 

1
). 
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Fig. A5.27, c-d, 

6 10 12 14 
STRAIN E3 

s;RESS Sl vs . S,TRAJN E3 

SPECIMEN: 8Al-6 
TES TDA TE= 160383 
LOA.COMB.c [2/[ 1 = -0 .33/-1 . 0 

53/51= -o . ,ot-l . n 
CYCLIC 

PARALLEL 

16 18 20 22 24 26 28 
["f.,J 

STRAIN El VS. STRAIN E2 AND E3 

SPECIMEN= 
T£STDRTE= 

BAl-5 
160383 

LOR.COMB . c E2/E1= -0 33/-1 .0 
sJtS1= -o . 1ot-1 .n 

LOR.REGIME= CYCLIC 
PARALLEL 

- [ 1-[2 
-- [1-EJ 

30 

-30 -36 -40 -45 -50 -56 -60 
(%,J 

specimen 8A1-5 (E2/E1 = -0.33/-1.0, o3 = 0.10 o1), o1 - £
3 curve and strain-path curves E 1 - E 2, £ 1 -E 3 
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Fig. A5.29. a. Stress-path for constant displacement-ratio tests E2/E1 = 
-0.1/-1.0, monotonic ·loading, specimens 881-3 ( o

3 
= 0.05 0 

1
) 

and 982-3 ( o3 = 0.10 o 1 ). 
b. idem, E2/E1 = - 0.33/-1.0, monotonic loading, specimens 982-2 

(o3 = 0.05 o1) and 882-3 (o
3 

= 0.10 o
1
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APPENJIXA6 

Boundary shear due to bending of brush-rods 

The calculation of the brush-bearing platens was adapted from an extensive 

publication on the subject by Linse /95/. The Munich triaxial machine is also 

equiped with brushes as a load-transmitting medium. Differences with the 

Eindhoven equipment were discussed in chapter 3. 

In this appendix not the full details of the brush-calculations are given, only 

some short comments on the 'frictional-behaviour' of the brushes are made. 

The brush-rods can be schematized according to figure A6.1. The rods are 

assumed to be rigidly clamped at the machine end. A normal load P is acting at 

the free end. Due to a displacement f at the rod-end, the horizontal force H is 

determined by 

a.2-EI·f 
H= 

(tana.l/a.- l) 
••••• A6.1., 

where a.= .j jPI /EI. The variation of H with increasing applied normal force P 

is also shown in figure A6.1, for a constant horizontal displacement f = 1 mm. 

The dimensions of the brush-rods were chosen as follows: length l = 85 mm, 

cross-sectional area A = 5 x 5 mm
2

, distance between rods d = 0.2 mm. The 

complete brush-construction is shown in fig. 3.11. 

PlkN! 

·35 ·30 -20 -15 -10 

l ill<kling 
~ lood 
.l_ P,=-28460 N 

I 

l buckling I 
j_ lood 

P,•·lS«ljH 

m1xi,...l 
brush -looding 

~rocf5540 N 

1=85mm 
A= 5xSmm2 

I 
I 

El = t042 .tJ7 Nnvn 2 

400 

300 
HI HI 

200 

100 

0 

-100 

-200 

-300 

-400 

-500 

-600 

-700 

-800 

Fig. A.6.1. Horizontal force H acting at the brush-rod-tip as a function of the 

applied normal force P, due to a displacement f = 1 mm of the rod-end. 
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When the displacements of the brush-rod-tip are known, the shear-stress acting 

at the specimen-brush interface may be calculated from the horizontal force by 

equation AS.l. The horizontal force must be normalized with respect to the 

loading area of the brush-rod. 

In fig. A.6.2 the estimated value of 1: = 1: for a uniaxial compressed specimen 
X y 

(BAl-l) is shown. The lateral displacement of the brush-rods was assumed to be 

equal to the lateral displacement of the concrete cube, measured by means of 

the four strain-readers (see also section 4.2). The effects of the curved brush

surface, and the different behaviour of the outer layers of the concrete cube (see 

chapter 4.) are omitted in the calculation for simplicity. 

1: edge 
IN/mm2] 

w 

0 

8A1-1 
uniaxial compression 

1peak stress 
I level 

I 

-0.2 -0.4 -0.6 

deformed 
specimen 

-0.8 

AL,Imml 

Fig. A~6.2. Estimate of the specimen-brush-boundary shear-stress for a 

uniaxial compressed specimen. 

The value shown in fig. A.6.2 is the maximum shear-stress at the brush-edges, 

and the value will fall linear to zero at the specimen-centre. This is also 

indicated in the figure. The effects of boundary-shear are small, and probably 

not important up to the peak-stress-level. At the maximum specimen-loading, a 

peak-shear stress 1:x = 1: y = 0.05 N/mm 
2 

is calculated. 

Beyond peak, due to an increasing lateral displacement, and a decreasing normal 

force an increased value of 1: is estimated. The 1:- Al . 
1 

curve from fig. ax1a 
A6.2. shows a similar shape as a typical Al 1 t 1 - Al . 1 curve for a uniaxial a era ax1a 
compressed specimen. 

Similar calculations have been carried out for the triaxial loaded specimens. In 

table A6.3, the calculated shear-stresses, and their orientation for specimen 

882-4 and 9A2-4 are given. The orientation of the cubes in the triaxial machine 

is clarified in figure A6.4. 
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882-4 o1Jozto3 = -1/0.33/-0.05, C, para. 

o2 is situated in the vertical loading axis, stress-strain-curve, fig. 5.11., 

fracture mode; pronounced shear-planes (fig.5.13.a.) 

measured values 

01 02 03 
2 (N/mm ) 

peak -85.59 -26.27 -4,62 -1.027 0.014 0.689 

desc .branch 
0.60 eak -33.09 -11.28 -1.95 -1.943 0.133 2.923 

9A2-4 o1Jo2;o3 = -1/-0.10/-0.05, M, para. 

o
2 

is situated in the vertical loading axis, stress-strain curves, fig. 

5.11., fracture mode: multiple oriented shear planes, fig. 5.13.b. 

measured values 

peak -67.06 -6.7 

desc. branch 
0.6o k -39.91 -4.0 pea 

calculated shear-stresses 

(maximum value at brush-edge) 

882- 4 

peak desc.br·. 

"12(1) 

1:13 0.24 2.21 

1 21 0.83 1.80 
1:23 0.56 2.72 

1 31 0.67 1.94 
1 32 

(1) See fig. A6.4. 

M2 
(mm) 

-3.91 -0.774 0.268 

-2.53 - 2.411 1. 729 

2 
l:i . (N/mm ) 

peak 

0.26 

0.19 

0.75 

0.37 

0.76 

0.53 

9A2-4 

desc.br. 

2.44 

2.10 

2.38 

2.93 

2.41 

3.45 

0.384 

2.976 

Table A6.3. Calculated boundary shear-stresses for specimens 882-4 and 9A2-4. 
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The shear-stresses are calculated at the maximum-loading level for both 

specimens, and also at the end of the descending branch, just before terminating 

the experiment. (respectively at 0.4. o1 k for 882-4, and 0.6. o 1 k for ,pea ,pea 
9A2-4). 

~---+-.,-----""?~.-deformed 
specimen 

f1l1 compressive deformation (symmetric) 
f1l2 tensile deformation (asymmetric) 
f1l3 (symmetric) 

882-4 o1to2 to3 -1.0/-0.33/-o.os 
9A2- 4 o 1t o2t o 3 -1.0/-0.10/-o.os 

Fig. A6.4. Orientation and shear-stresses for specimens 882-4 and 9A2-4. 

The effects are similar to the results obtained for the uniaxial loaded specimen. 

Only the shear-stresses at maximum load have increased considerably, when 

compared with the uniaxial test. 

Another important aspect is apparent from the calculations. Due to the fact that 

the vertical displacement of the loading-frames with respect to each other is 

prevented, a deviation of the actual specimen load from the measured load will 

result. This is due to the non-symmetric shear-forces at the specimen boundary 

in the vertical direction, as shown in figure A6.4. The effect is mainly dependent 

on the level of the deformations in the vertical loading axis. 

In general, the direction with the smaller deformation, was kept in the vertical 

loading axis. At peak-stress-level, (values tabulated in appendix A5), the 

deviations are generally negligible. In the descending branch however, as may be 

obvious from table A6.3, the deviations increase considerably. The complete 

loading conditions for the triaxial experiments are summarized in table A5.2, and 

should be used for modelling the post-peak behaviour. 

The analysis and results shown in this section may be a little exaggerated, while 

the vertical axis is not completely fixed, and also the 'elastic deformation' of the 

frame should be taken into account! 
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APPENDIX A7 Results of rotation tests, series 7. 

Specimen loading- loading- o1p 02p a 3p E1p E2p E3p 
no. path (1) direction (N/mm2J (o/oo) 

7A1-2 planar perp. -74.29 -37.41 - 0.93 -3.46 -0.90 3.14 
90o(2) - 1.05 -36.17 -72.62 3.21 -1.10 -4.47 

7A1-3 cylindrical perp. -53.46 - 1.02 - 1.14 -2.53 0.85 1.45 

9rf' - 1.02 - 1.02 -42.90 1.41 4.52 -3.84 

7A1-4 cylindrical para a -55.67 - 1.00 - 1.41 -3.11 1.26 1.32 

90° - 3.37 - 1.01 -47.57 3.32 4.36 -5.29 

7A1-6 planar para. -78.24 -J9.16 - 0.92 -4.07 -0.81 3.09 

9rf' - 1.07 -34.05 -67.79 4.23 -0.95 -4.01 

7A2-J 01/02/03/ = -1/0/0 para -42.51 

7A2-4 £
1 

= 20.10-6/s, para. -50.27 - 1.01 - 0.97 -3.10 1.54 1.93 

o2 =OJ= -1 N/mm2, 

cyclic. 

7A-K1 cylindrical lj)= 30° -46.58 - 0.94 -1.01 -2.69 1.29 1.52 

- 0.85 - 0.95 -J7.11 1.6J 6.59 -3.80 

7A-K2 £1 = 10.10- 6/s para. -48.27 - 1.03 - 0.84 -2.94 1.56 1.18 

o 2 = OJ= -1 N/mm 
2 

monotonic 

7A-K3 o1/ oz! o3 = -1/0/0 para -45.16 

7S.K1 o/o2Jo 3 = -1/0/0 para. -44.47 

7S.K2 o1/ oz!o3 = -1/0/0 para -44.06 (loa dad to 92% o 1p in descending branch) 

7S-K22 cylindrical lj)= 00 -4J.55 - 0.96 - 0.81 -3.38 2.48 2.56 

9rf' - 1.01 - 0.96 -35.76 2.49 5.62 -J.55 

7S.K3 o 1/o z!o 3 = -1/0/0 para. -43.18 Ooaded to 62% 0 lp in descending branch) 

7S.K32 cylindrical lj)= 30° -31.87 - 0.99 - 0.86 -5.57 3.94 3.18 

90° - 0.93 - 0.98 - 28.36 1.83 9.20 -4.88 

(1) see also fig. 7.2. 

(2) peak results after 90 deg. rotation .o1 - o3. 

Table A7.1. Results of rotation tests, series 7. 
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b. idem, o1 - £ 2 curve. 
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Fig.A 7.6 c. Cylindrical mode rotation test, 7B- K22, pre-cracked, orientation 
0 4> = 0 , o 3 - e: 3 curve. 

b. idem, strainpaths e: 1 - e: 2 and e:
1

- e:
3
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Fig.A 7. 7 a . Cylindrical mode rotation test 7B - K32, pre-cracked, orientation 
0 

<j) = 30, o1 - e: 1 curve. 

b. idem, o1 - e; 2" 
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Fig.A7.7 c. Cylindrical mode rotation test, 78- K32, pre-cracked, orientation 
0 4>= 30 , o3 - e: 3 curve. 

d. idem, strainpaths e:1 - e: 
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and e:
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- e: 
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Fig.A7.8 a. Triaxial compression test 7A2-4, cyclic, parallel, o1 -e:1 curve. 

b. idem, o1 - e: 2 curve. 

348 



Appendix A7 

·80 
STRESS s 1 vs . STRA IN E3 

fig. c.) SPECIMEN= 7R2- 4 
TESTORTE: 230883 

-70 LOR .fOMB . c Et 20• 10[ -6/5 
52:53 = -1 . n N/MM 2 

L OR . ~EGIME ~ CYCLIC 
-60 PARALLEL 

~ 

N 
I: - 50 
I: 

' z 

- -40 
(f) 

Vl 
Vl 
w ·30 
"" 1-

"' 
·20 

· 10 

0 
0 2 3 5 6 7 8 9 10 11 12 13 i 4 15 16 17 i 8 i 9. 20 

STRAIN E3 l'Y..J 

S T R~ J N E I vs . STRFl!N E2 ~NO [3 
eo .',: 

fig . d.) SPECIMEN= 7R2-4 

lfil 
fESfORfE= 230983 

i 
LOR . rona. ·' Et ZO• tOE-6 / S 

. l/ 52 =53= -1 . 0 N/M~ 2 

16 .': . .:' LOR ~EGJME= neue 
'.' '· PARALLEL 

14 
.:-.: 

·-- U-E2 
(") 12 ·· U-E3 w 
0 
z 10 a: 
(\J 

w 

z 8 

a: 
0:: 

6 1-
(f) 

2 

-2 - 4 -6 -8 -10 - 2 -14 -16 -18 
STRAIN El ['J..J 

Fig.A7.8 c. Triaxial compression test 7A2-4, cyclic, parallel, a 1 -£
3 

curve. 

d. idem, strainpaths £ 1 - E 2 and £ 1 - Ey 

349 



Stellingen behorende bij het proefschrift van 

J.G.M. van Mier 



1. Het bezwijken van beton, onderworpen aan een drie-assige drukspannings

toestand is een lokaal verschijnsel. De afmetingen van het proefstuk en de 

opgelegde belastingscombinatie bepalen de afmetingen van de reststukken. 

2. Een drie-assige kubusproef wordt veelal bestempeld als zijnde 'true-triaxial'. 

Een spanningstoestand bestaande uit normaal- en schuifspanningen wordt 

daarbij vertaald in hoofdspanningen. Het ontstaan van georienteerde 

beschadiging maakt echter dat een onbeperkte vertaling in hoofdspanningen 

niet is toegestaan. 

3. Sterkte is geen vaste grootheid, maar is afhankelijk van structurele 

veranderingen in het materiaal. Een goed constitutief model beschrijft een 

'sterkte' bezwijkomhullende, op basis van deze structurele veranderingen. 

4. De stellingname van Kotsovos, dat de beste modellering van de dalende tak 

van het spannings-vervormings diagram voor beton die voor een ideaal bros 

materiaal zou zijn, is onjuist. 

Kotsovos, M.D., RILEM, Mat. & Struct., 

val. 16, no. 91, (1983). 

Dit proefschrift, hoofdstuk 4. 

5. Bij het modelleren van de dalende tak van het spannings-vervormings 

diagram van beton, kunnen de randvoorwaarden van het experiment waaraan 

het model wordt getoetst, niet worden verwaarloosd. 

6. Beton gedraagt zich onder drie-assige drukspanningstoestanden hetzelfde als 

sommige soorten rots. 



1. De 'fundamentele bouwstenen' zoals deze in het nederlandse betonmechanica 

project worden onderscheiden, zijn ten onrechte als fundamenteel benoemd. 

Betonmechanica, dee! l, 

CUR-VB rapport 114, maart 1984. 

B. Het tijdsaspect in een vierjarig experimenteel technisch promotie-onderzoek 

maakt adequate technische ondersteuning tot een eerste vereiste. Het is de 

vraag in hoeverre het onderzoek hiervan afhankelijk mag zijn. 

9. Er bestaat een overeenkomst tussen de in dit proefschrift beschreven 

experimenten en bergbeklimmen: het uitzicht over de top is adembenemend 

en werkt zeer verruimend. 

10. Een jaar ervaring in het buitenland is een noodzaak voor elke wetenschap

peli jk onderzoeker. 

11. Een kabinet bestaande uit voornamelijk economen is een ernstige belem

mering voor fundamenteel wetenschappelijk onderzoek. 

12. In het Iicht van de huidige toestand op de binnenlandse arbeidsmarkt, is ;de 

eis dat een onderzoeker na een jaar verblijf aan een buitenlandse universi

teit moet terugkeren in Nederland niet gerechtvaardigd. 

13. Het verschil tussen een politicus en een onderzoeker is dat de eerste meent 

dat hij een zeker antwoord op een vraag geeft, terwijl de tweede er zeker 

van is dat dit niet mogelijk is. 


