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Abstract

With the increasing applications of high strength concrete in the construction in-

dustry. the ding of its beh under multiaxial loading is essential for

reliable analysis and safe design. This thesis encompasses an investigation of the be-
haviour of high strength concrete under biaxial loading conditions. and a constitutive
modelling study to enable numerical prediction. through the finite element method.
of such a behaviour.

The experimental phase included the evaluation and design of the loading platens.
The test set-up and supports are very crucial to this type of testing due to the friction
that exists between the testing platens and the specimen. A theoretical study using

the finite element h was to il i the effect of on

the displacement field in addition to the stress distribution in the loading direction.
Three types of loading platens were examined: the dry solid platens. the brush sup-
port and teflon friction reducing pads. The results of the simulation indicated that

the most stress and displ: field are achieved through the brush

platens. Based on the finite element i igation, the size and di i of the

brush platens were recommended. They were used in the experimental study.

A test set-up was designed and manufactured. Modern control schemes and high-
speed data acquisition system were be used to monitor the material response and
collect the experimental results. Four different types of high strength concrete plate
specimens were tested under different biaxial load combinations. The principal defor-
mations in the specimen were recorded and the crack patterns and failure modes were
examined. Based on the strength data, failure envelopes were developed for each type
of concrete. The test results revealed that the failure envelopes of concrete depends

on the concrete strength and on the type of A was




found between the high strength light weight and the high strength normal weight
concrete. The deformation characteristics indicated that high strength concrete shows
a linear behaviour up to a higher stress than normal strength concrete. [t also has
a higher discontinuity limits. The observed failure modes showed that there is no
fundamental difference in the crack patterns and failure modes due to the increase in
the compressive strength of the concrete or due to the use of light weight aggregates
under different biaxial loading combinations.

The test results were used to modify and calibrate a fracture energy-based non-
associated model for high-strength concrete. The model was implemented in a general
purpose finite element program and was verified against the test results. Using the
proposed constitutive model. a finite element study was carried out to analyze the
standard compression test on a concrete cylinder. The effects of the compressive
strength. cylinder size. loading platens and sulphur capping were investigated. The
study confirmed that a triaxial compressive stress state exists at the cyvlinder end.
and a large stress concentration occurs at the corner. The simulation results revealed
that the use of a standard bearing block is essential in testing high strength concrete.
Moreover. in some cases. the use of a non standard bearing block can result in a lower
strength. which was observed experimentally. The simulation provided an explanation
for such a behaviour. Finally. the finite element analysis demonstrated that the use of
soft materials. as friction reducers. could create drastic changes in the state of stress
in the specimen as well as its compressive strength. The use of soft materials should.

therefore. be carried out with caution.
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Chapter 1

Introduction

In recent years, considerable attention has been given to the use of silica fume as
a partial replacement for cement in the production of high strength concrete. High
strength concrete possesses features that could be used advantageously in concrete
structures; these features include: low creep characteristics, low permeability, low
deflection of members resulting from high elastic modulus, and the reduced loss of
prestress force because of lower creep deformation. Hence, the application of high
strength concrete is rapidly gaining popularity in the concrete industry.

Concretes with h ding 60 MPa are duced ially using con-

ventional methods and materials and are not unusual in construction today. High
strength concrete has been used for offshore platforms, marine structures, tall build-
ings and long span bridges. The construction of Chicago’s Tower Place, would not
have been possible without high strength concrete. High strength ready-mixed con-
crete was used on the First Pacific Centre in Seattle, Washington; in this case the
design strength of the concrete was 97 MPa [1]. High strength concrete was also used
for the world tallest building, the Malaysia’s Twins.

The modern concrete offshore structures in the North Sea are built with high

strength concrete, with a minimum compressive strength of 60 MPa [3]. Over twenty



concrete gravity platforms have been constructed in the North Sea, the Baltic Sea
and offshore Brazil [4]. For example, the specified strength (56 MPa) for Gullfaks C
platform (1986-87) concrete was 50 % higher than the strength of Beryl A platform
(1973-75) concrete (36 MPa). The actual 28-day compressive strength of the Gullfaks
concrete core samples was found to be approximately 70 MPa [3].

Recently, a gravity based structure utilizing high strength concrete was used for
the Hibernia development off the eastern coast of Newfoundland. It is the first gravity
base structure to be built in North America. High strength concrete, containing
mineral admixture such as silica fume, is relatively impermeable. Hence, it offers great
promise for the durability problem associated with marine and offshore structures
situated in the harsh North Atlantic waters. The specified design strength for the
Hibernia GBS was 74 MPa. The actual strength was found to be much higher.
Normal weight aggregates as well as light weight aggregates were used in the high
strength concrete mix. In the design of these type of structures many loading cases
are considered. The state of stress in such a massive structure is quite complicated
and finite element analysis had to be used.

The behaviour of reinforced concrete members and structural systems, specifi-
cally their response to loads and other actions, has been the subject of intensive

since the beginning of the present century. Because of the complexities

associated with the development of rational analytical procedures, present-day design
methods continue in many aspects to be based on the empirical approaches, which
use the results of a large amount of experimental data.

Such an empirical approach has been necessary in the past, and may continue
to be the most convenient method for ordinary design. However, the finite element

method now offers a powerful and general analytical tool for studying the behaviour of




reinforced concrete. Cracking, tension softening. non-linear multiaxial material prop-
erties. complex steel-concrete interface behaviour. and other effects previously ignored
or treated in a very approximate way can now be modelled rationally. Through such

studies. in which the i may be varied iently and system-

atically. new insights are gained that may provide a firmer basis for the codes and
specifications on which ordinary design is based.

The finite element method has been used directly for the analysis and design of
complex structures. such as offshore oil platforms and nuclear containment structures.
These cannot be treated properly by the more approximate methods. However. the
finite element method requires a good description of the actual material behaviour
under different load combinations. in order to vield accurate and realistic results. For
normal strength concrete. reasonable amounts of data are available. This is not the
case for high strength concrete for which existing data are scarce.

Considerable experimental research has recently been directed towards applying
new techniques in concrete testing. Special test set-ups and servo controlled testing
have provided new experimental evidence which was not available earlier from pre-
dominantly load-controlled test data. For example. a stable descending portion of
the stress-strain curve of concrete in compression and direct tension was observed.
The uniaxial stress-strain curves obtained have provided an insight to the material’s
post-peak behaviour that was never known before.

Although concrete is subjected. in practice. to a wide range of complex states of
stress, most of the available information on high strength concrete. elastic and in-
elastic deformational behaviour, has been obtained from simple uniaxial compression
and bending tests. Such tests are usually carried out under short-term static loading.

These experiments provide a small part of the vast amount of data required under all



possible combinations and types of stresses.

Very few experiments have been carried out to ascertain the behaviour of high
strength concrete under biaxial and triaxial states of stress. Therefore, an exten-
sive experimental program is required to investigate the behaviour of high strength

concrete under biaxial loading.

1.1 Scope

The current study is carried out to examine the behaviour of high strength concrete
when subjected to biaxial state of stress. The scope of the experimental program is

as follows:

1. Investigate the behaviour of high strength concrete made with normal weight

aggregates and light weight aggregates.

N

. To examine and evaluate the test data.

©

. Record the deformation characteristics.

-~

. Observe the failure modes.

o

. Develop the failure envelopes.

=3

. Compare the behaviour of high strength concrete with that of normal strength

concrete.

The experimental results can then be used to modify a suitable constitutive model for
high strength concrete. By implementing the constitutive model in a general purpose
finite element program, one can then predict the behaviour of different high strength
concrete structures. Modelling of the reinforcement can be easily added to the finite

element program. However, a bond characteristics study, for high strength concrete,
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should be carried out first to produce proper modelling assumptions to vield good

results.

1.2 Research Objectives

The main objective of the current research is to investigate the behaviour of high

strength concrete under biaxial loading. The research objectives of this investigation

can be summarized as follows:

e

-

o

o

™

To examine the available methods used in biaxial testing of normal strength
concrete and to identify the suitable methods that can be used for high strength

concrete.

To ensure that selected test set-ups will not impose any limitations when used
for high strength concrete testing. To perform this task. a finite element eval-
uation of the existing test set-ups used in biaxial testing of concrete should be

carried out.

To design an appropriate test set-up for biaxial testing of high strength concrete

that can produce reliable test data.

. To collect and analyze the strength data and the load-deformation behaviour

of high strength concrete under biaxial loading conditions.
To examine the failure modes and crack patterns for different stress ratios.

To adopt a theoretical constitutive model suitable for the finite element analysis

of high strength concrete and to calibrate it using the experimental test results.

To implement the proposed model in a general purpose finite element program

capable of dealing with complex stress analysis problems. The validity of the



high strength concrete model should be established by appropriate comparisons

with the test results.

L)

To conduct a finite element analysis of the standard compression test in order
to provide some insight into that important test. The parameters should be

selected to simulate the actual ones used in the standard compression tests.

1.3 Thesis Outline

Chapter 2 is divided into four parts. The first part reviews the different methods of
load application used in biaxial testing of concrete. The second part reviews previous
research conducted on normal strength concrete under biaxial state of stress. The
third part contains a brief review of the different constitutive models used in idealizing
the behaviour of concrete. The fourth part is a literature review of previous analytical
and finite element studies of uniaxial testing of cylindrical specimen.

Chapter 3 contains a non linear finite element study of the effect of different load
application platens used in the biaxial testing of concrete. The findings of the study
are used to recommend the loading platens for the test set-up.

Chapter 4 describes the experimental investigation. Details of experimental facil-
ities, test procedures and instrumentation are presented.

Chapter 5 presents the test results and observations obtained from the experimen-
tal investigation, as well as the subsequent analysis of these results.

Chapter 6 deals with an adopted constitutive model and its application to high
strength concrete. The implementation of this model in a general purpose finite
element program is also described.

Chapter 7 presents a finite element study of the standard uniaxial compression

test on concrete cylinders.
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Finally. 2 summary of the current investigation and the conclusions reached are

given in Chapter 7.



Chapter 2

Review of Literature

In this chapter, a short review of literature pertaining to the different aspects of the
current research work is given. In the first section. a brief review of the existing
test set-ups and the different methods of load application used in biaxial testing of

normal strength concrete is presented. Secondly. the earlier work on biaxial testing

of concrete. as reported by different is di ighli of different
constitutive models used for idealizing the concrete behaviour are briefly summa-
rized. Finally, previous work on finite element simulation of a test specimen under

compressive loading is discussed.

2.1 Load Application System

Various variables of the test set-up can exert an influence on the specimen’s response
under biaxial state of stresses. Typically. the specimens used in biaxial tests are
either concrete plates or concrete cubes loaded in two directions. Thus. the boundary
conditions stand out as the most influential factor in a specimen’s response. as the
aspect ratio of a biaxial test specimen is equal to one. The interaction between the test
specimen and the loading platens could influence the specimen’s behaviour, strength

and mode of failure.



Frictional forces develop between the concrete specimen and the loading platens as
a result of the differences in lateral expansion between the concrete specimen and the
steel platens. Friction constrains the specimen boundary against lateral displacements
which leads to additional shear stresses on the surface. and thus induces forces in the
concrete specimen which are added to the nominal test load. In addition. the stress
distribution in the specimen is not uniform. As a result, the specimen is in a biaxial
state of stress which is not well defined.

Various methods of load application have been proposed for biaxial testing of
normal concrete to eliminate the friction problem (see Figure 2.1). A detailed and
comprehensive classification of the loading systems is given by the international coop-
erative program carried out by Gerstle et al. [5]. The rationale of such methods is to
reduce the effect of lateral confinement of the test specimen. The methods available

in the literature can be classified into two main categories as follows:

a) The use of friction reducing pads to reduce the friction between the test speci-

men and the loading platens.

b) Flexible loading platens to allow for the specimen deformation without intro-

ducing any restraints such as the brush support and the fluid cushion system.

The simplest method for elimination of friction forces is the use of a lubricant
between the loading platens and the test specimen. Sheppard [6] observed that such
treatment may lead to the opposite effect: excessive lubrication may lead to outward-
directed frictional forces caused by the squeezing out of the lubricant. The lateral
extrusion of the lubricant will induce lateral tensile stresses and a nonuniform stress
distribution in the specimen’s end resulting in a reduction of its apparent strength.

In order to reduce friction, Sheppard [6] used friction-reducing pads composed of

two layers of plastic film 0.0076 cm thick combined with a layer of axle grease. Hugues
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Figure 2.1: Biavial test methods [5]

and Baharamian [7] examined those pads in uniaxial compression and noticed that
the cube results were much lower than the expected strength values. They attributed
that to the expansion of the plastic film between the grease and the concrete specimen
which would have led to premature failure of the concrete.

Hugues and Baharamian (8] used a sandwich made of layers of aluminum sheets
and grease to reduce the friction between the test specimen and the loading platens.
Schickert [9] showed the limitation of this solution in the case of high applied stresses.
The frictional forces were much stronger shortly before fracture occurred than at the
start of load application.

Mills and Zimmerman [10] found that pads made with axle grease between 0.0075 cm
teflon sheets had a very low coefficient of friction for normal stresses up to 350 MPa.
Nojiri et al. [11] used two sheets of teflon (0.05 mm) lubricated with silicon grease

as a friction reducing pad. The friction pads were able to reduce the coefficient of



friction between the testing platens and the specimens to a value of 0.04.

It should be noted that if intermediate layers are used. their thickness should be
kept very small. Increasing the thickness will lead to a sign-reversal of the constraint
at the interface between the specimen and the testing machine. This will lead to a
splitting action at the specimen end. A comprehensive study on the use of interme-
diate layers is given by Newman [12].

Brush bearing platens were first introduced by Hilsdorf [13], and have been sub-
sequently used by several researchers (for example [14. 15. 16. 17. 18]. among oth-
ers). The loading apparatus consists of assembled steel rods, with a cross section of
5 x 5 mm. The length of the rods varies from 100-140 mm, depending on the max-
imum concrete strength for which the particular brush platen can be used without
buckling of the filaments. This support is laterally deformable to follow the concrete

and hence elimi the lateral fi However. the applicabil-

ity of this technique may be limited by the allowed maximum pressure load of only
69 MPa, above which the brush buckling may occur (Schickert {19]).

Vonk et al. [20] carried out a study to investigate the shear stresses induced in
the specimen due to different support systems. In that investigation. three different
systems were employed: solid platens. brush platens (short and long brushes) and
teflon pads. The results of the study indicated that the shear stresses induced in the
specimens were very high in the case of dry solid platens. With the brush bearing
platens, the shear stresses increased at higher applied loads due to the bending of
the brush rods. The use of teflon pads produced the opposite results. The induced
shear stresses increased as the applied load was increased; it then started to decrease
as the applied load was further increased (Figure 2.2). van Mier and Vonk [21]
attributed this behaviour to the slip-stick behaviour exhibited by the teflon pads at
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Figure 2.2: Average shear stress-strain curves for different loading systems: (— - —)
dry plazen, (——) short brush, (- - -) long brush, (— -~ —) teflon [20]
small deformations (high shear stresses).

The fluid cushion support system was developed by Andenaes et al. [22] at the
University of Colorado. The specimen was loaded by means of flexible membranes
under hydraulic pressure; and the fluid pressures were applied at the opposing surfaces
of the test specimen so that the specimen floated within the load cell (Figure 2.3).
This method eliminated any friction between the test specimen and the loading device.
Fluid and fluid cushion (thin membrane) boundary devices, however, can lead to early
failure due to interaction with the specimen microstructure [23]. In addition, they
limit the nature of loading to compressive loadings only as they cannot produce
tension loading. To perform tension tests, brush platens should be added [24].

As all of the above cases show, the loading devices used in biaxial testing of con-

crete impose some boundary constraints in the normal as well as the lateral directions.



Figure 2.3: Ezploded view of fluid cushion cubical cell [22]

For the lateral boundary constraint, the fluid cushions are sufficiently deformable so
as to permit lateral displacements, with zero shear stresses on the surface. Rigid steel
platens without surface lubrication produce sufficiently high friction to constrain the
specimen boundary against lateral displacements, leading to shear stresses on the
surface. To reduce lateral friction, different methods of lubrication or brush platens
are used to allow lateral displacement.

As for normal boundary constraints, rigid steel platens, which cause uniform nor-
mal displacements but variable normal stresses may be grouped at one end of the
scale; fluid cushions, which ensure uniform stresses but permit variable normal dis-
placements, are at the opposite end. Other devices (such as brush platens or lubricant)

produce an intermediate degree of boundary constraint.
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2.2 Response of Concrete Under Biaxial Loading
Conditions

2.2.1 Normal Strength Concrete

Several researchers have studied the behaviour of normal strength concrete subjected
to biaxial stresses [14, 16. 17, 25. 26, 15]. Some of the much earlier information is

questionable because of the technical difficulties involved in achieving the desired state

of stress and in ining accurate of the v small multi
strains. Iyengar et al. [25] reported biaxial strength values as high as 350 % of
the uniaxial compression strength of an identical test specimen. This misleading

result could be il to the thi i ional state of stress existing in their

tests due to friction between the testing platens and the test specimens. Applying
different methods to reduce the friction between the test specimens and the testing

platens yielded more accurate results. Nevertheless, the reported results had a large

scatter [26].

The most effective method to alleviate the friction problem was the brush bearing
platens developed by Hilsdorf [13]. The brush platens minimize the confinement
due to friction and yield more reliable stress-strain and strength results. Kupfer et
al. [14] utilized these platens and carried out an experimental investigation on the
behaviour of concrete under biaxial loading. Their research provided some of the

most complete and reliable i 1l; i i ion on the biaxial

behaviour and ultimate strength of normal strength concrete. The results have been
widely accepted and were verified by Liu et al. [16] and Tasuji et al. [17], using similar
test set-ups. Moreover, the results of the fluid cushion tests carried out by Andenaes
et al. [22] were in good agreements with Kupfer’s observations.

The strength of concrete subjected to biaxial compression was found to be higher
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Figure 2.4: Biazial strength envelope of concrete [14]

than the uniaxial strength [14, 16, 17]. A strength increase of approximately 16 %
was achieved at an equal biaxial compression state (0,/03 = 1). A maximum strength
increase of about 25 % was reached at a stress ratio of 0/0; = 0.5. The strength
decreased almost linearly as the applied tensile strength was increased for the biaxial
compression-tension case. The biaxial tensile strength was almost the same as that

of uniaxial tensile strength (Figure 2.4).
2.2.2 High-Strength Concrete

Very few data is available on high-strength concrete under biaxial state of stress [11,

27, 28]. Nojiri et al. [11] carried out an experimental testing program on four con-

crete mixes with different ive strength subjected only to biaxial comp
loading. The specimen used were 100 mm cubes. The highest concrete strength used

in the study was 67.9 MPa. The authors concluded that failure envelopes for the
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four different strength levels of concrete (in biaxial compression) were very similar.
However, the whole range of the biaxial failure envelope was not covered.

Herrin [27] studied the behaviour of model concrete plate specimens. composed
of nine aggregate discs embedded in a high-strength mortar matrix, when subjected
to biaxial compression. Chen [28] tested the same model specimen as well as high-
strength concrete plates (127 x 127 x 12.7 mm) made with different types of ag-
gregates and subjected to biaxial loading. The maximum compressive strength of
the tested plates was 60 MPa. Albeit the maximum strength of the control cylin-
ders reached almost 95 MPa, no explanation was given for such discrepancy. Only

tests were and the whole range of biaxial failure

envelope was again not covered.

The only available data in the literature that covers the entire behaviour of 2
relatively high-strength concrete mix, subjected to biaxial loading, was reported
by Kupfer et al. [14]. In this experimental work. one set of the tested specimens

had a compressive strength of 59 MPa. The specimens were subjected to three

ranges of biaxial stresses: i ion (C-C), i ion (T-T),
and compression-tension (C-T). The authors concluded that the neither the concrete
composition nor the concrete strength has any effect on the biaxial strength, and that
the strength characteristics are typical for any type of concrete. Nonetheless, some
researchers noticed that the biaxial strength of concrete decreases with the increase
of compressive strength [17, 29].

The behaviour of high-strength concrete could be different from normal strength
concrete for different biaxial load combinations [31]. For the C-C case, the micro-
cracking and the stress-strain characteristics of high-strength concrete under uniaxial

loading is quite different than normal strength-concrete. As for the T-T case, a
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decrease in the ratio of tensile strength to compressive strength may be observed for
higher-strength concrete, as noted for uniaxial cases [30]. A large difference could be
noted for the C-T case [31]. A small amount of tension would decrease the compressive

capacity more radically for high-strength concrete than for normal strength one.

2.2.3 Light Weight Aggregate Concrete

Few i i igati of the i of normal strength light weight

aggregate concrete under biaxial stress were performed [32, 33, 34]. Taylor et al. [33]
tested three different concrete mixes made with all light weight aggregate in biaxial
compression. The specimens were 50 mm cubes and they were tested using brush
loading platens. The results of the investigation indicated that the failure envelope
of light weight concrete is different than that of normal weight concrete. This finding
is in contrast to a previous investigation by Niwa et al. [32] (using greased bearing
pads) which concluded that the shape of failure envelope (in biaxial compression) is
similar to that of normal strength concrete. However, both investigations indicated

that the il biaxial i i for light weight concrete. occurred

at a ratio of applied loads equal to 0.8.

Atan and Slate [34] carried out a limited biaxial compression testing program
on two types of light weight concrete (one with light weight fine aggregate and the
other with natural sand). The experiments were performed on a 130 x 130 x 13 mm
concrete plates using the brush platens. The results of the investigation indicated

that, in diction to the above i i igati the shapes of the failure

stress envelopes (in biaxial compression) for light weight and normal concrete are
generally similar and the biaxial compression resistance, for light weight concrete,
occurred at a ratio of applied loads equal to 0.4 - 0.5.



2.2.4 Post Peak Behaviour in Uniaxial Compression

In order to obtain a stable descending portion during 2 compression test. a closed-
loop displacement control. of the test. has to be employed. Experiments carried out in
load control (constant &) do not capture this phenomenon. In a displacement control
compression test. some selected deformation in the specimen is used as a feed-back
signal. Figure 2.5 provides a schematic of the stress strain curve which is obrained

from such a test.

The post peak behaviour of a i imen is mainly affected by four
interacting parameters [33]: (a) the strength of concrete: (b) the composition of the
feedback signal that controls the test: (c) the friction restraint at the end zones: and
(d) the areas of strain localization in the specimen.

Early research work [36. 20] revealed that as the support system is changed. the
post peak behaviour of normal strength concrete becomes significantly different. [n
these tests. platen to platen displacement was used as the feedback signal. On the
other hand. extensive experiments [37. 38. 39] have clearly demonstrated that using
the platen to platen displacement. as a feedback signal. does not produce a stable
descending portion of the stress strain curve for high strength concrete cylinders. It

that a snap-back ph occurs and that could be considered

was
the reason for the absence of any post peak behaviour for high strength concrete.
Several control techniques have been suggested to produce a stable control capable of
capturing this phenomenon for high strength concrete cyvlindrical specimen. Among
them is the use of circumferential strain as a feedback signal [40. 38. 41]. Post peak

behaviour of high-strength concrete was obtained using a combination of cross-head

axial and ci ial deformation of the specimen as the feed-back

of axial and ci: ial dis-

signal [42]. A similar method using a
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placement as a feedback signal was used by Glavind and Stang [35]. Another method
of feedback control using a linear combination of force and displacement was em-

ployed by {43. 39. 44]. This method was original d for ion testing

of rocks [45]. The factors that affect the post peak behaviour such as the speci-
men’s end restraint exist for both high strength as well as normal strength concrete
specimen. Using a platen to platen displacement as a feed back signal produces a
stable descending portion for normal strength specimen but is not successful for high
strength specimen. This was attributed to the so called snap-back phenomenon. The
snap-back phenomenon was only observed. for high strength concrete specimen. when
the circumferential strain is used as a feed back signal. A logical interpretation for
such a phenomenon was given by [33]. In normal strength concrete. the cracks get
arrested by the aggregate. In high strength concrete. the cement paste and the ag-
gregate are similar in strength and stiffness. Thus. the crack extends through the
aggregate. As a result. when a crack develops in high strength concrete. there is
a sudden increase in circumferential strain. causing unloading to take place in the
axial direction in order to regulate the error signal that controls the movement of the
hydraulic actuator. On the other hand the research work by Jansen et al. [44] shows
that the snap-back is a material phenomenon for high strength concrete. In that re-
search program. the strain was still measured over a big portion of the specimen and
close to the regions with end restraint due to the specimen- platen interaction. This
could influence the results to some extent. In conclusion. it seems as more research
work is needed before a solid conclusion can be reached regarding the issue of snap
back phenomenon in high strength concrete.

Another outstanding issue is what does the compression post peak behaviour

represent and over what portion of the specimen should it be measured? Also, does



this measurement reflect a true material behaviour or is it a structural response as the
result of several factors including the stiffness of the loading platen and the regions
of the test specimens that are affected by the end restraint?

The i I results indi that ion failure is subject to localiza-

tion effects. The post peak behaviour was found to be dependent on the specimen

geometry. boundary conditions. and the gauge length used to obtain the strains [18.

20. 46]. Consider the uniaxial ion cylindrical test it shown in Fig 2.5
Due to end restraint. the stress distribution in the specimen is not uniform. During
the post peak behaviour. there exist two different zones in the specimen. The area
that is adjacent to the platens with a smaller stress than the middle portion of the
specimen and the failure zone located close to the centre of the specimen. The middle
portion of the specimen. the failure zone. deforms in a way that is different than the
end zone. Some expansion outside the failure zone will take place as unloading oc-

curs. Thus the total d ion in the speci is the d deformation of the

intact part as well as the localized failure zone. Thus the platen to platen deforma-
tion cannot be considered as the “true’ material behaviour. As a result. it is rational
that the measurement of the strain should take place in the middle portion of the

Also. this showd be used as the feedback signal to produce

a stable descending portion of the stress strain curve. Otherwise. the measurements
will represent a structural behaviour rather than a material behaviour.

In multiaxial testing. the nature of the test prevents mounting any sensor. in
a secure way. directly on the specimen. Thus. unfortunately. it is only possible to
measure the global deformations. that is. is platen to platen measurements. [n biaxial
testing, however. surface measurements. on the free surface of the specimen. can

be attained. Still. these sensors are subjected to cracking and spalling under the



attachment points of the transducer in the post peak behaviour [35. 41. 46]. Thus.
such a sensor cannot be used efficiently in the post peak regime as loss of control may

occur and damage can occur to the loading actuators.
2.2.5 Post Peak Behaviour in Biaxial Compression

Post peak behaviour of concrete is of vital importance when nonlinear finite element
analysis is used for accurate prediction of structural response. The existence of a
descending branch of the stress-strain curves under biaxial stress states has not gen-
erally been observed. Nelissen [13] attempted to obtain the descending portion of
the stress strain curve under biaxial loading. Constant rate of straining was used.
However. Nelissen found that this part of the stress strain curve depended on the
situation of the measurement instruments. As a result. the descending branch was
not reported for any biaxial test.

van Mier [18] conducted a notable test program to study the softening behaviour
of concrete under triaxial state of stress. The experimental program contained a very
limited portion on biaxial compression loading. The descending portion. for a normal
strength specimen. was reported for two low confinement stress ratios. 03/03 = 0.05
and 0.10. Unfortunately, at a higher confinement ratio (02/03 = 0.33). the descending
portions of the stress- strain curve. could not be successfully obtained. In addition.
the specimen’s response (stress strain curve) was calculated from the platen to platen
displacement. Due to the bending of the brush rods. corrections to the stress strain
curve had to be made using a similar aluminum specimen. [t should be noted that
such a correction may not be accurate. In the post peak regime, concrete will crack.
As a result. the deformation. due to the bending of the brush rods. will be significantly
different for a concrete specimen. Nonetheless. the triaxial test data obtained from

that i program is id to be fairly good and it is widely accepted.




2.2.6 Loading Path

Taylor et al. [47] investigated the effect of the loading path on the biaxial response of
lightweight aggregate concrete. The findings of their study indicated that two-step
sequential loadings resulted in strengths significantly lower than those obtained for

proportional loadings. For normal strength concrete. Nelissen [15] observed that the

gth envelope was independent of the load path. However. in his study.

the effect of the loading path was not investigated for concrete with higher strength.
In conclusion. from the above mentioned reasoning, it appears that further in-
vestigations should be dedicated to study the behaviour of high-strength concrete
under biaxial loading. [n this thesis. an experimental investigation. covering the en-
tire load path is carried out to determine the behaviour of high-strength concrete

when subjected to biaxial state of stress.

2.3 Constitutive Models

Over the past 25 vears. several constitutive models have been proposed and used for
the finite element analysis of concrete structures. An extensive review of these models

was undertaken by Chen and Saleeb [48]. Chen [49] and the ASCE Committee on

Finite Element Analysis of Rei Concrete [50]. ile. CEB re-
port [51] provides a critical review of the constitutive laws used for modelling concrete
under multiaxial state of stress. In this section. highlights of the available constitutive

relationships for concrete and the advantages and disadvantages of these models are

briefly i Rather than reviewing each individual research separately. the

main features of each family of models are presented.



2.3.1 Elasticity Based Models

The elasticity-based models can be divided into: a) linear elastic. b) nonlinear elastic.
and c) incremental (hypoelastic) model.

Linear elastic models

The linear elastic models are based on the relation:
iy = Copkt€rt

where C,,x is material matrix f(E.v). and o,, and ¢, are the stress and strain vectors.
respectively.

These models are simple and easy to formulate and use. However. such models
are no longer used in the analysis of concrete structures. The main drawback of these
models is that they fail to identify the inelastic deformation. Also. the state of stress

depends only on the current state of strain.

Nounlinear elastic models

The nonlinear elastic (secant) model (5 54} can be expressed as:

oy = F,(eua)

where F,, is the elastic-response function and g,, and ¢,, are the components of the
stress and strain tensors. respectively.

These models provide a simple approach for problems in which monotonically
proportional loads prevail. The disadvantage of these models is that the state of
stress depends only on the current state of strain. These types of models are limited

to structures subjected to specific types of loading (monotonic and proportional) [34].
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The incremental (hypoelastic) models
The incremental (hypoelastic) models [55. 36. 57] are based on:
01y = Dyyuéu

where D, i, is a material property matrix. which is a function of stress or strain tensor.
and 6,, and éy are the stress and strain-increment tensors.

These models are capable of ing many of the istics of concrete

behaviour under monotonic loadings. In addition. they are simple to formulate in
comparison to plastic and endochronic models. The main disadvantage of such models
is that they do not apply in situations where the principal stress directions rotate [38].
In addition. they cannot account for the behaviour of concrete in the strain softening
region. Also. these models do not accurately describe the behaviour of concrete under
cyclic loading.

Recently. an orthotropic model was used by Link and Elwi {39]. The model was
Link and

built on the equivalent uniaxial strain concept advocated in |

Elwi [39]. based on that model. carried out a finite element analysis (two dimen-

sional) of composite ice resisting walls. Good between the
and theoretical results were achieved. However. it was found that the model poorly

biected to signi longitudinal compt

predicted the behaviour of the walls

loads. That was attributed to the overestimation of the confinement effects.

2.3.2 Plasticity Based Models

The traditional plasticity-based models can be classified as: a) elastic perfectly plastic.

and b) elastic hardening plastic.



Elastic perfectly plastic

The elastic perfectly plastic models are incremental in nature and they can represent
inelastic strains in concrete. However. the normality rule used in these models does
not apply accurately to fractured concrete. The disadvantage of these models is
that they predict higher volumetric expansion upon failure than observed in practice.
Also. since the failure surface is fixed in the stress space. it cannot account for the

behaviour of concrete in the strain softening region.

Elastic hardening plastic models

Earlier elastic hardening plastic models are based on a certain yield surface and the
evolution of a subsequent loading surface ([60. 61. 62. 63]. among others). They
account for the plastic strains in concrete and they describe accurately many of the
characteristics of concrete. The major disadvantage of these models is that they
cannot account for the microcracking of concrete since the normality rule is used.
More recent elastoplastic models [64. 65. 66. 67} are often used to describe the
behaviour of concrete in compression. These models may cover the stress history
dependent behaviour. They allow. in connection with a nonassociated flow rule. the
simulation of the nonlinear volume change. However. these elastoplastic models have
some inadequacies in the tension and mixed compression-tension regions. The main
disadvantage is their inability to model cracked concrete. Therefore. in these models
the elastoplastic concept has to be abandoned totally when tensile cracks occurs.
Recently. the plasticity based models have made considerable progress. Such
models incorporated the use of the recent concepts of fracture mechanics [68. 69].
and continuum damage mechanics (in the form of elastic degradation) [70. 71]. Thus.

plasticity-based constitutive laws are capable of modelling plain concrete in cracked




and un-cracked states with the same elastoplastic concept.
2.3.3 Endochronic models

The endochronic models are based on the concept of intrinsic time, which describes
the inelastic strain accumulation [72, 73]. These models are capable of modelling a
wide range of nonlinear behaviour of concrete. The use of such models requires a

large number of material that are inc y i , resulting in

heavy computational iteration in a finite element program.

2.3.4 Damage Models

A continuum damage mechanics approach is used to interrelate distributed defects and
the macroscopic behaviour of concrete. Extensive research work on the application of
damage mechanics to model concrete behaviour was carried out and numerous papers
were published, for example [74, 75, 76, 77, 78]. A review of some of the available
damage models used for concrete can be found in [78]. A state of the art review of
damage mechanics can be found in [79, 80, 81]. Recent implementation of damage
mechanics to study the behaviour of plain concrete dams was carried out by [82, 83].

The fundamental notion of these models is to represent the damage state of materi-
als by an internal variable, which directly characterizes the distribution of microcracks
formed during the loading process. Each damage model established mechanical equa-
tions to describe the evolution of the internal variables and the mechanical behaviour
of damaged materials. Although there has been a profound disagreement among re-
searchers regarding the proper choice for the characterization of damage. the further
development of a more general, and unified, damage approach will provide a powerful

tool in modelling concrete behaviour.



2.3.5 Microplane Models

The mi model a mi ics approach to concrete

behaviour. Originally presented by Bazant [84]. the fundamental assumption is that
the stress-strain relation can be specified independently on various planes in the mate-
rial. assuming that the strain components on the plane are the resolved components

of the strain tensor. The derivation of the incremental constitutive relationship is

given in Bazant and Prat [85]. I ion of a nonlocal softening model into the
microplane model was later performed by Bazant and Ozbolt [86].

Although the microplane model shows good promise for general multiaxial sim-
ulation of concrete constitutive response. much more development work needs to
be undertaken. For example. in the research work by Bazant and Ozbolt (87] on
cyclic triaxial behaviour of concrete. only uniaxial loading cases were considered. In

addition. the decay used to ine the itutive moduli are not

calibrated sufficiently. The spherical integrals used in the derivation of the constitu-
tive relationship require the use of several integration points on the hemisphere per
Gauss point. which increases solution time dramatically. These shortcomings make
the microplane model unwieldy for the analysis of general concrete structures. Fur-
thermore. the utilization of a microplane model to analyze full scale structures has

vet to be tackled.
2.3.6 Adopted Model for the Current Study

Some may contest that the plasticity based models may be inadequate in representing
the cracking of concrete. on the macro-level. as micromechanics would. Nevertheless.
in the phenomenological approach to modelling a frictional material like concrete. it

can be argued that all the essential response features can be represented in a tractable
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model without the explanation that would be provided by micromechanics. Such an
approach is justified by *  need to provide engineering analysis of structural systems

made with concrete. Thus the adequacy of a plasticity based model can be evaluated

on a macromechanical basis. ratiier than on a mi hanical basis. as rep!

by the i on i ona V.

The model adopted in this study is based on Etse and Willam {71! model. It is
referred to as the Extended Leon Model. The development of that model occurred
gradually over the vears at the University of Colorado. The Leon model [88] was
first employed by Willam et al. [89] to characterize the triaxial test data of medium

strength concrete. Subsequently. it was extended by Pramono and Willam [70] to

an elasto-plastic itutive model for hardening and softening behaviour

of concrete when subjected to arbitrary triaxial loading. The model was further
extended by Etse and Willam [71] to become the Extended Leon model.

The elasto-plastic constitutive model by Pramono and Willam [70] was imple-

mented into the general purpose finite element program ABAQUS by Xie et al. [90].

It was used in a numerical investigation of high strength concrete columns. [t is

worth ioning here that the impls ion of the Etse and Willam [71] model.

in the current thesis. is based on the Xie et al. [90] implementaion of the Pramono
and Willam [70].

That particular model was chosen for the purposes of this study because it pos-
sesses different characteristics that make it attractive for use with finite element anal-
vsis. The development of the adopted model. together with the modification. calibra-
tion. and implementation in a general purpose finite element program is presented in

Chapter 5.
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2.4 Finite Element Simulation of Concrete Test
Specimen in Compression

The finite element method can be applied to provide some insight into different tvpes
of basic testing of a concrete specimen. It can be used to provide some understanding
of the stress state in the specimen as well as the interaction between the specimen
and the testing machine. [n the following sections. a literature review of some of the
analytical and finite element work used in simulating a compression test cylinder.
is presented. I[n addition. previous work involving the simulation of a brush platen
support for biaxial testing is reported.

2.4.1 Analytical and Finite Element Studies of Uniaxial

Testing of Concrete Cylinders

Analytical estimates of the stress distribution within a circular cylindrical specimen
under ion. with perfectly ined ends. were made as early as the begin-

Filon showed that

ning of this century in 1902 by Filon [91] using linear elasticity:

the state of stress in the specimen is not perfectly uniform and a stress concentration
exists at the corner ends. Other closed form solutions using the theory of elasticity
have been proposed [92. 93. 94]. Al-Chalabi and Huang [95] provided a comparison
of some of these predictions and showed that they differ significantly. Linear finite
element analysis of a test cylinder have also been provided for unspecified rock and
soil materials [96]. The effects of inserts on the behaviour of cylinders. in uniaxial

compression. was studied by Brady [94]. Linear elastic analysis was performed on

a cylinder with inserts used to minimize the end-pl imen i ial friction.

Three different moduli of inserts were examined. Because linear elastic model was

used, such analysis can be considered useful for the elastic range only. The material
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behaviour was not considered in the nonlinear range that actually occurs during an
actual test.

Shrive [97] studied the state of stress in a concrete cylinder using linear elastic
finite element analysis. The loading platens were not modelled in the simulation.
Instead. the radial displacement of all nodes at the platen surface was restrained as
those nodes were displaced equally in the loading direction.

Ottosen [98] carried out a non linear finite element analysis of a concrete cvlin-
der under compression. The concrete cylinder was modelled together with the steel
platens under the assumption that there is perfect bond between them. The loading
platens had a radius of 160 mm and thickness of 93 mm with the elastic parameters
assumed as £ = 205 GPa and v = 0.3. whereas the concrete had f = 18.7 MPa.
E = 28.9 GPa. v=0.19 and f;/fc = 0.1. The results showed that the stress distri-
bution in the specimen was not uniform. with stress concentration at the specimen’s
corners. The shear stresses induced at the specimen’s edge were also calculated. The
end blocks of the testing machine. used in the finite element simulation. did not con-
form to ASTM test standards [99]. Thus. the results obtained may differ from those
obtained using the standard end block that is recommended by ASTM.

Bakht et al. [100] studied the variation of Young's modulus and Poisson’s ratio
across the width of a concrete cylinder using linear elastic finite element analysis.
The steel loading platens and the concrete specimens were modelled together. The
platens diameter was chosen as 406.4 mm. while the concrete specimen had a diameter
of 203.2 mm and a height of 508 mm. Springs were used to numerically simulate the
interaction (at the interface) between the specimen and the loading platens. Two ex-
treme cases were studied. assuming no friction between the specimen and the platens.

and assuming complete bond between the specimen and loading platens. The main
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conclusion was that the values of Young’s modulus and Poisson’s ratio, as measured
by the usual compression test, are reliable.

A better understanding of the behaviour of a concrete cylinder in compression
test, using finite element simulation, should include actual test parameters. More
studies that address such issues are needed so that the finite element simulation may

represent actual testing.

2.4.2 Finite El t Simulation of the B dary Condi-
tions used in Biaxial Testing of Concrete

In a previous section, the different test set-ups used in biaxial testing of concrete were

reviewed and examined. As discussed, the most commonly used methods are the use

of a lubricant to minimize the friction, the use of the pressure platens developed by

Hilsdorf; these are often referred to as brushes.

Recently, Torrenti and Royis [101] carried out a linear elastic finite element sim-
ulation of concrete cubes with an aspect ratio equal to one. The study was used to
design the brush platens used for testing normal strength concrete subject to biaxial
loading. In that study, the effectiveness of the brush platens was evaluated as op-
posed to dry solid platens. The analysis was performed assuming that the specimen
was bonded to the loading platens. The performance of the supports was only eval-
uated for the case of uniaxial loading. The shear stresses induced in the specimen
were reported to be at a minimum. However, no values for the shear stresses and
the shear stress distribution at the specimens’ edge were provided. In addition, the
study did not include the maximum capacity of the brush supports. These factors
are important if the brushes are used in testing high-strength concrete. For the case
of testing high-strength concrete, the shear stresses induced in the specimens under

high applied load should be quantified and the buckling capacity of the steel brushes
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should be evaluated. In addition. the performance of the brush platens for biaxial

loading should be examined.



Chapter 3

Finite Element Evaluation of the
Boundary Conditions used in
Biaxial Testing of Concrete

The present chapter reports a non linear finite element study of the effect of different
load application platens used in the biaxial testing of concrete. Three methods are
evaluated numerically: dry ordinary solid steel testing platens. brush platens. and
friction reducing teflon sheets. The method of fluid support system was not evaluated
because it limits the possibilities of experiment (no provisions for tension tests in
particular).

The interaction between the concrete test specimen and the steel loading platens
is modelled by introducing the friction that exists between the two different surfaces.
This is achieved through an interface element with a friction coefficient that is mea-
sured from actual experimental tests. The effect of confinement on the displacement
field in addition to the stress distribution in the loading direction are presented and
discussed. The shear stresses induced in the specimen are evaluated. Finally. the

buckling capacity of the brush platens is examined.
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3.1 Simulation of the Interaction Between the Test
Specimen and the Loading Platens

As mentioned in Section 2.4. previous studies on the simulation of a concrete test

cylinder in compression either assumed full bond between the specimen and the load-

ing platens. or used springs to ically simulate the i ion (at the interface)

between the specimen and the loading platens. As pointed out by Ottosen [98]. the
assumption that the specimen is glued to the loading platens could be fair for the
concrete cylinders with an aspect ratio of two. However. Ottosen [98] concluded that
when the aspect ratio of the specimen is one. slip must be expected as failure is ap-
proached. As for the case of using springs. normally two extreme cases are studied:
either there is no friction between the specimen and the platens. or the specimens
are completely stitched to the platens. Although the springs could be calibrated to
simulate the friction between the specimen and the platens. finding a value for the
spring stiffness is rather a difficult task.

A better representation of the interaction between the concrete test specimen
and the steel loading platens is to introduce the friction that exists between the two

different surfaces. This could be done through an interface element with a friction

coefficient that is estil d from actual experi; tests. Hilsdorf [13] suggested
that the coefficient of friction decreases from 0.6-0.15 with increasing normal stresses.
and recommended a value of 0.10 for high normal stresses. Ottosen [98]. after ex-
amining Hilsdorf’s test results. concluded that the coefficient of friction (between the
solid platens and the concrete specimens) decreased from 0.49 to 0.17-0.24 for large
normal stresses. Recently. Vonk et al. [20]. based on experimental testing, evaluated
the coefficient of friction and reported that it varied from 15.5 % to 12.5 % at the

beginning and at failure. respectively. Thus. a coefficient of friction equal to 0.30
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seems to be reasonable for small normal stresses. while a value of 0.15 seems to be
rational for large normal stresses. In this study. a coefficient of friction equal to 0.30 is
used throughout the simulation as the friction model used could not include different
friction coefficients at different loading stages.

In order to simulate the friction between the steel loading platens and the con-
crete specimen. interface elements are used. For the dry solid platens and the brush
supports. the coefficient of friction is assumed to be equal to 25 %. The lubricated
teflon pads have a thickness of 1 mm. a Young's modulus of 4 GPa and a Poisson’s

ratio equal to 0.42 and a coefficient of friction of 0.05.

3.2 Constitutive Material Model

For the finite element evaluation of the test set-up. the incremental elastic-plastic
concrete model implemented in the general purpose finite element analysis code.
ABAQUS. is adopted [102. 103]. The model utilizes the classical concepts of plasticity
theory: a strain rate decomposition into elastic and inelastic strain rates: elasticity:
vield flow: and hardening. In addition. the model uses a crack detection plasticity

surface to determine when cracking takes place. and the orientation of the cracking.
3.2.1 Elastoplastic Behaviour

The initial vield surface defines the elastic limit (Fig 3.1). If the state of stress
lies within the initial vield surface. linear-elastic constitutive equations are applied.

As the material is stressed bevond the initial vield surface. a subsequent new yield

(loading) surface is developed. which replaces the initial one. Moreover. any straining

beyond the initial surface is ied by a new i plastic deformation.

Isotropic hardening is used to define the post-yield response rather than kinematic
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or mixed hardening due to its simplicity in the ition of vield surfaces:

uniform expansion of the initial and subsequent surfaces is assumed. A hardening
parameter relates the uniaxial material stress-strain relation to the multiaxial state
of stress where an associated flow is assumed to govern the post-yielding stress-strain

relationship.
3.2.2 Behaviour under Compressive Stress State

The model uses a simple yield surface that involves the first two stress invariants.
This surface is defined in terms of the effective pressure p, von Mises equivalent stress
q, and a hardening parameter 7.().) as follows

fe(p,q) = g = V3aop — V3r(A) =0 @31

where aq = a constant, which depends on the relation between biaxial strength and
uniaxial compressive strength.
The associated flow rule is used with the yield surface given by Eq. 3.1 to define

the plastic strain increment (de?') where

Forlg=Dundd,\¢>0:de:'=d,\([1+m(ul)’]%

otherwise: de?' =0 (3.2)

where (e.)? = plastic strain tensor; and (8f./3c) = gradient of the flow potential
for the yield surface, which can be defined using Eq. 3.1. The constant c, depends
on the relation between the ultimate plastic strain in the equal biaxial compression
stress state and the ultimate plastic strain in the uniaxial compression stress state.
Failure in the compressive stress space is reached when the vield surface expands
to a certain failure surface. This is expressed using an equation similar to Eq. 3.1,

with 7. equal to the yield stress in the case of pure shear (only 012 =07, = 7. exist
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in the stress tensor o). The compression surface is shown in (Fig 3.1) in both the

p — q plane and the plane stress space.
3.2.3 Cracking

Cracking is modelled using a smeared crack approach. Cracking occurs when the

stress state reaches a failure “crack detection surface” (Fig 3.1), given by
5 o («\«) bo e(A)
£ =4 - w55 - 2 - 37 a0 =0 33)

where by = a constant, which depends on the relationship between the axial tensile
and compressive strengths; o) = uniaxial tensile strength; o,()\;) = hardening pa-
rameter; and (p,§) = invariants in the subsection of stress space, which excludes the
stress component gos (a or 3 is a crack direction) associated with open cracks. After
cracking, damage elasticity is used to model the cracked material where. at the in-
crement at which crack detection surface is violated, “plastic” crack detection strains

are calculated only once. They are defined using the associated flow by

For f, = 0and dA > 0: déf' = d,\,[af‘]

otherwise: def' = 0 (3.4)

The post-cracking behaviour, in tension, is based on the brittle fracture concepts
introduced by Hillerborg et al. [104]. The fracture energy required to form a unit
area of crack surface, Gy, is assumed to be a material property and can be calculated
from

wo
Gy = /.. odw (3.3)

where o is the average stress over the area considered , w, is the crack width in the

fracture process and w, is the crack width when o, reaches zero at the end of the
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softening branch. The cracking energy is then equal to the area under the stress-
elongation curve.

The modified Riks algorithm (Crisfiled et al. [105]) is utilized to obtain a static
equilibrium solution for the unstable response encountered in concrete due to concrete
cracking in tension, or the post peak behaviour of concrete in compression. The
Riks algorithm is based on attempting to step along the equilibrium path (the load-
displacement response curve) by prescribing the path (arch) length along the curve

to be traversed in each increment, with the load magnitude included as unknown.

3.3 Specimen - Platen Interaction

As mentioned in a Section 3.1, a rational simulation of a specimen during testing re-
quires modelling of the interaction between the test specimen and the loading platens.
A finite sliding formulation is adopted which allows for relative displacement of the
contacting surfaces. The finite sliding capability is implemented by means of interface
elements which model contact between an element face, attached to the test speci-
men, and the corresponding element on the loading platens. The elements used are
compatible with the discretized domains and incorporate the corresponding nodes at
the contact surfaces.

The behaviour of interface elements is characterized by the relation between the
relative displacements of the surfaces in contact and shear and normal stresses at
the interface. The isoparametric formulation with linear variation of both geometry
and relative displacement is described by the 2 noded element shown in Fig 3.2. The

shape functions N;(€)associated with each node are given by:
.
M=501-¢ (3.6)

= 1
N 5(1 +£)




Element A

Element B

L Interface Element

Figure 3.2: Isoparametric interface element



3.9

and
Au =N, Ar=SVAey 3.8)

where. Au and Av are relative displacements in r and y directions respectively. and
I,. % Au, and Ay, are the nodal values of r. y. Au and Ar respectively.

The relative di in the global di z and y. at any point of the

element can then be expressed in terms of nodal values of relative displacements as:

” Au N0 Ay,
o= =s[¥ 8]{3) oo

Denoting the relative displacements in the element coordinates as d°. the displace-

ments in the element and global systems can be written as

oo f R s
) _{ iy }.- Ta (3.10)

in which. Au, and Au, are relative displacements tangential and normal. respectively
to the element axis. and T is the transform=tion matrix.
The tangential stress o, and the normal stress 7, at any point in the element can

be related to the corresponding displacements as

o\ _[k 0]f du
{a)=[5 )z} -
in which k, and k, are the interface stiffnesses tangential and normal to the interface.

respectively.
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3.4 Surface Constitutive Behaviour

The surfaces in contact transmit shear stress as well as normal pressure. and the con-
tact traction depends upon the relative motion at the interface. The tangential shear
traction is coupled to the normal pressure stress through frictional effects. The stan-
dard Coulomb friction model is used to describe the shear response at the interface.
As illustrated in Fig 3.3. relative motion or slip is not permitted if the equivalent

shear stress 7, is less than the critical stress . or

w={7+3} < (3.12)

where the critical stress is proportional to the contact pressure g,. according to:
Ter =0nptand = uo, (3.13)

in which 4 is the angle of friction at the interface. and u is the corresponding Coulomb
friction coefficient. Isotropic friction is assumed. such that the coefficient of friction
is the same in both the local 1 - and 2 - directions. Frictional slip occurs when the
equivalent stress reaches the critical stress value. For isotropic friction. the direction

of the slip and the frictional shear stress coincide. which may be expressed in the form

(3.14)

by
Grigg = {0n + 63 (3.15)

In the numerical implementation of the friction model. the condition of no rel-

ative motion or sticking response. is approximated by stiff elastic behaviour. The



Bquivaleat Shear Stress (1)

Critical Stress

’ L'rieﬁml Slip

/ Relative Mation (7,)

“— Permitted
Blastic Slip

Figure 3.3: Non-local interface friction model, for which the condition of no relative
motion is approzimated by stiff elastic behaviour. as shoun by the dashes line.
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elastic stiffness k, is defined such that the relative motion is bounded by an allowable
maximum elastic slip. permitted before frictional slip would occur. This approximate
approach may be viewed as an implementation of a non-local frictional model. in
which the Coulomb condition is not applied at a point but is weighed over a small

area of the interface [106].

3.5 Geometric Modelling

The test specimen and the loading platens are modeled using the mesh shown in
Fig 3.4. The mesh shown is used for biaxial loading. The same mesh. without the
lateral platens. is used for uniaxial loading. The element used is a four node bilinear
plane stress element with 4 integration points. Note that there are no elements used
for the gap between the brush rods. The maximum aspect ratio of any element is 2.
Interface elements are used between the brush tips and the specimen’s edge (refer to
Section 3.3 for description). The mesh refinement of the first order elements is carried
out by a standard multi-point constraint method: whereby a constraint is imposed
to keep a node in a fixed position. on a straight line. between two nodes.

The specimen used has dimensions of 144 x 144 x 40 mm. The height of the
solid platen is 76 mm. The solid part of the brush loading platen is assumed to be
76 mm. while the steel rods used in the brush are 5 x 5 mm in cross section, with
a length of 76 mm. Details of the number of elements and nodes for the different

loading systems are given in Table 3.1.

3.6 Material Properties

According to the material properties experimental program carried out at Memorial

University (MUN) [107. 108. 30]. the high-strength concrete used in the numerical



Details of Lhe inlerface

belween Lhe brush

Lips

Solid part

Specimen

Brush rods

Solid part

Figure 3.4: The finite element mesh
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simulation has an ultimate uniaxial compressive strength. f{. of 100 MPa. with a
modulus of elasticity. E,, of 40 GPa. measured at 0.4 f.. The maximum recorded
concrete strain. €. is 0.0027. The uniaxial tensile strength of the high-strength con-
crete. f!. is approximately about 5.2 % f. A special degradation function is assumed
for the tension softening model. where a linear loss of tensile strength is assumed
at the ultimate tensile strength. and a zero tensile strength at a displacement (u,)
of 0.10 mm as suggested by Marzouk and Chen [30]. The value of Poisson’s ratio.
v. for high-strength concrete is 0.24 as reported by ACI Committee 363 [109]. It is
worth mentioning here that the realistic behaviour of the materials used should be

incorporated in the numerical model in order to achieve good results.

3.7 Results of the Numerical Evaluation of the
Set-up

3.7.1 Uniaxial Loading

The stress contours of the uniaxial loading cases are given in Fig. 3.5. The stresses

in the direction of loading, .., are identified as $22. and the displacement contours

in the orthogonal direction. uy,, are referred to as Ul
It is noted that plane stress elements are used. This assumption is valid only

when the lateral of the test i is minimi In case of dry solid

Table 3.1: Number of elements for different test set-ups

Number of elements
Test set-up Uniaxial loading | Biaxial loading
Solid dry platens 2824 3648
Pressure platens (brush) 6938 10182
Lubri teflon pads 3288 6344
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Figure 3.5: Stress contours in the direction of loading (S22) and displacement contours
in the orthogonal direction (U1) for the uniazial cases (f. = 100 MPa), at ultimate
load
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platens, the state of stress at the specimens’ edge is highly triaxial. Thus a three
dimensional analysis will be required to provide more accurate results. However, it
is not within the scope of this work to investigate the stress distribution in a cube
specimen. The assumption of plane stress is then a crude approximation for the solid
platen case, and the obtained results could be used for comparison purposes.

Figure 3.5 clearly demonstrates that the brush platens provide more homogeneous
stress and displacement fields compared to the results of solid platens or lubricated
teflon pads. The solid steel platens provide the poorest stress and displacement dis-
tribution fields. The stresses in some parts of the specimen are below the ultimate
strength as the applied stresses reach the assumed compressive strength of the spec-
imen. The solid steel platens create a stress concentration at the corners of the
specimen. The value of the stress concentration is about 14 % higher than the nor-
mal stresses. In this study, the loading platens are assumed to have the same side
dimensions as the specimens. If the loading platens were assumed to be wider, the
corresponding value of stress concentration would have been higher. In case of the
brush supports and the lubricated teflon. the stresses are uniform and close to the
ultimate strength. Note that although the stress distribution in the case of lubricated
teflon pads may appear to be non-uniform (twelve contour intervals are used), the
actual stress values are fairly homogenous.

Figures 3.6, 3.7 and 3.8 show the shear stresses induced along the edge of the
specimen (f! = 100 MPa) due to different support systems at different axial loading
stages. The shear stresses are shown at an axial loading level of 20, 40, 60, 80 and
100 % of the ultimate strength of the specimen. It is apparent from these figures that
the induced shear strength increases as the axial load is increased. Figure 3.9 depicts

the shear stresses (at the ultimate strength of the specimen) induced along the edge



of the specimen due to different support systems.

The shear stresses induced in the specimens are the highest for the case of dry solid
platens. The shear stresses reach a maximum value of 14 % of the normal stresses.
The shear stress distribution is fairly linear from the center of the specimen with
some slight nonlinearity towards the corner. The slight irregularities in the shape of
the shear stress distribution due to the brush supports is a result of the gap between
the rods. Both the brush platens and the teflon pads decrease the shear stresses at
the interface between the specimen and the loading platen (shear stresses values are
2.5 % and 3.5 %. respectively. of the maximum normal stresses).

To further investigate the shear stresses induced in the concrete specimens. three
more specimens made with variable grades. namely 30. 70. and 140 MPa. respectively.
are analyzed under uniaxial loading for the different loading systems. Table 3.2 shows
the different properties of concrete. the maximum shear stresses (7,.). and the ratio

of maximum shear stresses to normal stresses (7,:/0::). For all the different concrete

Table 3.2: Shear stresses induced in the specimen

Concrete properties shear stresses induced in the specimen |

Dry platen | Teflon pads | Brush platens !

MPa | GPa MPa|x10 |mm |[MPa| % [MPa| % |MPa| % |
30 | 25087 235 182 [0.05] 5.74 | 16.73 | L.76 | 5.74 | Li7 | 5.87

70 | 34667 42 2.36 (0.08 |10.40 | 12.83 | 3.00 | 4.13 | 2.36 | 3.38 J

100 | 40100 [ 0.24 | 5.0 273 |0.10 | 13.85 | 11.95 | 4.19 | 401 | 2.54 1 239 |
140 | 46183 | 0.24 | 7.0 341 {0.1218.16|11.26| 5.66 | 3.79 | 3.10 | 2.33

grades, the values of shear stresses increase as the compressive strength increases.
This is due to the higher failure loads on the specimens. However. the ratio of shear

stresses to normal stresses decreases as the concrete compressive strength increases.
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The shear stresses induced in the specimen are the highest for the dry solid platens.
and decrease as teflon pads and brush platens are used.
To examine the effect of the compressive strength of the specimen on the induced

shear strength. the ding cases are d. E ining Table 3.2 show

that increasing the compressive strength from 30 MPa to 70 MPa (i.e increasing
f:by 133 %) changes the ratios of ,./0.. from 16.73 %. 5.74 % and 6.52 % to
12.83 %. 4.13 % and 3.58 % for the cases of dry solid platens. teflon pads and brush

supports. ively. When the ive strength for the high-strength concrete

specimens is increased from 70 MPa to 140 MPa. the ratios of 7./0.. change from
12.83 %. 4.13 % and 3.38 % to 11.26 %. 6.25 % and 2.33 % for the cases of dry solid
platens. teflon pads and brush supports. respectively. In other words. increasing the
compressive strength from 30 \[Pa to 70 MPa (i.e increasing f! by 133 %) decreases

the ratio of 7,:/0.. by 30 %. 39 % and 82 % for the cases of dry solid platens. teflon

pads and brush supports. ively. And if the ¢ ive strength is i
from 70 MPa to 140 MPa (i.e increasing f/ by 100 %) the ratio of 7. /0. will decrease
by 14 %. 9 % and 11 % for the cases of dry solid platens. teflon pads and brush
supports. respectively. This shows that the ratio of 7. /0.. decreases very slightly as
the compressive strength is increased for high-strength concrete tested with different

loading systems.

3.7.2 Linear Analysis Versus Nonli Analysis

In order to ensure the accuracy of the finite element analysis. an elastic analysis
of the uniaxial loading is first examined, then the non linear case is added to the
problem. Figure 3.10 shows the stress contours of the uniaxial loading cases using
linear analysis. The stresses in the direction of loading are identified as $22. and the

displacement contours in the orthogonal direction are referred to as U1.
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Figure 3.10: Stress contours in the direction of loading (S22) and displacement con-
tours in the orthogonal direction (U1) for the uniazial elastic analysis



o

Comparing the results of the nonlinear analysis to that of the elastic analysis

indicates that the non-linearization leads to a redistribution of stresses. The main

difference between the linear and nonlinear analysis is pronounced for the contours of

the lateral d ion (U1) in the speci The lateral ion are higher for

the case of non linear analysis. Nevertheless. the difference between the stress fields
obtained using a linear or non linear analysis remains small. This could be attributed
to the more linear behaviour of high-strength concrete compared to normal strength
concrete. and to the small plastic deformation of high-strength concrete prior to

failure.
3.7.3 Buckling Capacity of the Brush Rods

In order to recommend the length of the brush rods. a preliminary buckling capacity
evaluation of the brush rods is carried out using elastic analysis. To initiate the
buckling in the rods. a very small initial imperfection (2 x 10~* mm) is introduced at
the mid-height of the rods. Two extreme cases are considered. The first case assumes
that the brush rods are glued to the specimen. In the second case. the nodes are only
connected for normal stresses: this is achieved through an interface element with no
friction. Buckling is assumed to occur when there is a complete loss in the stiffness
of the brush rods.

The results indicate that. for the first case. the brush rods will yield before buck-
ling. This case corresponds to a complete fixing of the brush rods. This assumption is
not entirely correct as there exists a relative slip between the rods and the specimen.
The second case produces a buckling load that corresponds to a stress of 148 MPa.
A third case. assuming friction between the brush rods and the specimen. results in a
buckling load corresponding to a stress of 190 MPa. This produces a factor of safety

between 1.5 and 2 for an applied stress of 100 MPa.



3.7.4 Biaxial Loading

The results of the biaxial loading for the steel solid platen. brush platen and lubricated
teflon pads are shown in Fig. 3.11. The principal stresses in the specimen are identified
as SP1. The displacement contours in the orthogonal direction are referred to as Ul.
It is clear that the solid platens do not provide homogeneous stress fields. [n addition.
the stresses induced in the specimen are far below the applied stresses. This will lead
to overestimating the specimens’s strength when using dry solid platens.

The use of the teflon pads and brush platens improves the stress fields drastically
in the biaxial loading. However. the displacement contours for the brush support are
slightly more uniform than those of the teflon pads. A concentration of stress with
a disturbed area of about 3 mm at the edge of the specimen is always found when
using the brush in biaxial case. while a concentration of stresses is always detected
at the specimen corners for the teflon pads.

Figures 3.12. 3.13 and 3.14 show the shear stresses induced along the edge of the
specimen (! = 100 MPa) due to different support systems at different biaxial loading
stages. The shear stresses are shown at loading levels of 20. 40. 60. 80 and 100 %
of the ultimate biaxial strength. [t is apparent from these figures that the induced
shear strength increases as the biaxial loads are increased.

The shear stresses at the interface between the specimen and the testing machine.
for the biaxial case. are shown in Fig. 3.15 at a load level that corresponds to the
ultimate biaxial strength. This figure shuws that the shear stresses induced in the
specimen are much higher than the uniaxial case for the case of solid platens. the
shear stresses reach a value of 45 % of the normal stresses. For the case of the brush
supports. the shear stresses are 8 % of the normal stresses. The curve for shear

stresses in the case of teflon pads changes its shape and become more distributed
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Figure 3.11: Contours of the principal stresses (SP1) and displacement contours in
one of the orthogonal directions (U1) for the biazial cases (f! = 100 MPa), at ultimate
load
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over the edge. This is due to the effect of lateral loading on the lubricated surface.

3.8 Recommendations for the Test Set-Up

In this chapter. the results of the finite element investigation on the behaviour of
the different support systems used in uniaxial and biaxial loading of concrete are
presented. A four-node bilinear plane stress element with 4 integration points is used
to model the concrete specimen and the test set-up. A non-linear concrete plasticiry
theory model including post-cracking behaviour with a linear degradation function for
the concrete tensile crack softening is used. An‘interface friction element is utilized in
the analysis to simulate the friction between the steel loading platens and the concrete
specimen.

Three types of loading platens are used in the analysis to examine the effect of
lateral confinement on the stress and displacement fields. The results indicated that

the most h stress and displ fields are achieved for the brush platen

case. Also. a preliminary estimate of the buckling capacity of the brush rods indicate
that a factor of safety between 1.5 and 2 can be obtained if the brush used in the

study is employed to provide an applied stress of 100 MPa.



Chapter 4

Experimental Program

The primary objective of the experimental program is to study the behaviour of high-
strength concrete when subjected to biaxial state of stress. Four different types of
concretes were tested. This chapter contains the details of the experimental program.

The test set up. the of the experi i and the methods

used throughout the testing program. and the specimen preparation are presented in
this chapter.

4.1 Biaxial Testing Apparatus

4.1.1 Loading Frame

A special test set-up was designed and manufactured by the technical services of
M.U.N. for this study. The loading frame was placed in the structural laboratory at

MU

. This laboratory contains a reinforced concrete floor with a thickness of one
meter. Figures 4.1 and 4.2 show photographs of the test set-up.

The loading frame provided external loads in two orthogonal directions that were
applied to the test specimen. It consisted of two loading frames. The vertical loading
frame consisted of two vertical wide flange steel columns connected by two horizontal

cross channels. The channels were braced together by means of a stiff box shaped

65
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Figure 4.1: Test set-up (frontal view)






68

construction (a W-shape piece stiffened with top and bottom plates). The vertical
columns were bolted to two inclined S-shape columns which acted as a horizontal
brace to the frame. The two vertical columns were then bolted to the floor using a
38 mm base plate and 40 mm anchor bolts spaced at 600 mm apart. To increase the
stiffness of the loading frame in the vertical direction. a 50 mm plate was placed on
top of the horizontal channels and was securely bolted to the horizontal beam through
four 50 mm solid rods. The horizontal frame consisted of a W-310 x 375 beam that
rests horizontally on two 19 mm plates bolted to the structural floor. The horizontal
actuator was attached to a vertical plate with a thickness of 38 mm. Another vertical
plate was used at the opposite end to support the reaction force. The two vertical
plates were connected at the top by means of two 25 mm rods. The plates were also
supported by means of three 13 mm stiffeners that were welded to the horizontal
beam. The two directions were aligned with an accuracy of 0.05 deg by a precision
machinist. They were frequently checked to ensure that the alignment was always
within the range of this required accuracy.

The constructed loading frame was in fact a non-symmetric one as opposed to
the loading frame used by Kupfer et al. [14]. [t was nearly similar to that used
by Liu et al. [16] and Tasuji et al. [17]. Thus. it is expected that a non-symmetric
specimen deformation would occur in the specimen’s plane. A deviation between
the measured specimen-load and true specimen-load may occur depending on the
level of specimen deformation. However. the results of the experimental study by
Winkler [110] suggested that no significant effect on strength and deformation results
occurred when either a specimen was loaded through brush-bearing platens in a one

part machine (that is with fixed loading axis). or in a multi-part machine.
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4.1.2 Loading Platens

Chapter 3 pi a finite element sil ion of the different end conditions used for

the biaxial loading tests. The effectiveness of the brush loading platens was cleariy
demonstrated through the finite element analysis. As a result. brush type loading
platens were used in this study. The platens were mounted on the hydraulic actuators
by means of a spherical seat (swivel) and was used throughout the experimental
program.

Different alternatives for manufacturing the brushes were considered. Among
them was the use of different individual rods attached together at the base. and the
use of laser cutting methods. Neither method was recommended. The first one was
disregarded because of the high loads that would be applied to the high strength
concrete specimen which would compromise the brush integrity during testing. The

laser cutting method was dismissed as different could not assure that

the slots. cut to form the filaments of the brush in a solid block. would be straight.
The reason for this was the depth of the slot (75 mm) was considered too big: as a
result. some curvature in the slots near the end of the brush might occur.

The method that was used for manufacturing the brushes was the Electric Dis-

charge Wire Cutting (EDWC). It is commonly called wire EDM. and is considered

a special form of electric di ining that uses a Il-di; wire as the

electrode to cut a narrow kerf in the workpiece. Each brush was manufactured from
a solid steel block 150 mm thick. 40 mm wide and 150 mm high. The filaments of
the brush (5 x 5 mm., in cross-section) were formed by cutting slots. with a 0.2 mm
wire. in the solid block using wire EDM method. The height of each filament was
75 mm. Numerical control was specified to control the workpiece motions during

cutting in order to achieve the desired cutting path. The flatness of the ends of the
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rods were within £ 0.01 mm. The steel used for manufacturing the brush was SAE
4140 steel supplied by Atlas Alloys. Annealed condition heat treatment was used.
The ultimate tensile strength of the steel was 700 MPa with vield strength (at 0.2 %
offset) of 485 MPa with a hardness of 207 BHN. Figure 4.3 shows a phorograph of
the manufactured brush loading platens.

The brush loading platens were mounted on the hydraulic actuators by means
of a spherical seat (swivel). It was not possible to purchase a swivel that would fit

properly in the loading frame. The spherical swivel was manufactured at the machine

shop of the technical services at M.U.N. The spherical seating was made of two parts.
a concave part and a convex part. The sphere was discretized into different sections
(using 0.05 mm intervals). Each interval . had a certain radius (in the cross-section)
and a certain depth (from the edge). The values of the depth and radius were then
calculated. A 200 mm solid circular shaft was used to make the swivels. This shaft
was placed in the lathe. At each selected section. and at a specified depth. a circles
was cut by means of a single pointed cutting tool (carbide). using the aid of a digital
readout. The digital readout gave accurate movements to the carriage and cross-
slide of the lathe to within 0.025 mm. After forming the part of the sphere the
surface produced by removing the metal was then polished. manually. by means of
emery paper. [t was required that both concave and convex parts were to be lapped
together. Lapping was achieved by mounting both mating parts in the lathe between
centres and lapping the other. In other words. one part was revolving while the other
was stationary. Using grinding compound. both parts were finally lapped by hand.
to eliminate any high spots, along the diameters of the stationary part. The other
end of the concave part of the swivel was formed into a U-shape where the brush was

mounted. As for the other end of the convex part. it was machined down to a 25 mm
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Figure 4.3: The brush loading platens



threaded part that was screwed into the MTS actuator. Both parts of the swivel were

held together by means of two 20 mm bolts.

4.1.3 Hydraulic Actuators

The biaxial loading on the specimens was provided by means of two servo-controlled

MTS i i with a i capacity of 710 kN (160 kips).

Three modes of servo-control were available in terms of load. stroke or strain control.
In the current testing program a closed loop system in displacement control was
utilized. Since the measured deformations of the specimen were expected to be very
small. the internal LVDT of the actuator would not have been sensitive enough to
provide the feed back signal. Thus. the displacement control was provided by means
of an external ultra-precision AC LVDT that was mounted on the platens. The closed
loop control of the actuators was executed through an MTS 406 Controller. Figure 4.4

shows a close-up of a specimen mounted in the test set-up.
4.1.4 Measurement Devices

The load was measured by the load cell attached to the actuator. The load cell was
connected via the controller’s internal amplifier. The output voltage (10 \" for 710
kN) from the controller was fed into the input channel of the data acquisition system.
As mentioned in the previous section. the platen to platen deformation was measured
by means of an ultra precision AC LVDT that was mounted on the loading platens.
The LVDT had a sensitivity of 0.1 mm/volt. The output from the L\'DT was used
as the feed back signal used in the control scheme (Section 4.1.6).

The surface strains were measured at the centre of the specimen in the two loading
directions by means of two extensometers. The extensometer was a cantilever type

with two strain gauges mounted on each leg. The strain gauges were wired so that only
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Figure 4.5: A test specimen with two orthogonal strain gauges mounted at the centre

flexural strains (in each leg) could be detected. The extensometers were calibrated

by means of a vernier and the output was logged into the data acquisition system

The extensometers’ legs were glued to the specimen by means of epoxy. The gauge
length for each extensometer was 100 mm.

In addition, the strains were measured using electrical strain gauges. The strain
gauges were used on one specimen, at each individual biaxial loading ratio. The
concrete strain gauges were 50 mm long, with a resistance of 120 Q2 and a gauge
factor of 2.07 + .5 %. Figure 4.5 shows a photograph of a test specimen with two
strain gauges mounted at the centre.

The lateral displacement were measured via two short stroke Linear Potentiome-
ter Differential Transformers (LPDT) mounted on both sides of the specimen. The

LPDT'’s were first held by means of a magnetic stand. This method did not provide



satisfactory results. Thus. a special stand that was fastened to the horizontal beam
was manufactured. The stand was provided with fitting to hold the LPDT’s. The
LPDT's were then mounted on the stand and they were secured to the special fitting

by means of three screws. This method provided satisfactory readings.

4.1.5 Data Acquisition System

The data for all experiments was monitored by a high speed data acquisition and
control system. The modules of the system consisted of an input module. a digital to
analog module. and an analog to digital module. The modules were connected to a
host processor which was an IBM personal computer through an interface card. The
input module had up to 32 available input channels. The module was used to measure
the analog signals that were produced by devices. It also served as a bridge/strain
gauge conditioning module. The bridge conditioning module had the capability of
handling different bridge configurations (quarter. half and full scale bridge). The
input channels had a maximum scanning speed of 1000 measurement per second.
The high speed A/D converter performed conversions in 25 us. It also contained
a 2nd order. operational amplifier-based active filter. Eight different input ranges
of voltage input (0 to 10 V) could be used with the system. This enabled a high
resolution of the measurements that were obtained from the different equipments
used in the current testing program. especially those devices that produced small
output voltage. The D/A module had four output channels. [t primarily served. in
the current study. as a function generator that had a very high output sensitivity.
The analog output signals from the different measuring devices were connected
to different input channels of the data acquisition system. Menu driven software was
used to drive the different modules of the data acquisition system. In each measuring

step, all the connected devices. and the elapsed time (in sec). were scanned and the
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data was stored on the hard disk of the IBM PC. In addition. different x-v plots were
displayed on the screen of the computer for visual control of load versus deformation.
A constant scanning rate of one-quarter second was used for displaying the different
graphs on the screen. and a saving time of one-half second was used for all the
experiments. An average of ten readings was used for each measurement. Figure 1.6

shows a photograph of the data acquisition system and the MTS main control panel.

4.1.6 Control Scheme

The control scheme for the biaxial testing program was composed of two closed control
loops. The first control loop was in displacement control in the major loaded direction.
The command signal was supplied using the digital function generator and fed into
the MTS controller. The AC LVDT that was mounted near the specimen supplied the
feedback signal. Through the controller both signals were compared and if necessary
an error signal was created. The correcting signal was then given to the servo-valve
at the hydraulic actuator. The output from the load cell. in the major direction.
was used as a command signal for the other actuator that operated in a load control
closed loop. The proportionality of the two loads was maintained through the MTS
controller. A block diagram highlighting the derails of the used closed-loop test
scheme is shown in Figure 4.7.

The major loading direction was specified as the one with the highest absolute
value of the load. That choice was dictated by the capabilities of the MTS controller.
At the beginning, an attempt was made to control the system through the data acqui-
sition system. This method slowed down rhe system response time and sometimes led
to total loss of control. This effect was undesirable as it could allow the two actuators

to hit each other; this would have caused them severe damage. [n addition. the slow
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svstem response would prevent the measurement of a stable descending branch. Thus
the MTS controller was used. The MTS controller could only scale down the signal
by a factor between 0 and 1. Thus the only choice for the major direction was that

with the absolute maximum value of the load.

4.2 Testing Procedure

The plate specimens used in this study were 150 x 150 x 40 mm in dimensions. The

details of the fabrication and preparation of the specimen are mentioned in section 4.8.

4.2.1 Specimen Loading

Proportional loading was used for all the tests. The ratio of the two applied loads was
kept constant throughout the test. All combinations of biaxial stress. compression-

. and i ion. were investigated. For compression-

compression. stress ratios were ¢,/03 = 0 (uniaxial compression). 0.2. 0.5 and 1.0:

: and for

for compression-tension. stress ratios were g,/03 = -0.03. -01.0 and -0
tension-tension. stress ratios were ¢ /02 = 1.0. 2.0 and x (uniaxial tension).

The loading rate of all the experiments was kept constant. A specimen was always
loaded with a constant displacement rate in the major direction as mentioned in

.0 x107%/ s.

Section 4.1.6. This constant strain rate was equal to ¢

4.2.2 Specimen Mounting

The specimen was mounted with the sides that were ground first resting on the
support loading platens (at right angles). The reason was that the first two ground
sides provided the most accurate right angles between any two edges of the specimen.

For tension tests. the specimen was glued to the loading platens by means of epoxy
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resin. The resin was left to cure for at least fifteen hours and it performed its function

in a satisfactory manner.

4.3 Test Specimens

The experimental program was undertaken to investigate the behaviour of high-

strength concrete under biaxial loading. Four different types of concrete were tested:

a) A normal strength normal weight concrete mix (NSC) with a target strength of

40 MPa.

b) Two high strength concrete mixes with a target strength of 70 MPa: the first mix
is made with normal weight aggregates (HSC) while the second one is almost
identical in composition except light weight aggregates were used (HSLWC).
The purpose of these two mixes is to study the effect of aggregate type on the

behaviour of high strength concrete under biaxial loading conditions.
c) A very high strength concrete mix (UHSC) with a target strength of 100 MPa.

Note that the different mixes were designed to provide the targeted strength after

91 days. As the il program was to take at least six months of

testing, it was necessary to ensure that the effect of maturity on the strength results
is minimized.

In addition to the 150 x 150 x 40 mm plate specimen. eighteen 100 x 200 cylinders
were cast from each concrete batch. The specimens were cast in three layers and
compacted by means of a standard rod. Those specimen served as control specimen.
They were used to obtain the compressive strength of each batch at 14. 28. 56 and 91
days. In addition. the splitting tensile strength of each batch was determined after

36 days.
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4.4 Materials Used

In this section. the details of the different materials used in the concrete mixes. the

mixing d and the i ication are di d

4.4.1 Cementitious Materials

The term “cementitious materials™ refers to the combined total weight of Portland
cement and pozzolanic materials (silica fume) for the production of high-strength
concrete. Ordinary Portland cement (Type 10) CSA3-AS5. as produced in New-
foundland. was used. The silica fume was supplied from the only Canadian source in

Quebec.

4.4.2 Aggregates

The normal weight coarse aggregate was mostly crushed granite with a maximum

nominal size of 6 mm. The fine had identical ¢ ition as the coarse
aggregate. with a fineness modulus (FM) of 3.02. Both types of aggregates were locally
available. For the light weight concrete mix. a slate-based light weight aggregate.
known commercially as STALITE. was used as coarse aggregate. The light weight
aggregate was brought from the construction site for the Hibernia offshore oil platform

project. This aggregate had a maximum nominal size of 19 mm. Thus. it had to be

d and bined to a desirable grading. A specified maximum nominal size

of 9 mm was achieved.

Sieve analysis of the was ing to ASTM C 135. Tests

for determination of specific gravity and i were done

to ASTM C 127 and ASTM C 128. respectively. The results of sieve analysis are
plotted as shown in Fig 4.8. The grading and the physical properties of both the fine



Table 4.1: Grading of aggreqates

Sieve size Cumulative percentage retained
|
Metric | Imperial | Coarse Coarse |  Fine |
(US units) | (Granite) | (Light weight) | |

127 mm 172 0 |

1l2mm | 7/16 0 3 i
9.61 mm 3/8 I 36 [ |
6.3 mm 1/4 38 %0 | i
476mm | No. 4 69 96 i !
2.36 mm . 8 94 2 ‘
118 mm| No. 16 J 40 -
600 um | No. 30 | 6

300 um | No. 50 ! Tt

150 ym | No. 100 | | 9%

and coarse aggregates are given in Tables 4.1. 4.2. and 4.3. respectively.

4.4.3 Chemical Admixtures

All che. . -al admixtures met the requirement of ASTM C 494. The compatibility of
the admixtures with the choice of cement is a very important considerarion so that
no slump loss or any undesirable effects in the concrete are created. This can be
achieved through trial mixtures to ensure that the targeted workability and strength

are satisfied.
4.4.4 High-range Water Reducers

The use of high range water reducing agents. also known as superplasticizers. in high

strength concrete may serve the purpose of increasing strength at a specified slump

or i ing slump. T the whole i program. a icizer



Table 4.2: Physical properties of normal weight aggregates

Coarse aggregate ! Fine aggregate E

Bulk specific gravity. SSD 256 261
Apparent specific gravity 267 271

i
Absorption. percentage 0.45 0.43 i

Table 4.3: Physical properties of light weight aggregate

]

Bulk density (drv loose) 830 kg/md |

Maximum dry density 960 kg/m3

Bulk specific gravity (SSD)

Absorption (%)

[ 1
1
Apparent specific gravity (drv) | i
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of sulfonated naphthalene formaldehyde base, ing to ASTM C 494 Type F,

was emploved.
4.4.5 Retarder

High-strength concrete mix designs incorporate high cement factors and low water
cement ratios which are not common to normal concrete. A retarder is beneficial in
controlling early hydration. The retarder is also useful in delaying the setting time so
that the same consistency is achieved for all the specimen prepared from each batch.
A non chloride water reducing agent of poly-hydroxy-carboxylic base, conforming to

ASTM C 494 Type B and D, was used.

4.5 Concrete Mixes

The final mix design was reached after carrying out twenty trial mixes. The tar-
geted strength and workability were ensured and the proper mixing procedure was
established. The trial mixes also served in establishing the proper vibrating time and
procedure used in manufacturing the specimen so that the variability between the
specimen was minimized.

Based on the trial mixes, high strength-concrete mix was produced using conven-
tional cement and aggregates from Newfoundland. The incorporation of silica fume
and high-range water reducers makes it possible to achieve high strengths at early
ages. A compressive strength of 100 MPa at 91 days was achieved for the concrete
containing 6 % condensed silica fume and a high-range water reducing agent of naph-
thalene formaldehyde base. The concrete mix proportions for the different mixes are

given in Table 4.4.



Table 4.4: Miz proportions of 0.1 cubic meter of concrete
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Constituent Unit Normal High High Light
strength | strength strength | weight
mix mix (No. 1) | mix (No. 2) | mix
Cement kg 35 40 40 40
Silica Fume kg = 34 34 34
Cement & silica fume | kg 35 434 434 434
Fine aggregate kg 65 60 53 61
Coarse aggregate kg 110 100 85 67
Retarder ml = 75 100 75
Superplasticizer ml = 1000 1300 1000
w/(c+sf) 0.46 0.28 023 0.33
Mix density kg/m3 | 2350 2410 2385 1950




4.6 Mixing Procedure

The following mixing procedure was developed for the production of a workable high-

strength concrete mix:
1) Charge 100 % of coarse aggregate.
2) Batch 100 % of cement.
3) Batch 100 % of sand.
4) Batch 100 % of silica fume while dry mixing all the constituents.
3) Mix for 3-5 minutes after adding 70 % of estimated water with superplasticizer.

3) Add 30 % of mix water together with air entraining admixture.

7 R per with extra icizer dose to target slump if necessary.

4.7 Properties of Fresh Concrete

The fresh density of the high-strength normal weight concrete mix was almost con-
stant with an average value of 2400 kg/m3. Slump values for the normal strength
concrete mix were generally at the 100 mm target. For the high-strength concrete

mixtures. including a superplasticizer and a retarder. flowing concrete was attained.

4.8 Specimen Fabrication
4.8.1 Casting

Special plexiglass moulds were manufactured for casting the biaxial test specimens.
Each mould was used to cast four specimens. The mould consisted of a base. four

walls and four internal partitions. The walls were secured in the base by means of
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screws spaced at 50 mm. Also. the vertical walls were embedded in a 5 mm groove.
in the base. to ensure that no distortion in the specimen occurred during casting.
During casting. compaction was achieved by placing the mould on a vibrating
table and vibrating it at a frequency of 40 Hz for 60 seconds. The casting surfaces
were finished. and the specimen were placed under a plastic cover to avoid drving

out.

4.8.2 Curing

Two days after casting, the specimens were de-moulded and placed in a fresh water

basin. At 36 days. the specimen were transported to a humidity room with a 99 %

relative humidity and a constant of 20° C. The i were taken out
of the humidity room two days before testing and were then ground and prepared for

testing.
4.8.3 Grinding

The biaxial testing machine was prepared for specimens with side dimension of 150
mm. As a result of the right angles between the two fixed supports. very accurate

of the i was d d. Therefore. great attention was paid

to ensure that each specimen has a plane and square end surfaces.

The four sides of the specimens were ground in order to ensure that the specimen
had flat edges and right angle corners. The available grinder for concrete specimen
in the concrete lab was equipped to handle cylinders only. Thus. a special jig was

designed and d for the i used. Figure 4.9 shows a

photograph of the grinder and the grinding jig. respectively.
On one side of the jig. a flat guide was attached to the base. At the other side. a
stiffened angle was used to hold the specimen against the side guide. At one end of



(a) The grinder

(b) The grinding Jig

Figure 4.9: Photograph of the grinder used for grinding the test specimen
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the jig, a pin was fastened to the base to provide the reaction force when the other
free end of the specimen was being ground. The jig was mounted on the grinder by
means of four bolts by a precision machinist. Special care was given to ensure that the
specimen was always normal to the grinding wheel and was checked and re-adjusted
after every week of usage.

The grinder employed a wet-type grinding method using a diamond grinding
wheel. The final ground surface finish was within + 0.05 mm. The grinding of
the specimen was achieved at the rate of 0.5 mm/60 seconds. One millimetre was
ground from each side of the specimen. The grinding process started by grinding one
side of the specimen. The ground side was then placed against the side gnard and
the specimen was rotated until all four sides were ground. The two surfaces of the
specimen were also ground to eliminate any non uniformity in the free casting surface
using a hand held grinder with a masonry cutting stone. The specimens were ground

one day prior to testing.

4.9 Summary of Experiments

Three specimen were tested for each biaxial compression loading ratio. Due to time
limitation only two specimen were tested for the biaxial-compression and tension-
tension tests. Note that the epoxy glue used to take at least sixteen hours to harden
and that limited it to one test a day. However, three specimen were used for the
uniaxial tension tests.

Two days before each test, the specimen was removed from the humidity room. It
was ground and then left in room temperature for one day to dry. The extensometer
was then glued to the specimen, or in case of strain gauges they were attached to the

specimen. On the test date, the specimen was mounted in the test set up and the
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experiment was carried out. In the case of tension tests. a very small compression
load (around 200 lbs) was applied to the specimen while the glue was setting. The

test was then carried out on the next day.



Chapter 5

Test Results and Discussion

In this chapter. the experimental results and observations obtained from the biaxial
testing program are reported and analyzed. Firstly. the strength data and biaxial
strength envelopes for the different types of concrete are presented. Secondly. the
stress and strain measurements obtained from various measuring systems are char-
acterized. Finally. the crack patterns and failure modes of the test specimens are

examined.

5.1 Strength Data
5.1.1 Compressive Strength of the Different Mixtures

The ultimate uniaxial compressive strength. for each mix. was determined from test-
ing 100 x 200 mm control cylinders. The specimen were tested using a 2670 kN
(600 kips) Soiltest compression testing machine. Due to the anticipated duration
of the testing program. the strength gain with time had to be measured for all the
mixtures. The test cylinders were capped with a high strength sulphur compound on
both ends. For each mix. three cylinders were tested in accordance with ASTM C 39
at 7, 28, 91 and 180 days. Table 5.1 provides the compressive strength values for the

different concrete mixes at different ages. All the high strength concrete specimen

92
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Figure 5.1: A high strength concrete cylinder at failure

formed a cup and cone type of failure (Fig 5.1).

The splitting tensile strength for the different mixtures at the age of 91 days, is
given in Table 5.2. Due to the shortage of cylinders, only two 100 x 200 mm cylinders
were tested. The tests were carried out in accordance with ASTM testing procedures.

In order to ensure that there was no significant gain in the compressive strength,
it was decided that the biaxial test program on the concrete plates should start at 91
days from casting of the specimen. It should be noted that the uniaxial compressive
strength, obtained from testing the concrete cylinders, is slightly different than the

uniaxial strength obtained from testing the plate specimen (refer to Section 5.1.2).



Table 5.1: Uniazial compressive strength for the different miztures at different ages
for the 100 x 200 mm cylinders

Mix Specimen Compressive strength (MPa)

No. No 28 days | 56 days | 91 days | 180 days

1 39.19 43.70 45.31 45.95

NSC 2 36.94 | 40.10 | 42,62 44.16

3 38.17 42.80 44.97 45.50

Average 38.10 42.20 44.30 45.20

1 71.10 76.52 75.04 75.16

HSC 2 69.68 73.88 76.14 80.72

3 72.52 73.70 78.62 78.72

Average [ 71.10 74.70 76.60 78.20

1 91.59 98.36 101.25 105.49

UHSC 2 96.94 | 96.64 | 97.59 | 101.07

3 99.62 | 99.30 | 101.41 | 102.14

Average | 96.05 | 98.10 [ 100.08 | 102.90

1 61.76 66.59 67.84 72.43

HSLWC 2 60.59 | 63.34 | 65.13 66.25

3 63.06 | 6596 | 73.13 70.72

Average | 61.80 65.30 68.70 69.80

Table 5.2: Splitting tensile strength (MPa) for the different miztures at 91 days

Mix No. | Specimen 1 | Specimen 2

[NSC 356 363
HSC 5.07 5.48
UHSC 6.03 6.58

HSLWC 3.45 3.96
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Such a di can be il to the diffe in sizes between the two specimen
and to the effect of end conditions in the two different tests. It is noted that in this
study. only 100 x 200 mm cylinders were used.

The experimental program was carried out using the steel brushes in all the tests.
Accordingly. the same end conditions. used for testing remain the same. Thus. it
seems rational to use the uniaxial compressive strength of the concrete plates as

the ive uniaxial ive strength for the different types of concrete

specimen throughout this chapter. It is referred to as o.,.

5.1.2 Biaxial Strength Data

The plate specimen were tested under different combinations of biaxial loading as
mentioned in Section 4.2.1. For all the experiments. the tests were performed under
constant stress-ratio (o, > 02 > 03. 0, negative in compression). [n the presentation
of the data. and the subsequent discussion. all strength data are normalized with
respect to the unconfined uniaxial compressive strength o, which was obtained from
the plate specimen presented next (o, = o3 when g2 = oy = 0).

The ultimate compressive strength of the concrete plate specimens. under differ-
ent load combinations. are reported in Tables 5.3. 5.4, 5.5. and Table 5.6. for the

NSC, HSC. UHSC and HSLWC mixes. respectively. Figures 5.2, 5.3, 5.4. and 3.3.

show the i ip between the ized (w.r.t. o,) principal stresses at failure.

The graphical representation of this relationship is also referred to as the strength
envelopes. The biaxial strength envelopes for all the four types of concrete. combined.
are presented in Fig 5.6.

In general, the ultimate strength of concrete under biaxial compression is higher
than under uniaxial compression. The strength increase under biaxial compression

is dependent on the biaxial stress ratio. The maximum biaxial strength occurs at a




Table 5.3: Biazial strength data for the normal strength concrete miz NSC

(a) Compression-Compression

EA o3 02/03 | 02/0c0 | 03/0c0 Average
MPa | MPa 92/0c0 | 03/0co
0 |-4186] 0 0

0 |-4296| 0 0

0 |[4232| o 0 0 | -100

0210 0257 | 1225
-0.197 | -0.238 | -1.209
-0.198 | -0.243 | -1.227 | -0.246 | -1.220
0511 | -0.658 | -1.288
-0.506 | -0.665 | -1.316
-0.504 | -0.672 | -1.333 | -0.665 | -1.312
0979 | -1.198 | -1.224
-1.050 | -1.191 | -1.134 | -1.195 | -1.179

(b) Compression-Tension

oy a3 01/03 | 01/0co | 93/0c0
MPa | MPa
0.924 [ -38.608 | -0.024 | 0.022
1.598 | -34.116 | -0.047 | 0.038
1.534 | -31.404 | -0.049 | 0.036
1.822 [ -25.894 | -0.070 | 0.043
-0.070 | 0.040
-0.099 | 0.054
-0.094 | 0.047
-0.189 | 0.062

(c) Tension-Tension

oy a3 [ 01/02 [ 01/0c0 | 02/0ca
MPa | MPa
343000 | s | 0.081 | 0.000
3.16 | 0.00 | > | 0.075 | 0.000
3.4 | 154 | 2.043 | 0.074 | 0.036
3.72 | 1.91 | 1.944 | 0.088 | 0.045
3.34 | 3.55 [ 0.939 | 0.079 | 0.084
3.13 | 3.02 | 1.036 | 0.074 | 0.071




Table 5.4: Biazial strength data for the high strength concrete mir HSC

(a) Compression-Compression

o2 o3 | 02705 | 02/0e | 03/0e | Average
MPa MPa 02/0co | 02/0ca
0 -71.88 -1.057
0 -72.91 -0.990
0 -70.16 -0.953 0 -1.00
-19.29 | -84.19 -1.143
-19.52 | -94.76 -1.287
-18.87 | -89.87 -0.261 | -1.217
-49.57 | -93.06
-48.41 | -101.39
-49.53 | -98.09 -0.668 | -1.324
-84.21
-84.10 -1.143 | -1.136 |

(b) Compression-Tension

a 0y | 01/03 | 01/0ca | 03/0co

MPa | MPa
53.470 | -0.025 | 0.018

1.974 | -41.170 | -0.048 | 0.027
1.723 | -38.887 | -0.044 | 0.023
1.804 | -38.077 | -0.047 | 0.025
2.025 | -26.956 | -0.075 | 0.028
2.076 | -29.239 | -0.071 | 0.028
2.651 | -25.998 | -0.102 | 0.036
2.445 | -23.568 | -0.104 | 0.033
2.983 | -15.467 | -0.193 | 0.041
2.998 | -15.246 | -0.197 | 0.041
2.902 | -14.435 | -0.201 | 0.039

(c) Tension-Tension

ED a2 | 01/02 | 01/0c0
MPa | MPa
112[ 000 | > | 0.056
143|000 | > | 0.060
3.90 | 000 | = 0.053
473 | 245 | 1.928 | 0.064
415 | 2.04 | 2.035 | 0.056
391 | 3.85 | 1.016 | 0.053
4.05 | 4.01 | 1.011 | 0.055
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Table 5.5: Biazial strength data for the high strength concrete miz UHSC

(a) Compression-Compression

a2 o3 02/03 | 02/0c, | 03/0co Average
MPa MPa 02/0co | 02/0c0
0 -99.98 0 -1.036
0 -93.90 0 |-0973
0 -95.74 0 |-0992| 0 | -100
~22385 | -122.68 -0.237 | -1.271
-24.95 | -115.86
- 25.60 | -122.04 -0.253 | -1.245
61.58 | -132.42
-61.54 | -130.33
-61.98 | -128.53 -0.639 | -1.351

-104.65 | -108.71 084
-108.80 | -107.65 -1.127 | -1.115
-99.62 | -103.07 | -0.967 | -1.032 | -1.068 | -1.081 | -1.103

(b) Compression-Tension

o o3 | 61/o3 | 01/0c | 03/0co

0.018 | -0.636
0.023 | -0.493
0.024 | -0.466
0.021 | -0.407
. 0.021 | -0.309
2.269 | -31.955 | -0.071 | 0.024 | -0.331
2.858 | -29.541 | -0.097 | 0.030 | -0.306
2.809 | -28.286 | -0.099 | 0.029 | -0.293
3.775 | -18.729 | -0.202 | 0.039 | -0.194
3.669 | -18.536 | -0.198 | 0.038 | -0.192

(c) Tension-Tension

\;l; \;’; 01/02 [ 01/0co | 02/0c0
MPa | MPa
4.90 | 0.00 x 0.051 | 0.000
4.70 | 0.00 x 0.049 | 0.000
4.86 | 0.00 | = 0.050 | 0.000
5.25 | 2.77 | 1.899 | 0.054 | 0.029
4.86 | 2.30 | 2.112 | 0.050 | 0.024
4.61 | 4.69 | 0.982 | 0.048 | 0.049
5.12 | 5.27 | 0.972 | 0.053 | 0.




Table 5.6: Biazial strength data for the light weight concrete miz HSLWC

(a) Compression-Compression

o2 a3 | 02/03 | 02/0c | 03/0c0 A

MPa | MPa 02/0co | 02/0co
0 -64.97 -0.975

0 -66.82 -1.002

0 -68.19 -1.023 0 -1.00
-18.12 | -77.19 -1.138

-17.74 | -84.47 -1.267

-17.56 | -81.51 -1.223 | -0.267 | -1.216
-45.85 | -91.15 -1.367

-45.67 | -86.34 -1.295

-46.45 48 -1.477 | -0.690 | -1.380
-86.85 22 -1.353

-89.86 | -88.91 -1.334

-80.85 | -83.65 | -0.967 | -1.213 | -1.255 | -1.288 | -1.314

(b) Compression-Tension

oy a3 01/03 | 01/0cs | 03/0cs
MPa | MPa
1.100 | -40.856 | -0.027 | 0.017 | -0.613
1.340 | -36.143 | -0.037 | 0.020 | -0.542
1.813 | -35.643 | -0.051 | 0.027 | -0.535
1.713 | -34.410 | -0.050 | 0.026 | -0.516
1.793 | -33.910 | -0.053 | 0.027 | -0.509
1.913 | -25.664 | -0.075 | 0.029 | -0.385
1.983 | -27.931 | -0.071 | 0.030 | -0.419
2.186 | -21.944 | -0.100 | 0.033 | -0.329
1.953 | -20.891 | -0.093 | 0.029 | -0.313
2.366 | -11.839 | -0.200 | 0.036 | -0.178
2.120 | -10.479 | -0.202 | 0.032 | -0.157

(c) Tension-Tension

a1 | o2 |01/02 [ 01/0c0 | 02/0c0
MPa | MPa
305 | 000 | oo | 0.046 | 0.000 |
3.65 | 000 | oo | 0.055 | 0.000
3.46 | 0.00 | oo | 0.052 | 0.000
3.59 | 1.79 | 2.005 | 0.054 | 0.027
3.25 | 1.63 | 1.995 | 0.049 | 0.024
361 | 346 | 1.043 | 0.054 | 0.052
3.43 | 3.71 | 0.925 | 0.051 | 0.056
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(b) Compression-Compression

Figure 5.2: Biazial strength envelopes for NSC under combined tension and compres-
sion, biazial tension and biarial compression
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(b) Compression-Compression

Figure 5.3: Biazial strength envelopes for HSC under combined tension and compres-
sion, biazial tension and biazial compression
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Figure 5.4: Biazial strength envelopes for UHSC under combined tension and com-
pression, biazial tension and biazial compression
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Figure 5.5: Biazial strength envelopes for HSLWC under combined tension and com-
pression, biazial tension and biazial compression
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Figure 5.6: Biazial strength envelopes for the four different types of concrete under
combined tension and compression, biazial tension and biazial compression
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biaxial stress ratio of 0.5 , for all specimens tested. At this stress ratio, a strength
increase of about 31 % for the NSC specimen. 32 %. 35 % and 38 % for the HSC.
UHSC and HSLWC was observed

At equal biaxial compression (02/03 = 1.0), the relative strength increase becomes
smaller as the compressive strength is increased for all the normal weight mixes. The
strength increase is 19, 14 and 9 % for the NSC, HSC and UHSC mixes, respectively.

The effect of aggregate type on the biaxial behaviour of concrete can be demon-
strated by comparing the lightweight concrete mix HSLWC with the corresponding
HSC mix which is relatively similar except for the slight difference in compressive
strength and the type of aggregate used. The HSLWC indicated a higher strength
gain, at all stress ratios, than the HSC (refer to Fig 5.6(b)). This contradicts the
findings by Yin et al. [111] for normal weight aggregates. The results of that study

suggested that the biaxial strength of concrete increases as the strength of the ag-

gregates is i The di can be i to the nature of lightweight

d to a uniaxial

aggregate concrete. When lij i concrete is

load, the is subj to a lateral confi of the d
ing matrix [112]. Thus, the lightweight aggregates benefit from the confinement effects

that occur in multiaxial stress ions. M light weight possess

higher bond (with cement mortar) than normal weight aggregates. Accordingly, these
factors can lead to the enhancement of the behaviour of high strength lightweight con-
crete over the high strength normal weight concrete under biaxial compression.

The uniaxial tensile strength, f; was found to be 3.30, 4.15, 4.82 and 3.38 MPa
for the NSC, HSC, UHSC and HSLWC, respectively, resulting in a ratio of f/f.
that is equal to 0.078, 0.056, 0.050, and 0.051. Note the f//f! ratio decreases as the

compressive strength increases. It is noted here that the uniaxial tensile strength is
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in good agreement with previous research work on high strength concrete [30. 113}
The tensile strength of the HSLWC is less than the corresponding HSC mix. The
different combinations of the biaxial tension-tension test resulted in a strength that
was almost equal to the uniaxial tensile strength.

In previous studies on normal strength concrete. and in the biaxial tension region.
Tasuji et al. [17] have noticed a slight increase in the tensile strength when the two
principal tensile stresses are equal whereas Kupfer et al. [14] have observed that there
is no difference. However. it should be noted that in both cases the differences of
concrete tensile failure strength with f{ is nor significant enough to necessitate a
more accurate verification in this region. It should be noted here that the values of
fi/f. that were reported by Kupfer et. al [14] for the 59 MPa concrete appears to be
slightly high. Comparing the values of the uniaxial tensile strength and the splitting
tensile strength. in this study. indicate that the tensile splitting strength was found
to be always higher than the uniaxial tensile strength for high strength concrete.

In the biaxial compression-tension region. there is a significant difference in the
behaviour between high strength and normal strength concrete. Introducing a small
amount of tension decreases the compressive capacity more radically for high strength
concrete than for normal strength concrete. This is clear from inspection of Fig 5.6(a).
This was suggested by [31]. as a difference between normal strength and high strength
concrete. and it is apparently true. Note also that the same trend was reported by

Kupfer et al. [14].
5.2 Typical Stress Strain Curves

The loads and deformations in the three principal directions were measured for all the

tests using the devices mentioned in the previous chapter. The stress strain curves.
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presented in this section. show the relationships of normalized stress to actual strain.
The conventions for the principal strains are such that €; > ¢, > ¢; with tensile stress
being positive. The stress strain curves are reported up to the peak value of the load.
The post peak behaviour is discussed in the next section.

Figures 5.7 to 5.18 show typical stress strain curves. under different load com-
binations. for each concrete mix. In uniaxial compression. the average value of the
principal compressive strain at the ultimate stress (e3) increases as the compressive
strength was increased (for the normal weight aggregate concretes). The strain at
ultimate stress was 2076 and 2600 microstrain for the normal strength concrete NSC
and the high strength concrete UHSC (Figs. 5.7 and 5.13). As shown in Figs. 5.10
and 5.16. the light weight concrete mix (HSLWC) showed a higher value of ; (3080

in) than the ding high strength normal weight mix HSC (2200 mi-

crostrain). An average value of the modulus of elasticity. E. was found to be 27.7.
39. 42. and 25.3 GPa for the NSC. HSC. UHS and UHSC specimens. respectively.
Under different biaxial compression loading combinations. the results show that
the introduction of a second principal stress significantly affects the effective elastic
modulus of concrete specimen in the direction of the first principal stress (Figures 5.7.
5.10. 5.13 and 5.16). The strain. at a given stress. in the major principal stress. 3.
is reduced by the presence of a minor principal stress. 0a. This indicates that the
stiffness of the concrete specimen increases in the major principal direction as the
minor principal stress is applied. It is important to emphasize that the change in the
elastic moduli is not solely due to the Poisson's effect: it is also related to microcrack
confinement [17]. This was observed for all the different types of concrete. Also. in
the direction of larger principal stress. the strains at ultimate load increase as the

failure stress increases. The maximum e; was observed at a stress ratio of 0.5.
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The average increase in stiffness under biaxial compression is higher for the HSC
mix and less for the corresponding HSLWC specimen. This is due to the higher
modulus of elasticity of the granite. and the lower modulus of elasticity of the light

weight aggregates.
In biaxial c i ion. the i at failure. of the principal com-

pressive strain decrease as the tensile stress is applied.

Figurers 5.9. 5.12. 5.15 and 5.18 show the stress strain relationship of the different
types of concrete under tension-tension stresses. I[n uniaxial tension. the principal
strain ¢, at failure was found to be 136. 126. 141. and 172 microstrain for the NSC.
HSC. UHSC and HSLWC. respectively. In uniaxial and biaxial tension. the variation
of the average value of the principal tensile strain at ultimate stress (¢;] was not
significant. for each individual mix. under different load combination. Note that
the light weight aggregate concrete (HSLWC) had higher values than those of the
corresponding HSC mix. [t was noted that the material constants obtained in the
experimental study were somewhat different in uniaxial compression and uniaxial
tension for all the mixes. The modulus of elasticity. in uniaxial tension. was found to
be 30. 42.6. 46. and 28.5 GPa. respectively. Those values are slightly higher than those
in compression. This is in good agreement wirh previous research on high strength
concrete {114].

The proportional limit values can be defined as the as the point at which the
stress-strain curve deviates from linearity. [n uniaxial compression. the high strength
concrete specimens. HSC and UHSC showed a linear behaviour up to a higher stress
than normal strength concrete. Also. HSC specimen showed a more linear behaviour
than the corresponding HSLWC (Figs. 5.7 5.10 5.13. and 5.16).

Also. in biaxial compression. as the minor principal stress. o,. is increased. the
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proportional limit is also increased. A major cause for the non-linearity of the stress
strain curve for concrete is internal microcracking. The microcracks begin as bond
cracks at the aggregate-mortar interface. and propagate through the mortar matrix
to cause failure. A stress o, preventing these microcracks from propagating. results
in a stiffer. more linear stress strain response in the major principal direction. A
manifestation of this explanation can be seen from the HSLWC specimen. [t seems
that the lightweight aggregates benefit from the confinement effects that occur in
multiaxial stress conditions. The stress strain curves were more linear over a higher
range as the confining stress was increased.

The behaviour of the concrete specimen was considered at the discontinuity level
as well as at the ultimate strength. The discontinuity level represents the onset of
major microcracking of concrete as defined by Newman {115] and used by Tasuji
et al. [17] in interpreting the biaxial behaviour of normal strength concrete. It is
apparently related to the beginning of extensive mortar cracking. For the uniaxial
and biaxial compression tests. discontinuity was defined as the point at which the ratio
of principal tensile strain to the principal compressive strain began to increase. For
uniaxial compression. this is equivalent to the point at which Poisson’s ratio started
to increase. For biaxial tests involving direct tension. discontinuity was defined as

the point at which the tensile strain began to deviate from linearity. Tasuji et al. |

found that the discontinuity occurred at about 70 % of the ultimate load in uniaxial
and biaxial compression tests: and at about 60 percent of the ultimate load in tests
involving direct tension for normal strength concrete.

In the current study. no reasonable value could be obtained for the discontinu-
ity level in tension. In fact. the results were quite scattered. On the other hand.

the results of the compression specimens produced more reliable values for the dis-
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continuity limit. Figure 5.19 shows a plot of Poisson's ratio versus applied stress
for the different mixes under uniaxial loading. From this figure. the discontinuity
limits can be estimated to be 70. 85. 90 and 76 percent for the NSC. HSC. UHSC
and HSLWC. respectively. Close values were also obtained under different biaxial
compression loading combinations and thus those values can be used as discontinuity
levels for the different types of concrete.

It can be also seen from Fig 5.19 that the Poisson's-ratio curves were not almost
vertical to a certain level. Thus a definitive value of Poisson’s ratio could not obtained.
Rather. an average value can be used. The scatter of the ratio of longitudinal to lateral
stress were very large at the beginning of the loading and up to 10 % of the ultimate

load.

5.3 Post-Peak Behaviour

In Section 2.2.4. the post peak response of a concrete cylinder was discussed in details
as well as the results and recommendations of earlier research work. The conclusions
reached were that compression failure was localized and that the measurements should

be taken from the imen’s ion: this type of should be used

as the feed back signal in order to obtain a stable post peak behaviour.

It should be noted that in multiaxial testing. the nature of the test prevents
mounting any sensor. in a secure way. directly on the specimen. Thus. unfortunately.
it is only possible to measure the global deformations. that is. platen to platen mea-
surements. In biaxial testing. however. surface measurements. on the free surface
of the specimen. can be attained. Still. those sensors are subjected to spalling and
cracking of concrete. Thus they can not be used efficiently to produce a feedback

signal in the post peak range. Also. unlike uniaxial loading. any loss of control that
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may occur will damage the loading actuators as they could hit each other.

[n the current research work. the control scheme (Section 4.1.6) was designed
such that the main loading was carried out in closed-loop displacement control while
the other loading was in closed-loop force control. The main objective of selecting
such control scheme was to obtain the post-peak behaviour of the specimen. The
results from a uniaxial compression test. for an NSC specimen is shown in Fig 3.20.
The solid lines in this figure represent the stress-strain curve obtained from the overall
L\'DT-measurement (between the two opposite loading platens). while the dashed line
is the stress-strain curve obtained from the surface strain measured by means of the
extensometer mounted on the free surface of the specimen. The relative loading platen
displacement was corrected for the total brush deformations from a calibration test
on an aluminum specimen in the same manner that was suggested by van Mier (18!,

From this figure. a considerable difference in post-peak behaviour. is observed

when surface and pl pl strains are Just bevond peak. the sur-
face strain increases at a lower rate when compared with the platen-to-platen strain.
Eventually. the surface strain starts to decrease. The same behaviour was observed
by van Mier [18] on cubic specimens tested with brush loading platens. van Mier
concluded that unloading takes place in the outer lavers of the specimen. and the
residual carrving capacity (of the now highly fractured specimen) seems to be the
result of the more or less intact core.

Another possible explanation is that the difference between the surface strain
and the platen to platen strain is mainly a result of the load application system
and disturbances at the specimen - load application interface. The use of brush
platens causes bulging of the specimen free surfaces. This was observed through the

use of proximity sensors and the use of strain gauges [18. 9]. This behaviour can
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be attributed to the rotation of the brush rods. The lowest rotation occurs at the
middle brush rod and the highest at the end rods. Thus. the use of brush platens will
reduce the specimen-platen interaction but it will not completely eliminate it. Any

global can thus be i d as a structural behaviour rather than a

material property. This is a serious issue that needs be addressed in future studies as
the deformations of a triaxial specimen. either cube or cylinder. can be only measured
globally (i.e. platen to platen movements). Hence. it is important to identifv whether
this measurements represents a material behaviour or a structural response as a result
of the platen-specimen interaction. In the case of high strength concrete (HSC and
UHSC). no descending portion was obrained from either measurements. However.
the stresses did go slightly over the top. This could be attributed to the snap back

phenomenon. This phenomenon was described in detail in Section 2.2.4.

In the biaxial compression-compression tests. it was observed that failure of the
specimen was due to formation of tensile splitting cracks in a plane parallel to the
unconfined planes of the specimen (refer to Section 5.4). Thus. in the unconfined
direction. large lateral tensile strain occurred after the peak was reached. The test
was controlled in the in-plane direction (direction of loading). Thus. it seems that
the displacement control (in the principal direction) could not fully control the crack
propagation in the unconfined direction and thus a complete descending portion could
not be obtained. It seems that a feedback signal from the unconfined direction could
result in a more stable behaviour. Nonetheless. due to the current configuration of
the test set-up and the associated control methods. this type of control was very hard

to achieve and it had to be abandoned.

In uniaxial tension tests. the portions of load ion curves were

recorded for a few specimens. However. replication of these tests showed that the
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post peak behaviour had a large scatter. Also. the rate of success of those tests were
very low. This can be attributed to the nature of the specimen as well as the control
technique. The specimens can be classified as un-notched tvpe. Thus a crack can
start anywhere in the specimen. In the notched specimen. the crack is forced to
proceed between the notched parts. With proper measurement device. such as [\'DT
or extensometer. the crack opening displacement can thus be used as a feedback
signal to produce stable behaviour. Finally. the elastic component that is included in
the platen to platen deformation is very high (refer to Section 6.6.2). Those factors
hindered the production of a stable load-deformation curves. It should be noted here
that an earlier experimental program on the behaviour of high strength concrete.
under uniaxial tension. was successfully carried out at MUN (30]. Notched specimens
were used and the crack opening displacement was used as a feedback signal.

Based on the above mentioned arguments. the recorded post-peak response of the
specimen (platen to platen displacement) seems to represent more of a structural
response rather than a material behaviour. Thus. it was decided to report the stress

strain curves up to the peak loads only.

5.4 Failure Modes

The crack patterns and failure modes were observed for all the test specimens. In
general. the failure modes observed in the high strength concrete (HSC and UHSC)
and the high strength light weight (HSLWC) tests. were similar to those obtained for
normal strength concrete (NSC). There was no fundamental difference in the crack
patterns and failure modes due to the increase in the compressive strength of the
concrete or due to the use of light weight aggregates under different biaxial loading

combinations.
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The crack patterns observed in rhe normal strength concrete specimens (NSC)
were in good agreement with those obrained in previous investigations ‘14. 15. 16. 17.
18]. Under nniaxial compression. fracture of the specimens occurred by rhe formation
of cracks that were inclined at an angle of 20 to 30 deg to the direction of the applied
load and perpendicular to the larger unloaded surface of the specimen. This type

of failure can be referred to as faulting failure (111} as opposed to the splitting rype

of failure (where the splitting occurs along the direction of loading). Figure
(a) shows photographs of the tvpical cracking patterns of an NSC specimen under
uniaxial loading.

The high strength concrete specimens HSC and UHSC as well as the high strength
light weight specimens HSLWC showed a splitting type of failure. The cracks were
formed in a direction parallel to the applied load. Figures 5.21 show a typical spec-
imen. at failure. under uniaxial compression for the different high strength concrere
types.

Examination of the failure surfaces of normal strength concrete (NSC) specimens
showed that no cracks passed directly through the coarse aggregate. the cracks passed
through the mortar. The failure surfaces of the high strength specimens (HSC and
UHSC) passed through some of the aggregates. with a larger portion of the failure
surface passing through the coarse particles for the UHSC type. The failure surfaces
of high strength light weight (HSLWC) specimens revealed that the cracks passed
through the coarse aggregate and the mortar. It should be noted here that mix
UHSC had a uniaxial compressive strength (f!) of 96 MPa. This value is close to
the compressive strength of the coarse aggregate (crushed granite). Thus. a better
compatibility of the strength and elastic properties between the mortar and the coarse

aggregate is achieved. This. in turn. leads to a more homogeneous-type of behaviour
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and influences the cracks to pass through the aggregate as well as the mortar.

Under biaxial compression. and at the low stress ratio of 0.2. the specimen showed
formation of microcracks parallel to the free surface of the specimen. However. failure
occurred by the formation of a major crack that had an angle of 18 - 25 deg to the
free surfaces of the specimen. This failure mode was observed for all the different
tvpes of concrete (Fig 5.22).

For the i bj; to biaxial ¢ ion ratios of 0.5 and 1. failure

progressed due to tensile splitting cracks that occurred along the direction of loading
and in a plane parallel to the free surfaces of the specimen (5, — 7, plane). It was also
observed that the light weight aggregate specimen HSLWC developed more microc-
racks along the loaded surfaces and parallel to the loaded surfaces of the specimen
than in the case of normal weight specimen Figure 5.23 show the failure modes for
the different types of concrete under equal biaxial compression.

The tests under combined compression and tension revealed that only one continu-
ous crack normal to the principal tensile stress was formed. However. for the smaller
ratio of tension to compression (g;/a3 = - 0.03). several cracks were observed. in
the direction of compressive loading. before failure for the NSC specimen. The high
strength specimen showed a somewhat different behaviour. Failure always occurred
with one crack normal to the principal tensile stress at such small stress ratio of o1 /o3
=-0.05. Figure 5.24 shows the failure modes for some of the concrete specimen under
combined compression and tension.

Under uniaxial tension. fracture of the specimen and failure occurred by the for-
mation of a single crack perpendicular to rhe direction of loading and normal to the
plane of the specimen. Examination of the failure surfaces of the test specimens for

the concrete type NSC showed there were no cracks that passed directly through
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the coarse aggregate. The fracture surface of the HSC and UHSC specimen showed
that failure surface progressed through some coarse aggregates. A crude comparison
between the failures surface in uniaxial tension and uniaxial compression indicated
that the percentage of broken aggregates were higher in tension than in compression.
Inspection of the failure surfaces of high strength light weight (HSLWC) specimens
revealed that the cracks passed through the coarse aggregate as well as the mortar.
Figure 5.25 shows the failure modes for some of the concrete specimen under uniaxial
tension.

Under biaxial tension loading. a single crack was formed in a direction normal to

dicular to the il principal

the unloaded surface of the i and per
stresses. In the case of equal biaxial tension. there was no preferred direction for the

fracture surface and the cracks were always normal to the unloaded surface.
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Figure 5.21: Failure modes of ted to uniazial compression
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(a) HSC

(c) HSLWC

Figure 5.24: Failure modes of i by { to bined tension and compres-

sion (o3 /oy = -1/0.10)
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Figure 5.25: Failure modes of specimens subjected to uniazial tension



Chapter 6

A Constitutive Model for High
Strength Concrete

In this chapter. a constitutive model is adopted and modified for high strength con-
crete application. A brief description of the model is presented. The implementartion
of the model in a general purpose finite element program is described. Finally. the

calibration of the model and the verification are reported.

6.1 A Fracture-Energy-Based Plasticity Model

The adopted constitutive model for high-strength concrete is based on Etse and
Willam [71] model. This particular model was chosen because it possesses character-
istics that makes it attractive for use with finire element analysis. The model uses a
unified formulation for both tension and compression. A non-associated plastic flow
is used to account for the volume changes. This gives the model added flexibility and

allows a better fit of concrete behaviour. The strain-softening concept is included for

concrete in tension and compression. The model allows a realistic and comprehensive
representation of various aspects of concrete behaviour. In particular. the model has
the ability to fit the group of uniaxial. biaxial. and triaxial test data.

The model utilises the Extended Leon Model that combines the Leon-Pramono

136
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description (Pramono and Willam [70]) with the five parameter model (Willam and

Warnke [116]) using the Haigh-We stress coordi The following items

characterize the concrete model which are further presented in the subsequent sections

o The yield surface is based on the original work by Leon 88!. This model
combines the two-parameters Mohr-Coulomb friction law and the one-paramerer
tension cut-off condition of Rankine. The continuity between the two vield

criteria is enforced.

e The hardening behaviour is modeled by an isotropic growth of the vield
surface in the pre-peak regime. This growth is controlled by the amount of
plastic work. The vield surface which grows isotropically. will reach the failure

envelope whenever the peak strength is reached.

o The ing beh is modelled by an isotropic decrease of the vield

surface using the fracture mechanics approach. The softening regime is initiated.
when the stress path reaches the failure envelope in tension or low confined
compression below the transition point of ductile fracture. In that case. the
material can no longer be assumed intact and the de-cohesion parameter controls

the degradation of tensile strength.

The non-associated flow is modeled by a plastic potential function that differs

from the vield surface by an hydrostatic component.

[n the following sections. the above-mentioned concepts are presented. [t should
be noted that the development of the Etse and Willam model [71] occurred grad-
ually over the years at the University of Colorado. The Leon model was first used
by Willam. Hurlbut and Sture [89] to characterize the triaxial test data of medium

strength concrete. Subsequently. it was extended by Pramono and Willam (70] to
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formulate an el lastic constitutive model for hardening and softening hehaviour

of concrete when subjected to arbitrary triaxial loading. The model was further ex-

tended by Etse and Willam [T1] to compose the Extended Leon model. The following
presentation is largely based on these publications. The necessary procedures fol-
lowed in adapting the model to high-strength concrete are introduced and the finite

element implementation is then discussed at the end of the chapter.

6.2 Leon’s Triaxial Strength Failure Criterion

nally for the

The failure criterion proposed by Leon (Romano 88]) was proposed ori
shear strength of concrete under combined tension-compression. This failure criteria
is also widely used in the field of rork mechanics. where it is known under the names
of Hoek and Brown [117]). This strength formula combines the two-parameter Mohr-
Coulomb friction law and the one-parameter tension cut-off condition of Rankine.
The isotropic failure criterion is conveniently expressed in terms of the major. and

minor principal stresses. o, and 7. respectively. as:

F(a..a,):("‘_]","_‘)--mn’%~cn=o 6.1)

The influence of the intermediate principal stress. 0.. is omitted. similar to the Tresca
and Coulomb conditions of maximum shear.

The triaxial failure criteria in Eq. (6.1) is characterized by the uniaxial compressive
strength f/. the frictional parameter my. and the cohesion parameter ). At ultimate
strength. ¢y has a value of 1.

The friction parameter my is calibrated in terms of the uniaxial tensile strength.

fi. due to the importance of that paramerter and its role in the fracture energy for-
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mulation. A uniaxial state of stress (03 =0, and o, = f;) results in

2 _ 2
mo=f s &2

The triaxial failure surface proposed by Leon was used by Pramono and Willam [70]

and is depicted in Fig 6.1. This figure shows the main disadvantage of Pramono and

Willam [70] failure criteria of having corners in the deviatoric trace. The corners com-

I i and implify the failure envelope because

plicate the

of their lack of dependence on the intermediate principal stress.

Figure 6.1: Triazial failure envelope, deviatoric sections, of the Pramono and Willam
model [70])



140

6.3 Extended Leon’s Triaxial Strength Failure Cri-
terion

The Extended Leon Model (ELM) combines the Leon-Pramono characterization (Pra-

mono and Willam [70]) with the five parameter model {Willam and Warnke ‘1

That produces an elliptical approximation of the failure surface. Consequently. rhe

corners in the deviatoric trace are elimi d and a C' il failure surface is
produced.
Using the three scalar invariants o. the mean normal stress. p. the deviatoric

stress. and the polar angle #. where

o = 16.3)
5 i6.4)
cos3f = 16.3)

the relationship between the principal stresses and the Haigh-\Westergaard coordinates

Heh)

this relationship is valid for 0 < 8 < % and consequently for o, > 2 > 7;. Substi-

can be given by:

(6.6)

tuting the principal stresses into Eq. (6.1) leads to

s
Flo.p.0) = [ﬁ" sinw’s,J —m..[ =L cost+ "—] —w=0 (67

1 35 £

In order to remove the corners. in the deviatoric section. from the Leon’s model. the

following approximations are introduced into Eq. (6.7)

V3sin(8 + %J ~ V15r(8)

2 1
J;cos(li) = \/;rw) (6.8)
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This leads to the failure criteria of the ELM with a C'-continuous failure surface.

2
Flo.p.0) = :23 ["'f(,o) + % [.r + %] e (6.9)

The elliptic variation of the five parameter model by Willam and Warnke [116], r(f),
is given by Eq. (6.10). Note that the yield surface is a function of the three scalar
invariants o, the mean normal stress, p, the deviatoric stress, and the polar angle 6.
The elliptic variation of the five parameter model r(f) is given by the following

equation
(6) = 4(1 - €®) cos? 0 + (2e — 1)?

= (6.10)
2(1 — e2cos(f) + (2e — !)‘/4(1 —e2cos?f + 5e? — de

where the eccentricity e is defined by the ratio p,/p.. The values of p, and p, can be
found by considering the tensile (¢ = 0), and compressive meridians (§ = 7/3) in
Eq. (6.9), respectively.

The deviatoric view of the ELM is shown in Fig 6.2. Figure 6.3 shows the original
Leon model and the ELM failure criteria in the principal stress plane o, - o, for the
plane stress case. The elliptic variation of the deviatoric strength includes the effect
of the intermediate principal stress,o;, and thus a C'-continuous curvilinear trace is
observed in the ELM. A highly idealized polygonal shape of the failure envelope is
observed in the original Leon model as the effect of intermediate principal stress is
not included.

The friction parameter, my, for the original Leon model can be calculated from
Eq. (6.2). In order to calculate mq for the ELM, the uniaxial state of stress (o3 = 0,
and g, = f{) is used again

I o

R

From this equation it is clear that my is not coupled from the stress function as it

includes a term with the eccentricity e. In order to overcome this shortcoming, the



Deviatoric View of the ELM [71]

Figure 6.2:

Fig 6.3: Plane stress sections of smooth (ELM) and polygonal (Leon) failure en-

—
velopes
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friction parameter of the original Leon model is used. Consequently. the meridional
sections (at # = 0 and at 8 = 7/3) will be identical for both the Leon and the EL\
models.

The i between the experi | dara and the failure criteria. for rhe
original Leon model. was carried out by Pramono an Willam [70] for the various data
available in the literature. Another verification. for the original Leon model. was done
by Xie er al. [90] for high strength concrete using the triaxial test results obtained from

their i | program. Both i indicated good agreement berween the

model and the triaxial test data.
The ELM model was verified against the biaxial test data obtained from the

current study. Figure 6.4 shows the ation along the

(8 = 0) and the tension meridians (§ = 7/3) for the three types of concrete (NSC.

HSC and UHSC).

6.4 Isotropic Hardening Model for Pre-Peak Be-
haviour

The hardening rule defines the motion of the subsequent vield surfaces during plastic
loading. The expansion of the yield surface is called hardening. conversely a contract-
ing vield surface denotes softening. and a stationary vield surface designates perfect
plasticity.

A number of hardening rules have been proposed such as isotropic hardening.
kinematic hardening. and mixed hardening rules (Chen {49]). Among these three
hardening rules. the assumption of isotropic hardening is the simplest one to for-
mulate mathematically. and it is used in this model. [Isotropic rule requires only

one parameter x to define the subsequent vield surface after plastic deformation oc-
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curs. This hardening rule assumes that the vield surface expands uniformly without
distortion as plastic deformation occurs.

It should be noted that Bauschinger effect cannot be modelled by the isotropic
hardening rule. Nevertheless. under the monotonic loading condition. the Bauschinger
effect is not crucial as in situations where reverse loading takes place. As a conse-
quence. the isotropic hardening rule is adequate in modelling the behaviour of concrete
under monotonic loading conditions.

The isotropic hardening mechanism involves. in this case. an initial loading surface

d k. increases ic from an

that expands uni ly when a h
initial value k = ko > 0 to a final value at peak k = k, = 1

o o] _ 3], #m

F(a.p.ﬂ.k.r;:{(l—kl [F*\/_T!’] V§} 1A ¢

7 pr(6) e

7 c

(6.12)

Different loading stages in a meridian plane. for the UHSC mix. are depicted in
Fig 6.5.

The constitutive model assumes that the material is initially isotropic and re-

mains isotropic during the entire deformation history irrespective of the orientation

and magnitude of the principal stress components and inelastic deformations. The

total strain i can thus be d sed into ind di elastic and plastic

components

de = de, ~de, (6.13)
where de is the total mechanical strain rate. de, is the elastic strain rate and de, is
the plastic strain rate. The elastic or recoverable response is governed by the linear
isotropic material operator £

do = Ede, (6.14)
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6.5 Nonlinear Hardening Response

The strain-hardening hypothesis describes the current state of the inelastic defor-

which defines the

mation process in terms of a scalar-valued kinematic variable.
length of the plastic strain trajectory. During progressive plastic deformations. the

value of the hardeni increases ding to an elliptical function of z,.

The influence of confinement on the rate of hardening is introduced in terms of a
ductility measure ,. which defines the accumulated plastic strain at peak in terms
of the lateral confinement. As a result. the hardening parameter k = k(z,.\,) is

asa ically i ing elliptic function of the plastic strain:

(6.13)

The equivalent plastic strain rate is defined as the Euclidean norm of the plastic
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strain increment:

ds, = \/adl dg, (6.16)
where dg, is the vector of principal plastic strain increments. The ductility measure
\» introduces the effect of confining pressure on the rate of hardening in terms of a

quadratic polynomial of the mean normal stress. o.

Y = \wlo) = Au (5) - By (%) +Cy (6.17)

The ductility parameters 4. By, and Cj are dimensionless deformation paramerers

that are cali d from lab

6.6 Nonassociated Flow

When the concrete deforms plastically. it is convenient to assume that. based on the

ity condition. the il I plastic strain. de,. can be related to a plastic

potential function. Q. by the following equation
de, =dim = d)\% (6.18)

where d\ is a plastic multiplier. and it is a positive scalar factor that may vary
through the hardening process. It has a non-zero value only when plastic deformation
occurs. The gradient of the potential surface. m = dQ/80. defines the direction of
the incremental plastic strain vector de,. and the length is determined by the factor
d\. Because the vector dQ/dc is normal to the potential surface. the plastic strain is
also normal to the surface defined by the plastic potential function Q. This condition
is referred to as the normality law. In the simplest case when the plastic potential
function and the yield function coincide (Q = F). then

_ai@F . 0Q
dep =dag- =dAzs (6.19)
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this is called the associated flow rule because the incremental plastic strains are
associated with the vield function. If Q # F. Eq. (6.19) is termed a nonassociated
flow rule.

Use of the associated flow rule has been implemented in concrete material models

by many investi 50]. For p sensiti Is. it is widely accepted thar

the use of an associated flow results in the prediction of too much dilatancy (Vermeer

and de Borst [120]). Thus. the associated flow rule does not hold for the whole range

of the response spectrum of concrete and it imes leads to great
between predicted and measured response. as well as load carrving capacities.

In the current model. a nonassociated flow rule is adopted. The plastic potential
for nonassociated flow is based on a modification of the loading surface given in

Eq. (6.12)

: = 2
p.b.kemg) = {(1—k 1-""”’]'- 3ort6) 2
Qlo.p. c.mgq) {(l k) [/; N7 J? 7 16.20)
d-% lmq + mp%)] —ke=0

except for the friction parameter m — mg(o) which is redefined in terms of its

gradient
-+ fi/3
fe

The material parameters D. E. and G are calibrated from test results. The gradient

Mg . DexplEs?) + G where r =

2
%o (6.21)

of the plastic potential is evaluated by the chain rule of differentiation

mo ¥ _ Q05 Q3 090 <

90 ~ 90 da,  0pda, 96 Do,

where
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Calculating these is lengthy and the derivatives obtained will be long expressions.
Thus the symbolic package MAPLE was employed to derermine the derivatives. A
distinct feature of MAPLE that produces the output in the form of Fortran language

was used. The output was then used in the user defined subroutine was used.

6.7 Isotropic Softening Model for Post-Peak Be-
haviour

The softening response is initiated when the concrete starts cracking. due to increasing
loading. in tension or low confined compression in triaxial tests. In direct tension.
(Mode [ type cracking). the fracture process is based on the fictitious crack model by
Hillerborg [104]. This failure concept is then extended to model Mode II tshearr rype
of failure.

In the current model. a smeared crack description was used in which microscopic
as well as macroscopic discontinuities in the from of discrete cracks are distributed

and by equivals i concepts.

6.7.1 Mode I Type Fracture

The micro-crack and the crack propagation phenomena in case of uniaxial tension test
are well described by Hillerborg [104]. and will be briefly restated here. Consider the
tension test specimen shown in Fig 6.6. The deformation is measured along two equal
gauge lengths A and B. These curves coincide until the maximum load is reached.
On further deformation. a fracture zone develops somewhere in the specimen. As the
fracture zone develops. the load will decrease due to the formation of microcracks.
Consequently. the deformation will decrease everywhere outside the fracture zone.
This corresponds to the unloading curve in the stress strain diagram. In addition. no

further fracture zone can be formed anywhere else in the specimen. The deformation



1+Al I+Al

Fracture zone

c
AB,
u=Al -Al
B A
Elongation, Al
(o]
7
Strain e=Al /1

Figure 6.6 Fictitious crack model [104]

“;

130



can be coupled into two contributions. as illustrated in Fig 6.6

© The deformation within gauge B which is the elastic deformation of the speci-
men. The material could be assumed huimogeneous. and it can be described by

a stress strain curve including unloading branch.

® The deformation of the fracture zone. The additional deformation. uy. is the

difference between the descending branches of curves A and B.

During the tensile test that is carried out to complete sepa. tion. energy is ab-
sorbed inside and outside the fracture zone. The fictitious crack model defines rhe

energy absorbed in the fracture zone or fictitious crack as
.
Gr= [ oduy (6.24)
o

where Gy is the absorbed energy per unit crack area for complete separation of rhe
crack surfaces. This absorbed energy is constant for different specimen heights in the
¢ - uy space.

The softening is monitored in terms of the fracture modulus E4 which is the slope
of the of the o, - u; diagram Fig 6.7. The mapping between the crack opening
displacement rate. duy. and the equivalent tensile fracture strain rate. de;. is carried
out with the aid of the parameter h,. The value of h, denotes the height of the
elementary volume normal to the crack band as shown in Fig 6.7. The degradation of
the tensile strength. o.. is then controlled by the fracture strain. ¢;. which is expressed
in terms of duy = hde;. The definition of the fracture-energy based strain-softening

modulus is:

= 22 i) .25
Er= 5ot 5l (6.25)
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In this case. h, is used for the

Ej=Esh  where 16.26)

Consequently. the definition of the strain-softening modulus. E;. depends on the
geometry of the elementary volume.

There are different types of description for the uniaxial strength degradation in
the post peak zone. including linear and bi-linear expressions. In all expressions. the
area underneath the stress versus crack opening displacement curve. in direct tension.
is constant and it is referred to as the fracture energy G}. The fracture cnergy. in
direct tension. was established as a material property.

In the Etse and Willam model [71]. an exponential expression is adopted with
a best fit of the Hurlbut [118] direct tension test. The expression related the crack
width. defined as total change of length in the crack process zone. to the crack width
at complete rupture

a, = f exp (-512—:) (6.27)
where u, is the rupture displacement and u; is the crack opening displacement.

6.7.2 Degradation of Triaxial Strength

As mentioned before. the softening response is initiated when the concrete starts
cracking. due to increasing loading. in tension or low confined compression in triaxial
tests. At this stage. the material can no longer be assumed intact. This mechanism.
at low confining pressure. can be assumed to be controlled by the degradation of the
cohesion parameter. c. where 0 < ¢ < 1. When ¢ = 0. the material is considered to
be completely fractured and it exhibits only residual friction similar to cohesionless
materials. Etse and Willam (71] used the model proposed by Willam et al. [39]

to model the post-peak behaviour of concrete. This model is used in the current
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work. The model assumes that the failure mode is strongly dependant on the level of
confinement. For eximple. the case of direct tension test produces a single discrete
crack with a fairly brittle post-peak response with the strength dropping to zero at
the end of the load displacement curve. On the other hand. triaxial compression
tests with high level of confinement (Hurlbut [118]. and Xie et al. 90i) develops
distributed micro-cracks within the specimen and the strength doces not drop ro a
zero level. Thus. the specimen exhibits ductile hardening or. in the limit. perfectly
plastic response. Therefore. we can assume that there is a zone in stress space which
defines the transition between brittle and ductile failure behaviour.

It should be noted that in the triaxial loading cases. the strain softening becomes
more complicated. However. there is still common features in the strength degrada-
tion. Based on the triaxial test results of high strength concrete conducted by Xie

ft after

et al. [90]. the concrete under triaxial ¢ i i st
the minor stress reach the peak. The slope of the descending curve becomes smaller
and smaller as the strain increases. There is a stress level at which the slope of the
descending curve becomes insignificant. It is called the residual strength. Etse and

Willam [71] assumed that the residual strength is reached when. the strength is dom-

inated purely by frictional resi which ds to a zero residual value of

the cohesive parameter ¢, = 0. Thus the residual strength envelope becomes:

Flo.p.6.c)= ; ["’/‘,9)] 5 :_;_ [

The governing mechanism that controls the degradation of strength. is the de-

6.28)

cohesion measure that is ind dent strength . which is ied by

dent strength The relation between the

the friction ing as a di



ol
S

decohesion and the uniaxial tensile strength J is expressed as:
= %
£

where o, is the degrading tensile strength. The associated frictional hardening pa-

16.29)

Cs

rameter is related to the value of decohesion as:
m, =m, —(m, - mg)c, 16.30)

This expression is derived from the condition that for ¢ = 1 — m = mq. and for

c=0— m =m,. As a result. the intermediate softening surface is defined by

F(a.p-ﬁ.ri:é[#}‘v'}—':[o~‘—%]‘c‘=0 (6.31)

In order to capture the pronounced softening response at low compression. the
fracture model for Mode I type rensile cracking is extended to the Mode IT rype shear

fracture.
6.7.3 Mixed Mode Fracture

The fracture model for Mode I type tensile cracking is extended to the Mode IT type
shear fracture. From experiments. it is known that tensile splitting in compression as
well as shear is preceded by distributed microcracking. and that this microcracking is
more important for Mode II than for Mode [. Hence. the crack surface in Mode [I can
be interpreted as a multiple of the one in direct tension case. A fracture energy similar
to the one developed for tensile cracking can be used in order to maintain constant

fracture energy release between the surface and volume of the failure process:
d, ! de hed (6.32)
uy = —de; = hede .32
7=l 7

where the fraction A/1" the microcrack density in i Here. h,

is called gauge length’ or the “equivalent crack spacing™ for cases other than direct
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tension. €y is called the ‘equivalent tensile fracture strain’, and is used to monitor
the degradation of the triaxial strength envelopes. The measure of the incremental

equivalent tensile fracture strain is suggested as

dep = /< dep >T . < deg > (6.33)

where the McCauley brackets <>, extract the tensile components of the principal
fracture strain increments de;.

The crack spacing, h, can be evaluated approximately in terms of the ratio between
the fracture energy release rate in tension G/ and that in shear G, From the

equivalence of strain energy in splitting compression it can be assumed that
GiAA =G AA AA = G} i 6.34
TAA, =G AA, or o= grid (6.34)

The crack spacing in compression and in tension h and h; can thus be related by:

v_6ely @
he= = Ghg = ot (6:39)

The ratio G} il G represents the ratio between equivalent compressive crack surface
and the direct tension test crack surface. As adopted by Etse and Willam [71], this
ratio can be described with a quadratic polynomial in terms of the hydrostatic stress
as

e = 4”——‘f{"/3]‘+3[”’f'/3]’ (6.36)

=4l
Gy
where A and B are calibrated from the low and high confined compression tests.
According to the nonassociated flow rule, the failure potential @ is obtained by

volumetric modification of the yield surface in the softening regime in Eq. (6.31)

r(0)]* 0
Q(u"p,Gﬁc,,Q):g[/}f(é)} +fi£ [mwm%] =0 (637)



6.8 The Basis of Numerical Implementation

Before proceeding to the numerical implementartion of the plasticity based constitu-
tive model into the finite element program. it may be useful fo reiterate the basic
assumptions of the flow theory of plasticity. In general. the flow theory of plasticity
is based on three assumptions as mentioned in the previous sections

® Decomposition of stramn rate into elastic and plastic response with complere
decoupling of both components

de = de, +de, (6.38)
This assumption is normally justified for small or infinitesimal deformation.

e Yield criterion that delimits the elastic portion of the material response under
combined state of stress. The yield criterion is generally expressed as a function
of the state of stress o and the internal variables g (Lubliner [119]). The internal
variables g. in vector form. are used to describe the past history of the state of
stress. Thus. the general form of the vield function can be written as

Flo.q) =0 16.39)
For a the case of isotropic behaviour. the yield surface can be expressed in terms
of the principal stresses or in terms of the invariants of the stress tensor.

o The flow rule describes the evolution of the plastic strain rate when the material

undergoes plastic deformation. The plastic flow equation takes the form

de = d,\a—”

where Q designates the plastic potential. m describes the direction of the plastic

dAm (6.40)

flow. and d) is a positive scalar factor called the plastic multiplier. The value

of dA is non-zero only when plastic deformations occur.
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e Many material stability lates were d by different hy for

example Hill's. [I'vushin and Drucker postulates. However. Bazant [121] proved
that those postulates are neither necessary nor sufficient for stability. As a

result no stability postulate is used in the current model.

6.8.1 Numerical Impl ion of Plasticity

The elastic-predictor plastic-corrector method is used [123. 122]. It is simply on an

assumed trial stress vector (elastic-predictor). and a correcting procedure (plastic-
corrector) in case the trial vector violates the vield condition. The problem can be
summarized as follows:

o At time t = t,. the initial values o. . q are known

e An increment of stress Ao is applied

e [t is required to find the new state of stress and strain
6.8.2 Elastic-Predictor Step
The elastic-predictor defines the trial stress state as:

g =0, ~ EJe (6.41)

From this step. one of three situations will arise

 Elastic loading: F(o..q,) <0

« Neutral loading: F(o,.q,) =0

e Plastic loading: F(0:.q,) >0

The case of elastic loading and neutral loading is handled within the elastic con-

stitutive relation. The case of the plastic loading a plastic-corrector will be required

as presented in the next section.
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6.8.3 Plastic-Corrector Step

When the state of stress exceeds the elastic limit. the stresses cross the vield surface.
The purpose of the plastic-corrector is to return the trial stress vector 4, to the vield
surface. In order to obtain an efficient return strategy. two conditions have to be

satisfied:
@ The stress state o,; must be on the loading surface.
e The constitutive law for hardening/softening must be satisfied.

For the case of plastic loading. the elastic-predictor step is followed by a plastic-

corrector step. This can be expressed as:
Ao =Aa, - A, 16.42)
The elastic stress and the plastic stress. as mentioned before. are expressed as

Ao = EAe, (6.43)

A, = AAm
Thus. Eq. (6.42) can be written as
Ao = EAde — A\Em (6.44)

6.8.4 Crossing the Yield Surface

The integration procedure used here requires the location of the intersection of the
elastic stress vector with the vield surface (Fig 6.8(a)). In such circumstances. we

have [123]

flox+ada,) =0 (6.43)
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where the original stresses. o, are such that
flox) = f: <0 16.46)
while. with @ = 1. the elastic stresses o, — 7, give
flag) = flo +Aa.) >0 (6.47)

For some yield surfaces. this problem can be solved exactly. In the current work. an
iterative scheme is used to determine the point of intersection with the vield surface.
As mentioned before. a scheme is needed ta return the stresses to the yield surface
following an initial predictor. The procedure used in the current work is a standard

predictor in the form of forward-Euler procedure. such that

of 0/

Aa-EA(-A\E—-Aa —A\E (6.48)

Moving from the intersection point A (Fig 6.8(b)). Ao, is now the elastic increment

after reaching the vield surface. In relation to Fig 6.8

of

oc =05+ Ad, — AAE— =o0g -A\Eaf

(6.-49)

and the step can be interpreted as giving an elastic step from the intersection point

A to B followed by a plastic return that is orthogonal to the vield surface at A.

6.8.5 Returning to the Yield Surface

In general. the previous method produces stresses that lie outside the vield surface.
It is now possible to simply scale the stresses at C (Fig 6.8(b)) by a factor r until the
vield surface f becomes zero (Ortiz and Popov [124]). However. this technique will
generally involve an elastic component and thus it is not encouraged to use it. An

alternative technique (Ortiz and Simo [125]) suggests that the total strains are kept
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fixed while additional plastic strains are introduced in order to relax the stresses to
the yield surface. Consequently Eq. (6.49) can be repeated at point C Fig 6.8(b) so
that

)
ap=0c— A,\E% i (6.50)

If the resulting yield function at D Fig 6.8(b) is insufficiently small. further

can be applied.
6.8.6 The plastic Multiplier AA

The evaluation of the plastic multiplier was first suggested by Willam et al. [89] and
it was subsequently used by Pramono and Willam [70]. It is used in the current
implementation of the ELM.

Consider a load increment of finite size in which the strain increment Ae is pre-
scribed. Assuming that the previous stress state F,, = 0 is satisfied, the subsequent
Stress state On.+1 = On + Ao must remain on the loading surface and must satisfy the
vield condition at step n + 1. i.e. Fos1(0n+1,qn.1)=0. The g, designates the plas-
tic control variables for hardening/softening at step n+1. The linearized consistency
condition is used to evaluate the plastic multiplier AA.

The linearized consistency condition is derived by expanding the vield criterion

into a first order of the truncated Taylor series around the previous converged state.

oF oF -
Fasr = Fat 50001 = 0a) + 50(Gnss = @n) =0 (6.51)
Thus, the classical linearized consistency condition can be written as:
aF oF
AF = —, —Agq= .5
aﬂAu+anq 0 (6.52)

It can be seen that the full consistency condition is not satisfied since F,.; #

F, + AF, except for linear yield surfaces and hardening/softening rules. In case of
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isotropic softening/hardening the internal variables degenerate into a single variable
function of the plastic strain. The plastic multiplier can be expressed in an explicit
form [89, 70] as:

nEAe

A= 57—
< ~Ziml + nEm

(6.53)

6.9 Implementation of the Model

Etse and Willam's model requires a solver for non-symmetric system to account for
non-associated plastic flow. The finite element program ‘ABAQUS’ has such a capac-
ity. ABAQUS is a general purpose finite element program that can be used to solve a
variety of non-linear problems. It provides different choices for the solution strategy.

Version 5.4 was mounted on the DEC workstations in the Centre for Computed
Aided Engineering at the Faculty of Engineering, Memorial University of Newfound-
land. Etse and Willam model was coded in FORTRAN 77 language and it was
implemented as a user defined subroutine ‘UMAT" into ABAQUS. The implementa-
tion was carried out to handle plane stress elements, axisvmmetric elements and 3-D

solid elements. It can also be extended to handle other tvpes of elements.

6.10 Calibration and Verification of the Model

The material parameters required for the calibration of the model were calculated
from the current experimental program, whenever this was possible. The hardening
parameters A, By, and C, can be calculated from three sets of tests. However, a
best fit of all the experimental results was used to obtain these parameters. The
parameters were calculated for the three different type of concrete, namely: NSC and
HSC and UHSC. They are given in Table 6.1. The mechanical properties of each mix
are also provided in this table.
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The softening parameters 4, and B, could not be calculated from the current ex-
perimental work. Because of the configuration of the test set-up no reliable descending
portion. that represent the true material behaviour. could be measured. Thus. a sim-
ple expression that was suggested by Xie et al. [90] was used instead of Eq. (6.36).
They proposed a different definition that depends on whether the confining stress.

0y, is compressive or tensile:

:—: = 4,/1+B, 2 when oy < 0 (6.:54)

he a v -

o= 1-a-40-% when 0 < 0, < f! (6:55)
q

the softening parameters were calculated based on the results of their study on the
triaxial behaviour of high strength concrete. These parameters were used here. It
was not possible to confirm the validity of these parameters due to the absence of the

post peak part in the current experimental data.

P of the calib d model was i by si ing a plane stress
element and a cylindrical i To avoid the prob i with the inter-
action between the platens and the test i only a test i was idered

The loads were applied to the specimen’s end. This is done so that a true material
response, of the specimen, could be evaluated.

Figure 6.9 shows the geometry of the plane stress model used for verification
purposes. The geometric model is a single 8-node plane stress isoparametric element
with 4 integration points (reduced integration). Two edges have simple supports.
The load is applied proportionally on the other two edges. The nodes along each
loaded edge are constrained to have the same displacement in the direction of the
applied load. Figure 6.10 shows a comparison of the finite element results with the
biaxial experimental data on normal strength concrete by H. Kupfer et al. [14]. The



Table 6.1: Material parameters for the different types of concrete

Concrete Mix NSC HSC CHSC

E (GPa) 2.7 39 42

fi (MPa) 42.4 73.65 96.54

f{ (MPa) 3.30 4.15 4.82
An -0.0011499 | -0.0008926 | -0.0008626
B -0.0023142 | -0.0018178 | -0.0016532
Ch 0.0001115 | 0.0000778 | 0.0000696
A, 24 24 24
B, -4 -4 -4

results of the analysis are presented in Fig 6.11 for the UHSC mix.

The verification case for the triaxial tests was carried out using the experimental
results of Xie et al. [90]. The specimen’s size was 55 mm x 111 mm. Due to the
symmetry of the geometry and the loading condition. only a quarter of the specimen
is chosen. The elements used are 8-node axisymmetric isoparametric elements with 4
integration points (reduced integration). Figure 6.12 shows the finite element mesh
used in the model verification. The loading of the specimen is carried out in the same
fashion as the experiment was conducted. The confining stress is applied first to the
specimen. Once the confining stress reached its prescribed value, the axial load is
applied. The finite element results are shown in Fig 6.13.

From the simulation results, it seems that the finite element model, generally
speaking, is able to capture the specimen’s behaviour under the uniaxial. biaxial and

triaxial stress states.
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Figure 6.11: Comparison of the finite element results with the ezperimental data for
the UHSC miz: (——) ezperimental data, and (- - - -) finite element results
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Figure 6.13: Comparison of the finite element results with the triazial ezperimental
data on high strength concrete by J. Xie et al. [90); (- - - -) experimental data, and
) finite element results
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Chapter 7

Application of the Proposed
Model: Evaluation of the
Standard Uniaxial Compression
Test

7.1 Introduction

In the present chapter. the finite element model presented in the previous chapter is
employed to model the standard uniaxial test of a concrete cylinder. The parame-
ters investigated are the concrete compressive strength. specimen dimensions. bearing
block dimensions, and the specimen’s end preparation (effect of mechanical properties
of the capping material). These parameters are selected to simulate the actual ones
used in the standard compression tests. The study utilizes the finite element model
to investigate the state of stress in a cylindrical specimen (with an actual test pa-
rameters) as well as the shear stresses induced in the specimen’s edge at the interface

with the steel loading platens.



7.2 Standard Uniaxial Compression Test

Concrete quality is generally governed by its compressive strength. In the design
process. this property is the key parameter although other strength properties must
also be considered. Concrete cylinders are used in North America to find the uniaxial
compressive strength of concrete whereas test cubes are used in the United Kingdom
to obtain the same parameter.

The current standard practices and test methods for testing high strength concrete
(60 - 120 MPa) are based mainly on the recommendations from earlier research work
conducted on conventional normal strength concrete (30 MPa). Thus. the testing
methods should be re-evaluated to determine how suitable they would be for testing
high-strength concrete. The various factors that affect the compressive strength of a
concrete cylinder during testing are: the size of the specimen. the end preparation of

the specimen. and the dimension of the bearing block. Also. the stiffness of the testing

machine and the loading rate are of signi i . An ex
review of the effect of different testing variables that influence the concrete cylinder

test is given by Carino et al. [126].
7.3 Specifications for the Standard Cylinder Test

ASTM Test Method C 39-1993a [99] recommends that the dimensions of the bearing
block should be changed if the specimen dimensions are changed in order to maintain
the same mode of failure. Figure 7.1 depicts a schematic drawing of a typical spherical
bearing block as recommended by ASTM C 39-1993a.

The Université de Sherbrooke, Québec. Canada. has carried out an extensive
program on high-strength concrete testing. In one of their recent publications [127].

astudy was reported based on 378 compression tests on 150 x 300 mm and 100 x 200
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Figure 7.1: ASTM C 39-1993a standard bearing block for compression testing
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mm high-strength concrete specimens made of a total of 14 different laboratory and
field concretes. A bearing block with a diameter (2r) of 152 mm was used for testing
150 x 300 mm whereas a 102 mm block was used for testing 100 x 200 mm. Both
blocks conformed to ASTM C 39-1993a. The results of the study revealed that the
compressive strength slightly increases as the specimen size decreases. In addition.
the compressive strength of the standard 150 x 300 mm specimens obtained using a
102 mm diameter block was found to be 83 percent of that obtained using a standard
152 mm diameter bearing block. Also. a splitting type of rupture was observed for
the 150 x 300 mm specimens tested using a 102 mm diameter bearing block.

With the wide use of high-strength concrete. new criteria have evolved regarding
the compression test requirements [128]. such as the specimen size. end preparation.
dimensions of bearing block. etc. The evaluation and calibration of such new methods
are based solely on obtaining compressive strength values. These values are then
compared to the resuits of the standard cylinders tested in accordance with ASTM C
39-1993a. The standard practice for testing cylindrical concrete specimens requires a
cylinder with a dimension of 150 x 300 mm (6 x 12 in): this size is almost universally
accepted for the compressive strength test.

Most experimental studies are only concerned with the effect of different test
variables on the compressive strength of the specimen. It also should be noted that. in
addition to the specimen’s strength. the mechanical property values. such as Young's
modulus. E, and Poisson’s ratio. v. will be influenced by the different variables in
the compression test. A quantitative stress analysis of this problem can provide

useful information both in understanding the different state of stresses in the concrete

specimen and in serving as a guide to designing a test i in which a

corresponding state of stress exists throughout the specimen during the test. That will
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enable accurate measurements of the intrinsic mechanical properties of the specimen

under different conditions.

7.4 Standard Specimen Size

Most lab ies are ipped with testing that have the capacity for

normal concrete (30 MPa) cylinder compression test. To test a concrete specimen
with the standard dimensions and a compressive strength of 100 MPa. more than
triple the load will be needed. Such a load could be beyond the machine capacity
not to mention the machine stiffness. Recently. as a result of numerous research work
(reported in [126] and [127]), a cylinder dimension of 100 x 200 mm (4 x 8 in) was
recommended for testing high-strength concrete. Such a size makes it possible to
use conventional testing machines available in most laboratories. However. extensive
calibration is required to relate the strength obtained from such specimens to the

standard specimen (150 x 300 mm).

7.5 State of Stress in a Test Specimen

The different lateral stiffness of the loading platens and the concrete specimen cre-
ate a complicated stress state. in particular near the end of the specimen. Due to
the differences in lateral expansion between the concrete specimen and the loading
platens. frictional forces will develop between them. Friction constrains the specimen
boundary against lateral displacements which leads to additional shear stresses on
the surface. In addition. the stress distribution in the specimen will not be uniform.
Figure 7.2 shows the stress distribution along the loaded side of a specimen. The
normal compressive stress distribution at the platen-specimen interface indicate that

the compressive stress is higher near the perimeter than at the centre of the specimen.
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The induced friction forces in the end of the specimen influence the specimen’s
failure mode. The end restraint normally produce a cup and cone failure in the
cylinder. The developed friction forces have a significant effect on the strength of
the specimen if its aspect ratio is equal to one. To eliminate this. the present AST\

testing method recommends the use of a specimen with an aspect ratio of two.

7.6 Finite Element Simulation

In an attempt to provide some insight to the standard compression test. a finite el-
ement simulation of the test is carried out. The concrete test specimen is modeled
with the bearing block using actual test parameters. A portion of the finite element
investigation is designed to simulate the experimental program conducted at the Uni-
versité de Sherbrooke. Québec. Canada [127]. Thus. the test parameters are the same

as those used in the i | study. The di of the analyzed standard

blocks are 102 and 152 mm. Two different sizes of specimens are investigated. They
are the standard 150 x 300 mm mm cylinder and the 100 x 200 mm cylinder (which
is currently popular for testing high strength concrete). The 100 and 150 mm test
specimen are tested using each standard block. Thus. the numerical simulation falls
into four main cases as shown in Table 7.1. In order to examine the effect of the com-
pressive strength of the specimen. each simulation is carried out for three different
grades of concrete. namely: 30. 70 and 100 MPa. Finally. the effects of the different

end ions of the i are il
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Table 7.1: Different cases of the finite element simulation

Case 1 Case 2 Case 3 Case 4

Dimensions of specimen (mm) | 150 x 300 | 150 x 300 | 100 x 200 | 100 x 200

Bearing block diameter (mm) 152 102 152 | 102

7.6.1 Geometric Modelling

The test specimen and the end bearing blocks are modeled using the mesh shown in
Fig. 7.3. The element used is an eight-node axisymmetric element with { integration
points (reduced integration). Due to symmetry. only one quarter of the cylinder and
one bearing block is simulated. Details of the number of elements for the different
systems are given in Table 7.2. Figure 7.4 illustrates the coordinate system and
nomenclature used in this study. This figure also shows the forces acting on an

ric element. Distributed loads are used to simulate the action of the

swivel. Such type of loads remains perpendicular to the element side (in the local
coordinates) as opposed to concentrated loads that are fixed in one direction in the

global coordinates at any loading stage.

7.7 Material Model

The analysis presented in the following sections was carried out using the finite ele-
ment program ‘ABAQUS'. The constitutive model is the Etse and Willam [71] model
as modified and described in Chapter 6. The steel platens have a modulus of Elasticity

of 200 GPa and Poisson’s ratio of 0.30.



Figure 7.9: The finite element mesh
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Table 7.2: Number of elements

No. of elements | Case 1 | Case 2 | Case 3 | Case 4

Specimen 450 | 450 | 200 | 200
Loading block | 108 | 60 | 108 | 60

Total 358 510 308 260

7.8 Simulation of the Compression Test

The standard compression test is normally carried out using a stiff testing machine.
The specimen is mounted in the machine and the load is applied at a specified constant
rate until the specimen fails. The ultimate load at which the specimen fails is then
used to find the maximum stress. The value obtained is the compressive strength of
the concrete. f!. Thus. in the current analysis of the standard compression test. the
load is applied using load control to simulate the actual test. Hence. the post peak
behaviour of the specimen is not considered. In the following discussion. the load at
which the specimen reaches its ultimate calculated strength is referred to as 100 %
loading.

To examine the specimen behaviour at the different loading stages. a standard
concrete cylinder is considered. The cylinder has a compressive strength f = 30

MPa and is loaded with a 152 mm bearing block. The stresses in the specimen are

at a load level ding to 40 %. 90 %. and 100 % of the ultimate load.
Figures 7.5. 7.6, and 7.7 show the circumferential (hoop) stresses, ogg. referred to as

$33, the maximum principal stress in a radial plane (SP3). and the minimum principal
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stress in a radial plane (SP1). in the test specimen at a load level corresponding to

40 %. 90 %. and 100 % of the ultimate load. respectively.

The distribution of the three principal stresses in the cylinder are shown in Fig.
for a loading equal to 40 % of the ultimate load. Figure 7.5(c) shows almost linear
behaviour of the specimen. However. it appears that a triaxial compressive stress
state exists at the cylinder end. and a large stress concentration occurs at the corner.
This finding is in good agreement to that of an earlier study by Ottosen [98]. However.
Ottosen’s study resulted in some compressive stress (maximum principal stresses in
a radial plane) in the middle of the cylinder in the elastic range. Nevertheless. a
uniaxial compressive stress can be closely approximated in the middle of the cylinder
(Fig. 7.5(c)) despite the presence of small tensile stresses (Figs. 7.5(a) and (b)) in this
region. This is in accordance with Saint-Venant principle of linear elasticity that the
axial stress is approximately uniform at a distance equal to the cylinder’s diameter
from the cylinder edge [129].

Figure 7.6 shows the stress distribution in the cylinder at 90 % of the ultimate
load. A comparison of Figs. 7.5(a) and (b) with Figs. 7.6(a) and (b) shows that .
with increased loading. the regions with tensile stresses in the middle of the cylin-
der decrease in size and the stresses becomes less uniform. Comparing Fig. 7.3(c)
with 7.6(c) indicate that the axial stress becomes less homogeneous.

The stress distribution in the cylinder at 100 % loading. i.e. failure load. is shown

7. Note that the regions with tensile stresses change and they become

in Fig.
located closer to the outer surface of the cylinder middle (comparing Figs. 7.6(a) and

(b) with Figs. 7.7(a) and (b)). In addition. the axial stress in the cylinder becomes

inhomogenously disturbed (Fig. 7.7(c)). It is clear that the stress distribution deviates

from Saint-Venant principle. This also suggest that the influence of end restraint
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becomes more significant as the load on the specimen is increased.

The shear stress, 7., and the normal stress, o., along the cylinder’s edge, at the
different load levels, are depicted in Fig. 7.8. The figure shows that the shear stress
increases as the applied load is increased. Also, as the load is increased, the axial
stress values, close to the edge’s centre, drops to a value less than the nominal stress.
Moreover, at the specimen’s corner, the stress concentration increase as the load level

is increased.

%

Radius {mm) Radius (mm)

Figure 7.8: Shear stress induced in the specimen, at different loading levels, f! = 30
MPa, 150 x 300 mm cylinders that are tested with 150 mm bearing block: (- - - -) at
nominal azial stress = —12 MPa corresponding to 40 % loading, (- - -) at nominal
azial stress = —27 MPa corresponding to 90 % loading, (- ) at nominal azial stress
= —80 MPa corresponding to 100 % loading

The displ. in the direction of loading (U2), and in the lateral
direction (U1) are shown in Fig. 7.9 at the ultimate load. This figure clearly shows
the effect of confinement exerted by the platen on the test specimen in the vicinity of
the region of the interface between them. The specimen is restrained in this region.
In the middle of the specimen there is confinement. Hence, the displacement contours
become uniform. This simulation is based on the assumption that there is no slip
between the specimen and the loading block. As concluded by Ottosen [98], the

assumption of no slip between the specimen and loading platens seems to be fair
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for concrete cylinders (as the aspect ratio of the specimen is two). Another method
to simulate the interaction between the specimen and the loading blocks can be
accomplished by simulating the friction between the two different surfaces. This is
achieved through an interface element between the specimen and the bearing block.
Such method of modelling is discussed in Chapter 3.

An alternate analysis using this interface element is carried out to examine the
differences between the two different types of modelling (slip or noslip). The interface
elements used are the same as those presented in Section 3.3. Also. the same friction
model (Section 3.4) is employed. Based on the discussion in Section 3.1. a reasonable
value for the coefficient of friction is assumed to be 0.25.

The distribution of the three principal stresses in the cylinder. simulated using

interface elements. are shown in Fig. 7.10. A comparison between Figs. 7.7 and 7.10

suggest that the axial and hoop stress distribution are almost identical. for both
cases. except that using interface element decreases the stress concentration at the
specimen’s corner. However. the values of the maximum principal stresses in a radial
plane. close to the specimen’s end. are much higher if a full bond between the specimen
and loading block is assumed. The shear stress. 7,-. and the normal stress. ... along
the cylinder’s edge. for the two modelling assumptions are depicted in Fig. 7.11.
The different stress distribution is presented for three different grades of concrete.
namely 30. 70 and 100 MPa. The figure shows that the shear stress distribution
is almost the same except near the specimen’s corner. As anticipated. the use of
interface elements result in lower values for shear. This also suggest that some slip
may occur at this region. The axial stresses are also very similar. Furthermore.
comparing the displacement contours (Fig. 7.9 and Fig. 7.12) shows that the two

methods vield almost identical results. However. the displacement contours. in the
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lateral direction. indicate a slightly less restraint at the specimen’s edge for the case
of interface elements.

Thus. it seems the assumption of a full bond between the specimen (with an
aspect ratio of 2) and the loading block provides similar results as those produced
using interface elements. It should be noted that the analysis is carried out using
a friction coefficient of 0.25 and it is assumed constant throughout the test. Using
different values of the coefficient of friction could change the results. Nonetheless.

more i evidence is in this area. In the following sections. the

analysis is carried out assuming full bond between the specimen and the loading

blocks.

7.9 Effects of Different Test Variables

In this section. the effects of different variables on the standard compression test are

and di The i i are the concrete compressive

strength. i bearing block di i and the imen’s end

preparation (effect of mechanical properties of the capping material). Those param-

eters are selected to simulate the actual ones used in the standard compression tests.
7.9.1 Concrete Compressive Strength

In order to study the influence of the compressive strength on the behaviour of a com-
pression test specimen. three cylinders are analyzed. The cylinders have compressive
strengths of 30. 70 and 100 MPa. The cylinders are selected to represent the common
standard case. that is a 150 x 300 mm specimen tested with a 152 mm end block
(Case 1 in Fig. 7.4).

Figures 7.13 and 7.14 show the stress fields in a test specimen with a compressive
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Figure 7.11: Shear stress induced in the specimen, along cylinder end, 150 x 300
mm cylinders that are tested with 150 mm bearing block, using different modelling
assumptions, (——) assuming full bond between the platen and the specimen, (- - -)
using interface elements: (a) f! = 30 MPa; (b) f! = 70 MPa and (c) f. = 100 MPa
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strength of 70 and 100 MPa. respectively. The stresses in a 30 MPa cvlinder were
shown in Fig. 7.7. In general , the figures show that the minimum principal stresses
(SP1) in the specimen. at the area under the platens. are smaller than the nominal
applied stress. [n addition there is a high stress concentration at the cvlinder’s corner.
As the concrete compressive strength is increased. the area of low stresses decreases
in size and the stress concentration at the specimen’s corner slightly decreases. To
facilitate the comparison between the different figures. the contour intervals of the
axial stress are kept at a value of 2.0 % of f!. except for the last contour interval that
reflects the stress concentrations at the cylinder’s corners.

At the outer sides of the specimen there exists an area of low compressive stresses
(Fig. 7.7(c). This area is extended down towards the cylinder’s mid plane (for the

30 MP concrete il ). As the i c ive strength is i that

region is decreased in size (Figs. 7.13(c) and 7.14(c). In addition. the state of stress
near the middle of the cylinder becomes more uniform and closer to the nominal
strength. This indicates that the state of stress in the middle of the cylinder becomes
more homogeneous as the concrete compressive strength is increased.

The distributions of the maximum principal stresses (SP3). in a radial plane. are
shown in Figures 7.7(c). 7.13(c). and 7.14(c) for the three grades of concrete (30. 70
and 100 MPa). respectively. For the 30 MPa concrete. the stresses in the middle
plane of the cylinder. and towards the centre line of the specimen. are compressive
and they change to tensile stresses towards the outer part of the cylinder. For the
specimens with higher strength, the stresses in the middle plane of the cylinder are
completely tensile.

Figures 7.7(a). 7.13(a). and 7.13(a) show the distribution of the circumferential

stresses (S33). for the three grades of concrete (30. 70 and 100 MPa). respectively.
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At the outer sides of the specimen’s mid-plane. there is a region of low compressive
stresses for the 30 MPa concrete specimen. The stresses change to tension near the
centerline of the cylinder. As the compressive strength of the specimen increase. the
stresses in the middle of the cylinder. at failure. become completely tensile. However.
a small compression region appears at the centre of the specimen.

Figure 7.15 shows the shear stresses induced along the edge of the specimen (at
failure) for the three grades of concrete: 30. 70 and 100 MPa. The figures show that
the shear stresses at the interface varies very rapidly near the outside edge of the
cylinder. rising very quickly and dying down more slowly towards the centre of the
cylinder. The values of shear stress increase as the compressive strength increases.
This is due to the higher failure loads of the specimen. However. the ratio of shear
stresses to normal stresses decreases as the concrete compressive strength increases.
Increasing the compressive strength from 30 MPa to 70 MPa changes the ratios of
712/022 from 31.2 % to 26.7 %. If the compressive strength for the specimens is
increased from 70 MPa to 100 MPa. the ratios of 712/02, change from 26.7 % to

25.6 %. This could be i by the reduction of the coefficient of friction between

the steel loading platens and the concrete specimen as the required axial loads are

(for cylinders with high ive strength). Also. this finding could
be considered to be in good agreement with previous analytical investigations [12]
which concluded that as the ratio (#/E)speamen approaches the value of (¢/E)paten-
the shear stresses induced in the specimen. at the specimen/platen interface. tend to
decrease. Note that as the specimen’s strength increases. its (¢// E)specumen ratio tends

to decrease.
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tlea nom

Figure 7.15: Shear stress induced in the specimen, along cylinder end, for different
compressive strength, 150 x 300 mm cylinders that are tested with 150 mm bearing
block: (- - - -) fi = 80 MPa; and (- - -) f, = 70 MPa; (—) f! = 100 MPa

7.9.2 Specimen Size

The dard form of the ion test for a coner i (150 x
300 mm) was discussed in the previous section (Case 1 in Fig. 7.4). The 100 x 200
mm cylinder is popular, nowadays, for testing high strength concrete specimen. A
102 mm bearing block is required to test such a specimen (ASTM Test Method C
39-1993a). The 100 x 200 mm cylinder is discussed in this section (Case 4 in Fig. 7.4).

Figures 7.16, 7.17 and 7.18 show the stress distribution in a 100 x 200 mm spec-
imen, tested by a 102 mm bearing block, with compressive strengths of 30, 70 and
100 MPa, respectively. A comparison of these figures with Figs. 7.7, 7.13, and 7.14
suggests that the stresses in the 100 x 200 mm specimen closely match those in the

150 x 300 mm i This finding d strates that using the right dimensions

of end blocks can replicate the stresses in the specimen with different sizes. However,

some minor differences still exist. The stress concentration, at the specimen’s cor-

ner, is lower for the 100 x 200 mm cylind: M , as the specimen’s strength
increases, the stress concentration becomes less for the small cylinders. The same

tendency is also observed for the maximum principal stresses. In addition, the val-
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ues of the tensile stresses, in a radial plane, are slightly lower for the case of small

vlinders. Yet, the ci ial stresses assume the same trend for both cases with
higher values for the 150 x 300 mm cylinders.

Figure 7.19 shows the shear and normal stress distribution at the interface be-
tween the specimen and the loading platens for the 100 x 300 mm specimens. The
shear stresses rises from the centre of the cylinder to the outside edge. The stress
distribution is similar to the 150 x 300 mm case (Fig. 7.15). However, the ratio of
shear stress to normal stress is slightly lower in the small specimens. This indicates
less restraining effect for the small specimen. The normal stress distribution is almost
identical.

Although not presented here, the shapes of the displacement contours are almost
identical for the 100 x 200 mm and the 150 x 300 mm cylinders. The values of
the displacements the direction of loading (U2), and in the lateral direction (U1) are
given in Table 7.3 at the ultimate load. From this table, it can be found that the ratio
of the corresponding displacements, for the smaller and bigger cylinders, is almost
1.5. This demonstrates that both tests will lead to the same values of the measured
intrinsic properties (E and v).

The values of the failure loads were equal to the assumed compressive strength,

for all cylinder grades, as in the case of the 150 x 300 mm cylinders. In the literature,

different experimental i d contradicting results for the strength

ratio of the 100 x 200 mm cylinders to that of the 150 x 300 mm cylinders [reported

in ref. [127]]. H recent i al i igations [127, 126] revealed that a

factor of 1.03 - 1.05 exists. The current finite element results could not detect such a
difference. The ultimate loads were almost matching in both cylinders. This factor

could be attributed to other factors that are not included in the study such as the
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Figure 7.19: Shear stress induced in the specimen, along cylinder end, for different
compressive strength, 100 x 200 mm cylinders that are tested with 102 mm bearing
block: (- - —-) fi = 30 MPa; (- - -) f. = 70 MPa; and (—) f. = 100 MPa

Table 7.3: Displacement values in the lateral direction (Ul), and in the direction of
loading (U2), at the ultimate load, for one-quarter of the test cylinder

Specimen size | f! U1 U2

mm MPa mm mm

150 x 300 30 | 5.23E-02 | 2.56E-01
70 | 5.34E-02 | 3.39E-01

100 | 5.45E-02 | 3.97E-01

100 x 200 30 |3.21E-02 | 1.67E-01
70 | 3.5TE-02 | 2.26E-01

100 | 3.77E-02 | 2.65E-01
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effect of aggregate size and aggregate scaling (with respect to the specimen size) on
the fracture process. Other factors could also contribute to the difference such as
the lateral and longitudinal stiffness of the testing machines and their effect on the
specimens with different sizes. However, these factors were not considered in the

current study.
7.9.3 Bearing Block Dimensions

As previously described, ASTM Test Method C 39-1993a for standard compression
test requires that a bearing block with a 152 mm block is used for testing 150 x 300
mm while a 102 mm block is used for testing 100 x 200 mm cylinders.

The two standard cases for the 100 x 200 mm and the 150 x 300 mm cylinders
were discussed in the previous sections. In order to examine the influence of the

bearing block on the ion test, two dard cases are idered. The

first case portrays a 150 x 300 mm specimen tested with a 102 mm bearing block
(Case 2 in Fig. 7.4). The second case represent a 100 x 200 mm tested with a 152

mm bearing block (Case 3 in Fig. 7.4). The selection of the first case is inspired

by the experimental prog i d by the r hers at The Université de
Sherbrooke [127]. The experimental results revealed a drop in strength of 20 % for
high strength concrete (100 MPa) for this case. Also, a splitting type of failure
occurred to the specimen.

Figure 7.20 shows the stress fields in a 150 x 300 mm test specimen f! = 30
MPa, and tested with a 102 mm diameter bearing block. Comparing Fig. 7.20 with
Fig. 7.7 reveals that stress distribution in the specimen is completely different for the
two cases. The circumferential stresses in the specimen, for the non-standard case
considered here, are almost tensile except for a small area under the loading platens

where the stresses are compressive. However, the stresses change from compressive to
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tensile towards the specimen’s corner. In addition. the values of the tensile stresses
are much higher than the standard case. The same applies for the maximum principal
stresses in a radial plane. The axial stresses are the highest under the platens and
decrease towards the specimen’s corner. This case is completely opposite to the
standard case.

In addition. the ultimate loads for the specimens do not attain the value of the

nominal compressive strength, f.. for the specimen. In fact the failure loads are 7
57.1 and 53.7 % of the compressive strength for the 30. 70 and 100 MPa specimens.
respectively. A most noteworthy finding here occurs when one observes the effect
of the 102 mm bearing block on the 150 x 300 mm cylinder. As the specimen’s

strength is i the imen’s failure load decreases drastically.

The failure loads. from the finite element simulation. are much lower than the
experimental ones. Thus. based on the experimental results reported in [127]. a
possibility of slip between the specimen and the platens is considered. Interface
elements are used to model the interaction between the platen and the specimen.
The coefficient of friction is assumed to be 0.25. The simulation. using interface
elements. revealed that the values of the obtained ultimate loads changed to 81.6. 64.2
and 59.2 % for the 30. 70 and 100 MPa specimens. respectively. Thus. it seems the
analysis. assuming full bond between the specimen and the loading platens. may not
be appropriate for such a case. However. no more attempts were made by assuming
a lower coefficient of friction to improve the solution as this case is considered non-
standard and should be prohibited.

The results of the simulation.using interface elements. are shown in Fig. 7.21. The
significant finding from that figure is that the maximum principal stresses are lower

(compared to Fig. 7.20). and the axial loads are higher (under the loading platens).
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The circumferential stresses are almost the same.

The shear stress. 7,.. and the normal stress, o.. along the cylinder's edge. at
failure. are depicted in Fig. 7.22. At the interface the shear stresses changes direction.
i.e.. it produces a tensile force at the specimen. This leads to an apparent decrease of
strength (as in the case of using weak lubricants to eliminate the friction between the
specimen and the end blocks). In addition. due to the lack of confinement. the cup
and cone failure will not be obtained: instead. a splitting type of failure will occur
in the specimen. This is in good agrement with the experimental results [127]. The
normal stress distribution along the edge is far from uniform with a value higher that
the nominal stress under the platen (at the specimen edge’s centre) and reaching a
value close to zero at the specimen’s corner.

Case 3 illustrates a cylinder with dimensions (100 x 200 mm) tested with a 150
mm end block (Fig. 7.4). The stresses in the cylinder (Fig 7.23) shows that the
stresses are very disturbed in the cylinder. In addition. they are far more different
than the standard case (Fig. 7.7). However. the failure loads. produced from this
case. were almost identical to the standard case.

Figure 7.24 shows the shear stress distribution at the interface between the speci-
men and the loading platens. The shear stresses rise from the centre the of the cylinder
to the outside edge. If this figure is compared with the standard case (Fig. 7.19). it
is noticed that the gradients of the shear stresses varies very slowly. This means that
the total shear force along the edges of 100 x 200 mm is higher if a 150 mm bearing
block is used.
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Figure 7.22: Shear stress induced in the specimen, along cylinder end, 150 x 300
mm cylinders that are tested with 102 mm bearing block, using different modelling
assumptions: (——) assuming full bond between the platen and the specimen, (- - -)
using interface elements: (a) f! = 30 MPa; (b) f! = 70 MPa and (c) f. = 100 MPa
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Figure 7.24: Shear stress induced in the specimen, along cylinder end, for different
compressive strength, 100 x 200 mm cylinders that are tested with 150 mm bearing
block: (- - ~ ) f* = 30 MPa; (- - -) f' = 70 MPa; and (—) f! = 100 MPa

7.10 End Preparation of the Specimen

ASTM Practice C 617 [130] allows the use of either (a) neat cement paste, (b) high-

strength gypsum plaster, or (c) sulphur mortar as capping materials. The strength

Whauih

can be simply interpreted as the cap shall be
at least as strong as the concrete. Also, the recommended cap thickness is 3 mm
and should never be more than 8 mm. The current research on capping materials
for high strength concrete includes the use of the traditional sulphur capping com-

pound, grinding the specimen’s end, and the use of unbounded caps and the sand

box. A prehensive, and up-to-date, li review, regarding different capping
methods, can be found in [126].

The previous results, presented in this chapter, can be considered to simulate a
test specimen with ground ends. In this section, the effect of the capping material is

examined. Two extreme cases are 1: (a) the use traditional sulphur caps,

and (b) the use of a very soft material such as rubber. The unbounded caps and the

sand box are not considered in this study.
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In order to obtain accurate results from the finite element simulation. the mechan-

ical properties of the capping materials should be identified properly. Unfortunately.

there is no data available. in the li on the of the most

commonly used capping material. sulphur compound. The only reported data about
the modulus of elasticity using sonic readings [131] indicate that the modulus of elas-
ticity of sulphur. used in that study. varies from 15 - 25 GPa. Consequently a modulus
of elasticity of 25 GPa and Poisson’s ratio of 0.15 can be considered a reasonable as-
sumption. Such values are used in the study. The Young’s modulus of elasticity for
rubber is assumed 25 MPa while Poisson’s ratio is taken as 0.45.

Four cases are considered: rubber capping with thicknesses of 1.5 and 3 mm. and
sulphur capping with thicknesses of 3 and 6 mm. The capping is modelled with an
eight-node axisymmetric element with 4 integration points. Full bond is assumed
between the cap and the bearing block as well as between the cap and the specimen.
Since the behaviour of the sulphur compound is not known. the material is assumed
to be linear elastic. Also. for simplicity. a linear elastic model was used to simulate l/
the rubber cap. Such an assumption may not be completely accurate. and it would

greatly affect the results of the finite element simulation. Nevertheless. unless the

beh, of the capping ials is studied th hly. it will be very difficult for

any simulation to produce accurate results. Thus. the results of the current finite
element simulation. on the effect of the capping material. should only be considered
as a rough guideline.

The results of the finite element simulation indicate that the use of rubber pads
reduce the friction between the specimen and the bearing blocks. However. the use
of rubber pads with a thickness of 3 mm resulted in lower failure loads. The failure
loads are

9. 62.7. and 71 % for the 30. 70 and 100 MPa concrete, respectively. The
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use of 1.5 mm rubber pads produced failure loads of 97.2. 95.5 and 93.8 % for the 30.
70 and 100 MPa concrete. respectively.
The stress fields. in a 30 MPa specimen using a 1.5 mm rubber pad. are shown

5. The circumferential stresses are almost entirely tensile throughout the

in Fig. T.
cylinder (comparing Fig. 7.25(c) with Fig. 7.7(c)). The axial stresses (Fig. 7.23(c)) are
fairly uniform in the cylinder but they are below the cylinder nominal strength. The
maximum principal stresses (SP3) are almost opposite to the standard case. Those
stresses, at the top part of the cylinder. are entirely tensile whereas the stresses are
completely compressive in the middle of the cylinder. This case shows clearly that
the shear stresses are eliminated at the cylinder’s edge. Two concerns arise from
the case of using rubber pads. The first one is the drop of the cylinder’s ultimate
strength. Note that more proper simulation of the true behaviour of rubber will result
in more deformation (in the cap) and the actual ultimate load should be even lower.
A second concern is the measured E and v as they will be completely different from
those measured through the standard case.

The stress fields in a 30 MPa specimen tested using 3 and 6 mm sulphur caps are

shown in Figs. 7.26 and respectively. Those figures show that the stress fields
in the specimen are essentially the same as the standard case (Fig. 7.7). However.
the stress concentration in the specimen is reduced when sulphur cap is used. As the

cap thickness is i d. the stress ion is d d. The failure loads for

the 3 and 6 mm caps were equal to the nominal strength of the specimen.

-. along the cylinder’s edge. for the

The shear stress. 7., and the normal stress.

two different rubber pads are depicted in Fig. 7.28. The different stress distribution
is presented for three different grades of concrete. namely 30. 70 and 100 MPa. The

figure shows that the shear stress distribution is almost the same except near the
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specimen’s corner. The use of a sulphur cap results in lower values for shear. The
axial stresses are also very similar. Again. one must be cautious with the results
presented. A more proper simulation of the real behaviour of the sulphur capping
compound may result in some different results. However. the margin of difference

may be expected to be small.

7.11 Summary

In this chapter. a nonlinear finite element analysis of the standard uniaxial test of

a concrete cylinder is d. The i i were the concrete
compressive strength (30. 70 and 100 MPa). specimen dimensions (100 x 200 and 150

x 300 mm i bearing block dii ion (102 and 150 mm diameter bearing

blocks). and the specimen’s end preparation (sulphur capping and rubber pads).

Two different types of modelling the i ion between the i and the
loading platens. The first assumption was that the specimen and the loading platen
were fixed together. i.e. there is no relative slip between them. The second modelling
method was carried out using an interface element and a Columnb friction model.
The results showed that the shear stress distribution is almost the same. for the
two modelling assumptions. except near the specimen’s corner. The use of interface
elements results in lower values for shear at the specimen’s corners. thus. indicating
that some slip may occur at this region. Therefore. it seems that the assumption of
no slip, between the specimen and the loading platens. seems to be fait for cylindrical
specimen with an aspect ratio of two.

The finite element results revealed that a triaxial compressive stress state exists
at the cylinder end. and a large stress concentration occurs at the corner as the load

is applied on the cylinder. The shear stresses at the interface varies very rapidly
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Figure 7.28: Shear stress induced in the specimen capped with sulphur compound for
150 x 300 mm cylinders that are tested with 150 mm bearing block: (- - - -) ground
specimen, (- — -) using 3 mm sulphur cap, and (—) using 6 mm sulphur cap: (a)
! = 30 MPa; (b) f! = 70 MPa and (c) f. = 100 MPa
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near the outside edge of the cylinder. rising very quickly and dying down more slowly
towards the centre of the cylinder.
The stress distribution in the specimen. at the nominal applied load. becomes

more uniform as the imen’s ive strength is i The ratio of shear

stresses to normal stresses decreases as the concrete compressive strength increases.

Co the effects as the i s ive stress

increases.
The results demonstrated that using the proper dimensions of end blocks can
replicate the stresses in the specimen with different sizes (the 150 x 300 and the 10 x

200 mm specimen). However. the ratio of shear stress to normal stress is slightly lower

in the small i This prod less ining effect for the small specimen.

The ultimate loads for the specimens do not attain the value of the nominal
compressive strength if a 150 x 300 mm cylinder is tested with a 102 mm end block.
The failure loads. from the finite element simulation. are lower than the experimental

ones. The simulation provided an ion for such a behaviour. The induced

shear stresses reverses its direction and. as a result. the specimen’s strength is reduced.
Thus. a proper end block should always be used for testing.

In order to study the effects of end preparation of the specimen. four cases were
considered: rubber capping with thicknesses of 1.5 and 3 mm. and sulphur capping
with thicknesses of 3 and 6 mm. The simulation results demonstrated that the use
of soft materials. as friction reducers. result in drastic change in the state of stress in
the specimen as well as its compressive strength. The use of the traditional sulphur
capping compound resulted only a light change in the shear forces. induced in the
specimen. but did not change the overall stress distribution within the specimen. The

use of soft materials should. therefore, be carried out with caution.



Chapter 8

Conclusions

8.1 Summary

In the current research, the behaviour of high-strength concrete under biaxial state
of stress was studied carefully. For that regard, an experimental program was carried
out. A test set-up was designed and manufactured. The selection of the loading
platens was based on a finite element evaluation of some existing systems and a suit-
able selection was made. The test set-up was then manufactured. A suitable control
scheme was adopted and a closed loop system was used to perform the experiments.
Four different types of concrete were tested. Proportional loading was used for all the

tests. The ratio of the two applied loads was kept constant throughout the test. All

combinations of biaxial stress, i i ion-tension, and

. were i i For i ion, stress ratios were

0,/03 = 0 (uniaxial compression), 0.2, 0.5 and 1.0; for compression-tension, stress
ratios were 0 /03 = -0.05, -01.0 and -0.25; and for tension-tension, stress ratios were
o1/02 = 1.0, 2.0 and > (uniaxial tension). The strength data were collected and
analyzed. The failure envelopes were then developed for each type of concrete. Con-
crete strains in the three principal directions are recorded. The principal stresses and

strains at failure are also recorded and presented as functions of the stress ratios. Fi-

219
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nally, the failure modes and crack patterns were observed and examined. The results
of the experiments were then used to modify and calibrate an existing model by Etse
and Willam (1994). The model was then implemented in a general finite element
program. The modified finite element model was then used to evaluate the standard

ASTM uniaxial compression test.

8.2 Evaluation of Different Loading Platens for
Biaxial Testing of High-Strength Concrete

It was necessary to select a suitable loading platens for the experimental program.

Appropriate platens should be used to reduce the friction forces induced in the spec-

imen due to the i platen i i A 1i finite element analysis
was carried out to evaluate three types of loading systems namely: dry solid platens.

brush platens and the teflon pads. The following conclusions can be derived:

1. The shear stresses induced in the specimen were very high using dry solid
platens. Using teflon pads decreases the induced shear stresses drastically. The
induced shear stresses were the lowest for the case of brush platens. The ratios
of the obtained values of the shear stresses to the normal stresses (at the inter-
face) were 14 %. 2.5 % and 3.5 %. for the dry solid platens, brush platens and
the teflon pads, respectively. The shear stress distribution was approximately
linear from the centre of the specimen with some slight nonlinearity towards the
corner. The observed irregularities in the shape of the shear stress distribution.
due to the brush supports, could be present as a result of the gap between the

rods.

©

For the biaxial loading cases, the shear stresses reached a value of 45 % of the

normal stresses. For the case of the brush supports, the shear stresses are 8 %
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of the normal stresses. The curve for shear stresses. in the case of teflon pads.
changes its shape and become more distributed over the edge. This could be
attributed to the effect of the lateral loading on the lubricated surface.

w

The effect of lateral confinement on the stress and displacement fields were ex-

amined for the three different loading systems. The results of the finite element

study indi that the most hy stress and di: fields were

achieved for the brush platen case.

-~

Buckling analysis of the brush rods indicated that a short brush can be safely
used for testing high-strength concrete specimens with a compressive strength

of 100 MPa.

As a result of the finite element investigation, a 150 x 150 mm brush was

o

recommended. The width of the brush was selected as 40 mm and the filaments
were 75 mm in length and with a 5 x 5 mm cross section. The brush was

fe d and it was lv used in the i | program.

8.3 Experimental Findings

Four different concrete mixtures were tested: a normal strength concrete (40 MPa). a

high strength concrete mix (70 MPa), an ultra high strength concrete mix (100 MPa)

and a high-strength light weight aggregate mix (67 MPa). The main findings of the

| can be briefly ized as follows:

1. The ultimate strength of concrete under biaxial compression is higher than
under uniaxial compression. The maximum biaxial strength occurs at a biaxial

stress ratio of 0.5, for all specimens tested. At this stress ratio. a strength
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increase of about 31 % for the NSC specimen. 32 %. 35 % and 38 % for the
HSC. UHSC and HSLWC, respectively, was observed.

. At equal biaxial compression (02/03 = 1.0). the relative strength increase be-

comes smaller as the compressive strength is increased for all the normal weight
mixes. The strength increase is 19, 14 and 9 % for the Normal strength. high

strength, and ultra high strength concrete, respectively.

High strength light weight concrete have a higher strength gain, at all compres-

sion stress ratios, than the corresponding high strength normal weight concrete.

. Test results confirmed that high strength concrete has a lower tensile to com-

pressive strength ratio than normal strength concrete. The uniaxial tensile
strength. f; was found to be 3.30. 4.15, 4.82 and 3.38 MPa for the NSC. HSC.
UHSC and HSLWC. respectively. resulting in a ratio of f{/f! that is equal to
0.078. 0.056. 0.050. and 0.051.

In the biaxial compression-tension region, there is a significant difference in the
behaviour between high strength and normal strength concrete. Introducing a
small amount of tension decreases the compressive capacity more radically for

high strength concrete than for normal strength concrete.

Under different biaxial compression loading combinations. the results show that
the introduction of a second principal stress significantly affects the effective

elastic modulus of concrete specimen in the direction of the first principal stress.

The average increase in stiffness under biaxial compression is higher for the

HSC mix and less for the corresponding HSLWC specimen. This is due to the
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higher modulus of elasticity of the granite. and the lower modulus of elasticity

of the light weight aggregates.

.

The material constants obtained in the experimental study are somewhat differ-
ent in uniaxial compression and uniaxial tension for all the mixes. The modulus

of elasticity. in tension. was found to be slightly higher than that in compression.

44

High strength concrete showed a linear behaviour up to a higher stress than

normal strength concrete.

10. The discontinuity limits were found to be 70, 85, 90 and 76 percent for the NSC.
HSC. UHSC and HSLWC. respectively. Thus. as the ive strength of

concrete is increased. the discontinuity levels becomes higher. The discontinuity

level for the high strength light weight concrete is lower than the corresponding

high strength concrete.

11. There is no fundamental difference in the crack patterns and failure modes due
to the increase in the compressive strength of the concrete or due to the use of

light weight aggregates under different biaxial loading combinations.

8.4 Finite Element Model

A plasticity based model was adopted. The model is based on Etse and Willam [71]. It
was implemented in the general purpose finite element program ABAQUS as a user
defined subroutine in FORTRAN 77 | The ical i ion of

plasticity was carried out through the elastic-predictor plastic-corrector method. The
material model was calibrated for high strength concrete using the data obtained from
the experiments. A finite element analysis using the calibrated constitutive model was

conducted. The results were then compared to the experimental data. Results of the
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verification indicated that the finite element model predicts a slightly softer response
of the specimen. Nevertheless. the finite element model. generally speaking. is able

to capture the strain behavi for test

8.5 Application of the Finite Element Model: Eval-
uation of the Standard Uniaxial Compression
Test

The verified finite element model was then used to evaluate the standard uniaxial
test of a concrete cylinder. The selection of this particular test was inspired by the
ongoing discussion between the members of the ACI Committee 363 on high strength
concrete [109]. The Committee is trying to establish a guide to inspection and testing
of high strength concrete. Such a standard is vital to the high strength concrete
industry. Issues have been raised concerning the specimen’s size, end block size. the
method of end preparation and the stiffness of the test machine. Currently there
is an enormous amount of experimental work that is being carried out by different
researchers. Among them is the excellent experimental work by Carino et al. [126].
Thus it was felt that a finite element analysis of such an important test can provide
some insight and it could complement some of the experimental observations.

The parameters investigated were the concrete compressive strength. specimen

(effect of

bearing block di i and the il 's end
mechanical properties of the capping material). These parameters are selected to
simulate the actual ones used in the standard compression tests. The results of the

finite element simulation can be briefly summarized as follows:

1. A triaxial compressive stress state exists at the cylinder end, and a large stress

concentration occurs at the corner. However, at low loading levels the stresses
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in the specimen are nearly uniform. At higher load levels the effect of the end
restraint, due to specimen-platen interaction, becomes more significant and the

stress state in the cylinder is far from uniform.

In order to simulate the interaction between the test specimen and the loading

platens, two different modelling alf ives were ined. The first one was

to assume that the platen and the specimen were giued together. The second
one was carried out using interface element to simulate the friction that exist
between the platen and the specimen. The results revealed that the use of
interface elements resulted in lower values for shear near the specimen's corner.
This would suggest that some slip may occur at this region. However, the
results of the two different modelling assumptions, were fairly close except for

that region.

. The simulation results showed that the use of a standard bearing block is es-

sential in testing high-strength concrete. The simulation confirmed that the
stresses in the 100 x 200 mm specimen closely match those in the 150 x 300
mm specimen provided that a standard bearing block is used. The shear stress

induced at the specimen’s end is slightly lower for the small cylinders.

In some cases. the use of a non-standard bearing block can result in a lower
strength, as was observed experimentally. The simulation provided an explana-
tion for such a behaviour. The induced shear stresses reverses its direction and.

as a result, the specimen’s strength is reduced.

The simulation results demonstrated that the use of soft materials, as friction

reducers, result in drastic changes in the state of stress in the specimen as well as

its compressive strength. The use of the traditional sulphur capping d
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resulted only a slight change in the shear forces, induced in the specimen. but
did not change the overall stress distribution within the specimen. The use of

soft materials should, therefore, be carried out with caution.

8.6 Contribution

[

L

3.

The design of the brush platens, using a nonlinear finite element. approach is
carried out for the first time for uniaxial and biaxial loading. Although a similar
simulation has been conduced in the past by [101], it was limited to uniaxial
loading only using a linear elastic model, and the shear stresses induced in the

specimen were not clearly identified.

In this study. it is the first time that the brush platens were designed and used

to test a concrete strength for 100 MPa concrete.

To the author’s knowledge, this is the first time that the behaviour of ultra high
strength concrete (100 MPa) and high strength light weight concrete under

biaxial state of stress have been examined. The thesis provides the failure

pes and i istics of different types of concrete that are
not available in the literature. Such data should prove useful for calibrating any

type of constitutive model used in the finite element analysis.

The Etse and Willam model was implemented in the general finite element
program ABAQUS. The implementation of this model is currently under devel-
opment at MUN to improve the fracture mechanics aspect in it and to include
the effect of reinforcement. This should enable the model to be used in the
study of reinforced high strength concrete structures.

This thesis contains the first comprehensive study of the standard compression
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test using the finite element approach. The previous studies in the literature
were quiet limited [98]. Actual test parameters such as the standard loading
platens. the effect of the specimen size and the effect of capping material for a
concrete test specimen could not be found in the literature. This type of study
can further our understanding of the standard compression test. In addition. it

can help in evaluating new requirements for such a test

8.7 Recommendations for Further Research

1. The behaviour of light weight high strength concrete needs further experimental
studies. The data reported in this thesis indicates that, under biaxial loading.
the material behaves differently than normal strength concrete. Future studies

should include higher concrete strength and different tyvpes of aggregates.

The softening of concrete is i to be an imp: that

»

needs future research. Currently, several researchers are trying to study the
post peak behaviour of high strength concrete cylinders using different types
of control to conduct the test. This issue has to be addressed more carefully
for high strength concrete under biaxial loading. New control techniques have
to be developed for such a test. Also, the effect of brush loading platens on
the post peak behaviour warrants future studies, especially for high strength

concrete specimen.

®

The current constitutive model that was implemented in the finite element
program ABAQUS requires the inclusion of reinforcement elements so that it

can be used in i i concrete

4. The finite element method is a powerful tool that can be used to provide insight
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into the behaviour of a test specimen in any type of standard testing. It also

enables a better ing of the i ion between the i and the

test set-up can. Further studies should be conducted with actual test param-
eters. Experimental observations can also help in refining the used models so

that they can v predict the i of a test
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