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SUMMARY

This report deals with the strength of concrete subjected to triaxial stress fields.

The report describes some of the more important failure criteria for concrete. Furthermore
a description of the possible factors that affects, or is thought. to affect, the triaxial
strength of concrete is included. Also in the report is a description of the various test
arrangements used through the years. These test arrangements all have strengths and
weaknesses which are described. Finally most of the published strength results are presen-
ted, along with a bibliography over the published research.
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NOTATION

Internal area per unit concrete area, Ai <1
Parameter in the Ottosen failure criterion.
Parameter in the Ottosen failure criterion. -
Smallest dimension of a casting form.
Parameter in the Ottosen failure criterion.
Parameter in the Ottosen failure criterion.
Invariants of the stress tensor.

Invariants of the deviatoric stress tensor.

Aggregate volume content Vager S 1

g8
Maximum aggregate size.
Uniaxial compressive strength of concrete.

Equal biaxial compressive strength of concrete.

Equal biaxial compressive strength normalized with the uniaxial compres-
sive strength.

Uniaxial tensile strength of concrete.

Uniaxial tensile strength normalized with the uniaxial compressive
strength.

Coefficient in the Mohr—Coulomb criterion k = f o

Factor.

Principal axes.

Deviatoric stress field.

Principal deviatoric stresses.

Parameter in the Willam — Warnke failure criterion.

Kroneckers delta.

Angle in the deviatoric plane.

Function that describes the deviatoric plane, Ottosen failure criterion.
Length of a vector in the deviatoric plane.

Parameter in the Willam — Warnke failure criterion.

Parameter in the Willam — Warnke failure criterion.

Normal stress.

Principal stresses.



Stress tensor.

Resulting principal stress.
Mean normal stress.
Octahedral normal stress.
Pore pressure.

Shear stress.

Mean shear stress.
Octahedral shear stress.

Length of a vector.along the hydrostatic axis.

Angle.



Chapter 1

INTRODUCTION

Advances in the design of concrete structures are placing an ever increasing emphasis on
the need for knowledge concerning the strength of concrete subjected to generalized stres-
ses. '

Over the last 60 years a lot of research has been undertaken in order to formulate a set of
formulas that describe the strength properties of concrete. So far this research has made
remarkable progress, and are now at a point where a general consensus regarding the shape
and properties of the failure surface for concrete has been reached. ‘

Also a multitude of models have been proposed, spanning from the very simple ones suitab-
le for manual calculations, to the very complex ones that need large computational facili-
ties.

Today we now see a spreading use of high—strength, high—performance concrete, and the
question arises whether or not we can predict the strength behavior of these new concretes
using the models we have. '

The problem revolves around the question of extrapolating the models based on 10 — 60
MPa concrete, to include the new concretes with strengths of more than 100 MPa. It seems
to be rather unsafe to extrapolate that much, and experimental data is therefore needed.
Such an experimental program has been planned for the coming year at the Technical
University of Denmark, as a part of a large research effort into high—strength, high—perfor-
mance concrete. ’

However, prior to launching a major experimental program you have to sum up what the
present state—of—the—art is. This in order not to spend a lot of time and money discovering
things already known.

This Teport is part of this preparation in that it tries, partly to describe the consensus that’

has been reached regarding the properties of the failure surface, and ‘partly to discuss the
factors that affects, or is thought to affect, the multiaxial strength of concrete.
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Chapter 2

FAILURE CRITERIA FOR CONCRETE
UNDER SHORT TERM LOADING

A failure criterion is not, as the name suggest, a criterion for determining when a material
fails, but rather a criterion for determining the peak loading capacity for a given material.
Therefore the more appropriate term 'ultimate strength criterion' is sometimes used.
However, in order not. to confuse things the name 'failure criterion' will be used in this
Teport.

In this chapter we shall first briefly discuss the derivation of the stress invariants, followed
secondly by a section on the general properties of the failure surface, and finally we shall
describe a number of the more important failure models that have been proposed over the
years. -

2.1 Stresses and stress invariants.

When proposing an ultimate strength criterion for concrete it is usually assumed that the
concrete i3 a homogeneous and isotropic material. When the size of the aggregate is consi-
derably smaller than the smallest size of the specimen considered, this is normally also the
case. In the basic sense the ultimate strength of the concrete can then only be a function of
the stresses, that is:

. f(aij) =0 o ) | ) (2.1)

since the stresses, aij’ can be uniquely described by the principal stresses 01y Oo, Og, and
the principal vectors n, Ny, and ng, the failure criterion can the be written as:

f("y 095 O35 By, Dy, 113):0 (2.2)

- Because we have initially assumed the concrete to be isotropic, the failure criterion must
therefore be independent of the principal vectors, and eq.(2.2) resolves to:



floy, 09, 03) =0 (2.3)
It has been shown, i.e. in {89.2], that instead of expressing the failure criterion as a function
of the principal stresses, eq.(2.3), the failure criterion can be expressed as a function of the

3 principal stress invariants Il’ J2, and J3, that is:

f(I1, J2’VJ3),:Q - ‘ (2.4)

2.1.1 Stress invariants

Consider a stress field given by:

1] yx .y Z
T2 Tzy ai v ) (2.5)

The principal stresses can then be found as the solution to:
]aij- oréijl =0 (2.6)
which gives a cubic equation in o:
3 2 . i N - o0
0°- Ljo" +Iy0- I3=0 (2.7

In this equation the roots are the principal stresses 0y, Oy and a3 and Il, 12, and I3 are
called the invariants of the stress tensor; which are defined by: .

Lj=o53=0x*0y+0, (2.8)
2

Iy=0,0,+0.0 P A (2.9)"

y “yz "z°x 'xy 'xz2 'zX

' (2.10)

A more simple form of these invariants can be found by using the definition that the shear
stresses equals zero in the plane defined by the principal vectors. Therefore eq.(2.8) —
(2.10) resolves to:



I_1="1+02“73 . (2.11)

Iy = 0,09 + 0905 + o304 (2.12)

I3= 0,004 (2.13)
The stress field defined by 0y, 0y, and 03 can be split into two parts, namely a ‘*hydrosta-
tic' stress field and a 'deviatoric' stress field. The hydrostatic stress field is defined as the
stress field where:

a=1(a +0 +a)—1I (2.14)

m-3\"17%279%/ 73 :

and the deviatoric stress field is therefore defined by:

Sijzaij' "méij (2.15)

Similar to the invariants of the stress tensor, we can derive the invariants of the deviatoric
stress tensor by solving the equation:

lSij‘ sé. =0 (2.16)

1jl

and we get the invariants of the deviatoric stress tensor as:

Jy=81+89+83=0 ‘ (2.17)
2
Jy=3(s3 + 55+ 53) = E [(0,- 09)2 + (0y- 09)2 + (05~ o) %] (2.18)
Ig= %(s? + sg + sg) = 589853 (2.19)
where:
S G4 - O,
s3] log- o} (2.20)



2.1.2 General interpretation of the stress invariants.

The failure criterion is a surface in a cartesian coordinate system with the axes 0y g and
o3 Any point, P, on the failure surface can alternatively to using the normal cartesian

coordinates, be described by the two vectors, ON, and NP, and the angle #, as shown in
Fig.2.2.

G G
P
_ hydrostatic axis
£\
e
0 O3
o]
2 Gr
Fig. 2.1 Describing a point in space by 2 vectors and an angle.

The vector ON is lying on the hydrostatic axis, and its length, ¢, is:

¢=|UN| =TF - &= [0 o, 03].4%{%] 731_11 | (2.21)

Perpendicular to the hydrostatic axis we have the deviatoric plane. In this plane we have a
unit vector I situated along the projection of the ¢;—axis, with the definition:

=L -1 -1 2.22)
- (2.22)

The vector NP is defined by:

NE=0UP- UN=[0y 0 0g]- [0 oy opl=[s) Sg Sg (2.23)

and the length of NP, p, is therefore:




p=AINP|[NP| = |52 + 52+ s = [au1, (2.24)
The angle 4 is determined by:
NP - 1=pcosd (2.25)

using eq.(2.22) and (2.24) we then get:

2
20, - 0,- 0
cosd =[s; sy sg] - L [:i] i = 1 2 3 (2.26)
L S N s
and by using:
c0s30 =4 cos30 - 3 cosd (2.27)
we finally get:
3{3 J3 '
c0s34 = (2.28)
2 33/?

Another way of using eq.(2.27), is to compare this identity with eq.(2.7) and eq.(2.16). By
doing so we can define the three principal stresses of 8 and 03 a8, see Chen [82.3):

{2;] _ [z;} : [Zg] -2 [28250- 2,,/3]

s3 o3 % {3 cos(d + 2m/3 (2.29)
for
003 (2.30)
which means that the failure surface can be described in the form:
f(ll, 3o f)=0 4 (2.31)



2.1.3 Octahedral stresses.

Due, partly to their physical interpretation, and partly to their widespread use, the octahe-
dral stresses are worth mentioning.

Consider a plane whose normal makes equal angles with each of the principal axis. This
plane is called the octahedral plane, and the normal has the form:

1 : o
n; = [nl ny n3J =B_ [111] (2.32)
The normal stress, Tocty OB this plane is given by:
2 2 2 _1 1
Opet = 0101 + Oglly + Oglg = 3(01 +0g9+ 03) =3 11 ' | (2.33)

The shear stress, o

ct O this plane is given by:

2
.Tgct = (ogng)"+ ("2“2)2 + (oqug)®- ooy
=3(0] + 03+ 03) - 5oy + 5y + 09 -
= %;[(a1 - 402)2 + (0y- 03)2 + (03 - 01)2] : (2.34)

Using eq.(2.18) we get:

Toct=J3 2 o ' - (2.39)

The failure surface can then be described by:

F(0ets Toctr ) =0 R (2.36)

2.2 Properties of the failure surface.

One advantage of using eq.(2.31) instead of eq.(2.3), is that eq.(2.3) requires knowledge
about the principal stresses oy, O and o3 before you can determine the failure surface,
whereas eq.(2.31) gives you the failure surface explicitly when you know the stress field.



The advantage lies primarily in that you do not have to solve the eigenvalue problem of
determining the principal stresses on basis of the stress field, when using eq.(2.31) instead
of eq.(2.3).

2.2.1_The failure surface in the deviatoric plane.

Another, and probably more interesting, advantage of eq.(2.31) as compared to eq.(2.3) is
that some interesting properties of the failure surface appears.

The cos—function is periodic with a period of 2. It follows from eq.(2.28) that the failure
surface in the deviatoric plane must then be periodic with a period of 27/3. Furthermore,
since c03(36) = cos(—34), the failure surface must be symmetric about # = 0.

In addition, if we set § = ¢ + 7/3 we get cos(36) = cos(3% + 1) = —cos(3¢) = —cos(—3%),
we get that the failure surface, for 0 < 8 < 27/3, is symmetric about § = x/3. The conclu-
sion is that the failure surface is explicitly defined by the interval 0 < #< #/3.

Note that these arguments and conclusions regarding the shape of the failure surface are
only true when the concrete is considered isotropic, but this is normally also the case, as
mentioned earlier in this chapter. ‘

2.2.2 Development of the failure surface along the hydrostatic axis.

The development of the failure surface is best described by the cross sectional shape of the
surface in the deviatoric plane and by the meridians. A meridian is an intersection curve
between the failure surface and a plane (meridian plane) containing the hydrostatic axis.
The meridian plane is defined by a given value of 4. Three meridians are worth mentioning:

Tensile meridian 0=0°

Shear meridian 0= 30°

Compressive meridian 0= 60°
Tensile meridian

The stress state consists of a hydrostatic stress with a tensile stress superimposed in one
direction. The resulting stress state is therefore as follows:

04=0y< 03 tension positive o S (2.37)

—10—

b e



The tensile meridian includes the uniaxial tensile strength, (al, T 03) = (0, 0, f.), and
the equal biaxial compressive strength (o, Tg» 03) = (fc, fc, 0). Data on this meridian is
rather scarce, due to the difficulty in applying tensile forces to the concrete.

Shear meridian.

A pure shear state exists when (al, 9y, 3) = 1/2(<71 —03,0,05— 0’1) When this stress
state is superimposed on a hydrostatic stress of o) = 0, = 03 = 1/2(0; + 03, the resulting
stress state is (o, 0, 03) = (0, 1/2(0; + a3) , 03)- The shear mendlan is therefore
defined by the following stress state:

> % (o4 + 03) > 05 tension positive (2.38)

. Compressive meridian. ; ,

Most of the tests so far lies on the compressive meridian. The compressive meridian con-
sists of a compressive stress in one direction superimposed upon a hydrostatic stress state.
This corresponds to:

0 =0y > 0g tension positive : ‘ (2.39)

Data on this meridian includes the uniaxial compressive strength (04, 09 03) = (0, 0, fc)’

and the equal biaxial tensile strength (0, 0y, 03) = (£, £, 0).

2.2.3 Ch eristics of the failure

Based on the mentioned symmetrical propertiés, the knowledge of the meridians, and the
experimental results, the following general characteristics of the failure surface for concrete
is indicated, see also Chen [82 3].

1/ The failure curve in the deviatoric plane is periodic with a period of 7/3, and a
starting value of 0.
2/ The failure curve in the deviatoric plane is smooth.
3/ The failure curve in the deviatoric plane is convex, at least for compressive stres-
S :
"4/ "The failure curve in the deviatoric plane has a shépe as shown in principie in Fig.
2.2.

—11 -



compressive meridian, 6 = 60°

Fig. 2.2: The failure surface in the deviatoric plane.
P/g,
n} N 12.00
- - 10.00
8.00
N L
-3
\ 6.00
**xx k Richart gt.al. |(28.1 L E\; 4.00
Gooop Balther (p2.1) A EN 2 ’
sassp RicHart ¢t.al. |(28.1 B~ * L
| Compression: theridjan [ I
. — - Tension meridian : b 2.00
i - T ; T By - 4
|
N
: . . r . r . r : ; : —0.00
~24.00 -20.00 -16.00 -12.00 ~8.00 -4.00 0.00
/1, :
Fig. 2.3: Test results on the compressive and tensile meridian. '

5/ The failure curve in the deviatoric plane is nearly triangular for tensile and small
compressive stresses, and becomes meore and more circular for higher compressive
stresses. ’

—12~



6/ The failure surface is open ended, so that pure hydrostatic pressure cannot cause
failure. Tests have been reported along the compressive meridian up to I1 = -79
f without any tendency for the meridian to approach the hydrostatic axis.

7/ The failure surface, when normalized by the uniaxial compresswe strength, fc,
seems independent of f when the stresses are compressive.

8/ The ratio pten/pcom
but remains less than unity.

mcreases from approximately 0.5 at low hydrostatic stresses,

2.3 Proposed failure criteria for concrete.

In the following section some of the more common fallure cnterxa that have been proposed
over the years will briefly be discussed.

2.3.1 One—parameter model.
Maximum Tensile Stress Criterion (Rankine).
This criterion was formulated in 1876 by Rankine, and states that failure takes place in 2
specimen when the maximum principal stress in a point inside the specimen reaches the
tensile strength of the material. This regardless of the values of the other prmclpal stresses.
The failure surface is therefore described by the following 3 equations:

oy =1, 02=ft-, oy =1, BN '. o : (2.49)

This surface will in the following be called 'the tension cutoff'. By using eq.(2.29) we can
fully describe this failure surface by the parameters L,J 2 and 4 in the following way:

f(1y5 39, 0) =2{3{Jycos0 + I, — 3f, . o (2.41)

or by the parameters ¢, p, and 6

S 0, 0 ={Tpeost + ¢ - (38, | (2.42)

In Fig. 2.4 this criterion is illustrated by showing the tensile and compressive meridians,
together with the trace of the failure surface in the deviatoric plane.

—13—
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Fig. 2.4: Failure surfdce defined by the Rankine mazimum tensile stress criterion.

2.3.2 Two—parameter models.

A number of two—parameter models have been proposed over the years. Among these are
the Coulomb, the Mohr, the Mohr—Coulomb, and the Drucker—Prager criteria. Of these
criteria, only the Mohr—Coulomb, and the Drucker—Prager criteria will be discussed here.

Mohr—Cotﬂgmb crigerion;

The Coulomb criterion was formulated in 1773, and is in fact the first failure criterion
proposed. For concrete the original Coulomb criterion has been modified, and is now called
the Mohr—Coulomb criterion. This model enjoys a great popularity, partly due to the
simplicity of the model and partly because for the most cases of practical interest the
model have an accuracy that is well within normal engineering accuracy.

The Mohr—Coulomb criterion is in fact a simplification of eq.(2.3), in that the effect of the
intermediate principal stress, o is disregarded. This might seem to be an oversimplifica-
tion, but the experimental evidence clearly show that the influence of a, is very limited.
The simplest criterion is then a linear relation between o and og. In this model thxs rela-
tion is defined by: !

.kos——al—fc=0 03202201 i : ‘ (2.43)

-4~




For concrete the factor k is normally chosen to k = 4. If k is set to k = 1, eq.(2.43) redﬁcés
to Tresca's failure criterion which is often used for steel and other ductile materials. Using
eq.(2.29) we get the failure surface as a function of I, Jg, and  to: '

) _ ,
£(xy, 3y, 0) = 75 {75 lkcos - cos(0+3m] + F-DI - £, 20 (2.49)

or as a function of ¢, p, and § to:

J(6 0, )= T plkeost- cos(9+3 ] + (1) €~ BE, =0 (245

The failure surface can then be shown as in Fig 2.5.

/ ' : % 9%

Fig. 2.5: Failure surface defined by the Mohr—Coulomb failure criterion.
P/,
16.00
& 12.00
~ g .
T~ ~ % \ .
N i
~ ~ % -
~
= 8.00
~ ~
R EANY |
aasss(Richart eflal, (28.1)[ ~ _
ooooo|Balmer (52.1) * I
66000 Hobbs—{#0r )74t} = & 4.00
wanaa|Bellotti etlal, (84 1 3 aa_ '
asasafRichart etlal. (28.1 N
nmesn{Hobbs (74}1) M,
Coulomb, jcompressive meridiap, k=4 B L
- — — [Coulomb, telllsqe meridian, k=4 \\0 00
-2400  -20.00 ~16.00 ~12.00 -8.00  —-4.00 0.00
§/f.
Fig. 2.6: Mohr—Coulomb model compared with test data (cylinders).
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In Fig 2.6 the Mohr—Coulomb criterion is compared with test data from various workers. It
is clear that the model corresponds well to the test data along both the meridians for
hydrostatic loads less than 8-f " In this region the model tends to be a little conservative,
but the agreement is still very good. However, the model appears to be far oo optimistic
for higher hydrostatic loads. This is clearly because of the simplicity of the model in the
assumption of linear meridians.

Tension—cutoff.

The Mohr—~Coulomb failure criterion is most of the time used in conjunction with the so
called tension—cutoff. The reason for this is when solving eq.(2.43) for the maximum tensile
strength you get: ' '

1 1 ' ' o
(-l < 1o (2.46)

Since concrete does not have that much tensile strength, the tension—cutoff as defined by
€q.(2.40) is introduced.

It should be noted, however, that introducing the tension—cutoff, the Mohr—Coulomb
criterion changes into a three—parameter model. The effect of the tension—cutoff is best
visualized by showing the failure surface for (o'l, 09 03) = (0, o, 03), as in Fig. 2.7.

O3
P il
=" !
f t ' 0;
ik
/
/ hr- L
\_tension cutoff
3
Fig. 2.7: Mohr—Cqu{omb Joilure surface with Tension—Cuto }i Jor biazial stresses.
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Drucker—Prager criterion.

The Mohr—Coulomb criterion is very suitable for probiéins where it is obviqus'v'vhich of the
6 sides of the hexagon is to be used. However the corners of the hexagon can cause difficul-
ties in numerical applications of this model. A smooth approxxma.tlon to the Mohr—Cou—
lomb criterion has therefore been proposed by Drucker and Prager in the form:

fy, 3p) ={T; + oI, - =0 | ' (2.

or

f&;p={6al+p-{28=0 . (2.48)
The failure surface is a circuia; cone as shown in Fig. 2.8.

This model has shown to be fairly accurate when calibrated to fit the biaxial failure curve,
except for tensile stresses. However the model in general gives poor results when used on
triaxial stress fields. This is largely due to the two inherent properties of the model:

1/ The meridians are assumed linear, whereas triaxial test data clearly show that the
meridians are curved, see fig. 2.3.

2/ The failure curve in the deviatoric plane is assumed always to be circular, which is
only a close approximation for very large hydrostatic stress levels.

T~

Fig. 2.8: Failure surface defined by the Drucker—Prager criterion.
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2.3.3 Three—Parameter Model.

The previous mentioned fajlure models have been quite crude, since they assumed partly a
linear relation between ¢ and p, and partly that the failure surface in the deviatoric plane is
either a circle, or composed of strait lines. The next Jogical step in modeling triaxial con-
crete behavior is therefore to change one of these two assumptibns. The first step has been
to change the shape of the failure surface in the deviatoric plane so to fit more closely to
the experimental data, and in the meanwhile be smooth and convex.

Willam — Warnke Criterion.

Willam and Warnke have in 1975 proposed a model baséd on a linear relation between ¢
~ and p, but having a smooth, convex, and non—circular failure surface in the deviatoric
plane. The procedure used is that the deviatoric failure surface for 0 < 8 < 60° can be
considered as being a part of an elliptical curve, as shown in Fig. 2.9.

Fig. 2.9: . The Wi“_llam-—Wamlce deviatoric fuilure surface for 0< 6 < 60°

After some ia.lgebra, see Chen [82.3], the radius p can be described as:

7
2pc(pc pt)cosﬂ + pc(2pt pc)14(pc pt)cos 0+ fuot - 4ptpc
7 )
4(pc Pt)COS 0 +(p,- 2pt)2

o(6) = (2.49)

and:

— 18—



201 — 09— 03

cosf = (2.50)
2 46'32
The failure surface is then defined by:
1o 17 '
f(a,f,)=——"‘+————“'-1=0 (2.51)
af,  p(h) 1,
where
o,=31; and 7 =§J2 | (2.52)

m

The three parameters that needs to be determined is: Pes Py and @ The parameters can be
determined by the uniaxial compressive strength, fc, the uniaxial tensile strength, ft’ and

the equal biaxial compressive strength, { . The results obtained are, see Chen [82.3]:

’CC
£1 - fl
a=—S£ L » - . (2.53)
£l £ ~
P F—fé (2.54)
ETAS afr 4 i)
£l ]
- 2.55
Pe J—g—afécf£+f' -f - o ' .( })
where
£ £ p
flo— and ff=—" (2.56) -
fc fC

The failure surface can be illustrated as shown in Fig. 2.10.

A

—-19—



Fig. 2.10: Failure surface defined by the Willam — Warnke criterion.

The model is calibrated to the specific concrete by using results from test with low—order

compressive and tensile stresses. It then follows.that the model will yield good agreement

with reality for stresses of th@v same magnitude, but due to the assumed linear relation

between. ¢ and p the model does not catch the fact that .at very high compressive stresses,
the ratio by /pc approaches unity.

Willam and Warnke have later modified this model so to include curved meridians. The
resulting five—parameter model yields very good result, when compared to test data, how-
ever, you have to stop somewhere so this new model is not included in this report.

2.3.4 Four- Parameter Model.

The last logical step in the development of a failure criterion for concrete is to incorporate
the nonlinear meridians. Ottosen [77.6] has suggested such a model. ’

Ottosen Criterion.

This criterion incorporates the 2 most important facts concerning a failure criterion for
concrete.

1/ The meridians are curved, and smooth.

2/ The deviatoric cross section is smooth, curved, and convex, and develops from a
nearly triangular shape at low hydrostatic stresses, to a nearly circular shape for
high hydrostatic stresses.
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The proposed model has the form:

; ; : |
F(,, 3y, cos38) = A —2—+ A LT WP O (2.57)
1092 py) : : _
C C c

Here the meridians are determined by the two constants A and B, and the deviatoric cross
section is determined by the function ).

The formulation of the development of the deviatoric cross section is based upon a mem-
brane analogy. The analogy used is that of a membrane simply supported along the sides of
an equilateral triangle. When this membrane is subjected to a uniform pressure, the con-
tour lines of the deflected membrane vary between an equilateral triangle and a circle. The
development of the function A, that describes this behavior of the contour lines, is long and
tedious, and therefore only the final results will be given here. For further information see
[89.2].

K, cos '[% arccos (K,cos36)] for cos362 0 (2.58)
K, cos [% - % arccos(-Kycos36)] for cos30< 0

The parameters A, B, Kl’ and K2 is determined on basis of the following four test data:

"1/ Uniaxial compressive strength, fc.

2/ Uniaxial tensile.strength, f,.

3/ Equal biaxial compressive strength, foer

4/ A point on the compressive meridian, normally (¢,p) = f c(—5,4).

After some algebra the parameters A, B, K, and K2 can be found using the following

equations, where (£,p) corresponds to the point on the compressive meridian as mehtioned :
above: : )

M= - o (2.59)
E
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C
T T P
B= (2.60)
Moo 5
cc_°t
[P
A=- ;}M (2.61)
C;
A =3 (1+4-5) ‘ ‘ S (2.62)
. A f . - o '
*«t*”‘fﬁ‘c”‘*‘fﬁ_c%)- B » D (2.63)
Ay =K cos| % Arccos(K,) ] : ’ » (2.64)
AL
2 1o 1 : :
t
K, = cos [3 Arctan —-——] (2.65)
R | ; e

Using the mentioned test data the values of the parameters will be as shown in table 2.1.

ft .
—_— A ] K1 K2
f
c
0.05. -3.4042 6.7992 22.7670" 0.9997 -
0.08 - 1.8076 4.0962 14.4863 0.9914 .
0.10 - ©1.2759 3.1962 11.7365 0.9801
0.12 0.9218 2.5969 9.9110 0.9647
Table 2.1: Parameters for Ottosen’s model, the values and their dependence on the
ratio f/f, '

From table 2.1, it can be seen that the parameters depend heavily upon the value of ft/fc‘
However, the resulting failure surface is much less sensitive to the change in the ft/f oTar
tio. This have been shown in Fig. 2.11, where the difference is less then 5 % when compa-
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red to f, /f, = 0.10.

It can also be seen from the figure that the failure surfacé corresponds very good to the test
data for low hydrostatic stresses. However, the failure surface appears a little too conserva-
tive for higher hydrostatic loads. Since the ratio ft/f c is decreasing for increasing uniaxial
concrete compressive strength it is indicated that the error in the model is increasing for
increasing compressive strength. However, for all practical purposes the Ottosen model
é,ppears to have good correlation with approved test results.

P/t
12.00

=

[
T

f/f.|=

baa o

10.00

f/f.

s ;.

U

“’///
////u

/i

V]

*+*+} Richart ¢t.al. |(28.1 ~
oooop Baltper (pR.1) =~
saaap Richart gt.al. [(28.1 :
Conmjpression meridjan
- — -t Tensile meridian :

T T - T T T
~24.00 ~20.00  —16.00 ~12.00 ..  ~8.00"

Y1
Fig. 2.11: Ottosen model compared to test data.

235 vOther Criteria. . _

There exist a multitude of failure criteria for concrete other than the ones described here.
Among these are the Tresca and the von Mises criteria, or the 5—parameter model of
Willam and Warnke. : ) CL T

In this report it has been attempted to describe only some of the more important failure
criteria for concrete, along with the development of failure criteria from the simpler ones
suitable for manual calculations, to the more complex models requiring large computational
facilities. In this process something has to be left out. However, the presented models gives
a very good picture of the general consensus regarding the shape and properties of the
failure surface, and further work would only tend to continue along the same beaten path.
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Chapter 3

TESTING APPARATUS

In order to test concrete specimens under triaxial stress states a number of different test
rigs have been used over the years. In this chapter a review over the most popular test rigs
will be given.

It is clear that in order to get consistent, and reliable results there are some basic demands
that have to be met by a given test rig. These demands can be summarized into the follow-
ing: )

1/  The test rig should be able to induce a specified uniform stress and strain state in
the specimen.

2/ It should be possible to get accurate strain measurements from the test specimen,
without interference from the test rig,

3/  The resultant stress state in the specimen should be determinéd only by simple
calculations. This in order not to make assumptions about the stress distribution,
or overall behavior of the material tested, i.e. that the material is linear—elastic.

4/  Low cost, and simplicity of operation.

Up until now most of the work in multiaxial testing have been performed on one of ‘the
following three different test specimens.

1/  Cubes, see Fig. 3.1.

2/  Massive cylinders, see Fig. 3.2.
3/ Hollow cylinders, see Fig. 3.3.
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Fig. 8.1: True triazial test rig for cubes, brush platens.
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Fig. 3.2 Triagial cell for massive cylinders.

—95—



——

a/

Fig. 3.3: Hollow cylinders subjected to azial load, combined with:
a: internal, or external pressure,
b: torsion.

3.1 Test rig for cubes.

The basic concept for this test rig is to load the opposing faces of a cube with a certain

force. These forces are normally supplied by hydraulic jacks, see Fig. 3.1. The test rig has
therefore the capability to generate a stress field inside the cube, where the principal stres-
ses are independent of each other, that is, any combination of T and 03 can be genera-
ted. . " -

Test rigs for cubes fall into 2 categories: one—part, and multi—part machines. The differen-
ce is as follows. When a cube is-loaded with a deviatoric stress, the cube will not strain in
the same way along the three principal axis. When using a one—part machine the jacks are
in a fixed position with respect to each other, and the concrete cube will therefore, due to
its own deformations, be 'pushed into a corner'. This means that the faces of the cube no
longer will be perpendicular to each other, and the stress state along one or more of the
principal axis no longer will be uniform. In a multi—part machine, however, the jacks are
not in a fixed position with respect to each other, but rather in a fixed position with re-
spect to the particular face of the cube they are loading. In other words, they are free to
follow the deformations of the cube so to ensure a uniform stress state in the concrete.

The next problem is transferring the forces from the jacks to the cube. When transferring
the force, one must ensure that the test setup imposes no, or very little, restraint on the
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concrete. Especially friction between the concrete and the load platens poses a major prob-
lem. Wang et.al. [87.1] reports it possible to get an ultimate strength reduction of 50% or
‘more in biaxial tests, when reducing this friction by means of two teflon sheets with
MoSz—grea,se in between, as compared to using no interlayers. However, when using inter-
layers between concrete and load platens there is always the chance that instead of just
eliminating friction you create a boundary condition that actually lowers the concrete
strength below the ultimate strength, i.e. bulging of the concrete due to soft i_nterlayers; see
also section 4.4.1. '

Many researchers have tried another approach. Instead of using teflon sheets they are using
steel brushes to eliminate friction. The use of such brushes, however, creates another pro-
blem. When the filaments of the brush is much smaller than the maximum aggregate size,
some of the filaments will inevitably strike the mortar between the coarser aggregate
particles. Since in normal concrete the modulus of elasticity is appreciably larger for the
aggregate than for the mortar it follows that the stress distribution along the cube side is
not uniform. Furthermore an indetérminable stress distribution is produced in the concrete
around the filament tip. Loading through brushes may therefore initiate failure close to the
surface of the concrete and thereby lead to premature failure of the specimen.

The last major problem concerning the use of cubes, is how to measure the concrete strains.
Since the load platens occupy all of the exterior of the cube, it is impossible to attach
strain gauges directly unto the faces. Schickert et.al. [77.1], and other fesearchers have
solved that problem by sawing groves in the cube face in which gauges are mounted. The
groves are then later filled with cement paste. However the test results show without
doubt, that the groves had a significant negative effect on the ultimate strength of the
concrete.

All in all the multi~part cube test rig is a very versatile and important test rig. However

the above mentioned problems and the very high cost of making such a machine, makes
this type of test rig hard to establish and run properly. ‘

3.2 Test rig for massive cylinders.

The most commonly used test rig is the one for massive cylinders. A sketch of such a test
rig is shown in Fig. 3.2.
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The triaxial cell is very simple in construction. A concrete cylinder is enclosed in a mem-
brane, usually made of rubber,‘ and inserted into a chamber. Inside the chamber axial load
is supplied by means of 2 conventional testing machine, acting via rams. The lateral load is
supphed by means of oil pressure. The reason for the membrane is to prevent any leakage
of oil into the specimen, and thereby producmg unwanted pore pressure.

The friction restraint from the rubber membrane is neghglble, and if the cylinder has a
helght/dla.meter ratio greater than 2 — 2. 5, previous investigations by Newman [64.1] have
shown that the central third of the specimen is almost unaffected by the end restraint of
the loading platens, see also chapter. 4.

However when using a test Tig of this type, it is not possible to have the principal stresses
# 0y # o3, because two of the principal stresses will always be alike, and equal to the oil
pressure Only the followmg stress combmatlons are possible (tensmn positive):

a0 > gy =0y > ~”1. test along the compression meridian, all stresses compres-
. . sive.
b/ 0> gy > 0y =0y test along the tensile-.meridian, all stresses compressive.
c/ o> 0> 0y = 03 test along the tensile meridian, one stress tensile, two

~ stresses compressive.

‘Test a/ is performed as described above. Tests b/ and ¢/ have a sllghtly modlﬁed end—pla-
te system as shown in Fxg 3. 4 In addition test ¢/ is performed on a waisted cylmder, also
shown in Fig 3.4. o

0O-ring_

spherical
C _ . drain to ; : - seating_

“\ifmosphere

™~ menbrane

. waisted toncrete
v cylinder

Fig. 8.4: End platens used in: a: test type b/ and ¢/, b: test type a/.

b/
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In tests b/ and ¢/ the end platen is modified so to fit over the ram, and is by means of a
rubber O—ring sealed against the ingress of oil between the ram and the platen. To ensure
that no pressure can build up between ram and end platen due to seepage of oil through the
seal, a drain to the outside of the cell is also included. Using a normal cylinder it is then
possible to supply an axial load lower than the oil pressure. Using waisted cylinders it is
furthermore possible to get an axial tension, as in test ¢/. This is possible because the oil
pressure will then, in addition to supplying the lateral stress, also supply an axial tension
force on the shoulders of the concrete cylinder. This axial tension force can then be dimi-
njsh_ed by adding a compression force on the rams via the outside testing machine.

The strains are, in theory, quite simple to measure. This because the rubber membrane
makes it possible to attach strain gauges directly on the concrete surface, without having to
saw groves or the like in the concrete. There is naturally the chance that a crack will
destroy a strain gauge on the concrete. It is therefore advisable to take measurements on
any single gauge, rather than on a group of gauges.

In addition to the gauges, which measure local strains, it is also possible to measure the
axial global strain of the concrete cylinder by measuring of the displacement of the ram.
This displacement does of course also include the deformation of the ram, and the triaxial
cell itself, but it should be possible to cancel out this deformation by making calibration
tests as shown in Fig. 3.5.

7 @
% N
2 7
7 distance between
2 - 7! __end-platens
7 ' % total displacement
Z\ % _of top oFram
\ x hollow steel
cylinder
/,
N i
7 7
Fig. 8.5: Calibrating equipment for azial global concrete strains.
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When a concrete cylinder is tested between any type of load platens, i.e. in the-triaxial cell,
the cylinder will deform as shown in-Fig. 3.6..

Fig. 8.6: Deformation of a concrete cylinder in a triazial cell.

The reason for this barreling of the cylinder is the end restraint of the load platens. It is
therefore obvious that measuring the global deformations will not give the correct strains in
the concrete. However it is a good supplement to the strain gauges in case of the gauges
being destroyed by cracks. Also due to the barreling any gauge should be placed in the
middle third of the cylinder so the end restraint will have little or no influence on the
measured strains.

3.3 Test rig for hollow cyb Iinders.

A number of workers have created multiaxial stress fields by subjecting hollow cylinders to
axial loads combined with either torsion or internal/external pressure as shown in Fig. 3.3.
No objections to these tests can be raised as long as the 'results are not used to establish
constitutive equations, failure criteria, or the likes for coricrete. The reason for this rather
forceful statement will appear below. '

About the only positive things that can be said about performing triaxial tests on concrete
this way, is that it requires less specialized test equipment, and the specimens are easier to
mount gauges on. However a number of ObJeCtIOIlS can be ra.lsed and only the most serious
will be mentioned here: :

1/  In order to use the results obtained in these types of tests, it is necessary that the
concrete used in the test is comparable to the normal everyday%:’oncrete used in
practice. This because several workers have shown that the basic properties of
concrete changes with changing the mix design, i.e. the aggregate size.
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2/

3/

When testing hollow cyliuders you have to use a maximum aggregate size much
smaller than wall size in order to be able to regard the concrete as being homoge-

. neous. These two demands conflict, and no worker have solved them satisfactory.

Several workers have assumed a uniform stress distribution. This is only valid as
long as thin walled specimens, made of a homogeneous and isotropic material, are
used. This clearly conflicts with the demands in 1/ because thin walled specimens

require small aggregate, which again makes it difficult to relate the concretes

used in the tests to the concretes of the real world.

Since concrete does not fail plastically large stress gradients will occur across the
cylinder wall. This means that failure is more likely to occur where these stresses
have a maximum, unlike i.e. massive cylinders where failure is equally likely to
occur anywhere in the specimen. ‘ k

For these reasons results from tests on hollow cylinders will be discounted in this review.
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Chapter 4

FACTORS THAT AFFECTS THE TRIAXIAL STRENGTH.

In this section a review will be given over the ma,ny d1fferent parameters or factors that
affects, or is thought to affect, the triaxial strength of a concrete specimen.

4.1 Load path.

When raising the multiaxial load on a concrete specimen therel are an infinite number of
ways, load paths, to achieve this. The most commonly used load paths are as follows:

1/ Increasing the hydrostatic load to a specified level, 0y =0y = ~03 =0,<0, and
immediately hereafter applying a deviatoric stress so that:
1
80; <0 A Aog=a0y=—3H00) (07 <0y= o3) or

1
A0y >0 A Aog=noy=—H00y (0 >0p= 03)

2/ Similar to path 1, except that instead of immediately applying a deviatoric
stress, the hydrostatic pressure is kept constant until the rate of increase of
deformation is almost zero.

3/ Increasing the hydrostatic load to a specified level, 0y = 0y = 03 =0, <0, and
immediately hereafter either:
increasing o, to failure, 0y < 05=0g OF
decreasing o, to failure, which occurs when either 03 = 0y < 07 < 0 or
03 = 0 < 0< oy, depending on ¢ o

4/ A proportional load path, where Aoy = klAa2 = k2A03 < 0, where l-{1 and k2
might be equal.

The load paths can be visualized as in Fig. 4.1.
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Fz'g. 4.1. Different load paths for Oy=0g

It is widely known that the load path has an influence on the ultimate strength, although
the size of that effect is disputed. Bazint et.al. [80.2] claims that there exists very large
difference between test using path 3 and 4, however, the illustration he is using to prove his
point (oy /f;:’ 03/04), 07 < 09 = 03 < 0 cannot be used to compare concretes of different
strength. If instead the same test data is shown in a (0, /f,, o4/f ) diagram, see Fig. 4.2, it
is then clear that any significant difference between path 3 and 4 cannot be found.

Furthermore, due to comparison of different concretes, different test apparatus, and diffe-
rent curing conditions for the concretes it must be expected that the test data show a
rather large variation. This makes it impossible, on basis of these tests, to determine whe-
ther or not the proportional load path results in a lower ultimate strength when compared
to path 3.

Schickert et.al. [76.1] have made tests using load path 1 and proportional load path on
almost identical concretes. The test results are shown in Fig 4.3 — 4.5. If anything can be
concluded from these tests it is that the ultimate strength does not vary significantly when
using path 1 and proportional load path, and when the concrete is only subjected to mode-
rate confining pressures. ‘ ' o ‘ A
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None of the above mentioned tests are conclusive though, because both authors have only
compared tests with the minor stresses 03 =0,< f -

Kotsovos, [79.4], made some comparison tests and concluded that although the ultimate
strength is not greatly affected by the.load path, for og = 05 < 1.5-fc, the OSFP—level is
very much affected. The OSFP—level (Onset of Stable Fracture Propagation) is when the
microcracks in the concrete starts forming into larger and more coherent cracks. Kotsovos
compared load path 1, 2 and 3, and found that load path 1 and 3 gave envelopes of the
OSFP-level that were closed on the hydrostatic axis, whereas path 2 gave an open enve-
lope, and finally that all envelopes where unaffected by the load path up to 0y = 0y =
0.8-fc. :

Kotsovos concluded that the difference observed is due to the formation of microcracks. It
is so that the disruption which the concrete suffers from pure hydrostatic loads occurs in
the form of microcracks, and the extents of these cracks increases with a/ increasing, and
b/ sustaining the hydrostatic load. The microcracks are randomly located and oriented,
and therefore acts as crack inhibitors when a crack, due to the later deviatoric stress, starts
to propagate. This means that the microcracks tend to increase the energy required to start
the failure process.

On basis of the above, Kotsovos concluded that the most critical load path must be a path
where oy < 0 < o3 <0 at all ti;nes. Kotsovos have not made tests, nor collected tests,
using proportional load path, so he only states that a proportional load path is the most
simple path of this typé.

If; however, you follow this augmentation, the conclusion must be that the most critical
load path must be a path where there is the least amount of pure hydrostatic loading. This
because you then quickly move outside the OSFP—envelope, and you therefore start to get
more coherent crack systems in the concrete. This load path is the proportional load path.

4.2 Rate of loading.

There is a general. consensus all over the world that the concrete strength is increased for
increasing rate of loading. As a consequence of this most codes require a loading rate of a
certain value when determining. the uniaxial compressive strength. As an example the
Danish National Standard, DS 423.23, requires a loading rate between 0.6 and 1.0 MPa/s.
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The reason for requirihg a certain loading rate is to exclude the influence of creep on the
test results. However the difference in the uniaxial compressive strength has been found by
Riisch [60.3] not to be significant when the loading time ranges from some minutes to-some
hours. ’

In the reported triaxial tests the loading rate have been varied from approximately 0.05
MPa/s to 1.0 MPa/s, with ~0.3 MPa/s as the most commonly used loading rate. Especially
the tests performed by Rossi [76.3] are important when discussing the effect of the rate of
loading in triaxial tests. This because he did tests using loading rates of 0.05 and 1.0
MPa/s on identical concretes, and found that the results from the two different tests were
not different in any significant way.

It is therefore concluded that when performing short term triaxial tests, the loading rate
probably should not differ very much from the one used in determining the uniaxial com-
pressive strength, so that the two results are readily comparable.

4.3 Pore pressure and saturated concrete.

If a concrete specimen is loaded by fluid pressure, and the fluid is free to penetrate into the
concrete, pore pressure will develop. This is also the case when a specimen is loaded so to
prevent the escape of pore water from inside the concrete.

4.3.1 I or con lin

In the first case where the pressure fluid acts directly on the concrete, which is the case for
submerged structures, pore pressure will develop in time as the fluid penetrates into the
specimen.

If the pore pressure acts on an internal area, Ai’ per unit concrete area, the reduction in the
major, ¢y, and the minor, g4, principal stresses will be: '

Ty true = %1 A0 and o340 =03~ (4.1)

i’ “pore Ay %pore

Butler [81.3] and others have shown, that for concrete close to failure A, is approximately
unity. Therefore when the fluid acts directly on the concrete surface the effective pore
pressure will be roughly the same as the confining pressure.
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If we insert eq.(4.1), for Ai = 1, into the Mohr—Coulomb failure criteria, eq.(2.43), we get:

kog true = 71,true ~ =0 e
91~ %ore T k(og - Tpore) L
and since 93 = %pore
01—03:ka3—k03-fc _ e
oy —og=—1, - (4.2)

This have been shown by Hobbs [81.2] to be a reasonable lower bound to test data from
uncoated or unsealed concrete cylmders )

Akroyd [61.2] have also tested uncoated and unsealed cylinders, see Fig. 4.6. His results
show a very good correlation with eq.(4.2). The reason for the observed difference is most
probably due, partly to the relative low porosity of the 35 MPa concrete in that there was
not time enough for the pore pressure to build up completely, and partly to A being less
than 1.

4.3.2 it ed cylinders.

In the second case pore pressure builds up due to the volumetric decrease of the cylinder. In
structural concrete, water is usually free to drain, and it is therefore necessary to provide
means for this in the test apparatus

Akroyd [61.2] tested concrete cylinders cured as differently as oven—dried and submerged in
water. His results show that for confining pressures below o3 = f c the ultimate strengths of
the two concretes were approximately the same, however, for greater values of g the
ultimate strength of the saturated concrete did not increase as miiich as the ultimate
strength for the oven—dried concrete.

Kotsovos [78.1] and others have shown that the volume of the test specimen decreases at an

increasing rate when subjected to increasing deviatoric stresses. This means that the resul-
ting pore pressure in undrained tests also increases at an increasing rate, and that the
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failure envelope for undrained tests with high deviatoric stresses should be markedly diffe-
rent from drained or oven—dried specimens, as in the tests of Akroyd.

Hobbs [70.1] have reported results showing that in drained and undrained tests the mean
triaxial strengths were only significantly different on the 0.1% level. The concrete tested
had a w/c—ratio of 0.47, was cured in a moist curing room, and tested with a confining
‘pressure between 0 and 0‘5'fc‘ The curing condition and mix design means that there was
only a little free water left in the concrete. It -is therefore likely that. the pore- pressure
partly due to the lack of free water in the concrete, and partly due to the small volumetric
strains, never grew large enough to influence the ultimate strength.

The conclusion must be that when testing concrete at higher confining pressures one should
always allow for drainage. This, however, will probably not be enough when testing satura-
ted specimens, because the water will not have time to drain at the same speed as the
volumetric decrease due to the quickness of the load application. Therefore it must be
recommended that the load application is sldw, and the specimens are dry.
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Fig. 4.6: Akroyd [61.2], tests on oven—dried, saturated, and uncoated cylinders.
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4.4 Dimensions of the test cvlinder.

4.4.1 Height/width ratio, and frictional end restraint.

Newman and Lahance [64.1] and Thaulow [60.1] have tested cubical and cylindrical test
specimens in uniaxial compression with varying height/width ratio and various types of
interlayers between the concrete and the press head. They agree that for height/width
ratios between 2 and 2.5 a region of uniform stress exists in the middle third of the speci-
men, so this portion of a cylinder is unaffected by the end restraint.

Both workers also agree that the use of soft interlayers tend to reduce the concrete
strength. This because when using soft interlayers, i.e. soft cardboard or rubber, the con-
crete-tends to bulge out at the ends. This bulging creates tensile tangential stresses, and
failure is therefore more likely to initiate at the ends rather than at mid height.

no interlayers.
/. _— rubber sheet,

.

)

0 125250 375500 pstrain,

1

Fig. 4.7: Lateral deformations, using different interlayefs. '

442 linder diameter /maximum aggregate size.

When selecting the maximum size of aggregate in a concrete it is necessary to take into
account that the concrete has to be placed in a form. The dimensions of the form places a
restraint on the aggregate size since the resulting material needs to be considered a homo-
geneous material. - : ‘
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Any wall in a form will influence the packing of the aggregates because the larger aggrega-

.tes cannot pack as close along the wall as in the interior of the specimen. As a consequence
of this the concrete along the. wall has more mortar and less of the larger fraction of the
aggregate. The mortar is normally stronger than the aggregate, this means that the use of
large aggregates in small forms will result in the concrete being stronger along the wall
than in the interior of the specimen. Due to this difference in strength, and due to the
difference in aggregate content between the outer layer and the interior of the speciment it
can therefore be difficult to consider the concrete homogeneous when using large aggregates
in small forms.

Different codes and organizations recommends different limits to the ratio of the narrowest
dimension of the form to the maximum aggregate size:

ACI 318, 1983 i D/d2>5

BS 1881 part 3, 1970 D/d >4
RILEM, 1956 D/d >4
DS 423.21, 1984 D/d>3

ASTM standard C192—76 D/d23
Normally when using massive cylinders a ratio of 4 is accepted as satisfactory.

When testing hollow cylinders or other thin walled specimens other limitations apply. A
uniformly distributed stress field is generally assumed when test data from these specimens
are treated. Due to the differences between the matrix material and the aggregate material,
i.e. difference in Young's and Poisson's modulus, this assumption does not hold. It has been
shown in [88.1] that these differences alone creates large variations in the stresses around
the aggregates, and as a consequence the stresses in the specimen wall cannot be considered
uniformly distributed: Therefore, when assuming a uniform stress field, it is evident,.that
the D/d ratio should be significant larger than the above mentioned recommendations, i.e.
by at least a factor of 2 — 3, see also Hobbs [73.1] ‘

4.5 The aggregates in the concrete.
4.5.1_Absolute aggregate size.

It is a well known fact that the properties of concrete changes when the maximum aggre-
gate size changes. This effect is most outspoken for richer mixes, i.e. high—strength con-
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crete, see also [87.2] and {60.2]. The reason is that increasing the aggregate size results in
lowering the bond area between aggregate and paste. As a consequence of this the larger
aggregate particles will not be 'glued' as tight together by the cement paste as when using
smaller aggregate sizes.

No quantitative assessments of the influence of the maximum aggregate size on the triaxial
strength have yet been made. Therefore it must be recommended to use an aggregate size
as close to the size used today in normal structural concrete.

4.5.2 Aggregate content.

Hobbs [74.1] and others have tested concretes with aggregate volume contents ranging from
0 to 75%, and fc ranging from 15 to 57 MPa. The results are consistent with other workers,
and reveals that the aggregate volume content has a positive influence on the ultimate
triaxial strength.

Hobbs found that concretes or mortars with low aggregate content had a lower gain in
strength and a more curved failure envelope than concretes with higher aggregate content.
This effect got more pronounced when the uniaxial compressive strength decreased. Based
on these findings the following approximation can be made:

No significant effect exist when:
fc 2 30 MPa: Va > 04
fc < 30 MPa: Vaggr > 0.65
In order to compare results from different sources, it is therefore necessary to establish

Vaggr for the concretes compared, especially for low strength concretes.

4.5.3 Normal and heavyweight concrete.

Normally it is not possible to determine the properties of the type of aggregates used in the
published results. However, Berra [84.7] have made test using aggregates as different as
normal alluvial aggregate and very heavy barytes. These test show almost no difference
between the ultimate triaxial strengths of the two concretes for confining pressures in the
range 0 < ”35fc ,



When comparing other tests using different aggregates over a wide range of uniaxial com-
pressive strength; Balmer [52.1], Hobbs [70.1] and [74.1], Schickert [76.1], or Bellotti {84.1],
it is seen that, apart from some expected scatter the tests show generally the same results.
It is therefore unlikely that the type of aggregate, as long as it is not lightweight aggregate,
has any significant effect on the multiaxial strength.

4.5.4 Lightweight concrete.

There have only been published very little work on lightweight concrete under multiaxial
stresses. The most extensive work has been performed by Hansen [63.1] on a variety of
aggregates, but also Hobbs [81.2] and Berra [84.7] have tested hghtwexght concretes, see
Fig. 4.8.

The main conclusion of all the workers is that the type of lightweight aggreg‘ate used has a
decisive influence on the failure envelope. Comparing the tests with the Mohr—Coulomb
failure criterion eq.(2.43) you get a k—factor of 4 for normal— and heavyweight concrete,
whereas the lightweight concretes exhibits a much larger scatter in the results. The scatter
is so large that it is not possible to determine a global k—factor for these concretes As a
lower bound solution k may beset to 1.5 for ogin the range 0 < 03 < f

Berra [84.7] have stated that the failure criteria is depending on the porosity of the mate-
rial. When compared with the Hansen tests such a conclusion could be possible. However,
the porosity for the aggregates used in the Hansen test have not been measured, and it is
therefore not possible at this tlme to give a closer evaluation of Berra ] conclusmn due to
the lack of data.

As a conclusion the following equation, (4.3), can be used as a failure criterion for most
lightweight concretes, but for the more extreme concretes this failure criterion is not appli-
cable. '

oy =kog—f k=15 0<oy<f, ‘ } o ' (43)
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4.6 The uniaxial compressive strength of the concrete.

Every worker agree that the most singular important factor in the ultimate - triaxial
strength of concrete is the uniaxial compressive strength. In Fig. 4.9 some test results along
the compressive meridian are shown. All the plotted results are from cylinders 100-200 mm
or 150-300 mm, and the concretes have been subjected to almost the same curing condi-
tions.

It can be seen from the graph that, when the principal stresses. are normalized with respect
to f - the failure criterion can be expressed by a single equation regardless of the value of
f ” However two of the test series show a slightly larger triaxial strength, namely Balmer,
fc= 25 MPa, and Richart et.al. =17 MPa, but since the rest of the tests are in excellent
agreement for fc ranging between 18 and 56 MPa the most likely cause is probably that it
is some other factor than fc that is the cause of this larger triaxial strength. However it
cannot completely be ruled out that there will be some difference in the triaxial strength of
low—strengiii and high—strength concretes.
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Chapter 5

PREVIOUS INVESTIGATIONS

In this section most of the strength results from previous work have been compiled.
Only work which have been performed on cubical or massive cylinder specimens have
been included. This is due to the many problems concerning use of hollow cylinders,
as described in chapter 3.

Also test results on cubes using solid load platens, with no attempt to reduce friction
between concrete and steel, have been disregarded. This because it have been shown,
i.e. by Schickert and Winkler [77.4], that the use of such platens creates very large
restraints on the specimens, and results in an increase in the triaxial strength. In
some reports increase in strength of more than 50% have been reported.

For each test series the following is noted:

1/
2/
3/
4/

5/

Specimen
Storage
Load path
Vaggr

Special

The specimen type and size used in the tests.

How the specimens were stored and cured before testing.
Which load path the specimens were subjected to.

Vaggr is the volume of the aggregate compared to the total
volume of the concrete.

How friction between load platens and concrete was reduced in
tests on cubes.

Other information which is relevant, and particular, to the
reported data, i.e. for cube tests: one—part or multi—part test
rig, see also chapter 3.

For all the test results presented here the sign convention that compressive stresses
are positive has been adopted.
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5.1 Richart, Brantzaeg and Brown [28.1].

Specimen: Cylinder 100x200.

Storage: 28 day in moist, 1 day in dry condition.
Load path:  Hydrostatic load until specified level, hereafter increasing o until
failure. -

Va.ggr: ~0.75
Spec. fc 7y 7y = 03
no. MPa MPa | MPa
112 17.7 24.7 1.2
122 38.7 3.8
123 35.8 3.8
124 33.8 3.8
132 48.9 5.4
133 42.4 5.4
134 41.9 5.4
142 52.7 7.5
143 50.7 7.5
151 61.3 10.4
153 ‘ 60.0 10.4
154 . '_ 61.2" 10.4
161 | . 79.3 13.9
163 o 73.4 13.9
164 72.7 13.9
173 . 97.2 20.7
174 97.0 20.7
182 122.3 | 28.2
184 . 121.3° 28.2
221 25.2 46.9 3.8
222 ’ 47.0 3.8
223 47.1 3.8
224 - 45.7 3.8
241 58.4 7.5
242 57.2 7.5,
243 60.2 7.5
244 62.0 | 7.5
261 | - 83.7 | 13.9
263 81,5 | 13.9
264 82.0 13.9
283 130.9 - 28.2
284 129.2 28.2
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Spec. fc oy | 09 = dg
no. MPa MPa, MPa
322 7.2 29.2 3.8
323 27.4 . 3.8
324 26.5 [ 3.8
341 44.0 7.5
342 43.6 7.5
343 43.4 7.5
344 42.2 7.5
361 70.2 13.9
362 69.3 13.9
364 71.0 13.9

383 123.0 28.2

Specimen: 1: 100-200 mm cylinder
2: 100-560 mm cylinder
Load path:  Axial load was applied first, hereafter oil pressure raised until failure.

Spec. | Spec. fc 7 7y = 0g
no. type MPa MPa, MPa,
Fi11 2 14.8 4.2 22.1
k14 15.2 4. 36.7
E13 16.7 6.5 30.5
E20 13.5 6.4 47.6

31 1 5.8 4.5 26.9
32 5.0 8.6 36.7
34 5.5 4.5.1 . 25.7
35 6.7 8.6 37.9
37 7.7 4.5 25.7
38 6.7 8.3 36.7
39 8.6 11.7 | 49.5
40 9.4 4.5 27.4
41 7.8 8.0 37.9
42 8.3 11.7 44.1
51 10.7 4.7 32.2
54 12.6 4.7 34.1
57 14.5 4.7 1 35.3
60 16.7 4.7 32.9
61 17.0 8.2 47.0
77 25.8 5.0 46.5
80 25.6 5.0 | 41.7
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5.2 Balmer |52.1 |

Cylinder 150-300 mm.
Fog cured for 28 days.

Specimen:
Storage:
Load path:

v

aggr:

?

Spec. fc 7y 79 = 0g
no. MPa MPa | - MPa
1 24.6 68.6.. 6.9
2 69.6 6.9
3 76.2 6.9
4 110.0 17.2
5 118.8 17.2
6 122.1 17.2
7 168.0 34.5
8 174.6 34.5
9 176.5 34.5
10 222.5 51.7
11 224 .4 51.7
12 228.7 51.7
13 267.7 68.9
14 272.6 68.9
15 280.4 68.9
16 359.8 103.4
17 365.8 103.4
18 374.2 103.4
19 450.0 137.8
20 465.4 137.8
21 468.0 137.8
22 511.8 172.3
23 538.6 172.3
24 542.9 172.3
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5.3 _Gardner [69.1].

Specimen: Cylinder 75-150 mm.

Storage: 28 days under water, 28 days air cured, and then heated to 60°C for
48 hours.
Load path: ?
. ? —ni
Vaggr' ? (ready—mix concrete).
Number i c 7y 0y = 0g

of spec.| MPa MPa | ‘M Pa

7 28.9 72.4 8.6
7 117.9 17.2:
7 144.7 25.8
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54 Hobbs [70.1].

Specimen: Cylinder 55-110 mm.

Storage: Moist curing room until testing. L

Load path:  Hydrostatic load .until specified level, hereafter. increasing oy, at 16
. MPa/min, until failure.

Vaggr: 0.66. B

Special: Test 1-6 are drained tests, where pore water is allowed to escape.
Test 7—9 are undrained tests.

age
days

Test f 7y
MPa, MPa,

31.2 44.7

i 55.4
76.0
94.6
41.7
55.7
91.7

38.6 | 52.8
1 63.0
86.6
105.4
50.9
62.5
102.8

42.9 | 58.6
69.6
94.8

112.1
128.9
145.9
52.3
68.4

109.9

44.7 58.4
: 72.3
96.1
117.1
-137.9
155.6
56.1 |
67.8 |
115.7
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5.5 Mills and Zimmerman [70.2].

Specimen:
Storage:
Load path:

v :
aggr
Friction:

57 mm cubes.

Fog or water cured for 28 days, 1 month in air

Hydrostatic load until specified level, hereafter 'a deviator stress was
applied. oy and 0y, Was applied at a constant 01/02 ratio.

> 0.6

Friction was reduced by using 2 teflon sheets with grease in between.

The test rig used was a one—part machine where the jacks are in a
fixed position at all times during the test.

Spec fc 0y 79 o3
no. MPa, MPa, MPa MPa
Al | 23.0 53.1 5.8 .8
A2 50.7 5.8 5.8
A3 57.9 11.6 5.8
A4 ; 57.9 11.6 5.8
A5 53.1 17.4 5.8
A6 62.7 17.4 5.8
A7 65.1 23.2 5.8
A8 67.5 28.9 5.8
A9 67.5 34.7 5.8
A10 60.3 40.5 5.8
Atl 56.8 47.8 5.8
A12 50.7 50.7 2.9
A13 77.2 67.5 8.7
A14 62.7 8.7 8.7
A15 72.4 14.5 8.7
A16 ) 79.6 20.3 8.7
A17 79.6 26.1 8.7
A18 77.2 31.8 8.7
A19 82.0 37.6 8.7
A20 82.0 43.4 8.7
A21 82.0 49.2 8.7
A22 81.5 55.7 8.7
A23 82.0 60.8 8.7
A24 72.4 72.4 8.7
A25 41.0 - 2.9 2.9
A26 53.1 8.7 2.9
A27 53.1 | 14.9 2.9
A28 57.9 24.1 | 2.9
A29 1 55.5 20.3 2.9
A30 57.9 31.8 2.9
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Spec ¢ 7y oy o3
no. MPa, MPa MPa MPa
A31 55.5 37.2 2.9
A32 55.5 | -43.4 2.9
A33 57.9.1 49.3 2.9
A34 53.1 53.1 2.9
A35 43.4 2.9 2.9
A36 63.8 8.7 8.7
A37 65.1 63.8 5.8

Spec fc 7y oy o3
no. MPa MPa MPa MPa

Bi1 | 26.9 50.7 50.7 0.6
B2 | - -45.8 45.8 0.6
B3 53.1 49.6 1.2:
B4 50.7 50.7 1.2
B5 62.7 62.7 2.9
B6 62.7 62.7- 2.9
B7 41.5 1.4~ 1.4
B8 41.7 2.9 2.9
B9 56.2 5.2 | 4.8
B10 61.5 5.2 4.8 -
Bi1 7.2 | 7.2 7.2
B12 71.1 727 7.2 |
B13 58.9 | 21.7| 1.4
Bi4 66.1 36.2 2.9
B15 61.5.| 21.7.]. 1.4
B16 68.8 28.9 | ‘2.9
Spec fc o0 o9 LA
no. MPa, MPa MPa MPa
C1 | 36.1 47.1 48.2 0.6 |
(2 ‘ 51.6 53.1 0.6 |
C3 - 61.3 60.3 |- 1.2
C4 " 51.2 50.7 1.2
5 .68.8 67.5 2.9 |
C6 68.3 66.6 2.9
7 54.5 1.4 - 1.4
(8 59.3 2.9 2.9
C9 63.2 21.7 1.4
C10 72.8 28.9 2.9
C11 64.0 5.2 4.8
C12 '73.1 4.8 4.8
C13 66.4 26.5 | 1.4
Ci4 68.8 28.9 2.9
C15 54.3 2.9 1. 2.9
016 51.6 1.4° 1.4
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5.6 Hobbs [74.1].

Specimen: load path 1 dl > 0y = 03 >0

cylinder 55-110 mm.
load path 2 0 < 01 < 0y = 03 :

load path 3 o <0< oy = 03 cylinder'55 +110 mm, waist:
@ = 49 — 53, length 64 mm.

Storage: Moist curmg room until 7 days prior to testing.
Load path:  path 1: - Hydrostatic load, hereafter increasing oy until failure.
path 2: Hydrostatic load, hereafter decreasing oy until failure.
path 3: Proportional loading.
Load path 1
Number f ¢ | 1 7y = 03 | age
of Spec.| MPa MPa, MPa . | days
2 57.5 94.3 5.0 56
2 ~ 138.6 15.0:
2 41.4 69.1 - 5.0
2 o 108.7 15.0°
2 30.2 55.9 5.0
2 97.2 15.0
2 18.7 41.5 5.0
2 ol 7841 15.0-
2 46.9 79.4 5.0" 14
2 : 124.0 15.0°. |
2 52.4| 84.1 5.0 28
2 ] 134.3 15.0
3 54.9 91.3 5.0 56
3 : 139.8 15.0 |-
2 56.5 | 96.0 5.0 112
2 | | 143.4. 15.0 :
2 33.9 58.9 5.0 14
2 104.3 15.0
2 39.6 65.9 5.0 | 28
2 | 114.2 15.0
3 43.4 69.8 5.0:] 56
3 116.5 15.0
2 46.4 74.9 5.0 -] 112
2 ' 119.1 15.0
2 22.5 48.4‘ 5.0 14
2 ] 949 15.0
2 27.1°1 53.0 5.0 28
2 99.9 15.0 | .
3 31.8 58.4 5.0 1 56
3 102.9 15.0. .
2 33.7 | 62.0 5.0 112
2 109.7 15:0
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Number. | - £ ¢ 7 09 = 03 | age
of Spec.] MPa | MPa ¥Pa days
2 15.0 42.2 5.0 14
2 , 89.2 15.0
2 17.9 45.5 5.0 28
2 89.2 15.0
3 22.0 47.9 5.0 56
3 0 90.7 | 15.0
2 22.4 50.3 5.0 112,
2 94.3 | '15.0
Load path 2
Number | f. |. o 09 = 03 | age
of Spec.| MPa MPa MPa days
1 30.2 0.0 31.8 56
1 18.7 0.7 -23.4° 56
2 22.5 7 0.0} 244 14
2 27.1 0.2 | 28.2 | 28:
3 31.8 1 0.1 30.3 | 56
2 33.7 0.5 .36.0 112 -
2 15.0 { 0.2 ] .19.5 14
2 17.9 0.1 | 19.0 28
3 22.0 | 0.4 25.0 56
2 22,4 | - 0.4 26.7 | 112
Load path 3
Number - fc 7 09 = 05 | age
of Spec.| MPa | MPa MPa days
3 57.5 | -2.6 |- .11.8 56
3 1 -2.4 25.4 :
3 41.4 | -2.6 12.0
3 -2.0 20.0 -
3 -0.8 30.0
3 30.2 | -2.2 10.1 .
3 -1.8 17.8
1 --0.6 19.0
2 18.7 -1.8 - 8.2
3 1 -1.3 10.5 -
2 -0.8 11.7
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5.7 _Bremer and Steinsdorfer [76.1].

Specimen:
Storage:

Load Path:

\" ag gr:
Special:

100 mm cubes.

7 days in water, 100 days in air.’

Proportional loading. ‘

1/ 0120226320

2/ 0120220203

0.6 — 0.7. o . :

Friction between load platens and concrete was reduced by two layers
of aluminum -foil with’grease' in between.

The test rig used was a one—part machine where the jacks are in a
fixed position at all times during the -test. ’

Load path 1 .
Number f c | 1| % g
of spec.| MPa MPa MPa, MPa
6 42.8 65 4 65.4 1.3 |
‘ 66.3 33.1 1.3
63.3 31.7 1.3
43.6 _64 6 | 64.6 1.3
: 65.0 | 32.6 .1.3
© 62.4 |° 31.2 1.3
53.7 78.0 |. 78.0 1.1
‘ 84.9 | 59.4 1.2
83.3 58.3 0.8
- 75.8 37.9 1.1 |
67.2 6.7 1.0
53.0 76.8 76.8 1.6
4.6 74.6 0.9
81.0 68.8 1.2
78.4 66.6 1.1
75.7 37.9 1.5
72.6 36.3 1.0
69.9 35.0 0.5
67.2 20.1 1.0
64.0 19.2 0.5
61.4 6.2 1.3
56.7 5.7 0.8
63.4 87.4 87.4 1.8
89.3 44.6 1.8
81.1 40.6 1.2
63.1 83.8 83.8 1.7
86.4 43.1 1.8
78.2 39.1 1.1
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Load path 2

Number fc 7y g
of spec.| MPa MPa, MPa MPa
6 42.8 19.6 19.6 -2.0
45.0 45.0 -0.9

36.9 18.4 -1.2

25.4 7.6 -2.5

43.6 43,4 43.4 -0.9
38 0 19.0 -1.2

42.7 4.3 -0.5

53.7 56.9 | 56.9 -1.2
37.3 26.1 -2.3

39.2 27.5 -1.5

39.7 19.7 -2.4

52.0 5.2 -0.5

53.0 27:5 27.5 -2.7
53.0 53.0 -1.1

57.4 57.4 | -0.6

29.4 25.0 -1.8

43.6 37.1 -0.9

33.0 21.0 -2.0

42.9 27.9 -0.9

32.9 16.4 -2.0

'39.2 19.6 -1.2

28.3 8.5 -2.7

40.7 12.2 -0.8

- 49.0 4.9 -0.5

63.4 | 28.5 28.5 -2.8
63.7 63.7 -1.3

44.6 21.8 -1.4

63.1 60.5 60.5 | --1.2
66.2 -0.7
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58 Linse and Aschl [76.2].

Specimen: 100 mm cubes. - ; B »
Storage: 7 days in moist condition, hereafter in sealed plastic bags for 130
days. i ' ‘

Load Path: 1/ Hydrostatic load, hereafter increasing oy

2/  Proportional load path.

3/ Hydrostatlc load hereafter increasing 02 and 03
A% : 0.6 — 0.7.

aggr’
Special: Friction restraint reduced by using brush——platens.

The test rig ‘used was a one—part machine _where:xthe' jacks are in a
fixed position at all times during the test.

Load path 1

Spec. fc 74 7 3
10. MPa. MPa MPa MPa,
13 34.4 64.5 6.5 6.5
15 119.5 26.5 26.5

Load path 2

Spec. fc o 79 73
no. MPa, MPa, MPa, MPa,
11 34.4 99.0 13.9 13.9
12 82.0 9.8 9.8
16 137.5 26.1 26.1
21 36.0 | 93.0 93.0 18.6
22 66.2 6.6 6.6
24 61.2 5.5 5.5
42 | 35.2 8.5 9.7 9.7
43 142.5 72.7 18.5
44 94.5 51.0 8.5
45 . 66.0 6.6 6.6
46 | 67.5 6.8 4.0
51 33.1 94.0 20.7 10.3
52 93.0 | 87.4 20.5
53 100.0 20.0 20.0
72 36.1 93.2 45.2 8.3
73 102.9 50.9 7.7
74 73.2 7.3 7.2
75 64.3 5.8 4.1
76 64.9 6.6 4.3




Spec fc 7q [ 3
no. MPa, MPa, MPa MPa
81 35.2 54.2 4.0 3.5
82 87.7 20.6. 8.3
83 98.0 25.4 9.4
84 71.4 35.3 4.0
85 73.2 18.9 6.0

Load path 3 :

Spec. :fc 7y 79 g
no. MPa, MPa MPa, MPa,
23 36.0 25.0 96.2 96.2
25 15.0 81.0 | 81.0
26 10.5 84.0-| 84.0
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5.9 ssi_{76.3].

Specimen: Load path 1 — 3: 100 mm cubes, load path 4: cylinders 160-320 mm.
Storage: 7 days in fog room, hereafter more than 120 days in plastic bags.
Load Path: Hydrostatic load. up. to specified: level, hereafter:

_ 1 _ 1
1/ a0y = — 80y = — 5003
2/ a0y =-—bog, a0y = 0
3/ oy =280y >0, Aoy =— 20
4/  Decreasing o) to failure o; < 0 at failure.
Vaggr: > 0.6. ‘ o
Special: Friction was reduced by wusing four polyethylene sheets with

MO,S—grease in between (approx. 0.25 mm thickness).

The test rig used for load paths 1 — 3 was a one—pa.i't machine where
the jacks are in a fixed position at all times during the test.

Load path 1
Spec. fc 7y 0o = 03
10. MPa MPa MPa
T1-1 | 26.7 | 37.2 | 1.4:
T2-4 36.7 | 1.7
T4-1 36.6 1.7
T6-1 35.6 2.2
T1-4 50.8 4.2 :
T3-1 | 50.1 4.6 _
T4-4 51,0 | 4.1
T6-2 48.1 5.6
T2-1 64.2 7.9
13-4 64.1 7.9
T5-1 62.8 8.5
17-1 64.7 7.7
T1-2 78.8 10.9
T2-5 | 117
T4-2 79.2 | 10.5
181 77.3 1. 11.6
T5-4 88.5 | -'15.8 °
T6- 4 87.5 | " 16.2
T7-4 89.0 15.6
- T9-1 92.6 | 13.
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Load path 2

- 62 -

Spec. fC 7y 7y g
no. MPa. MPa MPa MPa,
T1-5 | 26.7 39.4 0.1 19.8
T3-2 39.5 0.1 19.7
T4-5 39.7 0.1 19.7
T6-3 39.0 0.7 19.8
T2-2 50.5 2.7 26.8.
T3-5 50.8 2.4 26.7
T5-2 50.2 2.8 26.8
T7-2 50.9 2.1 26.8
Ti-3 62.7 4.3 33.4
T2-6 62.7 4.3 33.4
T4-3 63.4 3.6 33.4
T8-2 62.1 4.7 33.’4
T5-5 72.5| 7.8 | 40.0
T6-5 71.8 8.5 40.1
T7-5 73.1 7.4 40.1
T9-2 74.9 5.5 40.1
Load path 3
Spec. fc oy 7y = 0g
no. MPa MPa MPa
T2-3 | 26.7 1.3 39.6
13-6 1.7 39.3
T5-3 1.8 39.2
T7-3 1.2 39.5
T1-6 3.2 48.5
T3-3 2.9 48.7
T4-6 3.2 48.5
T8-3 2.4 49.0
T5-6 5.4 57.5
T6-6 4.9 57.7
T7-6 5.2 1 57.4
- T9-3 3.1 58.7
T8-6 38.4 0.8
T9-4 38.2 0.8
T9- 4b 37.1 1.4
T8-5 63.6 8.0
T8-5b 63.6 8.0
_T9-6b 64.7 7.5
T8-6b 87.7 15.4
T9-5 90.6 14.3
T9-5b 89.4 14.8



Load path 4

Spec. fc 7y 7y = 0g
no. MPa, MPa MPa,
T5-2 | 28.4 -3.1 0.0
T6-2 -2.0 0.0
17-2 -2.9 0.0
T8 2 -2.2 0.0
T5-3 -2.5 6.3
T6-3 -2.3 6.3
T7-3 -2.5 6.3
18-3 - -2.5 6.3
T5-4 -2.5 12.2
T6-4 -2.1 12.2
T7-4 o -2.4 12.2
T8-4 -2.5 12.2
T5-5 -2.0 18.0
T6-5 -1.7 18.0
T7-5 -1.5 18.0
T8-5 -1.8 18.0
T5-6 -1.1 23.9
T6-6 -1.3 23.9
T7-6 ~1.3 23.9
| 18-6 -0.9 23.9
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5.10 Schickert and Winkler ]77.4].

Specimen: 100 mm cubes. _
Storage: 7 days in fog room, hereafter more than 200 days in plastic bags.
Load Path:  Hydrostatic load up to specified level, hereafter:

__ 1 _ 1
1/ A0) = — 500y = — 5A04

2/ A0y = — Aoz, Aoy =10
3/ Aoy = 80y > 0, Aoy = — 240
4/ Proportional load path.
Va,ggr: > 0.6.
Special: Friction was reduced by using flexible load platens.

The test rig used was a one—part machine where the jacks are in a
fixed position at all times during the test.

Deformations were measured using strain gauges mounted in groves in
some of the specimens. These specimens showed  less increase in
strength compared to specimens without gauges.

Load path 1
Spec.] T c 7y 7y o3 gauge
no0. MPa MPa MPa, MPa,
la-4 | 33.4 62.5 7.0 7.2 Y
3a-1 | 32.1 60.6 7.9 8.1 Y
4a-4 | 34.5 59.2 8.4 8.6 Y
6a-1 | 33.3 63.2 6.5 6.9
9a-1 | 38.5 65.0 5.9 5.9
2a-1 | 34.7 75.2 13.3 13.1 Y
3a-4 | 32.1 75.6 14.2 14.0 Y
5a-1 | 32.9 74.0 14.5 14.6 Y
6a-4 | 33.3 81.0 11.0 11.1
8a-1 | 37.7 85.2 9.4 9.4
9a-4 | 38.5 82.5 9.8 9.8
1la-1 | 33.4 85.6 22.4 22.0 Y
2a-4 | 34.7 97.5 15.3 15.2 Y
4a-1 | 34.5 94.6 15.9 15.9 Y
ba-4 | 32.9 94.9 16.4 16.2
Ta-1 | 37.7 88.2 19.6 19.7
8a-4 | 37.7 | 100.0 13.4 13.3
1la-2 | 33.4 | 106.0 23.5 23.5 Y
2a-5 | 34.7 | 109.6 21.5 20.5 Y
5a-5 | 32.9 | 101.0 25.6 26.3
Ta-2 | 37.7 | 112.4 20.0 20.0
8a-5 | 37.7 | 112.1 20.4 21.
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Load path 2

Spec.] T c 7y 79 73 gauge
no. MPa MPa MPa, MPa
1a-3 | 33.4 78.9 42.6 6.4 Y
2a-6 | 34.7 79.0 42.7 6.3 Y
'4a-3 | 34.5 81.6 42.8 4.7 Y
5a-6 | 32.9 77.9 42.7 7.5
7a-3 | 37.7 79.5 4.4 6.3
8a-6 | 37.7 84.7 45.4 4.6
2a-3 | 34.7 93.7 51.6 8.2 Y
3a-6 | 32.1 93.1 51.1 9.2 Y
5a-3 | 32.9 93.0 51.6 10.3 Y
6a-6 | 33.3 93.8 51.1 8.4
8a-3 | 37.7 95.3 51.7 7.4
9a-6 | 38.5 93.5 51.1 8.1
Load path 3
Spec.T I c 74 79 g gauge
1o0. MPa, MPa MPa MPa
Ja-2 | 32.1 61.9 61.6 3.8 Y
4a-5 | 34.5 61.8 61.8 3.8 Y
6a-2 | 33.3 61.7 61.8 3.1
3a-5 | 32.1 59.8 60.1 5.8 Y
la-6 | 33.4 73.5 73.4 5.7 Y
3a-3 | 32.1 73.0 73.2 7.2 Y
4a-6 | 34.5 73.3 73.4 6.0 Y
6a-3 | 33.3 73.4 73.1 5.6
9a-3 | 38.5 74.3 73.8 4.5
Load path 4
Spec.| T c 7y 7 o3 gauge
no. MPa MPa MPa, MPa
5a-2 | 32.9 60.1 6.2 6.3
5a-6 | 32.9 60.0 6.0 6.0
7a-3 | 37.7 69.1 6.9 6.9
8a-6 | 37.7 70.8 7.1 7.1
2a-6 | 34.7 | 120.1 24.6 24.6
4a-3 | 34.5 | 116.2 23.8 23.6
9a-2 | 38.5 | 104.0 21.2 21.1
2a-2 | 34.7 94.2 50.1 6.8
2a-3 | 34.7 87.2 46.6 6.5
3a-6 | 32.1 91.9 49.0 6.6
5a-3 | 32.9 69.8 37.3 5.0 Y
2a-2 | 34.7 59.5 58.7 3.0 Y
3a-5 | 32.1 65.5 65.1 3.2
5a-2 | 32.9 57.3 57.0 2.8
6a-5 | 33.3 67.6 66.1 3.3
- 8a-2 | 37.7 66.6 65.5 3.0
9a-5 | 38.5 71.8 71.1 3.3
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Spec.] T c 7y 79 g gauge
no. MPa MPa MPa MPa

9a-2 | 38.5 [ 91.5 | 91.6 7.5

la-6 | 33.4 | 73.7 | 73.6 6.1 Y
3a-3 | 32.1 75.1 75.1 6.3 |
4a-6 | 34.5 | 79.8 | 79.8 6.5
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5.11 Bellotti and Ronzoni [84.1].

Specimen: Cylinder 166320 mm.

Storage: -~ .
Load Path: Hydrostatic load up to specified level, hereafter increasing (71 until
failure.
Vaggr:
Number T c 7y 7y = 03
of spec.| MPa MPa MPa,
8 55.7 | 85.8 4.9
8 : 109.8 9.8
8 129.5 14.7
8 147.3 19.6
7 165.4 24.5
8 182.0 29.4
8 199.1 34.3
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512 Jan G.M. van Mier [84.12].

Specimen: 100 mm cubes.

Storage: Stored in water for 28 days, hereafter sealed in bags for 42 days.
Load Path: Proportional load path.

Vaggr: 7.

Special: Friction reduced by using brush platens instead of solid load platens.

The specimens were tested in a 4—part machine.

Spec. fc 2 7 [

no. MPa, MPa MPa, MPa
8A1-3 | 45.3 82.9 28.0 4.6
8B1-1 73.0 22.4 4.1
8B2- 2 106.3 18.8 10.9
8B2-3 111.3 67.1 11.4
8B2-5 85.6 28.7 4.6
8A2-5 84.8 8.9 9.0
9A1-5 | 47.9 12.2 -1.9 1.6
0A2-4 67.1 6.7 3.9
9A2-5 127.0 42.0 13.3
9B2- 2 96.9 62.3 5.2
982-3 116.9 49.1 11.8
9B2-4 121.1 33.1 12.2
9B2-5 85.1 13.1 4.6
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5.13 Winkler [85.2].

Specimen: 100 mm ecubes.

Storage: 7 days in water.

Load Path:  Proportional load path.

Vaggr: > 0.7.

Special: Friction reduced by using brush platens instead of solid load platens.

The specimens were tested, partly in a 1-part machine, and partly in
a multi—part machine.

Spec T c 7y 7y = 0g machine
no. MPa, MPa MPa (part)

1 20.7 49.6 2.5 one
2 : 54.2 2.7

3 54.2 2.7

4 53.5 2.7

5 57.3 2.9

6 53.9 2.7

7 51.3 2.6

8 54.7 2.7 multi
9 51.2 2.6

10 57.5 2.9

11 56.2 2.8

12 57.6 2.9

13 53.0 2.7

14 51.2 2.6

15 - 50.5 " 2.5

16 50.3 2.5

17 52.0 2.6

18 53.6 2.7

19 49.9 2.5

20 51.1 2.6

21 45.7 |- 2.3

22 46.1 . 2.3

23 50.6 2.5
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5.14 Chuan-zhi, Zhen-hai and Xiu—qin [87.1].

Specimen: 100 mm cubes.
Storage: 28 days in fog room.
Load Path:  Proportional load path.
. ?
Vaggr' 7.
Special: Friction reduced by using two teflon sheets with MO,S—grease in

between.

The test rig ﬁsed was a one—part maéhine where the jacks are in a
fixed position at all times during the test.

Spec. | fc : 7y 7y 3
no. MPa MPa MPa MPa,
1-2 9.4 37.0 3.9 3.9
3-3 29.8 3.9 - 3.0
6-2 45.3 8.5 | 4.4
2-2 46.6 14.3 . 5.7
1-3 46.1 18.8 4.6
6-3 43.2 17.1 4.2
2-3 52.9 26.6 5.0
5-2 75.0 15.2 15.7
7-2 58.1 11.5 | 12.4
7-3 67.3 14.1 14.8
4-3 96.1 28.6 29.0
3-2 96.1 29.2 29.4

40-2 10.7 45.2 9.4 5.0

41-2 49.0 14.3 4.9

40-3 47.6 23.9 4.7

41-3 48.0 36.0 4.7

45-2 43.2 | 32.6 4.2

46-3 38.4 34.1 3.9

45-3 38.4 37.1 3.7

46-2 38.4 38.4 3.7

42-2 91.3 27.4 18.5

43-2 86.0 25.9 | -17.5

42-3 86.5 34.9 | 18.0

44-2 91.3 36.5 18.3

43-3 84.6 43.0 17.8

44-3 91.3 45.1 18.4
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