


Summary

The Calibration and Use of a Triaxial Cell

This report describes in detail the equipment and techniques used for ﬁmmbw oonﬁﬂo E a
triaxial cell. In a triaxial cell it is possible to induce a well defined triaxial stress field E.w
cylindrical test specimen. Not all possible combinations of stress fields can be generated in
a triaxial cell, only stress fields where two of the znna principal stresses are o.e_m_.

The subjects described in this report are the observations E.a conclusions, oo_.sauasm the test
equipment, of a major research program aimed at testing concrete under triaxial u«ﬂnm.w.&. dﬁ
major problems encountered were primarily how to generate a well defined triaxial wq.omm
field in a concrete cylinder, with the minor principal stresses in the range 0 to 140 me. and
secondly how to measure the concrete strains at the same range of stresses.

The report v.wv.m particular attention to the following subjects:

1/ Describing the equipment needed for testing.
2/ Calibration of the test equipment. .
3/ vwowwnsm test specimens.

4/ Describing the adopted testing procedure.

A Failure Criterion for Normal and High Strength Concrete

This report deals with the strength of concrete subjected to stresses in more Em: A.Eo
direction. The report describes a large test program aimed at determining a failure criterion
for concrete, including high strength concrete. The concretes investigated were ordinary
concretes with a varying uniaxial strength between 10 and .:o MPa.

A total of 240 test specimens were tested with the minor principal stress B:mgm between 0
and 140 MPa. All tests were conducted with all principal stresses compressive and the two
minor principal stresses being equal. The tests were performed using a triaxial cell. The
construction and use of this cell is described in detail in The Calibration and Use of a

Triaxial Cell.

i ’ Summary.

The test results showed a large difference between the ultimate strength of low and normal
strength concretes, especially for high relative stress loadings. The difference in ulfimate
strength of normal and high strength concrete was not large but still noticeable. The test
results showed also a drastic change in the failure envelope when testing mortars and pastes,
as compared to ordinary concrete.

The test results are compared to the Ottosen model, and the Mohr-Coulomb model. Both
models are changed in order for them to reflect the new knowledge found in this investiga-

tion,

A Constitutive Model for Normal and mmm:%mnwasmﬁr Concrete

This report deals with the deformations of concrete subjected to stresses in more than one
direction. The report describes a large test program aimed at determining a constitutive model
for concrete, including ,Em:, &.Ho.smg. concrete. The concretes .m=<awamw8a were ordinary
concretes with m_<ﬁ<§®8=o§n strength between 10 and 110 MPa,

The oxbun.aos.ﬁ.a §<omﬁmuno= is an integral bE..H of an investigation into the strength of
concrete under multiaxial stresses as reported in A Failure Criterion for Normal and High
Strength Concrete. In this investigation a total of 240 test specimens were tested with the
minor principal stress ranging between 0 and 140 MPa. Of these 240 test specimens 91 were
tested with strain gauges mounted. All the tests were oo:acﬁ& with the principal stresses
compressive and the two minor principal stresses being equal. The tests were performed using
a triaxial cell. The construction and use of this cell is described in detail in The Calibration
and Use of a Triaxial Cell.

The test results showed a surprisingly plastic behavior of the concretes under triaxial stresses.
In the case of low strength concretes, deformations of more than 20% were experienced, and
in the case of very high strength concretes, deformations of more than 8% were experienced.

Based on these test results an improvement of the Ottosen constitutive model is presented.
The model is based on the non-linear elastic theory and is very simple and easy to use. The
model has also been compared to experimental results from othér investigations. Although
widely different concrete strengths, test rigs, and load paths have been used in these
m=<8m.mmmo=,.m,. it has been found that the model predicts the deformational behavior of
concrete well within acceptable limits: v i
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Resumé

The Calibration and Use of a Triaxial Cell

Denne rapport indeholder en detaljeret beskrivelse af det udstyr, og de ﬁn&aﬂﬂ der behaves
for at kunne preve beton i en triaxial celle. I en triaxial celle er det Bc:m" at cmmwzm en
beton cylinder for en forud fastlagt tre-akset spendingstilstand. Det er a.uom ikke .Bcrmn ien
sidan celle, at frembringe en hvilken som ro? tre-akset spendingstilstand, y.aoﬁ cellens
opbygning ger, at to af de tre hovedspzndinger altid vil vere lige store.

1 denne rapport er beskrevet de observationer og de konklusioner vedrorende forsggsopstil-
lingen, der er fremkommet under et sterre forskningsprogram Hnsg Boa.c&o:.m styrke og
tojningsforhold under tre-aksede spendingstilstande. De storste problemer dér owuﬁa var, ao_m.
at kunne sikre en forud fastlagt spendingstilstand, hvor de mindste hovedspendinger var i
omradet O til 140 MPa, og dels at kunne méle de tilsvarende tejninger i betonen.

Rapporten beskriver indgdende felgende emner:

1/ Beskrivelse af forsggsopstillingen.

2/ Kalibrering af udstyret i forsegsopstillingen.
3/ Den nedvendige forberedelse af provelegemer.
4/ Proceduren for den egentlige provning.

A Failure Criterion for Normal and High Strength Concrete

Denne rapport omhandler betons styrke, nér denne er udsat for spendinger i mere end én
retning. Rapporten beskriver et stort forsegsprogram rettet mod at bestemme et brudkriterium
for beton, inklusiv hejstyrkebeton. De anvendte beton var normale betoner, med en én-akset

styrke pd mellem 10 og 110 MPa.

I alt blev 240 provelegemer afprovet med den mindste hovedspznding varierende Eomoa 0
og 140 MPa, Alle forsggene blev udfert med trykspendinger overalt, og an de to mindste
hovedspndinger lige store. Forsegene blev udfort i en triaxial celle. Opbygningen og brugen
af denne celle er udferligt beskrevet i The Calibration and Use of a Triaxial Cell.

Resumé.

Forsogsresultaterne viste en afgerende forskel i den tre-aksede styrke for lavstyrke beton
contra normalstyrke beton, specielt nir de mindste hovedspanding steg i styrke. Forskellen
mellem normal og hejstyrke betoner viste sig ikke at veere serligt. stor, men dog ikke uden
betydning. Sammenlignende forseg med beton, mortel og cement pasta viste, at der sker en
drastisk forandring i brudfladens udseende nar indholdet af amﬁ” grove tilslag mindskes.

Forsggsresultaterne er slutteligt sammenlignet med O:Ommsmm brudkriterium, samt Mohr--
Coulomb brudkriteriet. Begge brudkriterier er foreslaet @ndret, siledes at de nu reflekterer
den nye viden fremkommet i dette projekt. .

A Constitutive Model for Normal and mmw# Strength Concrete

Denne rapport omhandler betons deformationer, nr denne er udsat for spzndinger i mere end
én retning. Rapporten beskriver et stort forsagsprogram rettet mod at bestemme en konstitutiv
model for beton, inklusiv hejstyrkebeton. De anvendte beton var normale betoner, med en
én-akset styrke pa mellem 10 og 110 MPa.

De, i denne rapport beskrevne forseg, er en integreret del af en undersegelse af betons styrke
under fleraksede pavirkninger, som rapporteret i A Failure Criterion for Normal and High
Strength Concrete. 1 denne undersegelse blev i alt 240 prevelegemer afprevet med den
mindste hovedspending varierende mellem 0 ow 140 MPa. Af disse 240 prevelegemer var
91 bestykket med strain gauges for at méle deformationerne. Alle forsogene blev udfert med
trykspendinger overalt, og med de to mindste hovedspandinger lige store. Forsegene blev
udfert i en triaxial celle. Opbygningen og brugen af denne celle er udferligt beskrevet i The
Calibration and Use of a Triaxial Cell.

Forsogsresultaterne viste en overraskende nplasticitet hos beton udsat for treaksede
belastninger. Siledes blev der for lavstyrke beton malt deformationer over 20%, og for
hajstyrke beton malt deformationer over 8%.

P4 baggrund af resultaterne fra forsogene er der foresldet en forbedring af Ottosens
konstitutive model. Modellen er baseret pa den ikke-linewmre elasticitetsteori og er simpel i sin
opbygning, samt nem at anvende. Modellen er ogsi blevet sammenlignet med andre
publicerede forsggsresultater. Selvom der i disse undersegelser er blevet benyttet meget
forskellige betoner, forsogsopstillinger samt belastningmader, er det konstateret, at modellen
forudsiger betons deformationer med meget begraensede afvigelser.

Resumé, i
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In this report standardized SI units and European symbols have been used. Any deviations
from this are described in the text when they occur. Furthermore will the convention that
tension is assumed positive be used throughout the report. As a consequence, 0>0,>0,> 03
corresponds to a stress state where all stresses are ooBEamm?ﬂ.,
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Appendix 1 Strain diagrams
Parameter in equation for uniaxial stress-strain curve

Initial Young’s modulus in uniaxial compression

Deviatoric initial Young’s modulus

Peak secant value of Young’s modulus in uniaxial compression, E,=f/(-¢.)

Peak secant valiie of Young’s modulus in general form, E:= (0300, ma) (€31-€0,max)

Secant value of Young’s modulus . , .
Uniaxial compressive strength of concrete (f,>0) .
I, L, I Invariants of the stress tensor

Iy, Jo, J3  Invariants of the deviatoric stress tensor

Appendix 2 Experimental results

oHMmmmmy

8 Non-linearity index
. ) 1 B Linearity limit for the apparent Poisson’s ratio
€ mqas. at peak stress in uniaxial compression (¢, <0)
€ Hydrostatic strain, e3=¢,=¢;
; €0,max Maximum level of hydrostatic strain encountered

€1,62,63  Principal strains (extension positive)

€10 Major principal strain at failure
€3r Minor principal strain at failure
v Poisson’s ratio
¥ Apparent Poisson’s ratio .
v Initial value of the apparent Poisson’s ratio
v Value of apparent Poisson’s ratio at failure
gy Hydrostatic stress (o, =0,=03) :

05, max Maximum level of hydrostatic stress encountered
o1, 05, 03 Principal stresses (tension positive)

oy¢ Major principal stress at failure
o3¢ Minor principal stress at failure
Notation. 1
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Notation.

Chapter 1 -
Introduction

Determining the deformations of concrete subjected to any type of loading is a very complex
thing. Due to concretes inherent heterogeneity numerous factors affect the deformations.
Among these factors a few can be mentioned here: The type of aggregate, the size and size
distribution of the aggregate, and the number and distribution of pores and voids. These
factors are only some of the internal factors that can affect the deformations. Besides these
internal factors uncountable external factors may influence the deformations of concrete.

The complexity of concrete makes it very hard to establish a correct constitutive model. It
is symptomatic that although quite a lot of research has been channeled into concrete research
the last 100 years a conclusion has yet to be reached regarding the size of a simple parameter
such as the strain at peak stress in the uniaxial compression test.

Especially the last couple of decades have seen a growing interest, and an increasing
research, into developing a model that can describe the deformational behavior of concrete
within acéeptable limits. This interest has been due to the spreading use of computers in
designing concrete structures, and the development of more -and more versatile computer
programs, :

In trying to establish a constitutive model many widely different paths have been taken. These
paths are ranging from the very simple early models developed by curve fitting, to the elastic-
plastic-fracturing model by Bazint and Kim [79.2]. The models of the former type tend to
be applicable only to a very narrow band of concretes, whereas the latter tend to yield very
good results for most types of loadings and unloadings, but they are hard to calibrate to the
specific concrete in question. w

Also the last 2 decades have seen a growing interest and use of high strength, high
performance concretes. Although these new concretes are made of the same raw materials
they in'many cases show a very different behavior from the older normal strength concretes.
There is therefore a very pressing need for investigating the deformational behavior of these
new concretes because they in many ways represent a new material.

Chapter 1: Introduction.




Ormwﬂﬁ. 2

Due to the very complex behavior there is a need for simplicity in any constitutive BoaoEsm
of concrete. In this report it has therefore been attempted to establish a constitutive model that
is simple, and yet applicable to normal type concretes ranging in strength from 10 .ﬂo.H.oo . . N
MPa. The simplicity has been achieved by using the non-linear &mwﬁ theory, and by f.::n:m H.UM ~U QH.HE m: Hmw~ cﬂacmﬂma |

the model to cover only short-term compressive loadings. . e

In this chapter a more detailed description of the test program will be given. Also described
are the test equipment and the concretes used. in this investigation.

2.1 The scope of the experimental program

The main purpose of this investigation has been to establish triaxial stress-strain curves for
normal and high strength concrete, and to investigate the influence of the uniaxial concrete
strength on these stress-strain curves. Fufthermore was the end result of the investigation to
produce a constitutive mode] for the deformational response of concrete which covered
concretes with an uniaxial strength up to 100 MPa. ’

In order to ?<ammm.&o the deformational behavior of concrete under triaxial loadings, a
triaxial cell was used. This cell, and its calibration and use, has been extensively described
by the author in [92.1]. Therefore no attempt will be made, in this report, to describe the cell
or the use of it. .

The relation between the uniaxial strength and the deformational behavior of concrete was
investigated by testing 7 different concrete mixes. ‘The concretes iwnm designed to have an .
uniaxial compressive m.:o:mﬁs of 10, 35, 50, 70, 85, 100, and 110 MPa. The concretes are
named 'Bnnn-m’ where *nnn’ is the uniaxial strength level, and *m’ is the batch number. The
concretes were designed to be like ordinary concretes, that is, the binder content was kept
low, and the aggregate content kept high. : . v

Each concrete was tested with the major principal stress ranging from 0 to-140 MPa. In order
to compare concretes with different strengths, the test program planned for the concretes to
be tested with the major principal stress as follows:

; Chapter 2: Experimental program; | 5
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Of, < o= 0, < 261 -0y/f,=02,04,06,08,1.0,12, 1.4, 1.6,1.8,2.0
2f < oy=0, < 4f, 1 -oy/f, =25,3.0,3.5,4.0
4f < o= < 65,1 -o/f. =5.0,60

i

6f, < 0= 0, < -14f:  -0)/f; 8.0, 10.0, 14.0
The different concretes were tested as far as the capacity of the test equipment allowed, i.e.
B100 was tested with the major principal stresses up to 140 MPa, that is -o\/f, = 1.4,

- In all the tests, the major and the intermediate principal stresses were equal. This means that
the results of the test program lie exclusively on the compression meridian. This limitation
is due to the limitations of the triaxial cell, as described in [92.1].

All the test specimens were tested using a normal’ load path, that is loading along the
hydrostatic axis, until a predetermined stress level is reached, hereafter increasing the

deviator stress until failure.

The load speed was the same for all the tests, and was equal to 0.3 MPa/s. .

In order to investigate the influence of the mmm.amwﬂo size, and -content, 2 mortars, and 1
paste were cast. The mix design for these paste and mortars was aoﬁwi:&.mqu by
removing one or more of the three aggregate types in the mix design for B070. Hereby it was
ensured that the uniaxial strength of the mortars and the paste was approximately the same

as the uniaxial strength of BO70.

The mix design for mortar B, MO70B, was established by removing all of the crushed granite
from the mix design of B070. The mix design for mortar A, MO70A, was established by
removing all of the Gravelit from the mix design of MO70B. Finally the mix design for the
paste, P070, was established by removing all of the sand from the mix design of MO70A.

2.2 Description of the concretes

The investigation of the deformational behavior was undertaken parallel to an investigation
of the triaxial strength of concrete. Approximately a third of the specimens used in the latter
investigation was tested with strain gauges mounted. The deformation measurements from
these specimens are the ones described in this report.

The results of the triaxial strength investigation are described in [92.2]. Also in [92.2] are

6 Chapter 2: Experimental program.

the materials, the concretes, and the curing conditions extensively described. As a

consequence only the mix proportions and the uniaxial strength results of 9@ concretes will

be included in this report. The numbers of the concretes and the batches-used in this report

are therefore referring to the concretes described in [92.2], i.e. concrete B010-3 in this report-
is identical to the concrete B010-3 described in [92.2]. .

>.88~ of 7 concretes, 2 mortars, and 1 cement paste, were ,an in the F<ommmwmm=. The
mix proportions of the individual concretes are given in table 2.1, and the Em&a&
compressive strengths of the mixes are given in table 2.2.

Concrete || B010 | B035 [ 8050 | Bo70 | B08s | B100 [B110]P070] MO70 | MO70
Material 3 (1.3 3 2 | 3 3 2 A B
Cement ® 129] - 2471 260 309] 320] 375] 390[1030] s98] 462
Flyash e 100] 40| - | 4| - | -1 -1 -1 -
MS-slurry - |- 36| ss| el 75| 76| 183 106] 82
Water 170( 170 150 120] o5] 70| 63| 430] 249] 192
Sand 754| 618] 600| s98| 610| 615 s21| - | 1157] 904
(0-4 mm) _ _ ,

Gravelit 246] 244| 257| 265| 186] 188] 247] - | - 395
(4-8 mm) : _

Granite 985| 977| 1026 1061| 1106] 1120 989 - | - .
(4-16 mm) .

Complast212 | - | - | 14| 20| 20| 23| 24| - | - -
Peramin F EE N 3.1 63| 83| 86| - [ - | -

Table 2.1; v.gx proportions for the &mn_.na concretes, mortars, and paste, used in
the investigation. All units are kg/m’, ,

Gu. The o.nini used was, B085: low-alkali cement, B100: white cement,
the remaining: rapid hardening cement, -

For each concrete 6 @ H.oo.uoo mm cylinders were tested in o.&on to determine the uniaxial
compressive strength of that particular concrete, which in ‘the investigation was varied
between 10 and 110 MPa. All the cylinders were tested in a 200 tons MP MFL compression

Chapter 2: Experimental program. . ! ‘ o 7



jack controlled by a Walter-+Bai servo controller.

All of the test cylinders were ground accurately plane by means of a diamond cutting spindle:
In the uniaxial compression tests, wood fiber plates were used between the steel _om&nm.,.ﬂmﬁm,
and the concrete. Previous studies at the Department of Structural. Engineering have shown
these fiber plates to have no influence on the strength measurements. The cylinders were
tested at a rate of 0.7 MPa/s, as specified by the Danish National Code [84.2].

| Strength results

f. © s.dev.

(MPa) (%)
BO10 17.08 |  5.74
BO35 40.41 3.54
BO50 5154 |  6.34
BOTO 71.65 2.23
BO085 . 88.39 4.41
B100 99.82 2.95
B110 108.76 3.83
PO70 ® 30.42 14.88
MOTOA 73.49 1.88
MO70-B 69.61 3.33

Table 2.2; Uniaxial compressive strength of the concretes, mortars, and the paste.
The compressive strengths are the average result of 6 test cylinders

9100200 mm.

(*) The paste cylinders failed due to the very severe shrinkage cracks that
appeared shortly after the cylinders were removed from the water
storage. The compressive strength shown here is therefore not Eo
uniaxial compressive strength of the cement paste itself, but that of the
shrink-cracked cement paste.

2.3 Strain gauges

On each of the cylinders a total of 4 strain gauges were mounted. 2 strain gauges were used
for measuring the vertical deformation, and 2 strain gauges were used for measuring the
horizontal deformation. The gauges were mounted diametrically opposing each other, and
placed at mid height of the test specimen.

In order to minimize the influence of excentrical loading, difference in placement etc. the
mean value of the signals from the two opposing strain gauges have been used for
determining the deformations of the concrete. In some of the tests only one of the two strain
gauges remained intact throughout the entire test. In these cases only the unbroken strain
gauge has been used for determining the deformations in that particular direction. This
procedure has not been found to inflict any significant error in determining the concrete
strains. This because a close inspection of all of the test results revealed that the two opposing
gauge signals on each of the specimens did not deviate in any significant way.

The strain gauges used were a foil-type post-yield strain gauge, 60 mm long. The strain gauge
itself, and the calibration of the strain gauge are extensively described in [92.1].

8 . Chapter 2: Experimental program.
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Chapter 3

The proposed constitutive model

Formulation of a constitutive model to describe the deformational behavior of concrete
subjected to any type of loading has proven to be very difficult. Over the years many
researchers have proposed different constitutive models based on many different theories.
Some of the more important ones are described by Kim in [91.1].

In this report, a proposal for an improvement of the Ottosen constitutive model for short-time
loadings [79.1] is made, and in this chapter the model is defined and described. However,

prior to defining a model it is necessary to summarize some of the characteristics of concrete
deformational behavior. , :

3.1 Characteristics of concrete deformational behavior

When mE&mnm the deformational behavior of concrete, certain characteristics appear.

1/ The stress-strain curve of concrete subjected to hydrostatic stress, is not linear as
one would expect. For high hydrostatic stresses the stress-strain curve displays
both a softening and a stiffening behavior. ,

2/ 'The stress-strain curve is depending on all three stress invariants.

3/ When approaching failure, .ooaﬁa.a exhibits.an increase in volume, the so-called
dilatation.

4/ The initial deviatoric Young’s modulus, E;, is depending on the prior loading
history.

5/ The secant value of Young’s modulus, .m% is depending on, among other Ewamm..
the type of loading, and the type of concrete.

Chapter 3: The proposed:constitutive model. 11




1t therefore follows that any constitutive model must answer to all, or most of, these
characteristics. . '

3.2 Description of the proposed constitutive model

The proposed model is based of the non-linear elasticity, and is an extension of the original
proposed model of Ottosen [79.1]. The Ottosen model has later been adopted by CEB to be

included in the CEB Model Code 1990 [50.1].

The new revised model responds well to the above mentioned characteristics of the general
stress-strain curve for concrete in that: ‘

1/ Dilatation is included.

2/ All three stress invariants are included.

3/ Smooth stress-strain curves are obtained.

4/ The hydrostatic stress-strain curve is included.

5/ The ultimate strength of concrete is realistic.

6/ High strength concrete up to 100 MPa is included.

7/ Uniaxial, biaxial, and triaxial stress-strain curves are obtained.

Furthermore is the model very simple to use, and calibration is performed using only data
readily obtained by the standard uniaxial compression test. v

Construction of the model is carried out in 5 steps:

1/ Determination of the hydrostatic stress-strain curve.

2/ Determination of the non-linearity index.

3/ Determination of the Young’s modulus for initial deviatoric loading.
4/ Changing the secant value of Young’s modulus.

5/ Determination of the apparent value of Poisson’s ratio.

In the present form the model is only intended for compressive stress states where the

principal stresses are ever increasing or kept constant. Unloading and cyclic loadings are
therefore beyond the capabilities of the model. Likewise is tension not considered. It is,
however, relatively easy to extend the model also to include tensile stresses as shown in
[79.1]. At present, however, the model does not oosm.aa.n tensile loadings.

Furthermore is the model only valid for stress up to peak value. Although the post peak

12 ’ Chapter 3: The proposed constitutive model. .

behavior is important, the model has not been extended to include this. One reason is the
general lack of experimental evidence of the post peak behavior of concrete under multiaxial
stress states. However, as will be shown later it is very easy to expand the model in order
to be able to simulate different post peak behaviors. :

In the following the model will be oonm:doz.&. In order to describe the stress-strain’ curves,
a number of symbols are used. These symbols are defined in the text when they occur, and
furthermore are the definition of most of these symbols shown in Fig. 3.1.

Normal load path Proportional load path
4 -0 b—0y
N . WO -
ﬂ _ Oa¢
" 1\ 1 x <"~~~ ——— —0g¢
_ ErNE N E m 1 \1\\!
! _ Er N Es \ Ei
Deviatoric “ |
-o.n&_nu . Deviatoric
“ loading
{
| |
Hydrostati o - _
U_n loading a ! 00,max i i
o . N i . - =
€3¢ €0,max &3 €3¢ &3
Fig. 3.1: Symbols used in the model.

Contrary to the general belief concrete exhibits nonlinear deformational response to pure
hydrostatic loading. The initial response is a compaction of the concrete followed by an
w.xcm:mmo: for increasing hydrostatic stresses.

m.xvonaosnm results from Kotsovos & Newman [78.1], show :_mﬁ the change between
compaction and expansion occurs for -¢y/f,=2. This is confirmed by Chen [82.1], and also
indicated by the results reported in this investigation.

It was found that a sufficiently accurate nannm&o: for the hydrostatical stress-strain curve
is as given in (3.1).

Chapter 3: The proposed constitutive model. | 13-
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Also shown in Fig. 3.3 are the test results of Kotsovos and Newman [78.1], and it is seen
that these test results and the model correspond well to each other. It is seen in Fig. 3.3 that
the hydrostatic mqamw.mﬁms curve is depending on the uniaxial compressive strength, or more
likely the initial value of Young’s modulus, Eo. However, in order to simplify the model, and
because the hydrostatic strains are very small compared to the deviatoric strains, the
dependency of the hydrostatic stress-strain curve with respect to the specific concrete has been
left to later refinements.

Lastly in Fig. 3.4 is the model shown compared to the major principal strains of concrete
B010-3.

140
// } —-oa (MPa) [
AN F120
~ L
N 100
N C
N C
N b
> -80
N Feo
- — — Constitutive model N -
Concrete B010 N F
N who
F20
&1 C
-0.018 ~0.014 -0.010 —-0.008 -0.002
Fig. 3.4: Hydrostatic stress-strain model compared to test results from concrete
B010-3

1t is clearly seen that the proposed model possesses all the characteristics of the hydrostatic
stress-strain curve, and that it compares well to the test results.

Prior to describing the constitutive model it is necessary to define the non-linearity index 8.
B is defined as a measure of the actual stress state in relation to the intended failure stress.
As described earlier the model is only valid for increasing compressive loads. It is generally
accepted that.a pure hydrostatic stress state (o3 =0,=0;) does not lead to failure no matter
how high the hydrostatic stress level is. In determining the non-linearity index the part of the
load path with only pure hydrostatic stresses is therefore disregarded.
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A convenient measure for the actual loading is therefore o3 - 0o max where o, is the minor

principal stress, and 0o max is the maximum previously encountered pure hydrostatic stress.
Similar to the measure for the actual loading, is the measure for the failure stress defined as

3¢ = O0,max Where o3¢ is the minor principal stress at failure. 8 is then defined as given in eq.

3.2).

93~ Tomx (3.2)

Oy = Oy,

g =

By defining B8 this way, 8 can be considered an effective deviatoric stress, and 8 < .r B=1,
and 8> 1 then correspond to stress states located inside, on, and outside the failure surface.

The failure stress, o3, is determined by using a suitable failure criterion. In this report the
failure criterion of the author will be used exclusively. This failure criterion is described in
detail in [92.2]. One of the advantages of using this failure criterion is that the failure state
is a function of all three stress invariants. Hereby the resulting stress-strain curve will also
be a function of all three stress invariants.

It must be emphasized that any failure criterion can be used. This because thé failure criterion
is used only in determining the failure stresses. The failure stresses are in turn mainly used

in determining the non-linearity index, and thus will not influence the shape of the stress- -

strain curve. The failure stresses are also used in determining the secant value of Young’s
modulus at failure. However, using different failure criterions will not have a large influence
on the secant modulus at failure since the prediction of the failure stresses does not vary much
in the different failure criterions. Using other failure criterions than the one E.owomoa in

[92.2] will therefore only influence to a lesser degree the strain at peak stress, not the shape.

of the stress-strain curve.

The initial deviatoric Young's modulus, E;, is defined as the initial slope of the stress-strain
curve (minor principal stress and strain) for loadings other than hydrostatic loads, see also

Fig. 3.1.

As previously described the hydrostatic stress-strain curve is not linear, This is due to damage

occurring in the concrete when subjected to hydrostatic loads. Chinn and Zimmerman [65:11
have reported loss of uniaxial strengths up to 40% -after high hydrostatic- loadings. A -

consequence of this is that the initial slope of the deviatoric stress-strain curve will diminish
the higher hydrostatic loads the concrete has been subjected to. This can also be observed in
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the test results here presented. The results show that the drop in E; is high- for small
hydrostatic loads, and flattens out for increasing hydrostatic loads. Also seen is that the drop
in B, is relatively higher for the low strength concretes, as compared to the higher strength
concretes. T

The test results indicates, for the range of concretes and the range of hydrostatic loads used
in this investigation, that the value of E; approaches a constant value. This constant value is
depending on the concrete tested, and it has been found that E, is a good measure for this
constant value.

An equation that describes this behavior must also include that in the case of uniaxial tests,
biaxial tests, and triaxial tests using proportional load paths, E; equals that of Eo. An equation
that displays all of the above mentioned characteristics, along with wm,ﬁsm the correct border
conditions has been found to be as given in eq. (3.3)

E, -
E =E, + 2 w
~ oma P , (3.3
£ E

This equation, along with the test results is shown in Fig. 3.5.
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Fig. 3.5: M,Ngm:nou initial value of the deviatoric Young’s modulus compared to eq.
.3).

Itis seen that Eﬂd is some scatter in the test results. This is most probably due to the lack
of accuracy when measuring very small strains. However eq. (3.3) seems to yield a good
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estimate of the initial deviatoric Young’s modulus.

Consider first the uniaxial stress-strain curve. According to the CEB Model Code 1990
[90.1], the uniaxial stress-strain curve can be approximated by eq. (3G.4. .

(3.4)

This equation has been shown to correspond very well to experimental Sw:.:w, i.e. in [92.3].
The original form of eg. (3.4) is given in eq. (3.5). R

E 2
2.t p-|E

_o . E = el 4 © (3.5
\«. 1+ WWIN‘M,.TUIW
mh m.h mh

The difference between the two equations lies in the parameter D. The parameter D is miostly
used for controlling the descending part of the stress strain curve, and has very little effect
on the ascending part. In the CEB Model Code 1990 [90.1] the parameter D has been chosen’

to 0.

In this report it has been chosen to limit the applicability of the model to stresses up to and "

including the peak value. This has been decided because the knowledge of the descending part

of the stress-strain curve in triaxial tests is very limited. Furthermore, since eq. (3.4) has

been shown to correspond well to the uniaxial compression stress-strain curve, the parameter
D will also in this model be equal to 0. However, using eq. (3.5) rather than (3.4) in the

subsequent calculations offers the possibility of simulating different post-peak behaviors by

changing the value of D.

Using only simple algebra it is possible to solve eq. (3.4) with respect to the secant value,

E,, of Young’s modulus. The resulting equation for E, is given in eq. (3.6).

2
o 1 a1 o 52 R
mh"wmiiwmﬁ-m;” mmil-o-m; v 7B 6.6
4 c <

In the equation the positive and the negative sign refers to the ascending and the descending
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part of the stress-strain curve, respectively.

It is now possible to generalize eq. (3.6) to include the biaxial and triaxial cases by
substituting the following parameters:

- the initial Young’s modulus, E, with the initial deviatoric Young’s modulus, E;

- the uniaxial secant value of Young’s modulus at failure, E,, with the secant value
of Young’s modulus at failure under generalized loadings, E¢

i

- the uniaxial stress ratio (-o/f) with the non-linearity index, 8

Eq. (3.6) then becomes that of eq. (3.7).

=1 - 1 - 1 - 1 - 2 2

E, =3B - B(3E - E )+ { [3E - 8(2E - &)]" - o5 @7
Left now is to determine the secant value of Young’s modulus at failure under generalized
loadings, E;. E;is defined in the same way as the non-linearity index, that is, E; is the minor
principal stress at failure divided by the minor principal strain at failure, where the maximum
encountered hydrostatic stress and strain have been subtracted. The definition of Eg is given
in eq. (3.8) . . |

_ Gy - 0,

E, = m\ = (.8)
3~ €omax

In [79.1] an equation for determining E; is given. This oamw_& proposal has proven to yield

too large values for E; in the case o».. high strength concrete. The original proposal has

therefore been modified and a new proposal is given in eq. (3.9).

E = E.
-
Lo B UR) o | 9
2 A

In eq. (3.9) does the term (T3 )¢ denote the square-root of the invariant J, at failure, and is
therefore connected to the actual loading and the determination of the non-linearity index, 8.
The term [({T3)/f, - 1/{3] equals 0 in the uniaxial case, and eq. (3.9) therefore reduces to
E, in the case of uniaxial loading, as it should.

In Fig. 3.6 are eq. (3.9) shown compared to test results.
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Fig. 3.6: Measured secant value at failure of Young’s modulus compared to eq. (3.9).

It is seen that there is a good correlation between eq. (3.9) and the test results, except from
concrete B010, It appears as if BO10 is completely different from the rest of the concretes
tested. This is most probably due to the very plastic stress-strain curve exhibited by B010 in
conjunction with the limitations of the test equipment. As described in [92.2] the hydraulic
jack will abort testing when the vertical deformation speed of the concrete specimen exceeds
~0.25 mm/s.

If the stress-strain curve has a very plastic m@wnﬁmn.om. as is the case with the very low
strength concretes, the deformation speed will exceed the aborting value before the peak
strain has been reached. The resulting E; for these concretes will therefore be higher than the
actual Eq, as is the case in Fig. 3.6. All in all does eq. (3.9) appear to ﬁm_a. sufficient
accurate values for the secant value of Young’s modulus at failure. ,

In order to get the intermediate and major principal strain it is necessary to know the value
of Poisson’s ratio, ». However, since the Poisson’s ratio is a material constant it is only
defined as long as no micro- or macro-cracking occur in the material. In concrete micro-

cracks start forming at stresses less than the peak stress. Since the concrete strains are.

measured over a certain length of the concrete specimen it therefore follows that any crack
appearing over the measuring length will influence the measurement of strain, and hence the
p-value. Therefore, in order to describe the deformations of concrete on a macroscopic scale
the Poisson’s ratio used will be an apparent Poisson’s ratio called »*.

The observed effect of the influence of cracks on the Poisson’s ratio is an increase in the
apparent Poisson’s ratio, and, for stresses near peak, a large scatter in the results.
Furthermore, since the measured Poisson’s ratio is an apparent value for stresses near peak,
rather than a material constant, the measured Poisson’s ratio can exceed the value of 0.5.

An example of this is displayed in Fig. 3.7 and 3.8. In these figures the apparent Poisson’s
ratio is displayed for all triaxial tests performed as a function of the major principal stress.
In Fig. 3.7 the apparent Poisson’s ratio at minimum volumetric strain is displayed. It can be
seen that there is only a very small scatter in the results. This because only micro-cracks are
present in the concrete specimens, and these cracks are very well dispersed in the concrete,
hereby influencing both the vertical and the horizontal strain measurements.
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Fig. 3.7: The apparent Poisson’s ratio, »*, at minimum volumetric strain, as a func-
tion of the major principal stress. ,

e
In Fig. 3.8 the apparent Poisson’s ratio at failure is shown. Here the scatter of the results is
much larger, and the apparent Poisson’s ratio has in many cases exceeded 0.5.The reason for
the large scatter and the, in some cases, very high Poisson’s ratio, lies in the formation of
macro-cracks. These cracks are not as well dispersed as the micro-cracks, and the opening
of these cracks will therefore result in a larger scatter of the results, and in many cases a
higher value of the apparent Poisson’s ratio.

Several researchers have published results concerning the value of Poisson’s ratio. Although
a lot of research has been directed at determining the Poisson’s ratio; no general agreement
has been reached. Especially for high strength concrete there is a lot of disagreement, i.e.
Neville [87.1]: »=0.11; Chen [82.1]: »=0.24. Also some disagreement exists for the low and
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Fig. 3.8: The apparent Poisson’s ratio, »*, at failure as a function of the major principal
stress.

normal strength concretes, i.e. Ahmad & Shah [86.1]: »=0.15; Neville [87.1}: »=0.21.

The scatter at low stress ratios in the results of this investigation can be somewhat explained
by the limitations of the measuring equipment. This because the major principal strains are
not very large, and the numerical errors together with the limitations in the accuracy of the
measuring equipment, will therefore influence the determination of Poisson’s ratio. However,
this does not explain all of the scatter in the test results. It is therefore more than possible that
the Poisson’s ratio depends on a number of other parameters, such as:

1/ the concrete strength,

2/ the aggregates,

3/ the loading speed,

4/ the principal stresses,

5/ the curing conditions etc.

The results from this investigation show that at least the parameters 1/ and 4/ have an
influence on the apparent Poisson’s ratio. In Fig. 3.9 and 3.10 are the apparent Poisson’s
ratio from tests with different major principal stresses compared..In Fig. 3.9 are the results

of uniaxial and biaxial test shown, and in Fig. 3.10 are the results from triaxial tests with.

0,=0.6 f, shown. It is seen that increasing the concrete strength will result in an increase in
the initial value of the apparent Poisson’s ratio, and increasing the major principal stress will
result in a decrease in the initial value of the apparent Poisson’s ratio.

The results of this program concerning the relation between concrete strength / major
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Fig. 3.9: The apparent Poisson’s ratio for uniaxial and biaxial tests, compared to eq.
(3.10) and (3.11)
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Fig. 3.10: The Poisson’s ratio for the major principal stress g;=0.6 f,.

principal stress and the apparent Poisson’s ratio do not display any systematic tendencies.
Therefore, no definite conclusion regarding these relations can be made, There is, however,
a tendency for the initial value of the apparent Poisson’s ratio to diminish for increasing
major principal stress, and to increase for increasing concrete strength.

Generally the following statements concerning the apparent Poisson’s ratio can be concluded:

1/ #® is constant until the stresses reach a certain limit of linearity, 8.
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2/- Beyond this limit of :mam&@. »® is increased more and more rapidly.
3/ Measurements of »* are subject to some scatter, especially near the peak stresses.

Based on the above findings it has been found that eq. (3.10) represents the different test
results well.

v; . when B < §;

3.10
B - By 10

1-p

when B > B,

vi - vy - v |1 -

Eq. (3.10) is the equation suggested by Ottosen [79.1], where »* for B > B, is represented
by one-quarter of an ellipse.
Also based on the above it has been found that there are differences between the apparent
Poisson’s ratio for triaxial loadings, as compared to the apparent Poisson’s ratio for uniaxial
and biaxial loadings. A reasonable accuracy is obtained if the following parameters are used:

vi = 020
“ - 036 3.11)
vy = 0. :
vi = 0.15
<.w = 0.50

In Fig. 3.9 and 3.11 are eq. (3.10) and (3.11) shown together with test data. In Fig. 3.9 the
apparent Poisson’s ratio determined from uniaxial and biaxial test is shown, and in Fig. 3.11
the apparent Poisson’s ratio determined from triaxial test is shown. In both figures the results
from this investigation are compared to results from other researchers, and it can be seen that
a reasonably good agreement exists.

However, there still remains quite a lot of research needed before any definite conclusion can
be reached regarding the value of the apparent Poisson’s ratio for any concrete subjected to
any type of loading.
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Fig. 3.11: The apparent Poisson’s ratio for triaxial tests, compared to eq. (3.10)
and (3.11).

3.3 Summary

In this chapter a constitutive model has been proposed. The model is based on the non-linear
elastic theory, and is an improvement of the Ottosen model [79.1]. The model describes the
short term deformations of concrete subjected to monotonously increasing compressive loads
with or without prior hydrostatic loadings. The procedure for determining the deformations
is as follows:

1/ The following parameters are needed to calibrate the. model to the specific
concrete.
a/ uniaxial concrete compressive strength, f;
b/ initial value of Young’s modulus, E, '
¢/ the strain at peak stress, €,
All 3 parameters can be determined from the standard uniaxial compression test.

2/ The strains for hydrostatic loading are determined using'eq. (3.1).

3/ On basis of a failure criterion the minor principal stress at failure, o3, is deter-
mined. This stress, in conjunction with the maximum pure hydrostatic stress
previously encountered, g e is used for calculating the non-linearity index 8,
eq. (3.2). As failure criterion the failure criterion of the author [92.2] will been
used in this report. Any failure criterion can be used as stated earlier.
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4/ The initial deviatoric Young’s modulus, E;, is determined using eq. (3.3), and the
secant value of Young’s modulus at failure, Eg, is determined using eq. (3.9).
Based on E;, Eq, and 3, the secant value of the Young’s modulus, E;, at any given
stress level can be determined using eq. (3.7).

5/ Using eq. (3.10), eq. (3.11), and the non-linearity index, 8, the apparent value
of Poisson’s ratio, »*, can be determined.

6/ Using »* and E, the concrete strains can then be determined using eq. (3.12).

€ =
Mh
L S R 6.12)
E, ‘
- ya
- gy -V (0, + 9y

In the following chapter the constitutive model is validated by comparing its predicted strains
to different experimental test results.
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Chapter 4

Evaluation of the proposed Ecam_

In this chapter the constitutive model is compared to test data. In chapter 4.1 the model is
compared to the test performed in this investigation. In chapter 4.2 and 4.3 is the model
evaluated by comparing its stress-strain curves with test results from other investigations.

4.1 Comparison between the model and triaxial test results

The tests performed in this investigation have all been triaxial test loaded using the normal
load path. The normal load path consists of loading along the hydrostatic axis (03 =0,=0))
until a predefined stress level is reached. Immediately after reaching the hydrostatic stress
level the two major principal stresses are kept constant, and only the minor principal stress
is increased until failure occurs.

In the following some of the triaxial test results will be compared to the model. During the
investigation a number of uniaxial compression tests have also been performed. These stress-
strain curves will not in this report be compared to the model. This because in the uniaxial
case the model reduces to the expression suggested by CEB in [90.1], and this expression has
been shown in [92.3], to compare very well with the uniaxial stress-strain curve of the same
concretes as tested in this investigation.

In the Figures 4.1, 4.3, and 4.5 the model is compared to the stress-strain curves of concrete
B035-3, B070-2 and B110-2. From each of these concretes a test performed with low-,
medium-, and high hydrostatic stress level is compared to the model. Also in Fig. 4.2, 4.4,
and 4.6 are the calculated volumetric strains compared to the model.

It is seen that the model generally is in very good agreement with the test results. The only
main point of disagreement is that the initial deviatoric Young’s modulus tends to be a little
too high in the model for the low- and medium strength concretes subjected to high triaxial
stresses. This is also what would be expected when examining Fig 3.5. However, all in all
there seems to be a good correlation between the test results and the model, also when the
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volumetric strains are examined.
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Fig. 4.1: Concrete g.mu.m. major and minor principal strains, compared to the model
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Fig. 4.3: Concrete B070-2, major and minor principal strains compared to the model
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Fig. 4.2: Concrete B035-3, volumetric strains compared to the model (normal load path).
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In order to evaluate the model properly, a thorough comparison with test data, other than the
test data used in deriving the equations in the model, is needed.

This evaluation will be attempted in this chapter, where the results of most of the previously
published test results are compared to the predictions of the model. Since the complete data
sets of the stress-strain curves in the published test results are not available, the stress-strain
curves have instead been digitalized. The points used in the digitalizing process are shown
in each figure. The.digitalizing process means that the stress-strain curves shown in this
chapter are not exact but instead represent an approximation of the actual test results.

In the evaluation of the model, with respect to triaxial test results, the following investigations
have been compared to the predictions of the model: .

Normal load path
1 h concrete
Hobbs [74.1], f,= 31.8 MPa
~ Hobbs [74.1], f,= 46.4 MPa
High strength concrete
Ferrara et.al. [76.1], f.= 56.9 MPa
Bellotti and Ronzoni [84.1], f,=59.5 MPa
Newman and Newman [72.1], f,= 73.3 MPa
Pr ional lo: h

Stockl and Grasser [76.2], f.= 34.5 MPa
van Mier [84.3], f.= 45.3 MPa

It has not been possible to compare the predictions of the model to high strength concretes
loaded proportionally. This because no such investigations-has to the author’s knowledge been
published.

421 74.1

In Fig. 4.7 and 4.8 are the results of Hobbs compared to the predictions of the model. Hobbs
used a cylindrical test specimen, tested using a normal load path, where the major and
intermediate principal stresses were established using an oil pressure. The test rig was a
typical cylindrical test rig and is the same in principle as the one used in this investigation,
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see also G,w 1]. In the figures the strains m:osn are not the major and minor principal strains

. . . . cted
but rather the deviatoric strains, meaning that the maximum hydrostatic strain is subtra

from the principal strains.
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Fig. 4.7: Hobbs [74.1], normal load path.
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Fig. 4.8: Hobbs [74.1], normal load path.

Hobbs has not provided all of Ea,wﬁmanaa needed for calibrating the model. The necessary
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parameters have therefore been estimated to be as follows:

fo=31.8 MPa: E;= 27000 MPa, ¢ = 0.00216
f,=46.4 MPa: E;= 37000 MPa, ¢,= 0.00250

It is seen in the figures that the prediction of the model oo_..nu%on% very well with the test
results. The only discrepancy between the model and the test results is that the initial

deviatoric Young’s modulus of the model in some cases seems to be a little lower than the
test results indicate,

4.2.2_Ferrara et.al, [76.1]

The test results of Ferrara et.al. are shown in Fig. 4.9. The load path is assumed to be a

:omam:o&cmﬁ.ga%osm,%gmaongaﬁa nmmmwmmcao&ocno:._oumao Qﬁo&zm&
by Hobbs [74.1]. , ‘

The parameters used for calibrating the model have been estimated to be:

f;=56.9 MPa, E;= 44000 MPa, e.= 0.00216

250+
w ~0,=40 MPa
200
E Z0,=20 MPa
1503 ooz
100
503
m t2222 Ferrara et.al. (76.1) f,=56.9 MPa
B Bt Constitutive model e
VP R s LT U S
-0.040  -0.030  -0.020  -0.010 " 0.000 0.010 0.020
Fig. 4.9: Ferrara et.al. [76.1], as referred in Ottosen [79.1], normal load path.

It is seen that model in all respects yields a close fit to the test results.
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4.2.3 Bellotti i [84.1
In Fig. 4.10 are shown the results of Bellotti and Ronzoni. The test specimen, load path, and
test rig used are of the same type as used by Hobbs [74.1]..

As parameters for the model, the following have been used:

f,= 50.5 MPa, E;= 38000 MPa, €= 0.00300

close agreement with the test results. Only the strain
at peak stress seems to be a little high. However, as described previously this <&=a. is <MQ
rmin i i i i ient in order
i i t requires a very stiff test environme:
hard to determine correctly. This because 1 : e s socs
i f the stress-strain curve. In uniaxi v
to catch the last, almost horizontal, part o . e ey
j high strength concrete is concerned, y

not present a major problem as far as : ner ' . v

m:oM_o behavior of any type of concrete under high triaxial stresses makes the last part of

stress-strain curve very difficult to determine experimentally.

Again it is seen that the model is in very

250
—Is Azmﬁv |Q_Wao.w MPa
Nocm ..... —0,=29.4 MPa
m ~,=19.8 MPa
1504 0 T
100
503
1 wasss Bellotti et.al. (84.1), £,=58.5|MPa
m ..... Constitutive model. e
E .-_——_-..-.._.._.........~..__~_~u._°_m.o_...£#°
s ~6.040 20.020 0.000
Fig. 4.10: Bellotti and Ronzoni [84.1], normal load path.

The results of J.B. Newman and K. Newman are shown in Fig. 4.11. The test specimen, load

path, and test rig used are of the same type as used by Hobbs [74.1].
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It has not been possible to determine the parameters for calibrating the model other than the
compressive strength of the concrete. Therefore, as an estimation, the following parameters
have been used. These parameters are based on the equations determined by the author in
[92.3]. :

f.=73.3 MPa: E;= 37400 MPa, ¢,= 0.00270

In the figure the principal strains versus the actual principal stress is shown. The actual stress
is not the same stress as is used in the remaining figures in this. report. Normally the stresses
are calculated as the force divided by the area of the concrete in the undeformed specimen.
In the case of Newman & Newman, the actual stress has been calculated as the force divided
by the area of the concrete in-the deformed specimen where the deformations are given by
the major principal strain.

In Fig. 4.11 it is seen that the model yields a good estimate of the concrete strains, even for
the specimen loaded with very high hydrostatic stress.
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mcom \...lh.ub_”a_.au.w MPa
400 /
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3003 =~
200
1003
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F T Constitutive model (actual stress) s

L B i e e N S
~0.100 ~0.080 ~-0.080 ~0.040 -0.020 —0.500 0.020  0.040
Fig. 4.11: Newman and Newman [72.1], normal load ‘path.

In Fig. 4.12 and 4.13 are the results of Stéckl and Grasser shown. The tests were carried out
on concrete cubes, using a proportional load path where the intermediate and the major
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principal stresses were kept equal. The test rig used was a one-part triaxial testing machine

were the jacks are in a fixed position at all times. It has been shown, i.e. by van Mier [84.31, -

that using a one-part machine will influence both the strength and also thie deformations of
the concrete specimen, as opposed to using a multi-part machine. The influence on the
deformations should be highest on the major principal strains because of the tendency of the
specimen to be pushed into a corner. The problem is described in more detail in [90.2] and

[85.1].

Another problem concerning testing of concrete cubes is the known difference between the

strength test results of cubes as compared to cylinders. This difference has not yet been fully
understood or explained. One of the differences is the "Qamn@ for cylinders to yield a
slightly higher triaxial strength as compared to cube tests. where brush-type load plates have
been used. A more thorough discussion of this subject can be found in [92.2] or [91.2].

The reason for including cube tests in general, and the results of Stockl and Grasser in
particular, is that very few stress-strain curves of proportionally loaded cylinders have been
published. Therefore, in order to verify ability of the model to predict the stresses for
loadings other than the normal load path, the tests of Stdckl & Grasser and the tests of van

Mier have been included.
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Fig. 4.12: Stockl and Grasser [76.2], proportional load path.
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Fig. 4.13; Stockl and Grasser [76.2], proportional load path.

As parameters for o&mcﬁmz.m the model, the following have been used:
fo=34.52 MPa, E;= 24000 MPa, e,= 0.00240

Examini s

” WM“MM“M M”om“_nm_““m Mm “_m maﬁw ﬁwﬁ the a.oSmmo: between the model and the test results is

st e e m:moH ﬂ::ﬁva strains, except for the fact that the model generaily

e o peake i H n E.a o.wmm of the major principal strains, the test results show

b e .::.m&oconm of the model. These differences can be explained
ce of the test rig on the measured strains as previously described.

4.2.6 van Mier [84.3

In Fig. 4. . i
ne m_o QHMQ m&.%o results of van Mier [84.3] shown. The concrete specimen tested was a
, loa using a proportional load path where the intermediate and major principal

stresses were kept equal. van Mi
. ier used a multi-part triaxial t i
! est m
one-part test machine used by Stéckl and Grasser. e 83 opposed 0 he

As parameters for calibrating the model, the following have been used:
f,=45.30 MPa, E;= 40300 MPa, e.= 0.00200

It is in Fi icti 3
»vm:mwnﬂs _“.rmum. ?E that the predictions of the model correspond well to the test result
m the value of the peak stress. It can also be seen that the results of van Mier msosw
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a more stiff behavior for the 3&.3 principal strains when compared to the results of Stockl

and Grasser, which lends validity to the above mentioned differences between a one-part and

a multi-part test machine.
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Fig. 4.14: van Mier [84.3], proportional load path.
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Fig. 4.15: van Mier [84.3], proportional test data, the failure stresses of van- Mier

used as failure criterion. :

In Fig. 4.15 the model is changed in that the peak value of the stresses of that EEQ.:E, test
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is used as the failure stresses rather than the predictions of the failure criterion normally
employed. This is done in order to check whether the differences between the model and the
test results can be ascribed ‘to the failure stresses or are due to errors in the constitutive
model. It is obvious, when examining Fig 4.15, that the differences in this case must be
accredited to the difference in the value of the failure stresses rather than to errors in the
model.

van Mier has also performed tests using a proportional load path, where the intermediate and
the major principal stresses were not equal. These tests are shown in Fig. 4,16 - 4.18, where
also the principal stress ratios are given.

In these tests it is.seen that the model predicts the stress-strain curves in an acceptable way.
The only discordance lies in the intermediate principal strain near peak stress. The model
tends to let the intermediate principal strain approach the major principal strain for an
increasing difference between the corresponding principal stresses. This discordance,
however, is seen only near peak stress. For stresses below peak stress there is a good
accordance between the model and the test results. .
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—0.010 -0.008 -0.008 -0.004 -0.002 0.000 0.002 0.004 0.008

Fig. 4.16: van Mier [84.3], proportional load path, g3/0y/0, = 1/0.1/0.05.

This is an error of the model and is due to the determination of the apparent Poisson’s ratio.
If the model is to be valid for large differences between the intermediate principal stress and
the major principal stress, the relation between the apparent Poisson’s ratio and the principal
stresses has to be determined. This relation lies outside the scope of this investigation, and
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calls for a more thorough general investigation into the parameters that affects the apparent
Poisson’s ratio, as described in chapter 3.
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Fig. 4.17: van Mier [84.3], proportional load path, g3/0y/0y = 1/0.33/0.05.
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Fig. 4.18: van Mier [84.3], anﬁno:& load path, a3/0y/0y = 1/0.33/0.1.
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4.3 Comparison with biaxial test results

In chapter 4.1 and 4.2 is the model compared to triaxial test results, and in [92.3] with
uniaxial test results. Left now is only to compare the model with biaxial test results. This will
be attempted in this chapter. The model is compared to the results of Kupfer [73.1]. Kupfer
tested both normal and high strength concretes, and the investigation is generally thought to
be one of the most comprehensive and correct biaxial test programs ever performed.

Kupfer used a concrete plate 20020050 mm as test specimen loaded using a proportional
load path. The test rig was designed as a multi-part testing machine in order to minimize the
influence of the test rig on the test results.

4.3.1_Kupfer, [7. 1 stren

In Fig. 4.19 and 4.20 are the test results of 4 different specimens shown. The load paths used
ranges from o3/0,/0; = 1/0/0 to 1/1/0. As parameters for calibration of the model, the
following have been used, as specified in [73.1].

f,= 31.80 MPa, E,= 32400 MPa, e = 0.00216

It is seen, apart from a slight overestimation of the biaxial strength in some cases, that the
model is in very good agreement with the test results.
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Fig. 4.19: Kupfer [73.1], normal strength concrete in biaxial compression.
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Fig. 4.20: Kupfer [73.1], normal strength concrete in biaxial compression

Shown in Fig. 4.21 are the volumetric strains. In the figure an almost complete accordance .

between the test results and the model is observed.
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Fig. 4.21: Kupfer [73.1], volumetric strains of normal strength concrete in biaxial

compression.
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4.3.2 i rength concret:

In Fig. 4.22 and 4.23 the test results of 4 different specimens are shown. The load paths used
ranges from o3/cy/0; = 1/0/0 to 1/1/0. As parameters for calibration of the model, the
following have been used, as specified in [73.1].

f,= 60.70 MPa, E;= 39200 MPa, = 0.00214

It is seen, apart from the intermediate principal strains very close to failure of some of the
specimens, that the model is in very good agreement with the test results. The disagreement
is due to the equation for the apparent Poisson’s ratio, which has not been adequately
determined as a function of the load path and the stress ratios. The problem is therefore an
error in the model, and is similar to the problem described in chapter 4.2.6.

The disagreement mostly results in an intermediate principal strain curve that close to failure
starts curving towards an extension rather than a compression.

However, all in all there seems to be a good accordance between 90 model and the test
results.
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Fig. 4.22: Kupfer [73.1], high strength concrete in biaxial compression.
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research has to be directed towards a better understanding of the parameters that influence
the apparent Poisson’s ratio.
100 . "
R (MPa) . All in all, however, the proposed constitutive model relates very well to the deformational
1 e (0a/0:=0.513) (03/+=0.513) &1 (02/75=0.513) 1 behavior of concrete with the following limitations:
804 "~~~ e : eI - g
701 R __ e - . . . :
1 oo (oo \ ) e 1/ The n."onmnago model covers monotonously increasing compressive loads, with
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503 ‘,_,
e 2/ The constitutive model is valid for normal concretes, is does not consider
303 , lightweight nor fiber reinforced concretes.
20 ,,/ )
10 evns wopter (78,1, 42607 o 3/ The constitutive model is valid for concrete with an uniaxial compressive strength
i=---- Constitutive model z up to 100 MPa.
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Fig. 4.23: Kupfer [73.1], high strength concrete in biaxial compression.

4/ The constitutive model is valid for the major and intermediate principal stresses
in the range 0 to 120 MPa.

4.4 Summary of verification

5/ The constitutive model is valid only for short-time loadings. The model does not

include effects of time on the deformational response of concrete.
In the preceding chapter the proposed constitutive model has been validated by comparing its

predicted stress-strain curves to test results from many different investigations. The different

6/ At the present the model does not consider tensile loadings, nor the descending
, branch of the stress-strain curve. This, however, is fairly simple to implement in
investigations have employed a variety of concretes, test rigs, load paths, and specimen types. . | the model, as shown by Ottosen in [79.1].
Even without taking these many differences into account it is seen that the proposed
constitutive equation yields very good predictions of the strain in concrete subjected to
generalized loadings.

The only problem encountered is when the difference between the major and the intermediate
principal stresses becomes large. In these cases will the predictions of -the intermediate
principal strain suffer somewhat for stresses near the failure stresses. This behavior is due
to the equation governing the value of the apparent Poisson’s ratio. As described in chapter

3 there are many parameters that govern the apparent Poisson’s ratio, and the influence of
all of these parameters has not yet been investigated.

In chapter 3 a proposed equation for the apparent Poisson’s ratio is ‘stated. Because this
investigation has not been directed towards a more accurate determination of the apparent

Poisson’s ratio, only a very simple modelling of this aspect of concrete behavior has been : ,
attempted. If the proposed constitutive model is to be improved, much of the necessary
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Chapter 5

Concrete versus mortar

Parallel to the investigation of the influence of the concrete strength on the deformational
response, an number of pilot tests were performed to investigate the influence of the
aggregates also on the deformational response of concrete. Two mortar mixes and one paste
mix were cast and tested in the same way as the concrete specimens.

In appendix 1 the stress-stain curves of these tests are shown, and'in appendix 2 the main
results are stated. It has to be noted that the paste test results deviate from the mortar test
results in that the paste specimens were severely damaged due to shrinkage cracks. The strain
measurements of the paste cylinders are therefore in some way influenced by these shrinkage
cracks. No exact value can be attached to the influence of the shrinkage cracks, therefore the
strain measurements on the paste cylinders are only considered as a guide to the real strains
in the paste. As a consequence, the stress-strain curves of the paste specimens are shown in
appendix 1, but the corresponding experimental results are not stated in appendix 2.

The shrinkage cracks also influenced E.@.cawxmm_ compressive strength of the paste
specimens. This is further described in [92.2].

The main results of the investigation into the influence of the aggregate content are as
follows:

- The strain at peak stress under triaxial loadings is increased when the aggregate
content is lowered. This is parallel to the results of the uniaxial compression test
as found in [92.3].

- When approaching peak stress the specimens did show decreasing dilatation for
decreasing aggregate content corresponding to a decrease in the apparent
Poisson’s ratio at failure, »%.

- When the aggregate content was lowered the specimens did show a distinct
change in the stress-strain curve. This change is especially visible in the tests of
mortar MO70A or the paste P070, where the stress-strain carves almost can be
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said to consist of two or three phases in which the minor principal stress-strain -

curve is almost linear.

A theory that can somewhat explain the above described behavior is as follows. The stress

concentrations around the aggregate. particles will result in the material w:onmﬁ being -

exceeded in small areas in the concrete, resulting in micro-cracks occurring. If the material
is made more homogeneous these stress concentrations will diminish and the range of stress
in which cracking starts will be shortened and appear at a later stage. This will influence the
stress-strain curve in that it will become less curved in most places, and more curved in a few

places.

The more homogeneous the material is the more the deformational response will then consist
of three distinct phases:

1/ an ’elastic’ phase were no cracking occurs

2/ a ’cracking’ phase where cracks occur leading to irreversible deformations

3/ a’yielding’ phase where larger and more coherent crack systems appear leading
to failure.

These phases are connected to the *Onset of Stable Fracture Propagation’, OSFP-level, and
*Onset of Unstable Fracture Propagation’, OUFP-level, as described i.e. by Chen [82.1]. In
normal concrete especially the OSFP-level is hard to determine. This because the stress
concentrations around the aggregate particles will result in cracking occurring at different
stress levels at different locations inside the specimen. The resulting stress-strain curve will
then exhibit a smooth curvature.

In the case of a more homogeneous material, such as hardened cement paste, there are no
large particles to create these stress concentrations. The- OSFP-level will-then tend to be
reached for a more well defined stress level than is the case for normal concrete. The
resulting stress-strain curve will therefore, as a consequence, exhibit a more distinct linear
behavior between the OSFP-level and the OUFP-level.

If the analogy is carried into a very homogeneous material such as steel the OSFP-level can
be viewed as the level where yielding takes place. The influence of the aggregate content on
the deformational response of concrete then follows the same trend as the influence of the
aggregate content on the failure strength of concrete as described in [92.2], that is the more
homogenous the material is, the more alike to stee] it behaves. -
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It must be emphasized, however, that the test results of this investigation do not present
conclusive evidence concerning the above mentioned theory. At the most the experimental
evidence hints at the theory being somewhat correct.
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Chapter 6

Conclusion

In this report an improvement of the Ottosen constitutive model for short time loadings has
been proposed. The model is valid for monotonously increasing compressive loads, with or
without prior hydrostatic loadings. The constitutive model is based.on the nonlinear elastic
theory where the secant value of the apparent Poisson’s ratio, and the secant value of Young’s
modulus is changed %u&uama?

The model is made independent of the failure stresses by means of the non-linearity index,
B, and can therefore be used in conjunction with any failure criterion. The constitutive model
supplies realistic and smooth stress-strain curves for any type of compressive loadings,
including uniaxial, biaxial, and triaxial loadings. Only for stress states where the intermediate
and the major principal stresses deviate significantly from each other does the model fail to
predict realistic intermediate principal strains, and then only for stresses near the peak value.

The model is calibrated to the particular concrete by means of the 3 parameters:

- uniaxial concrete strength, f,
- initial Young’s modulus, E,
- strain at peak stress in uniaxial compression, ¢,

The calibration process is easily performed as the 3 parameters can be determined by the
standard uniaxial compression test.

The constitutive model is valid for normal concretes having an uniaxial strength up to 100
MPa, and for the intermediate and major principal stress in the range 0 to 120 MPa.

It has been shown that the predictions of the model is in very good agreement with test results
from other researchers. The comparisons have been performed on a wide range of different
test equipments, a wide range of stress states, and on widely different concretes. In all cases
were the predictions of the model well within acceptable limits of the test resuits.
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Appendix 1

Strain &mmw&:m

In this appendix are given the strain measurements on all the tested concrete cylinders. The
strains are graphically shown in a (0,€)-system where the stress, o, is the minor principal
stress o3. In this report tension stresses are assumed positive. For the strains extension is

assumed positive.

In the graphs in this appendix all the test cylinders from a single batch have been shown
together, however, in the case of BO10 this was not possible, and in this case the strains have
been shown in two different graphs. For each batch the graphs shown are:

1/ The longitudinal strain, €3, versus the minor principal stress, o3.
2/ The vertical strain, €, versus the minor principal stress, 3.
3/ The volumetric strain, e, versus the minor principal stress, 03.

At the end of each curve a number is shown. This number is the normalized level of
hydrostatic pressure, oy/f;, at which the test was conducted. In some cases this number is
followed by an asterisks, denoting that the measurement was stopped prior to failure of the
concrete. This means that both of the strain gauges on that particular concrete cylinder, and
in that particular direction, failed at some point during the test.

_ Appendix 1: Strain diagrams.’ A.l1.1
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: ) Fig. A.1.32:  Major principal strain, paste P070.
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Appendix 2

— ° '
= Experimental results
L~ .
ST m - ‘
W i
Ne)
- M
« % o i In this appendix are given in tabular form the usable results of the test program. For each test
m X - specimen the following results are stated: ,
\ - - .
\ rQ uniaxial concrete strength, f;
C mv minor principal stress at failure, o3
- - major principal stress at failure, oy¢
- i maximum hydrostatic strain, €p yax
- % minor principal strain at failure, €3
C n_u major principal strain at failure, ;¢
C initial deviatoric Young’s modulus, E;
- secant value of Young’s modulus at failure, E;
)
4 3
: Fo
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Fig. A.1.33:  Volumetric strain, paste P070.
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Concrete B010-3, f.= 17.08 MPa
Concrete B035-3, f,= 40.41 MPa

Specimen o3¢ 41; - €0,max e | cae | E By i - :
MPa2) | MPa) | (%) | (%) | (%) | (MPa) | (MPa) _ Specimen T3¢ o | Comx | Of 34 E E;
: , | (MPa) | (MPa) [ (%) (%0) (%) | (MPa) | (MPa)
B010-3-00 | -17.08{ 0.00| 0.00| -2.04| -1.53] 23922| 8701 m i
u B035-3-00 || -40.41| 0.00| 000| -2.75| -1.43| 28900 | 14142
B010-3-01 | -38.62| -4.06( -0.16| -21.97 wex | 16405 | 1587 m_ ‘
] : B035-3-01 || -77.85| -8.47| -020| -21.25 wex | 28531 | 3411
B010-3-02 || -52.93| -7.24| -027| -33.70 s | 13205 | 1372 .ﬂ - :
: , w B035-3-02 || -109.27| -16.53| -029| -29.29| -15.66| ***| 3211
B010-3-03 || -68.06| -10.66| -0.35| -38.86| -20.78| 13721 1513 _
. B0353-03 || -134.06| -24.26| -0.54| -37.18| -19.30| 22725 3004
BO10-3-04 | -83.17| -1425| -0.86| -46.45| -28.81| 7721| 1528
: : B0353-04 || -163.14 | -32.57| -0.82| -48.52| -23.12 21341| 2749
B010-3-05 || -91.12| -17.53| -0.97| -44.37| -20.10| 7744| 1705 _
_ . : B0353-05 | -192.96| -40.79| -1.17| -58.86| -28.96| 23130 2648
B010-3-06 || -105.82| -20.97| -1.48| -57.37 ak | 6213 | 1527 . ,
. : : B0353-06 || 21620 | -48.57| -1.27| -70.29| -27.54| 19542 2445
B010-3-07 || -120.14 | -24.20| -1.69| -59.98| -27.70| 5906 | 1649 _
: : B035-3-07 || -242.87| -56.89| -2.17| -76.79| -29.84| 10701 | 2495
B010-3-08 || -132.60 | -28.04 | -2.64| -63.55| -25.91| 6019 | 1720 .
. : B035-3-08 || -267.17| -64.81| -2.87| -87.18| -33.25| 9478 2402
B010-3-09 || -141.64 | -30.74| -2.98| -60.01| -16.98| 5843 1942
: B035-3-11 | -395.86 | -101.13 | -4.47 wok el B

B010-3-10 -153.21 -34.14 -3.33 -75.76 -26.08 5737 | 1655

B010-3-11 -215.53 -51.47 | -7.22| -107.25 -33.38 | 6498 1643

Table A.2.2:  Test Its, -3.
B010-3-12 -278.46 -69.00 -8.32 | -141.54 -48.77 6408 1577 ” st reselts, concreto B335

B010-3-13 -337.65 -85.82 | -10.49 | -132.97 -55.05 8193 | 2059 . Note:  *** denotes gauge failure.
B010-3-14 -397.10 | -103.63 | -13.33 | -167.99 ook 8499 | 1898 m
B010-3-15 -516.22 | -138.11} -13.10] -212.53 woxk 9609 1894

Table A.2.1:  Test results, oo:ﬁnﬁm._wgo-w.

Note: *** denotes gauge failure.

A22 - Appendix 2: Experimental results.
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Concrete B050-3, f,= 51.54 MPa
Specimen 03¢ 40 €0,max &3¢ ér E E;
(MPa) (MPa) (%o0) (%) (%o) | (MPa) | (MPa)
B050-3-00 -51.54 0.00 0.00 -2.23 -1.35 u.,mowo 22233
B050-3-01 -103.53 -10.97 | -0.23 -18.92 -11.89 | 29601 | -5063
B050-3-02 -136.54 -21.27} -0.43 -28.24 9.62 ] 30472 | 4155
B050-3-03 -171.96 -31.08| -0.71 -45.67.| -16.92 *ack |3123
B050-3-04 || --214.73 -41.70| -0.09 -43.86 -26.04 | 28034 | 4047
B050-3-05 -246.67 -51.87| -1.07 -52.09 -19.65 | 26417 | < 3826
B050-3-06 || -270.74 -61.87 | -1.37 -74.15 -31.68 | 20930 | - 2876
B050-3-07 -300.81 -72.16 | -1.67 -92.17 -53.90 | 15106 f 2538
B050-3-08 -325.21 -82.53 -H.wo, -114.59 *k | 18343 - 2155
B050-3-09 -353.67 -92.86| -2.57. -111.55 -48.01 | 13474 | - 2398
Table A.2.3:  Test results, concrete B050-3.
Note:  *** denotes gauge failure.
A24 Appendix 2: mxwo.nn,uoug.noﬁ,-z.

Concrete B070-2, f,= 71.65 MPa

Specimen O3t ot €0,max e | e E; E¢

o MPa) | (MPa) | (%0) (%0) (%) | (MPa) | (MPa)
B070-2-00 -71.65 0.00| 0.00 -2.93 -1.68 | 30059 | 24280
woqc.n..s -135.79 -:&,w -0.31 -14.14 -7.77 | 34888 | 8829
uoqo.nqom. ’ .nmu._au.. -43.73 .o.f -38.70 | - -15.44 | 30762 | 5001
wcqo.wmo&. A -278.46 ...mq.wm . -1.10 -55.10 -22.96 | 43421 4094
B070-2-05 | -321.92 ;.qnw.on 1 -0.90 -52.69 -32.04 | 34925 4850
B070-2-07 -397.01'| -100.27 | -2.10 -102.54 whx | 21870 | 2955

Table A.2.4:  Test results, concrete B070-2.
Note: *** denotes gauge failure.
A2.S5
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Concrete B085-3, f.= 88.39 MPa
Concrete B100-3, f,= 99.82 MPa

Specimen , O3f o1t €omax | - €3f €1f E; Ee Specimen - B . . . E E
(MPa) (MPa) (%o) (%0). (%) (MPa) | (MPa) : ot 1f | ©Omax 3f 1f i .
_ — o jarme) | ra) | (W) | () | (%) | (MP) | (MPa)
B085-3-00 -88.39 0.00 0.00 -3.01 -1.19°| 34633 | 30757 y ‘
. . ~ B100-3-00 || -99.82 0.00 0.00 -2.90 -1.58 | 40983 | 34707

B085-3-01 || -173.30| -18.11] -033| -12.74| -6:82| 36926 | 12533

B100-3-02 || -294.43| -40.40| -0.62| -18.08 -8.7| 44667 | 14569
B100-3-03 || -360.69| -60.39| -0.80| -23.71| -14.87|  wx 13138
B100-3-04 || 42432 -80.12 | -120| -36.48| -15.25| 44097 | 9749

B085-3-02 || -240.61| -36.09| -0.62| -2575| -19.63| 40165 8171
B085-3-03 || -208.13| -53.42| -090| -3222| -1278 37521| 7831

B085-3-04 | -345.22 | 7111 -121| -43.74| -17.99| 34398 | 6465 | . — : _ -
S . N B100-3-05 [| -484.05| -100.20 | -1.15| -43.07| -22.23| +x| 9179

B085-3-05 || -405.02]| -88.72| -1.02| -58.02| -22.39| 40430| s568 —
- seand B skl Sl K B100-3-06 || -536.98 | -120.09| -1.64| -51.01| -20.12| 41038| 8438
B085-3-07 || -492.97| -123.78| -1.74| -94.45 s | 25877 3986 , : : ;

B100-3-07 | -579.69 | -139.71| -2.03| -76.36| -20.38| 35214 | 5919
B085-3-08 || -523.16| -133.03| -1.28] -178.55 wne | 20286 | 2204 : : . _ ,

. Table A.2.6:  Test results, concrete B100-3.
Table A.2.5:  Test results, concrete B085-3. :
Note:  *** denotes gauge failure.
Note: *** denotes gauge failure.

i

A.2.6 T Appendix 2: Experimental results. ] ) :
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Concrete B110-2, f.= 108.76 MPa
w@o&.:..n: 03¢ 413 €0,max €3¢ €1 E;
(MPa) (MPa) (%) | (o) .| (%o) (MPa)
B1102-00 | -108.76| 0.00| o0.00| -299| -1.13] 38365.
B1102-01 || -224.02| -2221| -0.36| -1074| -4.28| 41688
B110-2-02 || -307.01| -44.01| -0.68| -20.56| -8.25| 46742
B110-2-03 || -385.17| -65.83| -1.00| -28.70| -11.61| 44570
B1102-04 | -445.97| -87.25( :1.09| -36.24| -13.52| 47702
B1102-:05 || -510.36 | -109.19| -1.34| -49.45| -18.12| 42950
B110-2-06 || -560.04 | -131.05| -1.69| -64.95| -24.33| 43203 | 6785
Table A.2.7:  Test results, concrete B110-2,
Note: *** denotes gauge failure.

|
i
|

Mortar M070-A, f,= 73.49 MPa
Specimen O3 oy €0,max €3¢ €1 E; Ey

B (MPa) | (MPa) | (%) (%) (%) | (MPa) | (MPa)
MO070-A-00 uﬂw..&@ 0.00 0.00 -3.99 -1.13 N.:wh 18419
MO70-A-01 | -122.48| -14.94| -0.48| -2321| -7.77| 23358| 6128
.goqox>.ou It -163.36 29.72 0.75 -59.70 -22.72 | 26593 2267
M070-A-03 -198.00 -44.19 -1.15 -93.01 kx| 23242 1674
MO070-A-05 | ~-240.79 -73.87| -2.18| -126.83 *xx 4 14970 1339
MO070-A-06- || -255.70 -mw.aa -2.84 -118.66 -44.50 | 22865 1444

Table A.2.8:  Test résults, mortar MO70-A. )
Note: — denotes gauge failure.

Annendix 2: Fxnerimental reenite




Mortar M070-B, f.= 69.61 MPa
Specimen o3¢ O €0,max &3¢ €1 E E;
(MPa) | (MPa) (%) (%e) (%0) (MPa) | (MPa)
MO070-B-00 -69.61 0.00. 0.00 -3.22 -1,08 ] 25848 | 21618
M070-B-01 -122.71 -14.05 -0.35 -16.13 -7.79 1 29691 6886
MO070-B-02 -162.36 | - -27.97 -0.62 -37.571 - -15.34 29062 | 3637
MO070-B-03 -201.79- -42.06 -0.97 -62.19 -21.20{ - NQN,AO 2609
MO070-B-04 -228.47 -55.83 -1.14 -82.94.| -31.02 | 27642 2111
MO070-B-05 -253.77 -69.67 -1.65 -Hmw.mw - -38.87 19391 1398
MOT0-B06 | -270.60 | 8350 223 9813 | 14634 1951
MO070-B-07 -290.28 -97.38 -1.64} - 93,13 | -37.89| 14313 2108
MO070-B-08 -303.60 | -111.66 -3.13} -107.07 -49.76 | 10483 | 1847
Table A.2.9:  Test results, mortar M070-B.
Note: *%* denotes gauge failure.
A.2.10 Appendix 2: Experimental results.
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