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Summary

The Calibration and Use of a Triaxial Cell

This report describes in detail the equipment and techniques used for testing concrete-in-a:

triaxial cell. In a triaxial cell it is possible to induce a well defined triaxial stress field in a
cylindrical test specimen. Not all possible combinations of stress fields «can be generated in
a triaxial cell, only stress fields where two of the three principal stresses are equal.

The subjects described in this mowon are the observations and conclusions, concerning the test
equipment, of a major research prograni aimed at testing concrete under triaxial stresses. The
major problems encountered were primarily how to generate a well defined triaxial stress

field in a concrete cylinder, with the minor principal stresses in the range 0 to 140 Zw? and

secondly how to measure the concrete strains at the same range of - stresses.
The report pays particular attention to the following subjects:

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

3/ Preparing test specimens.
4/ Describing the adopted testing Eoonnﬁa

A Failure Criterion for Normal and High Strength Concrete

This report deals with the strength of concrete subjected to stresses in more than oné
direction. The report describes a large test program aimed at determining a failure criterion
for concrete, including high strength concrete. The concretes E<omnm»8a were oaSmQ
concretes with a varying uniaxial strength between 10 and 110 MPa.

A total of 240 test specimens were tested with the minor principal stress ranging 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. .

v o e o B —

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 ultimate
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 ZoE.OoEon model. Both
models are changed in order for them to reflect the new knowledge found in this investiga-

A Constitutive Model for Normal and High m:.awm:a 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 high strength concrete. The concretes investigated were ordinary
concretes with a varying concrete strength between 10 and 110 MPa.

The experimental investigation is an integral part 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 conducted 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 Eama test results an improvement o». the Ottosen constitutive model is presented.
The model is based on the non-linear elastic théory and is very simple and easy to use. The
model has also been compared to experimental results from other investigations. Although
widely different concrete strengths, test rigs, and load paths have been used in these
investigations, it has been found that the model predicts the deformational behavior of
concrete well within acceptable limits. . ,
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Resumé

The Calibration and Use of a Triaxial Cell

Denne rapport indeholder en detaljeret beskrivelse af det udstyr, og de teknikker der behoves
for at kunne preve beton i en triaxial celle. I en triaxial celle er det muligt at udsztte en
beton cylinder for en forud fastlagt tre-akset spendingstilstand. Det er dog ikke muligt i en
sidan celle, at frembringe en hvilken som helst tre-akset spandingstilstand, aon oo:auw
opbygning ger, at to af de tre roéa%ﬁ:asmon altid vil vaere lige store.

I denne rapport er beskrevet de observationer og de konklusioner vedrerende mouuamuéua.
lingen, der er fremkommet under et storre moagm%nomg rettet mod betons styrke ‘og

tejningsforhold under tre-aksede spendingstilstande. De storste EoEmaon der ouunoa var, dels

at kunne sikre en forud fastlagt spendingstilstand; livor de mindste hovedspendinger var i
omrédet 0 til 140 MPa, og dels at kunne male de tilsvarende tejninger i betonen.

Rapporten beskriver indgiende folgende emner:

1/ Beskrivelse af forsagsopstillingen.

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, nir denne er udsat for spendinger i mere end én
retning. Rapporten beskriver et stort forsogsprogram rettet mod at bestemme et brudkriterium
for beton, inklusiv hgjstyrkebeton. De anvendte beton var normale betoner, med en én-akset
styrke pd mellem 10 og 110 MPa. ‘ . .

I alt blev 240 wa,ﬁomaao_.. afprovet med den mindste ro<&%8na§w <§o~o=ﬁ_o mellem 0
og 140 MPa. Alle forsogene blev udfort med trykspzndinger overalt, og med de to mindste
hovedspzndinger lige store. Forsogene blev udfert i en triaxial celle. Opbygningen og brugen
af denne celle er udferligt beskrevet i The Calibration and Use of a Triaxial Cell.

Vi - 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 hgjstyrke betoner viste sig ikke at vare serligt stor, men dog ikke uden
betydning. Samimenlignende forseg med beton, mortel og cement pasta viste, at der sker en
drastisk forandring i brudfladens udseende nar indholdet af det grove tilslag mindskes.

Forsogsresultaterne er slutteligt sammenlignet med Ottosens brudkriterium, samt Mohr-
Coulomb brudkriteriet. Begge brudkriterier er foresliet ®ndret, siledes at de nu reflekterer
den nye viden fremkommet i dette projekt.

A Constitutive Model for Normal and High Strength Concrete

Denne rapport omhandler betons deformationer, nir denne er udsat for spandinger i mere end
én retning. Rapporten beskriver et stort forsegsprogram rettet mod at bestemme en konstitutiv
model for beton, inklusiv hejstyrkebeton. De anvendte beton var normale betoner, med en
én-akset styrke p& 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 provelegemer afprovet med den
mindste hovedspznding variérende mellém 0 og 140 MPa. Af disse 240 provelegemer var
91 bestykket med strain gauges for at male deformationerne. Alle forsogene blev udfert med
trykspendinger overalt, og med de to mindste =o<nﬁ_%ﬁ=&=mﬁ. lige store. Forsogene blev
udfort i en triaxial celle. Opbygningen og brugen af denne celle er udferligt beskrevet i The
Calibration and Use of a Triaxial Cell.

Forspgsresultaterne  viste en overraskende plasticitet hos beton udsat for treaksede
belastninger. Séledes blev der for lavstyrke beton malt deformationer over 20%, og for
hejstyrke beton malt deformationer over 8%.

P4 baggrund af resultaterne fra forsegene er der foresliet en forbedring af Ottosens
konstitutive model. Modellen er baseret pa den ikke-linezre elasticitetsteori og er simpel i sin
opbygning, samt nem at anvende. Modellen er ogsd blevet sammenlignet med andre
publicerede forsegsresultater. Selvom der i disse undersegelser er blevet benyttet meget
forskellige betoner, forsegsopstillinger samt belastningméder, er det konstateret, at modellen
forudsiger betons deformationer med meget begrensede afvigelser.

Resumé. - - vii
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Notation

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 compressive. .

D
E
F

Nn_omo_.aamo..

K

8
Hﬂvu&aﬁo

K 1000ton

Deformation, in mm

Young’s modulus

Force

Calibration constant, deformation transducer
Gauge factor

Calibration constant, pressure transducer
Calibration constant, 10 MN hydraulic jack

K 1000t0n,TRIAX Calibration constant used in the TRIAX-program

Veer Gauge signal, zero adjusted

f, Uniaxial concrete strength

€ Strain

€1,€2,€3 Principal strains (extension positive)

€lef Strain from the left gauge

€rig Strain from the right gauge

Ever Strain from the vertical gauge

ag Hydrostatic stress

01,02,03 Principal stresses (tension positive)

© Angle between an axis and the direction of one of the principal strains
@1 Angle between an axis and the direction of the major principal strain
@3 Angle between an axis and the direction of the minor principal strain
Notation.’ 1
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Chapter 1
Introduction

In recent years'an ever increasing effort has been directed towards research in high strength
concrete. In this report high strength concrete is defined as concrete having an uniaxial
strength of more than 50 MPa. An increasing number of countries have been extending their
codes to allow the use of this, in many ways, new material. Most recently the Finish code
have been extended to include concrete up to 100 MPa. In other countries, i.e. Norway and
USA, high strength concrete has already been used for a number of years, The most
spectacular examples of use of high strength concrete structures are probably the Norwegian
offshore oil rigs, where concrete with strengths up to 80-MPa have been utilized.

In order to understand high strength concrete more thoroughly, a huge research program was
launched in Denmark in 1989, with financial support from the Danish ’Industri~- og
Handelsstyrelsen’. Among the projects in this program was an investigation of the constitutive
laws governing high strength concrete. :

The constitutive laws for concrete have posed a challenging problem for many researchers
the last 200 years. It started in 1773 when Coulomb formulated his very famous failure
criterion, Although extremely simple, it is still much used due to its simplicity, and its
relatively good accuracy when applied to concrete, Since then, and especially in the last 50
years, a number of more accurate, and more complicated, constitutive laws have been
proposed. It is common for all the previous investigations that they have only treated normal
or low strength concrete, that is concrete with strengths up to 50 MPa, with most of the
experiments performed on concrete with strengths between 10 and 25 MPa.

" The scope of this project has therefore been, to extend the knowledge of the triaxial behavior

of concrete to include high strength concrete.

Testing concrete triaxially poses some interesting experimental problems. The first problem
normally encountered, is the question of how to apply the load to the test specimen, in such
a way, that the test equipment will not influence the test results. Many different test
procedures have been used, and of principal interest are the cube test rig, and the cylinder
test rig. Both test arrangements have been discussed in detail in [90.1]. The secondary

Q_rmns. r. ‘Introduction. - 3:




problem normally encountered, lies in measuring the strains in the concrete. This problem .

is caused by two elements. The first part of the problem is how to measure strains in the
concrete, when you have no part of the concrete exposed to place your measuring equipment
on. The second part, is to be able to measure the very high strains encountered, strains of

more than 20% have been reported by other investigators, and. confirmed g..ﬂn.mu ,m.s‘c.om.mmw..m '

tion.

After considerable research the test rig was decided. The choice was a test rig where the test
specimen is a massive concrete cylinder. The hydrostatic load, that is, equal stress in all
directions, is applied by an oil pressure, and the deviator stress is applied by-an external jack
in the axial direction of the test cylinder.

This report concerns the description of the equipment used. Also included are the calibration
results, and the observations and conclusions leading to the adopted testing procedure.

4; Chapter, 1: Introduction, .

Chapter 2
Description of the test 3::&:9: |

In this chapter the triaxial cell, and the external equipment necessary to run the test, will be
described.

2.1 The triaxial cell

The triaxial cell is of the oil pressure type, that is, two of the three stresses are equal, and
are supplied by an oil pressure acting directly upon the face of the test specimen. The third
stress is supplied by an external jack, and is acting on the specimen by means of a piston.
The specimen itself is a cylinder @100200, and the oil pressure is acting on the curved part
of the cylinder.

This type of triaxial test rig has its advantages and disadvantages. Many of these are
described in detail in [90.1], however a few will be mentioned here. The main advantage of
this kind of cell, is the absolute friction free loading of the two major principal stresses. Since
these stresses ate-applied by an-oil pressure acting directly onto the specimen, there can be
no friction in the _.om&smwﬂmzmmaa:n This is a definite .ma<n=§wn when compared to other
types of triaxial test equipment, i.e. test rigs for cubes, where the stresses are generated by
_.wo_a acting on the cube faces by means of some sort of steel plate. The third principal stress,
applied via the piston, will of course induce some friction in the interface between the
concrete and the Emﬁos,. however, the specimen has a height of 200 mm, and, as shown by
previous researchers {60.1] and [64.1], the influence of friction at the ends of a cylinder will
virtually be nonexisting in the middie third of the cylinder.

The main disadvantage of this kind of test rig is, that two of the three principal stresses will
always be equal. It is therefore not possible to explore every combination of principal
stresses. However, the general agreement today is that the influence of the intermediate
principal stress is rather small, therefore this limitation is not as great as it seems.

Chapter 2: Description of the test equipment. 5.




The triaxial cell is %ot: in'Fig. 2.1, to which all numbers in the following refer. The cell
consists of three major parts: a base unit, a barrel section enclosing the main pressure
chamber, and a piston to apply the axial load from the external jack.

The base unit has a number of functions. Primarily it acts as the base plate (9) for the
concrete specimen (8), and as the bottom cap of the main oil chamber. Furthermore the base
unit has a number of ducts in order to provide the filling of the cell with oil (16), and lead-
@ : outs for electrical wiring (10). The base unit has a total of 6 lead-outs, each with 4 wires. It
is therefore possible to have a total of 12 strain gauges mounted on the specimen at any one
time. In addition the base unit have two ducts for relieving the pore pressure from the
specimen.

2
Nz
S

N
®

\ . After the test specimen (8) has been placed on the base plate (9), and has been fitted with a

‘ number of rubber sheaths, the top plate (6) is added. Both the top and base plate’ have
facilities for relieving pore pressure. The pore pressure facilities consist of small pipes
leading from each of the plates to the base unit. In each plate, the corresponding pipe is
connected via internal ducts to a small opening in the center of the plate, where the plate is
in contact with the specimen. The specimen is therefore connected to the outside atmosphere
via these pipes, and a number of ducts in the base plate. As a result pore pressure cannot

\EEN
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N

\. w wﬂ%“.nﬂmpoﬂuwﬂan " occur inside the specimen. On top of the top plate a spherical unit (5) is mounted in order to
3: muu.unoz%w oilpipe ensure that the specimen is centrically loaded. It is on this unit that the piston (1) acts.
4: wer oilchamber
\\ \@ ’ 5: Top cap i
@ 8: _H.owu mgn»u (pore pressure The barrel section is lowered down over the base plate, and is locked by three clamping
a./ \. 7 m.“.ﬁm wzownﬂ.unn . sections (11). The clamps are in turn locked by a clamp ring (12). The ring ensures correct
\ wm Monnnoﬁbw uvwomﬁon» : placement of the clamps by preventing them from moving sideways. The interface between
A \A \@ ) owmﬁ» ate pore unamwﬁu the barrel section and the base unit is sealed by means of a rubber O-ring, and a mitred brass
; 1*\ P wm %m“.wo& outlet ring. The brass ring has a triangular cross section, and is seated on an angular shoulder g
12: Clemp ring - ] around the top surface of the base unit. Under pressure. the brass ring is forced downwards,
”w WM&«FM m wmm w . against the base section, and outwards, against the barrel section, and thereby forming an
W,V Ly 15: Deairing port C effective seal. The tests have shown this seal to be completely effective at all pressures.
. | 18: Oilpressure inlet

The cell features a ’balanced’ piston. The piston moves through two oil chambers, the main
chamber (7) where the test specimen is placed, and the upper chamber (2). Inside the upper
chamber the diameter of the piston is increased, so that the resulting area of the collar equals
the area of the face of the piston that enters the main chamber. The main and the upper
chamber are linked with a high pressure pipe, so that equal pressure exists in the two
chambers. This design ensures that no resultant force is acting on the piston when the oil
pressure is raised. Access to-the upper oil chamber is reached through a cap on top of the
Fig. 2.1: The triaxial test cell. ‘ : cell. The cap is clamped to the barrel section by 12 high-tensile screws. This cap is only

removed for maintenance purposes.

Chapter 2: Description of the test equipment. Chapter 2: Description of the test equipment. . 7




Finally the barrel section is fitted with various inlet/outlet ports (13), (14), and (15). The port

into the main oil chamber (15) is used to raise the oil pressure during tests. Port (13) is-used

as a deairing port to ensure that all air has been excluded from the cell during filling. Port

(14) is normally vented to the atmosphere, but can be used to supply a back-pressure to

reduce the axial load, and thereby creating a stress field where ¢ > 6,=0; (tension positive),
as opposed to the normal tests where o;=0,> 03. This, however, requires aslightly modified

top plate system, which is described in detail in [74.1] and [90.1].

2.2 The confining pressure control system

The system to control the confining pressure, along with filling and emptying the cell is
shown in Fig. 2.2, to which all numbers in the following refer. . C

The control system is built around an air-hydro pump (2). This pump is capable of supplying
an oil pressure of 140 MPa, and is driven by normal compressed air. The control system is

capable of:

1/ 'Filling the cell with oil prior to testing.

2/ Increasing, maintaining, and decreasing the oil pressure ‘during
testing. : o

3/ Draining the oil from the cell after testing.

The control system has two reservoirs for oil (1) and (18). Reservoir ) is used to supply the
pump with oil, and to receive any surplus oil, i.e. from lowering the oil pressure. Reservoir
(18) is used as a reservoir for containing the oil needed to fill the cell. The cell is filled by
putting reservoir (18) under pressure by manipulating the sélection switch (17). The air inside’
the cell is bled through valve (5), and any surplus oil is drained to the reservoir (1). The
reverse procedure is used in emptying the cell, meaning that the cell is put under pressure by
opening valve (4), and depressurizing the reservoir (18) by manipulating switch (17).

The oil pressure inside the cell is raised by means of the air-hydro pump (2). The pump is
driven by compressed air. The pump requires an air pressure of 8 bar to deliver ‘a working
oil pressure of 140 MPa. This air pressure is delivered by bottled air, howéver, due to the
need for minimizing the operation costs, the pump is driven by the in-house compressed air
system (max 6 bar) for oil pressures below 100 MPa. The switch between the two systems
is done by manipulating the air selection switch (14), and can be done, without any
interruption or drop in oil pressure, at any time during testing, This setup greatly reduces the
expenditure of bottled compressed air. ; . o o

Chapter 2: Description of the test equipment. e R TR SIS SRR .

1: 0il reservoir (oil pump)
2: Air driven oil pump
3: Blow—out valve
4: Air-to—drain-cell valve
5: Air—relief valve (filling)
8: Valve to close oil flow
7. Valve to lower oil pressure
8: Valve to increase oil pressure
9: High pressure filter
10: Pressure transducer
11: Quick release couplin
12: Air inlet Mn—uu 10 .E:w
13: Air inlet (max 6 bar)
14: Air selection switch
15: Air reduction valve (oil pump)
16: Air reduction valve
17: Air—to—fill—cell/air—relief. switch
18: Oil reservoir
19: Low pressure oil filter
20: Valve to drain oil from cell
21: Triexial cell
0il pressure line
wrmimimimm  Air' pressure line

Enr 2.2: Confining pressure control system.

Chapter 2: Description of: the test equipment.




The actual pressure of the air that reaches the pump, and thus the oil pressure on the high
pressure end of the pump, is controlled by the air reduction valve (16). The actual oil that
reaches the cell is controlled by the throttle vatve (8), and is continuously monitored by the
pressure transducer (10). If the oil pressure has become too large, it is then possible to lower
the pressure by means of the throttle valve (7).

As a security measure, a blow-out valve @. has been incorporated. The Eoﬂ.oﬁ <&<o uses
an air pressure of 5 bar to close the blow-out circuit. When the oil pressure exceeds 140 MPa
the monitoring system cuts the air flow to the blow-out valve, and the oil pressure in the cell
is lowered by bleeding oil from the cell. The threshold (140 MPa) is user specified, but
should not exceed 140 MPa, which is the maximum design pressure for the components in
both the cell and the oil control system.

Throughout the system low- and high-pressure filters have been incorporated to ensure that
no foreign particles enter the delicate parts of the machinery. Finally all pressure lines are
connected to the cell by means of nsow-naoﬁo 8:@:5«.& in order to ease setting up and
dismantling of the cell.

Through a skilled operator the control system is capable of Fﬂuumim the oil pressure at a

maximum rate of 0.4 MPa/s, with a deviation from the load path of less than 0.5 MPa at any -

time. It is also possible to maintain a given oil pressure with a deviation of less than 0.3
MPa, which is considered satisfactory in the tests here performed.

The test rig setup is shown in Fig. 2.3 and 2.4, and the confining pressure control system is
shown in Fig. 2.5. , , )

2.3 The data logging program TRIAX

The complete setup for data retrieval and test San&. consists of an IBM PC-AT, a HP
3497A datalogger, and a balancing box for the strain gauges. A program, TRIAX, has been
developed to communicate between the datalogger and the computer, and to facilitate the
operator with a number of ways to control the testing.

The program is written in the ASYST language. The facilities for logging include converting
the transducer and gauge signals as described in o:»wﬁn 3, as well as saving these signals in
a data file. The control part of the program is developed for the load path normally used in
triaxial test, which is: an increasing hydrostatic load, all three principal stresses equal, a:E
a predetermined level, after which the axial stress is increased until failure. o

10 . Chapter 2: Description of the test equipment.

Fig. 2.3: The complete test rig seen from above.

Chapter 2: Description of the test equipment. 11




Fig. 2.4: The test rig seen from the side, the barrel unit is raised by the
crane to gain access to the test specimen. o ,

12
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Fig. 2.5: The confining pressure control system.

Chapter 2: Description of the test equipment.
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Furthermore does the program, as a security measure, control the blow-out valve. This is
done by entering a threshold value which the oil pressure is not allowed to exceed. If the oil
pressure rises above the threshold value, the blow-out valve is triggered, and the oil pressure
will therefore drop below the threshold value, after which the blow-out valve is closed again.

The E@mBB has two major menus: the setup menu, and the data acquisition menu,

2.3.1 The sefup menu

The setup menu consists of two parts, the general setup, and the actual definition for each of
the signals. =

-~

In the general setup the following is specified:

1/ The disk drive, and the filename of the data file where the logged data
are to be saved, . .

2/ The number of the first and the last channel in the datalogger that is
to be scanned. This version of the program has only facilities for

working with 20 channels or less, however, this is more than enough
for the present.

3/ 'The load speed at which the test is run,
4/ The maximum level of hydrostatic confining pressure during the test.

5/ The maximum oil E.mmmc.nn. that is allowed in the system before the
blow-out valve is triggered (threshold value). :

The next step is to assign measuring equipment to each of the channels, and to specify the
appropriate calibration constant for the selected equipment. 5 possibilities are covered:

1/ The bridge excitation, no calibration constant is needed.
2/ The pressure transducer. The signal from the transducer is converted

to a pressure-reading using eq. (3.4) along with the calibration
constant specified.

14 Chapter 2: Description of the test equipment.

3/ The vertical force. The signal from the jack is converted to a force
reading using eq. (3.2). However, since the control unit of the jack
is giving the signal in b&.ooa.ﬁmo of the maximum load, the calibra-
tion constant to be supplied is not the one specified in eq. (3.1), but
rather as given in eq. (2.1). .

4/ A strain gauge. The gauge signal is converted to a strain reading
using eq. (3.9) and (3.10).

5/ A deformation transducer. The transducer signal is converted to mm
using eq. (3.7).
Jo0ows © Max. load, g, (tom) 2.1

K s o00wn,TRIAX =

After completing the setup menu, it is possible to continue with the actual data logging. The
logging screen is shown in Fig. 2.6.

The screen consists of 3 main windows. The first window is located in the upper half of the
screen. In this window the converted signals from the scans are shown. All data shown are
in Volts, MPa, N, mm, or as a strain reading.

The last two windows are located in the bottom half of the screen, and are used for
controlling the test. The left window isa summary of the information in the upper window.
The data shown are the vertical stress, the confining pressure, the scan number, and the two
important control parameters: the deviation of the confining pressure from the load path, and
the downwards speed of the piston in mm/s. The deviation from the load path is used by the
operator to determine, if the confining pressure should be increased or decreased. The
changing of the confining pressure is performed using the valves (8) or (7) in Fig. 2.2. The
downwards speed of the piston is measured by the deformation transducer, and is used in
determining if failure in the test specimen is imminent. This is seen by a rapid rise in the
downwards speed of the piston.

The right window is used by the operator to control the loading along the hydrostatic part of
the load path. Inside the window is a graph showing the confining pressure versus the
deviation from the load path. This graph is continuously updated and the operator can, by
manipulating valve (8) and the reduction valve (16) in Fig. 2.2, keep the confining pressure
within 0.5 MPa of the load path.
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TRIAX — triaxial datascquisition and testrig control uwwamiv = v.2.0 /KBData

scan: 72 at 1991-07-04, 12:03 elapsed time: 120.032.
0:5.97823 1: -1233,00 2: 129.90111 3: 1.00301
scan: 73 ot 1991-07-04, 12:03 elapsed time: 121.110
0: 5.97823 1: =1234.00 2: 130.20340 3: 1.01332

Status..> Contineous scanning started — press any key to stop.

o o3
130.0 130.2

F1 Fe F3 F4 F5 Fé 7 r8 F9.
SCAN SCAN TIME REF. STOP OQZ.EZ SCREEN START SCAN

Aoy scan - - B
o.20 78 HmWﬁmunuunnnuuuunnnunnnnnunnunnnnlnnlllnu.i
0.0103| |_gC______ imnnnp&ncpbunrbh ppp%ugsiMoblm@Hmlwﬁ:

i15FILE  1>CRC X>FILE SCAN  DATA PRINT OFF TEST FAST

Fig. 2.6: The data logging and test control screen.

In the bottom of the screen is a ruler for the function keys. Their functions are:

F1 ' Perform one scan, show it on the screen, and save-in the data file, -

F2 Perform one scan, and show it on the screen, but do n E.m save it in the
data file,

F3 Start timed scanning. In timed scanning, scans are performed -

constantly, with the specified time interval between the scans.

F4 Perform a reference scan. This reference scan will later be subtracted
from any subsequent scans. o

F5 Stop data acquisition, and return to the main‘menu,

F6 Start continuous printing of the scanned data.

16
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F7 Turn off showing the scanned data in the top window. This is done
when the scanning interval is at a premium.

F8 Start the test timer. The test timer is used for calculating the load path
along with the load speed entered in the setup menu.

F9 Perform scanning as fast as possible.

9%8» 2: Description of the test equip:
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Chapter 3

| Calibration of the test equipment

In the following chapter the calibration of the triaxial test cell and the auxiliary equipment
will be scrutinized, and the calibration results discussed.

3.1 Calibration of the 1000 tons hydraulic jack

The hydraulic jack used for generating the vertical force for the deviator stress is a
Walter+Bai hydraulic ._uow capable of supplying a force of 10 MN. The hydraulic jack is
controlled by a servo unit also manufactured by Walter+Bai. It is possible by means of this
servo unit to control, among other things, the load speed, the minimum load, the maximum
load, and the error sensitivity of the jack.

The calibration was performed by applying a steadily increasing force from the hydraulic jack
on a 1000 kN load cell, and at the same time storing the signals supplied by both the servo
controller and the load cell. .

The hydraulic jack was calibrated up to 800 kN. The calibration result is shown in Fig. 3.1,
and the calibration constant was found to be: .

Kygoonn = 0986201 G.1)

The signal from the jack is converted to the corresponding load by the following formula:

signalioo., (V)
10m

Where Max load;gpyqn is the maximum load for the jack. This can be set to 10 MN, 5 MN,
2 MN, or 1 MN.

Force goion w = * Max load;gn,., * Kigooton G2

The calibration consists of 4 loadings up to 800 kN. It can be seen in Fig. 3.1 that, apart
from the region 0 to 100 kN, the calibration constant is very much linear, and with a very
small deviation from the ‘mean value. It can also be seen that for very small loads there is a
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Fig. 3.1: Calibration result for 10 MN hydraulic jack.

large scatter in the results. This.is normal behavior for a calibration test, and is due, among
other things, to the internal friction in the jack, and to the numerical error EE:»E
experienced when working with small signals. This deviation is therefore &unommaoa when
determining the calibration constant.

The hydraulic jack is used to supply a force up to 5000 kN. It is therefore obvious that nuu
calibration cannot be more than a guideline to show the deviation between the .dmow force and
the real force. However, as can be seen in Fig. 3.1 there exist a very good correlation
between the 2 signals. Therefore it was decided not to perform any further calibration test on
the hydraulic jack, and instead use this calibration constant, eq. (3.1), in the region 0 to 5000
kN.

3.2 Calibration of the pressure transducer

The pressure transducer used in the test rig is a HBM P3MA with a pressure range of 0 to
2000 bar (= 0 to 200 MPa). The precision of the transducer is +0.20 %. In order to
calibrate the transducer, a Budenberg pressure calibration unit was used. The Budenberg
instrument is a dead-weight type instrument, and it is therefore possible’ to aintain a
constant, exact pressure during calibration.

The pressure transducer was calibrated in this i»w for 1 pressures in the | Bamo 0 to 60 ZH..».
dﬁ S:caaon m»oﬁom‘ for the g&:om_. was ».oﬁa by BS:EnEm Ea BQS on.on co?.aau
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the calculated pressure (from the transducer), and the actual pressure. The calibration factor

was found to be:

Koressure = 0.00197 VIV

3.3)

The transducer signal is converted to the corresponding pressure by the following formula:

E&B:aagu AS E.E_.a

Pressure 9&5 =

The calibration result is shown in Fig. 3.2.

703 - .
3 Pressure transducer (MPa)

603

503

403

303

203

:_W
m Exact pressure (MPa)

cl —~____——_F_°_________N—o.'_—-—___W_O_________»_c____..~.”-|U_ﬂw_______——Q—O—________V\o
Fig. 3.2: Calibration result for the pressure transducer.

As was the case with the hydraulic jack, the pressure transducer was not calibrated for
pressures up to 140 MPa, only for pressures up to 60 MPa. However, as can be seen in Fig.
3.2, there is a very good correlation between the transducer signal and the actual pressure
when using the calibration constant eq. (3.3). Therefore no further calibration has been
undertaken, and the calibration constant given in eq. (3.3) has been used.

3.3 Dynamic friction in the triaxial cell

When the concrete specimen inside the triaxial cell deforms axially, the piston has to follow
the specimen. The piston is therefore subject to frictional restraint at the internal seals. The
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main factors that affect the magnitude.of this friction are:

1/ The rate of movement of the piston. In this investigation a speed of
~0.01 mm/s has been chosen, because the initial tests showed this
speed to correspond well to the speed in the actual tests.

2/ The magnitude of the oil pressure inside the cell. When the oil
pressure changes, it will cause the various components of the cell to
change. This will affect the clearance between the piston and the
seals. Furthermore any difference between the area of the piston in
the main chamber, and the area of the piston collar in the upper
chamber, will also create an upwards or downwards force on the
piston. This extra force will be included in this calibration.

3/ The temperature of the oil inside the cell. There is virtually no flow
of oil when the tests are running. Therefore, the temperature of the
oil will be fairly constant, and as a consequence the temperature effect
is considered to be insignificant.

5000
Frictidn force| (N)
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!
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Fig. 3.3: Dynamic friction restraint of the piston, as a function of cell
pressure.

The calibration was performed by establishing the desired oil pressure inside the cell. The
piston was then loaded by an external force until it reached a speed of more than 0.2 mm/s.
The external force was then diminished until the piston stopped moving. Throughout the test
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displacement transducers were used to measure the piston movement. The friction force was

determined as the force necessary to move the piston at a speed of 0.01 mm/s. The results,
as shown in Fig. 3.3, show an increasing frictional restraint for increasing oil pressure. The
results also show a rather large scatter of the results, but still the overall picture is clear.

A formula, based on the least square method using a second degree polynomial, has been
adopted to describe the dynamical frictional restraint of the piston (3.5). 4
Friction (N) = -0.075 Oilp? + 28.174 Oilp + 1490.44 G5

where Oilp is the oil pressure in MPa.

3.4 Calibration of the deformation transducer

In order to measure the movement of the piston during the tests, a deformation transducer
was used. The transducer was of the type HP 1000 with a maximum deformation of 50 mm.

The transducer has mostly been used as an indication of when failure is imminent in a
concrete specimen, rather than to measure the axial strain in the specimen. The calibration
result is shown in Fig. 3.4, where also the calibration constant, eq. (3.6), is shown,

33
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Fig. 3.4: Calibration result for the deformation transducer HP 1000. -

It is clearly seen in Fig. 3.4 that the- calibration constant is o.E«~ valid for deformations

Chapter 3: Calibration of the test equipment. 23




smaller than 40 mm, however again, the transducer is only used as an indication of imminent

failure, and exact measurements. are therefore not needed.

K ppomation = 28.6524 mm[V _ _. (.6)

The deformation is calculated using the calibration constant (3.6) and eq. (3.7)

Signal,  seformation
mua.Sa.e:R&n

D (mm) = * K gyormation ReX)

3.5 Calibration of strain gauge

In order to measure the strains in the concrete, foil-type strain gauges were used.

It has been reported, [74.1], that concrete can undergo deformations exceeding 20% at very
high confining pressures. Since a normal strain gauge is capable of measuring deformations
in the range 1-2% is it necessary to use gauges of the post-yield type. It is possible to buy
these gauges, however they are rather expensive. It was therefore decided to develop and
manufacture the gauges at the Department of Structural Engineering (ABK). The resulting’
gauge was a 60 mm long foil-type post-yield gauge.

The calibration of the strain gauge falls into two parts.

1/ An investigation to determine the gauge factor for the gauge.

2/ An investigation to determine if the strain gauge is sensitive to Eo
large pressure that will be exerted on the face of the gauge.

The length of the gauge was not chosen arbitrarily. Previous researchers, [56.1] and [74.1]

have stated that the length of the strain gauge has to be taken into account when measuring -
strains on concrete. In [56.1] it is reported that the gauge length should not be less than 3-4

times the maximum aggregate size, for the measured strain to be within 5% of the actual
strain.

Other investigations [64.1] have shown that the middle third of a concrete cylinder with a
height/diameter ratio of 2, is relatively unaffected by the friction between the concrete and
the load platens. The use of 60 mm long strain gauges, in cylinders £100-200 mm, with a
maximum aggregate size of 16 mm, therefore seems to be a good compromise between these
two demands. ‘ .. o

3
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The ABK post-yield strain gauge (ABK-PY) Was calibrated against a commercially available
gauge, Micro Measurements gauge no. EP-08-20CBW-120 (MM). The MM gauge is capable
of measuring deformations of +20 %, and is linear within this deformation range.

The calibration was performed by mounting 2 MM gauges, each flanked by 2 ABK-PY
gauges, vertically on opposing sides of 2 low-strength mortar cylinders ©100200 mm. The
type of mortar was chosen to ensure extremely large deformations in the cylinders. The
cylinders where loaded with a hydrostatical pressure of 135 MPa, and a vertical force was
added, until the total deformation of the cylinder reached 45 mm. The ABK-PY gauges were
then calibrated by minimizing the deviation of the ABK-PY gauges from the MM gauges by
varying the gauge-factor, K,. The resulting gauge factor was found to be:

K, =2.14 3.9

the strains are then calculated by the equations (3.9) and (3.10).

e = 5.«\3\ . A&.@u
K, (1+ 2V,)
Gauge signal,,, _ Gauge signal, ;. .., (3.10)

v, =
™ Bridge exitation,,,  Bridge exitation, ..

0.30
Strain ALm-nluuﬂ gange) Z,

0.25

0.20

110y

Dashed lines represents:

- pct. deviation
0.10 . . . pct. deviation
- i ) pct. deviiation
of ABK-PY from MM.
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Fig. 3.5: ABK-PY gauge versus MM gauge.

Chapter 3: Calibration of the test equipment. 25




The calibration result is shown in Fig. 3.5.

The calibration shows that the ABK-PY gauge is quite linear for strains in the range 0 to
20%, and is in very good agreement with the MM-gauges. '

M M N HER DH Du.u pressure on the Mnhﬁmb.ﬂhﬂ"h

During a test of a specimen in the triaxial cell there exists a fluid pressure upon the curved
part of the test cylinder. This part of the specimen is also the part where a strain gauge would
be mounted. An investigation was therefore performed in order to asses the effect of such a
pressure upon the strain gauge signals.

The investigation was undertaken in the following way:

1/ A cylinder ©100200, made of mild steel, was manufactured. On this
cylinder were mounted 4 ABK post-yield strain gauges (ABK-PY),
and 2 Micro Measurements EP-08-20CBW-120 strain gauges (MM).

2/ The steel cylinder was tested in uniaxial compression in order to
determine the E-modulus. The maximum stress in the steel was kept
below 150 MPa in order to prevent yielding in the steel.

3/ The same cylinder was then subject to a hydrostatic pressure of 135
MPa inside the triaxial cell. A vertical force was added until the
vertical stress reached 270 MPa. Throughout this, the signals from the
6 gauges were monitored. On basis of these recordings the E-modulus
for the deviator stress was calculated.

The results of the investigation are shown in table 3.1 and 3.2.

From the results it can be seen that there seems to be a slight increase in the Young’s
modulus when the oil pressure is raised. However, it is also obvious that this increase is so
small that, for the range of pressures used here, the effect of pressure on the face of the strain
gauge can be neglected. The same conclusion regarding the sensibility of the strain gauge has
been reached in [74.1]. Although the gauges are not the same, these two results indicates that
normal foil type strain gauges are not sensitive to pressure on the face of the gauge.
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E E E E
Gauge test 1 test 2 test 3 Mean val. S.dev.
type MPa) | (MPa) (MP2) (MP2) %
ABK-PY 1 198032 203637 203454
ABK-PY 2 196865 204874 205925
ABK-PY 3 213655 208246 206762
ABK-PY 4 211401 206126 202643 205135 2.35
MM 1 193756 201885 204131
MM 2 212035 205955 202920 203477 2.93
Table 3.1: Young’s modulus from uniaxial tests.
E E E E
Gauge test 1 test 2 test 3 Mean val. S.dev.
type (MP2) (MPa) (MPa) (MPa) %
ABK-PY 1 207302 200437 201107
ABK-PY 2 - 192168 221150 218237 _
ABK-PY 3 213964 210444 212212 - 208558 4.45
MM 1 192008 201151 204473
MM 2 227579 204968 205678 205976 5.75
Table 3.2: Young’s modulus from triaxial tests.
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Chapter 4

Preparatory work on the test
cylinders |

The work needed for preparing the concrete cylinders for a test will be described in this
chapter. The reason for this preparatory work on the cylinders is due to the need of
preventing oil from entering the concrete. If that occurs the failure criterion will be different
from the one investigated in this project, due to the rise in the local pore pressure. The effect
of oil being in direct contact with the concrete is discussed in detail in [81.1] and [90.1].

The preparatory work falls into two parts: the use of rubber membranes around the concrete,
and preparing the concrete cylinders so that the rubber membrane will not puncture during
testing. ‘

4.1 The manufacturing and use of rubber membranes

In order to ensure that no oil leaked into the specimen before, during and after test, the
specimen was placed inside a rubber membrane. The rubber used was a 1 mm thick synthetic
oil resisting rubber called NITRIL-rubber. The membrane was manufactured by gluing the
ends of a rubber sheet 260:340mm together, so to form a tube. The glue used, was a glue
called NEOTOL-glue, specially made for gluing rubber together.

It was soon discovered that using only one of these membranes caused an excessive number
of aborted tests, due to puncturing of the membrane. Therefore the following procedure was
adopted: for confining pressures below 100 MPa, 3 membranes were 5&. and for pressures
above 100 MPa, 4 membranes were used. This caused the number of aborted tests to drop
from ~50 % to less than 10 %.
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4.2 Surface preparation of the specimens

During the testing period it became clear, that it was most critical to prepare the specimens
the right way. The problem lies in the nature of concrete itself. In all concrete there are a
number of macroscopic pores and voids. Some of the voids are Iocated in the outer:layer of -.
the concrete, sometimes covered only by a thin layer of hardened cement paste. Such voids
are dangerous in triaxial testing, because they will implode when subject to the confining
pressure, ‘This is critical, partly because such an implosion easily could cause the membrane
to puncture causing oil to be in direct contact with the concrete, and partly because an
implosion under a strain gauge will cause the gauge signal to be erroneous.

The procedure finally adopted to overcome this obstacle was as follows:

1/ The 8:968‘ cylinders were sandblasted in order to expose all voids
near the surface. ,

2/ 'The cylinders were then lightly brushed with a diluted water based
glue in order to close the microscopic pores in the surface. After-
wards the voids were filled a with ready-mix filling compound. The
*gluing’ was done in order to minimize the water absorption from the
filling compound, so to ease the stopping process. After the filling
compound had hardened, the cylinders were sanded in order to
remove excessive filling material. Much testing was needed to find
the right filling compound. The compound needs to be workable for
a long time, which rules out gypsum, and it should not shrink during
hardening, which rules out cement paste. The compound finally used
was a ready-mix compound by the commercial name "HUS-FIX’,

-which contains cement, lime, and very fine sand.

3/ Finally the cylinders were ground wooﬁma_w. plane by use of a
diamond-impregnated grinding wheel. ,
4.3 Strain gauging

The strain gauges were mounted using an epoxy-resin glue. 4 gauges were used per cylinder,
2 vertical and 2 horizontal, mounted symmetrically about the center circumference.

Ordinary plastic insulated electrical wires, approximately 1.5 mm in outer diameter, and 200 ,
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mm long were soldered to the end terminals of the gauges. Trial tests with these wires have
shown that it is possible to make an effective seal at the top cap, and at the same time
ensuring that any left-over hole or void in the outer layer of the cylinder will not disrupt the
electrical connection due to implosion during testing.

Other researchers [74.1] have used lacquer covered copper wires guided -along prepared
*routes’ on the cylinder face. However, using normal insulated wires seems to ensure a -
greater chance of survival of the electrical connection to the gauge throughout the entire test

period.
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Chapter 5

Using the triaxial cell

mnazu%wuan&o E.Soaﬁn mo:ougmw Saoaﬁ an%n c:annﬁmﬂm_msﬁwo;ﬁmmin_.
be explained. AT

5.1 Preparing and mounting the test cylinder

The cylinder is first checked for any holes or voids on the surface, which are not completely
filled with the stopping; Bwﬁn& If any holes are found, Eow are stopped with a quick setting

epoxy compound.

0355 plastic 52—2& sEdu. nwunox 1.5 mm in mSBnﬁn. and 200'mm long are soldered
to the end terminals on the gauges:

After connecting the gauges, 3 or 4 membranes are fitted over the cylinder. The number of
membranes is depending on the confining pressure the cylinder is to experience. If the
confining pressure exceeds 100 MPa, 4 membranes are fitted, otherwise only 3 membranes
are used. The membranes are fitted so that none of the overlaps of the individual membrane
is 9803. on top of an overlap of an underlying membrane. If two overlaps are placed on top
of each other, problems with the mnﬂ_:m of the cylinder around the top and the base plate
B_mE occur,

The nﬁwan_. is Emo& on the base plate of the triaxial cell, and a heavy duty torque clip is
firmly tightened around the rubber and the base plate to form an effective seal, as shown in-
Fig. 5.1.

The 85_6 o_G has been »non—ﬂ area om oﬁgw:\n research, ¢§m= the triaxial cell is
bﬂﬁﬁn& 9@ vnomuca will help _6%5« the seal ESQ providing that no oil can seep in
cogao; Eo Boag.»:nm and 5« base or, .top Eua Itisnota unoEmE at the base plate. At
the 8@ Euﬁ 'however, wires are mﬁa& out cogoon the plate and the membrane., ‘The 83:«
clip therefore has to deliver a force large o:o:m: to fold and seal the rubber around the wires,
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Fig. 5.1: Mounting the cylinder on the base plate.

as well as compressing the membranes and the wires tightly against the top plate. In order

to ensure the tightness of the seal, groves were cut in the top plate, so that the wires were
guided over a knurled sirface. The modified top plate is shown in Fig. 6.2. The torque clip

has to deliver a normal stress large enough to ensure sealing. Torque clips come in many

sizes and shapes, however, heavy-duty clips tend to have a very wide band. This means that
the actual normal stress experienced is small, as compared to normal torque clips. The normal
clips cannot, on the other hand, be used again and again. A compromise was found in a
heavy duty clip with a rather narrow band, fabricated by ABA, Sweden. -

After securing the seal at the base plate, the top plate is placed on top of the cylinder. The
wires from the strain gauges are spaced around the entire circumference and a torque clip is
tightened around the membranes and the top plate. The wires E.d.Enn soldered to a soldering

board which is connected to wires leading outside the triaxial cell. Thereupon the pore

pressure outlet from the B.v plate is connected to the base _.._ar and the spherical unit is
placed on top of the top plate. This is shown in Fig. 5.2. A v
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el

mwm. 5.2: A concrete cylinder ready for testing.

Finally, before the concrete cylinder is ready for testing, the cylinder is checked for centrical
placing between the plates, and the electrical system is checked for proper connection.

5.2 Preparing the triaxial cell vmon a test

After the test specimen has been mounted, the cell is closed by lowering the barrel unit down
on top of the base unit, o:.émam that the seals between the two units are in their proper
position. The two units are then locked together by the clamps and the clamp ring, (11) and
(12) in Fig. 2.1. o A _

After closing the cell, it is placed under the hydraulic jack by means of the small cart
attached to the jack, this is shown in Fig. 5.3. A small force (6-7 kN) is.then applied on the
piston to establish contact between the piston and the spherical unit on top of the test.
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specimen. The deformation transducer is placed, as shown in Fig. 5.3, to measure the
movement of the piston. Actually the transducer is measuring the upwards movement of the
barrel unit. This because the plunger of the jack is placed on the floor, and the stroke is
therefore upwards. This means that instead of moving the piston downwards into a fixed cell,
the cell is moved upwards with a fixed piston.

Fig. 5.3 Placement of the triaxial cell on the hydraulic jack.

Finally, the cell is filled with oil. This is done by pressurizing the oil reservoir (18) via the
switch (17), all numbers here, and in the following, refers to Fig. 2.2. 0il is then allowed
to enter the cell by opening valve (20). The air trapped inside the cell is allowed to escape
by closing the air-to-drain-cell valve (4), and opening the air-relief valve (5). Finally, the
close-oil-flow valve (6) is closed in order to prevent air from entering the main part of the
pressure system.

Valve (20) is closed when oil is overflowing in the low-pressure spill pipe, leading from
valve (5) to reservoir (1). The flow of oil is allowed to stop before valve Gv is closed,
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thereby ensuring that all air has been bled from the cell, and testing can now commence after

valve (6) has been opened.

5.3 Testing a concrete cylinder

Testing and logging of data is controlled by the program TRIAX, as described in chapter 2.3.
The program is started and the appropriate test data is entered. TRIAX assumes a normal load
path, which consists of increasing the hydrostatic stress until a predetermined level is reached,
followed by an increasing deviator stress in the axial direction. Since the oil pressure acts
both radially and on top of the concrete cylinder, a hydrostatic stress field is achieved by
increasing the oil pressure alone. Prior to this, a reference scan is recorded by activating the
function key <F4 >, next the timer is started by the function key <F8>,and the continuous
scanning started by the function key <F9>.

The operator then manipulates valves (8) and (16) in order to follow the load path shown on
the graph on the screen, as described in chapter 2.3. When the predetermined hydrostatic
stress level is reached, the operator starts the hydraulic jack, in order to supply the deviator
stress in the concrete. During this last part of the test, the oil pressure has to be kept
constant.

Since the volume of the concrete changes during a test, oil either has to be added when the
volume decreases, or drained when the volume increases. The TRIAX program continuously

displays the difference between the predetermined pressure, and the actual pressure. By

manipulating valves (7), (8), and (16), and using the displayed pressure difference, the
pressure can be kept within 0.3 MPa of the predetermined pressure level at all times.

Typical load paths are shown in Fig. 5.4 and 5.5. Fig. 5.4 shows the load path from the first
part of the test, where the load path follows the hydrostatic axis. Fig. 5.5 shows the deviation
of the confining pressure from the predetermined stress level in the last part of the test, where
the confining pressure is to be kept constant.

In Fig. 5.4 it is seen that the deviation from the load path is rather large at the beginning of
the test. This because the air-hydro pump has a little difficulty in creating the first slight
pressure in the oil. This behavior has been experienced in all test, however, it should not
influence the test results at all.

In mﬁ u..u there is also seen some disturbances at the start of the graph. This is most
probably due partly to the settling of the piston onto the spherical unit, and partly to small
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Fig. 5.4: Deviation of the oil pressure from the hydrostatic load path.
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Fig. 5.5: Deviation of the oil pressure from the predetermined level during

the application of the deviator stress.

pressure waves moving around in the system before they settle. No influence on the test
results are attached to these disturbances. .

5.4 Dismantling the triaxial cell

After the test has stopped, the following procedure is adopted in order to empty the cell of
oil. The air switch (17) is placed in the position where there no longer is pressure in the oil
reservoir (18). The confining pressure inside the cell is relieved, by slowly opening valve
(20), and the oil inside the cell is allowed to seep back into the reservoir (18). When the oil
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pressure inside the cell has been lowered to almost zero, valve (4) is opened. By opening
valve (4), an air pressure is established inside the cell, thereby forcing the oil back into the
reservoir (18). If valve (20) is not opened slowly, rupture of the low-pressure pipe might

occur.

While the oil is drained from the cell, the piston is raised back into the ﬁov._..ao.z w&&os by
a crane. The oil trapped in the upper chamber is thereby released back into the main
chamber, and further on into the reservoir (18).

‘When all oil has escaped the cell, valve (4) is closed. Valve (5) is then opened to release the
excess air pressure now inside the cell. The clamp ring and the clamps are removed, and
access to the test specimen is gained by raising the barrel unit by the crane.
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Chapter 6

Pilot tests

Prior to the actual testing program, a number of pilot tests were conducted in order to
examine the operation of the cell. The following questions were posed:

1/ TIs there a well defined triaxial stress field in the test cylinder?

2/ Do the grooves cut in the top plate influence the ultimate strength of
the concrete specimen? :

3/ Are there any serious disadvantages in using a proportional load path
instead of the normal load path? :

In this chapter the answers to the above questions will be given.

6.1 The stress field in the test cylinder

In order to examine the stress field in the test cylinder during testing, 4 concrete cylinders
where prepared with 9 strain gauges each. The gauges were mounted in sets of 3. In each set
one was vertical while the other two were placed at an angle of +45°. The 3 sets of gauges
were placed equidistant around the circumference of the cylinder, and the center of all of the
gauges was at the mid height of the cylinder. - ,

Measuring the 5&&%.& strains from the gaUZES €yer, €1rr AN &4y, the strain from the vertical
gauge, the strain from the left gauge, and the strain from the right gauge, respectively, the
principal strains can be calculated using eq. (6.1) and (6.2).

e, = .WQ.&..., ) + W%A.ua....l e + (2e,,~ - e 6.1

ey = wﬁne.:{ .,_.w,\?_...- e + ey~ - _n_.r»v : K :a.s
The principal angle, ¢ is then given 3 eq. .Am..mv.;_ B
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tan2¢ = 28y~ &y~ Sy " S _a.uv.

€~ i
The solution of eq. (6.3) gives two values of ¢, ¢, and ¢,, where ¢, is the mnm_o between the
direction of the right gauge and the direction of the maximum uﬂsﬁw& .E.E: &5, .and @ is
the angle between the direction of the right gauge and the direction of the minimum E.Soﬁ&
strain €1.

All four tests showed that the direction of the maximum principal strain varied +0.5° from
vertical at all times during the tests. Furthermore did the analysis reveal a very good
correlation between the strains measured by the three sets' of gauges.on each cylinder. An
example of this is shown in Fig. 6.1. .

—a; (MPa)

. &
0.010. 0.020

Fig. 6.1: Measured m:.wsm »n, ann a&.ﬂo& points on the same concrete

cylinder, proportional load path.

The conclusion is, that there exists a well defined triaxial stress aa strain field i in the test
cylinders at all times %B.m nouE_m

6.2 The influence of the grooves in the top plate

A number of grooves were cut in the top plate in order to ensure an effective seal against
ingress of oil into the test specimen. .::u was done coom&n wires from the strain gauges
were to be lead through this seal, and extra precautions, as compared to the seal at the base
plate, were needed. The grooves are shown in Fig. 6.2.
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Fig. 6.3: Ultimate strength of concrete specimens with, and without grooves -
: in the top plate.

The presence of the wﬂooﬁw will weaken the stiffness of the top plate at the end where it
meets the test specimen. The use of this modified top plate might therefore lead to lower
ultimate loads, when compared to test utilizing a top plate without grooves. A number of pilot
tests were performed in order to evaluate the influence of the grooves. The results are shown
in Fig. 6.3.
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The investigation shows that the influence is negligible, and the effect is therefore disregarded
when treating the test results.

6.3 Proportional loading versus normal loading

Many load wmm.m have been used when testing concrete triaxially. The most commonly used

load path is the so-called ’normal’ load path. This load path consists of following the
hydrostatic axis until a predetermined level is reached, and hereafter increasing the vertical
stress until failure is reached. Many other load paths are used from time to time, however,
the other path of interest is the proportional load path. Loading along this path consists of
keeping the ratio of the principal stresses equal. The two load paths are shown graphically
in Fig, 6.4.

\
%/t

Coulomb, k=4

Normal load path

Fig. 6.4: Normal and proportional load paths.

Most researchers believe that there is little, or no, difference in the ultimate strength between
tests utilizing the normal load path, as compared to tests utilizing the proportional load path.
However, not much research has been undertaken in this area, so a definite conclusion is hard
to make. A more thorough discussion of the subject can be found in [79.1} and [90.1].

In order to check En.?ﬁ:m:oo of the load path, a number of pilot tests were run. The results
are shown in Fig. 6.5. ,
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Fig. 6.5: Normal load path compared to proportional load path.

‘ Although not enough tests were carried out to make a definite conclusion, it is obvious that

these tests seem to confirm, that the ultimate triaxial strength of concrete is not very much
dependant on, whether a normal load path, or a proportional load path is used.

However, there is one problem when using a proportional load path. The problem lies in the
rather large scatter of the results that is normally experienced when testing proportionally.
This because the proportional load path is intersecting the failure curve at a very small angle,
as can be seen in Fig. 6.4, Small deviation in, for instance the confining pressure, or the
uniaxial concrete strength, could therefore result in the test results being ’smeared out’ along
the failure curve. This scatter will be much less when using a normal load path, if for nothing
else, simply because the confining pressure is constant.

As a result of this the normal load path has been used in all later tests in this investigation.
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Chapter 7

Concluding remarks

In this report the complete test equipment, the calibration of the test equipment, and the
procedures needed for testing a concrete cylinder under triaxial stresses, have been described.

From the results obtained during the calibration and the pilot tests is it clear that using the
above described techniques is it possible to induce a well defined triaxial stress field in the

test specimen.

The test equipment has been used successfully in investigations of both the ultimate strength,
and of the concrete strains of low, normal, and high strength concrete under triaxial stresses.
The results obtained in these investigations are described together with the evolved failure
criterion and constitutive model in the connected reports ([92.1] and [92.2]):

A Failure Criterion for Normal and High Strength Concrete

A Constitutive Model for Normal and High Strength Concrete
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Appendix 1

TRIAX program, source listing

This appendix is a source listing of the data logging and control program TRIAX. The

program is written in the ASYST language, and is further described in chapter 2.3.

Appendix 1: TRIAX source listing.
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mnro off

Author Kaare K. B. Dahl
Date : 14 / 12 - 1990

Standarts @

L o
THHHHMHMHHMNH+

Program : TRIAX - Triaxial test, Datalogging and
test control.

Autlors words are tﬂhnnou ws capital letters;. wan in wrm
form <nn_nnn>, NOT the ASYST standart <nn.nnn>

FHHRMRHEHHRRMN$+:

||||| w——e------ getup til datalogger
integer dim{ 150 ] array becddat
9 gpib.device datalogger

beddat [ )Jgpib.buffer

-

\ me—— ot o e e -~ Windows
0 0 79 window header_ scr
1 11 78 window scan_scr
1l 13 79 window status_scr
22 0 25 79 window ftaster scr
1 20 13 window actual_ sigma_scr
0

17 79 window menu_scr
17 0 23 79 window Bos: err_scr
vuport loadpath_ display

\ ~mw=swececewce—- variable
integer scalar first_channel
ecalar last channel
scalar number_channels
scalar posx
scalar posy
scalar number_ point
scalar scan_counter
scalar black
gcalar blue
scalar green
scalar red
scalar white
scalar bright red
scalar Uﬂwmsn blue
scalar intens white
scalar no_of felt
scalar ﬁow row
scalar antal _bro
scalar antal oil
scalar antal_force
scalar bro_channel
scalar force channel
scalar oil_channel
scalar flyt channel
gcalar yes
scalar no
scalar is_current_on
scalar is _screen off
scalar is_printer off
scalar stop_timescan
scalar tmp_var2
gcalar no_of days
gcalar vno#wosu time

real scalar sigmal
scalar thie_force
scalar old_force
scalar oil pressure
scalar delta_sigma2

\ vektor recieve datalogger

\ define bcddat as recieving buffer

\ legend line

\ window for scan data

\ status area

\ ruler for functionkeys

\ window for sigmal and sigma?2
\

\

\

window for mainmenu
mainmenu error screen
grafice area for load path

A.l.2
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scalar max_delta u»asnu
scalar data_speed
scalar max allow_oil
scalar cylInder_areal
scalar tmp_val

scalar load_speed
scalar max oil level
scalar time_oil up
scalar path_sigma2
scalar old delta_sigma2
scalar old flyt

scalar delta flyt:

dp.real scalar u«nnn nwao
gcalar nwnwaou time
scalar next time
scalar test | " time
scalar test start_time
scalar old_time
scalar time_between_scans

real dim[ 20 , 3 ] array channel_array

token .color_palette
token . maal_val

token bytes

token bytel23
channel

token ref_val

token unpacked_bcddat

/.aonmcnou values from the last scan
\ =buuwwmn total beddat, only from l.-last

\ referance scan measured values
\ unpacked total bcddata

15 string filename

50 string command

80 string overskrift annwuo
string koert ow-unn :
string drive_name

string file | 5:50 min
string nwunn channel ._8tr
string last_channel_ str
string load_speed_str
string max_¢ o»w level_str
string max_oil_str
string current_off
string current_on

COWULdWWwN -

_load.overlay c:\asyst\runtime.aov

ANSWER.POW 17.9.86. GM

\

\

\ REVISED: 22.8.90 s "LEFT changed to ahnma STRING so that it will return
\ an empty string if curBor position is 1. /KBD

\

I

SCALAR LINSERT \ 1 if insert on else O

1 string empty_ string

?VIDEO.ATTRIBUTE

7 VIDEO.ATTRIBUTE

0 77 0 79 WINDOW {INSERT.MARK)
VIDEO.ATTRIBUTE
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: "left_string
dup 0 = if
empty_string
drop

~

: FORWSP ?REL.COL 1 + 80 MODULO ?REL.ROW GOTO.XY ;

: "TYPE.STRING \ Stack: nl n2, types string from nl with n2 additional spaces
"LEN SWAP - 1 + DUP O > IF -
"DUP "RIGHT ?REL.COL ?REL.ROW "TYPE ROT.SPACES GOTO.XY
ELSE DROP ?REL.COL ?REL.ROW ROT SPACES GOTO.XY THEN
: .

¢ "REMOVE.CHARACTER

DUP 0 > IF DUP "LEN <= IF

DUP 1 - "DUP "LEFT_STRING "SWAP DUP "LEN < IF
"LEN SWAP ~ "RIGHT "CAT ELSE "DROP DROP THEN

ELSE DROP THEN ELSE DROP THEN

: N

¢ "APPEND.CHARACTER \ String on symbol stack, and on # stack:
"LEN = DUP O >='IF \ ascii character value to be inserted
DUP 0 > IF " ™ “CAT \ and place to insert .

DUP 1 > IF 1 DO " " "CAT LOOP ELSE DROP THEN

ELSE DROP THEN ASCII" "CAT

ELSE 2 *DROP THEN

;

: "INSERT.CHARACTER \ String on symbol stack, and on # stack:
DUP 0 > IF \ ascii character value to be inserted
1 - DUP "LEN < IF \ and place to insert )
DUP "DUP "LEFT_STRING SWAP ASCII" "CAT "SWAP \ If LINSERT = O.
. \ then overwrite:
"LEN SWAP -~ LINSERT O = IF 1 - THEN \ else insert character
DUP 0 > IF "RIGHT "CAT ELSE DROP "DROP THEN v
ELSE "APPEND.CHARACTER THEN
ELSE 2 *DROP THEN

i

¢ EXIT.ANSWER
4 UNROLL -TRAILING GOTO.XY
VIDEO.ATTRIBUTE
MAXIA "LEN ~ 1 "TYPE.STRING
{INSERT.MARK} 3 SPACES PREVIOUS.WINDOW

¢ "TYPE.INSERT
{INSERT.MARK} -
LINSERT 1 = IF ." INS" ELSE ." OVW" THEN
PREVIOUS.WINDOW

\ Type if -insert on or off in upper right corner

-

: “ANSWER B .
MAXIA := 1 IA := ?VIDEO.ATTRIBUTE ?REL.COL ?REL.ROW
\ ?VIDEQ.ATTRIBUTE 32 < IF $6 ELSE 7 THEN VIDEO.ATTRIBUTE \ FOR OLIVETTI
4 VIDEO.ATTRIBUTE
MAXIA "LEN - 1 "TYPE.STRING "TYPE.INSERT

BEGIN
PCREY IF
DUP CASE o ’
Fl OF DROP IA MAXIA <= IF IA 1 4+ IA := FORWSP THEN ENDOF \ One char
F3 OF DROP MAXIA IA 1= \ Move to end

OVER MAXIA + 1 - OVER GOTOQ.XY ENDOP \ of string
F4 OF DROP "DROP "NULL OVER OVER GOTO.XY \ Clear string
1 IA := MAXIA 1 "TYPE.STRING ENDOF

Al4 Appendix 1: TRIAX source listing.

71 OF EXIT.ANSWER EXIT ENDOF HOME
72 OF EXIT.ANSWER EXIT ENDOF WMIWW”O««

73 OF EXIT.ANSWER EXIT ENDOF
75 OF IA 1 <= IF EXIT.ANSWER EXIT THEN
DROP IA 1 - IA := 8 EMIT ENDOF

LEFT-ARRAOW

77 OF IA MAXIA > IF EXIT.ANSWER EXIT THEN RIGHT-ARROW
DROP IA 1 + IA := FORWSP ENDOF

79 OF EXIT.ANSWER EXIT ENDOF END

80 OF EXIT.ANSWER EXIT ENDOF WM«QMMEOS

A S A

81 OF EXIT.ANSWER EXIT ENDOF
82 OF DROP 1 LINSERT ~ LINSERT := "TYPE.INSERT ENDOF \ INS
83 OF DROP IA "REMOVE.CHARACTER 1 IA "TYPE.STRING ENDOF \ DEL

DUP CASE
8 OF IA 1 > IF EMIT \ Back space
IA 1 - DUP IA := "REMOVE.CHARACTER 1 IA "TYPE.STRING
DROP THEN ENDOF
DRoP ‘\ Tabulator -

9 OF DROP IA MAXIA >= IF’ : Coe
1 IA s= OVER OVER GOTO.XY \ Move to other end of string

ELSE MAXIA IA := OVER MAXIA + 1 - OVER GOTO.XY THEN ENDOF
DUP 32 >= IF \ Insert character into string
“LEN MAXIA <= IA MAXIA <= AND IF
"LEN MAXIA < LINSERT O = OR IF
IA "INSERT.CHARACTER O IA "TYPE.STRING IA 1 + IA 3= FORWSP
ELSE DROP THEN
ELSE DROP THEN
ELSE DROP EXIT.ANSWER EXIT THEN
ENDCASE
THEN
AGAIN
i

banner: HEADLINE
cr cr
”

inverse.on
. 4

wsdonuo.0nm
w=<mn-o.o=
M I I" cr
inverse.off

-- "
inverse.on - o .
I TTTTTTTT IIIX AAAA X X I" cr
inverse.off

inverse.on
I TT RR RR Iz A A XX XX " cr

inverse.off
"

WSGONUQ-O#
I IT RRRRRR IX ARARAARA XX I* cr

inverse.off

inverse.on o . ) o - .
PR o T RR R I AR AA XX XX I* cr
inverse.off

inverse.on .
I 7 RR RR IIIXI AA. AA X X I" cx

inverse.off
"
inverse.on
PR 4 I" cor
inverse.off
-

‘inverse.on
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[ ¢
»aconna.onm

wzcou-o.oa

1" er

PR 4 Dataacquisition and control system I" er

inverse.off
inverse.on
NI
inverse.off

.
inverse.on

I Version 2.0 - 14, nanoavmw 1990

inverse.off

L]
inverse.on
PR 4

inverse.off

inverse.on
L S

™ cr
I"cr

I" cr

inverse.off
er cr cr cr cr cr cr
;banner

:+ SET_COLORS
color.on
0 black :=
1 blue :=
2 green :=
4 red =
7 white :=
11 bright_blue :=
12 Unhovn red =
15 intens _white :=

;

: SET_COLOR_PALETTE

def.palette becomes> color palette
blue color palette [ 1 ] :=

color_palette graphics.palette

i

: SET_DEF_VARS

\ background color

"TRIAX - triaxial dataacquisition and testrig control m%mnma -v. 2.0 \Nwomﬂms

overskrift_string ":=
3 max_delta sigma2 :=
i

BELL 500 300 tune

H
.
7

: BELL2
300 900 tune
400 800 tune

i

¢ NUMBER_CHK
#input
not
if bell posx posy goto.xy 4 spaces
Posx posy goto.xy myself
else
posx posy goto.xy 4 spaces
then

A.l.6
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$ WRITE

80 "len ~ 2 / swap goto.xy "type

: WRT
posy i=

80 "len dup posx = =~ 27 n:u posx + posx =

posy goto.xy "type
NUMBER_CHK

3 STATUS_MESSAGE
status_scr
1 0 goto.xy
” .

1 0 goto.xy

" "type

» Status..> " "swap "cat "type

: STOP_ACQUIS
normal.display
menu_err_scr

» Your datafile: " filename “cat " has been closed" "cat 4 WRITE

" N" koert_opsaet "i=

: ERROR_IN_CHOICE

aﬂﬂﬂ err_ scr screen.clear

BELL
" Incorrect entry (11
17 WRITE

+ ME_TALKER
unlisten untalk

3 DATALOGGER TALKER
unlisten untalk
me listener datalogger

: MAKE_DATLOG_COMMAND

try again”

me talker datalogger listener

talker

» SDOVT4VRSAC" firet channel ".” "CAT

" VDSVF2VS2VN" "CAT number channels "." "CAT

* AE1AF" "CAT first_channel "." "CAT

" AL" "CAT last_: nrnbbuw "," :nyﬂ " VT3VS" "CAT

32 "COMPRESS
COMMAND ":=

" DO4,08SDO" n:uuonn off "=

" DC4,0SDO" current_on
¥

s BIN_DEC_ CONVERTION
bytelZ3 sub{
bytel23 subf
bytel23 sub|
bytes xsect{
bytes xsect|
‘bytes xsect|
bytes xsect|
bytes xsect(
bytaes xsect{
bytes. xsect|
bytes xsect(
bytes xsect(
bytes xsect(

WNIN 1 4 b s N
B I I Jr e
- - -

number,_ nrn::owu r 3] uwnou xncanm 1,1}
number_ “channels , 3 ] bytes xsect[ 2 , ! ] :=
number channels , 3 ] bytes xsect[ 3 , !

16 modulo bytes xsect[ 4 , ! ] :=

bytes xsect[ 4 , ! } - 16 / bytes xsect{ 1 , ! ] :=
2 modulo bytes xsect{ 10 , ! ] 3=

bytes xgsect[ 10 , ! ] - 2 / bytes xsect( 1 , ! ] :=
2 modulo bytes xsect[ 9 , | ] :=

‘bytes xsect{ 9 , ! ]~ 2-/ bytes xsect{ 1, ! ] :=
-4 modulo bytes xsect[ 11 ., ! ] :=

16 modulo bytes xsect[ 6 , ! ] :=

bytes xsect{ 6 , ! ] ~ 16 / bytes xsect{ 5 , ! ] :=
16 modulo bytes xsect[ 8 , ! ] :=
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bytes xsect[ 3 , ! ] bytes xsect( 7 , ! ] - 16 / bytes xsect[ 7 , ! ] :=
bytes xsect[ 4 , ! ] 0.1 * bytes xgect|[ 5 , ! ) 0,01 *. .+

bytes xsect{ 6 , | ] 0.001 * + bytes xgect{ 7 , ! ] 0.0001 » +

bytes xsect[ 8 , ! ] 0.00001 * + maal_val :=

maal val bytes xsect 0o, 1 + 1 bytes xsect{ 9 , ! ) 2 * = *

!
bytes xsect{ 11 , =.10 1n * exp * maal_val :=

i
: ANALOG_TO_PHYSICAL
number_channels 1 + 1 do

channel _array { i , 2 )

case 2 of \ pressure transducer
maal val [ 1, i) 200 = maal val [ 1 , bro_channel ] /
channel array (i , 3 ) / maal_ val [ 1, 1 ] =
endof : .
3 of ’ \ Force signal

maal val [ 1 , i ] 1000 = channel array [ 4 , 3 ] =
maal val [ 1, i) 3= o
endof

.Jstraingauge measurements are calculated in SUBTRACT_REFERANCE

ettt

5 of \ deformation transducer
maal val { 1, i ] maal val [ 1 , bro channel 1/
4 Mrnsaowlrunnw {4, 3 ) *maal val (T, 4 ] 1=
endo -

;
¢ PUT_ZEROES_AND_VREF IN REF VAL

number_channels 17+ I do~
channel array [ i , 2 )

case 0 of O ref val { 1 , i ] := endof

4of refval (1, i) refval [ 1, bro_channel ] /
ref val (1, i) t= endof
6 of O ref val [ 1 , i ] := endof
7 of O ref val [ 1, 1 } := endof
8of 0 ref val { 1, i ] := endof
9 of O ref val [ 1 , i ] 3= endof
endcase

¢ SUBTRACT_REFERANCE
number_channels 1 + 1 do
channel array [ i , 2] tmp_var2 :=

naulennM nunswlcnnuuu tmp_var2 5§ = or or if
N maal val [ 1,741 ) ref val {1, i) - maal_val [ 1, i ] @=
else : : .
tmp_var2 4 = if '

maal val [ 1, i} maal val [ 1 , bro_channel ] /

ref val [ 1, i ] - tmp_val := -

tmp_val 4 + tmp val 2 * 1 + channel _array [ i , 3 ] * /
N maal val [ 1, {7] := s
then o

\ : .

” Subtract the dynamic friction from the foice signal

‘maal_val { 1 , force channel ] maal val [ 1 , oil channel ] »mppqavr
maal val [ 1, oil_channel ] maal val [ 1 , oil _channel ] * 0.075 *. -
1490.44 + - maal val { 1, force channel j := ’
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: FIND_AND_SET FORMAT
abs tmp_val :=
tmp val 0.999999 <= if
Y 6 fix.format
else .
tmp val 9.99999 <= if
§ 5 fix.format
olse
tmp val 99.9999 <= if
9 4 fix.format
else
tmp_val 999.999 <= if
9 3 fix.format
else
tmp val 9999.99 <= if
. 9 2 fix.format
elge .
tmp _val 99999.9 <= if
. 9 1 fix.format
else
=1 0 fix.format
then

+ PUT_DATA_IN_FILE
out>file.cont console.off
9 1 fix.format elapsed n»ao.a.n "type

. number_channels 1 + 1 do

channel_array [ i , 2 ] 0 > if )
maal val { 1 , i } dup FIND_AND_SET FORMAT . 3 spaces

then
loop
cr
congole
onerrs:
console
BELL " Error when writing data to file -~ strike any key."

STATUS_MESSAGE
pckey drop "drop
1

: SHOW_DATA_ON_SCREEN
actual_sigma_scr
S 0 fix.format
8 4 goto.xy scan_counter "." "type
scan_scr
7 2 Fix.format
is_screen off no = if
¥ Scan#: " scan_counter "." "cat " at " "cat "time "cat " - " "cat
"date "cat " ‘elapsed time (8): " "cat elapsed _time "." "cat "type cr
number_channels 1 + 1 do
channel array [ i , 2 ] 0 > if
2 gpaces
channel array [ i , 1 |} tmp var2 := .
2 0 fix_format inverse.on tmp_var2 . inverse.off
maal val { 1, i ) dup FIND_AND_ SET_ FORMAT .
?¢o0l770 > if cr then
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¢ WRITE_DATA ON_PRINTER =
no Is_printer_off = if ) : i w ”MM_MQMNWMMMM “u
out>printer : ) 1 ves 1=
console.off : : . s 5o =
" Scan#: " scan_counter "."” "cat " at " "cat "time "cat " - " "cat is screen off i=
"date "Cat " T ARERRNKXNRARRXXRAXRANAXY Moab "type or :Mn ioprintef off i=
number_ channels 1 + 1 do ] WOO 100 * pi * 4 / cylinder_areal :=
channel array [ i , 2 ] 0 > if ‘ 0 test start time 3= )
maal"val [ 1 , i ] dup FIND_AND_SET FORMAT . ) 0 old Force i=
?col 70 > if cr then i 4 -
then ] i
loop s MPLATE
er . . : mqmoawo“mmwmmwm... Fl" 3 1 goto.xy ." SCAN" 2 2 goto.xy ." 1>FILE"
console : 11 0 goto.xy ." F2" 10 1 goto.xy ." SCAN" 10 2 goto.xy - 1>CRC .
then 1 19 0 goto.xy ." F3" 18 1 goto.xy ." TIME" 17 2 goto.xy . me.Hwa
i 27 0 goto.xy ." F4" 26 1 goto.xy .” REF." 26 2 goto.xy . MOVM:
onerr: 3 3 34 0 goto.xy ." F5" 33 1 goto.xy .M STOP"- 33 2 goto.xy . DAT: "
consiole 41 0 goto.xy .” F6" 39 1 goto.xy '.” CONTIN" 39 2 goto.xy ." PRINT
BELL " Printer not online - strike any key to retry operation.® 3 49 0 goto.xy ." F7" 47 1 goto.xy ." SCREEN" 47 2 goto.xy ." om.m..
STATUS_MESSAGE . 56 0 goto.xy .” F8" 55 1 goto.xy .” START" 55 2 goto.xy ." TEST"
i _ 66 O goto.xy ." F9" 65 1 goto.xy . SCAN" €5 2 aomw.ww -" FAST
i " " 73 1 goto.xy ." " goto.xy .
: CALC_AND_PLOT SIGMA _ _ 73 0 goto.xy ." F10" 73 1 g ¥
maal val (v1 , oil channel ] oil_pressure = :
maal val [ 1 , force channel ] cylinder_areal / oil _Ppressure + sigmal := ;
test_time time_oil up < if : mmmwwmmwvmmwmwa
oIl _pressure test_time load_speed * - delta_sigma2 := o horizontal axis.on grid.off linear 0 1 label.points
loacpath display no.labels label.scale.off ,
bright blue color vertical axis.on grid.off linear 0 1 label.points
old_time O position test_time O draw.to -1.2 0.0 2 label.format label.scale.off
UH»Q:ﬁHnon color
max_delta sigma2 2 * delta_sigma2 > if o d time oil up 1=
old_time old delta sigma2 position test_time delta_sigma2 draw.to max_oil level load_speed / ~OLiIP
elee : : ]
. 0.05 0.100 axis.orig
then - o v 0.92 0.8 axis.size
) 0.05 ‘0.5 ‘-axis.point
test_time old time := 10. 6. axis.divisions
delta_sigma2 old_delta_ sigma2 := 0.025 0.025 tick.size
else 0.5 0.5  tick.just
oil pressure max_oil_ level - delta_sigma2 := : .
then £ff world.set
.0 time o0il up horizontal axis.fit.o
mu. 3, - - P vertical axis.fit.off world.set
maal val { 1 , force _channel ] old_force < if xy.axis.plot = :
bell2 e :
then
maal val { 1 , force_channel ) old_force := Mwmwnmmwwmnn )
. . .01 dashed
maal val [ 1 , flyt_channel ] old_flyt - delta_flyt s=. 9.01 0.01 0.01 m»m.wunn.. position
maal_val [ 21, flyt_channel ) old flyt := . time owu.lcu 0 max delta sigma2 - draw.to
" 0.0170.0T 0.01 0.01 dashed
actual sigma_scr o : 0..max delta_sigma2 3 / max_delta_sigma2 - position
S5 1 fix.format time oIl up max_delta_sigma2 3 / max_delta_sigma2 ~ draw.to
11 goto.xy sigmal . 0.0170.0T 0.01 0-01 dashed
8 1 goto.xy oil_pressure . - 0. max delta gigma2 3 / 2 * max_delta_sigma2 - position
1 4 goto.xy delta_sigma2 ., - . £ time oll up max_delta_sigma2 37/ 2 * max_delta_sigma2 -~ draw.to
- 5 & tix.format : : . . 0.0170.0T 0.01 0-01 daghed
8 5 goto.xy delta flyt . ) ' 3 0. max delta sigma2 3 / position -
1 time_oll up “max_delta_sigma2 3 / draw.to
onerr: ‘ 0.0170.0I 0.01 0,01 dashed
BELL " Error in plotting -~ try again." STATUS_MESSAGE 0. max delta sigma2 3 / 2 * position
’ " time oHu.Hnb “max_delta_sigma2 3 / 2 * draw.to
- ‘ 0.0170.0T 0.01 0.01 dashed
: MAKE_TOKENS_RESET VARS . i 0. max delta sigma2 position
1 number channels over over swap time oIl up “max_delta_sigma2 draw.to
real dim{ ? , ? ] unnamed.array []ramp swap time oil up O max delta sigma2 - draw.to
real dim{ ? , ? ] unnamed.array 0 * becomes> maal val . solid - -
integer dim{ 11 , number_channels ] unnamed.array bécomes> bytes
integer dim{ number_channels 3 * ] unnamed.array becomes> bytel23
maal_val becomes> ref_val 0.0 ref val :=
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wonanw.ooouan .
«27 0. "
2.2 QMMMW position " Hydrostatic part of load path" label
0.75 0.85 position " Too much oil" lab
el
0.75 0.15 position " Too little oil" label
0.10 0.95 position filename label
bright red color B
world.coords 0. 0. position cursor.off

~

: SET_DATAACQ GRAF SCREEN
graphics.display
text.cursor.off
16 graphics.display.mode
SET_COLOR_PALETTE

header scr bright red foreground monmmr :
= _ .clear
annﬂ“oMnﬂ UN»mrnlvwco foreground screen.clear {border}
fravus scr intens_white foreground screen.clear
fcanuer s Un»uzﬂluwcﬂ foreground screen.clear '
..8igma_scr green foreground . screen.clear {border)

T

. . 5 vuport.ori . .

green  vaport boscs <Mmonm.mmomnummm vuport.size vuport.clear
blue axis.color

blue label.color R
blue cursor.color

red color

outline

SETUP_GRAPHICS

header_scr overskrift st

status sor _string 1 WRITE

" System initialized. Acti . :
frastor sor  PoNCEIaH M..m % ‘xn_nmwm. M%.M%:»na by function-keys" STATUS_MESSAGE
actual sigma scr = ~ T .
wwxn.osﬂnOH.omm

- 0. goto.xy * pigmal" "type
7. 0. goto.xy " gigma3"® "type
0. 3. goto.xy " dsigm3" "type
8. 3. goto.xy " scan#" "type
6 1 fix.format

~

: SET_SCREEN2_UP
9 7 fix.format
" Channel# Type
1 top row :=
" TYPE: O-unused, 1-b -
5 23 gotanm :nwmo ridge, n pressure, 3-force, 4-gauge, 5~deformation”
bcsvwnﬂnrwubwwn 1+ 1 do -
top_row + goto.xy i first - "

16 i top row w.nono.xw "o znmwwmnumw vl Tl CCame

ww W Movluoz + goto.xy " <not in used>" "type
Loon Op_row + goto.xy 0.0 ".» :ﬂ%hm

Channel constant" § 1 goto.xy "type

“ ne

ENTER_DATA_FOR_CHANNELS

{def} screen.clear
SET_SCREEN2_UP
1 no_of_felt :=
0 antal bro :=

999 bro_channel :=

AL | S
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0 channel_array =
channel arxay sub{ 1 , 20 ;71 , 1, 0 ] []ramp
first channel channel array sub[ 1 , 20 ; 1,
channel_array sub[ 1,20 ; 1 , 1, 0 ) =

1,0]+1-~-

begin
stack.clear
channel_array ( no_of felt , 2)
case 0 of ‘" 0" endof
’ 1 of * 1" endof
2 of " 2" endof -
3 of " 3" endof
4 of " 4" endof
5 of " 5" endof
6 of " 6" endof
7 of " 7" endof
8 of " 8" endof
9 of " 9" endof
endcase

16 .no_of_felt top_row + goto.xy 1° "answer 0 "number if
- : dup channel_array ( no_of_felt , 2 ] =
case 1 of 19 top_row no_of_felt + goto.xy " <bridge excitation> " "type
no_of_felt bro_channel := ,
endof .
2 of 19 top_row no_of_felt + goto.xy " <pressure transducer>" “"type
45 no_of_felt top_row + goto.xy 9
chann@l_array [ no_of felt , 3 ] "." "answer O "number
channel_array [ no_of felt , 3 ] 3=
no_of_felt oil_chafnel :=
endof ’ T
3 of 19 top_row no_of_felt + goto.xy " <vert. force transd.>" "type
45 no_of_felt top_row + goto.xy 9
channel_array [ no_of_felt , 3 3] "." "answer 0 "number
channel array [ no_of felt , 3 ] :=
no_of_ felt force channel := .
endof
4 of 19 top_row no_of_felt + goto.xy " <atrain gauge> " "type
45 no of_felt top_row + goto.xy 9
channel_array [ no_of felt , 3 ] "." "answer 0 "number
channel array { no_of_felt , 3 ] :=
"~ endof
5 of 19 top_row no_of_felt + goto.xy " <deformation transd:>" "type
45 no_of_felt top_row + goto.xy 9 i
channel_array [ no_of felt , 3 ] "." "answer 0 "number
channel” array | no_of felt , 3 ] :=
no_of _felt flyt channel :=

endof
0 of
19 no_of felt top_row + goto.xy " <not in use> " "“type
45 no_of_felt top_row + goto.xy 0.0 "." “"type
endof
0 " wrong channel-type"” 24 WRITE BELL "drop
endcase
case O of no_of felt no_of_ felt 3= endof
13 of no_of felt 1 + no_of_ felt := endof
71 of 1 no_of felt :+= endof
72 of no_of_felt 1 - no_of felt 3= endof
73 of 1 no_of_felt 3= endof

75 of no_of felt 1 - no_of felt 3= endof
77 of no_of felt 1 + no_of felt := endof
79 of = nufmber_channels no_of_felt := endof
80 of no_of felt 1+ no_of felt := endof
81 of - number_channels no of felt := endof
endcase
1 24 goto.xy 78 spaces
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" Brror: t

"Error: too many or

~

s

~

else

then

0 no_

0
0

non-numeric character entered - try again" 24 WRITE BELL

of felt = 1 number_channels + no_of felt = or if .

antal bro 3=
antal force :=

0 antal oil :=
number_channels 1 + 1 do

loop

channel array [

] 1 =4if antal bro 1+ antal bro = then

—— h\” —
channel array [ w ¢+ 2 ) 2= if antal 0il 1 + antal oil t= then
2
’

channel_ array [

antal bro 1 > antal bro 1 < or if

1 24 goto.xy 78 spaces
00 many or no channel(s) for brid

2 24 goto.xy "type BELL
1 no_of felt :=

then

antal oil 1 > antal

1 27 goto.xy 78 spaces
" Error: too many or no channel(s) for oil transducer entered ~ try again."

2 24 goto.xy "type BELL
1 no_of felt :=

then
antal force 1 > antal_ force 1 <
1 24 goto.xy 78 spaces

2 24 goto.xy "type BELL
1 no_of_felt :=

then

then

0 no of fe

until

SET_SCREEN1_UP
menu_scr screen.clear

2z oz

.Enter
Enter
Enter
Enter
Enter
Enter
Enter

cr
TRIAX.
0o n
3 »
0.3 "
1 "
140"

no_of

disk drive for the datafile .
datafile name (max 15 char)..
first channel to scan ,....
last channel to scan .
load speed (MPa/8) vevvenuan.
maximum oilpressure in test (

maximum allowable oilpressure (MPa).>

"dup drive name

DAT" "dup file name_min.
"dup first channel str
"dup last_Channel str
"dup load_speed_str
"dup max_oil level str

"dup max_oil str

felt =

GET_MENU_PARAMETERS
SET_SCREEN1_up

no channel(s) for vert

01l 1 < or if

or if

DR &
csenses>
DEREREN 3
ceeease>

“eereead>

MPa)...>

"= 54 3
"i= 54 4
"= 54 6
"= 54 7
"s= 54 9
"i= 54 10
"= 54 12

13 = if antal”force 1 + antal force := then

ge excitation entered ~ try again."

« force trans. entered - try again."

1t = 1 ncavoulo:rnnown + no_of_felt = or

10 3 goto.xy "type
10- 4 goto.xy "type
10 6 goto.xy "type
10 7 goto.xy "type
10 9 goto.xy "type

10 10 goto.xy "type’
10 12 goto.xy "type

‘goto.xy "type

goto.xy "type
goto.xy "type
goto.xy "type .
goto.xy "type
goto.xy “"type
goto.xy “"type

begIn
no_of_ felt
cagse 1 of 54 3 goto.xy 1 drive. name "answer
drive name ":= “endof
2 of 54 4 goto.xy 12 file name.min "answer
file name_min "i= endof
30f 54 § goto.xy 3 first channel stxr "answer
first channel str ":= —endof —
4 of 54 7 goto.xy 3 last channel str mansgwer
last_channel_str ":=— endof —
Al.14
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"answer

§4 9 goto.xy 4 load speed str
5ot load nwooﬁ|umn ":= endof .
6 of 54 10 goto.xy 5 max_oil level str "answe
max_oil_level str ":= endof
7 of 54 I2 goto.xy 3 max oil str
max_oil_str ":= endof

"answer

age . : . :
MMMM 13 of no_of_felt 1 + no_of_felt := endof

£ 1 no_of_felt := endof
Nw Mm no_of_felt 1 ~ no_of_ felt := endof
73 of 1 no_of_felt i= sﬂaom
75 of " no_of felt 1 - no_of felt := endo
77 of no_of felt 1 + no_of felt := endof
79 of 7 no_of_felt i= . endof
80 of no_of felt 1 + no_of felt := endof

81 of 7 no_of felt := endof

endcase

no_of_felt dup 0 = 8 = or
until

L] "y

drive_name " :" "cat: file_name_min “"cat filename ":
first_channel _str 0 ‘"number ~first_channel t= a
last_channel_str O "number last_channel 1= uan
load speed_str 0 "number load speed = n:n
max_oil _level str 0 "number max_oil_level 1= n:n e
max_oil str 0 “number max_allow oil 3= »us

Tast_channel. first nrm:sow ~ 1 ¥ number_channels
I3 1s 207> if

:cawommmwwwano more than 20 channels are supported in this version."”
21 WRITE BELL myself

then

MAKE_DATLOG_COMMAND

MAKE_TOKENS_RESET_VARS

ENTER_DATA_FOR_CHANNELS

screen.clear

" Y" koert opsaet ":=

mwnm ERROR: non-numerical data entered somewhere - try again."

21 WRITE BELL myself
then

o:mMMWv " HbﬂOﬂH&ﬁﬂ reply or other error, retry whole operation."

STATUS_MESSAGE
: .

: END_PROGRAM
-174 fix.format menu_err_scr screen.clear .
" Do you really want to terminate the program  (Y/N) .....
4 WRITE key dup 121 = 89 = or :
if
bye
else
screen.clear
then
;
¢ WRITE SETUP TO FILE Co .
fiTename defer> out>file console.off
. e start_time 1= .
mownMWMpso logging of data at: " "type .time " - " "type .date cr cr
-
w nammwwmn:uaav var2 "." "cat " : elapsed time since start of test."
‘“cat “type cxr - . - .
number channels 1 + 1 do
channel_array [ i, 2:7]
-1 0 fix.format
0> if
tmp_var2:1l + -tmp_var2 =
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" col: " tmp var2 "." ncat
channel array { I , 2 ] dup

cage 1 of " : Bridge excitation (V "
2 of " : 0il pressure Azmuv. ) " MMMMM
3 of " : Vertical force (N) . " endof
M OM “ s Strain gauge (microstrain) " endof
os&onnoo : Deformation transducer ABMONOanmwav " . endof
"cat i
1> if

wo 6 fix.format
then trans.const.:s " "cat nun:uowlnnwnw [ i, 3] """ "cat
"type cr
then
loop
cr cr
console

onerr:
i g - g
BELL Error when wr iting to file 8 ﬂov and start again

~

RS

¢ SCAN
umam.»mnw«mboo.nwonn ME_TALKER
command talk * VS" talk DATALOGGER T.
Wmnnwm Mamamw becomes> unpacked vnnnMnybnmw wsmmmn.wrunoa

packed_beddat sub{ first ne
provious time né.._..nw.a - uuw ..».on_..iasap ¢+ number_channels 3 * ] becomes> bytel23
no_of days 1 + no_of_days :=

then -
rel.time st - .
wwwchonule“MnﬂM»Bn 1000 / 86400 no_of_days * + dup- elapsed time :=
elapsed_time test_start - .
BIN_DEC_CONVERTION ~tine - test_time i~

H OMMZIQHOMMIOGNNNZH
yes is_current_on = if
ohplbnMuwzno max_allow oil > if
gsend. interface.clear ME TALKER
S Pt e 2% current off talk
else -
send.interface.clear ME_TALKER current on talk

owplwnMamcno max_allow oil <= if

send. interface.clear ME TALKER ¢ ,

eh yes is_current_on := sroent.on talk
en

i

H OOZHwOn.Imnvz
szMMHmdewIBO FILE
gsend.interface.clear device clear remot
. .enable.on
send. interface.clear ME TALKER cur ®tal
ves is_current_on 3= renton talk

begin
?key if
.pckey 2drop )
case S9 of \ F1 ~ gcan once, and put in file

1 scan_counter + stcan counter t=

SCAN ANALOG_TO PHYSICAL SUBTRAC: RAN
SHOW_DATA ON_SCREEN *_FEFERANCE
PUT_DATA_IN_FILE

" Data have been stored in file." STATUS MESSAGE

A.1.16 . . _ :
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WRITE_DATA_ON_PRINTER CALC_AND_PLOT_SIGMA
OPEN_CLOSE_CURRENT

nom ‘
Mw of \ F2 - scan once, only to screen
SCAN
ANALOG TO _PHYSICAL SUBTRACT_REFERANCE

SHOW_DATA_ON_SCREEN
" None of the above data are stored in file.”

STATUS_MESSAGE }
dof . e
o1 o \ F3 - scan with a given timeinterval

61 of
" Bnter time in sec. between scans:

STATUS_MESSAGE NUMBER_CHK 1000 * time_between scans

~«1 0 £Iix.format .
* prees any key to stop " time between scans 1000 / *". cat

" gecond scans" "cat STATUS_MESSAGE

‘no stop_timescan =
rel.time time_between_scans + next time :=

=

begin
next_time 864ES5 > if
begin S . o
rel.time 500 msec.delay rel.time >=
until
next_time 864ES - next_time :=
then

rel.time next_time >= if
1 scan_counter + scan_counter 3=
SCAN ANALOG_TO_PHYSICAL SUBTRACT REFERANCE
SHOW_DATA_ON_SCREEN PUT_DATA_IN_FILE
WRITE_DATA ON_ PRINTER =
CALC_AND_PLOT_SIGMA
OPEN_CLOSE_CURRENT .
rel.time tIme_between scans. + next_time :=
then ’
?key if
pckey drop ?drop yes stop timescan 3=
" Timed scanning stopped.” STATUS_MESSAGE

then .
stop_timescan yes =
until

endof
62 of -\ F4 -~ reference scan

SCAN ANALOG_TO_PHYSICAL SHOW_DATA_ON_SCREEN
maal val becomes> ref_ val

PUT_ZEROES_AND_VREF_IN_REF_VAL
" Reference scan has been made - this scan NOT stored.™

STATUS_MESSAGE
endof
63 of \ F5 - stop logging, and return to menu
BELL
" Do you really want to stop data-acquisition (Y/N)"
STATUS_MESSAGE
key dup 121 = 89 = or
if '
normal.display
out>file.close -
text.cursor.on exit
else : i C ’
* Returning to data-acquisition" .STATUS_ MESSAGE
then
endof .
64 of \ F6 - continuesly logging on printer

" Continous printing of scanned data on printer (Y/N):"
STATUS_MESSAGE .
key dup 121 = 89 = or
if
" Scanned data will be printed (except when using F2-key)"

STATUS_MESSAGE
no is_printer_off :=
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H

else ’ .
" Data will no longer be printed”
STATUS_MESSAGE
yes is_printer off =
then
endof C
65 of \ F7 -~ disconnect screen
yes is_screen off = if ' :
no Is_screen off =
status_scr 69 0 goto.xy " - " "type
else .
yes is_screen off := .
status_scr 69 0 goto.xy " Screen off" "type
66 of \ F8 - start timing of the test

rel.time start_time - 1000 / test_start_ time :=
0 old_time :=
0 old delta_sigma2 :=
" Test-timing have been .started."
STATUS_MESSAGE

endof ’

- 67 of '\ F9 - gcan as fast as possible
" Contineous scanning started - strike any key to stop"
STATUS_MESSAGE .
no stop_timescan :=
begin ’

1 scan_counter + scan_counter :=
SCAN m2wBOOIaOIwENMHO$B SUBTRACT REFERANCE
SHOW_DATA_ON_SCREEN
PUT_DATA_IN_FILE
2”HHHIU>B§IOZIM”H2HM”
CALC_ZAND_PLOT_SIGMA
OPEN_CLOSE_CURRENT
?key if
pckey drop ?drop yes stop timescan :=
" Contineous scanning stopped.” STATUS_MESSAGE
then
stop_timescan yes =
until
endof
BELL
endcase
then
again

MENU_TEXT

menu_scr

bright_red foreground
overskrift_string

1 WRITE

bright_blue foreground
" Main menu for triaxial test control package."™

5 WRITE

" 1: Declare parameters for dataacquisition ......"
9 WRITE B}

" 2: Start measurements
10 WRITE

" 9: Exit program D
13 WRITE

"
R R P
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: MENU

i

tack.clear MENU_TEXT .
Mn:n scr " Choose item please ......>
e n.clear
rr_scr screen.
M.wu_m.lm of GET_MENU_PARAMETERS myself
endof
f koert opsaet " Y" "= if
2ot SET_DATAACQ_GRAF_SCREEN
CONTROL_SCAN
STOP_ACQUIS
else .
menu_err_scr
- "
muwmvnaononn for the test have not been set - do that first
4 WRITE ~
then
myself
endof . ... )
9 of END_PROGRAM myself
endof
ERROR_IN_CHOICE myself
endcase

3 MAIN

¥

normal.display

SET_COLORS

SET_DEF_VARS Lear

%MMMyanuomunnmmcuhvpnwnnocua bright blue foreground screen.clear

menu_@cr blue background Uﬁ%@:ﬂHVwco foreground Bcreen.clear

MENU

: ARRRRARRAAREN AKX
/ D.’ii.s.&“ﬁ“ii'ﬁt!&it#"tiﬂi!‘ﬁﬁi#ﬁﬁmom.*}*"‘*“*'l‘*’li*‘!#

install MAIN in turnkey
make.turnkey c:triax
install nop in turnkey
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