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Abstract — This paper describes the LNEC measuremengadings in all the strain gauges, and make ancoxiag

procedure of Stress Tube Tensor (STT) strain gaaggke
orientation, using a macroscopic vision system, tloe
purpose of production quality control. Angular gability
to the International System of Units (SI) was elisabd in
the macroscopic vision system by the use of anfgiekb
through an internal calibration procedure also gmésd in
this paper. The results are used to evaluate tberacy of
the STT production process.

Keywords: STT — Stress Tube Tensor, angular measuremer

strain gauge, vision system.

1. INTRODUCTION

The Stress Tensor Tube (STT) is a measuring ingmam
with a cylindrical shape, made of a polymeric maltein
which several electrical strain gauges are embeddsd
shown in Fig. 1. It is used for the complete detaation of
either the initial or the induced state of stressock masses

with a larger diameter while keeping the gaugesneoted

to the measuring apparatus; (e) perform a new $et o
readings for each strain gauge, in order to detemi
deformations caused by stress relief; (f) evaltfaestate of
stress using a complex and multivariable mathemiatic
model [1] (described in section 2).
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and foundations by means of strain measurementse mad Fig. 2. Schematic representation of a field teshwah STT.

inside a borehole. It was developed by LNEC [1] #rtths
been widely used for several decades, contribufioig

The main concerns related to the technological

experimental studies of rock masses and foundationfevelopment of the STT were focused on the follgwin

namely, those related to concrete dam construstenarios

(2].

Fig. 1. Details of strain gauges location in StifEsasor Tubes at
two steps of its production.

issues: (i) the number and the orientation of trersgauges
— although the stress tensor is composed by sixtiiies
(0% 0y, 02 Txy T Ty — the use of a higher number of strain
gauges with different orientations is recommended aa
redundancy to overcome the typical field test aggjve
conditions which frequently originates failurestie STT's
strain gauges; (ii) the STT dimensions which deteenits
stiffness and restrict laboratorial and field tegtoperations;
(iii) the epoxy injection system used to cement SET
inside the drilled hole; (iv) the location of andittbnal
strain gauge for temperature compensation of thainst
measurements.

The LNEC’'s STT model is composed by 10 strain
gauges aligned with axes established from the gegrota
dodecahedron or an icosahedron. These Platonuisdudive

The main Steps of the stress testing proceduregusiﬁrd order rotational Symmetry in which each rotatiofisa

STT's are presented in Figure 2, and include: (@) d
borehole down to the neighbourhood of the positidrere
the state of stress is to be determined; (b) drilarrower
coaxial hole at the bottom of the previous holepiider to
install and cement the STT; (c) establish an dkt=dtr
connection between the STT's strain gauges and
measuring bridge on the terrain surface; (d) tddeeinitial

passes by two opposite vertices in the case of the
dodecahedron or by the centre of two opposite fatdke
icosahedron. These geometrical features allow paifg
strain measurements in directions, non-parallethes STT
longitudinal axis, with a mutual angle of 41,81%iMy a
balanced geometrical configuration for the complete



determination of the stress state using any sefixobtrain
gauges, tolerating up to four strain gauges faslure

The production process includes the manual bonding
glue of the 10 strain gauges according to a sqiadfs of
nominal orientation anglea,and#, as shown in Fig. 3 [1].

Fig. 3. Strain gauges orientations in a STT [1].

Although it is possible to use a mask to perform

reference markings on the STT surface for straingga
orientation, significant angular deviations carsarirom the
manual process of bonding the strain gauges, tisigyjing
the need to establish quality control requirements.

The use of a macroscopic vision system is congidare
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Ele;=11lo,+Jlo, +Llo, - Dslr,,,

Eley=Flo,+Flo,+Glo,-D,lr, - D,[1,,~H; 7y,
(4)

Eles =Alo, +Blo, +Clo, -D,l1,, (5)
Eleg=Mlo,+Nlo,+Qlo, +H,(z,,, (6)

Ele; =Floy+Flo,+Glo,-D,lr, - D,lr,, +H,[7,,,

@)

Elgg=1lo,+Jlo,+Llo,+D;l1,,, (8)
Eleg=Flo,+Flo,+Glo,+D,lr,+D,l7,, ~H,[1,,
©)

Elgo=Mlo,+Nlo, +Qlo, - H,l7,,, (10)

where the values &, B, C, D, D,, D3, F, G, Hy, Ho, |, J, L,
M, N, Q depend on the rock’s Poisson ratio and STT
dimensional, geometrical and material propertigs [1

Both the rock’s modulus of elasticityE, and

suitable solution for angular measurements in alirvecorresponding Poisson’'s ratioy, are determined by

surfaces [3], as it is the case of the orientatinglea in a

STT. In the absence of a rotation accessory devidihe

observation table, the remaining orientation arfjean be
measured by a 3D contact measuring machine. Thiznde
angular measurement is considered to be outsidéheof
scope of this paper.

Research efforts for the establishment of Si troiiga
in macroscopic vision systems have been focused
dimensional features, namely, with the developmeht
standard artefacts or optical patterns [4] wherengsrical
features are often not present or evaluated. Thigemp

laboratorial mechanical testing of a STT drill cargng an
biaxial pressure chamber with a 15 MPa range. This
equipment allows applying a stress state charaetkrby
o = oy, =0 andry = 1, = 7, = 0, so that the previous
equations (1 to 10) can be written as

Elg = Ele; =(0306633-1766620v)(0,  (11)

B¢, =Ele, =Ele, = Ele, = (1605554 0,778010v ) 0,

proposes an angular calibration method, using amgul

blocks, to assess the angular measurement accofaay

specific macroscopic vision system, which is imtused to

assess the accuracy of the strain gauges angidataiion.
This study is organized in three main sections:Shg’s

mathematical models (section 2); the descriptiord an

discussion of the angular calibration of a macrpacuision
system (section 3); and the analysis of angularsorement
results obtained in the STT production processti(seat).
The calibration measurement uncertainty is alsduetved
and compared with the variability of the angulavidéons
found in a large sample of measured STT's and csimhs
are drawn about the suitability of the applied gualontrol
procedure.

2. STT MATHEMATICAL MODELS

The 10 strain measurements obtained with the ST,

(12)
Ele =Elgg =(2101697-0,400394v)(0,  (13)
Elgs = Elg,=(2408330-0167014v)lo. (14)

This system of equations can also be solved by 8¢
using, at least, two equations.
The LSM provides, in both cases (state of stredsrack
mechanical properties), estimates for the unknoanmables
and analytical solutions for the corresponding ciavece
matrices.

3. ANGULAR TRACEABILITY OF THE
MACROSCOPIC VISION SYSTEM

3.1. Main elements of the traceability chain

A set of angle block gauges (Kolb & Baumann, serial
number 06189) with 13 metallic pieces with nominalues
of 10", 30", 1', 2', 3', 10', 30", 1°, 2°, 3°, 1R0° and 60°, was
used for the vision system calibration, as showfign 4.

(wherei represents the strain gauge number) are used to Sl traceability to primary angular standards wasioled

determine the six stress tensor componeniss{, o, 7y, ox
7,5 through the Least Squares Method (LSM), basethen
following equations:

Ele =Alo, +Blo,+Clo,+Dlr,,

1)

Ele,=Flo,+Flo,+Glo,+D,lr,-D,lr,, +H, 71,

)

through calibration to fmetron (accredited byDAKKS,
reference D-K-15151-01-00, in accordance with thid BN
ISO/IEC 17025 framework). The maximum value of the
declared 95% measurement expanded uncertainty ef th
angular block gauges is 0,000 8°.



Fig. 4. Angular block gauges (on the left) usedther calibration of
the macroscopic vision system (on the right).

The vision system (Mitutoyo, model QV-X302P1L-C)
used by the LNEC’s Applied Metrology Laboratory fitve
angular measurement in STT's,

ranges from 1,5im up to 3,2um. Regarding the angular
measurements, the resolution is 0,000 1°, but digation is
given on the angular measurements accuracy.

3.2. Calibration procedure

The calibration procedure considers the evaluatfaine
angular accuracy in five positions (1 to 5) of thision
system table. The set of angular block gauges wed tor
each position and readings were taken for bothasad (A
and B) presented in Fig. 5.

Fig. 5. Angular block gauges placement in the visigstem table
(on the left) and observed surfaces of the andiiéank gauges (on
the right).

All readings were obtained using white light illumation
(with a 15% intensity level) in order to optimizeetimage
contrast (close to a binary image), and image pdéfbng
the observed angular block gauge edges were obtasiag
the vision system software. In the next step, sirtlines
were built using those points, defining the angwéock

has a dimensional
measurement range of (300 mm x 200 mm x 200 mnf) wit
a resolution of 0,um. The overall dimensional accuracy [5]

Tests were carried out to estimate the calibration
repeatability, complying with air temperature aredative
humidity requirements defined for dimensional miemy
(20 °C + 1 °C and < 65% rh, respectively). One tess
performed using the maximum magnification capabitf
the vision system (x15 for test #3) while the ottven (tests
#1 and #2) were performed with minimum magnificataf
x2,5.

3.3. Results

The results obtained from the calibration of macopsc
vision system, considering different block gaugefemes
and observation positions are shown in Figures @ &n

,respectively.
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Fig. 7. Calibration deviations obtained for differ®bserved block
gauge surfaces (S) and table regions (R) — te6t2:3).
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Fig. 8. Average calibration deviations obtaineddifferent
table regions — test #2 (x2,5).

The calibration deviations obtained (Fig. 7) were
comprised between + 0,006°. The higher deviatioesew

surface (A or B), from which the-angles were measured by, ,nq at angles nominal values of 10" and 3'. Betwthe

computation (Fig. 6).

Fig. 6. Angular calibration of the macroscopic eissystem.

angles of 30' to 30°, the calibration deviationsemeentred
on a null value and showed reduced differences detw
observed gauge block surfaces. A maximum average
difference of 0,006° was found for the 10" nomivedlie.

Regarding the influence of the observation position
(Fig. 8), the dispersion of average calibrationiaens had
values from 0,000 7° (for a nominal value of 1@)0t003°
(obtained for the angle of 2°). However, in a glotaw,
results do not differ significantly between testirggions
and, in addition, the central region (5) is usuahg main
observation region for angular measurements in §TT
making this uncertainty component less relevant tfo
angular measurement accuracy.



A cyclic variation of the average calibration déias Table 1. Uncertainty budget for the calibratidrhe
(between -0,004° and 0,002°) is noticed on Figvl8¢h can macroscopic vision system.
be explained by the air thermal variation in theolatory
(by correlation of values), taking into account tdopted

Probability Measurement

. . . " Uncertaint C .
calibration procedure (observation sequence frositipo 1 source ny distribution | standard uncertainty
to 5 using the same angular block, starting wita fi9" function contribution
block and ending with the 60° block). o

. . Calibration of the .
Figure 9 shows the results related to the evaloabid Gaussian 0,000 4°

. . . . angular block e
calibration repeatability, namely, the sample ekpental o 9au9e9

standard deviations obtained for all the perforrtessis and | Drift between
angular block gauge surfaces A and B. A maximumdsted | calibrations
deviation value of 0,002 5° was obtained for thargjular
block.

Triangular 0,000 5%6 = 0,000 2

Resolution of the

e Rectangular| 0,000 058 = 0,000 03
vision system

Variation due to bloch
o Rectangular, 0,006°43 = 0,003 5

gauges surfaces
0,007
Spatialvariation | pecranguiarl  0,003%3 = 0,001 7
" (observation table) 9 ' RS
% 00051~ — = — — — — — — — - - - - - - - - — — — — ————————— * Test #1 SA o .
H # Test #1584 Repeatability Gaussian 0,002 59
E 0004 — — — — o ____ a Test #2 SA
g o] Thermal influence Rectangular  0,004°43 = 0,002 3
20003 — — — — — — — — — = — =~~~ — — — — — — — ® Test #3 S§
8 ) . Magnification Rectangulal 0,003°4/3 = 0,001 7
0,002 x . x x
R T D "R
0,001 X : ; : 4 E E E E ! i - :
e T T w2 e o o Based on the presented values, the combined
Norinal engulr values measurement standard uncertainty is equal to (6@0%he
Fig. 9. Repeatability results. 95% measurement expanded uncertainty of 0,011° was

obtained using an expansion factor of 2,01 (fod&grees of
Figure 10 shows the average calibration deviatastained in  freedom).

all the performed tests, in order to evaluate ttitece of The results enhanced as main contribution for the
magnification in the obtained results. measurement uncertainty the angular variation @u¢hé
observation of different surfaces of the angulacklwith a

o contribution of, approximately, 40% to the combined
0006 uncertainty. This uncertainty component is followsadthe

repeatability and the thermal influence, each orin \&n
individual contribution of nearly 20% to the cométih

0,004

-0,002

g oo @] uncertainty.
£ oo e The magnification effects as well as the spatialateon
g e related to the observation table have a minor dmrtton

(10% for each mentioned uncertainty component)h® t

final angular uncertainty value. The remaining utaiaty

components (calibration of the angular blocks,tdrétween

calibrations and resolution of the vision systerhpwged

A L residual contributions (lower than 0,5%) to the aifed
T angular measurement uncertainty.

These results show that a calibration accuracy
enhancement can be achieved by a more demandingahe
Sontrol of the laboratorial environment, in orderreduce
%he thermal influence uncertainty component, and by

erforming measurements in the same region of the

Fig. 10. Magnification effect on the calibrationvigions.

The deviations obtained have similar magnitude
however, a maximum absolute difference of 0,003% w.
observed between calibrations performed with déffer

magnifications, for example, between tests #2 add bservation table (usually the central region) asihg the
(surface A) for the 10° nominal value. same optical magnification

In. addition to other sources of uncertainty, these The instrumental angular accuracy of the macroscopi
experimental results were used for the quantitwetf the .- system of 0,013° can be obtained combining t
calibration measurement uncertainty gccording E)"n;BO calibration expand'ed uncertainty (0,011°) and the
GUM [6]. Table 1 presents the uncertainty sourdesiified uncertainty related to the maximum calibration dé&wn

in the calibration process and their probabilitgtdbution (0,006°) systematic effect (by adopting a rectamgul
functions and the related measurement uncertainties probability distribution with an expanded measuretme
uncertainty of 0,0069°).



4. STT PRODUCTION QUALITY CONTROL

10
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orientation line and the virtual STT axis;
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Fig. 11. Schematic representation of the angulasmement in a
STT strain gauge (on the left) and real measureieenthe right).

4.2. Measurement results

This section presents theangle measurement results
with respect to the STT production process, comsigea
sample of 28 instruments. The results are preseirted
Figures 12 to 15 (time scale) and in Figures 161%
(angular deviations histograms) according to theairst
gauges nominal value for theangle (69,1° , 35,3°, 20,9°
and 0°, respectively).
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Fig. 12. Angular deviations for STT strain gaugend 5
(69,1° nominal angle value).
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Fig. 14. Angular deviations for STT strain gaugemnd 8
(20,9° nominal angle value).
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Fig. 15. Angular deviations for STT strain gaugemf 10
(0° nominal angle value).
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Fig. 16. Angular deviations histogram (69,1° norharagle value).



STT strain gauges 2,4,7 and 9
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Fig. 17. Angular deviations histogram (35,3° norharagle value).
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Fig. 18. Angular deviations histogram (20,9° norharagle value).
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Fig. 19. Angular deviations histogram (0° nomirnzgdla value).

distribution. In the remaining histograms (Figut€s 18 and
19) the Gaussian shape is not observed, possilpiaiard

because of the lower dimension of the angular dievia
samples (related to only two sets of strain gaygesich are

two times smaller than the sample presented on Fig.
(related to four sets of strain gauges).

5. CONCLUSIONS

The use of Sl traceable angular block gauges fer th
calibration of a macroscopic vision system was itared
adequate for the purpose of the evaluation anditgual
control requirements related to the measurementhef
o-angle of strain gauges in STT production. The
instrumental accuracy level of 0,013° is acceptatlesn
compared with quality control tolerances (+5°), ghheing
able to validate the use of a macroscopic visimiesy as a
reference standard for the calibration of otheresypf
angular gauges, namely, working angular standa®@s,
squares and universal bevel protractors, wheretahget
uncertainty (0,033°) may usually be obtained frignof an
angular resolution equal to 0,1° (according to ecepted
rule of thumb among metrologists).

Future work will be dedicated to measurement
uncertainty propagation of theangle dispersion in STT's
and its impact on the state of stress quantity Wwhie
obtained from complex and multivariable mathemética
model. This will allow us to determine if the memed
angular tolerance is acceptable for the requirettatugical
quality (quantified by measurement uncertainty}ref state
of stress quantity and if production efforts muse b
undertaken in order to comply with a more demanding
angular tolerance interval (lower than +5°).

Other important uncertainty components, nhamely,
temperature compensation and correlation betweent in
guantities (originated by the use of the same SArTfield
strain measurements and for the laboratorial detetion
of the rock’s elasticity modulus and Poisson’s aatinust
also be evaluated in this process. The effect diimdant
strain measurements (from six to ten strain gauged)its
influence in the stress measurement accuracy ‘& ae
investigated.
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