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Summary. The lessons learned on the geomechanical saltvioehand its application in
subsalt wells design are described in this paperddition, it is presented the developed
methodology validation, through comparison betwemmputing modeling results with
measurements carried out in experimental panetheipotash mine, and with measurements
obtained in an experimental well drilled for therpese of calibrating and optimizing
directional drilling in salt layers. These paramgetand methodology have been used to
support the design of the wells drilled in the Baedt giant oil fields in Brazil with very
successful results.

1 INTRODUCTION

A major challenge in drilling in the Pre-salt arem, Brazil, arises from the special
structural salt behavior, when compared to oth@engserials, since it develops high creep
strain rates under high levels of deviatoric seessnd temperatures. The salt or evaporitic
rocks, formed by the sea water evaporation, hafferent chemical compositions. In the Pre-
salt area the more important types are: haliteyadéte and tachyhydrite. The tachyhydrite,
for the same state variables, deviatoric stresstamgerature, develops creep strain rates up
to one hundred times higher than halite. Many ap®ral problems, such as stuck pipe and
casing collapse, have been reported when intergalat these rocks within a thick layer is
found. The challenge of designing excavations tedryhydrite, began with the development
of an potash underground mine to extract sylviore in Northeast Brazil. The research that
began in the 70s, to enable the mining of thisomerlying tachyhydrite, triggered one of the
largest R&D projects in rock mechanics, includimgnputing modeling, laboratory and field
tests. For the design of the pre-salt wells thevious experience was used and additional
triaxial creep tests were performed using a nevk mechanics laboratory. Field tests and
computer modeling improvement were used to overcihaehallenge of the Pre-salt drilling.
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2 CONSTITUTIVE EQUATION FOR SALT BEHAVIOR

Due to its crystalline structure, salt rocks exhilthe-dependent behavior when subjected
to shear stress. The creep strain rate is inflieebgehe formation temperature, mineralogical
composition, water content, presence of impuriti@sgd the extent to which differential
stresses are applied to the salt body. Early in18@0°s, creep constitutive laws based on
deformation mechanisms, have been recommendecdebptérnational technical literature, to
represent the intrinsic behavior of the evaporfitey.

The law that incorporates the deformation mechamisor the evaporite rocks was
developed by Munson [1,2]. The constitutive equatisased on Munson’s creep law
considers the following mechanisms: Dislocationd&li Dislocation Climb and Undefined
Mechanism. The largest contribution of either mei$a depends on the temperature
conditions and differential stress to which the sasubmitted.

In this paper, the salt rock behavior is analyzedoading to the elasto/visco-elastic
behavior, adopting the Double Mechanism creep &ssshown in equation 1:
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where:g is the strain rate due to creep at the steadg statdition;g is the reference strain
rate due to creep (in steady state);is the creep effective stress; is the reference effective
stress; Q is the activation energy (kcal/mol), QeEl/mol [4]; R is the Universal gas
constant (kcal/mol.K), R=1.9858E-03; & the reference temperature (K); and T is thd roc
temperature (K).

3 VALIDATION OF THE CREEP PARAMETERS

As part of the rock mechanics studies used to erthlel mining of the lower sylvinite layer
in the potash mine, an experimental panel, [4] Wasigned and excavated in the lower
sylvinite layer, overlying a layer of tachyhydrieom thick. An experimental room was
excavated in this panel with length of 95m, dividedhree sections, isolated from the effects
of nearby excavations, with intensive use of fielstrumentation, for back-analysis, allowing
the calibration of the creep parameters. In eachicse a slab protection was left with three
different thicknesses (3m, 2m and 1m). The straiedp evaluate the influence of the slab
protection thickness of sylvinite in inhibiting tieor heave due to the creep of tachyhydrite.

Among the various instruments installed in the rodhis paper shows the comparison
between the vertical closure measurements withetlotsained by the numerical simulation.
The geology description in the area of the expemtalepanel and the finite element model
used in the simulations are shown in Figure 1. SK&MA [4] system is used for pre and post
processing of the finite element model. The nunaérsimulations have been done through
application of the finite element code ANVEC [4]gére 2 shows the comparison between
the closure measured in the experimental galledifferent locations along its axis for a slab
protection of syvinite of ~2.50m. The plot showse tklosure predicted by numerical
simulation with and without the initial deformatiafter excavation, which normally is lost in
the field. In these numerical models, it is usezldreep parameters obtained in the laboratory
creep tests.
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COMPARISON BETWEEN CLOSURE MEASUREMENTS MADE IN THE
EXPERIMENTAL ROOM C1D1 WITH NUMERICAL SIMULATION RESULTS
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CLOSURE MEASUREMENTS X NUMERICAL SIMULATION RESULTS

——————— CID1.01 SILV=2.60 M, CARN=10 M
C1D1.02 SILV=2.40 M, CARN=0.50 M
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C1D1.06 SILV=2.30 M, CARN=1.15 M
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Figure 2: Comparison between closure measuremeahtstanerical simulation, sylvinite slap protectiBm thick.

The results obtained by numerical simulation shexcellent fit to the closure measured in
the experimental room C1D1 up to 16000 h. Aftes tithe the refrigeration process starts in
the mine and reduces the rock temperature andréep eneasurements. This process wasn't
introduced in the numerical simulation.

4 FINITE ELEMENT MODEL OF WELL CLOSURE

With the creep parameters validation, it was aplpliee constitutive equation in the
numerical simulation of the creep salt behaviopttedict the evolution of well closure with
time during drilling of thick layers of salt, foavious mud weights. These results were used
to define several technically feasible alternatif@sthe drilling strategy through the salts
intervals. The prospect expected 2000m of diffesatit rocks, to be drilled at the interval of
2600 to 4600m, (WD = 1600m). This case study cameil a tachyhydrite layer of 5m just
100m from the salt base. The temperature at theftte salt interval is 40°C and at the base
60°C. The well will be drilled with a diameter of 32" and a 14” casing will be used.

The axisymmetric model, according to the longitadliaxis of the well, comprises 2000 m
of salt rocks and 200 m of thick hard rock, abord below the anhydrite layer to represent
the boundary condition. 86418 quadratic isoparametements (with 8 nodes) and 264063
nodal points are employed in the finite element elo&igure 3 shows the finite element
mesh used and the numerical results, for diffemard weights.
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Figure 3: Finite element mesh and numerical results

4.1 Numerical prediction of well closure: drilling fluid design

Figure 3 shows the evolution of the 17 %" well dieswith time, when it is adopted from
11 Ib/gl to 14 Ib/gl mud weight. As is expectece tachyhydrite layer has a very high closure
rate, and the halite layer, a low closure rate.g@t@ring a minimum thickness of 0.75” for
the cementation of the 14” casing, for a well 17ibetiameter, the acceptable closure will be
2". The curves of well closure with time of eachptlte begin when the bit reaches the
respective depth. In this case in order to havaigimdime to complete the drilling operation
and set the casing, use a drilling fluid over 1§l recommended.

5 CONCLUSIONS

This work presents a methodology developed by PEBIRAS for the design of the
subsalt reservoir wells for the exploration anddoiciion phase. The numerical simulations
have been done through the application of an irs@aeveloped computer code based on the
finite element method. This methodology has beerdus support the design of the wells
drilled in the Pre-Salt giant oil fields in Bramiith very successful results.
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