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Abstract 

An integrated approach to evaluating the causes of severe 
wellbore instability in the Cusiana field is described. The 
field is located in a tectonically active region of Colombia. 
Deterioration of the hole during drilling operations has led to 
excessive nonproductive time and expensive wells. The scale 
of the problem is unprecedented in the world. In wells 
costing tens of millions of dollars, millions per well could 
be attributed to poor hole conditions. 

This paper describes how the problem was addressed 
and what actions were taken to improve operational 
performance, resulting in reduced drilling costs. The 
improved understanding has contributed to better well 
planning, and improved drilling performance, and has 
underlined the need to consider all aspects of the drilling 
process to achieve improved hole conditions in a difficult 
geological setting. 

Introduction 

Nature of the Problem. Major drilling problems have 
been encountered in the Cusiana field. The field is located in 
the Llanos basin (Fig. 1), a tectonically active foothills 
region of the Eastern Cordillera in Colombia. The biggest 
problems stem from hole enlargement (Fig. 2), resulting in 
large amounts of cavings, often measured in truck loads per 
hour, which cause hole cleaning problems, stuck pipe, poor 
cementing, and often the need to sidetrack. The added 
complication of severe hole rugosity (alternating in-gauge 
and over-gauge sections) through interbedded sand-shale 
sequences, as in (Fig. 3) makes tripping, running casing and 
logging problematic, and renders large amounts of reaming 
necessary. 

The range of problems facing the drillers was 
formidable. Limited success was achieved by using 
experience from other parts of the world. For example, the 
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use of higher mud weights, the conventional approach to 
solving hole enlargement problems, was unworkable 
because of the significant mud losses that occurred as the 
mud weight was raised. There was even some evidence that 
higher mud weights were accelerating the onset of poor hole 
conditions. Initially there was reluctance to accept the need 
for a new approach. 

Geological setting. The main features of the setting are 
illustrated in Fig. 1. Although the geological historyl 
includes an initial period of extension (including 
contemporaneous extensional growth faulting), the current 
tectonic environment is characterized by active thrusting 
toward the southeast, the assumed direction of maximum 
horizontal stress, with the thrust front marked by the 
Cusiana fault. To reach the reservoir in the hanging wall of 
the Cusiana fault, most production wells must penetrate the 
hanging wall of the Yopal fault and cross the Yopal fault. 
Although not detailed in Fig. 1, numerous smaller faults in 
the structure complicate the lithological sequence (sections 
are repeated) and produce abrupt and frequent changes in 
bedding dips. As an example, Fig. 4 is a detailed section 
through well X. 

Fig. 5 summarizes the generic lithological 
sequence. While problems have been encountered in most of 
the formations, by far the most problematic drilling has 
occurred in the alternating sand-shale sequence called the 
Carbonera. In particular, losses and tight hole have occurred 
in the sandier units (CI, C3, C5 and C7), and well bore 
enlargement has occurred in the shalier units (C2, C4, C6 
and C8). 

Approach to Solving the Problem. Concerns over 
the increasingly high drilling costs and the lack of progress 
toward improved hole conditions led to the establishment of 
a multidisciplinary, multicompany team with the 
responsibility to help reduce costs associated with well bore 
instability. This objective was challenging given the 
complexity of the problem, an aggressive drilling schedule 
and the absence of hard facts needed to make convincing 
arguments for change. In the end a relatively simple solution 
emerged: namely, manage the instability rather than trying 
to cure it completely. The practical solution involved a 
combination of factors including mud weight, mud 
formulation, drilling practices and real-time monitoring of 
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hole condition. However, an unconventional approach was 
required to reach and implement this solution. 

Prior to establishing the well bore stability team 
there had not been a systematic field-wide approach to 
investigating the problems. Collective learning was limited 
because each drilling group concentrated on solving their 
own specific problems, and documentation of successes or 
failures was scant. It was recognized that resident wellbore 
stability expertise in the operating office was needed to 
improve communication between drilling groups and to 
provide technical direction. The formation of the new team 
addressed this issue. The team leader was based in Bogota, 
although the rest of the team was geographically dispersed. 

The following sections describe the problem as 
presented to the team, the approach to solving the problem, 
the information and processes that led to a clearer 
understanding of the most important issues, and how the 
understanding was turned into practical drilling 
recommendations, contributing to cost reductions of up to 
50% in a relatively short period of time. 

Diagnosing the Problem 

Early observations. Early efforts were directed toward 
analyzing existing well data, including time-based 
operational information, foot-based wireline and mud 
logging data. Open hole geometry was found to be highly 
variable with occurrences of large elliptical holes (breakout) 
in some places, washed-out (uniformly enlarged) holes in 
other places, and some hole closure in sandstones. 
Furthermore, the rugose nature of the hole in interbedded 
sequences was revealed. The striking feature of caliper logs 
from the early wells was the degree of hole enlargement over 
long depth intervals; holes drilled at 12 1/4 in. were often 
greater than 36 in. in diameter (Fig. 2), and breakout was 
aligned parallel to the mountains. Hole deterioration also 
appeared to be time dependent, with conditions becoming 
much worse with increased exposure times. Early indications 
were that the type of mud system, oil-based versus water
based, did not produce a significant difference in hole 
condition. A simple statistical look at the potential factors 
affecting hole geometry (including mud properties, bit 
hydraulics, drilling parameters) revealed that deviation and 
azimuth were significant. In particular, drilling normal to 
bedding, was found to reduce nonproductive time2. These 
observations contained important information although it 
was not all recognized at the time. 

Early geomechanical analysis concluded that 
wellbore instability was due mainly to high horizontal 
stresses derived from the regional tectonism, and that high 
mud weights and particular well trajectories would improve 
hole condition. However, as subsequently demonstrated, 
high mud weights were unsustainable. In addition, there had 
been claimed successes using low mud weights. 

Data analysis revealed the need to better understand 
the underlying causes of the poor hole conditions. In 
particular, a better physical understanding of the mechanism 
of deterioration was needed to derive conceptual models and 
produce a framework in which potential solutions could be 
systematically tested, modified or eliminated if proved 
incorrect. 
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Establishing a plan. The wellbore stability team was 
charged with providing recommendations that would help to 
improve hole conditions while drilling, and a planning tool 
that would help drillers select the optimal mud weight for a 
given predetermined well location and trajectory. 
Improvements were needed quickly. Recommendations 
needed to be practical and operationally focused. Establishing 
good communication with the drilling groups was vital in 
securing their cooperation and confidence in the team's 
recommendations. To achieve this, the team had to involve 
the drilling engineers, assimilate the experiences of the 
different groups, and critically evaluate the influence of 
operational factors that could affect drilling performance. 
including 

• mud weight 
• mud rheology 
• fluid loss 
• casing points 
• mud chemistry 
• well trajectory 
• drilling parameters (e.g., circulation rate. and ROP). 

Meetings with the different drilling groups revealed 
little consensus on these operational issues; even mud 
weight was contentious. Inspection of the drilling records 
and caliper logs (where available) suggested that large holes 
and drilling problems had been encountered while drilling 
with high and with low mud weights. Furthermore. losses 
and lost circulation became an issue at higher weights. 

Next. operational information had to be understood 
in the context of a more mechanistic framework. While field 
data would al ways provide the acid test of any proposed 
models. it alone would not provide the answers. Conceptual 
models were needed to help identify the key factors. This 
approach was based on field evidence that we were dealing 
with a non-conventional wellbore instability problem. If 
so, usual operational response to difficulties might be 
inappropriate if the physical mechanism of hole deterioration 
was not properly understood. For example, in a fractured 
rock, increasing the mud weight to combat hole enlargement 
might actually accelerate the deterioration process. With this 
backbTfound, the planned approach was to 

• identify the dominant failure/deterioration mechanisms 

• characterize the state of stress 

• characterise mechanical properties and chemical 
sensitivity of the rocks. 

This was considered a risky strategy since progress 
required data and time. There was little factual information 
on these three topics. aside from evidence for stress-induced 
borehole breakouts. A major challenge was to devise ways 
to constrain the problem given the operational difficulties 
preventing standard data acquisition. Although the plan 
contained three elements that at first appear to be 
conventional steps in assembling the required data for 
making mud weight calculations, it is important to 
recognize that in this geological setting. each of these 
elements contains something unusual. For example, what is 
the stress distribution in this tectonically active region? For 
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this reason, the team had to integrate a wide range of 
information to make progress; conventional data sets were 
incomplete or unobtainable. However, it is worth 
emphasizing that the underlying goal was to produce a 
planning tool so that drilling engineers could eventually 
select their own mud weights. 

Data Acquisition Initiatives. To achieve the plan, the 
following data acquisition was proposed: 

• downhole images of borehole geometry, froctures, 
faults and bedding 

• chamcterization and monitoring of cavings 

• stress measurements (microfrac or extended leakoff 
tests, if possible) 

• core from the Carbon era shales 

• four-arm caliper logs, whenever possible 

• continued use of measurement while drilling (MWD) 
techniques to chamctcrize time-dependent hole 
geometry in selected intervals. 

Much of these data are unconventional for wellbore 
stability studies, but are chamcteristic of the approach needed 
in this case - unconventional. Although these requests were 
initially met with some resistance, the technical case and 
potential gain were recognized to far outweigh the cost and 
risk of obtaining the data. The following sections describe 
how the data were utilized and integrated with all other 
information to build an improved understanding of the 
problem. 

Implementing the Plan 

Identifying Deformation Mechanisms. The 
geological setting and the elliptical geometry that had been 
observed from caliper logs suggested strongly that a 
dominant part of the problem was due to "conventional" 
wellbore breakouts resulting from high horizontal stresses. 
However, this mechanism could not explain all the observed 
behavior. In particular, the marked time-dependent 
deterioration of the hole and the perceived counter-intuitive 
effects of raising mud weight; these required explanation. 
Terms such as "brittle" and "fragile" had been used to 
describe problem mudstone intervals but with little 
substantiating evidence. 

Sonic logs had revealed high compressional wave 
transit times in the shalier units of the Carbon era sequence 
suggesting that abnormal pore pressures might be a 
dominant mechanism of hole deterioration. Classical 
interpretation of sonic (and resistivity) logs indicated 
overpressured shales.3,4 However over pressure was 
discounted as a dominant mechanism for two reasons. First, 
comparison of predicted overpressured sections with caliper 
logs showed no consistent correlation with hole instability. 
Second, if pore pressure was the only mechanism, raising 
mud weight should improve hole stability, and this had not 
been observed consistently (although it should be 
emphasized that a rigorous field test of the benefits of high 
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mud weight had not been possible due to the natural limit 
imposed by the onset of whole mud losses in the sands 
when mud weights were increased). 

Alternatively, it was argued that the high transit 
times might be caused by froctures or microcracks in the 
rock. Additional field evidence for the importance of 
fractures in the shales was gained from cavings and large 
pieces of rock recovered from reverse circulating junk 
baskets. These were clearly fracture-bounded on two sides, 
the third side being the original (gauge) well bore wall. 
Fractures can also account for the apparent detrimental 
effects of higher mud weights. Infiltration of mud into 
cracks could reduce the bulk strength of the rock through 
reduced effective stresses and/or lubrication of the crack 
faces. This same physical mechanism could also be time 
dependent if the cracks possess finite fluid conductivity, 
thereby explaining the deterioration of hole conditions with 
increased exposure time. 

Based on available information, it was not possible 
to be definitive about which of the three mechanisms was 
dominant. Indeed, we had to consider the possibility that one 
or more mechanisms were active in our setting. The 
challenge was to try to identify the dominant one(s). Fig. 6 
shows how the team's ideas and progress were effectively 
communicated to the drillers. 

By evaluating the existing and newly acquired data, 
stress-induced failure of relatively weak naturally fractured 
siltstones was established as the dominant mechanism 
causing the hole enlargement and high volume of cavings. 
Analysis of four-arm caliper data from two wells located at 
opposite ends of the field showed similar correlation between 
hole geometry and lithology. Subsequent analysis of 
ultrasonic borehole images showed clear evidence of stress
induced shear failure and confirmed the correlation between 
the mode of borehole failure and lithology, and much more. 
Many natural fractures were imaged (Fig. 7), but there was 
no evidence of drilling-induced hydraulic fmctures. There was 
evidence of backreaming in the sandstones as well as 
apparent hole closure in the direction of the maximum 
principal stress, but little conclusive evidence of fault 
movement. The location of keyseats in high clay content 
fractured formations was identified, and breakouts too small 
to be detected by four-arm calipers provided the best evidence 
of stress direction and helped constrain stress magnitudes. 

Evidence of real-time downhole conditions was 
gleaned using measurement while drilling. Specifically, 
time-lapsed electromagnetic calipers5 were used to monitor 
average hole size in the Carbonera. Results showed that hole 
geometry evolves progressively with increasing exposure 
time and different lithologies behave in different ways (Fig. 
8). In some lithologies, hole closure was detected prior to 
enlargement; in others, enlargement was gradual but 
continuous. In fact, a complete range of responses was seen, 
revealing the very complex nature of hole deterioration in 
this setting. Further analysis showed a broad correlation 
between resistivity and deterioration rate, and showed that 
resistivity decreases with exposure time, suggesting mud 
infiltration as a contributing mechanism. Indeed, the model 
of mud invasion into a crocked rock offered a consistent 
explanation of the downhole observations. 

The influence of drilling practices on wellbore 
instability was revealed while collecting cavings samples 
from the Carbonera formation. Cavings provide samples of 
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the unstable formations and possible information about the 
mode of failure. The rate and type of cavings coming from 
the wellbore were characterized for a section of Carbonera 
formation. To date, drillers have found cavings rate 
information most useful. The lowest rates were observed 
during coring of the C5 and the highest rates during 
backreaming (Fig. 9). The cavings rate was reduced by 
minimizing the backreaming. Drillers now use an 
instantaneous cavings rate as a method for managing hole 
cleaning: higher rates indicate the need to take precautionary 
measures and clean the hole to minimize the risk of packing 
off before drilling ahead. There have been fewer incidents of 
stuck pipe on wells where this practice has been 
implemented. Automated and instrumented cavings rate 
devices are being trested to assist with this. 

Characterizing the Stress State. Constraints on the 
state of stress are required in order to make quantitative 
estimates of mud weight and to define the optimal trajectory. 
To completely define the stress state it is necessary to 
determine the directions of the principal stresses and their 
relative magnitudes. In normal, passive basin settings, 
reasonable assumptions can be made to achieve this, but in 
more complex settings this is not the case.6 

Regional stress directions. The direction of 
maximum horizontal stress is approximately northwest to 
southeast as expected from the tectonic setting (Fig. 1). This 
stress direction was determined principally through analysis 
of breakouts in vertical wells using four-arm caliper and 
borehole image data.? A careful analysis of four-arm caliper 
logs and borehole images, where only true breakouts were 
selected, provided a good indication of the regional stress 
directions. These proved to be remarkably consistent on a 
field wide scale (Fig.lO). However, image logs that reveal 
breakouts too small to see on normal caliper logs showed 
clear local variability on the scale of reservoir thickness.8 

Strain relaxation tests on core samples, both DSCA9 and 
RSR,lO from the reservoir interval were consistent with the 
principal horizontal stress directions derived from breakout 
data. 

Constraints on stress magnitudes. Determining the 
relative ordering of the regional principal stresses proved to 
be very important. Given that the field is located in a region 
dominated by active thrusting, Andersonian fault 
mechanicsll would predict the least principal stress to be 
vertical (S3::;:Sv); the intermediate stress to be equal to the 
least horizontal stress (S2::;:Sh-Sv); and the maximum 
horizontal stress (parallel to the thrust direction) to be the 
maximum principal stress (S I::;:S H) . Analysis of historical 
mud loss data across the Cusiana field revealed a different 
picture: the maximum losses (predominantly in sands) 
occurred at mud weights substantially below the vertical 
stress. The inference drawn was that the Carbonera was 
fractured and that mud weight was limited by the normal 
stress acting on the fractures. In other words, whole mud 
losses occur when the mud weight approaches the least 
principal stress magnitude. This means that the minimum 
principal stress magnitude is below the vertical stress, and 
the relative ordering of the principal stresses changes to S2 
(Sv) vertical, and SI (SH) and S3 (Sh) horizontal, a system 
more characteristic of a strike-slip fault environment. This is 
similar to the situation found in the tectonically compressed 
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foothills of the Canadian Rockies,12 and prompted an 
investigation of mechanical systems that might lead to this 
stress state in order to further our understanding of the 
Cusiana stresses.13 

In addition to the mud losses, most of the available 
data are consistent with the revised understanding of the 
stress ordering, and suggest a magnitude of around 0.65 to 
0.75 psi/ft for the minimum horizontal stress (Sh)' For 
example, the least principal stress estimated from two step
rate tests performed in the reservoir for hydraulic fracture 
evaluation purposes indicated a magnitude of 0.65 psi/ft, 
which is consistent with the hypothesis that Sh < Sv. Most 
of the LOT data are also close to this value. Notice that the 
requested extended LOTs and microfrac tests were not 
performed due to the anticipated increased operational risk. 
These would have given the best measurement of the 
minimum stress, and given some assistance with evaluating 
the maximum horizontal stress. Fig. 11 is a compilation of 
the available information and shows clearly the basis of the 
estimated 0.65 to 0.75 psi/ft constraint on the minimum 
horizontal stress. 

The maximum horizontal stress SH has been the 
most difficult to bracket. Most of the information points to 
the maximum principal stress being (sub) horizontal: the 
geological model of active thrusting, the severe breakoutsand 
the occurrence of disking while coring. However, none are 
definitive, and there are no direct methods for measuring the 
maximum horizontal stress. The best constraint based on 
field evidence from the sandstones was achieved by analyzing 
the conditions under which incipient breakouts arc initiated 
(Fig. 12). Using rock strength measured on core, the 
minimum stress range already determined and the constraint 
of no drilling-induced fractures, breakout initiation was 
analyzed using clastic-brittle and elasto-plastic models. SH 
was found to lie between 1.2 and 1.5 psi/ft. 

The derived constraints on the stress field based on 
field evidence are summarized in Table 1. Clearly the 
weakest bound is on the maximum horizontal stress where 
the least amount of information is available. It is also 
necessary to emphasize that these are essentially point 
evaluations; in particular, the methods used to determine the 
minimum stress from field data invariably pick out the 
minimum stress in the open interval, and there may be 
higher local minimums in adjacent formations. This 
introduces an important issue, namely variability in the 
stress field, which is discussed in the next section. 
Nevertheless, the compilation of all the stress indicators. 
provided a revision of the stress ordering and constraints on 
the far field principal stresses, which have proved invaluable 
to improving our understanding and in making improved 
mud weight recommendations possible. 

Assessing the variability of the stress state. Given 
the nature of this setting, active thrusting, numerous 
secondary faults, steeply dipping beds, abrupt changes in 
dip, and alternating sand-shale sequences, significant 
variability in the stress distribution through the drilled rock 
volume was always anticipated. If quantitative predictions of 
optimum mud weights and well trajectories to minimize 
hole deterioration were to be made, stress estimates across 
the entire field were needed. In recognizing the likely 
variability and our inability to characterize it completely by 
measurement, the decision was made to attempt to gain an 
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understanding of the field wide distribution by 
geomechanical modeling.14 

The approach was to use a computational stress 
analysis tool to model the geological structure and the 
imposed loading. When modeling the stress distribution in 
a large complex geological structure, it has to be accepted 
from the outset that the problem geometry, the material 
behavior, the material properties and the external loading 
conditions are not well constrained, and the absolute 
accuracy of the predicted internal stresses and the way they 
are utilized must be viewed in this light. Experience has 
shown that if a geomechanical model can be constructed that 
incorporates the main mechanical features in the simplest 
possible way, subsequent simulations will constrain the 
range of possible outcomes, indicate trends, and identify 
likely concentrations.15 However, in absolute terms, there 
will always be a need to compare the model predictions 
against field data and to calibrate, if possible. 

The model produces a complete stress (and 
displacement) distribution(Fig. 13). However, the primary 
interest for wellbore stability assessment is the stress 
variation along a well trajectory. Seven structural sections 
have been modeled, and the stress profile can be extracted for 
any proposed well trajectory in the plane of each section, and 
out of plane by making some simple interpolation 
assumptions. Such stress profiles were used as input to 
wellbore stability calculations. In general, the stress 
distribution is heterogeneous, varying with depth and 
position on structure, and the maximum principal stress is 
(sub) horizontal. Faults tend to cause local perturbations 
and rotations of the principal stresses, an observation which 
has been used subsequently to offer an explanation of the 
impact of trajectory on well bore stability in these wells.16 

Characterizing Mechanical Properties and 
Chemical Sensitivity. Rock characterization provided 
the quantitative mechanical properties for input to the 
regional stress and wellbore stability models, confirmed 
some of the thoughts on the rock fabric and enabled 
relationships between strength and geophysical logs to be 
identified. Characterization consisted of describing the rock; 
determining the mineralogical composition, porosity, and 
the nature of the load-bearing solid phase; and measuring the 
strength as a function of confining pressure. Because of the 
extreme drilling difficulties, initial tests were conducted on 
existing unpreserved cores from the Carbonera C7 formation 
and the reservoir sections, but later a planned core was cut 
from the Carbon era CS and preserved for more reliable rock 
mechanics and chemical sensitivity testing. Core samples 
from five wells distributed along the length of the field were 
selected on the basis of the core gamma ray log (Fig. 14) to 
represent a wide range of composition and textures. 

Results of the rock characterization study revealed a 
hierarchy of rock strengths. First-order strength variations 
across the field are related to two lithofacies characterized by 
the mineralogy of the load-bearing solid phase. I? These are 
high-strength, grain-support facies and weaker clay-support 
facies (Fig. 15). Second-order strength variations are related 
to the diagenesis of each lithofacies. Within each lithofacies 
variations in porosity and cementation have a measurable 
influence on rock strength (Fig. 16). 

Analysis of mechanical, composition, texture and 
porosity data indicates that elastic modulus, clay content and 
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porosity are the geophysical properties that provide reliable 
indicators of rock strength variation in the field. This 
enabled the definition of a binary mechanical stratigraphy for 
the Carbonera formation and reservoir sections on the basis 
of the gamma ray logs. The binary stratigraphy comprises 
grain support and clay support facies, each of which can be 
characterized by average rock mechanical parameters (Table 
2). 

The planned core from the Carbonera CS produced 
further evidence of fractures, and allowed a rigorous 
assessment of chemical sensitivity of the rock. Detailed 
geological description reported fractures, some closed, some 
open, at most scales. In particular, structural features such as 
slaty cleavage associated with a thrust fault were seen. 
Some cavings resembling the tabular style of the rock 
between the cleavage planes suggest that these zones, which 
are probably pervasive in this setting, may explain some of 
the sudden, peak cavings rate events during which a section 
of the hole appears to deteriorate rapidly. Low-angle shear 
fractures were observed through most of the 90 feet of core. 
On the smaller scale, much of the rock contained a 
polygonal microcrack fabric, origin unknown, which 
appeared to provide the planes of weakness along which 
some of the core tests failed. 

Conventional tests showed the shales to be 
chemically unreactive. 18, 19 However strength testing of 
cores that had been exposed to different drilling muds for a 
period of days showed samples were weakened by exposure 
to all drilling fluids tested. Post test analysis suggested that 
fluid invasion into the fractures was instrumental in the 
failure. 

Development of a Mud Weight Planning Tool 

A conceptual model of the deterioration process was required 
for development of a mud weight planning tool. The model, 
derived from the integration of the information on 
deformation mechanisms, in-situ stresses and rock 
properties, provides a consistent framework within which 
quantitative estimates of mud weights can be made. 

Conceptual Model. The conceptual model is based on 
the presence of microcracks and/or fractures in the inherently 
weaker shales and relatively strong sands. Fractures in both 
lithologies, aligned with the maximum horizontal stress 
(S H) become potential loss zones as the mud weight 
approaches the minimum stress. Mud invasion contributes 
to weakening of the rock in the fractured mudstones, even at 
low overbalance, and this effect is accelerated at higher 
overbalance, particularly if the pressure in the fractures 
approaches the minimum stress. Of course, rock strength 
would be retained if the fractures could be sealed perfectly, 
but this is difficult through conventional means because the 
flow is limited. However, it is anticipated that the lower the 
overbalance, the lower the rate of invasion, and the slower 
the weakening of the bulk rock.20 In this scenario, the 
lower limit on mud weight is that required to prevent 
conventional breakout of the intact sands and shales, whereas 
the upper limit on mud weight is the minimum stress, but 
for different reasons in the sands and shales: High mud 
weight leads to instantaneous whole mud losses in naturally 
fractured sands versus accelerated deterioration of the rock 
strength and hole condition in the fractured shales. 
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Calibration of Stresses. The mInImUm stresses 
predicted by the model were found to be consistently high 
when compared to field data, as expected given the nature of 
the geomechanical model. Calibration for field application 
had always been anticipated.14 A simple scaling was 
adopted, whereby the trends indicated by the model were 
maintained but the horizontal stresses were reduced by a 
constant proportion in the form of 

SH = (Sx - Pp) r + Pp 
Sh = (Sy - Pp) r + Pp 

(1) 
(2) 

where Sx and Sy are the horizontal total stresses predicted by 
the model, Pp is the pore pressure (assumed normal) and r is 
the scaling factor. Realistically this approach can only be 
justified if a constant value of r applies for the whole field. 
Based on this constraint and calibration with the field data, a 
value of r=0.5 was derived. The scaled minimum stress from 
the geomechanical model then sets the upper limit to the 
mud weight window. 

Evolution of a Practical Mud Weight Model. The 
philosophy was to develop mud weight recommendations 
based on a simple physical model, and to counter model 
deficiencies by calibrating against field data. Hence, using 
the standard Mohr-Coulomb elastic-brittle calculation21 for 
a vertical well, the mud weight that just prevents first yield 
on the wellbore surface is given by 

mw = «3 SH - Sh) - ucs - (1-N) Pp )/(I+N) (3) 

where UCS and N are the usual Mohr-Coulomb strength 
parameters. Theoretically, to prevent failure of the shales in 
Cusiana, this model predicts mud weights much higher than 
the minimum stress.22 Other, more complex models such 
as elasto-plastic and finite element calculations showed 
similar trends. Over reliance on these predictions would have 
led ~s to believe that there was no practical mud weight 
solutIon to the problem, that no window existed. However, 
field observations show that some sections had been drilled 
with at least only limited breakout. With this knowledge, 
the options were to (1) seek ever more complex models of 
rock behavior and/or wellbore stability which ostensibly 
capture more of the physics of hole deterioration but may 
still not yield practical answers or (2) take a more pragmatic 
approach by using the simple model but basing calibration 
on field evidence of the enlargement process. Option (1) is 
the ~ubject of many current research programs, and was 
conSIdered too immature to deliver timely results. Therefore 
option (2) was pursued. Research models provided valuable 
insight on how to use the simple model more effectively. 

With the scale of our problems, the key objective 
was to determine the mud weight required to prevent 
catastrophic failure of the shalier intervals. From the point 
of view of managing the problem, some breakout was 
acceptable and historically seemed unavoidable. What we 
needed to prevent was large-scale hole enlargement leading to 
uncontrollable cavings volumes. The mechanics of the 
situation indicate that first yield of the rock on the surface of 
the wellbore is not the point at which the hole would start 
to enlarge uncontrollably. Computational analysis supports 
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the view that holes can be stable with a significant volume 
of yielded rock adjacent to the point of first initiation.23 

Indeed, it is probable that the shales cannot be drilled 
without yielded zones forming around the wellbore. Even so, 
deterioration of the hole can be reduced if the mud provides 
support to the yielded zones, thereby limiting the amount of 
rock that fall~ into the hole. In our case, the ability of the 
mud to prOVide a seal and the appropriate mud weight 
became the key factors. 

The lower limit of the mud weight window was 
therefore redefined as the mud weight required to limit the 
extent of yield around the well bore surface, and to calibrate 
this against field data. A more rigorous approach would have 
been to base this criterion on the volume of yielded rock 
adjacent to the wellbore, but this would have required the use 
of com~lex elasto-plastic c~culations for every mud weight 
calculatIOn. By usmg the SImple criterion, the calculations 
involved f~r a well in which stress and strength vary with 
depth remam manageable. The chosen calibration factor was 
the semi-angle subtended by the arc of yielded rock (Fig. 
17). Comparison with historic well data, primarily calipers 
and mud weights, led to a calibrated semi-angle of 40 to 45 
degrees. If the upper limit is chosen, the mud weight 
required to just prevent yield at the ends of the yielded arc 
becomes 

mw= «SH + Sh) - ucs - (l-N)Pp )/(l+N) (4) 

.. This is the basis on which the lower mud weight 
hmlt was calculated. The theoretical deficiencies of this 
approach are recognized, and we are continuing to investigate 
more rigorous methods. However, the simple approach has 
facilitated the design of mud weight programs for more than 
10 wells over the last year or so. 

Mud Weight Recommendations. Using the approach 
outlined,. Fig. 18 illustrates the calibrated stress profile, the 
stress ratios and the the mud weight window for well X. The 
stress profile is typical, with the Yopal fault (YF) and the 
smaller reverse faults (R) causing local variations. The stress 
ratios indicate that SH:Sh-2, at least through the Carbonera 
sequence, and that the minimum horizontal stress is always 
smaller than the vertical, in accord with field data. The mud 
weight window reflects the variability of the stresses and the 
binary rock strength. The general result is that the minimum 
mud ~eight required for the shalier intervals is much higher 
than 10 the sands. The maximun mud weight, based on the 
~inimum stress, is most affected by the presence of faults; 
mdeed there are locations, corresponding to faults, where the 
upper and lower mud weight curves overlap and even our 
model predicts no safe window. 

. Ideally, shales would be drilled with higher mud 
wel~hts than the sands ~o reflect the different stability 
reqUlre£?ents .. However, higher mud weights while drilling 
the shaller umts could lead to losses in sands elsewhere in 
the open sec~ion. Also, although there is no implicit 
allowan~e for .lIme dependence in the model, in reality higher 
mud weights In the shales leads to accelerated deterioration 
due ~o mud invasion. Clearly, changing the mud weight 
cont.Inuously to reflect the alternating lithology is not 
feaSible, and the number of casing strings that would be 
req~i~e~ to mak~ it possible is impractical (although 
optimizIng the settmg depth has proved important). Hence a 
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compromise in the mud weight plan was needed, the net 
result being that sands are drilled with higher weights than 
are necessary, but the shales are drilled with weights that are 
probably too low to eliminate all breakout. Therefore, the 
recommended mud weight plan (Fig. 18) is selected partly 
on the results of calibration against old wells, and partly on 
balancing the opposing issues of breakout at low mud 
weights and losses in sands or accelerated deterioration of the 
fractured shales at higher mud weights. It is clear from Fig. 
18 that it is not always possible to honor all the constraints 
suggested by the mud weight window. 

Recommendations for Successful Drilling 

The main operational recommendations that evolved for 
improving hole condition and drilling performance are: 

• Use mud weights as derived from the improved 
conceptual and quantitative model. 

• Increase the fracture sealing capacity of the mud to 
delay invasion and pressure diffusion into fractured 
shales (asphalts have proved effective). 

• Be prepared for losses in sands and have suitable loss 
circulation pills available. 

·Utilize natural walk (bit seeks its own path) where 
possible, at least until the mechanics of hole 
deterioration in directional wells in this setting are 
better understood. 

• Optimize hole cleaning parameters, and monitor hole 
conditions/cavings rates for signs of deterioration and 
the need to clean the hole (automated monitoring 
devices are being tested). 

• Employ fast but smooth drilling techniques to reduce 
exposure times and to minimize mechanical shock to 
the hole through optimized bit selection and drilling 
parameters that increase drilling rate, minimize 
vibrations and extend bit life. 

• Minimize reaming and back reaming to reduce 
mechanical disturbance to the hole while tripping. 
A void short trips, if possible. 

Improved Performance 

The progressive implementation of these recommendations 
and procedures for improving hole conditions and drilling 
practices have had a significant impact on overall 
performance over the last year or so. In particular, the non
productive time has been decreased (less stuck pipe, less 
cavings, less reaming), and productive drilling activities 
have been optimized. The net result is that wells are being 
drilled and completed in much less time than previously 
(Fig. 19). Better openhole conditions have played an 
essential part in achieving this improvement, and the role of 
the conceptual model of hole deterioration in enabling 
improved selection of the conventional hole stability 
parameters, primarily mud weight and mud system (in this 
case, inclusion of fracture plugging additives), has been 
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significant. However, the important role played by other 
technical advances such as improved bit performance, closer 
monitoring of mud logging data, improved hole cleaning, 
restricted well trajectories2 and stricter incident prevention 
policies must be emphasized. The integration and 
optimization of all these issues that has led to success. 

As an example of the improvement in open hole 
geometry, Fig. 20 shows the caliper log through the Lower 
Carbonera in well X. Fig. 18 demonstrates how closely the 
recommended mud weight was followed (compare actual 
with recommended). This 12 1/4-in. section was drilled very 
successfully using oil-based mud containing fracture 
-blocking additives and mud weights based on the model. 
During drilling, cavings volumes measured over the shakers 
were generally low, no losses were recorded, and after 
drilling, the caliper log (Fig. 20) showed that, from the 13 
3/8-in. casing point in the Carbonera C5 through the C6, 
C7 and C8 to top Mirador, the hole was in excellent shape. 
In particular, the shalier intervals, C6 and C8 were more or 
less in gauge. This is a significant achievement when 
compared to the hole geometry and associated problems in 
earlier wells, and serves to endorse our current drilling 
practices. 

The problems are not completely solved, however, 
and our current model does not explain all the features of 
this clearly complex phenomenon. For example, at times 
high rates of cavings are still seen, the frequency of stuck 
pipe remains high compared to other areas, and the inter 
-reservoir shales remain problematic. From a technical 
standpoint, the effects of well trajectory on hole condition 
are not yet fully understood. These remaining issues support 
our early thinking that our short term aim should be to 
reduce the deterioration of the holes to make the associated 
difficulties more manageable - in other words, to reduce the 
operational risks. We have achieved this to a large extent, 
but there is no room for complacency. Drilling in this 
environment remains challenging and is always likely to be 
difficult. 

Conclusions 

1. In a complex geological setting where wellbore 
instability did not respond to conventional treatment, the 
need to integrate data, models and multicompany expertise to 
obtain a practical solution has been demonstrated. 
Implementation of the resulting recommendations has 
contributed to a significant performance improvement. 

2. The whole process, from conceptual model to mud weight 
planning tool, has shown the importance of systematically 
diagnosing available information, recognizing the 
limitations of conventional well bore stability models, and 
employing new approaches such as geomcchanical modeling 
and downhole imaging. 

3. Novel data acquisition, such as cavings monitoring, shale 
coring, downhole imaging and measurements while drilling 
have been utilized extensively and should be considered in 
other difficult drilling situations. 

4. Good communication within the multicompany, 
geographically dispersed team and with the local drilling, 
groups was critical. Placing a geomechanics expert in the 
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operations department facilitated this process and enabled 
ongoing technology transfer, established credibility, made 
information access much easier and achieved acceptance and 
implementation of the team's recommendations. 

5. Future drilling performance improvements will come 
from evaluating the impact of well trajectory on hole 
conditions, quantifying the time dependence of hole 
deterioration, and understanding the evolution of hole 
geometry in fractured rock. 

Nomenclature 
CS clay-support facies 
DSCA differential strain curve analysis technique 
E static Young's Modulus 
GS grain-support facies 
mw mud weight 
MWD measurements while drilling 
N strength parameter 
Pp 
r 
RSR 
Sh 
SH 
SI 
S2 
S3 
Sv 
Sx 
Sy 
lICS 
v 
e 

pore pressure 
scaling factor 
residual strain recovery technique 
minimum horizontal total stress 
maxmum horizontal total stress 
max mum principal stress 
intermediate principal stress 
minimum principal stress 

total vertical stress, model 
in plane horizontal total stress, model 
out of plane horizontal total stress, model 
unconfined compressive strength 
Poisson's ratio 
friction angle 
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Table 1. Stress magnitudes estimated from field data. 
Method Sv Sh SH 

DSCAweliA 
DSCAwell B 
Step rate test 
Leak-off tests 
Mud losses 
UBI' images 

psi/ft psi/ft psi/ft 
1.09 0.77 0.81 
1.09 0.93 1.10. 

0.65 
0.60-0.80 
0.60-0.75 

1.08 0.65-0.75 1.2-1.5 

Table 2. Average mechanical parameters for grain and clay 
support facies: moduli are given for confining pressures of 0 
and 40 MPa; bracketed numbers = 1 standard deviation. 
Facies E E v v UCS e 

o MPa 40 MPa 0 MPa 40MPa MPa deg 

GS 23 37 0.26 0.31 112(23) 45(5) 
CS 14 22 0.28 0.40 44(22) 23(12) 

* Mark of Schlumbcrger 

N 
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CARIBBEAN SEA 

ECUADOR BRAZiL 
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(b) 
WeilA WellS Welle 

Fig. I Regional setting: (a) location; (b) structural section. 

KoIcm~lres 
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GammaRlY Callpor 1-3 

Fig. 2 Four-arm caliper log (right) showing breakout. 
note scale. gamma ray log (left). 

fig. 3 rour-arm caliper log (light) showing extreme hole 
enlargement, to 45 in. in shale. and in gauge sands resulting 
in ledges, gamma ray log (left). 
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Fig. 6 Three possible mechanisms of instability 
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Fig. 8 Examples of time dependent hole deterioration based 
on MWD caliper log. 
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Fig. 9. Cavings volume vs. time 
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Fig. 10 Regional stress directions derived from wellbore 
breakouts in the Cusiana field. 
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Fig. 1230 visuali zation of a section of borehole showino 
incipient breakouL5 (light shaded ridge on left of borehole), 
source-ultrasonic borehole imaging tool. 
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Fig. 13 Example of the geomechanical model of one structural section tlrrough the iield. The faults , dips and lithology 
changes are clear and the principle stress indicators (orthogonal lines seen in the sec tion) show valiations of stress magnitude 
and orientation. 
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Fig. 16 UCS vs. porosity showing the dependence of UCS 
on porosity for grain-support and clay-support facies. 
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Fig. 17 Diagram showing the yielded arc concept for 
calibrating the mud weight window. 
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Fig. 20 Four-arm caliper log through the lower Carbonera 
from well X showing the significant improvement in hole 
condition. cf. Figs. 2 and 3. 
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