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Rock mechanics issues in petroleum engineering 
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Union Pacific Resources, Ft. Worth, Tex., USA 

ABSTRACT: Historically, petroleum engineers have neglected the role of the physical 
porous medium except for its storage properties (porosity, thickness, areal extent) and its 
delivery capabilities (permeability, natural fractures, susceptibility to damage). Engineers 
charged with maximizing hydrocarbon recovery address rock mechanics issues only of 
dire necessity and then with little enthusiasm. Rock stresses and failure criteria are the 
most critical aspects of rock engineering for petroleum engineers. Horizontal drilling has 
presented a host of new issues that are more pervasive than are vertical well issues. This 
paper addresses several areas, including: 

• an overview of rock mechanics issues of importance to petroleum engineers, 

• a discussion of typical stress magnitude measurements routinely used, 

• a brief review of stress orientation and 

• a discussion of the rock mechanics issues critical to horizontaJ wells. 

1 ROCK MECHANICS ISSUES IN PETROLEUM ENGINEERING 

Rock properties are important to drilling, production, and reservoir engineers for many 
reasons. Concerns range from drilling, completion, stimulation, production, and monitoring 
or reservoir processes. The state-of-the-art in borehole stability.is reviewed in a recent 
National Research Council publication [NRC 

Vertical wells have typical diameters ranging from 0.1-004 m. with depths from 
1,000 to 5,000+ m. Rock encountered have a variety of pore pressures, 
mechanical properties, and fluid contents. Most drilling techniques maintain fluid pressnres 
in the wellbore that equal or exceed those of the pore pressures in the permeable zones 
penetrated (with the exception of air, mist, and foam rotary drilling and certain methods 
for ';'ery shallow wells). Fluid pressure gradients range from su bnormal pressures below 6 
Kpa/m (0.27 psi/ft) to extremely abnormal pressures of 20 KPa/m (0.9 psi/ft). Borehole 
pressures must be high enough to prevent excessive fluid influx into the wellbore and be 
low enough to prevent "lost circulation", the rapid loss of wellbore fluids either to very 
high permeability formations or through induced hydraulic fractures. 

generally more rapid with lower mud weights and higher circulation 
chemically sensitive to the mud used (e.g., shales 

may swell when exposed to aqueous muds) leading to potential. wellbore faihire. Alternative 
muds (including oil-based or oil-water emulsion-based) may mitigate some problems at 
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higher costs a.nd with increased environmental risks. Methods of predicting wellbore failure 
based on linear elastic models neglecting plastic flow and rock creep overestimate mud 
weight requirements, slowing drilling and increasing the risks of tensile failure. 

Production problems involving the formation include sand control, stimulation issues, 
perforation design, and monitoring of rock movement related to oilfield operations that 
alter reservoir stresses. In some cases, permeability and porosity are strong functions of 
the effective stresses and change significantly with variations in fluid pressure. 

Sand control is a particularly onerous problem in which friable formations faiL For
mation failure ranges from rock matrix collapse to the production of for~ation material. 
Formation failure involves rock stresses, material strength, fluid velocities, and chemical 
interactions. Sand production can exceed 10 kg daily. The problems associated with sand 
production include decreased efficiency or destruction of artificial lift equipment, erosion 
of downhole and surface equipment, decreases in well productivity, and complexities in the 
separation and disposition of the produced material. Erosion impacts are most severe at 
high pressures and high flow rates where sand production poses safety hazards. At the 
opposite extreme, certain tar sands and heavy oil producers find the "coproduction" of 
sand to be positively correlated to well productivity. 

A host of remedial techniques to repair or mitigate sand production are widely used. 
The most common of these involve combinations of wire wrapped screens placed inside 
the casing opposite the perforated intervals, gravel packing (in which a dense slurry of 
sized sand particles are forced into the annular region between the screen and into the 
perforations), and pre-packed screens containing sized sands between two screens. Resin 
coated sands are occasionally used in either application. The resin coatings vary in 
but are designed to consolidate the sand grains. Sand consolidation treatments involve 
injecting liquids designed to permanently connect sand grains when the liquid materials 
harden. All of these techniques routinely decrease well productivity. 

One problem associated with sand control is predicting the onset of sand 
problems. While highly friable sands are ultimately likely to fail, they may produce "sand
free" for years. For less friable formations, it is not always possible to predict when (or 
if) well bore failure will occur. Many wells fail only after water production commences. 
Extremely overpressured wells often fail when well bore pressures decline below normal 
pressure gradients. Gravel packing a well at the time of its initial completion is less ex
pensive than packing in a subsequent workover, whether or not the gravel pack is needed 
initially. With decreased reservoir pressure at later times, subsequent gravel pack opera
tions will be more difficult to clean up damage caused by the water and polymer materials 
used to transport the sand. However, unnecessary gravel packing of a well decreases its 
productivity, often significantly. Pre-emptive gravel packing decreases the productivity 
when high rates are most needed from a Net Present Value (NPV) economic basis. 

Well stimulation is a means of improving the reservoir flow properties to overcome 
damage or improve the flow capacity of low permeabiHty wells. Horizontal wells compete 
with stimulated vertical wells in economic and recovery terms. The primary stimulation 
techniques for vertical wells are acidization and hydraulic fracturing. Acids are used to 
dissolve carbonate minerals, silicates, clays, and feldspars. One effect of acidization is to 
remove formation damage caused by [Economides), [Meehan 1989]: 

• invasion of drilling mud solids or filtrate, damages from cement 
spacers, 

washers, and 

• perforation damage from overbalanced perforations, charge debris, or inadequate 
perforation length, 

• damage from completion and workover 
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• damage to gravel packs by improper slurry placement, fines migration, plugging by 
foreign objects, or improper design of gravel size, 

• damage during production by high flow rates and consequent fines movement, exces
sive drawdown leading to rock failure or-permeability reduction, deposition of organic 
or in organics materials associated with pressure reductions, or 

• damage due to other well bore treatments including injected water, fracturing fluids, 
or prior acid treatments. 

Additionally, well stimulation is achieved by increasing near-well permeability to levels in 
excess of the native values. Matrix acidization is a near-well bore treatment where injection 
rates and pressures do not cause rock tensile failure. Acid fracturing is a technique similar 
to hydraulic fracturing in that a hydraulically induced fracture is created with conductivity 
at fracture closure due to uneven etching of the material along the fracture walls. 

Hydmulic fmc turing is one of the most common stimulation techniques and one of the 
most important applications of rock mechanics in petroleum engineering: Hubbert and 
Willis [Hubbert] explained the nature of hydraulic fracturing mechanics and concluded 
what is taken axiomatically today: Hydraulically induced fractures propagate in a direction 
normal to the least principal compressive stress. In most areas at depths greater than a 
few thousand feet, this least stress (O'min) will be approximately horizontal and fractures 
will be vertical to subvertical. At shallow depths, the reverse is often true: the least stress 
will be essentially equal to the overburden pressure and fractures will be horizontal. 

The pressure required to initiate the fracture is a function of rock tensile strength, 
hole geometry, rock stresses, and fluid properties. Pressures required to continue fracture 
propagation are largely determined by rock stresses. In a typical field, vertical fractures 
should have similar azimuths, or compass orientations. Large variations in effective stress 
directions, large pore pressure gradients, or alteration of effective stresses may alter the 
fracture azimuths created. Small differences between O'H and O'h (the maximum and mini
mum horizontal compressive stresses) tend to increase the possibilities for altering fracture 
propagation directions due to interwell interference. In practice, O'h is measured with rea
sonable accuracy on many wells, but measurements of O'I/ are rare. Knowledge of O'll is 
of minimal importance in vertical wells but is critical for drilling and fracturing highly 
deviated and horizontal wells. 

For very low permeability reservoirs, Massive Hydraulic Fractures (MHF) are created 
by pumping enormous quantities of sand-laden gelled fluids to create hydraulic fractures. 
Although they may have tip-ta-tip lengths in excess of 2000 feet, actual created hy
draulic fracture lengths can rarely be measured directly. Model estimates of created and 
propped hydraulic fracture lengths vary significantly [Warpinski 1993]; however, models 
that match the net fracturing pressure generally have reasonable agreement as to fracture 

[Cleary 1994]. Net fracturing pressure is defined as: 

t::..PI = PI O'k (1) 

where PI is the actual fracture pressure. Determining the actual value of PI requires a good 
estimate of the bottom-hole treating pressure (BHTP), perforation friction [Wright], and 
near-wellbore tortuosity [Johnson]. Some fracturing issues that remain poorly understood 
include: 

• Fracture tip processes It is widely agreed that the fracture tip consumes more energy 
than previously thought due to dilatancy [Cleary 1991], in situ fracture toughness 
orders of magnitudes higher than laboratory measurements [Shlyapoberskyj, or other 
reason [Valko]. 
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• Factors controlling fracture height growth are not well understood for shales, coals, 
and naturally fractured media. 

• Near well bore friction due to tortuosity can be severe and is difficult to predict but 
is easy to measure. 

The dimensionless fracture conductivity ratio, FOD is defined as: 

Fcw kjbj (kjbf)D 
xjk 

where kj and hJ are the permeability and width of the xf is fracture na.ll-len"'tn 
(well axis to fracture tip), and k is formation permeability. This ratio, must be 
to have a substantive, long-term increase in production. For low perme"hili 
the denominator becomes small, and efforts to make high conductivit 
important. However, long-term effects of potential proppant 
migration, and other damage to the fracture must be considered. 
draulic fractures have decreased fracture conductivities. 
fracture length may occur due to diminishing fracture connUCLI 
high values of FOD diminishes at values above about 50, with increases in pro
ductivity from 2 to 50. Fracturing of very high permeability formations for sand control 
and increased productivity is increasingly popular. short fractures (2x j = h) and 
large reservoir permeabilities necessitate very large values of kjbJ to obtain FeD values 
greater than unity. 

Formation mechanical strength and other rock properties, along with in situ stress con
ditions are particularly important. Without sufficient contrast in rock mechanical proper
ties and/or stresses between layers, creating extremely long propped fractures is impossible 
because of unconstrained vertical growth. Data from "mini-frac" tests and pressure mon

fracturing can be used to improve created and propped length, to avoid 
screenouts (a premature end to the hydraulic fracturing treatment associated with 

excessive treating pressures) or uncontrolled vertical growth. 
Pad volume (the quantity of proppant-Iess fluid pumped initially) is important since 

it both creates the fracture and cools the formation, enabling the fluid containing the 
proppant to maintain its viscosity. Excessive pad volumes result in higher-than-required 
fracture costs and inadequate propped fracture lengths. 

Per/omtion issues involving rock mechanics are numerous[Warpinski 1992]. Oriented 
perforations may mitigate excess near-wellbore friction observed in many vertical and most 
highly deviated wells. Optimum perforation length, density, and cleanup techniques are 
far from resolved. Extreme overbalanced perforating (EOB) coupled with near-wellbore 
proppants [Handren] is a recent variation of earlier EOB techniques that is proving succesful 
in a wide variety of applications. 

Monitoring 0/ reservoir processes involves rock mechanics for many specialized appli
cations, including: 

• Subsidence monitoring- Reduced reservoir pressures lead to reduced stresses; de
creased reservoir thickness can be communicated to the surface, especially for shallow 
reservoirs. Surface subsidence in excess of 10 m. has occurred, with much smaller 
subsidence posing large costs and safety hazards. While fluid injection for pressure 
maintenance can minimize subsequent subsidence, there is a need for continuous 
monitoring of subsidence prone areas. Surface tilt and observation well logging can 
be used to measure the impact of field operations on subsidence. 
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• Monitoring enhanced recovery- En hanced recovery requires injection of various fluids 
to displace oil. Knowledge of where the injected fluids actually are is essential to 
optimal economics; numerous EOR failures are directly attributable to failure to 
understand reservoir heterogeneity. If the location of injected fluids can be directly 
detected at early times, sweep and recovery efficiency can be improved. Injection of 
steam, CO2 , or even water can significantly alter the acoustic impedance of reservoir 
rocks and fluids, making EOR monitoring by surface seismic possible. 

2 DETERMINATION OF IN SITU STRESSES 

Formation stresses result from an interaction of overburden, tectonic stresses, and fluid 
pressures. The vertical compressive stress is due to the weight of the overburden and at 
depth Z can be expressed as: 

CTv = 9 l Z 

where PJ is obtained from density logs. Equation 3 can be significantly in error for 
dipping beds and mountainous areas. The effective vertical stress is diminished from this 
value in porous media because the fluids also support the overburden. 

a~=av appore (4) 

Minimum horizontal stress can be related to the vertical stress through the Poisson equation 
or by Mohr-Coloumb theory; either method predicts effective horizontal stresses of about 
one-third of CT~. Horizontal stress anisotropy is caused by tectonic forces. The value of aH 
can range from near CTk (normal faulting regimes) to values significantly in excess of CTv 

(strike-sli p and thrust faulting regimes). 
, In practice, CTk (at depths where CTv > ah) is determined from small scale fracture tests 

(micro-fracs) where fluid is injected at a constant rate into either an open-hole interval 
that has been isolated with straddle packers or a perforated cased-hole. As the bottom 
hole pressure increases, near wellbore stresses decrease. In the case of the open-hole, the 
minimum local (CTmin) stress occurs in the direction of aH. Fracturing occurs when the 
compressive stress is overcome (the well bore is in tension) and the tensile strenl!:th of the 
rock is overcome. The initial breakdown pressure is: 

Pb = 3ah - af[ Ppcre + Thj (5) 

where ThJ is the hydraulic fracture tensile suengtn 
Hydraulic fractures initiate normal to the minimum compressive stress. When a frac

ture is initiated, the wellbore pressure decreases rapidly and pumping is stopped after a 
short time. The pressure drops rapidly to a value known as the Instantaneous Shut-In 
Pressure (ISIP), and continues to decline until fracture closure. Fracture closure behavior 
is used to estimate CTh for open-hole micro-fracs. The ISIP exceeds ah caused by the back
stresses due to fluid leak-off and the pressure to keep the fracture open. Fracture closure 
pressure may be difficult to detect due to changing system stiffness. Equation 5 can be 
used to estimate CTH if ThJ is known. Some use laboratory estimates for ThJi however, 
subsequent "micro-frac" tests are preferable to estimate [Bredehoft]. After fracture 
closure, fluid is reinjected for multiple reopenings and closings. It is assumed that ThJ is 
zero for these reopenings and the difference between Pb 'and the reopening pressure is equal 
to ThJ enabling estimation of CTIl. 

Open-hole micro-fracs are costly and the packers used alter the wellbore stresses to 
extents [Warren]. Additionally, the assumption is made that the near well bore 

7 



stresses after the initial crack is induced are identical to the pre-existing stresses, an as
sumption that is valid for either low pumping rates with low viscosity fluids (the general 
method used) or for fast pumping and high viscosity fluids lRatigan]. Cased and perforated 
holes present completely different problems as the initial breakdown pressure is influenced 
by the orientation and spacing of the perforations, the quality of the cement job, and the 
stresses induced by the perforations. ThJ can not be generally determined from micro-fracs 
in cased and cemented holes and the value of ISIP can not be assumed to be equal to ah. 

Analysis of fracture closure in cased hole micro-fracs can lead to an estimate of ah and the 
leakoff coefficient, a measure of porous media filtration properties including permeabiUty, 
porosity, compressibility, etc. required for fracture design. 

3 STRESS ORIENTATION 

Determination of the orientation of the minimum and maximum horizontal compres
sive stresses is important for vertical wells that are hydraulically fractured for optimal 
well placement [Meehan 1989] and for naturally fractured reservoirs with permeability 
anisotropies related to the current stress state [Meehan 1991]. They are vital for hor
izontal wells where they relate to wellbore stability and the type of hydraulic fracture 
that will be created in a stimulation. Because hydraulic fractures will be aligned with aH, 

many of the methods to determine stress direction rely on techniques to determine fracture 
azimuth. 

3.1 Seismic Methods 

Seismic methods to detect stress orientation exploit the different properties of compres
sional and shear waves. Compressional, or p-waves have a sense of motion in the direction of 
propagation and are sensitive to the acoustic impedance of the material through which they 
are propagated. Shear, or s-waves, move perpendicularly to the direction of propagation 
and are sensitive to the shear strength of the media. S-wave velocities are approximately 
one-half of p-wave velocities for identical materials. 

Velocity anisotropy is the dependency of seismic velocity variations on the direction of 
measurement. Unequal horizontal stresses cause azimuthal anisotropy in the shear waves, 
polarizing them with the fastest component traveling in the direction of the maximum 
compressive stress. Shear wave velocities depend both on measurement location and di
rection of polarization of the shear wave. The direction of the principal stress axes then 
determines the orientation of the velocity with which polarized shear waves traveL 

Shear wave splitting is routinely observed in shear wave Vertical Seismic Profiles (VSP). 
Small cracks are the most important factor in creating large anisotropies. Open cracks at 

are usually oriented parallel to the maximum compressive stress [Nelmat]. Shear 
waves at the earth's surface are distorted by phase, amplitude, and mode changes, compli
cating of velocity anisotropy interpretation from surface measurements. It is easier 
to interpret shear waves recorded below the surface using three-component geophones. 

3.1.1 Tri-Axial Borehole Seismic 

Tri-Axial Borehole Seismic(TABS) [DobeckiJ is a technique which monitors microfrac
ture events associated with a small hydrofracturing operation. A seismic tool is clamped 
below the perforations while a fracture treatment is conducted without proppant. The tool 
contains three orthogonally oriented geophones or accelerometers. Downhole orientation 
is determined by detonating explosives in shotholes or other wells, or by gyroscopic equip-
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ment. The Fenton Hill "Hot Dry Rock" experiment conducted by Los Alamos National 
Laboratories [Albright] exhibited substantial microseismic activity in the fairly narrow 
seam of rock enclosing the fracture. Microseismicity continued for several hours after 
pumping had ceased, permitting the mapping of fracture azimuth, height and length. 

3.2 Methods Req uiring Cores 

Coring methods are generally limited to lengths of 30-90 feet. Data scatter, residual 
stresses, and scale dependency obscure interpretation of core data. Accuracy of orienta
tion is generally limited to the 'precision of the orienting tool. Difficulties in orientation 
techniques include core spinning and other translations of the scribe mark, core jamming 
and breakage, and missing pieces. Core determined orientation of fracture azimuth may 
be unduly influenced by local heterogeneities, faults, or structural features. On the other 
hand, multiple tests in a single formation are possible, costs are only marginaUy higher 
than for conventional coring, and analysis is straightforward. 

3.2.1 Strain Relaxation 

Whole cores can be cut at virtually in situ strain conditions, depending on the depths, 
pressures, and rock properties involved. Freshly puUed cores continue to relax from their 
initial stresses for several hours following recovery. Anelastic Strain Recovery (ASR) 
[Blanton], [TeufelJ is a technique for measuring these relative strains. Three or more 
pairs of sensitive strain gauge transducers are mounted on a solid ring spaced around the 
oriented core, measuring the strain response. Cores containing natural fractures may yield 
erroneous strain relaxation stress directions. 

Differential Strain Analysis (DSA) [Strickland) is a related core technique that involves 
repressuring a sample of oriented core above its initial pressure and recording oriented strain 
data as pressure is reduced. This method produces results similar to strain relaxation 
if irreversible changes in the rock have not occurred. Cores recovered from abnormally 
pressured reservoirs are likelv to have such irreversibilities. 

3.3 Log Methods 

3.3.1 Borehole Televiewers 

Although television-type cameras can be used at shallow depths with clear fluids in 
the hole, most reports of detection of fracture azimuth have been made with the borehole 
acoustic televiewer (BATV) [Pasternak], [Plumb 1986]. The BATV is an ultrasonic tool 
with a rotating high resolution transducer measuring reflected sonic travel time and am
plitude. Clear and detailed representations of the borehole walls can be obtained by this 
technique. Spalling (borehole ellipticity) can be observed, and a fairly detailed map of vugs 
and natural fractures can be obtained. 

Well bore breakouts can predict wellbore stress concentrations [Zoback 1985]. Breakouts 
are the result of localized shear failure around a wellbore due to horizontal compression. 
The result is spalling on both sides of the hole corresponding to the least horizontal stress. 
Presuming that this stress is less than the vertical compressive stress, a hydraulically 
induced fracture will propagate normal to the observed spalls. Zoback and Zoback demon
strated excellent correlation between the stress-induced spalls and independent measures 
of stress orientation [Zoback 1988J. 
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3.3.2 Dipmeters and Other Caliper Logs 

Four- and six-arm dipmeter logs are the simplest micro-resistivity devices that may be 
used to detect breakouts and fractures. If spalling is observed continuously over several 
intervals, dipmeter results may be used to detect stress azimuths. Unfortunately, it is not 
always possible to conclude that borehole ellipticity, as determined by caliper logs such as 
the dipmeter, is in fact due to stress-induced wellbore breakouts. Field observations have 
indicated that the maximum hole elongation direction may result from keyseats of tensile 
failures. Televiewer logs may be analyzed to confirm the nature of the breakouts observed 
by dip meters. 

The dipmeter tool has been used to identify natural fractures and to locate potential 
breakouts. One study [Brown] presented results from 50 wells in the East Texas Basin's 
relatively deep Cotton Valley formation. Only 1% of the observed "washouts" were not 
in the' general direction of the dominant N35W /S35E trend observed in the other wells 
studied. Although the data presented are excellent, the paper's conclusion that hydraulic 
fractures will be in the same direction as the well bore breakouts is incorrect. 

3.3.3 Formation MicroScanner 

The Formation MicroScanner (FMS) and Formation MicroImager (FMI)! are exten
sions of technology which substitute a dense array of microresistivity devices for 
those on the dipmeter tool. This array provides a strip image of the wellbore with partial 
coverage of the well bore. This tool provides detailed spatial resolution in addition to con
ventional dipmeter data. Plumb and Luthi [Plumb 1985] contrasted the relative strengths 
and weaknesses of the FMS and the borehole televiewer. 

Identification of natural fractures by dipmeters and BATVs in vertical wells is difficult 
as sub-vertical fractures tend to parallel the wellbore; their intersection forming an acute 
angle that may be difficult to detect or to differentiate from induced fractures. Svor and 
Meehan [Meehan 1991a], [Svor) discuss the improved aspects of fracture detection and 
quantification of results from oriented micro-resistivity devices in horizontal wells. 

3.4 Direct Observation Methods 

Direct techniques provide good results for determining fracture (and stress) azimuths 
but are often difficult to apply and are unduly influenced by local well bore conditions. 
Direct observations generally require an open-hole section to be tested and hydraulically 
fractured. A micro-frac in an open hole section may require altering casing plans, 
thus adding substantially to costs. Local heterogeneities may influence the fracture azimuth 
and make the value ascertained from these techniques unreliable. Some field results show 

influences from nearby faulting and structurally related effects, especially when 
the difference between the maximum and minimum horizontal stresses is not large. 

Impression Packers 

Impression packers have malleable rubber jackets covering metal elements that can 
be expanded mechanically or hydraulically. This method provides a visual estimate of 

1 Marks of Schlumberger 
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the fracture azimuth, height, and aperture in the open hole section. The created fracture 
leaves a mark which may be indistinguishable from gouges or preexisting hairline fractures; 
mechanical difficulties are common. 

3.4.2 Fracture Overcoring 

Fracture overcoring [Daneshy] is a direct technique in which a hydraulic fracture is 
created in the open hole just prior to drilling the interval of interest. It is assumed that 
the fracture will extend below the drilled section, "ahead of the bit". An oriented whole 
core is then run to recover the fractured, but as yet undrilled, section of hole. The success 
rate of the method is reported to be about 50 %. 

3.4.3 Downhole Extensometer 

The downhole extensometer [Lin] is a device combining two six-arm calipers between 
downhole packers and high-resolution pressure monitoring devices. Pre- and post-fracture 
well bore deformations can be measured in pumping tests. In prin~ipal, stress magnitudes, 
directions, and in situ static rock properties can be determined from this test. There have 
been only a few commercial tests; most successful tests are for shallow wells. 

3.5 Other Methods 

Numerous pressure analysis methods to detect hydraulic fracture azimuth have been 
described in the literature. Meehan et al [Meehan 1991], [Meehan 1988] review these 
methods including the economic issues associated with estimating fracture azimuth. Sen
sitive tilt meters are commercially available for the detection of the orientation of shallow 
hydraulic fractures [Wood]. Regional geology and mapping of faults provide an excellent 
tool for initial estimation of stress anisotropy. Local interpretation of the magnitude and 
azimuth of horizontal stresses must ultimately be resolved with geologic interpretations. 

4 ROCK MECHANICS ISSUES FOR HORIZONTAL WELLS 

The advent of modern horizontal drilling constitutes one of the most significant petr
oleum extraction technology improvements in the last twenty years. The actual drilling of 
horizontal and highly deviated wellbores dates back more than fifty years. Modern hor
izontal drilling dates back only ten years with the advent of MWD (Measurement While 
Drilling) and advances in downhole mud motors and other specialized tools. These tools 
either evolved from "conventional" directional drilling or were created for the much tighter 
turning radii required' for onshore applications of horizontal drilling. As recently as 1988, 

a few hundred horizontal wells had been drilled; this number now exceeds 10,000. All 
of the rock mechanics issues which are important in vertical wells are important in hor
izontal wells. Additional rock mechanics concerns arise in drilling, formation evaluation, 
completions, and stimulation of horizontal wells. 

4.1 Drilling Issues for Horizontal Wells 

Initially, the prin,cipal technical challenges associated with horizontal wells centered 
around the actual drilling of the wellbore. Actual results of thousands of horizontal 

11 



wells indicate surprisingly few well bore failures during drilling. As in vertical wells. the 
primary drilling failures are shear failures at low mud weights and tensile failure at 
mud weights [Aadnoy), [Bradley). Vertical wells are drilled parallel to 0'" and have O'h and 
O'H as the principal stresses normal to the wellbore. Horizontal wells initiate vertically and 
must be deviated 900 with an azimuth that can be controlled. Horizontal well bores drilled 
parallel with IJH have O'h and O'v as the principal stresses normal to the wellbore. When 
0'" > O'H > O'h, this will result in a large stress differential, indicating a large possibility 
for wellbore failure. Hydraulic fractures (for wells drilled parallel to O'h) will parallel the 
wellbore, this direction will also be relatively unstable with respect to tensil~ failure. The 
actual stability of wellbores depends on the relationship of each of the stresses to which 
the well bore is exposed. For horizontal wells this will change as the well is deviated from 
vertical to horizontal. 

In situ stresses are not the only factors involved in drilling "gage" holes (where the 
created diameter is equal to the bit diameter). Hole "washouts" can be caused by chemical 
interactions with the formation, poor hydraulics (excessive velocities leading to erosional 

or poor filtrate control (leading to extensive fluid leakoff into the formation). 
Reduced hole diameters can be caused by plastic flow of the rock (characteristic of salts 
and soft shales) and often lead to high values of torque and drag with the accompanying 
risk of unable to move the drill pipe. 

and drag are higher in the case of horizontal well drilling because of the more 
of the drillpipe involving multiple points of contact with the well bore, the 

in the deviated section, and poor cuttings transport that may cause 
drilled material to form dunes on the low side of the well bore. 

many situations where horizontal wellbores may be less stable 
than vertical wells, the drilling of horizontal wells is generally accompanied by improved 

and planning of mud programs and hydraulics. Numerous authors have presented 
guidelines for estimating the "safe" mud weights to minimize the risks of borehole collapse 
or tensile .failure as a function of the wellbore azimuth. inclination, and stress regime. 

4.2 Sand Control and Alternatives Issues for Horizontal Wells 

The problems associated with gravel packing horizontal holes are fundamentally identi
cal to those encountered in gravel packing highly deviated (> 600 

) wells bu t more ",,,r,,,,im: 
Excess sand pumped in a conventional vertical well gravel packing operation falls into the 
rathole below the pay interval. No rathole is present in horizontal wells as the lowest grav
itational points are the low side of the hole and any local minima in the well trajectory 
This can degrade sand transport and result in a failure to pack the low side of the wellbore. 
Gravity settling can further complicate placing sand at the top of the interval. J;;)(:tr!~mel 

long intervals are exceptionally difficult to pack, with the large volumes and long I'U""I'11:ll': 

times straining every part of the job from gel stability to the size of blending 
Thin fluids and low density or neutral buoyancy sands may be considered as potential 

alternatives for such large jobs. Other fluids such as foams and emulsions may be effective. 
Calcium sand consolidation (silicate) or other consolidation methods may be feasible or 
attractive. Prepacked screens are an extremely attractive alternative when applicable. 

As in vertical wells, almost all gravel pack operations ultimately lead to decreased 
well Productivity Index (PI) with a corresponding cost in time delays to recover reserves, 
increased need for compression or artificial lift, or additional wells. Depending on the 
direction the well is drilled with respect to the minimum and maximum horizontal com
pressive stresses, rock properties, well bore operating conditions, and the magnitudes of all 
the compressive stresses, it may be possible to completely avoid the need for sand control 
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(or significantly delay it) with respect to a comparable vertical well. Increased produc
tivity from horizontal wells results in decreased pressure drops for a given flow rate and 
decreased fluid velocities due to fluid influx from a much larger total area. Lower velocities 
decreases drag forces on the sand particles proportional to velocity-squared. Addition
ally, water coning with horizontal wells can be avoided or delayed, further decreasing 
the likelihood of sand production. Methods to estimate the maximum sand-free rates can 
be improved for horizontal wells utilizing routinely available information from cores, open 
hole and production logs, etc. Determining wellbore stability criteria as a function of well 
azimuth and dip needs to be simplified to the point of being routinely used. There is a 
simple method to safely evaluate the need for prepacked screen in slotted liner applications 
that hold the potential for significant cost reductions and PI improvements. This technique 
involves combining sliding sleeves and pre-packed screens in an initial completion. If the 
opened sleeve doesn't result in sand production, the pre-packed screens were obviously not 
necessary. Subsequent completions of similar wells can be made without the pre-packed 
screens and the "test well" completion can be pulled at the next opportunity. If sand 
production is observed, the sleeve is closed and production continues through the screens. 
If sand production eventually occurs, a workover to install sand control equipment will be 
necessary. 

4.3 Hydraulic Fracturing Issues for Horizontal Wells 

Many horizontal wells require stimulation either as part of the initial completion or at 
a later date. Hydraulic fracture stimulations are indicated both in low permeability forma
tions, laminated zones which require propped vertical fractures to communicate between 
layers and improve kv/ kh' naturally fractured reservoirs (connecting disparate fracture sets 
and/or clean up fracture fill), or thin zones' with poor stress barriers. In very low perme
abili ty reservoirs, it may be desireable' to create a series of hydraulic fractures that are 
orthoganol to the wellbore. These transverse fractures may make economic sense when the 
drainage area of vertical wells is low and the cost of drilling the vertical section is large. 
Fractures that parallel the horizontal well are referred to as longitudinal fractures and may 
create one or more fractures that are equivalent to an extremely long vertical fracture. 

Much has been written about hydraulic fracturing in deviated and horizontal boreholes 
because the mechanics of the jobs and the propagation characteristics vary so significantly 
from those associated with vertical wells [Weng]. In vertical wells, wide planar fractures 
can usually be created that have large areas of intersection with the wellbore; this mini
mizes excess frictional pressures while pumping and fluid flow related pressure drops while 
producing. When large near-wellbore friction (tortuosity) exists, placement of "proppant 
slugs" can reduce or eliminate this effect in vertical wells [Cleary 1993]. 

Near-wellbore friction can be extremely high in deviated and horizontal wells. Cased 
and cemented wellbores drilled in the direction of ah will have fractures that ultimately 
are transverse to the wellbore direction. If even modest perforated intervals exist, multi
ple fracture initiations can occur near the well bore, interacting and competing for fluid. 
Wellbore effects will tend to initiate the fractures parallel to the wellbore. This requires 
the fracture(s) to turn into the direction of aH. Such turning results in higher pumping 
friction, decreased width, and serious risks of premature screenouts. Proppant slugs have 
had some success in mitigating these effects [Johnson], [Kogsboll]. Transverse wells may 
experience a "choke effect" related to restricted contact with the wellbore. 

Wells drilled in a direction normal to ah will have hydraulic fractures that tend to 
parallel the wellbore. However, cased and cemented well bores essentially repel propagating 
fractures and multiple, interfering hydraulic fractures may be created with large perforated 
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intervals. However, fracture initiation and propagation pressures for longitudinal fractures 
tend to be significantly lower than for transverse wells. 

Either case (and all the intermediate ones) tend to encourage small perforated intervals, 
testing for and minimization of near-well bore tortuosity, and minimizing pad sizes for 
optimal proppant placement. 

Some remaining issues for hydraulic fracturing horizontal wells include: 

• What are the pumping rate effects on the rate of turning if fracture direction changes? 

• What are the appropriate fracture diagnostics for fractures propagating from a hor
izontal well? 

• What are the design and execution considerations for micro-fracs? 

• How do we determine stress barriers, leakoff, and fracture height growth when the 
well bore is only in one interval? 

• What is the "right" stress to use in a heterogeneous reservoir? 
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