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Abstract

Hydraulic fracturing of wells in naturally fractured reservoirs can differ dramatically from fracturing wells in
conventional isotropic reservoirs. Fluid leakoff is the primary difference. In conventional reservoirs, fluid leakoff is
controlled by reservoir matrix and fracture fluid parameters. The fluid leakoff rate in naturally fractured reservoirs
is typically excessive and completely dominated by the natural fractures.
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Historically, attempts to fracture-stimuiate weiis in naturaily fractured reservoirs have been unsuccessfui due
to high leakoff rates and gel damage. The typical approach is to attempt to control the leakoff with larger pad vol-
umes and solid fluid loss additives. This approach is not universally effective and can do more harm than good.

This paper presents several field exampies of a fracture stimulation program performed on the naturally frac-
tured Devonian carbonate of West Texas. Qualitative pressure decline analysis and net treating pressure inter-
pretation techniques were utilized to evaluate the existence of natural fractures in the Devonian Formation.
Quantitative techniques were utilized to assess the importance of the natural fractures to the fracturing process.
This paper demonstrates that bottomhole pressure monitoring of fracture stimulations has benefits over conduct-
ing minifrac treatments in naturally fractured reservoirs. Finally, the results of this evaluation were used to redesign
fracture treatments to ensure maximum productivity and minimize costs.

Introduction and Literature Review

Hydraulic fracturing in naturally fractured or fissured reservoirs can differ greatly from hydraulic fracturing in
conventional reservairs. In conventional reservoirs, fluid leakoff is dependent on matrix permeability, fluid viscos-
ity, and reservoir fluid compressibility. Fluid leakoff in naturally fractured reservoirs is dominated by the natural
fractures themseives. This fissure-dominated leakoff mechanism varies with stress or net pressure and, as a
result, is less predictable. Because of this, treatments in naturally fractured reservoirs often terminate prematurely.
As a result, it is critical that the existence of natural fractures be known prior to the hydraulic fracture treatment so
that methods are employed to eliminate or at least minimize excessive leakoff. These methods have included the
use of 100 mesh sand and/or silica flour and excessive fluid volumes and rates (i.e., live with it). Each of these
techniques has had limited success. _

Nolte and Smith! showed how natural fractures affected net treating pressures and established that treating
pressures in excess of the critical pressure generally resulted in premature screenouts. In addition, they showed
a qualitative method of identifying natural fractures by evaluating a log-log plot of net treating pressure versus
pump time. Their work showed net pressure tends to flatten when excessive leakoff to the natural fractures occurs
(i.e., the critical pressure is achieved). This qualitative interpretation technique has become an industry standard.

Nolte?® presented diagnostic techniques for analyzing fracture behavior from pressure decline analysis. He
showed diagnostic techniques for interpreting conventional and abnormal leakoff phenomena and qualitative tech-
niques for identifying the existence of natural fractures. He further showed that the pressure decline function, G,
for pressure—dependent leakoft is convex in character, and can be used as a diagnostic test of pressure-depen-
dent leakoff.”

Numerous authars have presented results which showed that hydraulnc fracturing in naturally fractured res-
ervoirs can adversely impact well performance due to gel damage®'" and/or stress sensitivity.'?"'> These works
highlight the detrimental effects of excessive leakoff in naturally fractured reservoirs.

Mukherjee showed the stress-sensitive nature of the fluid leakoff and proposed methodology to handle fluid
leakoff as a function of net treating pressure. Warpinski '7 showed that the fiuid leakoff to natural fracture systems
can be as much as 50 times greater than matrix leakoff. He further presented the successful application of
100 mesh sand as a fluid loss additive in naturally fractured reservoirs to minimize these detrimental effects, as
did Northcutt et al.’

* Copyright 1994 Society of Petroleum Engineers. SPE 28717 was presented at the SPE International Petroleum
Conference & Exhibition of Mexico in Veracruz, Mexico, October 10-13, 1994,
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Cramer'® addressed the excessive fluid loss to natural fractures by reducing net treating pressure, thereby
minimizing the leakoff into the fracture system.

This paper shows the interpretation of treating pressure and pressure decline data from the naturally fractured
Devonian Formation of West Texas. Methods used to interpret the hydraulic fracturing process and techniques to
minimize excessive leakoff to natural fractures are presented. The paper shows that by understanding the nature of
the natural fractures, fracture treatments can be optimized to maximize postfrac well performance while minimizing
treatment costs.

Geologic Summary

The lower Devonian (Lockovian to Pragian) Thirtyone Formation of West Texas is host to major accumulations
of oil, gas and condensate. Figure 1 shows a stratigraphic column highlighting the Thirtyone Formation which lies
between the Devonian age Woodford shale and the Silurian age Wristen Formation. in eastern Ector and western
Midland counties, several major retrograde gas-condensate reservoirs occur in the Thirtyone Formation along a
northwest-southeast trending structural anticline. This anticline is bounded on the east by a near-vertical fault sys-
tem, locally with up to 400 ft of dip-slip displacement.

Fields along this productive Devonian trend include (from south to north) Pegasus, Dora Roberts, Headlee and
Ratliff Ranch. Subsea depths to the top of the Devonian along this trend range from approximately -8,200 to
-9,500 ft. Figure 2 shows a map of the northern portion of the Devonian trend and highlights the wells reviewed in
this paper.

Productive rock in the Thirtyone Formation consists of fine-grained, laminated chert and cherty limestone, and
horizontal- to cross-laminated skeletal grainstone and packstone. Chert nodules and layers occur scattered
throughout the reservoir. The porosity in the main producing interval in the Headlee Field is mostly secondary
(leached bryozoans, leached lime mud and fractures) with an average porosity for this interval approaching 5%.
Porosity in the main producing interval appears to be best developed on top of the structure. Natural fractures in the
carbonate are the primary permeability conduits. Fracturing may be enhanced in the Headlee Field in those areas
proximal to the fault system along the eastern flank of the field.

The productive rock from the Ratliff Ranch was deposited in a similar environment. However, reservoir quality
and average porosity are generally poorer than the fields to the south. The main permeability conduits probably are
microfractures in the carbonate. The lower reservoir quality of the Ratliff Ranch is likely due to: (1) lower depositional
porosities and higher lime mud content, (2) less leaching of the lime mud and bryozoans during burial diagenesis,
or (3) less fracturing of the reservoir rock during late deformation. Figure 3 shows a type log of the Devonian For-
mation in the area. This figure shows a gamma ray and porosity log highlighting the productive intervai.

Figure 4 shows a geomechanical type log comparing long-spaced digital sonic log (LSDS) derived rock prop-
erties and triaxial laboratory tests. As shown, fairly good agreement exists between the LSDS and laboratory derived
Young's Modulus and Poisson’s Ratio. Further, the average Young's Modulus of 8.6 million psi and Poisson’s Ratio
of 0.335 (triaxial tests) are fairly typical of West Texas carbonate formations.2! This data was used to develop frac-
ture stimulation designs for wells in the Devonian trend.

Fracture Design Considerations

Numerous design parameters were considered in engineering treatments for hydraulically fracturing the area
under investigation. Several parametric studies were conducted to examine the influence of fracture half-length (xy),
fracture conductivity (kw), fracture height growth (Ht) and closure pressure (P.) on net pressure vatue (NPV). The
results of the parametric studies can be seen in Figures 5 and 6.

Figure 5 shows the influence of closure pressure on NPV and provides valuable insight towards selecting the
correct proppant. Two types of intermediate strength proppant (ISP) were being considered, a precured RCP and
a ceramic proppant. The ceramic proppant had a significantty higher permeability (2 X @ 8,000 psi) than the RCP;
however, the cost of the ceramic proppant was approximately 60% higher. The results form Figure 5 show that the
precured RCP resulted in a higher NPV than the ceramic proppant at all fracture lengths and closure stresses pre-
sented. Therefore, the use of the precured RCP in this formation was considered more optimum.

The effect of fracture height growth was also a critical factor in the fracture treatment design. Based on core
data and sonic log information, it was suspected that no significant barriers existed which would limit the fracture
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height growth to within the zone of interest. Hence, the design of the optimum fracture haif-length could not be per-
formed without considering the possibility of excessive height growth. Figure 6 shows the results of this study and
suggests that fracture height growth does not become a limiting factor until fracture half-lengths exceed 300 ft. Also
shown is that the incremental differences of NPV for various fracture heights become more pronounced with longer
fracture lengths.

The fracture treatments were justified through economics and were engineered using the information obtained
from the sensitivity runs, and experience gained from each fracture treatment. Associated risk factors were also
taken into consideration. In general, the fracture treatments were designed for a fracture haif-length of around 300 ft
with a fracture conductivity of around 240 mdft. The fracturing treatments typically involved pumping approximately
200,000 Ib of a 20/40 precured RCP using a delayed borate cross-linked fluid. Table 1 gives a more specific descrip-
tion of the treatment designs for the wells of interest to this paper.

In addition to the fracture optimization studies, a review of fracture stimulations in wells in the Devonian
Formation?® was conducted. This review indicated that premature job terminations were fairly common and when
coupled with the geologic description, raised concerns regarding the existence and effects of natural fractures on
treatment execution. As a result, preparations were made to pump 100 mesh sand to control potential fiuid loss to
the natural fracture system and natural fracture evaluation techniques were reviewed.

Natural Fracture Evaluation Technique

Figure 7 shows a series of drawings which depict the interrelationship between the hydraulic fracture and the
natural fractures. The first depiction is the creation of a hydraulic fracture when the fracture treating pressure is less
than that required to open the natural fractures. During this time frame, the fluid loss is typical of a conventional res-
ervoir, and thereby governed by reservoir pressure, compressibility, fluid viscosity and relative permeability.
Depiction 2 shows the hydraulic fracture when the fracture treating pressure is in excess of the pressure necessary
to open or widen the natural fractures. At this time, fluid loss is becoming excessive and loss to the natural fracture

' system begins to dominate. Depiction 3 shows the usual result of the excessive leakoff shown by Deplctlon 2, dehy-
dration of the slurry and a screen-out.

As shown in Figure 7, ability to controi fluid loss to natural fractures is dependent on knowing at what stress
the natural fractures opens. Knowing this stress level, the net treating pressure can be monitored to improve our
understanding of the effects of the opening of naturai fractures on the fracturing process. Figure 8 shows a plot of
net treating pressure (treating pressure fracture closure pressure) which highlights the slope interpretation tech-
nique proposed by Nolte and Smith.” This plot is typically used to identify fracture geometry. Mode | character, for
example, shows an increasing net pressure typical of a confined height extending fracture, while Mode 1V shows
net treating pressure character typical of fracture height growth. In addition to identifying the fracture geometry, this
plot can be used to identify when the natural fractures are open, as shown by Mode il. During this time, the net treat-
ing pressure flattens as the opening of the natural fractures causes excessive leakoff and tends to requlate pres-
sure.

Ancther technique which can be used to qualitatively interpret the existence of natural fractures is the use of
pressure decline analysis. Figure 9 shows a plot of pressure change versus the pressure decline function, G, which
contrasts the ideal or typical pressure decline following a hydraulic fracture treatment to the pressure decline asso-
ciated with pressure dependent fluid loss such as natural fractures. As shown, in the presence of open natural frac-
tures the pressure decline function exhibits a concave up character.

Subsequent sections detail several case histories which use the interpretation techniques to prove the exist-
ence of natural fractures and test the ability to control leakoff.

Case Histories
Well A

The initial well in the Devonian fracture program, shown as Well A in Figure 2, was on the southeastern periph-
ery of the Devonian Field area. A foamed fracture stimulation had been performed with little success and a refracture
stimulation was planned. A minifrac treatment was performed to aid treatment design. Figure 10, a plot of pressure
and rate versus time for the Well A minfrac, shows that the minifrac was pumped at 45 bpm and achieved a treating
pressure of nearly 7,000 psi. Following the minifrac, pressure declined to nearly 4,000 psi during the 50-minute
monitoring period. Note that the treating pressure rose throughout the minifrac treatment period indicative of fracture
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containment. Aiso note that no flattening occurred, raising questions about the existence of natural fractures, as
compared to the pump times in Wells B and C necessary to open the fissures; however, it is possible the fissures
do exist in Well A but the minifrac was not large enough to dilate them.

An analysis of the minifrac pressure decline was performed using a square root of time and G-function plot as
illustrated by Figures 11 and 12, respectively. From the analysis, closure pressure and the treatment fluid efficiency
were determined at 5,800 psi and 38%, respectively. Examining the G-function piot, as illustrated in Figures 12 and
13, shows no evidence of a pressure-dependent leakoff environment. This information further supports that no nat-
ural fractures were present during the minifrac.

No evidence of natural fractures was seen during the minifrac. However, because the minifrac volume was
small and the treating pressure increased throughout, concern still existed that the natural fractures would be seen
during larger treatments at higher treating pressures. As a resuit, 100 mesh sand was used as a fluid loss additive
during the pad fraction as a safety factor. The treatment specifics for Well A are shown in Table 1.

Following the treatment of Well A, the next two wells were fracture stimulated in a similar manner. Each of the
stimulations had anomalous surface treating pressure data. As a result, the fracture stimulations on subsequent
Wells B and C were performed while the bottomhole pressure was recorded. A pressure gauge was placed in a pup
joint in the bottom of the well to aid understanding of the treatment pressures.

Well B

Well B was fracture stimulated with 225,000 gallons of 30-40 Ib/1,000 gal Borate at a rate of 60 bpm, as shown
in Table 1. Figure 14 shows a plot of pressure and rate versus time for the treatment. Analysis of this figure shows
that treating pressures are indicative of fracture containment. Figure 15 presents a Nolte-Smith plot of net pressure,
which shows the treating pressure increasing for nearly 30 min (to approximately 1,000 psi), at which time the treat-
ing pressure leveled off until the end of the treatment. Qualitatively, natural fracture leakoff is indicated after
30 minutes of pumping. Figures 16 and 17 show piots of pressure versus square root of time and G-function,
respectively. Interpretation of the pressure decline data indicates a fracture closure pressure of approximately
6,890 psi (closure on proppant) and a final net pressure of 1,031 psi. Further, early time pressure decline exhibited
a concave upward behavior. Closer inspection of this early time data, shown in Figure 18, indicates a rapid pressure
decline from 7,927 psi to approximately 7,630 psi where the pressure decline becomes linear. This early time pres-
sure decline is characteristic of pressure-dependent leakoff such as exists with natural fractures.

Well C

Well C was fracture stimulated with 145,000 gallons at a rate of 40 bpm, as summarized in Tabie 1. Figure 19
shows a plot of pressure and rate versus time for the treatment on Well C. As shown, the treating pressure increased
throughout the treatment, though from approximately 45 minutes, the rate of pressure rise slowed dramatically. This
effect is clearly illustrated by the Nolte-Smith net treating pressure piot in Figure 20. The net treating pressure
increasing until about 40 minutes (1,000 psi), at which time net treating pressure flattened through the end of the
treatment.

Figures 21 and 22 show plots of pressure versus square root of time and G-Function, respectively. Pressure
decline interpretation of these plots indicates a closure pressure of approximately 6,675 psi (closure on proppant)
and a final net treating pressure of 1,126 psi. Additionally, the early time pressure decline data, shown in Figure 23,
suggests evidence of natural fractures.

Another use of the pressure decline analysis is to develop an understanding of the character of the hydraulic
fracture. To develop this understanding, the postfracture pressure decline data from several Devonian wells were
evaluated to identify the hydraulic fracture and fissure closures and treatment fluid efficiencies. Recognize that the
data from Wells B and C represent postfracture treatment data and that fracture closure was on proppant. As a
result, closure was several hundred psi above actual hydraulic fracture closure and closed faster than if it had been
unpropped. The treatment fluid efficiency required correction for closure on proppant. Table 2 summarizes the
results of this analysis and includes treatment fluid efficiency for the fracture closure.

Table 3 summarizes the resuits for fissure closure. The efficiency, ey, is corrected for the closure on proppant,
while the efficiency, e", reported in Table 3 represents the fluid efficiency based on natural fracture closure. For
design purposes, the efficiency based on natural fracture closures was used for Wells B and C. The proppant clo-
sure corrected efficiency should only be used for design when leakoff to natural fractures is not dominating. These
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results indicate that hydraulic fracture ¢losure occurred at pressures on the arder of 6,500-6,600 psi which is con-
sistent with the natural fractures opening at 7,500-7,600 psi. This is also consistent with pressure regulated net
treating pressures due to the opening of natural fractures of 1,000 psi.

A further look at the pressure decline data shows that the pressure required to open (or close) the natural frac-
tures can be quantitatively determined. Referencing again Figure 23, note that the pressure at which the concave
character first exhibits linear behavior is at a pressure of 7,500 psi, while from Figure 18, a linear trend is established
at nearly 7,630 psi. Thus, if treating pressures less than 7,500-7,600 psi can be achieved, no excess fluid loss
should occur, as the stress-dependent natural fractures will not have opened. Table 3 summarizes the pressure
required to open the natural fractures for the Devonian wells evaluated.

Well D

Both qualitative and quantitative interpretation methods were applied to the data from Wells B and C to assess
the existence of natural fractures and stresses at which they dominate the hydrautic fracturing process. This analysis
suggests that by keeping net treating pressure below 800 psi, a fracture stimulation could be performed without
incurring excessive leakoff to the natural fractures. Understanding that we have some, albeit limited, control over
the net fracture pressure for a contained fracture which is described by

34 !
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Investigation of Equation 1 shows that by controlling pump rate, Q, and fracture fluid viscosity, u, we can poten-
tiaily keep the net treating pressure below the threshold pressure required to open the naturat fractures. For exam-
ple, by cutting the rate orviscosity at which the treatment is pumped in half, net pressure can be reduced by nearly
20%. For the jobs in the Devonian Formation, a minimum of 300 psi drop in net pressure is needed in order to stay
under the threshold pressure of the natural fractures. A treating pressure reduction of this magnitude may be suffi-
cient to allow the treatment to be pumped to completion without dilating the natural fractures. From a cost perspec-
tive, a reduction in pump rate will reduce the hydraulic horsepower requirements, and staying below the pressure
required to open the natural fractures will eliminate the need for 100 mesh sand as a fluid loss additive and allow a
reduced pad fraction to be pumped. The treatment parameters and cost savings from these modifications are shown
in Tables 1 and 4.

Tabie 4 shows a comparison of the fracture design pumped in Well C to a modified design based on the
reduced net pressure treatment pumped in Well D. As shown, a cost savings of $64,000, which represents a treat-
ment cost reduction of nearly 40% over previous treatments. This cost reduction was obtained with no impact on
performance, as the propped fracture length and conductivity remained relatively unchanged. The treatment in
Well D was pumped successfully. Bottomhole pressure was recorded in Well D in a simiilar manner as previous
wells; however, the bottomhole pressure gauges failed. Analysis of surface treating pressure indicated that we
achieved our objective and successfully reduced treating pressure.

Post-Appraisal

The production from this reservoir is & retrograde gas condensate. The wet gas typically contains 8.6 gal of
NGLs per MCF of wet gas. The Gas to Oil Ratio at the separator usually starts at 4,000 scf/stb and slowly increases
to a maximum 32,000 scf/stb, depending on the reservair pressure relative to the dew point.

The complex reservoir fluid system makes it difficult to evaluate fracture effectiveness through postfracture
evaluation of performance. In addition, liquid loading resuits in erratic well productivity. Table 5 summarizes the per-
formance of the wells from the Devonian fracture program. As shown, prefrac performance varied from Well A which
produced 190 boepd to Well D which was unable to produce. Postfracture production had similar variability. Also
note that Wells B and C produced at higher watercut than the other fracture-stimulated Devonian wells. The water
production is believed to come from a lower Devonian horizon. Reduction of net treating pressure by reducing treat-
ment rate and fluid viscosity (Equation 1) may aiso minimize the chances of communicating with the water zone by
minimizing height growth.
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Conclusions

1. Treating pressure and pressure decline analysis techniques are effective for identifying the existence of natural
fractures.

2. Control of net treating pressure through reduction in treatment rate and fluid viscosity can effectively minimize
leakoff to natural fractures.

3. Control of net treating pressure in naturally fractured reservoirs can dramaticaily reduce treatment costs.

4. Bottomhole pressure monitoring of the main fracture stimulation (in lieu of conducting a minifrac) should be
considered in naturally fractured reservoirs to enable the identification of these fracture systems.
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Nomenclature

&4 = efficiency based on fracture closure corrected
for closure on proppant

»

ef = efficiency based on fissure closure
kew = fracture conductivity in mdft
Hy = fracture height in feet
X = fracture haif-length in feet
Pc = fracture closure pressure in psia
Pc” = fissure closure pressure in psia
NPV = Net Present Value in dollars
RCP = Resin Coated Proppant
ISP = Intermediate Strength Proppant
Pret = Fracture Net Treating Pressure in psia
Pret™ = Fissure Net Treating Pressure in psia
E = Young’s Modulus in 1/psia
o = fracture fluid viscosity in cp
Q = pump rate in bpm
BHP = Bottomhole Pressure in psia
L = fracture length in feet
Pisip = Pressure at initial shut-in in psia
N/A = Not Applicable
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Table 1 - Fracturing Treatment Design Description

100
Fluid PolymerlLoad Rate Prop Prop, Mesh Xy
Weil | Mgais #/Mgal Pad% | bpm |Conc.ppg ! Mibs Mibs ft  |kyw mdift
A 139 40 63.8 45 2-8 200 13 720 235
B 225 40 & 30 60.6 60 2-6 300 13 400 240
c 145 40 61.7 40 2-6 200 12.6 270 230
D 90 30425 40.4 20 2-6 200 0 290 184
Table 2 - Evaluation of Pressure Decline Data
Slurry Volume
Well Pisip (PSia) Pc (psia) Phet (PSia) ey (Mgais)
A 6542 5800 770 .38 37
B 7917 6890 1031 .59 236
c 7812 6675 1126 .53 157
Table 3
Siurry Volume
Well Pisip (Psia) | Pc” (psia) Phet” (PSia) e (Mgals)
P—
A 6542 N/A N/A N/A 37
B 7917 7630 287 .23 236
C 7812 7500 312 .18 157
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Table 4 - Fracture Treatment Designs

Well C Weli D
Fluid Prop Prop
Volume Conc. Fluid Conc.
{Mgals) (pPg) Prop Type | Volume(Mgals) (pPg) Prop Type
30 0.0
35 0.5 100 Mesh
30 0.0 40 0
10 2.0 20/40 RCP 10 2 20/40 RCP
30 4.0 20/40 RCP 30 4 20/40 RCP
10 6.0 20/4Q0 RCP 10 6 20/40 RCP
Pump Rate 40 bpm Pump Rate 20 bpm
Cost $159,000 Cost $96,000
Table 5 - Devonian Performance Appraisai
l Maximum Stabilized
Prefrac Rate Postfrac Rate Postfrac Rate Watercut

Well (boepd) {boepd) {boepd) (Percent)

A 190 700 400 15

- New Well 300 200 15

- 13 100 70 15

B New Well 400 200 25

C New Well 220 80- 55

D 0 130 100 15
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Figure 7 -Natural Fracture Depiction
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9 Figure 13 - Well A Minifrac Natural Fracture Evaluation
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Figure 14 - Well B Fracture Treatment

Figure 15 - Well B Fracture Nolte-Smith Plot
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Figure 16 - Well B Fracture Square Root of Time
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Figure 18 - Well B Fracture Natural Fracture Evaluation
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Figure 19 - Well C Fracture Treatment
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Figure 20 - Well C Fracture Nolte-Smith Plot Figure 21 - Well C Fracture Square Root of Time

8000.00 7850.00 h
7666.66 774166 Ha
[ Pressure
Dependant
733333 763333 Leakoft
) T
£ 7000 00 N 8 7525.00
& B @ x
866666 7416 68 —
633333 NG - 7308.33
\ —— ISP : 7807
N aP* . 810
6000.00 7200.00 I T —
0 04 08 12 18 20 24 28 32 36 40 0 005 01 015 02 025 03 035 04 045 05
G -Function G-Function

Figure 22 - Well C Fracture G-Function Figure 23 - Well C Fracture Natural Fracture Evaluation
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