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ABSTRAer 

This paper presents results of a study investigating the sen ­

sitivity of reservoir pressure to the parameters of stress-sensitive 

reservoirs . Stress-sensitive reservoirs are reservoirs wi th roek 

properties that depend on the effeetive stress on the reservoir 

roeks. The pressure sensitivity was studied by perfonning numeri ­

cally controlled experiments in which the parameters oí interest 

were varied, either singly or jointly, and the effect of the varia­

tions on the reservoir pressure was observed. A criterion Met· on 

which eharaeterized the difference between the ealculated pressures 

using a eertain parameter value and an assumed base value [OI the 

parameter was defined. The ehange of the eriterion fune tion as the 

parameters were varied was observed. 
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A two-dimensional fini te difference model of stress -sensitive 

geopressured - geothennal closed square reservoir saturated with a 

single-phase, slight1y compressible fluid was used for the study. 

Single and two-parameter controlled experiments were perfonned on 

the initial fonnation penneability, porosity , tmiaxial compaction 

coefficient, net pay thickness and the specific productivity indexo 

The parametric calculations indicated that geopressured-geothenna1 

reservoir pressure is sensitive to permeabi1ity, thickness , specific 

productivity index arrd uniaxial compaction coefficient, but porosity 

has 1ittle influence on calculated pressures. 

RESUMEN 

Este trabajo presenta los resultados de un estudio que investi­

ga la susceptibilidad de la presión de un yacimiento a los paráme­

tros esfuerzos. Yacimientos sensitivos a esfuerzos son aquellos cu­

yas rocas tienen propiedades que dependen de los esfuerzos efectivos 

sobre las mismas. El estudio de sensitividad a la presi6n fue hecho 

con experimentos controlados numéricamente, donde los parámetros de 

interés fueron variados uno a uno , o conjuntamente y el efecto de 

las variaciones sobre la presi6n de yacimiento fue observada. Una 

funci6n criterio que caracteriza la diferencia entre las presiones 

calculadas usando cierto valor del parámetro y un valor de base su­

puesto para el parámetro fue definida. Se observ6 el cambio en la 

función criterio con la variaci6n de los parámetros . 

Un modelo bi-dimensional de diferencia finita de lID yacimiento 

cuadrado, cerrado, geotérmico, geopresurizado, sensitivo a esfuerzo, 

saturado con un fluido ligeramente compresible en una sola fase fue 

usado para el estudio. Experimentos controlados con uno y dos pará­

metros fueron desarrollados sobre permeabilidad inicial de la forma.. 

ci6n t porosidad, coeficiente de compactaci6n uni-axial, espesor, y 

el índice de productividad específico. Los cálculos paramétricos in­

dicaron que el yacimiento geopresuTizado - geotérmico es sensitivo a 
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la permeabilidad, espesor, índice de productividad específico y coe­

ficiente de compactación uni-axial, pero la porosidad tiene poca in­

fluencia sobre las presiones calculadas. 
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OORODUCI'ION 

The effective stress on a reservoir rock is the difference be­

tween the overburden (confining) pressure and the pore pressure. The 

effective stress changes during a field operation. A reservoir whose 

rock properties change with variations in too effective stres s is 

temed stress-sensitive. Reservoirs in compacting environments are 

in this category. 

The sensitivity of reservoir performance data such as the pore 

pressure to pertinent reservoir parameters has been documented for 

reservoirs that are nonnally pressured and in non-compacting envi­

ronment [2,3, 14J. The relationship between the reservoir pore pres­

SUTe or the overburoen pressure and the reservoir parameters as well 

as the interrelationship of the reservoir parameters have been shown 

by various authors for reservoirs in both campacting and non-com­

pacting media [7 -10,13, 15J . Relatively less work has been reported 

on the fonner reservoir system. 

This study was made to investigate the sensitivity of reservoir . 
perfonnance data, specifically the bottom hole flowing pressure of 

stress - sensitive reservoirs to their pertinent parameters. The 

parameters investigated include the initial fonnation permeability, 

por9sity and the sediment compressibilities (rock matrix com­

pressibility and uniaxial compaction coefficient). The sensitivities 

were determined by performing numerically controlled experiments. A 

numerically controlled experiment consisted of several numerical 

reservoir simulation nms in which several values of a parameter, 

within a specified range about an assumed base value were used as 

input, for the simulator. !he differences in the temporal response of 

the calculations using the base parameter values and the perturbed 

parameter values were observed. The differences in the temporal re­

sponse of the models showed the sensitivity of the perfoI1D3llce data 

to the pararneter varied. In a controlled experiment, the values of 

all reservoir parameters, except those being studied , were assumed 

known. The sensitivities were further investigated by observing the 
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relationship between a defined criterion function and the initial 

parameter(s). The criterion ftmction was defined (See Appendix) to 

characterize the difference between the perfonnance data using the 

assumed parameter base values and the performance data using per­

turbed parameter values. Sensitivity from the criterian function is 

rneasured by the distinguishability obtained. !he distinguishability 

reflects the change in the criterion function value for a small per­

turbation in the studied parameter [SJ. High distinguishability would 

then imply high sensitivity and vice versa. 

For this study, a hypothetical compacting geopressured-geother­

mal closed square reservoir was assumed. Geopressured-geothermal 

reservoirs are aquifers with higher pressure and temperature gradi­

ents than those nonnally encOlmtered. As a resul t of their geology, 

formations that exhibit geopressured/geothermal behaviour are under­

compacted and hence, stress-sensitive. Geopressured -geothermal for­

mations have been fOlmd in many areas of the world including the 

United States Gulf Coast [1 ,4J. The reservoir mechanics of geopres­

sured-geotbermal reservoirs have been described [11, 12J . A two-di ­

mensional finite differencemodel of the reservoir was used for sim­

ulation. A single-well produced for 200 days from the center of the 

closed aquifer. The computer calculated well block pressures were 

converted to bottom hole flowing pressures [16J. The base data for 

too hypothetical reservoir are shown in TabIe 1. In the study, both 

single-pararneter and two-parameter controlled experiments were per­

fonned on the parameters of interest. In the fomer case, muy one 

parameter was varied during an experiment and its effect on the 

pressure behaviour was sought. In the latter case, two parameters 

were varied and their joint eífects were sought. 

The various parameters were controlled using the equation: 

x . = "x.±ax." 
j j j 

where 

xj = value oí the jth parameter used in the simulator 
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" ,th
~j = base value of the j parameter 

a = fractional number /O~ a. ~ 1) 

The results oi the parametric calculations are discussed in the fol­
lowing section. 

RESULTS 

The resul ts of the controlled experiment5 are presented in two 

subsections. One subsection describes the resul t5 of t he single­

parameter exper:i:ments while the other subsection describes the re­

sul t5 of the two-parameter experiments. 

SINGLE-PARAMETBR EXPERIMENTS 

In single-parameter experiments, the sensitivity of pressure to 

each of the pertinent parameters was detennined. The resul t of each 

experiment is analyzed as follows: 

lnitial Permeability Experiment: The initial permeability val­

ues used ranged froro 16 md to 24 md with a step 5ize of 2 md, which 

i5 0.1 of the 20 md base value. Figure 1 5hows the temporal decline 

of the bottoro hole flowing pressure for the selected permeability 

values. lt can be seen that the temporal response is sensitive to 

the initial fonnation penneability. Permeability values higher than 

the base value resul ted m significant higher pressure levels while 

lower permeabilities resulted in lower pressure levels. This is rea­

sonable since to maintain a constant rate, a high penneability res­

ervoir would require low potential gradients within the reservoir 

and vice-versa. Shown in Figure 2 is the plot of the criterion func­

tion versus the permeabilities. A convex surface was obtained with 

the m:ininIlIn occuring at the base value as expected. The sensitivity 

I 
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of pressure to the pemeability can also be seen in Figure 2 as the 

distinguishability is high. Notice that the criterion function value 

increases more rapidly below the base permeability than aboye it. In 

other experiments not reported in this paper , it was fOlmd tbat the 

pressure sensitivity was greater at low base penneabilities tban at 

high base penneabilities . 

Uníaxial Compaction Coefficient Experiment: Compaction coeffi­

cient is a measure of the defonnation in an elastic porous media; 

the defonnation is a result of the effective stress. Compaction co­

efficient is a functian of tbe reservoir's pressure, temperature and 

1 i tbology. As shown in Figures 3 and 4, there was considerable sen­

sitivity of the temporal response of pressure to changes in the com­

paction coefficient. However, the sensitivity is not as great as 

tlmt for penneability. Notice the difference in vertical scales be­

tween Figures 2 and 4. As in the case of penneability , the bottom 

hale flowing pressure decline curves líe aboye or below the base 

curve for compaction coefficient values higher or lower than the 

base value respectively. The fashion of the curves' displacement, 

however, is not the same for both parameters after the system reached 

pseudo-steady state. In the penneability experiment (see Figure 1) , 

the displacement between any pair of curves remained constant during 

pseudo-steady state while the displacement continues to increase in 

the compaction coefficient experiment (see Figure 3). This differ­

ence was caused by the faet that a closed system was modelled. After 

the transient flow period had ended , the reservoir pressure gra­

dients necessary to maintain the required flow rate were established 

and the reservoir followed a volumetric depletion, that is, the 

pressure decline with time became constant . For variations in penne­

ability, tbe required pressure gradient must be different , but if 

porosityand sediment compressibilities are held constant, the rate 

of volumetric depletion must be the same. Hence, the curves of Fig­

ure 1 are parallel after trans'ent flow periodo However, for varia­

tions in sediment compressibilities and a constant permeability, the 

required gradients are equal but tbe rate of pressure decline with 
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t:iJne will vary according to the changes in storage capacity of the 

aquifer. The storage capacity of the aquifer is a funetíon of the 

sediment compressibilíties and not a function of the penneability. 

Figures S and 6 qualitatively show the sensitivities of pressure to 

penneability and compaction coefficient , respectively , at various 
times in closed square aquifers. The compaction coefficient was as­
sumed constant over the drawdown periodo 

Initial Porosity Experiment : The initial porosity was varied 

frem 10 percent to 30 pereent about a base initial porosity of 20 

percent. It can be seen frorn Figure 7 that there was virtually no 

difference between the temporal pressure responses throughout the 

range. 'Ihis observation seems to be a distinguishing eharaeteristic 

of compacting reservoirs . A test nm made with on1y fluid com­

pressibility and no sediment compressi bilities resulted in high 

pressure sensitivity to porosity. The pressure insensitivity ob­

tained in this experiment was deemed eaused by the large sediment 

compressibility value (10. O micro-sips) assumed for the hypotheti ­

cal reservoir. A convex surfaee was generated for the criterion funG 
tion-porosity plot. The porosity distinguishability was several or­

ders of magnitude smaller than those obtained in the permeability 

and compaction coefficient experiments. Figure 8 shows the criterion 

function-porosity plot. 

Initial Reservoir Thickness Experiment: The results of the 

controlled experiment on the reservoir' s net pay thiclmess are pre­

sented in Figures 9 and 10. As can be inferred from the figures, the 

reservoir temporal response is very sensitive to the thickness. No­

t ice the strong similarity between the penneability ando reservoir 

thickness experiments response. 

Initial Specific Productivity Index Experiment: The ratio of 

the production rate, in stock tank barreIs per day, to the product 

of the reservoir pressure drawdown at half time step, ~, and 
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thickness is known as the specific productivity index [2J. The spe ­

cific productivity index, JfJ' can be obtained thus: Assmne steady 

state fluid flow in the well block, that is, the mass of fluid en­

tering the block equals the mass leaving it; radial incompressible 

fluid flow and Darcy' s law applicahle. We would then have 

where 

e units conversion factor::o 

I1Pb pressure drawdown in a wel1 blocK ::o 

ILb = effective wellbore radius 

Rearranging the aboye equation, we have 

= J = 
.6 

In engineering (field) units, e2n = 141.2 or 

141.2 k 
].6 = 

Figures 11 and 12 show the results of the contro11ed experilnent on 

the specific productivity indexo !he results and observations of the 

permeability and thickness experiments discussed aboye are applica­

ble heTeo 
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NUlti-Parameter Experiments 

Three of the parameters discussed above, penneability, tmiaxial 

campaction coefficient and porosity , were considered for the rnulti­

parameter experiments. Only two-pararneter experiments were per ­

formed. 'TIlat is, two of the parameters aboye were varied during an 

experiment while the third parameter was held constant. Hence, three 

multiparameter exper:iments were perfonned using the controlling 

equation given aboye. The joint effect of the parameters was deter­

mined by observing the contours of the criterion function and also 

the distinguishability along the parameters' axes. The experimen,ts 

are discussed below. 

Initial Penneability and Compaction Coefficient Experiment: 

Values of the criterion functíon for various combinatíons oi peme­

abilíty and lUlÍaxial compaction coefficient are shown in Figure 13. 

Some contours of the criterion ftmction are also shown in the fig­

ure. Notice the contour scale at the top of the figure. These re­

sults show that the pressure response is sensitive to joint varia­

tions in the parameters. The distinguishabilities are high. Distin­

guishabi líties along the ~-axis is greater than distin~ishabilities 

along the Cm axis. This confirms the results oí the single-parameter 

experiments on k and Cm' 

Initial Penneability arrd Porosity Experiment: The distribution 

of the criterion function values and the contouTS of the functions, 

shown in Figure 14, confirm the great sensitivity of computed re­

sponses to penneability and low sensitivity to porosity. Notice the 

higher distinguishability in the low permeability region. 

lnitial Compaction Coefficient arrd Porosity Experiment: FrOID 

the results of this experiment , shown in Figure 15, i t can be ob­

served that the temporal response's sensitívity to porosity de­

creases along the increasing axis of the compaction coefficient. 

This is shown by the higher d1stinguishahility at the low compaction 
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coefficient level. Therefore, i t can be concluded that by i tself , 

porosity does not indu~e 1TU.1ch sensitivity due to the effect of the 

compaction coefficient. The combination of uniaxial compaction coef­

ficient and porosity yielded the Iowest distinguishability of all 

the two-parameter controlled experTIfients and, correspondingly, the 

least sensitivity. lf compaction coefficient and porosity are varied 

simultaneously according to a fixed relationship between the two 

parameters, the sensi tivity of pressure response would be grea t . 

DISCUSSION 

Control1ed experiments such as those pt!rfonned in this study 

have many uses. One of these is a better understanding of the me­

chanics of the reservoir considered . Detennination of reservoir 

parameters has always been of significant concern to the reservoir 

engineers. Consequently, severa! tedmiques have been developed for 

parameter determination. The most popular techniques are those of 

the conventj'Jnal well test methods. Studies have shown that the con­

ventional well test methods may not be suitable for estimating the 

initial values of stress-sensitive reservoir , s parameters [7J . Elemo 

and Knapp [6J , in their recent paper, confinned the inapplicability 

of the conventional well test methods to stress-sensitive reservoirs 

and dOClDRented the degree oí discrepancy that can be expected if the 

well test methods are applied. An al ternative to the well test meth­

ods is the history match.ing technique whereby the desired parameters 

are obtained by finding the parameter values that best match a set 

of íield observed data and simulated data. The success oí any 'histo­

ry matching depends much on whether the perfonnanee data being 

matched are sensitive to variations ID tbe parameters being esti­

mated. Controlled experiments, as a tool for detennining sensitivity, 

serves a useful purpose for detennining which parameters can be es­

tilnated. Low distinguishability implies low sensitivity and, henee, 

a less probability of being able to aecurately estimate the para­

meters involved by history matching. Controlled experiments there­
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fore, can be a useful tool for petroleum reservoir engineers and 

ground water hydrologists. 

CONClliSIONS AND RECQM.IENDATIONS 

The results of the parametric calculations perfonned and dis­

cussed aboye bave shown that the temporal response of pressure :in 

stress-sensitive and compacting media is highly sensitive to varia­

tions in the formation penneability. The sensitivity to permeability 

is indirectIy related to sediment compressibility. The results also 

indicated high sensitivity to the net pay thickness , specific pro­

ductivity index and considerable sensitivity to the sediment com­

pressibilities . The temporal response, however, was found to be in­

sensitive to the fonnation porosity . Sensitivity to porosity was aJso 

fmmd to be :indirectly related to the sediment compressibili ties . 

From the results, it can also be concluded that -stress-sensitive 

permeability, sediment cdmpressibilities, thickness and the specific 

pTOductivity index can be accurately estiJnated by the teclmique of 

history matching. However, porosity estimation may present a prob­

lem. Any estimation involving porosity should be carefully ana1yzed. 

~LA.TIJRE 

Cm = Uniaxial compaction eoefficient, p6.[-1 (10 
6 

m.icJw.6.ip6) 

E :: Criterion funetion, p6'¿-p6,¿-day 

h :: Net pay thickness, ~ed 

],6 e Specific productivity index, STB/da.Y-p6,¿-6eet 

k • Fomation penneability, md 

p • Reservoir pTessure, 1'6.[ 

\ 

l 
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= Wellbore radius, 6e.d"-w 


t = Simulation t:ime, da.y.6 


X = Vector of reservoir parameters 


" x = Base value of x..,
... 
a = Formation volume factor, Res. bbllSTB 

/ji = Reservoir simulator t~e step, da.y.6 


cp :: Fonnation porosity, peJlc.e~ 


1.1 = Fluid viscosity, c.p 
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TABLE 1 RESERVOIR BASE DATA POR A HYP01lIETlCAL SYSTFM 

Drainage ATea = 1Ó .6qu.aJLe milu 

Reservoir Initial Pressure = 11,000 p.61 

Reservoir Temperature = 325°F - c.onó:ta.nt 

Flow Fate = 15,000 STB/day 

Formatían Permeability = 20.0 md 

Formation Porosity = 0.20 

Net pay Thickness = 250 6eet 
-6 .-1Fluid Compressibility = 4.1 x 10 p.6.(. 

Uniaxial Compactian Coefficient = 10.0 x 10-6 p6-i- 1 

Rock Matrix Compressibility = 0.0 

Fluid Viscosity - 0.1856 c.p 

Fluid Density 59.401 Lbm/6:t
3 

Fluid Density (Standard Canditions) = 62.151 Lbm/~:t3 

http:c.on�:ta.nt
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APPENDIX 

Criterion Function 

The criterion ftmction is a mathematical formula that charac­

terizes the difference between the temporal responses of a reser­

voir' s perfo11llance data when sorne base parameter values and per­

turbed parameter values are used to nm the reservoir sinrulatoT. '!'he 
criterion function is a least squares criterion, that is, 

N M 
b P)2E = 1 1: d'L. - d.L.~ -<..,r<. -<..,r<.-i.= 1 k= 1 

where 

d~ k. => 	 k.th perfonnance data from -i.th well obtained by nm ­
-<.., ~ 


ning simulator with base parameter values, ~ 


dP - kth perfonnance data from -i.th well obtained by-i., k ­
nmning simulator with perturbed parameter values , 
A " 
X ± ax ..... ..... 

M = 	munber. of performance data simulated (munber of time 

steps, tIllt) 

N .: 	llI..unber of production/observation wel s 

The críterion ñmction is a fmctíon of!; it becomes a functional 

if ! are ftmctions of locations and/or boundaries of too reservoir. 


