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ABSTRAeT 

The rock and fluid properties of st rec;s -sens i tive reservoi rs are 

dependcnt on t he effective st ress on the rock. Pre rious studies have 

sho\VJ1 that t he current1y available convent iona] well test met hods are 

inadequatc fo r E'sti.rnat i ng the initial values of stress -sensiti\fc 

reservoi rs' paramet er . This paper presents t he r esults of a study 

maJe t o estimate t he ini t ial values of sorne pert inent parameters for 

s t ress -sensi t ive r eservoirs by using the technique of history rnatching. 

In automatjc history matching , mathemat i cal prograrnming methods are 

used to optimi. ze a cri t erion function which is a mathematical famula 

that characterizes t he diffe:rence between t he calculated rnodel behavior 

and the observed behavior of the rea l physical system. The history 
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matchillg probl ems in t his stuuy were fonnulated as opt imal control problems, 

that is, the criterion function was minimized by choice or control of t he 

parameters being es t imated. 

; two dimensional finite difference model of stress-sensit ive geopressured

geothermal r eservoir flowing a single phase , slightly compressible fluid was 

developed. The simulator calcul ated performance data were matched with 

simulated drawdown and drawdown-bui ldup data. Single and multi-pararneter 

estimations of the in j t i al formatíon porosíty , permeabilí ty and uniaxial 

compaction coefficient werc made. '[he rel iabjlity of t he parameter point 

stimates were determined hy constructing the confidcnce intervals and joint 

confidence regions of the point estimates and the history and predicted 

performance data. 

The results showed that stress-sensitive parameters can be accurately and 

rcliably estimat ed by history matching. The singl e -pararneter es t imat es were 

mast reliable and reliabi l ity decreases as t he number of unknown parameteTs 

increases . Draw own data are generally pre erred t o drawdown-buildup data 

and error-free data ar e also des i rable. 

RESUMEN 

Las propiedades de rocas y fl uídos de yacimientos sensibles a esfuerzo 

Jependen del esfuerzo efectivo sobre l a roca. Estudios previos han mostrado 

que los métodos convencionales corri entemente disponibles de prueba de pozos 

soh inadecuados para la estimación de valores iniciales de parámetros de ya

cimientos sensibles a esfuerzos. Este t rabaj o pres nta l os r esultados de un 

estudio hecho par a est imar los valores inicial es de algunos parámetros perti

nentes para yacimientos sensibles a esfuer zo , mediante el uso de técnicas de 

cotejo de historia. En 1 cot ej o automát ico de historia se ut ilizan mé todos 

de programación matemát ica para optlinizar una func ·ón o criterio , la cual es 
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una fórmul a matemát ica que caracteriza la diferencia entre el comportamiento 

calculado del modelo y el comportamiento observado del sistema físico real. 

En este estudio los problemas de cotejo de historOa fueron formulados como 

problemas del control óptimo, es decir, la función criteri o fué minimizada 

mediante escogencia o control de l os parámetros que estaban siendo estimados . 

Se desarrolló un modelo bidimens ional, de diferencias finitas de yaci 

miento geotermal y geopresionado, sensible a esfuerzo, con una sola fase flu
yendo, Los datos calculados de comportamiento dados por el simulador fueron 

cote jados con datos de declinación y dat os de declinación-restauración. Se 
hjcieron estimaciones de parámetros, simples y múl t iples, (dos o más paráme

tros simultáneamente estimados), de la porosidad inicial de la formación, de 

la permeabilidad y Jel coeficiente de compactación uniaxial . La confiabilidad 
de los estimados puntuales de 10$ parámetros fué determinada estableciendo los 

intérvalos de confianza y regiones de confianza conjunta de los estimados pun

tuales y los datos de comportamiento de historiayde predicción. 

Los resultados mos t raron que los parámet ros sensibles a esfuerzo pueden 

ser precisa y confiablemente estimados por cotejamiento de historia. Los es

timados de parámetro simple fueron más confiables y la confiabilidad decrece 

a medida que el número de parámet ros desconocidos aumenta. 

En general se pref ieren datos de declinación a datos de declinación-res

t auración y también son deseables dat os l 'bres de error. 
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INfRODUcrroN AND PURPOSE 

Well test simulations and analyses have demostrated that the currentl y 

available well test methods are inapplicable for initial parameter estimation 

in stress-sensitive reservoirs (Elemo and Knapp, 1979). Methods other than 

the corrventional well test methods have been recommended for any stress 

sensitive reservoir parameter estimatíon. This study was conducted t o 

investigate the estimatíon of initial reservoir parameters in a stress 

sensitive, compactíng environment by automatic history matching. History 

matching ís preferred to the methods proposed by Raghavan et al (1972) , 

Samaniego et al (197 7) and Evers and Soeiinah (1977) in which a set oí 

transformed differentialequationwas solved for a dimensionl ess pseudopressure 

instead of the classical dimens ionless l1ressure . Hist crry matching 1S 

preferred because the pseudopressure approach prov" des only approximate 

solutions since it is obtained from a linearized form of a nonlinear model o 

History matching is a parameter estimation t echnique that considers the 

model's nonlinearitíes. The matching was formulated as an optimal control 

problam, that is, the matching was by choice or control of the parameters in 

the partíal differential equations describing the flow of fluid in the 

reservoir. A hypothetical compacting geopressured-geothermal aquifer was 

selected for study. A two -dimensional f inite dí fference model of the 

aquifer was used. Matches were done with simulated drawdown and drawdown

buildup test performanc data with arrd wi thout nOlTIally distr ibuted,independent 

random measurement errors. 

Before a parameter can be effectively est imated by history matching, t he 

temporal response of the performance data to be matched must be sensit ive to 

variations ín the parameter. The perfonnance data used for history matching 

in this study is the reservoir pressure. Elemo and Knapp (198 1) have repor t d 

that the temporal response of pressure in compactíng geopressured -geotherma l 

reservoi r is sensitive to variations in the ini t i lformation permeabil i t)', 

uniaxial compaction coefficein t , net pay thickness and the specific productivity 

indexo The temporal response of prcssure was repor ted to he vir tually insensit i e 
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to the variations in the init ia1 formation poros ity. The sensitivities 

were detennined through numerically controll d experiments performed 

on the parameters of interest . Based on t he authors ' re sults , penneabílity, 

compaction coefficient and poros ity were selected for estimation. The 

results of various single-parameter est imations of stress-sensitive geopressured

geothennal reservoir penneabil ity, lmiaxial compaction coefficient and pOTosity , 
whereby on1y one of t he parameters was asslnned unknown at a time and to be 

estimated are reporte in this paper o Frequently several reservoir parameters 

are unknown and must be es t imated . Th's paper 3150 contains the results oE 
multi-parameter estimation runs, whercby more than one of the stress -sensitive 

resenroir parameters \.¡ere assumed unknown at a tjme and to be estimated. 

Generally, the reservoir was considered to be clastic . However, a few nms wen 

made t o examine partially elas t i c reservoir rock . The elastic case implies that 

the lD1iaxial compacti on coeff i cients during lo di ng and unloading are the same 

while they diff er for the parti ally elastic case. Both homogeneous,isotrapic 

and heterogeneous, anisotropi c reservoir systems were Lonsidered 'n this study . 

Five combinati ons of mul t:i -par amet er est imations were maJe; these are penneabi 1 i tv 

and compaction coefficie t, permeabi l i t y and porosity , compaction cae ffident and 

porosíty, penneabíl íty , compact íon coeffjcient and poros i ty and then partiallv 

elastíc drawdown and bui l dup compac·ion coeffi ci. n ts . 

History matching problems are ill-conditioncd s ince there are usually more 

parameters that ar e unknown than are the ava "i lab l e hi . t ory u;:¡ t a. The problems 

are t herefore st atistically underdetenni ned. G nerally. th quant i ty of data 

cannot be increased s ínce they are obtained from observation (history) . The 

other possibílity is reduction of t he numb r o[ unknown parameters . Th 

traditional method for paramet er r educt ion 1S zonati on whereby the reservoir 

is divided into a c rtain number oí zone anJ a paramet er 1S assumed homogeneous 

withín a zone. Parameterj za i on by the us of sensi ti ,-í ty \'ectors had been 

proposed (El emo (1978)) . 'Thc reliabil it of t h parameter estimates in this s t ud\' 

was checked by constructing confidence limits for the single-paramet er point 

estimates and joint confidencc r egjons foy the multi -payameter point estimates. 

Confidence l imits were a1so establisheJ for t he historical data and or future 

perfonnance dat a generated using the ro int estimates. Tt should be noted that 
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the joint confidence regions are better indicators of the reliability of the 

mólti-parameter point estimates because establ i shment of the regions accounted 

for the joint variabilities of the pararneters. Establishment oí the individual 

confidence limits neglects the cross product(covariances) of the parameters' 
combinations. The reader is referred to Appendix A for the JOOmentum transport 
equation, the adjoint systern of equations therefrom and other relevant equations 
developed and used in this study. 

The strategy empl oyed in each of the rnat ching nms was to use the opt imal 

control technique to bracket the optimum est imate(s) and then use a direct 

search method to narrow t he range (s) and Iocate t he optimum estimate(s). The 

mathematical prograrnming met hod of steepest descent was used in t he optimal 

control segment of t he solution. The resul ts showed that geopressured 

geothermal reservoir parameters and indeed any stress-sensit ive reservoir 
parameters can be reIiably estimated by hist ory matching method. Permeability 

and compaction coefficient estimates were good but porosity estimates were les s 

reliable. The est imates I reliabilities were i ndirectly related to the mnnber 
of pararneters being estimat ed. Heterogeneous systems were found to require 

many observatíon well s for r eliable parameter estimates. Long term drawdown 
data resulted in more reliable est imates than t he combinations of drawdown 

and buildup data. Measurement errors were found to r educe the accuracy and 

reliability of the est imates. The algori t hm empIoyed to carry out the parameter 

estimation is shown in Appendix B. 

RESULTS 

The dat a of TabIe I were asslDlled to be t he true data of a geopressured

geothermal reservoir whose pr essures were t o be rnatched. The data shown were 

considered to be at the reservoir' s initial st ate. The match period in a11 

runs was 200 days; pseudo-steady state (volumetric) depletíon of thehypothetical 

reservoir ,",ouId have been attained within t his t ime. Several runs were made 

using various combinátions of drawdown and buildup data. The combinations of 

drawdown-buildup data used include 200 days drawdown, 135 days of drawdown wi th 
6S days oí buildup (135/65) and 100 days of dr awdown with 100 days of buildup 
(100/100). Estimations were made with several l evels of measurement error incl uded 
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Wl h the simulated performance data. The inclusion of the measurement error 

made the performance data more real istic since measurement errors are inherent 

in such data. The confidence l irni t s of the point estima tes and the sirnulated 
and predietedperformanee data were a11 obtained at 95 pereent eonfidenee leve1. 

AlOa (l-a) percent confidence level implies that the probability of the true 

value being contained in t he conf idence interval is el -a) . The results of 
single-paramet er estirnations and mult i -parameter est imations are presented in 

the following subse ti ons. 

SrNGLE- PARAMETER EST IMAT TON 

The s ingle paramcter estimations were based on t he assumption t hat al l 

the reservoir parameters were known except for one which is to be es t imated. 

In al1 the single-parem ter es t imations , the reservoir was considered t o be 

homogeneous and isotr opi c. The reservoir was a150 considered to be ela5tic, 

that is , the uniaxial comp ction coeffi cients dur ing loading (drawdown) and 

1lllloading (bu' l dup) were the same. he r suIts are as follows: 

a. rNITrAL PERMEABILITY ESTlMATION 

The results of permeability e timation f or arious leve1s of measurement 

error lIsing a11 drawdown history data are shown in TabIe 2. The resol ut ion 

used in the direct sear h segment of the es timatíon was 0.1; this imp1ies 6 

simulator runs (exper iments ) t o obtain t he optimtUTI solut íon. It took a total 

of 13 experiments in each case to obtain the mean alue (final es t imate). Thi s 

implie!;; tha t 4 gradient iter ations were required to b acket the opt imum 

solutions (see Appendix B). The resu1 t s were good °n a11 cases as the point 

estirnates were very close to the true values. The confi dence i ntervals were 

narrow, less t han one percent of t he permeabili ty t rue vallle, pr o riding an 

evidence that the estimates were quite reliabl e. The r duct ions in criterion 

flIDction from initial to final val ues were a1so impressive. It can be seen from 

TabIe 2 t hat a higher measur m nt er r or resul ted in a l essaccurate point 

estímate and wider confidence intenral , implying a l ess reliable point estOmat e. 
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Por a higher meaSUTcment error, a \-lí der confidence interval should be expected 

since the higher error w uld result i n a higher parameter variancc. Figure 1 

shows pressures versus time at each gradient iterabon during the hi s tory mat clüng 

process. The val ues of pel~eabi] jty at the di ferent gradient iterations are 

shown along with the corresponding criterion function values . The direct search 
segment of the estimation rw1 was denotcd as t he fifth gradient itera tion . 

The results of permeabil i t y estima i on us'ng 13S / bS and 100/100 drawdawn

buildup data are presentec1 in Tabl es :s and 4 and jn FiguTes 2 and :. respectivel )'. 

The resolution used was 0 .1. The t otal numb r of imula tor runs r equí red for 

solution convergencc was lj i n a11 cases of 135 /65 da ta as i n t he cases of t he 

drawdo"m data. HoweveT, two mOTe CATl -yj ment s ",ere required for the 100/100 

data to converge. Drawdown -buildup da t a produced estima tes that w r e l ess 

accuT3te and less reliable h n those produccd by the drawdown dat~. The 

estimates are still quit good, however. Al though t he point estimates were 

more accuarat e fOT the 100/ 100 data for t he 135/65 da ta , the conf iden e 

intervals were narrower in the latter case , meaning higher reliability. 

The reason for the lowcr dr3wdown -bui l dup ra tio data yielding more accuarate 

point estimates may be due t he fact t hat thc l onger the wel l is shut- i n, 

the closer the reservoÍY pressure approi1ches the i n itial pressure. 

Shown in Figures 4 'md 5 re t h . plots of t he confi.dence limi t s of t he 

history and pred ' cted pressures, respcc t i ely , rcsult ing from the single 

pararneter estimation of initial fonnat ion perrneabili t ,. For the }üstory peri.as, 

the confidence interval is very narrow with the confidence lirnit s of observed, 

tTue and computed pressures alm st i nu i stiguishabl c. The interval i s also 

narra", for t he predicted pr ssures, ahout 200 psi. The tTUe pressures were 

conta "ned in he con fidence j nt rvals. 

b. UNlAXIAL COMP CTION COEFFTCIENT ESTlMATION 

The r sul t s of Lmiaxial compact i on coeff i cient estimat ions us ing drawdown 

dat a are shown in tabIe 5 and in Fi gure 6. 'n1€ tnle value for the compa tion 
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coefficient ís that of the hypothetical reservoir - 9.5 0 mícrosips. The ini tiaI 

estimate was 6.5 0 microsips in a11 cases. fn the cases considered, 13 

simulation nms were required just as in the case of penneability estimatíon 

nms. The compaction coefficient paint estimates \Vere close to the true 

value in al1 cases as shown in Tab e 5. The reason why the poínt estimates were 

these good is that the uniaxial compactian coefficient was assumed constant , that 

is , pressure independent. The accuracy of t he point estimates decreased wi t h an 

increase in the measurement error . The confid nce interva1s were narrow, 

ÜTIplying reliable point estimates. The confidence intervals ~dth increased 

with an increase in the measurement error. 

Good estimates were obtained for the compact ion coef ficien t when drawdown 

and buildup data were used. However, the results were not as good as those 

obtained when only drawdown data were used. ~1e results indicated t hat the 

moTe drawdown data available f or use, the more reliable the compact i on coeff icient 

estirnates would be. Figures 7 and 8 show t he confid nce limit s of the historical 

and predicted performance dat a, respe tively. The ~n tervals are seen to be 

naTTOW and the t r ue pressures are con tained in t hern in both cases. 

c. INITIAL POROSITY ESTIMATION: 

As shown in Table 6 , nine sllrrülator runs wcre required to estimat e the 

initial formation poros ity in a11 measurement error cases considere. The results 

in Table 6 and the pressure plot presented in Figure 9 were obtained using 200 

days drawdown dat a. The r esolution in these cases \vas O. 1 as in thc other 

cases discusseJ above. The ini t ial estimat e used \\'as 0.1 5 and the true value 

is 0.20. The point estimates obtai ned were very good as seen in the TabIe rangi ng 

frem 0 .1 99 for error -free dat a to 0.185 {or 0 .30 pereen t error da ta. The aecurac)' 

of the point estimat es and the measurement error a150 have an inver e relationshi.p 

in the porosi ty est imat ions. The effect of measurement error on the porosi t y point 

estimates is mueh more pronounced han the effec t on penneability or eompac t ion 

coefficient estimates. Notice how close the ini t ial and final cri t erion funct ion 

values are. There were no significant differences -i n t he accurac)' of the point 

estimates when combinations of drawdown and buildup data were matched. 
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Reliability studies indi cated t hat while the reliabil i ty of the point 

estimates decreased wit h an incr ease in the measeurement error, t he 

reliabil i ty was not affected by t he t J1le of data . Compar ed wi th t hose 

of penneability and compaction coefh cient estimates , t he conf i dence 

intervals for por osity point estimat es werc much wider , ranging up to 100 

per cent of the t rue porosHy . The wide int ervals i s due t o the mil d 

sensitivit y of pressurc to porosity, resulting in l ow sensi tivity coefficient 

and high porosi t)' variance. As shown i n Figures 10 and 11 , the r el iabilit)' 

o[ the history and preJ.i ct ed pr essur s in t he por osi ty est"mation case was 

high . The confidence inter vals are sti.ll about 200 psi and the t rue pressures 

were contained in t hc interval s. 

MJLTI - PARAMETER ESTIMATlO. S 

In multi -pararnet er est imat i on nms , at l east t wo of t he parameters of 

interest - init ial fomatjon penneab ' l i t y, poros i.ty and uniaxial compaction 

coefficient - were simu1taneousl y es t imatcd . Each run assum d t hat aU 

the reservoi r paramet er s except the combinat i on t o be joint ly esti.mat ed 
were known . Sorne selected re ult s arc pres nted bel ow. 

a. INITIAL PERMEABIL ITY AND CCJlvlPi\CTION COCFFICIENf ESTIMATI ON: 

The resul ts for j oint estimabon of penneabili ty and uniaxial compaction 

coefficient when 200 days drawdown and error -free (~ta were used are present ed 

in Table 7 and Figure 12. Sevent cen s imulator runs were required to obtain 

the optimal solut i on. The permeabil 'ty estimat e obt ained was as good as 

that obtained by single-perrneabil i t y est imat i on . Howev r, the compaction 

coefficient point estimate obt ai ned was not as good as thesingl e -compaction 

coefficient estimate. With a t ruc value of 9.50 microsips , t he final est i mate 

was 10.03 micTosips. The r oint es timat s obtained by t he use of drawdmm

buil dup dat a were not as cl ose to the true valu s as those obtained us ing 

200 days drawdmm data. Long produc t ion peri ods incr eased the reliabi l i ty 

of t he point est imates. The ef fect of measurement error was r educt i on in t he 

accuracy of the est imates . 

http:porosi.ty
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The individual confidence limits of the parameters at 9S percent 

confidence 1evel are a150 shown in Table 7. Comparing these with the 


confidence limi t s of permeability and compaction coefficient single 


estimates, one f i nds that althought t he true values are contained in 


the intervals of uncertainty, the i ntervals are wider in the former 


case implying reduced reliability. Figure n shows the joint confidence 


regions of permeability an - uni axial compaction coefficient estimates 


using 200 days drawdown dat a wi th 0.20 percent measurement error . 


Ellipses representing 75, 90, 95 and 99 percent confidence levels are 


concentric and are centered at A, the mean (final) estimates of the 


parameters, Point ~ represents the parameters' true values which are 


contained within 90, 95 and 99 percent confidence level regions. 


From Figure 13, one can see the extent to which the combination of the 


individual conf idence limi ts deviated fr om the joint confidence regi on 


at the same conf idence l ey Not ' ce that the indivi dual 95 percent 


confidence level limits are represented by the r ectangle PQRS. This has 


a greater area that the jo int confidence region at the same confi dence 


level. The orientatíon and shape of t he el l i pses of Figure 13 indicated 


that there is a strong interdependence between permeabi li t y and compaction 


coefficient and that compaction coeffici ent is less well determined. The 


. confidence l imits of t he historical and sorne predicted pressures in the 

multi -parameter estimations of permeabi l'ty and compaction coefficient 

and other multi-parameter est imat ions are shown in the work of Elerno (1978). 

b. INITIAL PERMEABILITY AND POROS ITY ESTIMATION: 

Presented in Table 8 and Figure 14 are the resul t s of the permeability 

and porosity joint estimation. As can be seen, the results are peor. After 

fifteen simulator runs, the mean values of penneabi.1 i ty and porosi ty were 

22.83 md and 0.188 r espect ively. These are about 14.14 and 11.25 percent 

deviations, for permeability and porosity respectively, of the f inal point 

estimates f rom their respective true values. The ind'vidual confjdence l imits 

of the penneabi lity and porosity estimat es are also shown in TabIe 8. The 

conf idence i ntervals are wide, and porosity has an unrealistic interval o The 
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joint confidence regions for this estimation 1S shown in Figure 15. Notice 

that the permeabjljty estimate is more reliable than the porosity estimate 

because the true value is much farther away from the mean estimates along 

the porosity axis than the permeability axis. The orientation and shape 

of the el1ipses indicated that there is a strong correlation between 

permeability and porosity and that porosity is less well determined than 
permeabiljty. Although the estímate obtained for permeability in the 

permeability-porosity joint estimation is not as good as that obt ained in 

the single-parameter estimation of permeability, the permeabil ity estimate 

in the joint estímation is better than any of those obtained by using 
conventional well test methods (Elemo and Knapp,1979). 

c. INITlAL COMPACTION COEFFICIENT ANO POROSITY ESTIMATION: 

Twenty-one simulator runs were made for elosure of the compaetion 

coefficient and porosity joint estimation . The compaction coefficient 

final estimate was fair, but that of porosity was poor. The point estimates 

deteriorated with longer buildup and shorter drawdown data and wi th an 

increase in measurement errors. The results are shown in Table 9 and 

Figure 16 for 200 days drawdown, error-free data case. The indi idual 
confidence limits of the point estimates are also presented in Table 9. 

The ellipses obtained as joint confidenee regions for the parameters, 

shown in Figure 17 , indicated that porosity is less well determined than 
the compaction coefficient and that the degree of eorrelation between them 

is extreme. 

d. INlTLAL PERMEABILITY,COMPACTION COEFFICIENT AND POROSITY ESTlMATION: 

The results for the three-paramet er estimation when 200 days drawdown 
and error-free data were used are as shown in Table 10 and Figure 18. The 

permeability estímate was the most aecurate and reliable while the porosity 

estímate was the least aecurate and reliable. The level of eorrelation 

between these parameters is high. The aecuracy of all t he parameters were 

found to deerease signifieantly as less drawdowri data were used. The 

eonfidenee limits of the individual estimates are seen in Table 10 t o be 

meaningless with negative lower limits and a porosity upper limit great er 
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than one. The joint confidence regions, although not established because 

of the complexity in thei r interpretation, are expected to indicate that 

porosity i s least well determined followed by compaction coefficient . 

DISCUSSIO 

The results presented above indicated that the technique of history 

matching can be applied for parameter estimation in stress-sensit ive 
reservoirs and that a reasonable degree of accuracy and reliability can 

be expected in most cases. The resul ts should be carefully interpreted. 

In history matchíng with r eal data, t he estimat ed parameter values are 

only "apparent " reservoir paramet er values. There are numerous inherent 

sources of error and many unknown parameters in history rnatching such 

that detenninatíon of t he actual parameter values may not be possi ble 

(Elemo , 1978). Pararneters obt ained by history matching are usual1y non

unique. There i s no rcpor ted críterion funct ion or optimizatíon technique 

that guarant ees uniqu ness. However, the chance for unique parameters can 

be increased by preana1ysing the perfonnance data to be matched. It can 

be observed from the r ults t hat t he mul t i-parameter estimations were more 

demanding computationally and that they yielded less accuarate and rel iable 

results than the singl e-parameter est imations. These are mainly due to the 

high level of interdependence of the various parameters . 

To obt ain good resul t s by history matching, temporal responses of the 

matched performance data must be sensi t i ve to variatjons in the parameters 

to be estimated. ot i ce that the por osi ty point estimat es from t he multi

parameter estimat i ons are poor and unrel iabl e. These poor porosity estimates 

are due to the performance dat a's mild sensi t ivity to variations in porosity 

(Elemo and Knapp, 1981) since di st:inguishability closure criterion was \..tsed 

in the multi-parameter estimations as agains t re oluti on closure cr i t erion 

used in the single-pararneter estimations (see Appendix B) . The importance 

of a pTiori infomation in history matching can not be overemphasi zed . With 

a priori information, bett r choices of upper and lOwer pararneter cons t raints 

and initial parameter es tjmates can be made. A priori informatíon is often 
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difficult to obtain . When it i s available, for ex~mple from wel l 

log interpretations , i t should be used eff~ct ively. 

In the estimat ions Jescr i bed above, perfectly elastic rock 

behavior was aSSl..DTled. In a r eservoj r wi t h elastic beha l or, t he 

sediment compressjbilüies are t he same whether the \Vell i s openeJ 

for produet ion (pore pressur deereasing) or i t i:; closed - in for 
pressure buil dup (pore pTE"SSUTe inc reas ing). Th15 assumpt ion o r 
perfeet elastic i ty i s not val id rOl' stress -gens; tive resenroirs 

such as those being stud ied (Grayand Thompson , 1978). Usually 

stress-sensitive reservolrs' format ion poros'ity and penneabili t y 

exhibi t hysteresis behavi or . That is, fonnation compaet ion in 

geopressured systems is i r revers i b1e . Several nms were made in th:i ~ studv 
which the drawdown and bui1dup compact ion eoeffieicnts were 

assumed different. Good point estimat es wer e obtained and 

canheseenin the workof Elemo (1978). Thercsults ofnms 

for heterogeneous resenroir parameter est imatlon h3 VE' a150 been 
reported by Elemo (1978 ). 

The method and a1gorithm reported i n this paper were deve10p d 

for stress -sensitive , compacting :md georressured - .r~eothennal 

reservoir system. Nonethe 1css, the method and algor:i thm can be 

adapted for parameter estlmation 111 normally prcssur ed ,stress

independent and non-compacting r ,servoir system. A l ook ¡-It Appendix 

B wil l convinee the reader of this fact . 

CONCLUSION ANO RECOMMENDATIONS 

The foll owing general conc1u:; ions can he dr awn from t he re~ul t~ 

of this study. 

1. - The teehnique of histor)' méltching can be llsed to est imat e 

the initi al paramete-rs of geopressured -geothermal reservoirs \-lith 
greater expee tat ion of suceess th,'lT1 conventi.onal we11 test mat hods. 

2. - Single-paramete r csti.mati.ons rcsul t ed i n good matehe~ 
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and in accurate and reliable estimates of permeability,uniaxial compaction 

coefficient and porosity wi th drawdown or drawdown and buildup history 

performance data except when the measurement errors are high. 

3.- Porosity estimates are mest sensitive to measurement errors. 

4. - In all cases considered, the initial permeability estimates 

were better than those obtained by use of the conventional well test 
methods (Elemo and Knapp, 1979). 

5.- Permeability as low as 5 md and as high as 100 md can be wel l 

estimated by history matching. Lower permeability levels usually result 

in more accurate and reliable estirnates. Therefore, the rnodel should 
have general appl i cabil i ty. 

6.- Drawdown data are generally preferred to drawdown-buildup data. 

However, the latter can also provide reasonable permeability and porosity 

estimates. 

7. - There is a high degree of correlation between permeability, 

uniaxial compaction coefficient and porosity; hence, results from multi 
pararneter estimations were less r eliable than those from single -parameter 

estimations. However, good estimates of permeability,drawdown and buildup 

uniaxial compaction coefficients can be obtained from rnulti-paran~ter 

estimation nms. Porosity estimates are generally poor ,.¡hen i t is jointly 

estimated with any other parameter. 

8.- The method and estimation algorithm reported in this paper,while 
developed for stress -sensitive. compacting and geopressured-geothermal 
reservoir system, can be adapted for parameter estimation in normally 

pressured,stress-independent and non-compacting reservoir system. 

It is recornmended that history matching technique should be given 
serious consideration when parameter estimation is to o be made for 

r eservoirs that are stress-sensitive such as undercompacted geopressured

geothermal reservoirs. 
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' 	 '1 2=Dralnage area, ml es 

=Confidence level, percent 

=Uniaxial compaction 	coefficient,psi-1 (106 microsips) 

= Roek matrix compressibility, psí-1 
( lOó microsips) 

= Criterion ftIDetíon, 	psi-psi -days 

= Mínimum E, psi-psi-days 

= Reservoir depth, f t , 

= Absolute permeahili t y, md 

:: Initial permeability,md 

:: Relative permeabil ity 	to water 


Lbm - rnd 

= Pseudo -permeability, cp 

= Gradient iteration 	eOlD1ter (2 simulat ion runs) 

:: Number of observation data from i th well 

:: Total number of wel ] s in t he reservoir 

Pore pressure, psi 

= Observed pressure data, psi 

= Caleulated pressure data, psi 

b Initial reservoir pressure, psi 

:: Flow rate, STB/ day 

~ Adjoint variable 

:: Water saturation 

:: Time, days 

=Reservoir ternperature,degree F. 

:: Match perio~, days 



-17

V p =Block bulk volume,ft3 

w =Reservoir net pay thickness, ft 

Wo = Initial reservoir net pay thickness,ft 

e: =Performance data measurement error 

4> = Porosity, fraction 

4>0 = Initia! porosity 

<1>' = Pseudo·porosity, Lbm 

Pw =Water density, Lbm/ft3 

Psc = Pw at standard conditions, Lbm 

ft3 

llw = l~ater viscos] ty ,cp 
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APPENDICES 

APPEND I A : MATI-lF.MAT rCAI. "'K)DF.LS 

The hi story matching problems in t his s t udy were f ormulat ed as optimal 

control probl ems; therefore, two major model s were developed and solved. 

The reservoir model i s t he "st ate" system. The st ate system consis ted of 

the partial differential equat ions describing the f low of fluid i n t he 

reservoir and their ini t ial and boundary condi tions. The optimizat i on model 

consisted of t he "adjoint" system of equation, directly derived from the 

state system, and the criterion func t ion. 

In thisstudy , a deformable, anisotroplc and het erogeneous geopressured

geothermal aquifer model was used. Single-phase and slightly compressible 

fluia flow in two areal dimensions was simulat ed. From t he t hree major 

concepts of mass conservation , Darcy 's law and equation of state , t he momentum 

transport equation for the wat er phase i n geopressured -geothermal aquifer was 

obtained . Thé momentum t ransport equation, in' t ial condit i on and boundary 

conditions are shown in equations A.1 through A.4. 
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P(X, Z,t=O) = P (X ,Z) (A.2)
o 

~~ + p~ ~~ =Oat X=Q and X = LX C-\. 3) 

ap ah o z.Laz T p~ al = at = o and Z = LZ (AA ) 

Equat ions describing the consti tutive rel ationship between the paramet er s of 

geopressuTed- geothermal r eservoi rs have been report ed by Knapp et al (1977 ) . 

The modif ied form of these equations, shown as equations A.S, A.6 and A.7, 

were used in this s t udy. 

e + C 
. K(P) K [1 + m nn (P-P ) l (A.5 )o 1 - cp (P) o 

cp(P) = (A.6 ) 


W(P) W [1 + e (P - P )J (A. 7)o - m o 

The finite diff erence method was used to so lve the aboye model o The comput er 

cal culat ed well block pr essures were converted to bottom hole flowing pr essures 

by using t he concept of effective wel lbore radius (Peaceman, 1978). Computed 

shut-in and/or the bottom hol e flowing pressures wer e matched \~ith t he simula ted 

history performance data. 

The adj oint system of equations wer e derived f r om t he state system of 

equations [equations A.l through .4]. The state and adjoint equations are 

the same except t hat an adjoint vari abl e, Q, was subst i tut ed for tKe state 

variable, P, and the adj oint sys t em was sol ved backward i n time~ 

Assumpti ons of an i sothermal process and compl ete water ~aturation m t he 

reservoir were made t o obtain the f inal adjoint equation , equat i on A.8. 

The boundary condit i ons are shown as equat i ons A. 9 , A. 10 and A. 11 wh i le the 

final condition is as shown in equation A.12 . 
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N M' 
~ (k'VQ) - 2 ¿ ¿l (pobs - pcal)oCt - t .) = - ~t(~'Q) - ~t(C'Q) (A.S) 

i=l j=l J 

o for r in dW. (A.9) 
1 

N o for r in dw CA. 1O)dn (r,t) 

K' N.- 6P dOdt o LA. 11 )I r f í1n wi =l o dW. 
] 

CA. 12) 

where, 
PwK' == V -- KK 

P I-lw ni 
3p 


4>' = V C ¡P' e = _w_ 

p w' w 3p 

C' = Vp re + C Cl-cp)] pw m nn . 

y = a point on a well boundary 

dWi = boundary of i th well 

w = Spartial domain 

d.w reservoir boundaryel 

Notice that the term ~ (ri,t ) is the tangential derivat ive of the adjoint 

variable at the point y of the boundary dW of each well in the reservo ir and 

the term ~ (r,t) is the normal derivat ive of the adj oint vari able at t he on , 
point 6 of the botmdary d.w of the reservoir. 

During the derivation of the adjoint system of equations, a cont inuous form 

of criterion function was defined; this is shown jn equation A.13. The 

r 
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criterion Metion was to be minimi zed. 

(A.13) 

where, 

8(~) is the Dirae delta funetion (Elerno, 1978) 

The gradient of the eriterion function with respect to the various parameters 

to be estimated \l/ere also obtained in t he proeess of deriving the adjoint 

systern of equations. These are shown as equat ions A.14, A. 15 and (A.16) . 

1M 
-f (VQ VP)dt ( . 14 ) 

o 

cE 
~' 

= 

T
MI p ~ dt (A. 1SI 

o 

cE _ 
(A. 16) I 

TM 
P -ªº- dt óC' - éJt 

o 

The necessary eondi t ions for the optimal solut i on whieh implies the best 

mateh between history and calculated per fonnance data are that eaeh of equat ion 

A.14 , A. 15 and A.1.6 be reduced to zero. The gradient based method of steepest 

deseent was used i n eonjunction wi t h the neeessary conditions for optimal ity to 

solve t he optimization model deseribed aboye. By t he method of st eepest deseent , 

the value of a parameter, P, at any gradient iteration , KC, is given by equation 

A. 17 . 

X KC+1 X KC _ AKC aE 
p CA.l 7)p ax~ 

p 
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where, 

Xl = X (initial value of the parameter)
P Pi 

A. 
1 

aE are from equat íons A.14 t hrough A.16
;)x KC 

P 

A more detailed description of t he aboye models and t heir solutions 

are shown by Elemo (1978) . The rel iability study equat ions can a150 be 

found in the work. 

APPENDIX B: PARAMETER ESTIMATTON PROCEDURE 

The fol1owing step by step algorithm was foll owed in the process of 

parameter estimat íon. 

(a) Start with initial estimat es, x p . , of the unknown parameter and the 

initial step size along t he steepest ldescent d·reetions desired, Ai ; set 

the number of gradient jteration cowlter to zero. 

(b) Salve the state system of equations (equation A.1 t hrough A.7) using 

the current values of the paramet er estimates. 

(e) Using the computed perfonnance data from aboye and the históry 

performance data, compute t he value of t he criterion func t ion (equat ion (13) ). 

IEKC 1 EKC J· th . h b· l·Cd) Obtaln e d' . Lty, T1= :. + lstillgulS a 1 

Ce) rf the distinguishabilit y is l ess than t he set minimum or t he intervals 

of uncertaint y containing the opt i mum parameter values aJe obtained go to 

step (j ) ; otherwise, proceed wit h 5tep Cf). 

(f) Tf the number of gradíent i terations exceed a set maximum, go to 5tep 

(n) . 

I I 
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(g) Salve the adjoint system oí equations (equations A.S through A.12). 

(h) Using the solutions from steps (h) and (g), compute the gradients 
(equations A.14, A.15 and A.16). 

(i ) With t he computed gradients, compute new and improved parameter 
values (equatton A.17); advance gradient iteratian counter by ane and 

ga to step (b). 

(j ) Reduce t he intervals af lmceTtainty iteratively lffitil t he aptimum 

parameter values are obt ained. 

(k) Compute the canfidence l imi t s of t he parameter paint estimates and 

the history and predicted per fannance data {Equations are presen t ed by 

Elemo (1978) } . 

(1) Print the resul t s . 

(m) STOP. 

Step Ce) af the above algorj t hm was perfoTITIt:d by using the nurnerical 

integration techni que of trapezo idal rule . Step Cj ) of the algorit hm 

was perforrned by t he Golden Sect i on Jirect search mcthad far t he single 

parameter estimaU ons anci the Hooke and Jeeves Pélttem Search method fa l' 

the multi-pararneter estjmations . 
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TABLE 1 

BASE CASE DATA FOR A HYPOTHETlCAL 

GEOPRESSURED-GEOTHERM~ RESERVOIR 

INITIAL PRESSURE 10 ,000 psi 

INITIAL TEMPERATIJRE 300°F ISOTHERMAL PROCESS 
PRODUCTION RATE 40,000 STD/DAY 
LENGTI-I 5 ,28 0 FEET 

wrrrrn 5,280 FF.ET 

1HlCKNESS = 100 FEET 

WEll.BORE RADIUS 3 JNCHES 

PERMEABILITI 20 ivID 

POROSITY 0.20 

DENSITY 59 .401 LBM/Fr3 

DENSITY (STANDARD CONDITIONS) 62. 757 LBM/ FT3 

VISCOSITY => O. 1993 CP 

FORMATI0N VOLUME FACTOR 1.00 RES BBL / STB 

UNlAXIAL COMPACTION COEFFICIENT = 9 .50 x -610 -1PS I 

ROCK MATRIX -C<l'fPRESS nHLI1l' 0.50 x 10-6 PSI 1 

FLUID COMPRESSIBILITY 3.04 x 10 6 PSI-1 
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.. 
fiNAl tOW(RlOlAl 1"1 11Al. UflPCR"ASUI' NNT VAtU( Of (Ut8IR or eOHIIOIM[W-"Ul Of [ IU "" (ONf IOlNClE (1) VAlurll'Uf lIHl Tupuu.uns ,'HPS ~DA'S¡ ,HPS"DA'S¡ 

0.00 13 S.a288110· 2.290SatO l 19 .9932992 19 .9962668 19.9')'12344 

II ~ 8l0lblO' 1. 974h10" 19. 9641OJI'\0.'0 19 91ilK419 ZO.OI'i)HOO 

0.20 1) ~ . 81ll.10· 7.8329.10' 19 .912SB69 19.987'1(,8 20 .0'22461 

O.lO 1.15"110· 19.9008408 19.9829913 20.0651417U ".806..,0' 

ruu 2 	 COftltd~nc~ l.~tt, 01 ,~.~ll't1 ['tt~tes Uslng
DHferent Meuu"eflent (rro,., 

1"ve V.tue • 20.0 md 
h'HI.l V.lue • 15.0 md 
Con'ldPnc. Leve' • 9~.0 ~rrt'~l 
lype o, Get. Al' Dr.wdown 

MCASUAOtU' 
(AROR (1) 

0.00 

to1AL 
IIlM8lR Of 

LXPU I"[NI ~ 

Il 

IM IT 'Al 
V"l U( Of ( 
rsH~ ¡"DAY~ 

4.9455_10' 

r IHAL 
VAlUl ()( ( 

rSHS,,"DAY'lJ 

2.12hIO~ 

LowrA 
(ONf lot If( ( 

ll'U r 

19 971 utj 

"l[AN 
VAlU( 

q 4'l47111 

. .-, 

Ul'rLR 
cosr IO(NCr 

lIMI T 

1"1 981174 

0.10 13 4.938hJO· 4. 1980&10' l~. 'JUb!lb 9 'l'lOJ lH9 19 .99JR61 

O.lO 11 4.93IhJO· 9. 9820alO' 19 .8JH198 9 . 94';,90h2 20.013014 

O.lO \3 4.9Z45.10· 1.9672.10~ 1'9 .A473C7 19 .9414926 20 . 0)~óS8 

lAIU 3 	 (onfldeoce lI",lh of P.,..btllty l .. limJtl'\ U"'"9 DlffHrnt 
Me.~ureftent [rrors 

1r". Ya h... • ro. OnlJ 
InUlel V.I"e • IC,.ÜIIYl 
(onftdence lewe'· 9~.O prrl~nt 
1)'Pe' of Del. : IlS n.ly" n,.,w.l.rwn 

6') day'. Bu,ldup 

http:7.8329.10
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JOSCMf,.", 
lID (1' 

lOTAl. 
IUt8tROf 

UPUIMU1S 

'NIlIAl. 
YALUf or ( 
pSHS¡'DA'~ 

raMAl 
.AlU( 01 ( 
'S"~¡'MYS¡ 

lOW(R 
COIIf 101 N([ 

lI'1IJ 

"lA.. 
V~U[ 

Upr(R 
COftfIOlN(( 

ti"! T 

0.00 1~ 4, 3618.10' 1.1051d01 20.0()l498 20 .00388S 20.006272 

0.10 lS .,l~40.10· 1. 9SlO,10~ 19 . 96S324 199970412 /O . O281~8 

0.20 I!» 4 .1466,10' 1.786hlO· 19 926910 19 . 990198 20.0~j485 

O.lO lS . ))96110' 1.1512.10' 19 .81i8S10 19 Q811S42 20 078 plq 

fAIIU 4 	 Conftdenc Lt.tts .' Pe~.btllty Estlmates Us~n9 Olfferent 
Mt.surfllfnt [rTOn 

'rUf V.lu. • 20.Cknd 
,,,U 'al Y.l~ • 15 . l)nd 
Canfl4fftct leve' • 95,0 p,.rcent 
T;-pe o, OIta lOO .days Orawdown 

100 day\ BU l 14up 

UPP(AlOW{RrtNAlTOTAl .,,"""TlAL CONrlOlN(f(. OPfrt or He ffOSUltEHl'" YAlUl nr r....(11 Of VALUE Of t YIIlU[[ltlOR (1) llM I T l If11T 

9 1)050110" 

(lp[R IM[MTS 'SHSJ.MY~ ¡'S l-PSJ. DA'~ 

9 1)270. lO"9 . S03~lI10 -,1.6549.10 1 

1} S84 1110" 

2.1S15.IO'0.00 13 

1} 491~.IO "1) 39891110-.I 9667.10'2.142S.10'130.10 

9 . 6700.10 · ')001_\0·' 9.4RShl0"7 8739.10' 9J) 2 . 1376.10'0.20 

q 748'JllO··~ . 47'0.10·'9 19S4110··1.711)_10'2. 1365.10'lJ0.30 

TqU S 	 CanfldeftCe ll.tts o, Unl•• t.l t~4~t'on (o~'flcl~nt 
[\t,mat~s Uslng Ol'f~r~nt ~.sur~nt [rrnr\ 

Trv. V.lue • 9 ~ x IO"P\t" 
l"hl.1 v.lu. • ti . " 110"'1\'-' 
(onft4enct leve! · 95.0 perc~nt 
Type o, o.lI Al \ Orawdo"," 

http:9.6700.10
http:2.142S.10
http:2.1S15.IO
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tlASUR '"NT 
EUOR (1) 

TOTAL 
UBER ,Of 

EXPERIMENTS 

INITlAL 
VAlUE OF E 
'SI-PS J.OAY~ 

fiNAL 
VAlUE OF E 
~S ¡'PS ¡'DAY~ 

LOWtR 
CONFlOEHCE 

ll'UT 

MEAN 
VAlU[ 

UPPEA 
COHF IDENeE 

lIMIT 

0.00 9 6.94l4dO' 9.0723 0.1975309 0.1989357 0.2003405 

0.10 9 2.S416x10· 1.9747x10· 0.1296354 0.1937694 0.257903S 

0.20 9 8.3534xlO· ~.9023xlO· 0.0654718 0.1937694 0.3220670 

O.JO 9 l.8ll0xlO s ~ .778bIOs 0.0006514 0.l8S4l0L 0.3714718 

Table 6 	 Confidence l1~1ts of Porosity Estimates Us1ng Different 
Measurement Errors 

True V.lue • 0.20 
Initial Velue • 0.15 
Confidence level · 95.0 percent 
Type of Data All Dr.wd~ 

UPPERlOWERUUTlIU.TRUE MEAN CONF IDENCECONF IDErKEVAlur OFPARAMETER VALUE OF VALUE lIHITlIHITPARA.-.ETERPARAt4ETER 

20.022309220.001249719.77940815.020.0K(md) 

10.864SxlO-110.02S4xl049.l864xl0-'6.Sxl0· 6e (ps1- 1 ) 9.5xl0· 6 

m 

Individual Confidence lim1ts of Permeab111ty andTable 7 
Uniax1al Compaction Coefficient Joint Estimates 

Total No. of Exper1ments· 17 

In1t1al Value of E • 7.8010 x 10' 

Final Value of E • 2.7954 X lOS 
t~a5urement Error • 0.0 percent 
Conf1dence level • 95.0 percent 
Type of Da ta 	 A11 Drawdown 
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Table 8 

PARAMETER 

K(meI) 

• 

TRUE HUTlJ\l lOWER MEANVAlUE OF VAlUE OF ~ONFIDENCE VAlUEPARN4ETER PAR~~ETER LlMIT 

20.00 15.00 18.993759 22.827655 

0.20 0.15 -5.3260158 0.1875000 

Individual Conftdence U.1ts of Pet"'lleabi11 t;y
Ind Poros1ty Joint Est1mates 

Total No. of Expertments· 15 
In1thl V.lue of E • 5.8330 x 10' 
final V.lue of E • 7.9329 X 107 

,teasuranent Error • O. Opercent
Conftdence level • 95.0 percent 
Type of Da ti A11 Drawdown 

UPPER 
CONFIDENCE 

LlMIT 

26.661550 

5.7010158 

PARAMETER 
TRUE 

YAlUE OF 
PARN4ETER 

trUllA!. 
VALUE OF 
PAR~ETER 

lOWER 
~ONFIDENCE 

lIMIT 
MEAN 
YAlUE 

UPPER 
CONFIDENtE 

lIMIT 

e (pSi- l 
) 9.50xl0-' 6.50xlO-' 9.0125xlO- 1 9.8262xlO-' 10. 6399xlO" 

• 0.20 0.15 -0.3787668 0 . 140625 0.6600168 

Table 9 Individual Confidence Lt.tts of Uniaxta1 
Compact10n Coeff1cient Ind Porosity J01nt Estimates 

Totll No. of Exper1ments • 21 
Inttia' Value of E • 2.4071 X lO' 
ftnal V.lue of E • 6.3124 x 10" 
",sur..nt Error • O.P percent
Confidence level • 95.0 pereent
Type otOlta All Drawdown 



PARAHETEA 
TRU[

VAlUE or 
PARAMETER 

IN IT IAl 
YAlU[ Of 
PARAMETEA 

lOWER 
CONFIDENCE 

lU1JT 
MEA" 

VALUE 

UPPER 
C(lHFJDE~C[ 

lIMJT 

K(1IId ) 20.0 15.00 15.484887 18.527208 21.569529 

Cm 
(1111 eros ips) 

9.50 6.50 -28.576899 8.469962 45.516823 

~ 0.20 0.15 -16.509712 0.112500 lb.734712 

Table 10 : IndIvidual Confldence Li.lts of Permeabl11ty 
Compactlon Coefficient and Porosity Jolnt Estlmates 

Totl1 No. of [.peri~nts· 19 
Inltia1 V.lue of E • 6.5436xlO· 
Fln.l V.lue of ~ • 4.0334xlO' 
Helsureeent Error • 0.0 percent
Confldence level • 95.0 percent 
T)'Pe of Data 135 Days Drawdown 

65 Oays Bulldup 
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