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PGE385M - Advanced Well-Logging - Lecture notes Aymeric PEYRET June 4, 2005



1



Environmental variables. •



1. mud properties (oil-base or water-base, density, presence of barite, . . . ) 2. temperature 3. depth of the well 4. drilling variables 5. caliper



• types of tools that were used to log the well • Variables needed for environmental corrections
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Quality control. 1. calibration (cf yellow flag, multiple runs) 2. caliper 3. tension 4. temperature 5. ∆ρ 6. Speed of cable



If problems happen in shales : don’t care
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Porous and permeable units.



Invasion, separation of resistivity curves1 . Attention to oil-base muds in hydrocarbon zones : the separation might be difficult to see.
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Clastic or carbonate formation.



Gamma ray not used in carbonates (except for very shallow marine formations). 1 Rmf Rw



> 1.5 ⇒ induction. Otherwise laterolog



1
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Assess lithology. 1. Clastic depositional sequences : Shale concentration. 2. Carbonates : Volumetric proportions (cf cross-plots) of limestone, dolomite, anhydrite, halite, quartz, shale.
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Assess porosity.



6.a



Density.



First assumption of 1 type of fluid and 1 type of rock matrix. Total porosity given by equation (6.1) : φb = φD ρf + (1 − φD )ρm with :



6.b



1.1g · cm−3 if [N aCl] > 100, 000ppm 1.0g · cm−3 otherwise ρf =  (0.8 or 0.9g · cm−3 sometimes in case of an oil-based mud)  



(6.1)



(6.2)



Neutron.



Compare the previous result for φ to the value given by the neutron porosity φN and check which matrix is assumed by the well-logging company.    limestone dolomite  and water. First assumption here of 1 type of matrix   sandstone • If φD and φN overlap, then the assumptions of the type of matrix and of the type of fluid were correct. • If



6.c 6.c.1



φN < φD , then we have different types of matrix and/or fluid(s). φN > φD



Sonic. Using Wyllie’s equation.



The sonic porosity can be assessed using equation (6.3), known as Wyllie’s equation : ∆t = φS ∆tf + (1 − φS )∆tm



(6.3)



where ∆t is the slowness (in µs · f t−1 ) given by the first arrival time. This equation works well with well consolidated clastics and carbonates, at low porosities (φ < 15%), when there is no loss of energy due to the shaking of grains. Equation (6.3) can be modified to take approximately into account the compaction φS =



1 ∆t − ∆tm · ∆tf − ∆tm Cp



(6.4)



where Cp is a compaction coefficient1 . Note that the depth of investigation for the headwave is very shallow (less than 1in) and therefore that the fluidis mud filtrate. Note also that in sandstones, there is often a VPsands < VPshales when 0 < z < zP depth zP at which shales become plastic : VPsands > VPshales when zP < z < zmax 1 According



to Bassiouni, Cp = Bcp =



∆tsh 100



where ∆tsh is the transit time in adjacent shales.
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6.d



Usual values used for the assessment of porosities.



6.c.2



Using Raymer-Gardner-Hunt’s formula.



Another possibility to compute the sonic porosity is using equation (6.5), known as Raymer-Gardner-Hunt’s formula : 2 1 φ (1 − φ) + (6.5) = ∆t ∆tm ∆tf which corresponds to : 2− φ=



∆tm ∆tf



−



r



4∆tm







1 ∆t



−



1 ∆tf







+







∆tm ∆tf



2



(6.6)



2



This equation can be simplified as equation (6.7) : φ=C·



∆t − ∆tm ∆t



(6.7)



where C is a constant.



6.d



Usual values used for the assessment of porosities.



The values of ρm , ν or ∆t used for assessing the porosities are found in table 6.81 :



7



Material



ρm (g · cm−3 )



Sandstone



2.65



Limestone (Calcite)



2.71



Dolomite



2.81



Fluid



See (6.2)



ν (f t · s−1 ) For (6.3) : 18,000 For (6.5) : 17,850 For (6.3) : 21,000 For (6.5) : 20,500 For (6.3) : 23,000 For (6.5) : 22,750 Water : 5,300 Oil : 4,200



∆t (µs · f t−1 ) 55.5 56 47.5 49 43.5 44 189 238



(6.8)



Correct both φN and φD for matrix.



7.a



How many types of solids.



Second assumption : one type of fluid, several types of matrices. Example for clastics with equation (7.1) : ρb = φρf + (1 − φ − Csh )ρm + Csh ρsh



(7.1)



sh 2 with Csh = VVrock . The equation for the sonic porosity (corrected for compaction) is quite similar :



φ=







∆t − ∆tm ∆tf − ∆tm







1 Cp







− Csh







∆tsh − ∆tm ∆tf − ∆tm







(7.2)



1 Source 2C



sh



: Bassiouni, Theory, measurement and interpretation of well logs pages 54 & 56. =1⇒φ=0
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7.a.1



Proof



Mass balance : mr = mf + msh + mq



(7.3)



Vr = Vf + Vsh + Vq



(7.4)



mf msh mq mr = + + Vr Vr Vr Vr



(7.5)



Vf Vsh Vq + + Vr Vr Vr



(7.6)



Volume balance : Divide (7.3) by Vr : ρb = Dividing equation (7.4) by Vr gives : 1= As ρsh =



msh Vsh ,



ρq =



mq Vq



and ρf =



mf Vf



, and using equation (7.6), equation (7.5) is now :



ρb = ρf



Vsh Vf +ρsh +ρq Vr Vr |{z} |{z} φ



7.a.2



Csh



Vq Vr |{z}



(7.7)



1−φ−Csh



Value of the volume of shale Csh .



First compute the index of shale Ish using the neutron or gamma ray log : • the minimum of the gamma ray or the neutron corresponds to a clean sand, therefore Ish = 0. • the maximum of the gamma ray or the neutron corresponds to a pure shale, therefore Ish = 1. Then compute Csh as a function of Ish using an appropriate formula : • Linear : Csh = Ish .  • Larionov I : Csh = 0.083 23.7·Ish − 1 for tertiary clastics.  • Larionov II : Csh = 0.33 22·Ish − 1 for mesozoic and older rocks. q 2 • Clavier : Csh = 1.7 − 3.38 − (Ish + 0.7) . • Stieber : – Main formula for South Louisiana Miocene and Pliocene : Csh = – Variation 1 : Csh =



Ish 2−Ish .



– Variation 2 : Csh =



Ish 4−3·Ish



Ish 3−2·Ish .



Compare with core data using a plot Csh,core vs. Csh,log . If points do not correlate, then modify γmin , γmax , or the relationship used between Ish and Csh 1 . Remark. • If Csh = 1, then φ = 0. • The construction fo a Thomas-Steiber plot (φe vs. Csh ) sand by sand allows to give an assessment of the type of clay present in the unit, and therefore of the cut-off values. 1 There



is also a possibility to use a relationship like Ish = a0 + a1 γ + a2 γ 2 so that



n P



i=1



Vsh,i − Ish.i



2



is minimized.
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7.a



How many types of solids.



7.a.3



Quick corrections



The corrections can be done using the following formulae : (sh)



φD



= φD − Csh φD,sh



(7.8)



By analogy for neutron porosity : (sh)



φN



=



φN |{z}



−Csh φN,sh



(7.9)



Assumption of quartz matrix



and for sonic porosity : (sh)



φS



= φS − Csh φS,sh



(7.10)



Note that ρsh is found using a portion where Csh = 1 : read ρb where Csh = 1, then compute φsh using equation (7.11) : ρb,Csh =1 − ρm φsh = (7.11) ρf − ρm Similarly, φN,sh is found by reading the neutron log at a depth where Csh = 1. (sh)



(sh)



= φN , then the assumption of water was OK (beware of invasion, though...)



(sh)



> φN , then we have a fluid lighter than water



• If φD • If φD



(sh)



(sh) (sh) • Be careful with the consistence with the environmental corrections : φD − φN has to be greater than the environmental corrections ! 7.a.3.1 Derivation of equation (7.8) : Using equation (7.1), we get : (sh)



φD



=



ρb − (1 − Csh ) · ρm − Csh · ρsh ρf − ρm



(7.12)



which we can break into two parts : (sh)



φD



=



ρb − ρm ρsh − ρm −Csh · ρf − ρm ρf − ρm | {z } | {z } φD



7.a.4



(7.13)



φD,sh



Assessment of mineral proportions using a linear system



As most of the properties (ρb , ∆t, PEF, . . . ) have a linear behaviour as functions of the proportions of the different minerals, we can use a linear system to replace the cross-plots. Remember that the cross-plots method, and therefore this one too, can break odwn in certain conditions (presence of iron triggering a hig PEF, presence of gas, . . . ) If we assume that the volume of shale has been previously determined (see section 7.a.2), we then have the matricial equation (7.14) : C ×X =D (7.14) with : 5/20



• C given by equation (7.15) (if φN is available) or (7.16) (if φN is not avilable but ∆tS is)1 . 



ρb quartz φN quartz ∆tquartz P EFquartz 1



ρb limestone φN limestone ∆tlimestone P EFlimestone 1



ρb dolomite φN dolomite ∆tdolomite P EFdolomite 1







ρb quartz ∆tS quartz ∆tP quartz P EFquartz 1



ρb limestone ∆tS limestone ∆tP limestone P EFlimestone 1



ρb dolomite ∆tS dolomite ∆tP dolomite P EFdolomite 1



  C1 =   



ρf luid φN f luid ∆tf luid 0 1











    =    



 2.65 2.71 2.87 1.0 −0.04 0 0.02 1.0   53 47.6 43.5 189   1.81 5.08 3.14 0  1 1 1 1 (7.15)



or



  C2 =   



ρf 0 ∆tP f luid 0 1



 Cquartz  Climestone   • X=  Cdolomite . φ    ρsh ρsh b b  φsh   ∆tsh N S    sh  (use with C1 ) or D2 =  ∆tsh ∆t • D1 =  P     P EF sh   P EF sh 1 − Csh 1 − Csh











    =    



 2.65 2.71 2.87 1.0 74 90 76 0   53 47.6 43.5 189   1.81 5.08 3.14 0  1 1 1 1 (7.16)











   (use with C2 ).  



R The MatLab code used is2 :



• If φN is avilable : A=[1 1 1 1]; b=1;Aeq=[];Beq=[]; x=ones(length(depth),4); y=ones(length(depth),4); for i=1:length(depth) d=[rhobc(i) nphic(i) DTC(i) PEFc(i) 1-Ish(i)]’; x(i,:)=lsqlin(C,d,A,b,Aeq,Beq,zeros(4,1),ones(4,1))’; y(i,:)=lsqlin(C,d,A,b,Aeq,Beq,0,1)’; end • If ∆tS is available : A=[1 1 1 1]; b=1;Aeq=[];Beq=[]; x=ones(length(depth),4); y=ones(length(depth),4); for i=(1:length(depth)) d=[rhobc(i) DTSc(i) DTC(i) PEFc(i) 1-Ish(i)]’; 1 The matrices filled with values have to be adapted to the case being treated. The values of the properties in matrix D have to be corrected for shale using the method described in section 7.a.3. Also, φN is given in limestone porosity units. 2 The c used in the names of the input logs for d meaning the logs have already been corrected for shale.
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8 Assess the fluid saturations.



x(i,:)=lsqlin(C,d,A,b,Aeq,Beq,zeros(4,1),ones(4,1))’; y(i,:)=lsqlin(C,d,A,b,Aeq,Beq,0,1)’; end 7.a.5



Assessment of porosity



The industry computes the effective porosity with equation (7.17):  (sh) (sh) φD +φN  for oil 2 q φe = (sh) 2 (sh) 2 +φ φ  D D for gas 2



(7.17)



Note that the density of the fluid is a function of the hydrocarbon saturation and the difference (sh) (sh) φN − φD , and that in practice it is also a function of invasion : shallow invasion ⇒ high porosity.
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Assess the fluid saturations.



We can use Archie’s laws to determine the saturations. Archie’s first law is the equation (8.1): a R0 = Rw m φ |{z}



(8.1)



F



where R0 is the resistivity of the rock fully saturated with water, Rw is the resistivity of the connate water, m the cementation exponent and a is the tortuosity (cementation) factor (estimated from core data). F is the formation factor, and is a function of the grain size, the grain size distribution, the cementation and the tortuosity. Archie’s second law is the equation (8.2) : a 1 Rt = Rw m n φ Sw | {z }



(8.2)



R0



where Sw is the water saturation and n the saturation index.



8.a



Assumptions for Archie’s formulae.



We have to take care of some assumptions in order to use these formulae : 1. Eq. (8.1) : • Clean clastics • Works with clays if Rw is low (Cw > 80, 000ppm) • Low frequency (kHz range) in order to avoid eddy currents. Beware of LWD that use frequencies around 2MHz. • Effective porosity : does not work with vugular porosity. 2. Equation (8.2) • Breaks down with oil-wet formations. • The hydrocarbon distribution in pore space may be problematic. • Breaks down with the hydrocarbon saturation is high in presence of clay. We can correct equation (8.2) using the shaly sand model. We can also further correct the porosity using equation (8.3) : ρb = φ [Sw · ρw + (1 − Sw ) · ρH ] + (1 − φ − Csh ) · ρm + Csh · ρsh
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8.b 8.b.1



Shaly sand model. Physical model



The negative surface (hence the importance of surface to volume ratio in clays) charges of the clays (due to the exchange Si3+ → Al4+ creates an electrostatic potential, so that polar water molecules are attracted by the clays and make a layer of water that will not move. Together with the effects of the hydrostatic pressure, this water is now bound to the clays. This is the irreducible water (Stern layer : ]1˚ A). Then we have the sodium chlorite as a second layer (Debye length, measured from the clays). The Debye length is a function of : • the salt concentration. • the temperature. • the surface to volume ratio S/V. • the oil saturation (the Debye length decreases with oil). • the concentration of charges per unit volume. Therefore, we have an enhancement of the electrical conduction in presence of clays, which we can write as : σˆw = σw + X (8.4) with X = X (Cw , T, S/V, SH , Csh ). We now have to know how to estimate X. We have a few methods for that : 8.b.2



Waxman-Smits



We define the Cation Exchange Capacity (CEC) as the ability of excess charges to move and diffuse to the Debye length. We have : 1−φ (8.5) CEC = Q · ρ · φ where Q is the concentration of charges per unit volume. σˆw = σw +



Q·B Sw



(8.6)



where B is the amount of charges. 8.b.3



Clavier and the dual-water model



We consider the irreducible and movable water as two resistors in parallel and use a volume weighted average :   Sb Sb σˆw = σb +σw 1− (8.7) Sw Sw |{z} | {z } Influence of clay-bound water



Influence of free water



where σb is the electrical conductivity of the Debye layer and Sb the water saturation of the clay-bound layer. Using Archie’s law, we now have :     m Sb Sb nφ σR = σb + 1− σf S w (8.8) Sw Sw a 8/20



8.b



8.b.4



Shaly sand model.



Practical use of the dual-water model



1. Read the resistivities, porosities, gamma ray and SP values in the sand of interest, in a nearby shale, and in a nearby clean sand. Correct porosity values to the appropriate matrix if necessary. 2. Calculate Csh using the method described in section 7.a.2 or the following equations : •



φn − φd φn,sh − φd,sh



(8.9)



GR − GRcl GRsh − GRcl



(8.10)



ND Vsh =



• GR Ish =



• Convert Ish to Vsh using ones of the formulas given in section 7.a.2. • SP Vsh =



SP − SPcl SPsh − SPcl



(8.11)



ND • Choose the minimum value. Omit Csh if gas is indicated.



3. Correct the porosities for shaliness using equations (7.8) and (7.9). Look for gas indication (φsh N < φsh D ). 4. Calculate the effective porosity in the sahly sand using equation (7.17). 5. Determine the total porosity of the nearby shale : sh sh φsh t = δ · φD + (1 − δ) · φN



(8.12)



where δ ∈ [0; 1]. 6. Determine the total porosity and the bound-water fraction of the sand : φt = φe + Csh · φsh t Sb = Csh ·



φsh t φt



(8.13) (8.14)



7. Determine the free-water resistivity from a nearby clean sand : φm cl a



Rw = Rcl ·



(8.15)



8. Determine the bound-water resistivity from a nearby shale : Rb = Rsh ·



φsh t a



2



(8.16)



9. Determine the apparent water resistivity in the shaly sand : Rw,a = Rt ·



φ2t a



(8.17)
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10. Determine the total water saturation corrected for shale1 : s Rw Sw,t = b + b2 + Rw,a where b=



 Sb · 1 −



Rw Rb



(8.18)







(8.19)



2



11. Determine the effective water saturation of the shaly sand Sw,e =



Sw,t − Sb 1 − Sb



(8.20)



12. Determine the volumetric fraction of hydrocarbon : φh = φt · (1 − Sw,t )



8.c



(8.21)



Determination of Rw .



In order to determine Rw , there are a few possibilities : • Using the SP log. m



• Using the deep resistivity Rt in a water sand and equation (8.1) : Rw = Rt φa • Using a pickett plot log(Rt ) vs. log(φ) in an interval where ∆T < 10˚F : log(Rt ) = log(Rw ) + log(a) − m log(φ) where Sw = 1.



In order to correct Rw for temperature, we may use Schlumberger’s chart GEN-9, or Arps formula (equation (8.22)).  Rw (T2 ) T1 + T0 6.77 if T in ˚F , T0 = (8.22) = 21.5 if T in ˚C Rw (T1 ) T2 + T0 Rt has to be corrected for bed qthickness and invasion. Then we can compute Sw = n RRtwφam . Do not forget we can use the formation tester and the drill stem test (D.S.T) to take samples of water and get some other measurements like formation pressure, . . .



8.d



More accurate assessment of φE using equation (8.3).



1. First guess φ1 = φE using equation (7.17). q 2. Compute Swi = n RRwt φam . i



3. Compute SHi = 1 − Swi and use Schlumberger’s chart CP-10 to assess ρHi . 4. Compute φi+1 using equation (8.3). 1 It is here assumed that a = 1, m = 2 and n = 2. For other values of the coefficients, this gets much more complicated as we have to solve for Sw,t iteratively or using a numerical solver.
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9 Estimate the permeability.



5. If φi+1φi−φi is small enough to assess that φi+1 is our final value of φE , then compute Swi+1 as the final Sw , else go back to step 2. If we have a water-base mud, we can get an even more accurate result when using shallow resistivity measurements, so that the depth of investigation of the different tools used1 for the computations are coherent : q a w • Compute Sxoi = n RRxo Φm in step (2). i



• Compute φE = lim φi using the preceding steps (2) to (5). i→+∞



• Now use Swi =



q n



Rw a Rt φm i



to compute Sw and SH .



Note that |SH − SxH | is an indicator of the ability of the formation to displace fluids.
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Estimate the permeability.



If NMR data are unavailable, two main formulae exist for permeability estimation. They are given as equation (9.1) (Tixier-Timur formula) and (9.2) (Coates-Dumanoir formula) : k =α·



φβ γ Sw,i



(9.1)



with α = 250, β = 3 and γ = 2 for the equation known as Tixier’s and α = 100, β = 2.25 and γ = 2 for Timur’s.  γ φβ · (1 − Sw,i ) k = α· (9.2) Sw,i Sw,i being the irreducible water saturation that can be computed using the dual-water model. Coates’ formula has α = 100, β = 2 and γ = 2. If core data are available, the best way to assess the permeability is using the core data to find the coefficient of the general formulae that minimize the error, and then choosing the best match between core data and estimation, ie choosing to use equation (9.1) or equation (9.2). This gives for the Tixier-Timur model : A×X =B (9.3)      1 − log (φ1 ) − log Sw,i 1  − log (k1 )   log (α)  1 − log (φ2 ) − log Sw,i   − log (k2 )  2     . β with A =  . , B =   and X =  .. .. ..  ..    . . . γ  − log (kn ) 1 − log (φn ) − log Sw,i n R



Using MatLab ’s following procedure sand by sand, the values of α, β and γ can be found : X=A\B This method can be easily transcribed for use with the Coates-Dumanoir formula. When NMR data are available, the permeabilities can be estimated using the following procedure : 1. Estimate the NMR effective porosity using equation (9.4)2 :



(φe )N M R =



TZ 2 max



φnmr · d log10 (T2 )



(9.4)



T2 cut−of f 1 Do



not forget that the density tool has a very shallow depth of investigation T2cut−of f value is usually chose at 33ms.



2 The
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2. Estimate the NMR total porosity using equation (9.5) : TZ 2 max



φnmr · d log10 (T2 )



(φt )N M R =



(9.5)



T2 min



3. Estimate the bulk volume irreducible (BVI) using equation (9.6) : BVI = (φt )N M R − (φe )N M R



(9.6)



4. The permeability can then be estimated using a Coates-Dumanoir formula (equation (9.7)) : 



  knmr =  



φe in p.u.



z }| { φ · 100 c



m    



n   φe   ·  BVI 



(9.7)



with usually c = 10, m = 2 and n = 2. If core data are available, they have to be used to find the best values for c, m and n.



9.a



Horizontal and vertical permeabilities.



We can estimate the horizontal and vertical permeabilities using the electrical analogy. For beds in series, therefore for vertical permeability,we have : N P



1 = i=1 N P kV



hi ki



(9.8) hi



i=1



and for beds in parallel, therefore for horizontal permeability, we have :



kH =



N P



h i · ki



i=1 N P



(9.9) hi



i=1



Remark. - The permeability k is often proportional to the surface to volume ratio (S/V) of the rock particles.
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Estimate the reserves.



If h is the sampling interval and we have the petrophysical data Di (function of Swi , φi , the recovery factor,. . . ) at each height, then compute ! X Di · h (10.1) i



To estimate the reserves in units of Stock Tank Barrels (STB), use equation (10.2) : NST B =



7, 758 · h · Φ · (1 − Sw ) · RF · A B0



(10.2) 12/20



11 Quantify the uncertainty.



where B0 is the oil formation volume factor, RF is the recovery factor, A the area of the reservoir (in acres) and h the net pay (in feet). In order to choose the best producing lithology unit, a Lorentz plot can be used. The Lorentz plot is given by (10.3) :  RZ     x(Z) = φ dz z0 (10.3) RZ    y(Z) = k dz  z0



where Z ∈ [z0 ; z1 ], that is t varies within the flow unit considered.
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Quantify the uncertainty.



We have to give error bounds to the estimation of reserves, as uncertainty can come from a lot of computations in the process :  shales • Cutoff value for sands and shales (based on Csh ) : Csh < Ccutoff ⇒ sand, otherwise . φ = 0, SH = 0 • Estimation of Csh . • Values of a and m : as a and m vary with the depositional environment, using only one value for the whole section to analyse often gives errors. Thus, we have to give bounds for a and m. • Estimation of Rw , and influence of the temperature. • Environmental corrections. Example : The PEF, ρb , φN , the gamma ray, . . . are all affected by the presence of barite in the mud. • Interpretation corrections. • ... Using ∆Csh , ∆a, ∆m, ∆n, ∆Rw , ∆ρH , . . . , we can have an estimation of the relative uncertainties ∆Reserves and ∆φ φ , and therefore also an estimation of Reserves .



12 12.a



∆Sw Sw



Processing of sonic logs. Usual formulae.



Velocity of compressional waves : VP =



s



λ+2·µ ρ



(12.1)



Velocity of shear waves : VS =



r



µ ρ



(12.2)



where λ and µ are called the Lam´e coefficients. µ depends on the properties of the rock, whereas λ depends on the properties of the skeleton, of the fluids and on the porosity. Acoustic and shear impedances : ZP = ρ · VP and ZS = ρ · VS (12.3) 13/20



The reflection coefficient at the interface between two layers is defined by : R=



Aincident Aref lected



(12.4)



So that the reflection coefficient between layer 1 and layer 2 for normal incidence is : R=



Z2 − Z1 Z2 + Z1



(12.5)



2 ·µ 3



(12.6)



Bulk modulus : k =λ+



The bulk modulus is experimentally defined by applying a hydrostatic pressure to a cylindrical piece of rock, with the assumptions that there is no fluid drag and that both skeleton and fluid are being deformed at the same time (assumption of low frequency) . If ∆P is the difference between the applied pressure and the original pressure, and ∆V the difference between the volume of the rock under pressure and the original volume, then : ∆V = −k · ∆P (12.7) V



12.b



Some properties and uses of sonic logs.



• Comparison of φS and φe : this can help to check that the assessed fluids are the good ones (φS > φe ⇒ fluid lighter than water) and confirm that nothing affects the type of porosity (primary / secondary). • there is practically no dispersion1 in the headwave. • VP , VS and ρ depend on φ, Sw , Csh and the type of fluid. • The multipole tools improve the P-S coupling but decrease the frequency (and therefore the vertical resolution) and increase the dispersion. • The S-waves have a longer depth of investigation than the P-waves. Therefore invasion has to be taken into account. • S-waves are sensitive to the rugosity of the borehole and to the problem of skip cycles. • Shear logs only sense gas in high porosity formations. • The



VP VS



ratio is small in gas. Therefore, if there is some gas, this ration is not sensitive to Sw .



• An increase of porosity implies a decrease in the rigidity of the skeleton and therefore a decrease in VS , whereas shales increase the rigidity of the skeleton and therefore increase VS .



12.c



Biot-Gassmann fluid substitution.



Using Biot-Gassmann’s equations, it is possible to estimate the sonic properties in a rock with a certain fluid if we know the properties of the rock with another fluid. This theory is valid only at low frequency, so that there is no viscous drag of the fluid on the skeleton. It is possible to write the equations in many different presentations. We give here a few of these. 1 Dispersion



comes from an inelastic behaviour, this is, energy is lost through the medium.
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12.c



12.c.1



Biot-Gassmann fluid substitution.



First presentation.



|



 2



ρVP {z







sat



}



Ksat + 43 µsat



1−



4 = Kdry + µdry +  3 1−Φ− | {z } Dry rock |



Kdry KS



2







1 KS



Kdry KS



+



Φ Kfl



{z



fluide



(12.8)



}



We can write the equation with the convention la convention used in [RPH] : 2  K 1 − Kdry S  KP =  Kdry 1 − Φ − KS K1S + KΦfl



(12.9)



with : VS VP KS Kdry Ksat Kf l µdry µsat ρ Φ



Velocity of shear waves Velocity of compressional waves Bulk modulus of the matrix Effective bulk modulus of the dry rock Effective bulk modulus of the saturated rock Effective bulk modulus of the pore fluid Effective shear modulus of the dry rock Efective shear modulus of the saturated rock Density Porosity



m.s−1 m.s−1 kg.m−1 .s−2 kg.m−1 .s−2 kg.m−1 .s−2 kg.m−1 .s−2 kg.m−1 .s−2 kg.m−1 .s−2 g.cm−3 %



Moreover, µdry = µsat = ρVS 2



(12.10)



We can use to write this formula Biot’s coefficient defined by : B =1−



Kdry KS



Thsi coefficient has the following property : 0< |{z}



B



≤1 |{z}



Well-consolidated sediments Unconsolidated sediments and fluids



12.c.1.1 Wood’s formula. In presence of an homogeneous mix of fluids, at the wave length scale, the sound velocity is given exactly by equation (12.11), known as Wood’s formula : s KR V = (12.11) ρ where



1 KR



=



N P



i=1



fi Ki ,



ρ=



N P



fi ρi et fi , Ki et ρi are the volume fractions, bulk moduli and densities of the



i=1



different phases. 12.c.2



Second presentation. Kdry Kf l Ksat = + K0 − Ksat K0 − Kdry Φ (K0 − Kf l )



(12.12)



Assumptions : 15/20



• Homogeneous mineral modulus. • Statistic isotropy of the pore space. • Low frequencies, so that the pore pressure is at equilibrium in all the pore space. • No assumption on the pore geometry. To perform the fluid substitution from fluid 1 to fluid 2 : Kfl1 Kfl2 Ksat1 Ksat2 − − = K0 − Ksat1 Φ (K0 − Kfl1 ) K0 − Ksat2 Φ (K0 − Kfl2 ) 12.c.3



(12.13)



Third presentation.



This equation is derived directly from the first presentation. . . 



Ksat = Kdry +



En posant KΦ =



ΦK0 Kdry K0 −Kdry ,



Φ Kfl



1−



+



c’est `a dire



Kdry K0



1−Φ K0



2



−



1 Kdry



=



Kdry K0 2



=



1 K0



+



Ksat =



Φ Kdry



Φ 







1 KO



1 K0



−



−



Ksat Kdry =



Using M defined by



1 M



=



B−Φ K0



+



Φ Kfl ,







+



1 Kfl



1 1 K0



ΦK0 Kfl



ΦK0 Kfl







+



+



1 K0



−



1 Kdry







1 K0



−



1 K0



1 Kdry







Φ KΦ .



+



Φ K K Kφ + K 0−Kfl 0







1 Kfl



(12.14)



fl







+ 1 − Φ − K0 Ksat K0



−1−Φ



(12.15)



we get : Ksat = Kdry + B 2 M



12.c.4



Reuss presentation.



If KR is defined by



1 KR



=



Φ Kfl



1 + 1−Φ K



, we have :



0



Ksat Kdry KR = + K0 − Ksat K0 − Kdry K0 − KR 12.c.5



Relationship between the velocities.



([RPH] calls this the velocity form of Gassmann’s equations.) KP is defined in equation (12.9). VP2sat KP Kdry 4 = + + VS2sat µ µ 3



(12.16)
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12.c



12.c.6



Biot-Gassmann fluid substitution.



Inverse formula.



If we define x1 = Then :



Ks Kfl1



and x2 =



Ksat1 Ks



(with Ksat1 = ρ(VP )2 − 43 µ).



Kdry =



(1 − Φ)Ks x2 − Ks + Φx1 x2 Ks x2 + Φx1 − 1 − Φ



(12.17)



For a fluid composed of mixed water and ”fluid 1” (with bulk modulus Kf1 and density ρf1 ), we have : 1 − Sw 1 Sw + = Kfl1 Kw K f1 12.c.7



et



ρfl1 = Sw ρw + (1 − Sw )ρf1



Practical use of Biot-Gassmann’s equations.



In order to perform the fluid substitution, the following steps can be applied : 1. Compute µsat = µdry = µ = ρ · VS2 . 2. Compute Ksat1 = ρ · VP2 − 43 µ. 3. Determine KS using the assessed lithology, compute x2 . 4. Compute Kf1 =



Sw Kw



1 w + 1−S K



, then x1 .



fl1



5. Compute Kdry as a function of Φ, KS , x1 et x2 (using equation 12.17). 6. Using Kf1 =



Sw Kw



1 w + 1−S K



, we get Ksat2 as a function of Kdry , Kf2 , and Φ and KS that did not change.



fl1



7. Compute ρ2 = Sw ρw + (1 − Sw )ρfl2 , which will give VP2 and VS2 .
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