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Most oilfields have entered the later development stage, and the pore pressure is seriously depleted. Pressure deple-
tion influences the in-situ stress of the reservoirs and changes the stress state around the boreholes, as well as affects
rock strength by causing the compaction of the formation and reducing the porosity of the formation. These two factors
synergistically exert influences on the critical drawdown pressure of sand production. Based on the generalized Hoek’s
law, the theoretical formula representing the change of two horizontal stresses with pore pressure is obtained. The for-
mula was used to analyze the stress distribution around the boreholes in pressure depleted reservoirs. Moreover, explor-
ing the relationship of pore pressure depletion with variation of rock strength and in-situ stress, the model for calculat-
ing the critical bottom hole flowing pressure in pressure depleted reservoirs was constructed. The formula was used to
analyze the influence of pressure depletion on the critical drawdown pressure of sand production. The results showed
that pressure depletion reduces the critical drawdown pressure of sand production, and the reduction level is less than
that of pore pressure; while the strength increase resulted from pressure depletion increases the critical drawdown pres-
sure of sand production and reduces the probability of sand production. The establishment of the prediction model pro-
vides the guidance for actual production decisions in pressure depleted reservoirs.
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Introduction. Sand production, which is the failure
of formation due to in-situ stress and fluid flow, is wide-
spread in the production of oil and gas sandstone reser-
voirs [1]. A great deal of work has been done in the gen-
eral area of sand production. Some models view sand
production as a mixed hydro mechanical process [2].
Some others base their sanding model solely on mechan-
ical stability [3]. For brittle rock with high strength, sand
production has only mechanical failure [4]. With the de-
velopment of oil and gas, if the formation energy cannot
be effectively supplied, the reservoir pressure will de-
plete, which will increase the risk of sand production [5].
Sand production of depleted reservoir has been re-
searched [3, 5, 6], but the influence of pressure depletion
on in-situ stress and the influence of pressure depletion
on reservoir strength hadn’t been considered. Mohr—
Coulomb criterion is the mostly used failure criterions
for sand prediction [7]. This paper analyzes the effect of
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pressure depletion on in-situ stress and reservoir strength,
and critical bottom hole flowing pressure model in pres-
sure depleted reservoir is established based on Mohr-
Coulomb strength criterion.

Pressure depletion influence on in-situ stress. Ow-
ing to the fact that overburden pressure is produced by
the gravity of the overburden formation, the pressure de-
pletion of reservoirs shows little effects on the overbur-
den pressure. Therefore, the deformation of the horizon-
tal plane caused by pressure depletion in the oil and gas
formations, which have flat and thick structure as well as
the similar elastic property of the pores with the sur-
rounding rock, is too small to be neglected. That is to
say, the oil and gas formations are in the state approxi-
mating to the uniaxial compression without horizontal
deformation, as shown in the following equation

ag, =a&, =0. 1)
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Where Ag,, and Ag, are the strains on the maximum

and minimum horizontal stress directions caused by pres-
sure depletion, respectively.

According to the generalized Hoek’s law, the constitu-
tive relation before the reservoirs developed is
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Where FE is the Young’s modulus; p is Poisson’s ratio;
o, and o, are the maximum and minimum horizontal in-

situ stresses, respectively; o is the overburden pressure;

P, is the original pore pressure; and ¢ is the Biot’s coeffi-
cient.

When the pore pressure in the reservoirs depletes to P,
and the overburden pressure o is regarded as constant,

the horizontal constitutive relation meets the following
formula

5[-11:%[o_ﬁl_appl_:u(o-v_aP[’l+O-h_appl):| (3)

€n :%[o—m -aP, _ﬂ(o'v -aP,+oy, _aPpl)]

Based on the assumption of (1), we have
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By substituting (2) and (3) into (4), calculate and rear-
range

1-2u
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Where &, and o, are the maximum and minimum

horizontal in-situ stresses after the pressure depletion.
Stresses around the borehole. The original in-situ
stress exists in the rocks of formation in all oil and gas
wells before drilling. Therefore, after the well being
drilled, the fluid pressure replaces the support provided by
the rock drilled away and the stress on the surrounding
rock of boreholes is redistributed inevitably [1]. Suppose
that the formation around the borehole is a porous elastic
medium, the stress distribution can be solved using the fol-
lowing mechanical model: regarding a round hole, it bears
uniformly internal pressure, two horizontal in-situ stresses
in the infinity, and overburden pressure on vertical direc-
tion [3], as illustrated in fig. 1 [8]. As maximum stress is
on the borehole wall, merely a stress distribution formula
on the borehole wall is given in the research. After the res-

ervoir pressure depletes to P, , the effective stress on the

borehole wall of the vertical well is
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Where 0., o, and o, are effective stresses on the

radial, tangential, and vertical directions of the borehole
respectively; P, ; is the fluid column pressure in the well;

o is the borehole circumferential angle.

In oil and gas production, the formation fluid will flow
into the borehole, and the additional stress induced by
seepage on the borehole wall is as follows

O, = _f(Pw/’ _Ppl)
1—p
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Where o, o, and o are the radial, circumferential,

and vertical stresses caused by the transfusion of fluid re-
spectively, 7 is the porosity of the reservoirs.

By superposing (6) and (7), the effective stress distrib-
uting on the borehole wall after the reservoir pressure de-
pletes to P, is
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Pressure depletion influence on the reservoir
strength. The depletion of pore pressure in the reservoirs
not only changes the original in-situ stress, but also influ-
ences the reservoir strength. In the process of pressure de-
pletion, with a generally constant external stress, the over-
burden rocks stress namely, the framework stress of the
rock increases. As a result, the reservoir is compacted and
the porosity reduces. The porosity of the rocks reflects the
dense degree of the rock, and the larger the porosity is, the
lower is the compressive strength. Generally, the compres-
sive strength of the rocks increases with the increase of the
compactness. It indicates the concrete influence of porosi-
ty reduction on the compressive strength.
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Fig. 1. Mechanical model of an open hole [8]

Based on the effective stress principle of porous media
and the definition of porosity, Liu et al [9] derived the
formula for calculating the variation of porosity with for-
mation pressure under constant overburden pressure condi-
tion, according to the compressibility and the correlativity
of rocks.

df =[ Csf (1-21)+(C, - C)(1-f)]ap. )

Where C, and C, are the frame compressibility and

compressibility of rocks, respectively.
The porosity of the reservoirs after pressure depletion
is

fi=fot[Cof (1=21)+(C, = Cy)(1- f)]dP. (10)

Where £, is the porosity after pressure depletion and
f, 1s the original porosity.

Lots of research has been made on the relations be-
tween the porosity and the uniaxial strength. The relations
between rock strength and porosity have been explored by
employing numerical simulations and laboratory tests. In
pressure depleted reservoirs, the variation of uniaxial
compressive strength in the reservoirs after pressure deple-
tion is [10]

vcs, =ucs, SPE10A). (1)
exp(—10/;)

Where UCS, is the uniaxial compressive strength
(UCS) of the reservoir after pressure depletion; UCS, is

the original strength of the reservoirs.

By combining (10) and (11), the change law of reservoir
strength with pressure depletion is obtained. fig. 2, 3
demonstrate the change laws of reservoir porosity and the
strength with pressure depletion, respectively. The porosity
decreases apparently with the pressure depletion and the
reservoir strength increases distinctly. The pore pressure
changes by 20 MPa, and the strength increases by
14.6 MPa. The changes are significant in sand production.
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Prediction model for critical bottom hole flowing
pressure in pressure depleted reservoirs. The research
employed an open-hole completion in the model, and the
surrounding rocks of the borehole have high strength [3].
Therefore, sand production occurs only when the for-
mation is damaged. The Mohr-Coulumb criterion that
takes into account the fluid pressure in the pores of the
rocks and expressed using the principle stress is

0, =0, tan® [450 +§)+2Ctan(45° +gj (12)
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Fig. 2. Change law of reservoir porosity with pore pres-
sure
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Fig. 3. Change law of reservoir strength with pore pres-
sure

Where o, and o, are the maximum and minimum ef-
fective principle stresses; ¢ is the internal friction angle of

the rocks; C is the cohesion of the rock.

Al-Awad [11] built the relation between the cohesion
of the rocks and the UCS; the cohesion of pressure deplet-
ed reservoirs therefore is

C =-0.417 +0.289UCS —0.000519UCS>. (13)

Since the uniaxial tests meet the requirement
thato, = 0, by substituting (13) into (12), the relation be-

tween the internal friction angle and UCS is
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tan(45° +ﬁj 1 ucs (4
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When the Mohr’s circle constructed by the effective
stress on the radial and circumferential direction exceeds
the strength that can damage the rocks, shear failure for the
rocks of sidewalls and sand production in oil wells were
caused. After pressure depletion, owing to the formation
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stress state changes, sanding can occur for the formation
which has never produced sand before if the drawdown

pressure of sanding production does not change. In the
process of pressure depletion, the critical bottom hole
flowing pressure, at which there is no sand production,
continuously changes with pore pressure. By substituting
(8) into (12), when the reservoir pressure depletes from P,

to P, , the critical bottom hole flowing pressure is

as)

ow =

Where P, ; is the critical bottom hole flowing pressure

after pressure depletion, and the other symbols are the
same with those in above sections.
When P, = P,, (15) degrades to the prediction model

for critical bottom hole flowing pressure at initial stage of
the reservoir without pressure depletion.

Analysis. When the bottom hole flowing pressure is
smaller than the critical bottom hole flowing pressure,
sand production occurs in oil and gas wells. The critical
drawdown pressure of sand production in pressure deplet-
ed reservoirs is

Ap=p,=p,- (16)

When P, = P,, (16) degrades to the prediction model

for critical drawdown pressure of sanding production at
the initial stage of the reservoir.

Fig. 4 illustrates the change law of critical drawdown
pressure of sanding production with reservoir pressure
with and without considering strength variation. It indi-
cates that the critical drawdown pressure reduces with the
decrease of reservoir pressure and the reducing speed of
the critical drawdown pressure is always slower than that
of the pore pressure. In other words, the bottom hole flow-
ing pressure reduces gradually in oil and gas production.
Therefore, it is inadvisable to keep a constant producing
drawdown pressure, as well as a constant bottom hole
flowing pressure, in the production of pressure depleted
reservoirs. With a constant drawdown pressure, sanding
possibly occurs on the later stage of the recovery and in-
fluences the following production. While a constant criti-
cal bottom hole flowing pressure results in a conservative
drawdown pressure of sanding production, which limits
the production ability of oil and gas wells to some extent.
The critical drawdown pressure can be increased by taking
into account the strength increase caused by pressure de-
pletion; while the critical drawdown pressure is small and
limits the recovery ability of oil and gas wells without
considering the strength change.

Conclusions.

1. According to the basic mechanical principles, the
change law of in-situ stress with reservoir pressure in pres-
sure depleted reservoirs was explored. Additionally, the
dynamic distribution formula of the stress on the surround-
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ing rocks of the borehole in the production of pressure de-
pleted reservoirs was obtained.

2. The relation between reservoir pressure change and
strength formation was acquired. The depletion of reser-
voir pressure caused the reduction of porosity and the in-
crease of formation strength.

3. Based on the influence of pressure depletion on res-
ervoir strength, the calculation model for critical bottom
hole flowing pressure in pressure depleted reservoirs was
constructed.

4. The pressure depletion reduced the critical draw-
down pressure of sand production, but the decrease level
was less than that of the pore pressure. The critical draw-
down pressure of sanding tended to increase to therefore
decrease the sanding probability due to the increase of
strength caused by pressure depletion.
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Fig. 4. The variation of critical drawdown pressure of
sand production with reservoir pressure
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3a TOBruii yac eKCIuTyarallii, OlIbIIICTh POJTOBHIL yIKe
BCTYIIIUIM IO MIi3HBOI CTamii po3poOKH, i TOPOBHH THCK
Cepii03HO 3MEHIIMBCS. 3HIKEHHS THCKY HE JIMIIE BIUIUBAE
Ha TEPUTOPIIO POIOBUING, i TIPH IIHOMY 3MIHIOE HaIpYyKe-
HUWA CTaH JIOBKOJIAa CBEPJUIOBUH, ajie¢ W MO3HAYAETHCS Ha
MIITHOCTI TIOpif, BUKIMKAOYN YIIUIBHCHHS Ta 3HWKCHHS
MOPHCTOCTI Tuiacta. 1i ABa YMHHUKH, MIACHITIOIOYHM OIUH
OJTHOTO, 3/1IHCHIOIOTh BIUIMB Ha KPUTUYHI MMPOCIJAHHS TH-
CKy MIIIaHKCTHX mopia. Ha mimcTaBi y3araisHEHOTO 3aK0-
Hy XyKa, TeopeTHuHa (opMyJia MPEACTABIISE 3MIHH JBOX
TOPHU30HTAIILHUX HAIPYT MOPOBOIO THUCKY. BHKOpHUCTOBY-
104r (hOpMYITy PO3IOALIY HAIPYTH JOBKOJIA CBEPIIOBHHH,
OyJI0 IpOaHAIi30BaHO 3MCHIIEHHS THCKY Y BHCHAXKCHHX
IUTACTaX POMOBHIL, IO BCTYIIMIN JIO II3HBOI CTamil po3po-
O0xu. KpiM TOro, Ipy BHBYCHHI B3a€EMO3B'S3KY 3HIDKECHHS
IJTACTOBOTO THCKY 31 3MIHOIO MEXi MIITHOCTI TTOpoIu OyIia
o0y 10BaHa MOJIEIb JUISl PO3PAXyHKY KPUTHYHOTO TUCKY
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Yy BHCHaXEHHX IDIaCTaX PoxoBHUI. Byro Takox mpoaHai-
30BaHO, 3a JOMOMOTO0 MOJIEN, BIUTMB 3HIKEHHS THCKY Ha
KPUTUYHY MPOCAJIKy Ta BHHECEHHs MiCKy. Pe3yibTaTn 1o-
Ka3aJiy, 1110 3HIKCHHS THUCKY BIUIMBAE Ha KPUTHUYHY TpOca-
JIKY TIMIQHUCTHX MOPiJ MEHIIE, HDK Ha PIBEHb 3HMKEHHS
TIOPOBOT'O THCKY; Y TOU ke yac 30UIbIIEHHS] MIIJHOCTI B pe-
3yJbTaTi 3HWKEHHS THCKY 30LIbIIYE KPUTHUYHY MPOCAJIKY
T yBaHHS MIMAHUCTHX TIOPIJ 1 3HIDKYE BipOTiTHICTH BU-
HeceHHS micKy. CTBOpeHa MOZIeIb TIPOTHO3YBAHHS Ta€ MO-
JKITUBICTh IPUMATH e(heKTUBHI BUPOOHUYI PIlICHHS HA BH-
CHOKCHUX POIOBHINAX, IO BCTYNHJIM 1O I3HBOI CTail
PO3POOKH, TOPOBHIA THCK SIKHX CEPHO3HO 3MEHIIIABCSL.

Kuro4oBi cioBa: gucrasicene pooosuwe, muck y no-
Pax, 20pU3OHMANbLHULL MUCK YcepeOuHi naacma, Miy-
Hicmb nopoou, kpumepiu miynocmi Mopa-Kynona, sune-
CEHHS NICKY

3a ATUTEIbHOE BpeMs SKCILIyaTallMd OOJBIIMHCTBO
MECTOPOXKICHUH YK€ BCTYIIIN B MO3JIHIOI0 CTaIUIO Pa3-
pabOTKH, W TOPOBOE JABJICHHE CEPHhE3HO YMEHBIIUIOCH.
CHIKEHHE JTaBICHUS HE TOJIBKO BIIHSET Ha TEPPUTOPHIO
MECTOPOKICHHMS, TIPH 3TOM HM3MEHSET HaIlpsDKEHHOE CO-
CTOSIHHE BOKPYT CKBaKHH, HO M CKa3bIBA€TCS Ha IPOYHO-
CTH TIOPOJ, BbI3bIBas YIUIOTHEHHE M CHIDKCHHE IOPUCTO-
cTH Iwiacta. Ot aBa (hakTopa, YCWIMBas APYr Ipyra,
OKa3bIBAIOT BIMAHKUE HA KPUTHYCCKHE IIPOCAIKU JTaBICHHS
MeCYaHUCTHIX TopoA. Ha ocHoBaHMM 000OIIEHHOTO 3aK0-
Ha XyKa, TeopeTryeckas (hopMyJia IPeICTaBIsICT U3MCHE-
HUSI JIBYX TOPU3OHTAIBHBIX HAMPSHKCHUIA MOPOBOTO JIaB-
nenus. Mcronb3yst ¢hopMyiy pacupefencH s HaupsKeHHH
BOKPYT CKBa)KHMHBI, ObLIO IPOAHATM3UPOBAHO yMEHBIIIE-
HUE JABJICHUS B UCTOINEHHBIX IUIACTaX MECTOPOXKICHHIA,
KOTOpbI€ BCTYIIMIM B IIO3IHIOI0 CTaauio pa3pabOTKH.
Kpome Toro, mpu H3y4eHHH B3aMMOCBSI3U CHIDKCHUS ILIA-
CTOBOTO IaBJCHUS C H3MCHEHHMEM IIpeieia IMPOYHOCTH
MOpobl OblIa MOCTPOCHA MOJEb IS pacyeTa KpUTHYC-
CKOT'O TABJICHHS B UCTOIICHHBIX IIACTaX MECTOPOYKICHHIA.
Bbbu10 Takke MpoaHaIM3UPOBAHO, IPH ITOMOIIK MOJICIH,
BIIMSHUC CHIDKCHUS JABJICHUS Ha KPUTUYCCKYIO MTPOCAIKY
W BBIHOC MECKa. Pe3ysbTaThl MOKa3aiM, YTO CHUKCHUC
JIABJICHUS] BIUSET Ha KPUTHYECKYIO TPOCAAKY ICCUAHH-
CTBIX MOPOJI MEHBIIIE, YeM Ha YPOBEHb CHIKCHHS ITOPOBO-
TO JaBJICHHS; B TO YE BpeMs YBEIIMYCHUE MPOYHOCTH B pe-
3yJIbTAaTe CHUYKCHUS TABJICHUS YBEITHYNBACT KPUTHICCKYIO
MPocanKy NUIMGOBAHMS IIECYAHMCTHIX IIOPOI M CHHKACT
BEPOSITHOCTH BhIHOCA Tecka. Co3maHHass MOJEIb IIPOTHO-
3MPOBAHUS JACT BO3MOXKHOCTh IPUHMMATh 3(PQEKTUBHBIE
MPOMU3BOJICTBCHHBIC PEIICHHSI Ha HCTOIICHHBIX MECTO-
POXKICHUAX, BCTYMHUBIIUX B IO3IHION CTAIHIO pa3paboT-
KM, TOPOBOE ABJICHUE KOTOPBIX CEPhE3HO YMCHBIIIMIOC.

KarwueBblie ciaoBa: ucmowennoe mecmopodcoeHue,
oasjienue 8 NOpPax, 20PU30OHMANbHOE O0AGleHUe GHYMpU
niacma, NPOYHOCMb NOPOObl, KpUmMepuii HpOYHOCHU
Mopa-Kynona, vinoc necka
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