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works of the classics of soil science. These works con-
sidered effective stress in soil as a stress transmitted to
soil skeleton excluding pore pressure. The main provi-
sions of the new approach describe formation of effective
stress in the clay soils most accurately.

Methodology. The main methods of research were
theoretical and experimental study of sandy soils of dif-
ferent origin; generalization analysis of the experimental
data which consider the structural characteristics of sand:
grain size distribution; morphological characteristics of
grains; formation of coagulation, phase, and transition
power contacts.

Findings. The analytical synthesis showed that the
difference in structural characteristics and sand grains
morphology (particles’ shape and surface nature) causes
different values of ultimate composition density, opti-
mum moisture content for firming, and strength charac-
teristics. The sand structural features effect on the num-
ber of real contacts between its grains and the formation
of different types of bound water in soil has been consid-
ered.

Chen Zijian, Deng Jingen, Yu Baohua,
Yan Chuanliang

Originality. The theoretical approach and its ex-
perimental proof allowed the new physical-chemical
theory of effective stress formation in cohesive soils
which can be applied for sandy soils widespread in the
earth crust.

Practical value. We now have the possibility to
assess the influence of effective stresses on formation
of the stress condition of the soils of different litholog-
ical and petrographic composition more accurately.
The development of the classical theory of effective
stresses formation on the basis of physico-chemical
concepts is a promising area of soil science and soil
mechanics.
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Dongfang 1-1 gas field is a high temperature and high pressure area. An accurate pore pressure prediction is
very important for safe drilling in this area. The authors have analyzed and classified the overpressure
mechanisms on the base of loading and unloading, which are the relationships of vertical effective stress and
acoustic velocity. Then, the logging responses for different overpressure mechanisms have been discussed. Based
on the above, the new method of pore pressure prediction by means of the DT-density crossplot and DT-density-
depth crossplot has been proposed. The method has been applied to analyze the overpressure causes and predict a
high temperature and high pressure well in DF1-1 gas filed, Yinggehai Basin. The results show that the
overpressure in DF1-1 gas filed is caused by three factors: disequilibrium compaction, aquathermal expansion and
hydrocarbon generation. Their contribution to the overpressure in different formations is different. By using the
DT-density crossplot and the DT-density-depth crossplot the contribution can be distinguished and feasible
prediction model can be chosen. The authors have proved that the Eaton method is only suitable for
disequilibrium compaction; but the Bowers method is effective for the overpressure caused by disequilibrium
compaction or fluid volume expansion. This method improves the pore pressure prediction accuracy in DF 1-1 gas
filed effectively. It is of importance to the drilling engineering.

Keywords: DF [-1 gas filed, high temperature, high pressure, overpressure mechanism, loading, unloading, pore
pressure prediction

Introduction. The Dongfang 1-1 (DF1-1) gas filed
is the largest gas filed in China. It is located in the

Yinggehai Sea Basin, about 100 km to the west of
Yinggehai town, Hainan province (Fig. 1). The water
depth is about 64—70 m. The gas reserve of the field is
estimated to excess a hundred billion cubic over the gas-
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bearing area of 287,7 km?” [1]. The high temperature and
high pore pressure (HTHP) are the important
characteristics of this gas field. So, there is an extreme
challenge to the drilling. The research of accumulation
process and pore pressure mechanism of Yinggehai
Basin proved that the overpressure of this area is caused
by disequilibrium compaction, aquathermal expansion,
and hydrocarbon generation [2—4]. However, the pore
prediction methods for these different overpressure
mechanisms are quite different. The Eaton [5] method is
a conventional pore pressure estimation method. It has
been used in many regions, but it works effectively only
for mudstone formations with  disequilibrium
compaction. It has never been discussed how to judge
and distinguish the overpressure mechanism of
Yinggehai Basin. Therefore, it is important to determine
the overpressure mechanism for DF1-1 gas field and
estimate the pore pressure.

The accurate estimation of pore pressure could let to
avoid overflow, leakage, sticking, and collapse
effectively. It is also significant to the mud density
optimization, well bore configuration design, and the
choice of well completion. In this paper, the interval
transit time (DT)-density crossplot and the DT-density-
depth crossplot have been proposed to determine the
overpressure causes in DF1-1 gas filed. Then the Eaton
method and the Bowers method have been introduced
respectively to predict the pore pressure of a HTHP well.

Geologic setting. Yinggehai Basin is located to the
west of Hainan Island and to the west of Indo-China
Peninsula. The basin looks like rhomb and lies northwest
and southeast. Its length is about 805 km and in the
widest place it reaches 200 km. The area is about
1,13x10° km® (fig. 1). Yinggehai Basin is a mud diapir
basin with a rapid burial rate. It has been proved that the
overpressure partly results from the rapid burial rate
during the period from Neocene to Quaternary. In
addition, aquathermal expansion and hydrocarbon
generation have also contributed to the overpressure. The
geothermal gradient is about 4,55°C/100 m and even can
reach 6,28°C/100 m"®!.

DF1-1 gas filed has been in production since 2003, the
main intervals of interest include Yinggehai-Huangliu
formation with shallow marine and half deep marine
mudstone, and Huangliu formation with mainly sand. The
reservoir geothermal gradient is about 4,56°C/100m and
the pore gradient could excess 1.,8SG [7].

The method of overpressure mechanism judgment.

Overpressure  mechanism. The  overpressure
mechanisms include disequilibrium compaction, fluid
volume increase, tectonics, and density-buoyancy. The
fluid volume increase can be divided into aquathermal
expansion, mineral transformation, hydrocarbon
generation, fluid movement, osmosis, and hydraulic
head. The tectonics includes tectonic compression and
uplift tectonic movement.

Disequilibrium is the most encountered overpressure
mechanism around the world. In the case under
consideration the sedimentation rate is too fast and the
permeability is low, then the fluid is trapped in the pore
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and supports a part of the increased vertical load. There
are many causes for fluid volume expansion, but in the
end it results from the increase of fluid volume and the
high pore pressure.
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Fig. 1. Location of DF1-1 gas field

Loading and unloading. Fig. 2 is o —V curve which
reflects the relationship between the vertical effective
stress and the formation interval velocity. During the
normal compaction, with the increase of depth the vertical
effective stress increases; the porosity decreases; and the
interval velocity rises. According to Bowers [8], this kind
of relationship fits the virgin curve, i.e., loading curve.
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Fig. 2. Typical loading and unloading curve
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During the disequilibrium compaction, with the
increase of the overburden pressure the pore fluid starts
supporting pressure. The vertical effective stress would
stop increasing and the porosity does not decrease
anymore, which ‘freezes’ in a kind of point. Meanwhile,
the vertical velocity and formation density no longer
increase. Therefore, the disequilibrium compaction still
conforms to loading curve, just being frozen in some
points.

The overpressure caused by fluid volume expansion
happens after the compaction. So the overburden
pressure is constant, when the pore pressure increases,
the wvertical effective stress decreases, and then the
unloading occur. At the same time, the porosity would be
released and vertical velocity decreases. However, the
degree of porosity increase results from rock mechanical
properties. As if the rock is completely plastic (U = o0),
the porosity and vertical velocity would remain
unchanged which would be illustrated by the perfectly
plastic curve. If the rock is an elastic material with some
kind of plasticity, the unloading would lead to the
porosity increase and the interval velocity decrease to a
certain extent which is the typical unloading curve.
Assuming that the rock is completely elastic, the porosity
can recover totally and fit the loading curve. So loading
curve is an extremely special example of unloading
curve.

Fig. 2 shows that given equal interval velocity, the
effective stress of the loading curve is larger than of the
unloading curve; so the pore pressure is smaller. It
indicates that although the interval velocity is the same,
if loading and unloading cannot be determined, the
estimation of pore pressure would be fault.

Logging response. In the real process of drilling, the
vertical effective stress is hard to obtain directly; but it is
easy to get logging data. Thus, the key point is how to
judge the overpressure mechanism through the logging
response. The acoustic velocity and the -electrical
resistivity are determined by the rock conductivity, such
as pore size, pore shape, and the connected situation.
When the unloading happens, the acoustic velocity and
the electrical resistivity are sensitive to the increase of
pore space; and the decreasing trend of those logging
data is obvious. On the other hand, the formation density
is affected by the rock bulk properties. The increase of
pore space during the unloading has no obvious effect on
density logging and the data decrease slightly or do not
decrease at all.

The logging response of the overpressure resulting
from tectonics and density-buoyancy is more
complicated; and the formation of tectonic structure
movement is required; so it is not considered in this
paper.

According to the above, the relationship between
overpressure mechanisms, loading and unloading, and
logging response are reflected in Table. 1.

The optimized choice of prediction model. The
conventional pore pressure prediction models have been
summarized in table. 2. Among these models the Eaton
model and the Bowers model have been commonly used
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around the world. In 1975, Eaton [5] proposed the
overpressure prediction model taking into account the
degree of disequilibrium compaction. This model has
been proved to be very effective but only for the shale
with disequilibrium compaction. In 1995, Bowers [8] put
forward the prediction method for fluid volume
expansion which includes loading model and unloading
model. The Bowers method achieved good results in
Gulf of Mexico and Nile Delta, Egypt [9]. In this paper,
these two methods have been adopted to predict the pore
pressure and compare the difference of the overpressure
mechanisms.

Table 1
Judgment of Overpressure Mechanism
Overpressure | Loading or Loseine response
mechanism Unloading gging resp
Acoustic velocity and
Disequilibrium Loadin density both decrease
compaction & and along with the
loading curve
Fluid volume ' Acoustic velocity '
. Unloading | decreases but density
expansion . .
varies slightly

Table 2
Pore pressure prediction models, [10]

Overpressure mechanism Prediction models
Vertical Br_yant;
method Alixant &

Desbrandes
Disequilibrium Horizontal
. Eaton
compaction method
Holbrook;
Others Drauo;
Bowers
Aquathermal expansion;
Mineral transformation;
Hydrogarbon generation; Bowers
Fluid movement;
Osmosis;
Hydraulic head

1. The Eaton method
The Eaton model of prediction of pore pressure is as
follows

A,
Gp = an _(an ~Puw )(;) ?

n

where — G, is the pore pressure gradient, g/cm’;
. . 3. .
G, 1s the overburden pressure gradient, g /cm’; p,, is

the formation water density, g/cm’; Af is the real
interval transit time, us/ fi; At is the normal interval

transit time, gs/ fi; 1 is the Eaton index.
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2. The Bowers method

Loading curve: the relationship between effective
stress and acoustic velocity in the loading curve can be
expressed by the following equation

V=V,+4c",

where — 7 is the acoustic velocity, m/s; p, is the

acoustic velocity of uncommented saturated clay, usually
take 1480-1520 m/s; o is the vertical effective stress,
MPa; A and B are experience indexes which can be
obtained by the offset well.
Unloading curve can be expressed by the following
formula
V=V,+ Ao

max

(O_/O_ )(I/U)]B’

max

where — o,

is the maximum effective stress, is the
effective stress when unloading begins, MPa; U is the
formation elastic index; U=/ indicates the formation is
completely elastic and U=00 indicates the formation is
completely plastic; in the petroleum industry it is usually
between 2~8.

After obtaining the vertical effective stress, the pore

pressure can be calculated by the compaction model

P=S5S -0,

where — P, is the

overburden pressure which can be achieved by the
integration of formation density, MPa; o is the vertical
effective stress, MPa.

Judgment method. Based on the above analysis, the
process of pore pressure prediction considering
overpressure mechanism is as follows:

1) to collect and deal with the logging data, mainly
including DT, density and gamma. To get rid of
abnormal point on the basis of lithology;

2) to pick out the data of clear mudstone according to
gamma,;

3) to draw the normal DT and density trend line and
make a preliminary judgment of an overpressure region;

4) to make the DT-density crossplot and the DT-
density-depth crossplot. To judge the loading region and
unloading region;

5) to choose the suitable prediction model according
to the overpressure mechanism.

Case study. The well A is located in the west of
DF1-1 anticline structure in Yinggehai Basin, which is a
HTHP well. The normal DT and density trend lines are
shown in fig. 3. DT and density data both start to deviate
from the normal trend line from the point of 1500 m.
Deal with the data and pick out the data of clear
mudstone according to the process mentioned above.
Fig. 4 is the DT-density crossplot and fig. 5 is the DT-
density-depth crossplot. In fig. 4, the different color
represents different formation, and Yinggehai Formaiton
Member 2 is divided into three intervals. In fig. 5, the
density data are picked out at an interval of 50 m.

is the pore pressure, MPa; S,
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The DT and density data from Ledong formation to
the depth of 2250 m in Yingegehai Formation M2 both
are in accordance with normal trend. However, the
abnormity occurs in the depth of 2250 m which
isillustrated in Fig. 4. In Yingegehai formation M2
(2250-2632 m) the DT no longer decreases and the
density do not increase, both DT and density are like
‘freezed’ in the normal trend, which is the typical
phenomenon of disequilibrium compaction. In addition,
fig. 5 shows that in this interval, there are still some
normal density data and DT data are larger, which
indicates unloading. Therefore, the overpressure of
Yinggehai formation M2 is caused by the combination
of disequilibrium compaction and fluid volume
expansion.

Fig. 4 shows that in Huangliu formation M1, the
density data are normal and DT data are larger, so the
overpressure mechanism of this interval is the fluid
volume expansion, including the aquathermal expansion
and the hydrocarbon generation. The unloading takes
place at a depth of 2632 m.

The results of pore pressure prediction of the well A
by means of the Eaton method and the Bowers method
are shown in fig. 6. The Eaton index n =2,5; A =100,31;

B =1,0437; U=6,326;0,,, = 17,42 MPa.
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Fig. 6. Pore prediction result of the well A
The results show the following three points:

1. The overpressure does not appear at a depth of
1500 m, and the results show that it should be about
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2250m. Thus, if we determine the overpressure initiation
only by the normal trend line, the pore pressure predicted
would be higher.

2. In Yinggehai formation M2 (2250-2632 m), the
prediction results received by the Eaton method and the
Bowers method are nearly the same. Therefore the main
overpressure ~ mechanism is the disequilibrium
compaction. The influence of the fluid volume expansion
is slight.

3. In Huangliu formation M1, the result received by
the Eaton method is smaller than the real measured value
by 19%,; while the difference between the result received
by the Bowers method and the measured value is only
2,3%.

Conclusions. The overpressure caused by the
disequilibrium compaction fits loading curve. The
logging response is that both acoustic velocity and
density decrease. While, the overpressure conforms to
unloading curve due to fluid volume expansion, the
density logging data remain the same; but acoustic
velocity would decrease.

The overpressure mechanisms in Yinggehai Basin
include the disequilibrium compaction and fluid volume
expansion; but their contribution to the overpressure in
different formation is different. The DT-density crossplot
and the DT-density-depth crossplot have good effects on
judging different overpressure mechanisms. The pore
prediction made simply by normal trend line might be
higher.

The pore pressure prediction on the basis of
overpressure mechanism has been proposed in this
paper. The results show that the Eaton method and the
Bowers method are both suitable for disequilibrium
compaction. But in case of fluid volume expansion
overpressure, the result received by the Eaton method
would be smaller. So the Bowers method is more
accurate. By this method we have achieved a good
result in DF1-1 gas filed.
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lazoBa obOsacte Dongfang 1-1 € BHcokoTemmepa-
TYpPHOIO TUIONIEIO Ta IUIOUIEI0 3 BUCOKUM THCKOM. To-
YHHUH MPOTHO3 IMOPOBOTO TUCKY € JAYXE BaXXJIMBUM IS
Oe3nevnoro OypiHHA Ha 1iil Teputopii. ¥ pobori Bre-
plie aHaNi3yIOThCA Ta KIACH(IKyIOTHCS MEXaHI3MHU
Ha/UIMIIKOBOTO THCKY Ha MiACTaBI HaBaHTaXXEGHHS i
PO3BaHTa)XEHHSI, 10 MOB'sI3aHI 3 BEPTUKAIBHOIO e(peK-
THUBHOIO HAlPyrolw Ta aKyCTHYHOI MBHAKicTIO0. Ta-
KO OOTOBOPIOIOTHCS KaPOTAXKHI AaHi AJIs iHIIOTO Me-
XaHI3My aHOMAalbHO BHCOKOTO THCKYy. Ha mincrasi
BUILEBUKIIAJCHOTO, IPOIIOHYETHCA HOBHH METOJ Ipo-
THO3YBaHHS TIOPOBOIO THCKY Ha mijacTaBi rpadikis 3a-
nexHocti DT-minpHicTs 1 DT-1inbHICTE-INBUIKICTD.
MeToa BUKOPHUCTOBYETHCS Ui aHai3y NPUPOJIU aHO-
MaJbHO BHCOKOT'O THCKY, TPOTHO3YBAaHHS BHCOKOI Te-
MIIepaTypHy i TUCKY B ra3oBiit oomacti DF1-1 Gaceitny
Yinggehai. Pe3ynbraTtu mokasyroTs, 1o, X04a HaJJIH-
IIKOBUU THCK y ra3oBiii obmacti DF1-1 Bukmmkanuit
HEpIBHOBXHUM YINIJTbHEHHSIM, aKBaTepMaJIbHUM pO-
3MUPEHHSAM 1 TEHepali€lo BYTJICBOAHIB, BHECOK JO
aHOMAaJbHO BHUCOKOTO THUCKY B Pi3HHX (opmarmisfx pi3-
Huil. BukopucroByroun rpadiku 3anexHocti DT-
miIbHICTE 1 DT-IiNbHICTE-TIMOMHA, MOKHA OLIHHUTH
pI3HUII BHECOK, BHOpATH MIAXOIANIY YTOYHEHY MO-
Jenb nporHody. Jloseaeno, mo meron Ertona minxo-
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JIUTh TUTBKYU TSI HEPIBHOBAXKHOTO YIIIJILHECHHS, a Me-
tox bayepca € ehekTUBHUM MPU AaHOMATBHO BUCOKOMY
TUCKY, BUKIUKAHUM HEPIBHOBAXHHUM YUIJIbHEHHSIM
abo o0'eMHMM po3mmupeHHsM pigman. Lleit meton mo-
3BOJISIE MIJBUIIATH TOYHICTh NMPOTHO3YBAaHHS MOPOBO-
ro THCKy B raszosiit o6macti DF1-1 i mae icTroTHe 3Ha-
YeHHS U1t OypiHHS CBEpIOBHH.

Kuaruosi caoBa: 2azosa obnacme DFI-1, sucoxa
memnepamypa, UCOKUU MUCK, MEXAHIZM AHOMANILHO GU-
COK020 MUCKY, HABAHMANCEHHS, PO3EAHMANCEHHS, NpPO-
2HO3 NOPOBO2O MUCKY

lazoBas o6mactes Dongfang 1-1 sBmsieTcs BBICOKO-
TEMIIEPATYPHOH MJIONIaAbI0 W IUIOMIAJIBI0 C BBICOKUM
naBiaeHueM. TOYHBII MPOTHO3 MTOPOBOTO JAaBJICHUS SIB-
JeTCA OYeHb BaXXKHBIM 17l O6e3omacHOro OypeHHs Ha
3TO# TeppuTopuu. B paboTe BHEpBBIe aHATU3HPYIOTCS
U KJIACCU(PHUIMPYIOTCS MEXaHU3MbI H30BITOYHOTO JIaB-
JIEHUS Ha OCHOBAHHMM Harpy3KH U pasrpy3KH, KOTOpHIE
CBS3aHbl C BEPTHKAIBHBIM 3()()EKTHBHBIM HAINPSKEHU-
€M M aKyCTHYEeCKOW CKOpocThlo. Taxke 00CyXaaroTcs
KapoTaXXHblEe JaHHBIE IS JPYroro MexaHu3Ma aHo-
MajbHO BBICOKOTrO fAaByieHHs. Ha ocHOBaHMM BbIIIEU3-
JI0O)KEHHOI'0, MPEAIaraeTcss HOBBIM METOJ MPOTHO3HPO-
BaHUS IIOPOBOTO JIABJICHHUS HAa OCHOBAHHMH TpauKOB
3apucumMoctd  DT-mmorHocts u  DT-minoTHOCTB-
CKOpOCTh. MeToJ1 Mcronb3yercs A aHalu3a Mpupo-
JIbl aHOMAJIbHO BBICOKOT'O JaBICHUS, MPOTHO3UPOBA-
HUS BBICOKOW TEMIEPaTypHl U AaBJICHHUS B Ta30BOil 00-
nmactu DF1-1 Gacceiina Yinggehai. PesynapTaTsl moka-
3BIBAIOT, YTO, XOTS HM30BITOYHOE JAaBJICHUE B Ta30BOMU
ob6mactu DF1-1 BbI3BaHO HEPABHOBECHBIM YIUIOTHEHHU-
€M, aKBaTepMaJbHBIM pAacIIMpPEHHEM U TreHepanuel
YIJIEBOJIOPOJOB, BKIaJ B @aHOMAJIBHO BBICOKOE JaBie-
HUE B pa3NUYHBIX (opMmanusax pasHbelid. Hcmonb3ys
rpagukn  3aBucumoct  DT-mmotHocts u  DT-
IUIOTHOCTB-TNTyOMHA, MOXHO OLICHHTh PA3JINIHBIN
BKJIaJ[, BBIOpaTh MOAXOISIIYI0 YTOYHCHHYIO MOJEIh
mporrosa. JlokazaHo, 4To MeToJ OTOHa MOIXOIUT
TOJIBKO JJIs HEPaBHOBECHOTO YIUIOTHEHHS, a METOJ
bayapca sBasieTcst 53 (EeKTUBHBIM NMPU aHOMAJIBHO BbI-
COKOM  JaBJICHUHM, BBI3BAHHBIM  HEPABHOBECHBIM
YIUIOTHEHHEM MU OOBEMHBIM PACHIMPEHHEM >KHJIIKO-
CTU. DTOT METOJ O3BOJISICT MOBBICUTH TOYHOCTh IMPO-
THO3MPOBAHMS IIOPOBOTO JIABJICHUS B ra30BOM 00J1acTH
DF1-1 u uMeer cymiecTBeHHOE 3HaYeHHE sl OypeHUs
CKBa)XHH.

KuaroueBnle ciaoBa: 2azoeas obnacme DF1-1, gvico-
Kas memnepamypa, 8blcoKoe OasiieHue, Mexanusm daHo-
MAibHO 8bICOKO20 OaslieHUsl, Hazpy3Ka, pasepysKd, npo-
2HO3 NOPOB020 OABIEHUS
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