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Abstract In order to analyze the factors influencing

sandstone mechanical compaction and its physical property

evolution during compaction processes, simulation exper-

iments on sandstone mechanical compaction were carried

out with a self-designed diagenetic simulation system. The

experimental materials were modern sediments from dif-

ferent sources, and the experiments were conducted under

high temperature and high pressure. Results of the exper-

iments show a binary function relation between primary

porosity and mean size as well as sorting. With increasing

overburden pressure during mechanical compaction, the

evolution of porosity and permeability can be divided into

rapid compaction at an early stage and slow compaction at

a late stage, and the dividing pressure value of the two

stages is about 12 MPa and the corresponding depth is

about 600 m. In the slow compaction stage, there is a good

exponential relationship between porosity and overburden

pressure, while a good power function relationship exists

between permeability and overburden pressure. There is

also a good exponential relationship between porosity and

permeability. The influence of particle size on sandstone

mechanical compaction is mainly reflected in the slow

compaction stage, and the influence of sorting is mainly

reflected in the rapid compaction stage. Abnormally high

pressure effectively inhibits sandstone mechanical com-

paction, and its control on sandstone mechanical com-

paction is stronger than that of particle size and sorting.

The influence of burial time on sandstone mechanical

compaction is mainly in the slow compaction stage, and the

porosity reduction caused by compaction is mainly con-

trolled by average particle size.

Keywords Primary porosity � Mechanical compaction �
Unconsolidated sand � Diagenetic simulation experiment

1 Introduction

With increasing oil and gas exploration and the growing

demand for oil and gas reserves, the oil and gas exploration

targets of clastic rocks have turned to low porosity and

permeability reservoirs, even to tight sandstone reservoirs,

and they have gradually become the main source of

increasing reserves and production of oil and gas (Wang

and Tian 2003; Dai et al. 2012; Hart 2006; Zou et al. 2013;

Tobin et al. 2010; Jia et al. 2012; Worden et al. 2000;

Bloch et al. 2002; Wang et al. 2010; Zhang et al. 2011).

Mechanical compaction, as one of the major destructive

aspects of diagenesis, can cause dramatic changes in

sandstone pore structure and distribution. It results in a

substantial reduction of pore space, which is the main

factor that damages reservoirs and forms low porosity, low

permeability reservoirs (Zhu et al. 2008; Chester et al.

2004; Zhu et al. 2013; Lv and Liu 2009; Maast et al. 2011;

Taylor et al. 2010; Ajdukiewicz et al. 2010; Zhang et al.

2008; Wang et al. 2015; Zhang et al. 2014; Liu et al. 2014).

Previous studies have suggested that mechanical
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compaction is influenced by a combination of various

factors such as burial depth, sediment composition, particle

size, sorting, abnormally high pressure, and burial time

(Liu et al. 2007; Aplin et al. 2006).

However, current studies about various factors influ-

encing compaction mainly focus on simple and qualitative

description, and little work has been done on quantitative

analysis based on simulation experiments, leading to the

vague understanding of the evolution of physical properties

and influencing mechanisms of various factors during

mechanical compaction processes. This directly restricts

the accurate characterization of the formation of low

porosity and permeability sandstone reservoirs and their

densification processes. Therefore, carrying out sandstone

mechanical compaction simulation experiments and

understanding the evolution of physical properties and the

influencing mechanisms of various factors during

mechanical compaction have not only an important theo-

retical significance for diagenesis, but also an important

practical significance in physical property prediction of low

porosity and permeability reservoirs.

2 Experimental facility and experimental
procedures

The experiment was carried out in the Diagenetic Simu-

lation Laboratory of China University of Petroleum, using

a self-designed diagenetic simulation experiment system.

This facility consists of two modules: the porosity and

permeability testing module and the diagenetic simulation

module. It measures sandstone porosity and permeability,

simulating the high temperature and pressure conditions of

subsurface strata, and monitoring physical property chan-

ges of sandstones in the course of diagenesis in real time.

The sandstone mechanical compaction simulator is mainly

composed of a constant current–constant voltage (CCCV)

pump, intermediate container group, displacement sensors,

axial compression control pump, core holder (with a built-

in heating device), back-pressure booster pump, fluid-re-

ceiving scale, and automatic control system (Fig. 1). The

upper temperature limit of the system is 300 �C, and the

pressure limit is 80 MPa.

During sandstone mechanical compaction simulation

experiments, the sample is in the core holder with movable

pistons covering both ends. The axial compression pump is

used to simulate overburden pressure and the micro back-

pressure booster pump is manually operated to control the

fluid pressure. A built-in core holder heating device and

temperature control system are used to simulate the strata

temperature. Precision displacement sensors at both ends of

the core holder (with an accuracy of 0.001 mm) record

compaction displacements. The intermediate container

group is used to contain the fluid required for the experi-

ment. The CCCV pump provides the displacement pressure

to displace fluid and pore water toward the fluid-receiving

scale at a constant flow rate. The automatic control system

is used for measuring and recording sandstone permeability

in real time.

3 Experimental design

3.1 Experimental samples

3.1.1 Sample collection

The samples selected for experiments were modern

unconsolidated sands ranging from 5 to 20 cm below from

the surface at Golden Beach and Silver Beach, Qingdao;

Yellow River Estuary, Dongying; point bar, Mazhan River,

Weifang; and mouth bar, Feng River, Jiaonan eastern

China. During the sampling process, in order to keep the

original packing state (grain combination sequence, sort-

ing, etc.), we used copper tubes with a length of 140 mm

and an inner diameter of 25.7 mm to take samples (Fig. 2).

Two samples were collected within a distance of about

15 mm in each group, of which one was used for sandstone
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Fig. 1 Sandstone mechanical compaction simulation diagram

392 Pet. Sci. (2015) 12:391–405

123



mechanical compaction simulation experiments and the

other was for granularity parameter analysis. It was

assumed that granularity parameters of the two samples

were the same.

3.1.2 Laboratory analysis of samples

Firstly, the sand samples selected for simulation experi-

ments were processed to 90 mm long with both ends flat,

and they were covered by metal filters to prevent sands

from becoming loose and sliding. Then the sand samples of

each group were dried using a 101-1A-type electrothermal

drying box. Finally, after being dried completely, one sand

sample of each group for the mechanical compaction

simulation experiment was put into the core holder, and

then the primary porosity and permeability were measured

using the porosity and permeability testing module

(Table 1). Meanwhile, the corresponding other sand sam-

ple was used for granularity parameter analysis using sieve

analysis method to obtain parameters such as median par-

ticle size (Md), average particle size (M), and sorting

coefficient (So) (Table 1).

The sediments from Golden Beach and Silver Beach,

Qingdao are mainly feldspar and quartz, with a relatively

low content of volcanic rock debris and little biotite and

magnetite, and the content of feldspar is higher than that of

quartz. The content of rigid particles, e.g., feldspar and

quartz, ranges from 70 % to 80 %, while the content of

ductile particles like eruptive rock and mica is generally

less than 20 %. The content of quartz is relatively higher

than that of feldspar in the sediments from the Mazhan and

Feng Rivers, with a low content of volcanic rock debris and

visible chert. The content of rigid particles is over 85 %

and that of ductile particles is less than 15 %. Sediments

from Yellow River Estuary, Dongying are fine grained,

with a low content of rigid particles and a high clay mineral

content, which results in strong ductility.

3.2 Experimental conditions

To simulate the geological conditions of the Dongying Sag

of the Jiyang Depression, Bohai Bay Basin in eastern China,

the experimental conditions were set as follows: the

geothermal gradient is 3.5 �C/100 m (average paleo-

geotherm gradient), the average formation density is about

2.4 g/cm3, the average surface temperature is 18 �C, and the

pressure coefficient under normal compaction is 1.0 (Liu

et al. 2006). In order to simulate a pure mechanical com-

paction, distilled water was used as the fluid medium. Pre-

vious studies have shown that overpressure can develop

Fig. 2 Collection of experimental samples

Table 1 The parameters of experimental samples with different sources

Sample sources Sample

no.

Median

particle

size (Md), mm

Average

particle

size (M), mm

Sorting

coefficient

(So)

Initial length

of samples

(L0), mm

Primary

porosity

(u0), %

Primary

permeability

(K0), 9 10-3lm2

Silver Beach of Qingdao I 0.215 0.219 1.556 88.5 42.96 696.7

Silver Beach of Qingdao II 0.260 0.262 1.575 88.8 42.92 1779.9

Golden Beach of Qingdao III 0.280 0.293 1.860 84.7 37.37 570.56

Yellow River Estuary of Dongying IV 0.076 0.079 1.618 88.5 43.72 372.9

Mazhan River of Weifang V 1.25 1.28 3.571 90.5 33.62 733.34

Silver Beach of Qingdao VI 0.217 0.221 1.50 87.6 41.75 445.15

Yellow River Estuary of Dongying VII 0.076 0.078 1.622 88.7 43.72 389.54

Feng River Estuary of Jiaonan VIII 0.952 0.964 2.52 86.9 35.87 437.7
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below 1600 m in the Dongying Sag (Liu et al. 2009).

According to the stress–burial depth conversion for-

mula 0.02262 MPa = l m (Gluyas and Cade 1999), the

strata pressure at 1600 m is approximately 36.16 MPa.

Therefore, taking the above geological factors into account,

as well as the applicable temperature and pressure condi-

tions of the facility, we designed a temperature and pressure

reference list for sandstone mechanical compaction under

normal compaction conditions with a pressure coefficient of

1.0 and under overpressure conditions with pressure coeffi-

cients of 1.2 and 1.4 for contrast experiments. In this way,

the evolution of physical properties and the influencing

factors during the simulation process of sandstone

mechanical compaction can be analyzed (Table 2).

3.3 The calculation of porosity and permeability

3.3.1 Porosity calculation

The porosity calculation method during the simulation

process of sandstone mechanical compaction is as follows:

S0 ¼ pr2; ð1Þ
V0 ¼ L0S0; ð2Þ
VU ¼ V0 � Vg; ð3Þ

U0 ¼ VU=V0 � 100 %: ð4Þ

Here, r is the cross-sectional radius of sample, cm, L0 is

the initial length of sample, cm, S0 is the cross-sectional

area of sample, cm2, V0 is the initial volume of sample,

cm3, VU is the initial pore volume of sample, cm3, Vg is the

framework volume of sample, cm3, and U0 is the primary

porosity, %.

Primary porosity U0 could be measured by the porosity

and permeability testing module of the diagenetic simula-

tion system (Table 1).

Therefore, sample volume at each pressure point during

compaction could be calculated with the recorded com-

paction displacement:

V ¼ S0ðL0 � L1Þ: ð5Þ

Here, L1 is the recorded compaction displacement, cm,

V is the sample volume at each pressure point during

compaction, cm3.

The loss of sample volume during compaction mainly

consists of intergranular pore volume during the experi-

ment by assuming the framework volume as a constant,

thus:

V0 � VU ¼ V � V � U; ð6Þ
U ¼ ðV � V0 þ VUÞ=V � 100%: ð7Þ

Table 2 Reference list of temperature and pressure experimental conditions

Simulated

burial depth, m

Overburden pressure, MPa Framework

pressure,

MPa

Fluid pressure, MPa Temperature,

�C
Pressure

coefficient 1.0

Pressure

coefficient 1.2

Pressure

coefficient 1.4

Pressure

coefficient 1.0

Pressure

coefficient 1.2

Pressure

coefficient 1.4

0 0 0 0 0 0 0 0 18

100 2.18 2.18 2.18 1.2 0.98 0.98 0.98 21.5

200 4.36 4.36 4.36 2.4 1.96 1.96 1.96 25

400 8.72 8.72 8.72 4.8 3.92 3.92 3.92 32

600 13.08 13.08 13.08 7.2 5.88 5.88 5.88 39

800 17.44 17.44 17.44 9.6 7.84 7.84 7.84 46

1000 21.8 21.8 21.8 12 9.8 9.8 9.8 53

1200 26.16 26.16 26.16 14.4 11.76 11.76 11.76 60

1400 30.52 30.52 30.52 16.8 13.72 13.72 13.72 67

1600 34.88 38.016 41.152 19.2 15.68 18.816 21.952 74

1800 39.24 42.768 46.296 21.6 17.64 21.168 24.696 81

2000 43.6 47.52 51.44 24 19.6 23.52 27.44 88

2200 47.96 52.272 56.584 26.4 21.56 25.872 30.184 95

2400 52.32 57.024 61.728 28.8 23.52 28.224 32.928 102

2600 56.68 61.776 66.872 31.2 25.48 30.576 35.672 109

2800 61.04 66.528 72.016 33.6 27.44 32.928 38.416 116

3000 65.4 71.28 77.16 36 29.4 35.28 41.16 123
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3.3.2 Permeability calculation

Permeability during the simulation of sandstone mechani-

cal compaction can be calculated using Darcy’s law.

K ¼ QlL=ðDPS0Þ: ð8Þ

That is

K ¼ Ql L0 � L1ð Þ= DPS0ð Þ: ð9Þ

Here, Q is the quantity of flow through the sample per

unit time, cm3/s, S0 is the cross-sectional area of the sample,

cm2, l is the fluid viscosity, 9 10-3Pa s, L0 is the original

length of the sample, cm, L1 is the recorded compaction

displacement, cm, and DP is the pressure differential before

and after fluid flowing through the sample, MPa.

The above K in Eq. (9) is the sample’s permeability. It

shows fluid flow capacity through the sample within a

certain pressure differential.

Primary permeability K0, permeability without com-

paction, could be measured by the porosity and perme-

ability testing module after constant fluid passing through

(Table 1). During the experiment, the fluid viscosity was

set as 1 9 10-3 Pa s and other parameters were recorded

by the automatic control system in real time, and then

permeability variations could be calculated.

There is a close relationship between fluid viscosity (l)
and temperature (T). Therefore, on the basis of reviewing

water viscosities at different temperatures (Yuan 1985), an

empirical formula can be fitted as follows:

T ¼ 1:056233e�0:018118l R2 ¼ 0:976362: ð10Þ

We calculated fluid viscosity at different temperatures

using Eq. (10) and then corrected the recorded perme-

ability values.

3.4 Data acquisition and processing

Detailed procedures of data acquisition and processing

during sandstone mechanical compaction simulation

experiment are as follows:

First, according to the reference list of temperature and

pressure conditions, we set the experimental temperature

and pressure and then conducted mechanical compaction

simulation experiments. After compaction at each pressure

point was stable (the compaction displacement was a con-

stant), we recorded the data with a fixed time interval of

2 min, and the record time of each pressure point was about

120 min, that is, there were 60 sets of record data. The

recorded experimental parameters included experimental

time, overburden pressure, fluid pressure, fluid flow, pres-

sure differential between the ends of the core, experimental

temperature, compaction displacement, and permeability. In

the normal compaction simulation experiments, the

upstream pressure on the sample is higher than the down-

stream pressure, so the fluid can be discharged onto the

fluid-receiving scale in time. In the undercompaction sim-

ulation experiments, the differential between upstream

pressure and downstream pressure was respectively set

according to the pressure coefficients of 1.2 and 1.4, making

the downstream pressure higher than the upstream pressure.

In this way, fluid discharge was blocked and abnormally

high pressure was formed.

Second, according to the compaction displacement, we

calculated the corresponding porosity value of each data

point.

Third, according to the relationship between viscosity

and temperature, we corrected the corresponding perme-

ability value of each data point.

Fourth, we precisely analyzed the data of overburden

pressure, fluid pressure, temperature, porosity and perme-

ability, and excluded abnormal data points caused by sys-

tem errors.

Fifth, we calculated the average value of each parameter

including overburden pressure, fluid pressure, temperature,

porosity, and permeability after removing the abnormal

data points, and regarded the average value as the experi-

mental result of each pressure point to conduct experi-

mental analysis and discussion.

4 Experimental results

According to experimental purposes, normal compaction

simulation experiments were conducted on samples I, II, III,

IV, and V, while with the simulated burial depth below

1600 m (overburden pressure was approaching 36.16 MPa),

undercompaction simulation experiments with pressure

coefficients of 1.2 and 1.4 were conducted on samples VI

and VII, respectively. After data acquisition and processing

of each sample, the experimental results can be obtained as

follows (Tables 3, 4).

5 Discussion

5.1 Sandstone primary porosity analysis

Primary porosity is defined as the porosity of newly

formed sediment. It is the starting point of porosity

evolution during the reservoir burial process, and directly

influences the accuracy of study of porosity evolution

and is of great significance to reservoir porosity

prediction.
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Previous studies have shown that primary porosity is

influenced by a combination of parameters such as particle

size, sorting, and sphericity, of which particle size and

sorting are the most important factors influencing primary

porosity and particularly the influence of sorting is more

pronounced (Beard and Weyl 1973; Folk and Ward 1957;

Rogers and Head 1961). Therefore, the average particle

size and sorting coefficient were analyzed for their influ-

ences on primary porosity. Results show that there is a

logarithmic relationship between primary porosity and

particle size as well as sorting (Fig. 3).

U0 ¼ �3:652ln Mð Þ þ 35:744 R2 ¼ 0:7755; ð11Þ

U0 ¼ �12:61ln Soð Þ þ 48:508 R2 ¼ 0:8621; ð12Þ

where M is average particle size, So is sorting coefficient,

and U0 is primary porosity.

The primary sandstone porosity is influenced by a

combination of sorting coefficient and average particle

size. Moreover, predicting or estimating the dependent

variable using the optimal combination of multiple inde-

pendent variables is more effective and realistic than using

only one independent variable (Hu et al. 2013). Therefore,

the binary function relationship among primary porosity

and average particle size and sorting coefficient is estab-

lished with a stepwise regression method.

U0 ¼ �3:0413So� 3:4907M þ 47:828123: ð13Þ

Stepwise regression results show that the multiple cor-

relation coefficient is 0.9031177, the average deviation is

small and the precision is high (Table 5).

5.2 Physical property evolution during sandstone

mechanical compaction

According to the above experimental conditions and the

relation of overburden pressure and depth (Gluyas and

Cade 1999), the overburden pressure can be converted into

approximate depth (Fig. 4). The analysis shows that the

evolution of porosity and permeability has a segmentation

characteristic with the increasing overburden pressure and

depth during mechanical compaction, and the evolution

trend line can be divided into two stages. During the earlier

stage of mechanical compaction, when the overburden

pressure is less than 12 MPa and the equivalent burial

depth is shallower than 600 m, with pressure increasing,

detrital particles slide, displace, and rotate to rearrange and

adjust their positions so that they can achieve a close-

packing state with minimum potential energy. At this

stage, i.e., the rapid compaction stage, porosity and per-

meability decrease rapidly (Fig. 4). Afterwards, detrital

particles reach a stable packing state. With increasing

pressure, the degree of close packing increases, andT
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porosity and permeability decrease slowly. This is, the

slow compaction stage (Fig. 4).

The experimental data from the slow compaction stage

can be used to analyze the evolution of porosity and per-

meability with increasing overburden pressure during

normal compaction (Liu et al. 2006). Regression analysis

results show that there is an exponential relationship

between porosity and overburden pressure, and the rela-

tionship can be expressed as y = AeBx; while a power

function relationship exists between permeability and

overburden pressure, that is y = CxD. Meanwhile, the

relationship between porosity and permeability is expo-

nential (Table 6).

According to the comparison of experimental results of

different samples, the coefficient A of the functional rela-

tionship y = AeBx between overburden pressure and

porosity mainly depends on the primary porosity value,

which is mainly controlled by the sorting coefficient. While

the coefficient B is principally influenced by the average

particle size. The coefficient C of the functional

Table 4 Experimental results of several samples under overpressure conditions

Sample VII Sample VI

Overburden pressure,

MPa

Fluid pressure,

MPa

Porosity,

%

Permeability,

9 10-3 lm2
Overburden pressure,

MPa

Fluid pressure,

MPa

Porosity,

%

Permeability,

9 10-3 lm2

0 0 43.72 389.54 0 0 41.75 445.15

1.93 0.97 42.53 147.852 2.36 1.22 41.25 399.29

4.74 2.36 42.09 103.387 4.28 2.01 41.07 307.98

8.64 4.21 41.56 76.359 8.67 4.12 40.75 221.32

17.33 8.02 40.12 43.347 13.56 6.36 40.41 130.06

21.86 10.01 39.85 36.832 17.45 8.02 40.19 88

26.03 11.95 39.58 26.841 19.39 9.01 40.04 –

29.97 13.97 39.30 23.693 28.94 13.68 38.99 56.86

41.49 22.38 39.01 16.971 35.38 16.09 38.83 30.57

46.55 25.39 38.87 14.515 39.89 21.56 38.77 33.12

51.51 27.96 38.72 12.882 43.62 23.65 38.60 24.24

57.12 30.82 38.58 10.075 48.21 26.37 38.44 21.86

62.01 33.73 38.42 8.33 51.32 28.52 38.23 16.42

68.19 36.47 38.23 5.557 56.98 31.34 38.09 –

71.89 38.63 38.08 4.078 57.41 34.23 37.64 10.88

– – – – 68.64 35.72 37.63 8.8
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relationship y = CxD is mainly controlled by the average

particle size, while the coefficient D is greatly influenced

by the sorting coefficient.

5.3 The influence of particle size on sandstone

mechanical compaction

Sample I and sample II are characterized by the same

composition, similar sorting, but different average particle

sizes. Sample I is fine sand, but sample II is medium sand.

Simulation experiment results show that two samples have

approximately equal primary porosity (Table 1). During

the rapid compaction stage, the evolution processes of two

samples are almost the same. After entered into the slow

compaction stage, the decrease rate of porosity of sample II

with coarser average particle size is obviously smaller than

that of sample I with finer average particle size during the

increasing overburden pressure process. Meanwhile, the

Table 5 Stepwise regression results of sandstone primary porosity and average particle size and sorting coefficient

Sample no. Sorting

coefficient So

Average particle

size M, mm

Regression value Original value Deviation

I 1.556 0.219 42.345378 42.959999 0.614621

II 1.575 0.262 41.193932 37.369999 -3.823933

III 1.860 0.293 42.130514 42.919998 0.789484

IV 1.618 0.079 42.642020 43.720001 1.077982

V 3.571 1.28 32.604338 33.619999 1.015661

VI 1.50 0.221 42.494747 41.750000 0.744747

VII 2.52 0.964 36.799067 35.869999 –0.929068
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difference of the remaining porosity of the two samples is

more significant (Fig. 5).

By quantitative analysis of experimental data, the

porosity reduction of sample I is 6.29 %, which is obvi-

ously larger than that of sample II 4.43 % when the over-

burden pressure increases to 65 MPa. Studies of different

compaction stages show that during the rapid compaction

stage, the average porosity reduction of sample I and

sample II is 0.339 % and 0.334 %, respectively, with

2.3 MPa increase of the overburden pressure (about 100 m

of the burial depth, the same below), which is almost the

same. However, during the slow compaction stage, the

porosity reduction of sample I is 0.197 %, which is larger

than that of sample II 0.156 % with 2.3 MPa increase of

the overburden pressure (Table 7).

Therefore, the influence of particle size on mechanical

compaction is mainly in the slow compaction stage during

the burial process of sandstone. The coarser the particle

size, the slower the compaction rate and the larger the final

porosity. The influence of the particle size on mechanical

compaction is more pronounced with increasing burial

depth and overburden pressure. After experienced the rapid

compaction, detrital particles are generally in contact with

each other. The sample with finer particle size has a larger

specific surface area and thus a smaller force per unit area.

Sliding deformation does not occur easily with increasing

overburden pressure which is mainly used to squeeze the

pore space, resulting in the rapid loss of porosity. While the

sample with coarser particle size has a smaller specific

surface area and thus a larger force per unit area, so sliding

deformation occurs with increasing overburden pressure

which offsets a portion of force squeezing the pore space,

and the rate of porosity loss decreases.

Table 6 Evolution of porosity and permeability with overburden pressure under normal compaction

Sample

no.

The relation between overburden pressure

(x) and porosity (y)

The relation between overburden pressure

(x) and permeability (y)

The relation between porosity (x) and

permeability (y)

I y ¼ 41:82372e�0:00193x

R2 = 0.99456

y ¼ 8;761:51262x�1:70980

R2 = 0.97494

y = 8E – 10e0.6146x

R2 = 0.9796

II y = 42.18101e-0.00148x

R2 = 0.98048

y ¼ 61;210:68436x�2:08359

R2 = 0.98755

y ¼ 1E� 15e0:9534x

R2 = 0.9939

III y ¼ 32:43762e�0:00201x

R2 = 0.99545

y = 3777.39155x-1.43168

R2 = 0.97816

y = 2E–08e0.6991x

R2 = 0.9816

IV y ¼ 42:72003e�0:00148x

R2 = 0.99416

y = 22,104.72226x-1.86625

R2 = 0.93290

y = 3E–13e0.7989x

R2 = 0.9827

V y = 31.48912e-0.00436x

R2 = 0.98478

y ¼ 2;491:68733x�1:53245

R2 = 0.97417

y ¼ 0:00094e0:34938x

R2 = 0.97009

Table 7 Data about the

influence of particle size on

sandstone mechanical

compaction

Sample no. I II

Average particle size M, mm 0.219 0.262

Sorting coefficient So 1.556 1.575

Primary porosity U0, % 42.96 42.92

Porosity loss with 65 MPa overburden pressure, % 6.29 4.43

Porosity loss during rapid compaction stage, %/2.3 MPa 0.339 0.334

Porosity loss during slow compaction stage, %/2.3 MPa 0.197 0.156
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5.4 The influence of sorting on sandstone

mechanical compaction

Sample II and sample III selected from the Golden Beach

and Silver Beach, Qingdao, eastern China are characterized

by the same composition, similar particle size of medium

sand, but different sorting, of which sample III has poorer

sorting. Simulation experiment results show that sample III

with poorer sorting has a smaller primary porosity

(Table 1). During the rapid compaction stage, a great dif-

ference exists between the porosity evolution processes of

the two samples, and the porosity reduction rate of sample

III is significantly greater than that of sample II. After

entered into the slow compaction stage, the evolution

processes of the two samples are almost the same with

increasing overburden pressure (Fig. 6).

The experimental results of different compaction stages

show that during the rapid compaction stage, the average

porosity loss of sample II is 0.334 % per 2.3 MPa increase

of overburden pressure and the average porosity loss of

sample III is 0.886 %, which is 2.65 times greater than that

of sample II. However, the average porosity reduction of

sample II and sample III is 0.156 % and 0.127 %,

respectively, per 2.3 MPa increase of overburden pressure

during the slow compaction stage, which is similar, and the

porosity loss is in a negative relation to the average particle

size (Table 8).

Therefore, the influence of sorting on sandstone

mechanical compaction is mainly in the rapid compaction

stage. The poorer the sorting, the higher the compaction

rate and the more distinct the difference between the rapid

compaction stage and the slow compaction stage. Also the

dividing overburden pressure of the two stages will be

larger (Fig. 6), that is, the rapid compaction stage lasts

longer, and the equivalent burial depth is deeper. During

the rapid compaction stage, for the sandstone sample with

poorer sorting, when the position adjustment and rear-

rangement of detrital particles occur, finer particles will

easily fill in the pore space formed by the arrangement of

coarse particles, which results in a rapid loss of porosity.

However, after entering the slow compaction stage, parti-

cles have a stable packing state, compaction further

increases the tightness of particles, and the compaction rate

is mainly influenced by the particle size.

5.5 The influence of abnormally high pressure

on sandstone mechanical compaction

During the burial process of clastic sediments from early

deposition to mid-deep strata, abnormally high pressure is

mainly formed by tectonic evolution, disequilibrium com-

paction, hydrothermal pressurization, clay mineral trans-

formation, and hydrocarbon generation (Akrout et al.

2012). It inhibits compaction and protects primary pores

and is of great significance to the development of mid-deep

high quality reservoirs (Hunt 1990; Ma et al. 2011; Bloch

et al. 2002; Cao et al. 2014).

In this paper, undercompaction simulation experiments

with pressure coefficients of 1.2 and 1.4 were conducted on

sample VI from the Silver Beach of Qingdao, eastern China

(the same parameters as sample I) and sample VII from the

Yellow River Estuary of Dongying, eastern China (the

same parameters as sample IV), respectively, under an

overburden pressure larger than 34 MPa. Then the exper-

imental results were compared with those of sample I and

sample IV under normal compaction, and the influence of

abnormally high pressure on sandstone mechanical com-

paction was analyzed.

Experimental results show that the mechanical com-

paction rate under abnormally high pressure is obviously

smaller than that under normal compaction; moreover, the

higher the pressure coefficient, the greater the difference

between the evolution trend line of actual porosity under

Table 8 Data about the

influence of sorting on

sandstone mechanical

compaction

Sample no. II III

Average particle size M, mm 0.262 0.293

Sorting coefficient So 1.575 1.86

Primary porosity U0, % 42.92 37.37

Porosity loss during rapid compaction stage, %/2.3 MPa 0.334 0.866

Porosity loss during slow compaction stage, %/2.3 MPa 0.156 0.127
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abnormally high pressure and that under normal com-

paction (Fig. 7).

The development of abnormally high pressure is in the

slow compaction stage. Experimental results show that

when the pressure coefficient is 1.4, the average porosity

loss of the normally compacted sample and the undercom-

pacted sample is 0.182 % and 0.0708 %, respectively, per

2.3 MPa increase of overburden pressure. The porosity loss

of the normally compacted sample is 2.571 times that of the

undercompacted sample. When the pressure coefficient is

1.2, the average porosity loss of the normally compacted

sample and the undercompacted sample is 0.124 % and

0.094 %, respectively, per 2.3 MPa increase of overburden

pressure. The porosity loss of the normal compacted sample

is 1.305 times that of the undercompacted sample (Table 9).

Therefore, abnormally high pressure inhibits sandstone

mechanical compaction. The higher the pressure coeffi-

cient, the slower the compaction rate. The compaction rate

increases twofold when the pressure coefficient decreases

by 0.2.

Further studies show that the compaction rate of sample

VII with finer particle size and poorer sorting is larger than

that of sample VI with coarser particle size and better

sorting under normal compaction condition, which accords

with particle size and sorting influencing sandstone

mechanical compaction. However, when abnormally high

pressure develops, the compaction rate of sample VII with

a pressure coefficient of 1.4 is smaller than that of sample

VI with a pressure coefficient of 1.2 in the undercom-

paction condition. Sandstone mechanical compaction is

Table 9 Data about the

influence of abnormally high

pressure on sandstone

mechanical compaction

Sample no. VII VI

Average particle size M, mm 0.079 0.221

Sorting coefficient So 1.622 1.5

Pressure coefficient 1.4 1.2

Average porosity reduction of normal compacted sample, %/2.3 MPa 0.182 0.124

Average porosity reduction of undercompacted sample, %/2.3 MPa 0.0708 0.094
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mainly controlled by abnormally high pressure, which does

not accord with particle size and sorting influencing

mechanical compaction. Therefore, the control of abnor-

mally high pressure on mechanical compaction is stronger

than that of particle size and sorting.

5.6 The influence of burial time on sandstone

mechanical compaction

Clastic sediments experiencing different burial time suffer

different compaction effects under the same overburden

pressure (Liu et al. 2007). By analyzing the experimental

data at the final pressure point of rapid compaction stage

and slow compaction stage during the simulation experi-

ment, it is concluded that there is no evident correlation

between porosity and compaction time during the rapid

compaction stage, while a good negative relation exists

between them during the slow compaction stage. More-

over, the longer the compaction time, the slower the rate of

porosity reduction under the constant overburden pressure

(Fig. 8). Quantitative calculations show that when the

overburden pressure of the final pressure point during the

slow compaction stage is constant, the porosity reduction

caused by compaction per hour can be as high as 0.119 %–

0.389 %, and porosity reduction caused by compaction is

mainly controlled by the average particle size (Table 10).

Therefore, during geological time, burial time and burial

depth are the two equivalently important factors influenc-

ing sandstone mechanical compaction, and the influence of

time is mainly reflected in the slow compaction stage. Only

after the particles are in close contact with each other, can

the creep characteristics of formation be shown with

increasing compaction time.

6 Conclusions

1. There is a logarithmic relationship between primary

porosity and particle size as well as sorting, and the

binary function relation between primary porosity and

the two factors is U0 = -3.0413So - 3.4907 M ?

47.828123, which can provide reference for the cal-

culation of primary porosity of sandstone reservoir.

2. During sandstone mechanical compaction, the evolu-

tion of porosity and permeability has a segmentation

characteristic with the increasing overburden pressure

and depth, and the evolution curves can be divided into

two sections, i.e., a rapid compaction stage with a steep

slope at the earlier stage and a slow compaction stage

at the later stage. The dividing pressure of two sections

is about 12 MPa. During the slow compaction stage,

there is an exponential relationship between porosity

and overburden pressure, while a power function

relationship exists between permeability and overbur-

den pressure. The relationship between porosity and

permeability is exponential.

3. The influence of particle size on mechanical com-

paction is mainly reflected in the slow compaction

stage. The coarser the particle size, the slower the

compaction rate and the larger the final porosity. The

influence of particle size is more pronounced with

increasing depth and overburden pressure.

Table 10 Data about the influence of burial time on sandstone

mechanical compaction

Sample no. II III IV V

Average particle size M, mm 0.262 0.293 0.079 1.28

Sorting coefficient So 1.575 1.86 1.618 3.571

Porosity loss, %/h 0.389 0.349 0.229 0.119
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4. The influence of sorting on sandstone mechanical

compaction is mainly in the rapid compaction stage.

The poorer the sorting, the higher the compaction rate

and the more distinct the difference between the rapid

compaction stage and the slow compaction stage. The

dividing overburden pressure value of the two stages

will be larger.

5. Abnormally high pressure inhibits sandstone mechan-

ical compaction. The higher the pressure coefficient,

the slower the compaction rate. The control of

abnormally high pressure on sandstone mechanical

compaction is stronger than that of particle size and

sorting.

6. During geological time, burial time and burial depth

are the two equivalently important factors influencing

sandstone mechanical compaction. The influence of

burial time is mainly reflected in the slow compaction

stage, and porosity reduction caused by compaction is

mainly controlled by the average particle size.

7. Although the experiments cannot be compared com-

pletely with real geological processes, they can provide

some useful guidance for understanding the real

geological processes. Further study should focus on

simulating longer geological time by changing the

pressure and temperature conditions.
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