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Abstract: Hydraulic fracturing real-time evaluation technology provides an effective way to understand formation and 

fracturing, assess the quality of fracturing construct, and ensure the safety of fracturing construction. In this paper, com-

bined with numerical simulation and data analysis, a new 3D model of real-time fracture extension is established on the 

basis of the theories of fluid dynamics, linear elastic fracture mechanics and computational mathematics. This model satis-

fies the requirement of hydraulic fracturing real-time with the advantage of simple in form, precise and fast in computa-

tion. Considering the influence of proppant on the friction calculation of sand mixed fluids, a wellbore flow model is de-

veloped, which is more widely used and makes it no need of down-hole data acquisition. The authors also study the relat-

ed data acquisition technology, and set three ways of acquiring data, which could realize the real-time acquisition of field 

data. In order to match the real wellhead pressure, an optimizing model and its automatic fitting methods for assessing 

formation and hydraulic fracturing parameters at real time is proposed. The parameters include fluid rheological proper-

ties, leakage levels with dynamic changes, fracture geometry and proppant distribution and migration. The application in 

Xinjiang oilfield in China showed that the presented technology can satisfy the requirements of fracturing, analyze and 

evaluate fracturing construction quality and guide fracturing design effectively. 

Keywords: 3D fracture model, automatic matching method, data acquisition, hydraulic fracturing, real-time evaluation. 

1. INTRODUCTION 

As the first choice of oilfields production increasing and 
exploration effect improving, hydraulic fracturing plays an 
increasingly important part in oil and gas field exploration 
and development. To a large extent, the effect of hydraulic 
fracturing depends on the understanding of formation and 
fracture. And hydraulic fracturing real-time evaluation tech-
nology is an important way to understand formation and 
fracture, adjust construction parameters timely, and then 
improve fracturing effect. 

Hydraulic fracture initiation and extension are pressure-
dependent issues. The changes of pressure during the fractur-
ing process are affected by fracture extension, formation 
characteristics, fluid properties and fracturing parameters. 
The hydraulic fracturing real-time evaluation technology can 
be established based on the relationship of these parameters. 
The fracture extension, formation characteristics and the 
fracturing fluids parameters can be determined according to 
the actual measured pressure information.  

Some models have been proposed to obtain the fracture 
information by analyzing pressure data. Nolte and Smith 
related trends on the log-log net pressure plot to the evolu-
tion of the fracture geometry [1]. The logarithmic curve of 
the net pressure versus time was introduced to determine the 
type of fracture induced. The method was developed and  
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improved by some researchers [2-4] and it had become a 
classic technique of analyzing fracturing process. However, 
the above method has some defects: The value of the fracture 
height should be a definite value; the fracture closure pres-
sure needs to be known in advance, and only a few parame-
ters can be obtained in the fracturing process. The pioneering 
study of 3D analysis technique was conducted by Crockett  
et al. [5, 6]. A lumped crack model was proposed, which 
simplified complex numerical analysis problems to certain 
functions and integration parameters in database by gamma 
coefficient and the integral parameters. However, the model 
is too complicated to be practically applied for real-time 
evaluation. Furthermore, the parameters change with the 
fracture location was ignored in the model. With the substan-
tial support provided by the U.S. Department of Energy, a 
number of relevant theoretical researches and field tests were 
conducted [7-10]. The most representative ones include the 
U.S. Gas Research Institute (GRI) field test [11], the model 
and algorithm put forward by Meyer et al. [12], the pressure 
historical inversion uniqueness research and the test applica-
tion in the field conducted by Gulrajani et al. [13, 14], the 
method of analyzing the pressure historical inversion to ob-
tain formation characteristics (the ground stress differences 
between the upper, lower layers and the fractured layers) 
proposed by Piggott et al. [15]. 

However, there are some common problems exist in the 
models and methods mentioned above: (1) The fracture clo-
sure pressure needs to be given, but to obtain the value is 
difficult because it changes with the fracture propagation; (2) 
Very few parameters can be interpreted, and the pressure 
history inversion methods have significant shortcomings; (3) 
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The low-quality of the data collection and slow acquisition 
speed reduce the construction security.  

Based on this, the authors proposed new real-time 3D 
fracture extension model and the numerical solution proce-
dure, and studied the supporting wellbore flow model and 
data acquisition technology. The applications in Xinjiang 
oilfield in China showed that the presented technology can 
meet the needs of fracturing in time. It helps engineers to 
analyze and evaluate the quality and safety of treatment, and 
improve fracturing design level and treatment effects. 

2. REAL-TIME 3-D FRACTURE EXTENSION MODEL 

2.1. Equation of Volumetric Balance 

During the process of injection work, the flowing fluid in 
fracture should meet the principle of fluid volumetric bal-
ance: the volume of injected fluid Vinj should equal to the 
summation of fluid loss volume Vls and the fracture volume 
Vfrac. That is 

Vinj =Vls +Vfrac               (1) 

Adopting the volumetric balance equation to an arbitrary 
time interval, namely tn and tn+1, the discrete form based on 
fluid volume balance principal is as follows: 

Vinj (tn ,tn+1) =Vls(tn ,tn+1)+Vfrac(tn+1) Vfrac(tn )   (2) 

Where, the fluid loss volume [16] in time interval of tn 
and tn+1 can be given by: 

V
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n
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n+1
t
n( )               (3) 

Volume of the fracture at tn can be given by: 
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2.2. Equation of Fracture Length 

Assume the fracture cross-section is elliptical with the 
maximum width at a cross section proportional to the net 
pressure at that point and independent of the width at any 
other point. The pressure drop equation about power-law 
fracturing fluid in three-dimensional fracture can be given 
as: 
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For Newtonian fracturing fluids, the equation can be 
simplified as: 

  

p
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In order to facilitate the data processing and fitting, the 
dimensionless pressure pD and dimensionless position xD in 
the fracture are introduced: 

pD =
p
f
S
1

pw S
1

              (8) 

xD = x / L
f

              (9) 

The pressure distribution in the fracture in propagation 
process is as follows: 

  
pD = (1 xD ) p             (10) 

That is 

p
f
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Nolte also introduced parameter  as the ratio of aver-
age pressure in the fracture and bottom-hole pressure [2]. 
The following equation can be derived from definition: 
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According to the above pressure distribution, pressure 
drop equation starts at the bottom 0x =  firstly, and then the 
derivation of pressure distribution in the fracture can be ob-
tained, finally the pressure drop equation can be converted to 
fracture length equation. For power-law fracturing fluids, the 
equation of fracture length can be given by: 
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For Newtonian fracturing fluids, the equation of fracture 
length can be given by: 
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2.3. Equation of Fracture Width 

Fracture width equation can be solved through England 
and Green formulas [17]. If the hydraulic fracture is limited 
in the fractured interval, the maximum width can be given 
by: 
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If the hydraulic fracture breaks through to the cover layer 
or bottom layer, the maximum width can be given by: 
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Where, 
  
l = H

w
/ 2 , 
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l
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2.4. Equation of Fracture Height 

Equation of fracture height can be derived from the theo-
ry of liner elastic fracturing mechanics [17]. If the hydraulic 
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fracture breaks through to the cover layer or bottom layer, 
the stress intensity factors in the cross-section of upper and 
lower ends of the fracture can be calculated by: 
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Make KI2= KIC2, KI3= KIC3, equation (17) and (18) can be 
arranged as: 
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Ignoring the changes of rock fracture toughness in frac-
turing layer, cover layer and bottom layer, fracture height 
equation can be given by: 

  
(S2 S1) l

2
z

a

2 (S3 S1) l
2

z
b

2
= 0    (21) 

pw S
1
=
KIC

l
+
S
2
S
1 cos

1
za
l
+
S
3
S
1 cos

1
z
b

l
  (22) 

If the hydraulic fracture is limited in the fractured inter-
val, the equation of fracture height can be given by: 

pw S
1
=
KIC

l
   (23) 

2.5. Numerical Method 

The dynamical 3-D fracture extension during fracturing 
operation is governed by volume balance equation, equation 
of fracture length, equation of fracture width, and equation 
of fracture height. The unknown parameters include bottom-
hole pressure, fracture length, fracture width, and fracture 
height. In this paper, we introduced the time stepped numeri-
cal method for solving these equations. Substituting equation 
of fracture length, equation of fracture width and fracture 
height equation into volume balance equation, the problem 
can be solved by using the method of root extracting ap-
proach. The Numerical solution flow chart is as shown in 
Fig. (1). 

2.6. Wellbore Flow Model 

In the fracture extension model, the bottom-hole pressure 
is required. However, in many hydraulic fracturing opera-
tions, the down-hole sensor may not be installed. In order to 
apply the real-time evaluation technique in a much broader 
scope, the model for fluid flow in wellbore is presented in 
this section. Based on the model, the bottom-hole pressure 
can be calculated through the measured well-head pressure.  

 

Fig. (1). Numerical solution flow chart. 

 
Integrating the continuity equation, fluid pressure draw-

down equation and state equation, wellbore flow equation 
can be given by: 
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In order to calculate the friction coefficient f , the Reyn-
olds number can be defined as follows: 
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It must be noted that the friction coefficient equation 
mentioned above is applicable only for the pure fracturing 
fluid, in which proppant is not existed. For the fracturing 
fluid mixed with proppant, dimensionless modifying friction 
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coefficient f (the coefficient ratio of proppant mixed frac-
turing fluid friction to pure fracturing fluid friction) and di-
mensionless density 

D
(the density ratio of proppant mixed 

fracturing fluid to pure fracturing fluid) are introduced. In 
order to calculate the proppant mixed fluid friction in differ-
ent density, we have collected a total of 1023 layers data 
from oil field. These date including wellhead monitoring 
pressure, proppant mixed fluid density and bottom hole mon-
itoring pressure. Using the method of polynomial fitting, the 
formula about the two coefficients can be given by: 

f = 0.1448
D

2
+ 0.1094

D
+1.0354   (27) 

According to field data tests, this formula has been prov-
en to be economical, practical, accurate and reliable. 

2.7. Model Validation 

Microseismic monitoring is an indispensable technology 
for reservoir fracturing. It can not only indicate the direction 
and the distribution of fracture, but also provide the fracture 
Azimuth angle, height, length, asymmetry and extended 
range etc. In this paper, we used three wells monitoring re-

sults form Hancheng Demonstration Zone to verify the accu-
racy of the model proposed. Fig. (2) shows the 2-D micro-
seismic monitoring scan of well H-8-6. A summary of mi-
croseismic monitoring and the real-time evaluation results is 
listed in Table 1. Table 1 illustrates that the real-time evalua-
tion results are close to that of microseismic results. 

3. REAL-TIME DATA ACQUISITION MODES AND 
ANALYSIS METHODS 

3.1 Real-time Data Acquisition Modes 

To meet the requirements of real-time monitoring and 
analysis, this paper has studied the supporting data acquisi-
tion technology. The three data acquisition modes are as fol-
lows: 

(1)  Portable fracture monitor data acquisition mode. The 
portable fracture monitor can simultaneously monitor 
two pressure signals, two delivery rate (the main delivery 
rate and cross-linking delivery rate) signals and two sand 
signals. Fracturing treatment data acquisition, communi-
cation, and data monitoring, recording, playing back can 

 

Fig. (2). 2-D Microseismic Monitoring Scan of Well H-8-6. 

 
Table 1.  Comparation between analysis results and microseismic results. 

Applied technology Well No Zone code Fracture length (m) Average fracture width (m) Fracture height (m) 

The real-time evaluation H-8-6 A 224.76 0.0046 23.34 

Microseismic monitoring H-8-6 A 211.2 0.0038 22.5 

The real-time evaluation H-15-7 B 162.14 0.0027 19.32 

Microseismic monitoring H-15-7 B 180 0.0024 20.6 

The real-time evaluation H-10-4 C 155.74 0.0018 16.38 

Microseismic monitoring H-10-4 C 160 0.0015 15.8 
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Table 2.  Analysis results comparison of several interpretation methods. 

Parameter 
The real-time  

evaluation 

Pressure draw  

down analysis 

Well temperature  

test 

Fracturing  

simulation 

Minimum horizontal principal stress of fractured layer, MPa 24.50    

Minimum horizontal principal stress of cover layer, MPa 28.39    

Minimum horizontal principal stress of bottom layer, MPa 31.04    

Fracture closure pressure, MPa  25.15   

Fracture toughness of the rock, MPa m0.5 34.12    

Bottom hole fracturing pressure, MPa 51.10    

Fracture length, m 106.82 118.7  127.3 

Supported fracture length, m 63.0   92.8 

The average width of fracture, m 0.0052 0.0028  0.0069 

Fracture upper height at bottom hole, m 18.36  17.4 21.52 

Fracture lower height at bottom hole , m 7.65  7.2 9.34 

The average of total fracturing fluid leak-off coefficient, m/min0.5 0.00136 0.00094  0.00087 

The average of apparent viscosity, MPa.s 226.45    

Fluid efficiency, % 22.1 13.2  24.6 

Closure time, min  5.1   

 
 be conducted by this device. It contains a filter for data 

preprocessing, which provides high data acquisition ac-
curacy to effectively rule out a variety of random factors, 
and provides a fast data acquisition speed to meet the re-
quirements of real-time monitoring and analysis. 

(2)  Serial line data acquisition mode. The 9-pin serial data 
line and corresponding data acquisition software was de-
veloped for fracturing data automatic acquisition in the 
field. This mode is compatible with a variety of fractur-
ing monitor real-time data transfer in the field and data 
storage format after the treatment. 

(3)  Artificial fast input mode. Artificial fast input and data 
acquisition software has been developed. Special mem-
bers are arranged to do data input work in the field. This 
mode is applicable to many types of fracturing monitor. 

3.2. Optimization Model and Data Analysis Methods 

In this paper, the unknown parameters could be obtained 
based on a hierarchical approach strategy. The whole fractur-
ing process is discrete into time sections and the fracturing 
fluid rheological parameters and total leak-off coefficient can 
be obtained dynamically. 

In this optimization model, time domain is discrete into 
time sections. For a time interval from tn to tn+1, the inde-
pendent parameters can be expressed in form of vector: 

= K
IC
,S
1
,S
2
,S
3
,μ(t

n
),C(t

n
)( )
T

            (28) 

Take real measured wellhead pressure during the period 
of tn to tn+1 as the fitting target. The least square form of ob-
jective function can be given as: 

J ( ) = p
w

cal (t
i
, ) p

w

obs(t
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t
n
t
i
t
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            (29) 

Because the optimizing process and interpreted results 
must match the actual situation, the independent parameters 
must be constrained to surmount the multi-solution charac-
teristic. That is, pre-given two values of upper and lower 
bound min and max, these parameters should meet that: 

min max
            (30) 

Through study and practice, stepwise linear square meth-
od and constrained variable metric method [18, 19] were 
used to solve the above optimal method. Since common op-
timization method is apt to mistake local optimum as global 
optimum, two independent searches are introduced. Only if 
both of them converge into the same results, it can be con-
sidered as the final outcome. 

4. APPLICATION 

An actual field case was used to test the performance of 
proposed method in Xinjiang oil field. It used on about 60 
wells and the error is less than 10% that compared with other 
interpretation methods.  

Take the well CAI-003 in Xinjiang oil field as an exam-
ple, the automatic matching results are reasonable, compared 
the real-time data with fitted data (Fig. (3)). Fig. (4) shows 
the real-time 3-D fracture extension results, including the 
length of fracture, length of supported fracture, upper and 
lower height of fracture and width of fracture. The dynamic 
performance of fracturing fluid capability is shown in  
Fig. (5). Compared with the technique proposed by Crockett 
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Fig. (3). Situation of real-time data and fitting data.  

 

Fig. (4). Situation of 3-D fracture extension.  

 

Fig. (5). Dynamic changes of fracture fluid characteristics. 

 

Fig. (6). Supplementary pressure changes at immediate vicinity of 

well-bore.  

 

Fig. (7). Section of sand bank at the end of treatment.  

 

Fig. (8). Sand concentration in fracture at the end of treatment.  

 
[6], an automatic matching method has been used to interpret 
the performance of fracturing fluid in time. According to 
Fig. (6) and Fig. (8), the possibility of sand plugging can be 
estimated in real-time. It can help engineers to take neces-
sary measures before sand plugging and reduce fracturing 
risk. 

In this paper, we compared the real-time evaluation re-
sults with pressure draw down analysis results [16], fractur-
ing simulation results [17], and temperature testing results 
(Table 2). It can be seen that the real-time evaluation results 
are close to that of other method. Fracture height, for exam-
ple, the average relative error between the real-time evalua-
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tion values and temperature testing values is 5.87%. For 
fracture length, the average relative error is 13%. For Fluid 
efficiency, the average relative error is greater than 30%. The 
main reason is that pressure draw down analysis method 
assumes that the fracture height is fixed; ignore the spurt loss 
and the extension of fracture after pump off. Compared with 
other methods the new method can interpret more parameters 
and have advantage in early warning. It can assist engineers 
to analyze and evaluate the quality and safe of treatment, and 
improve fracturing design level and treatment effects. 

CONCLUSION 

A new real-time 3D hydraulic fracture extension model 
has been proposed, mainly including the volume equilibrium 
equation, fracture length equation, fracture width equation, 
and fracture height equation. Simple and practical numerical 
methods for these equations are proposed in this paper. 

Considering the influence of proppant on the calculation 
of sand mixing fluid friction, a new wellbore flow model is 
established. Bottom hole data collecting is dispensed with in 
this new method which has a wider range of application. 

This paper has studied the supporting data acquisition 
technology. Three data acquisition modes are established: 
portable fracture monitor data acquisition mode, serial line 
data acquisition mode and artificial fast input mode. 

In order to match the real wellhead pressure, the automat-
ic fitting methods for real-time evaluation of formation and 
fracture parameters have been proposed. It can explain some 
critical formation characteristics parameters, such as fracture 
toughness of rock, ground stress, fracturing pressure, etc. It 
can also explain fluid rheological properties, leakage levels 
and its dynamic changes. Meanwhile, 3D hydraulic fracture 
extension, proppant distribution and migration can also be 
explained in real time. 
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NOMENCLATURE 

C  = Total fracturing fluid leak-off coefficient, m/s0.5 

t
C  = Fluid compressibility, 1/MPa 

D  = Well-bore diameter, m 

E  = Elastic modulus of the rock, MPa 

f  = Well-bore friction coefficient, dimensionless 

g  = Gravity acceleration, 9.81m/s2 

l
H  = Lower height of the fracture at bottom hole, m 

pH  = Height of the fracturing layer, m 

u
H  = Height of the fracture upper at bottom hole, m 

w
H  = Height of the fracture at bottom hole, m 

K  = Fracturing fluid consistency coefficient, MPa sn  

IC
K  = Fracture toughness of fractured layer rock, MPa

m0.5 

2IC
K  = Fracture toughness of cap layer rock, MPa m0.5 

3IC
K  = Fracture toughness of bottom layer rock, MPa

m0.5 

fL  = Length of single wing fracture, m 

n  = Fluid flow pattern index, dimensionless 

p  = Well-bore pressure, MPa 

fp  = Pressure of arbitrary point in fracture, MPa 

cal

up  = Computed wellhead pressure, MPa 

obs

up  = Measured wellhead pressure, MPa 

w
p  = Bottom hole pressure, MPa 

Q  = Wellhead injection rate during fracture treatment, 
m3/s 

1
S  = Horizontal minimum principal stress of the frac-

tured layer, MPa 

2
S  = Horizontal minimum principal stress of the cover 

layer, MPa 

3
S  = Horizontal minimum principal stress of the bot-

tom layer, MPa 

v  = Flow rate of the fluid in well-bore, m/s 

fW  = Width of the fracture at bottom hole, m 

 = Poisson ratio of the rock, dimensionless 

e
 = Fracture extension index, dimensionless 

f
 = Fracture geometry factor, dimensionless 

p
 = Pressure distribution index in the fracture, dimen-

sionless 

μ  = Viscosity of fracturing liquid, MPa s 

 = Density of sand mixing fracturing fluid, kg/m3 

q  = Fluid flow in the fracture, m3/s 

h  = The height in any position in the fracture, m 

w  = The width in any position in the fracture, m 
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