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Abstract

Existing techniques for the interpretation of real-time fracturing data assumes that fracture propagation is a continuous power function of time, and 
that fractures propagate smoothly over time. This assumption implies that the formation is homogeneous. However, this assumption is not always 
accurate, as heterogeneities such as natural fractures exist, especially in shale. The presence of natural fractures is a vital factor in the productivity of 
shale oil and gas formations. When a hydraulic fracture intercepts a natural fracture, we believe one of two situations may take place depending on 
stress field, net pressure, orientation and the type of natural fracture: 
•	  The hydraulic fracture may cross the natural fracture and essentially continue to propagate, thus a smooth fracture propagation would be reflected 

in the real-time pressure data.
•	  The natural fracture may dilate, allowing the fracturing fluid to enter the natural fracture. In this case, the propagation of the hydraulic fracture 

will cease in favor of the dilation of the natural fracture. Once the natural fracture is sufficiently dilated, the hydraulic fracture will resume 
propagation from the tip of the natural fracture(s).

This paper presents a new real-time analysis technique of fracture propagation data that accounts for this intermittent hydraulic propagation in shale 
formations. This technique is an expansion of the existing technique originally developed by Nolte and Smith (1981).

A few examples from shale formations are also presented, in which a horizontal well was fractured using a multi-stage fracturing technique. The 
analyzed data clearly shows the opening and dilation of the natural fractures.

The ability to interpret fracturing pressure data as the treatment is 
progressing enhances the operator’s ability to modify the fracture 
design in response to real-time events to help avoid problems or 
to enhance success. When fracturing shale formations, it would be 
advantageous to be able to enhance far-field complexity by modifying 
the proppant schedule or injection rate at the right moment. The 
developed fracturing pressure data interpretation may also be linked 
to fracture design modeling and/or microseismic interpretation during 
the fracturing treatment or in a post-treatment evaluation process. This 
connection would yield interpretation advantages over the current 
practice.

The Nolte-Smith technique for analyzing fracturing pressure data 
depends on the coupling of the power law for fracture propagation 
and fluid pressure and, through dimensional analysis, develops four 
possible scenarios describing the various modes of fracture behavior. 
Although this technique is very valuable and has a quantitative element 
to it, it still has a strong dependence on the judgment of the operator. 
A problem is often caught too late in time to take corrective measures 
except to terminate the treatment. Additionally, the response time is 
further delayed due to the logarithmic nature of the plotting technique.

Two main fracturing models have been developed in the industry—one 
by Perkins and Kern (1961) and another by Kristianovich and Zheltov 
(1955). The two models have been modified by several authors such 
as Nordgen (1972), Daneshy (1978), Geertsma and De Klerk (1969), 
Haimson and Fairhurst (1967), and others. Both the real-time analysis 
technique by Nolte-Smith (1981) and the new technique rely on the 
model developed by Perkins and Kern (1961), as modified by Nordgen. 

According to the Perkins-Kern model, the fracturing pressure at the 
wellbore is a power function of time as shown in equation 1.

    
 1 

A large exponent is usually an indication of high fracture efficiency; in 
other words, low leak-off rate. In this case, a large exponent indicates 
that more fluid is maintained inside the fracture and contributes to 
fracture propagation. 

The bounds given in equation 1 are based on a Newtonian fluid, which 
was generalized by Nolte (1979) to the following form for a power law 
non-Newtonian fluid:
    
   
 2

Using dimensional analysis, Nolte and Smith (1981) concluded that 
fracture propagation may follow one of four modes, each characterized 
by a specific slope. To perform the proposed real-time analysis, equation 
1 had to be linearized by plotting the net pressure versus time on a log-
log graph. A mode in which a small positive slope on the log-log plot is 
observed indicates that the fracture is propagating as expected. A mode 
in which a unit slope on the log-log plot suggests a screenout mode, 
meaning the fracture is dilating with no fracture extension.

In addition to the basic assumptions noted by Nolte and Smith (1981), 
the analysis has two additional implied assumptions. The model 
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implicitly assumes that the injection rate is constant and the fracture 
propagation is continuous, meaning that fracture growth is a relatively 
smooth function of time until another event, such as screenout, occurs.

It may be noted here that Conway, et al (1985) recognized that pressure 
behavior sometimes deviates from the ideal modes described by 
Nolte and Smith (1981). However, no rigorous explanation or analysis 
techniques were offered.

Background for proposed methodology

Some laboratory and field observations especially in fractured shale 
formations may imply that a fracture may grow in an intermittent 
fashion. This means that even during fracture propagation mode, the 
fracture alternates between propagating in length and dilating in width. 
It is hypothesized that during a fracture propagation period, the fracture 
is most likely going through mini-periods of propagation intermingled 
with periods of dilation. Identifying these periods of dilation and 
growth in length would help to diagnose problems and identify 
potential sand-out very early in the treatment. For shale formations, 
where a hydraulic fracture may intersect a natural fracture, the ability to 
identify these periods may be used to modify the fracturing treatment 
being injected. Following the logic developed by Nolte-Smith (1981) 
the intersection of natural fractures would manifest itself as a high leak-
off period caused by a natural fracture being opened and filled with 
fracturing fluid. Once a natural fracture is fully dilated, the hydraulic 
fracture may continue to propagate. The propagation may occur either 
from the tip of the natural fracture or from its original path, depending 
on the magnitude and orientation of the stress field and the nature of 
the natural fracture (open or bonded together). 

When a fracture intersects a natural fracture and begins dilation, it may 
be considered an end to the original fracturing treatment period and 
the start of a new one. In other words, the reference point for starting 
the power law model of fracture propagation moves to the beginning 
of each event. This new understanding is achieved by combining the 
concept of intermittent growth with fracturing propagation equations.

New Technique Development

As mentioned earlier, the new technique depends on the idea that 
a fracture does not propagate smoothly throughout the fracturing 
treatment, but rather in an intermittent fashion. Therefore, the reference 
point for the start of the analysis moves to a new time location each 
time the fracture restarts propagation. Consequently, the treatment 
must be monitored very carefully to determine the periods of dilation 
and propagation. To achieve this goal, the equations describing fracture 
propagation, as originally developed by Nolte and Smith (1981), were 
modified. The development for the new technique is summarized 
below.

Equation 1 may be re-written as illustrated in equation 3. By 
manipulating equation 3, equation 5 may be derived.

    
 3  
 
    
 4  
 

  

  
 5  
 

 6

In the conventional Nolte-Smith Analysis ti is the reference point and 
is the time fracture initiation begins, and t is the treatment time. If 
Perkins and Kern equation is strictly followed, ti should be always the 
start of the fracture growth period. Thus, if multiple growth periods 
are intercepted by dilation periods, ti should be reset for each growth 
period. The exponent during the growth or dilation periods will follow 
the basic guidelines established by Nolte and Smith (1981). By using 
the derivative approach, as provided in equation 6, the dependency 
on closure pressure disappears and, consequently, the analysis solely 
depends on measured pressure and time. However, the analysis would 
then require rigorous tracking of growth and dilation periods.

In general, if the fracture is propagating, the exponent e will generally 
have a value determined using equation 1, and will usually be 
approximately 0.25. If the fracture is dilating, the exponent will be 1, 
which is similar to what would be observed in any storage situation 
(equations 7 through 9). 
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In the case of intersecting natural fractures where dilation occurs, a 
mode similar to the fast leak-off, which was denoted mode II by Nolte-
Smith (1981), is expected.

The new technique may be difficult to implement manually and would 
require the development and use of specialized software to quickly 
track the various modes of propagation. Pirayesh, et al (2013) presented 
a flow chart describing how to implement this technique. Pirayesh, et 
al demonstrated the application of this new technique to FracPack 
examples of treatments performed at Gulf of Mexico.

Measuring Downhole Pressure 
 
It is strongly recommended that a downhole gauge with surface read-
out be used to monitor pressure changes during the analysis and this 
may give more accurate representation of the growth and dilation 
periods. Surface pressure gauges may be used in the analysis; however, 
it would be preferable to use downhole pressure measurement. In the 
first group of cases that were analyzed in this study surface pressure was 
used, which may have been acceptable since the proppant concentration 
was fairly low. Downhole pressure was available for use in the second 
group of cases.

The combined use of real-time interpretation using this new technique 
in conjunction with other monitoring techniques such as microseismic 
may improve the efficiency of the fracturing process. This combined 
use of various technologies leads to better decision making during the 
treatment or in the post-mortem analysis and evaluation.
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