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Abstract
Accurate estimation of fracture half-lengths in shale gas and oil reservoirs is critical for optimizing stimulation design, 
evaluating production potential, monitoring reservoir performance, and making informed economic decisions. Assessing 
the dimensions of hydraulic fractures and the quality of well completions in shale gas and oil reservoirs typically involves 
techniques such as chemical tracers, microseismic fiber optics, and production logs, which can be time-consuming and costly. 
This study demonstrates an alternative approach to estimate fracture half-lengths using the Gaussian pressure transient 
(GPT) Method, which has recently emerged as a novel technique for quantifying pressure depletion around single wells, 
multiple wells, and hydraulic fractures. The GPT method is compared to the well-established rate transient analysis (RTA) 
method to evaluate its effectiveness in estimating fracture parameters. The study used production data from 11 wells at the 
hydraulic fracture test site 1 in the Midland Basin of West Texas from Upper and Middle Wolfcamp (WC) formations. The 
data included flow rates and pressure readings, and the fracture half-lengths of the 11 wells were individually estimated by 
matching the production data to historical records. The GPT method can calculate the fracture half-length from daily pro-
duction data, given a certain formation permeability. Independently, the traditional RTA method was applied to separately 
estimate the fracture half-length. The results of the two methods (GPT and RTA) are within an acceptable, small error margin 
for all 5 of the Middle WC wells studied, and for 5 of the 6 Upper WC wells. The slight deviation in the case of the Upper 
WC well is due to the different production control and a longer time for the well to reach constant bottomhole pressure. The 
estimated stimulated surface area for the Middle and Upper WC wells was correlated to the injected proppant volume and 
the total fluid production. Applying RTA and GPT methods to the historic production data improves the fracture diagnostics 
accuracy by reducing the uncertainty in the estimation of fracture dimensions, for given formation permeability values of 
the stimulated rock volume.
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Abbreviations
EUR  Estimated ultimate recovery
GOR  Gas oil ratio
GPT   Gaussian pressure transient
HFTS-1   Hydraulic fracture test site 1
MWC  Middle Wolfcamp

RTA   Rate transient analysis
UWC   Upper Wolfcamp
WC  Wolfcamp

Physical parameters
Ac   Total fracture surface area,  ft2

Bo   Formation volume factor, bbl/stb
ct   Total compressibility,  psi−1

Dh   Hydraulic diffusivity
h   Pay-zone height, ft
hf   Fracture height, ft
k  Formation permeability, nD
nf   Total number of fractures
P0   Initial reservoir pressure
PBH   Bottomhole pressure, psi
P(r, t)   Radial pressure transient, psi
qW(t)   Observed well rate,
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rw   Well radius, ft
Rsob  Solution gas oil ratio, scf/stb
T   Temperature, R
xf    Fracture half length, ft
�   Formation porosity
�   Fluid viscosity

Introduction

Hydraulic fracturing is used to enhance the production of 
hydrocarbons from tight and unconventional oil and gas res-
ervoirs by creating highly conductive fractures that connect 
the wellbore to the formation (Holditch 2010; Peebles et al. 
2018; Al-Fatlawi et al. 2019a, b; Fujian et al. 2019; King 
2012; Smith and Montgomery 2015; Ibrahim et al. 2018). 
Geomechanical characterization of shale can be used to esti-
mate the mechanical properties and behavior of shale forma-
tions at a small scale. This characterization is important for 
understanding the response of shales to mechanical loading, 
such as stress–strain behavior, elastic and plastic deforma-
tion, fracture propagation, and rock strength (Li and Sakhaee-
Pour 2016; Sakhaee-Pour and Li 2019; Esatyana et al. 2020). 
Although hydraulic fracturing appears to be a straightforward 
process, it poses numerous challenges and complications due 
to uncertainties surrounding reservoir characteristics, fracture 
growth patterns, and fluid and proppant placement, which 
could jeopardize the effectiveness of each fracture treatment 
(Cipolla et al. 2010). In addition, a better understanding of the 
fluid transport properties of the shale matrix plays a vital role 
in improving hydrocarbon recovery by optimizing hydraulic 
fracturing, identifying sweet spots, predicting fluid behav-
ior, enhancing stimulation design, and improving wellbore 
management (Alipour et al. 2021, 2022, ; Sakhaee-Pour and 
Bryant 2012; Tran and Sakhaee-Pour 2017, 2018a, b, 2019).

Following treatment, a variety of techniques can be used 
to constrain the fracture dimensions, growth behavior, and 
fracture interactions with the surrounding reservoir (Barree 
et al. 2002). Based on the information obtained from diag-
nostic tests, iterative economic assessments are performed 
to establish the optimal treatment plan (Warpinski, 2009). 
Enhancing fracture diagnostic techniques is crucial for frac-
ture stimulation treatment design, execution, and monitoring 
(Maxwell et al. 2010). Among the techniques used to evalu-
ate the fracture operations are chemical tracers, which may 
identify the individual production contribution of specific 
fracture stages, as well as reveal the existence of any com-
munication with adjacent fractured wells (Tian et al. 2016a, 
b). However, these techniques are inaccurate, and tracer tests 
remain expensive, which precludes their routine use.

Real-time microseismic monitoring (Murillo et al. 2014) 
and fiber optics (Pakhotina et al. 2020; Sakaida et al. 2022) 
also are increasingly used to constrain the fracture geometry, 

but cost control lead companies to reserve microseismic, 
fiber, and tiltmeter studies typically for a limited number of 
wells. Most diagnostic methods are syn-fracture and post-
fracture, requiring the insertion of additional tools or injec-
tion of chemicals into the wells.

There is growing interest in the oil industry to use produc-
tion data to better understand the hydraulic fracture systems 
of wells after they have been stimulated. Two widely used 
methods for diagnosing fractures and estimating forma-
tion and fracture parameters without incurring additional 
costs are rate transient analysis (RTA) and pressure tran-
sient analysis (PTA). RTA is a well-established technique 
in petroleum engineering and is commonly used to predict 
future production behavior by characterizing fracture and 
reservoir parameters (El-Banbi and Wattenbarger 1998; Ibra-
him et al. 2020; Ibrahim and Wattenbarger 2006; Clarkson 
2013; Nguyen et al. 2020; Shabaniet al. 2022).

Various RTA methods can be used, such as straight-line 
analysis, history-matching, and type-curve analysis, in addi-
tion to hybrid methods. Straight-line analysis determines the 
reservoir and fracture parameters by analyzing production 
data using specialized plots. These plots linearize the pro-
duction data with respect to specific flow regimes that are 
similar to PTA (Lee et al. 2003; Shabaniet al. 2022). Vari-
ous diagnostic plots can be analyzed to identify the differ-
ent flow regimes caused by the hydraulic fracture geometry 
and reservoir properties. In the linear flow regime, pressure 
decline over time is proportional to the square root of time, 
which is mainly influenced by the stimulated area and forma-
tion permeability. The RTA technique was first introduced 
by Wattenbarger et al. (1998) to examine production data 
from vertically fractured wells. They assumed a rectan-
gular homogeneous reservoir and an infinitely conductive 
hydraulic fracture. From the square root of time plots, they 
determined the values of the drainage area and permeabil-
ity. Researchers have since advanced this work by account-
ing for the nonlinear behavior of gas properties (Ibrahim 
and Wattenbarger, 2006), gas slippage, and adsorption 
effects (Nobakht et al. 2012). The traditional RTA straight 
line approache will be discussed in Sect. "Rate transient 
analysis".

The main limitations of RTA methods are related to the 
assumption of RTA that the flow behavior remains constant 
over time for a certain flow regime. In addition, RTA is typi-
cally based on simple flow mechanisms such as linear flow, 
radial flow, bilinear flow, spherical flow, and pseudo-steady 
state flow. Complex flow mechanisms such as fracture-
matrix interaction, and multi-phase flow can be difficult to 
model and may limit the accuracy of the analysis.

Recently, a new solution was obtained for the pres-
sure transient related to well interventions by assuming a 
constant bottom hole pressure (Weijermars 2021, 2022a, 
b). The solution involves a Gaussian probability density 
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function and has therefore been coined as the Gaussian 
pressure-transient (GPT) solution (Weijermars 2021). 
Based on the new solution of the pressure diffusion equa-
tion, a Gaussian PTA method (see Sect. "Gaussian pres-
sure transient analysis") can be formulated to estimate 
fracture half-lengths, after first having obtained a suitable 
value for the hydraulic diffusivity based on history match-
ing production data with a Gaussian decline curve analysis 
method (Weijermars and Afagwu 2022).

The Wolfcamp Shale Formation is a prominent geologi-
cal formation known for its vast reserves of oil and gas. 
Located primarily in the Permian Basin in Texas, it has 
gained significant attention as a major target for energy 
exploration and production. The hydraulic fracturing 
process in the Wolfcamp Shale involves multiple stages, 
where each stage is typically associated with a specific 
zone along the wellbore. Horizontal drilling techniques 
are employed to access a larger surface area of the shale 
formation, maximizing the potential for hydrocarbon 
recovery.

The HFTS-1 (hydraulic fracturing test site 1) is a field-
based research program focused on hydraulic fractur-
ing. It is situated in the eastern region of the Midland 
Basin, between the Central Basin Platform and the Eastern 
Shelf. The program aims to address fundamental ques-
tions regarding hydraulic fracture behavior in uncon-
ventional resource development. Collaboration among 
industry experts, academia, and government is fostered 
to acquire valuable datasets. The test wells are located in 
Reagan County, Texas, which is covered by a high-quality 
3-D seismic survey, and surrounded by both horizontal 
and vertical producing wells. As part of study, a total of 
11 horizontal wells were drilled in the Upper and Mid-
dle Wolfcamp formations, with five wells in the Middle 
Wolfcamp and six in the Upper Wolfcamp (Ciezobka et al. 
2018).

The present study estimates the fracture half-length of 
Wolfcamp (WC) study wells using the Gaussian pressure 
transient (GPT) method and the traditional rate transient 
analysis (RTA) method and compares the results, in order 
to establish the practical value of the GPT method.

Methodology

This section briefly explains the traditional RTA (Sect. "Rate 
transient analysis") and GPT method (Sect. "Gaussian pres-
sure transient analysis") methodologies to determine the 
fracture-half-lengths of the selected study wells from each 
method independently and the results were compared in 
Sect. "Discussion".

Rate transient analysis

RTA relies on the pressure diffusivity equation in a rectangu-
lar reservoir with a closed outer boundary (reflecting no-flow 
boundary conditions), while the inner boundary at the well-
bore the well was assumed to be producing at constant flowrate 
as shown in Fig. 1a, b. The change of the dimensionless pres-
sure over dimensionless time is given by:

where dimensionless variables are defined by:

where q is the observed well rate during flow tests. Ambient 
parameters are the formation volume factor, B , fluid vis-
cosity, � , permeability, k , initial reservoir pressure, P0 , bot-
tom hole pressure, PBH , the pay-zone height, h , the fracture 
height hf is assumed to be equal to h, the number of layers in 
a linear layered reservoir, n, and the well radius, r.

When applying RTA to hydraulically fractured wells, the 
E1-Banbi and Wattenbarger (1998) solution, which assumes 
linear flow and infinite fracture conductivity can be used, and 
the short-term approximation for Eq. (1) simplifies to:

By substituting Eqs. (2) and (3) into Eq. (4), the dimen-
sional form of Eq. (4) becomes:

To determine Xf, the straight-line technique can be applied, 
where diagnostic plots are used to define the flow regimes, and 
then the linear flow regime is further investigated through the 
specialized plot to estimate the completion and the formation 
properties. Figure 2a depicts a diagnostic plot identifying the 
linear flow regime from its slope of 1/2. Figure 2b is a more 
specialized and definitive plot for identifying the linear flow 
behavior (Ibrahim and Wattenbarger 2005; Dheyauldeen et al. 
2022). In the Cartesian plot, a straight line with a slope m is 
identified, from which 

√

kAc can be calculated (E1-Banbi and 
Wattenbarger 1998):
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Ac is the total fracture surface area which account for 
the the fractures area that effectively participate in the fluid 
production and it can be calculated as follows;

(6)
√

kAc =
79.65B�
√

(��ct)i

�

1

m

�

(7)Ac = 4xf hf for nf = 1

(8)Ac = 4x�
f
hffor nf > 1, and

�,�, c
t
 are the formation porosity, fluid viscosity, and 

total formation compressibility, respectively, and k is the 
formation permeability.

When applying RTA, the pressure drop (P0 − PBH) 
imposed via the well system to the reservoir is normal-
ized using the production rate. The normalized pressure 
difference and material balance time (tmb) are then used 
in an RTA plot for Ac characterization (Nashawi and 

(9)x�
f
= xf ∗ nf

Fig. 1  a Coordinate system and 
fracture orientation, in map 
views, assumed in the tradi-
tional RTA approach of Eq. (1), 
with vertical fracture of half-
length xf  extending from the 
horizontal well in the center of 
a rectangular reservoir section. 
b The same Eq. (1) solution is 
used for multi-fractured hori-
zontal wells, where xf  is then 
represented by nf fractures with 
individual fracture half-lengths 
of xf*nf
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Malallah 2006). The use of log–log diagnostic plots of 
(P0 − PBH)∕qo and the drop-pressure/oil rate derivative func-
tion,t [Δ(p)∕qo]� , are recommended for flow-regime diag-
nostics. This requires the construction of (1) a diagnostic 
log–log plot of (Δ p)/qo versus t (Fig. 2a), and (2) a log–log 
plot of t [Δ(p)∕qo]� versus t (Fig. 2b). The flow regimes can 
then be determined as a function of the tangent slopes to the 
plotted data.

Gaussian pressure transient analysis

GPT solutions for fluid flow in porous media assume a con-
stant bottomhole pressure in the well system, which was 
derived by Weijermars (2021). For a vertical well in radial 
coordinates, the solution is (Weijermars 2022a):

(10)qW (t) =

(

P0 − PBH

)

Dht

k

�

�rh

B
e

−r2

4Dht

Fig. 2  RTA for a shale well a 
diagnostic plot, and b linear 
flow regime specialized plot
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PBH is the assumed constant bottomhole pressure in the 
well. Equation (10) is a drastic departure from the clas-
sical well-testing Eq. (1) because, in the new solution of 
Eq. (10), the well rate is not used (nor needed) to find 
the pressure advance. Reconciling the well-test Eq. (1) 
and the new GPT solution of Eq. (10) is not possible: the 
GPT solution assumes as a constant PBH through the well 
life, while the well-test Eq. (1) assumes the PBH drops 
according to P(r,t). However, the GPT solution can solve 
for the spatial and temporal pressure transient advance 
everywhere in the reservoir.

For the case of a fractured well, the appropriate solution 
of the pressure transient is given by the following equation 
(Weijermars 2022a, b), with the fractures orientated in the 
x-direction as Fig. 1, rather than in the y-direction as was 
used in the original study:

We only consider the half-length xf  of the fracture that 
is effectively propped (as is the case in traditional RTA 
(Fig. 1a, b), which corresponds to the fracture length where 
approximately infinite conductivity is achieved. The well 
rate can then be computed from Eq. (11), considering influx 
at y = 1 unit length from the diffusion source for a recom-
mended standard approach (Weijermars 2022a, b).

In case field units are used as inputs, as is commonly the 
case in the US petroleum industry, one needs to make sure 
to use Eq. (11) with the following conversion factors:

The conversion factors have the following values; the use 
of three, rather than a single consolidated conversion is pre-
ferred here, because it is simpler to explain stepwise how 
the various physical parameters factor into the conversion 
of units.

C1 = 0.178 bbls/ft3. This factor arises because the input 
units in ft on the right hand side lead to cubic ft, which 
needs conversion to oil bbls (for subsequent multiplication 
with the volume factor in bbl/stb to end up with stb for the 
left-hand side well rate). The required conversion factor is 1 
 ft3 = 0.178108 bbls. If we work with gas wells, the conver-
sion factor C1 = 0.001 Mcf/ft3, because 1  ft3 = 0.001 Mcf, 
and the produced gas volume will be expressed in Mcf.

C2 = 1.062E-14  ft2/mD. This factor is needed to convert 
square ft units of permeability and prorated for inputs in mD. 
The required conversion factor is 1 mD = 1.062 ×  10–14  ft2.

C3 = 1.678E-12 psi.d/cPoise. This factor is needed if the 
viscosity input is in cPoise, then conversion of viscosity to 
psi.d will result in output for well rate in stb/d. The required 
conversion factor is: 1 cPoise = 1.678 ×  10–12 psi.d.
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The required hydraulic diffusivity for a relevant reser-
voir section can be obtained by matching historic production 
data, using the following Gaussian decline curve analysis 
equation (Weijermars 2022a, b):

Equation (10) can be applied using daily production data. 
For oil wells, the initial well rate qi for the first day of pro-
duction is set at 1 bbl/d; for gas well qi is 1 Mscf/d. The 
term 1

t�
e

1

4D�
h
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1
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)

 is comprised of non-dimensional param-
eters, but normalization of its parameters used unit measures 
(Weijermars 2022a, b), such that substitution of t’ in dimen-
sionless units (e.g., t’ = 1 for tdimensional = 1 day, or t’ = 10 for 
tdimensional = 10 days, etc.) and dimensionless Dh’ (such that 
Dh’ = 1 equals to a dimensional input Dh_dimensional of 1  ft2/d) 
yields physically accurate results.

Results

The GPT and RTA techniques were used to analyze produc-
tion data of eleven shale wells completed during the US 
Department of Energy (DOE) hydraulic fracture test (HFTS-
1) project conducted in the Middle and Upper WC forma-
tion (Midland Basin, West Texas). Numerous studies have 
been conducted using HFTS-1 project data, but the well data 
were not publicly released until analyzed in non-dimensional 
plots (Weijermars et al. 2020), and dimensional plots (Tugan 
and Weijermars 2022) in prior studies, for which permission 
was obtained from the operator. In the present study, these 
data are used for the first time to estimate the fracture half-
lengths of the wells using two independent methods (RTA 
and GPT), improving earlier GPT estimations of fracture 
half-lengths by Weijermars (2022b).

Figure 3 displays a gun barrel view for the wells, with 
six wells landed in the Upper WC, and 5 wells in the Mid-
dle WC. The average stage length used for these wells was 
175 ft and the number of stages varied between 37 and 
49 stages, as shown in Fig. 4. The number of clusters per 
stage varied between 3 and 5 clusters/stage (Weijermars 
et al. 2020). The GPT and RTA techniques were used to 
estimate the total stimulated area for the whole well based 
on the production data, then the total number of cluster in 
each well was used to normalize the stimulated area per 
cluster. Table 1 summarizes the rock and fluid properties 
that were used in the current study.

Our analysis used the historic daily oil, gas, and water 
rates of the HFTS-1 wells and their associated  PBH for the 
first 3 years of production. Figure 5 shows an example of 
the three fluid rates for Well 3U. The gas-oil ratio (GOR) 
for the well started at around 800 scf/stb, then increased up 

(13)qW (t) = qi
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to 2000 scf/stb. High water production is associated with 
oil production in both production benches, for the UWC 
the water–oil ratio is about 1, and for the MWC it is about 
2 (Weijermars et al. 2020). The RTA and GPT analyses 
were conducted on all of the 11 wells (see in Fig. 3) to 

estimate the variations in the typical fracture half-length 
for each well in their stimulated reservoir regions.

Rate transient analysis

Figure 6 shows an example of the RTA analysis for Well 
3U (one of the Upper WC wells). Figure 6a shows the 
diagnostic plot where the the pressure drop (P0 − PBH) is 
normalized using the production rate (water and oil com-
bined, the gas flow was negligibly low). The normalized 
pressure difference and the derivative function were plot-
ted againest the material balance time (tmb) in an RTA 
plot for flow regime diagnostics. The flow regimes can 
then be determined as a function of the tangent slopes to 
the plotted data. Figure 6a shows a linear flow regime with 
½ slope during most of the first year of production before 
it transitions to the boundary-dominated flow-regime with 
unit slope (Fig. 6a). This finding concurs with the flow 
regime analysis of Tugan and Weijermars (2022). The 
linear flow-regime region was further investigated with a 
square time plot to estimate the stimulated fracture area, 
according to Eq. (2) (Fig. 6b). The fracture half-length 
was normalized to be per stage, using the data of Fig. 4. 
Figure 6b was then used to estimate the slope m of the 
linear flow regime period. The value of 

√

kAc was then 
estimated using Eq. (2). The formation and fluids proper-
ties were used based on the data on Table 1. In order to 
estimate the stimulated area, the formation permeability 
in the stimulated zone was assumed to be 100 nD. Nearby 
WC pilot wells gave GRI crushed sample permeability of 

Fig. 3  Gunbarrel view of the 
HFTS-1 wells landed in the 
Upper and Middle WC analyzed 
in this study. Horizontal well 
spacing is 660 ft. Oblique 
distance between wells in 
the UWC and MWC various 
between 280 and 400 ft

Fig. 4  Number of stages for the 
Upper and Middle WC shale 
wells
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Table 1  Summary of the rock and fluid properties for the HFTS-1 
wells

Reservoir temperature 156 F

Static reservoir pressure 4073 psi
Pressure (bubble point) 2350 psi
GOR 700 scf/stb
Oil compressibility 16.4E-06 psi−1

Average undersaturated oil com-
pressibility

11.4E-06 psi−1

Oil 45.469 API
Gas gravity 0.7845 –
Bob 1.4186 Bbl/stb
Rsob 779 Scf/stb
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300 nD (Pratama et al. 2023). However, we consider the 
GRI method overestimates the in-situ permeability, which 
we therefore downward adjusted to 100 nD.

In the present study, the average fracture half-length 
for each well was calculated using the following equation:

Fig. 5  Daily production rates 
for oil, gas, and water over the 
first 3-year production period 
for Well 3U

Fig. 6  RTA-plots for Well 
3U. a Log/Log diagnostic plot 
(P0 − PBH)∕q , versus mate-
rial balance time, and b RTA 
specialized plot for linear flow 
regime
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Table 2  Result for Upper 
Wolfcamp wells using RTA 
technique

Parameters Unit Well number

3U 4U 5U 6U 7U 8U

m Psi/(bbl/d)/d0.5 0.21 0.29 0.22 0.24 0.24 0.30
√

kA
c

ft2.mD0.5 1.E5 1.3E5 9.7E4 9.1E4 9E4 7.1E4

k nD 100 100 100 100 100 100
hf ft 100 100 100 100 100 100
nf Clusters 113 149 113 113 186 113
x
f

ft 229 222 217 203 122 158
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where Ac is the stimulated area, nf is the total number of 
fractures (which in this study was assumed equal to the total 
number of clusters), xf  is the fracture half-length, and hf the 
fracture height in the pay zone (100 ft).

Tables 2 and 3 summarizes the RTA results for Upper 
and Middle WC wells. The total compressibility used in 
Eq. (2) was 5.10−5  psi−1, which represents the total com-
pressibility of the formation and the contained fluids. The 
linear flow regime slope was generally higher in the Mid-
dle WC wells as compared to the Upper WC wells. Hence, 
the stimulated area and fracture half-lengths estimated for 
the Middle WC wells were generally lower as compared to 
the Upper WC wells.

Gaussian pressure transient analysis

In the equivalent Gaussian RTA approach, the hydraulic dif-
fusivity was first estimated from the production rates by his-
tory matching the actual well data. An example of the daily 
production data of Well 3U history-matched with Gauss-
ian DCA (using Eq. (13)) is given in Fig. 7. The hydraulic 
diffusivity for all the HFTS-1 wells was constrained using 
Gaussian history matches, as was demonstrated in a prior 
study (Weijermars 2022b).

In a second step, the Gaussian forward model mode 
(using Eq. (12)) was applied to estimate the fracture half-
lengths. A critical input is the permeability, which was in 
this study assumed to be 100 nD. This revises the results of 
the prior study which assumed a higher permeability of 500 
nD (Weijermars 2022b) and a version of Eq. (13) with the 
porosity included resulting from an incorrect translation of 
Darcy velocity in the reservoir to Darcy flux from the res-
ervoir into the wellbore. The resulting fracture-half lengths 
using the revised approach are summarized in Tables 4 and 
5.

(14)Ac = 4nf xf hf Discussion

Fracture half‑length evaluation

Figure 8 summarizes the estimated fracture half-length for 
each of the 11 wells in the Upper and Middle WC that were 
part of the HFTS-1 projects. The average fracture half-length 
for the upper WC wells was found to be 184 ft and 171 ft, 
based on RTA and GPT analyses, respectively. These total 
averages indicate that the average deviation between the 
fracture half-lengths estimated by the two methods was 11%. 
The highest deviations were found for Wells 4U (20%), 7U 
(16%), and 3U (14%), and remained below 10% for the other 
three wells: 8U (8%), 6U (6%) and 5U (4%). At the base of 
the RTA method lies a constant well-rate solution of the dif-
fusivity equation, while at the base of the GPT method lies a 
constant bottomhole solution for the same equation. Which 
of these two assumptions corresponds closer to reality will 
determine which estimation method is more realistic. Well 
4U reached the constant bottomhole pressure condition later 
in the well life than the other wells hence the GPT and RTA 
estimation were slightly deviated from each other.

Likewise, the average fracture half-length for the Middle 
WC wells was found to be 144 ft and 136 ft, according to the 
RTA and GPT analyses, respectively. The average deviation 
between the two methods was found to be 10%. The maxi-
mum deviation occurred for Wells 7M (18%), 5M (12%), and 
6M (11%), and remains below 10% for the Well 4M (8%) 
and 8M (3%). Our conclusion is that the two methods give 
comparable results, with GPT half-lengths on average about 
10% shorter than obtained by the traditional RTA estima-
tions. The deviation between the two methods for the data 
set used was 11% for the Upper WC wells and 10% for the 
Middle WC wells.

EUR impact of fracture half‑length

The RTA and GPT results for each well were also compared 
against their oil and total fluid production. Higher fracture 
half-lengths indicate a higher stimulated area, which means 
for higher fracture lengths, higher oil and total fluid produc-
tion volumes are expected. Figure 9 presents the cumulative 

Table 3  Result for Middle 
Wolfcamp wells using RTA 
technique

Parameter Unit Well number

4M 5M 6M 7M 8M

m Psi/(bbl/d)/d0.5 0.37 0.36 0.41 0.45 0.36
√

kA
c

ft2.mD0.5 8.1E4 8.5E4 7.3E4 7.2E4 8.3E4

k nD 100 100 100 100 100
hf ft 100 100 100 100 100
nf Clusters 185 113 113 183 113
x
f

ft 108 184 156 95 175
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Fig. 7  Gaussian history matches 
HFTS-1 Well-3U using daily 
production (water and oil) data 
(blue dots) a Daily production. 
b Cumulative production, actual 
data in grey, and matches in red

Table 4  Result for Upper 
Wolfcamp wells from GPT 
technique

Parameter Unit Well number

3U 4U 5U 6U 7U 8U

k nD 100 100 100 100 100 100
Dh ft2/d 0.0222 0.0218 0.0220 0.0222 0.0223 0.0225
Dh m2/s 2.4E-8 2.3E-8 2.4E-8 2.4E-8 2.4E-8 2.4E-8
hf ft 100 100 100 100 100 100
nf Clusters 113 149 113 113 186 113
2 x

f
ft 394 286 416 380 282 292

x
f

ft 197 143 208 190 141 146
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oil and total fluid production after 3 years versus the esti-
mated fracture half-length from RTA and GPT techniques. A 
linear relationship was found between xf  and the cumulative 

production that confirms the reliability of GPT and RTA 
results. The Upper WC Formation wells (in red colors) 
showed higher production and stimulated area compared to 

Table 5  Result for Middle 
Wolfcamp wells from GPT 
technique

Parameter Unit Well number

4 M 5 M 6 M 7 M 8 M

k nD 100 100 100 100 100
Dh ft2/d 0.0225 0.0225 0.0228 0.0222 0.0224
Dh m2/s 2.4E-8 2.4E-8 2.5E-8 2.4E-8 2.4E-8
hf ft 100 100 100 100 100
nf Clusters 185 113 113 183 113
2xf ft 200 322 278 224 338
xf ft 100 161 139 112 169

Fig. 8  Estimated fracture 
half-lengths for the HFTS-1 
wells using the RTA and GPT-
methods. a Upper WC wells 
(3U–8U), b Middle WC wells 
(4M–8M) 197
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Middle WC wells a possible reason for that is the higher 
proppant loading in Upper WC formation and lower water 
production. The EUR gain per ft fracture half-length is 6.2 
bbl/ft for the Upper WC wells, and 3.7 bbl/ft for the Middle 
WC wells.

Proppant placement and fracture half‑length

Figure 10 plots the fracture half-length versus the injected 
proppant volume, which reveals that with larger proppant 
injection volumes the fracture half-length increases, accord-
ing to RTA and GPT estimations. Regression on the proppant 
load showed that increasing the proppant load leads to gains 
in fracture half-length of 3 ft/Mlb proppant load. Such frac-
ture half-length increases benefit the EUR/well (Sect. "EUR 
impact of fracture half-length"). This is in agreement with 
the typical progress made in WC shale leases (Tugan and 
Weijermars 2022) and in the Eagle Ford shale play (Nandlal 
and Weijermars 2022). Previously, Srinivasan et al. (2018) 
presented how the evolution of the fracture design over years 
in all US shale basins showed increases in the proppant load-
ing from around 500 lb/ft in the early times of 2011 to up 
to 2500 lb/ft in 2017 (Fig. 11); the average oil production 
increased from 40k bbls to 160K bbls, which reflects a better 
connection surface area between the wellbore and the forma-
tion through longer fracture half-lengths.

The results of the RTA and GPT approaches outlined 
here hinge on the accuracy of the data and the assumptions 

made. At the base of the RTA method lies a constant well-
rate assumption to solve for the diffusivity equation, while 
at the base of the GPT method lies a constant bottomhole 
assumption to solve the same equation. Which of these two 
assumptions corresponds closer to reality will in part deter-
mine which of the two methods will yield the more realistic 
results. The present study uses deterministic inputs including 
specific values for the input parameters such as porosity, per-
meability, compressibilities, and formation thickness. Any 
uncertainty in these inputs may be reflected in the output in 
both methods that can be quantified through Monto Carlo 
sensitivity analysis. A study by Alvayed et al. (2023) per-
formed sensitivity analyses using probability density func-
tions and is complementary to the present study.

The assumption that the formation permeability in the 
stimulated zone is 100 nD has an important impact on the 
outcome of our results. The impact of the permeability 
on fracture hal-length is given by 

√

k in the RTA method 
(Eq. (6)), while it is linear in the GPT method (see Eq. (12)). 
In any case, the GRI crushed sample permeability of 300 
nD (Pratama et al. 2023), is considered to overestimate the 
in-situ permeability. To examine the impact of the perme-
ability in the estimated fracture half-length and the devia-
tion between GPT and RTA, the fracture half-length was 
calculated using Eq. 6 and 12 at different permeabilities. 
Figure 12 presents the change in the fracture half-length as 
function of assumed permeability. Both techniques showed 
similar behavior, with increasing the permeability the esti-
mated half-length decreases. The deviation between the two 
methods was minimum at permeability of 64, however, the 
deviation slightly increased with increasing and decreasing 
the permeability to be up to 35% at permeability of 150 nd.

Conclusions

Hydraulic fracturing diagnostics is important for well plan-
ning and performance evaluation. Most diagnostic methods 
are syn-fracture and post-fracture, requiring the insertion of 
additional tools or injection of chemicals into the wells. The 
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current study presents the estimation of the fracture half-
lengths with two different approaches. A recently developed 
Gaussian Pressure Transient (GPT) and the traditional rate 
transient analysis (RTA) techniques were used to evaluate 
different field production data for 6 wells in Upper Wolf-
camp formation, and another 5 wells in Middle Wolfcamp 
formation. The following are the main findings.

(1) Rate Transient Analysis and Gaussian Pressure Tran-
sient techniques yielded comparable fracture half-
lengths with average deviation of 11% for the Upper 
Wolfcamp wells and 10% for the Middle Wolfcamp 
wells.

(2) Rate Transient Analysis and Gaussian Pressure Tran-
sient techniques showed a linear relationship between 
the estimated fracture half-length and the cumulative 

production, which confirmed the mutual reliability of 
the GPT and RTA results.

(3) The estimated ultimate recovery (EUR) gain per frac-
ture half-length is 6.2 bbl/ft for the Upper Wolfcamp 
wells, and 3.7 bbl/ft for the Middle Wolfcamp wells.

(4) Regression on the proppant load showed that increasing 
the proppant load leads to gains in fracture half-length 
of 3 ft/Mlb proppant load.

The findings show the capabilities of RTA and GPT for 
fracture diagnostics that contribute to improved well plan-
ning, performance evaluation, and optimization of fracture 
stimulation treatments.
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Fig. 11  Proppant loading, oil production over years for different basins, after Srinivasan et al. (2018)
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