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Abstract
Swelling of shale potentially occurs when it is exposed to water-based drilling fluid. The migration of hydrogen ions  (H+) 
in the nano-interlayered platelets of the shale rock is utterly responsible for the swelling behavior in the shale. Convention-
ally, swelling behavior of any shale formation can be experimentally determined by linear dynamic swell meter. However, 
it is extremely important to validate these experimental results; hence, this research study aims in conducting a comparative 
performance analysis for different kinetic models, namely Peleg’s model, first-order exponential association equation and 
pseudo-second-order kinetic model, and a newly developed scaling swelling model in estimating the experimental results of 
three different shale samples, namely Talhar, Ranikot and Murree, obtained from different regions of Pakistan. It was found 
that the performance of the scaling swelling model was the most accurate in predicting the experimental swelling results with 
accuracy greater than 95% in all the three samples. Peleg’s model is found to be the most inaccurate with pvalues < 𝛼(0.05) 
in all the three formations. The equilibrium state in all the three samples was unable to attain by the use of this model. This 
clearly shows that the transient states continue throughout the course of experimentation, thus demonstrating a higher water 
activity in the shale samples. Moreover, when comparison was made between the two remaining kinetic adsorption mod-
els, it was perceived that pseudo-second-order kinetic was far superior to first-order exponential association equation with 
meanmodel ≃ meanexperiment and less dispersion in the dataset. Nevertheless, the performance of this model also suffers with 
the increase in clay content. Furthermore, all these analyses were further validated by different statistical error analysis that 
includes MAE, APRE% and ANOVA.

Keywords Kinetic adsorption model · Scaling swelling model · Water activity · Pseudo-second-order kinetics · ANOVA 
analysis

Abbreviations
LDSM  Linear dynamic swell meter
k1 and k2  Characteristics constant
S(t)  Swelling at time (t)
So  Swelling at equilibrium
T  Temperature
C  Clay content
S  Experimental swelling percentages
t  Time of contact between mud and shale 

sample
A1 , A2 , A3andA4  Coefficients of scaling swelling model
n and a1  Fine-tuned adjustable parameters
a2  Universal constant
yexp  Experimental swelling
yest  Estimated swelling from models
N  Number of data points
MAE  Mean absolute error
APRE %  Absolute percent relative error
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Introduction

Shale is basically defined as a clay-rich non-clastic sedi-
mentary rock, which primarily comprises silts, clays and 
mud in varying proportions (Gholami et al. 2018). In gen-
eral, these formations are utterly responsible for causing 
over 70% of the wellbore instability problems (Gholami 
et al. 2018; Aftab et al. 2017). The instability problems 
mainly arise by the presence of clay minerals in the shale 
formation (Aftab et al. 2017; Lal 1999). These clay min-
erals are classified into three distinct categories, namely 
kaolinite, montmorillonite and illite (Aftab et al. 2017 , 
2017; Lal 1999). Out of these three categories, montmo-
rillonite demonstrates strong affinity to water, as swelling 
starts to occur once the rock fluid interaction is established 
(Khodja et al. 2010; Salles et al. 2008). This clay mineral 
tends to swell up to ten times of its original size with the 
migration of water molecules and hence results in various 
wellbore instabilities issues (Fink 2012). The movement of 
the water molecules inside the shale structure occurs either 
by crystalline process or by osmotic patterns. The former 
is considered to be insignificant during drilling operations, 
and it normally occurs in all kinds of clay minerals. On the 
other hand, osmotic swelling is generally responsible for 
causing a considerable increase in the volume of the shale 
rock (Fink 2012). The difference in concentration of the 
cations that are present in clay mineral and surrounding 
water gives rise to different forces that are eventually the 
main source of this type of swelling (Oort 2003; Nehdi 
2014; Hashmi et al. 2012).

The forces that are acting on the shale rock are subdi-
vided into two categories, namely mechanical and physico-
chemical (Oort 2003). The latter forces are supramolecular 
interactions comprising Van der Waals force of attraction, 
ionic interactions, hydrogen bonding, π–π conjugation, born 
repulsive forces and short-range forces of attraction and 
repulsion that are formed by the hydration of clay surfaces 
(Oort 2003; Vatankhah-Varnoosfaderani et al. 2015, 2014, 
2017; GhavamiNejad et al. 2014). Such forces are essen-
tially responsible for the swelling behavior of the clay min-
erals. This swelling characteristic of the clay mineral in the 
shale is similar in behavior to the superabsorbent hydrogels 
(Vatankhah-Varnoosfaderani et al. 2015, 2014; GhavamiNe-
jad et al. 2016). The hydrophilic nature of these gels not only 
allows them to absorb large quantity of aqueous solution, 
but it also ensures that the solution retains there for a longer 
time (Bertling and Bertling 2007; Kabiri et al. 2003aa2). 
This behavior is also there in clay minerals, where water 
adsorption activity is extremely high that eventually causes 
severe wellbore instability issues.

For a particular adsorption system, it is extremely 
imperative to take into the account the adsorption kinetics 

as it helps in comprehending the mechanisms involved in a 
particular adsorption process (Guo and Wang 2019). Sev-
eral empirical kinetics models such as Peleg’s, first-order 
exponential association equation and pseudo-second-order 
kinetics are there in the literature that define the adsorp-
tion kinetics for a specific adsorption system. These mod-
els are considered to be relatively accurate analytical tools 
for modeling of adsorption kinetics. The Peleg’s non-expo-
nential model is widely used for the modeling of hydration 
characteristics of different food materials (Igathinathane 
et al. 2009; Cunningham et al. 2007). It was further used to 
model the absorption of water on the surface of the grains 
(Kipcak et al. 2014). While, the first-order kinetics model 
was proposed by Lagergen by the end of the nineteenth 
century (Simonin 2016). In the literature, this model is 
also used to model adsorption kinetics of a system having 
different adsorbate concentrations (Guo and Wang 2019; 
Azizian 2004). Similarly, pseudo-second-order kinetics 
became popular in 1999 when Ho and co-workers per-
formed various experiments and concluded this model as 
the best in correlating the experimental results (Simonin 
2016; Ho 2006). The swelling of a shale formation exhib-
its a similar trend as shown by these models while used 
in different industrial sectors. The graph obtained from 
linear dynamic swell meter (LDSM) is similar in shape to 
the sorption rate characteristics curve for different food-
stuff. Moreover, apart from these kinetic models a scaling 
swelling model was also developed in 2021 by the author’s 
group that is also analyzed in this study. This model uses 
a third-degree polynomial equation for modeling of shale 
swelling response obtained from linear dynamic swell 
meter. The model comprises all the governing factors that 
are part of LDSM, which includes clay content, tempera-
ture, swelling percentages and time of contact.

The purpose of this study is to investigate in detail using 
graphical and statistical approaches through already estab-
lished kinetic and scaling swelling models for the valida-
tion of the shale swelling experimental results obtained from 
LDSM. Prediction of an appropriate swelling model to probe 
the swelling behavior of such mineral-containing shale is the 
primary objective of this work. Additionally, the accuracies of 
all the models are analyzed and compared using different error 
analyses techniques. Furthermore, these comparative analyses 
give a detailed inside view on how the swelling occurs and 
which particular model best describes the swelling behavior 
of a shale sample.
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Kinetic models applied in this study

Peleg’s model

It is basically defined as a two-parameter non-exponential 
model originated in 1988 by Peleg. This model was used for 
the absorption of water molecules over grains in food mate-
rials (Peleg 1988; Resio et al. 2006). Equation (1) shows 
Peleg’s model relationship.

where k1 and k2 are denoted as characteristics constants and 
are inversely proportional to initial water absorption rate 
and equilibrium moisture content, respectively. S(t)andSo are 
defined as the swelling at time (t) and swelling at equilib-
rium condition, respectively. The nature of the above equa-
tion is already defined in the form of a curve fitting model.

1st First‑order exponential association equation

Lagergen proposed the first-order kinetic equation back in 
1898 (Simonin 2016). Kinetic processes that are normally 
associated with non-equilibrium conditions are frequently 
described using this model (Guo and Wang 2019). Equa-
tion (2) displays the differential form of first-order kinetic 
equation (Guo and Wang 2019; Wang and Zhuang 2017; 
Hashmi et al. 2019). Integrating Eq. (2) by using the initial 
condition parameters yields the exponential form of first-
order kinetic equation, which can be rewritten as Eq. (3). 
Furthermore, Mackay and Ho proposed the linear relation-
ship for this model as denoted by Eq. (4), which is in the 
form of an equation of straight line yielding the slope that 
is equal to k1.

where Se , St and k1 are defined as swelling content at equi-
librium, swelling content at time (t) and swelling kinetic 
constant, respectively (Kipcak et al. 2014).

Pseudo‑second‑order kinetics

Pseudo-second-order kinetics model is widely used in the 
adsorption process. Equation (5) describes the relationship 
for this model (Guo and Wang 2019; Yousef et al. 2020; Ho 

(1)S(t) = So +
t

k1 + k2t

(2)
dSt

dt
= k1

(
Se − St

)

(3)St = Se(1 − e−k1t )

(4)ln(Se − S(t)) = ln(Se) − k1t

et al. 1996). By integrating Eq.  (5) at initial condition, 
pseudo-second-order equation can be rewritten as shown in 
Eq. (6) (Guo and Wang 2019; Simonin 2016). This model 
defines the dependency of the adsorption process for a par-
ticular adsorbent on time (Edet and Ifelebuegu 2020). In 
terms of linear model y = at + b , Eq. (6) can be transformed 
into Eq. (7). Here, a =

1

qe
andb =

1

k2qe
2

Scaling swelling model

The scaling swelling equation for the modeling of the swell-
ing experimental result was initially derived by Lalji et al. 
in 2021. This model was formulated by using four basic 
parameters associated with LDSM and shale. These param-
eters were time of contact between shale sample and the 
drilling fluid (t), clay content in percentage obtained from 
XRD reports (C), swelling experimental results gathered 
from LDSM (S) and temperature (T) of the cell that has been 
recorded by LDSM. All these four variables along with two 
fine-tune adjustable parameters (n and a1) and a universal 
constant ( a2) were grouped into two equations as shown by 
Eq. (8) and Eq. (9). It was observed during the study that 
the optimum values for n and a1 lie in the range of 0.1–0.5, 
while for a2 it was fixed at − 2.

Curves between temperature of the cell vs. time and 
swelling percentages vs. time are obtained during the 
course of the experimentation in LDSM. Both of these 
curves collapse into a single curve that is represented by 
the two variables X and Y as shown by Eqs. (8) and (9). 
A third-degree polynomial equation as shown in Eq. (10) 
best describes the relationship between these two vari-
ables. Here,A1,A2 , A3andA4 are coefficients of the scal-
ing equation that are obtained by tuning the adjustable 
parameters that cause the line to be best fit. The adjustable 

(5)
dqt

dt
= k2(qe − qt)

2

(6)qt = qe
qe

2k
2
t

1 + qek2t

(7)
t

q(t)
=

t

qe
+

1

k2qe
2

(8)X =
t

Tn ∗ Ca1

(9)Y =
S

ta2

(10)Y = A4 + A3X + A2X
2 + A1X

3
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parameters both n and a1 are obtained from the MATLAB 
optimization tool. During this study, the optimum values 
of these two fine-tune parameters are 0.25.

Methodology

Data preparation for modeling

The experimental swelling results are collected from 
two research studies conducted by Khan, M.A. et al. in 
2021and Lalji et al. in 2021 (Lalji et al. 2021). The swell-
ing experimental result comprises three different shale 
formations, namely Talhar, Ranikot and Murree. Table 1 
reports the characteristics of all the formations used in 
the modeling. The maximum swelling percentages were 
obtained from LDSM.

Swelling for both Talhar and Ranikot formations was 
observed in salt polymer mud system, while for Murree 
formation graphene oxide amine water-based mud system 
was used for analyses. It was observed that the swelling 
characteristic of Talhar formation was on the low side 
because of the presence of a small quantity of clay miner-
als as also shown in Table 1. On the other hand, both Ran-
ikot and Murree formations comprise approximately the 
same weight percentages of the clay content, but still the 
swelling percentages of Ranikot formation are compara-
tively higher than the Murree formation. This is because of 
the presence of higher concentration of Smectite in Ran-
ikot formation in contrast with Murree formation. Figure 1 
illustrates the flowchart for the comparative study followed 
during this research work.

Models performance evaluation

The performance analysis of all the kinetic adsorption 
models and scaling swelling models was performed using 
statistical error analysis sources, namely MAE and abso-
lute percent relative error (%APRE). Equations (11) and 
(12) show the equations used for calculation of these two 
factors.

where yexp , yest and N represent the experimental swelling 
values, model-estimated swelling values and the number 
of data points, respectively. For further in-depth analysis, 
graphical error analysis that comprises absolute error bar 
chart, relative error plot and cross-plot between experimental 
and predicted swelling percentages was formulated.

Moreover, ANOVA with the use of MINITAB was also 
conducted, where each predicted experimental swelling 
result was compared with the actual linear dynamic experi-
mental swelling result. The method is based on comparing 
the Fcalculated value with Fcritical value. If Fcalculated > Fcritical, 
then null hypothesis has to be rejected, thus indicating a 
significant difference between the two datasets. Another 
comparison was made based on p values. If the p values are 
less than α = 0.05, then again a significant difference lies 
between the two groups. This analysis was performed on all 
the three samples of shale formations in order to observe the 
similarities in trend between them. Comparison of mean and 
variances of all the models with the experimental result was 
also made in this study.

Results and discussion

Figure 2a–d shows the absolute error plots for different 
kinetic adsorption models that comprise Peleg’s model, first-
order exponential association equation, pseudo-second-order 
kinetic and scaling swelling model, respectively. Looking 
at Fig. 2, it can be observed that the scaling swelling model 
is found to be more accurate in estimating the shale swell-
ing percentages obtained from linear dynamics swell meter 
than any of the kinetics adsorption models. The maximum 
magnitude of the absolute error obtained from the scal-
ing swelling model was 0.5%, thus indicating a deviation 
of 0.5% from the experimental dataset. On the other hand, 
when comparing the kinetic adsorption models with each 
other, it is observed that pseudo-second-order kinetic model 
was found to be more precise than either Peleg’s model or 
first-order exponential association equation in estimating 
the swelling percentages of all the three shale samples. The 
maximum deviation in pseudo-second-order kinetic model is 
1.5%, which is almost four times smaller in magnitude than 
Peleg’s model and twice smaller in size than the first-order 
exponential equation.

Figure 3 displays the relative error plots for all the three 
shale samples obtained from different regions of Pakistan. 

(11)MAE =
1

N

n∑

i=1

|
|
|
yexp − yest

|
|
|

(12)%APRE =
1

N
abs

(
yexp − yest

yexp

)

∗ 100

Table 1  Characteristics of shale formations used in the study

Formation Clay content wt. (%) Maximum 
swelling 
(%)

Talhar 10 4.39
Ranikot 30 17.92
Murree 26 10.77
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Referring to Fig. 3, comparing the performances of all the 
kinetic adsorption models along with the scaling swell-
ing model in estimating the swelling percentages, it was 
observed that in all the three different shale formations the 
scaling swelling model performance was the best in esti-
mating the swelling values. The lines for scaling swelling 
model fall close to x-axis, thus indicating lower percentages 
of the errors at all different time zones. Conversely, when 
comparing the kinetic adsorption models, it was evident 
that Peleg’s model performance was relatively weaker in 
terms of predicting the swelling percentages for all the three 
samples. Therefore, it is not recommended to use Peleg’s 
model while predicting the swelling percentages of a shale 
sample as it is not better qualified in predicting the swell-
ing values. The values for characteristics constants k1 and 
k2 in Peleg’s model for all the three samples are shown in 
Table 2. It can be witnessed that for higher swelling samples 
as reported in Table 1, the characteristic constant values are 

on the lower side, thus indicating an inversely proportional 
relationship with the clay contents. This exhibits an increase 
in absorption capacity of the shale sample with an increase 
in clay content. This finding is in agreement with the finding 
of Maskan (Maskan 2002) and Solomon (Solomon 2007), 
where they reported high absorption capacity of water in 
correspondence with lower values of k1 and k2.

Furthermore, when comparing the first-order exponential 
association equation and pseudo-second-order kinetics in 
predicting the shale swelling behavior it was perceived that 
pseudo-second-order kinetics was found better in correlating 
the experimental dataset. Table 3 represents the regression 
values for swelling kinetics constants k1 and k2 used in both 
the models.

In the majority of the literature found on adsorption 
kinetics, k2 gains significant popularity and superiority in 
providing the best relationship of the experimental dataset 
(Simonin 2016; Ho 2006). The best correlation is established 

Fig. 1  Flowchart showing the comparative analyses process conducted between kinetics adsorption and scaling swelling model for different 
shale formations
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when k2 > k1 (Simonin 2016). This inequality is proven dur-
ing this research work, as the values of k1 and k2 obtained 
during regression modeling show the validation of this rela-
tionship. The efficacy of this correlation is further shown in 
Fig. 3 relative error plots, where in all the shale samples the 
pseudo-second-order kinetics in all the kinetic adsorption 
models prove to be more efficient in estimating the swelling 
percentages. On the other hand, the scaling swelling model 
was proved to be more effective than any of the adsorption 
kinetic models. This can be observed by the accumulation 
of all the datasets closer to the horizontal line in Fig. 3. The 
tuning parameters in the scaling swelling model ensure an 
excellent agreement between the experimental and predicted 
datasets.

Figure 4 shows the cross-plots between the experimen-
tal datasets and model-predicted values, which are obtained 
using different kinetics adsorption models and scaling swell-
ing equation. Referring to the figure, it is evident that scal-
ing swelling model performance was best as all the data 
points fall on the perfect model line that is equal to y = x. 

Moreover, pseudo-second-order kinetics equation ranked 
second in predicting the swelling percentages of different 
shale formations. As far as Peleg’s model is considered, the 
error band for this model lies outside the ± 10%, thus indi-
cating the poor performance in estimating the kinetics of 
the shale. The transient period for this model continues to 
the end of the experiment without reaching the equilibrium 
state. Hence, the swelling percentages are always under-pre-
dicted as it can be witnessed from all the three plots below, 
where Peleg’s model swelling dataset always lies under the 
perfect model line.

Additionally, it was further detected that for the first-order 
exponential association kinetics equation if the clay content 
is on the higher side as in Murree and Ranikot formations, 
then this model over-predicts the swelling response, while 
for Talhar formation where the clay content is only 10 wt% 
the swelling is under-predicted.

A plot of swelling percentages vs. experimental time (h) 
is shown in Fig. 5. It can be observed that the scaling swell-
ing model was proved to be best in estimating the swelling 

Fig. 2  Absolute error plots. a Peleg’s model, b first-order exponential association equation, c pseudo-second-order kinetic, d scaling swelling 
model
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percentages. While when comparing between the two kinetic 
models, pseudo-second-order kinetic was effective in pre-
dicting a closer response for swelling in all the three 

samples. This was also validated further when both the 
kinetic models were plotted in the form of linear function 
using Eqs. (4) and (7). The linear relationship plots for both 
the kinetics model are shown in Fig. 6. It was observed that 
k2 gives the best coefficient of correlation for all the shale 
samples as the values obtained for R2 as reported in Table 4 
are higher and closer to 1. When defining k1 in terms of 
linear relationship, it was observed from Fig. 6 that some of 
the datasets show deviation from linear behavior when 
swelling reached its equilibrium state. The agreement with 
k2 in this study typically occurs because the period for tran-
sient state in all the three samples is relatively smaller; this 
indicates that a significant number of swelling percentages 
are closer to the equilibrium state. Hence, when plotting 
Eq. (7), the points that are closer to equilibrium or are at 
equilibrium state automatically get well aligned because the 
condition t

q(t)
≃

t

qe
 is satisfied (Simonin 2016). For this par-

ticular reason, correlation coefficient is also closer and equal 
to 1, while on the other hand, for k1 when the S(t) approaches 

Fig. 3  Relative error plots. a Talhar formation, b Ranikot formation, c Murree formation

Table 2  Estimated parameters 
of the Peleg’s model for 
different shale samples

Formation k1 k2

Talhar 2.145 0.135
Ranikot 0.618 0.028
Murree 0.960 0.053

Table 3  Estimated regression parameters of the first-order exponen-
tial association equation and pseudo-second-order kinetics

Formation k1(first-order exponential 
association equation)

k2(pseudo-second-
order kinetics)

k2 > k1

Talhar 0.984 1.146 ✓
Ranikot 0.448 0.491 ✓
Murree 0.904 1.146 ✓
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closer to Se the value of ( Se − S(t)) gets smaller and smaller 
and that corresponds to an increase in value of 
[[ln(Se − S(t))] . This phenomenon reduces the accuracy of k1 
parameter (Simonin 2016). This clearly indicates that all the 
shale formation follows the pseudo-second-order kinetics 
model during their adsorption process. Hence, this suggested 
that shale swelling is a chemisorption process in which 
swelling depends on adsorption capacity rather than concen-
tration of the shale.

On the contrary, Peleg’s model performance was worse 
in predicting the swelling behavior for shale samples. It is 
evident that for this model that the transient state continues 
till the end of the experimentation. This clearly indicates 
higher and continuous adsorption of water molecules within 
the shale sample. For this model, no equilibrium state was 
observed during the entire process of the experimentation.

Table 5 shows the mean absolute error (MAE %) and 
absolute percent relative error (APRE %) of different 
kinetic adsorption models and scaling swelling model for 

all three shale samples. It can be seen from the table that 
the performance of the scaling swelling model is far bet-
ter than any of the kinetic adsorption model in terms of 
predicting the swelling percentages. The lower the values 
of MAE, the more accurate will be the performance of 
the models in validating the experimental results. When 
comparing the first-order exponential association equa-
tion with pseudo-second-order kinetics, it was observed 
that in all the formations, pseudo kinetic behavior in shale 
swelling is dominant because of lower MAE than the first-
order exponential association equation. However, with the 
increase in clay content the performance of both of these 
models deteriorates significantly as indicated with higher 
MAE values. Moreover, Peleg’s model in neither of the 
shale samples was effective in predicting the swelling 
behavior. This model always underestimates the swell-
ing behavior throughout the entire experimental process. 
This result was also confirmed by another statistical tool 
denoted as APRE %.

Fig. 4  Cross-plots for kinetics adsorption models and scaling swelling equation. a Talhar, b Ranikot, c Murree formations
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ANOVA analysis

To further prove the difference between the predicted 
experimental results and actual experimental results, 
ANOVA was performed on all three shale formation 
results. Table 6 reports the results of ANOVA obtained 

from MINITAB for Talhar formation. A total of 25 data-
set points were used in this study. It is evident from the 
table that only Peleg’s model for adsorption was not 
in good agreement with the experimental results. The 
Fcalculated > Fcritical relationship was true in this case only; 
hence, it indicates that both the groups have some sig-
nificant differences between these results. Moreover, 
based on the p values again this conclusion was true 
for Peleg’s model because its p values < α(significance 
level = 0.05). Furthermore, when the mean and variances 
of these two groups were investigated, it was observed 
that there were some substantial differences that lie 
between the two groups. Apart from Peleg’s model, 
remaining all the models showed behavior closer to the 
experimental datasets as both the above-mentioned con-
ditions were opposite to the one obtained from Peleg’s 
model. Hence, it can be concluded that the null hypoth-
esis is failed to reject these models, thus indicating an 
equal mean of the dataset groups. Moreover, while ana-
lyzing the variation in mean between the groups in Tal-
har formation, it was observed that Peleg’s model and 
pseudo-second-order kinetic model both satisfy the con-
dition Meanexperimental > Meanmodel . This clearly indicates 
the under-prediction of the models’ swelling results and 
can also be confirmed from Fig. 5a. Alternatively, the 
first-order exponential association equation in Fig. 5a 
shows the over-prediction result and can be confirmed 
from the condition Meanexperimental < Meanmodel . And 
finally, the scaling swelling model satisfies the condi-
tion Meanexperimental≃ Meanmodel from Table 6. This clearly 
indicates the perfect match of the experimental swelling 
results with model swelling results and can be validated 
from Fig. 5.

The result obtained from ANOVA for the remaining 
two shale formations as shown in Tables 7 and 8 showed 
similar trends. Here, again Peleg’s model was not in good 
agreement with the experimental swelling percentages. In 
contrast, the scaling swelling model in ANOVA showed an 
excellent agreement with the experimental work. The values 
for mean and variances are almost equivalent to the actual 
values obtained from experimentation for this model.

Variance analysis

Variance is defined as the spreading of data points or diver-
gence from the mean position. Table 6 shows the comparison 
of the variances for all the models with experimental data-
sets. It is evident that theVariancePeleg ≫ VarianceExperimental , 
thus indicating a very large dispersion of the dataset points 
from the mean position. High scattering of the data points 
was also observed in the first-order exponential association 
kinetic equation, with VarianceFirstorder > VarianceExperimental . 

Fig. 5  Simulated swelling percentages of kinetics adsorption models 
and scaling swelling model for a Talhar, b Ranikot, c Murree forma-
tions
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Similar behavior was also perceived in pseudo-second-
order kinetics model; however, the scattering was mini-
mal when comparing with other two already discussed 

models. On the other hand, when the scaling swell-
ing model was investigated it was witnessed that the 
VarianceScalingSwelling ≃ VarianceExperimental . This indicates a 

Fig. 6  Two-parameter plots for with k1 (a, c, e) and k2 (b, d, f) swelling constants for all the shale samples
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relatively higher performance when compared with other 
three kinetic models. Analogous trends were also observed 
in both Ranikot and Murree formations.

Conclusion

The comparative study was based on comparing the different 
kinetic adsorption models, namely Peleg’s model, first-order 
exponential association equation and pseudo-second-order 
kinetics with scaling swelling model in predicting the shale 
swelling behavior obtained from linear dynamic swell meter. 
During the analysis, it was observed that Peleg’s adsorption 
model was the weakest in predicting the swelling behavior. 
The transient state for this model never reaches the equilib-

rium state during the entire course of experimentation. Simi-
larly, when the comparison was made between the two major 
kinetic models, it was witnessed that in all the three samples 

Table 4  Two parameters k1 and 
k2 results with R2 Formation Rate law 

constant
R
2

Talhar k1 0.009 0.975
k2 0.540 0.999

Ranikot k1 0.225 0.977
k2 0.444 0.999

Murree k1 0.228 0.972
k2 0.663 0.998

Table 5  Mean absolute error 
(MAE) and absolute percent 
relative error (APRE %) for 
kinetic adsorption models and 
scaling swelling model for all 
three shale samples

Formation Statistical error Peleg’s model First-order exponential 
association equation

Pseudo-second-
order kinetics

Scaling 
swelling 
model

Talhar MAE 1.294 0.313 0.203 0.015
APRE (%) 32.759 8.653 5.423 0.383

Ranikot MAE 3.718 1.122 1.056 0.084
APRE (%) 30.209 8.657 8.065 0.639

Murree MAE 2.702 0.386 0.348 0.025
APRE (%) 30.697 4.120 3.438 0.266

Table 6  ANOVA between 
experimental swelling 
percentages and models 
swelling percentages for Talhar 
formation

Dataset Mean Variance F
calculated

F
critical

P values

Experimental swelling % 3.995 0.769 15.812 4.043 0.00023
Peleg’s model 2.700 1.876
Experimental swelling % 3.995 0.769 0.00092 4.043 0.975
First-order exponential Association kinet-

ics equation
4.003 1.075

Experimental swelling % 3.995 0.769 1.544 4.043 0.219
Pseudo-second-order kinetics equation 3.666 0.982
Experimental swelling % 3.995 0.769 9.4E−05 4.043 0.992
Scaling swelling model 3.992 0.771

Table 7  ANOVA between 
experimental swelling 
percentages and models 
swelling percentages for 
Ranikot formation

Dataset Mean Variance F
calculated

F
critical

P values

Experimental swelling % 14.323 22.294 6.398 4.043 0.015
Peleg’s model 10.605 31.721
Experimental swelling % 14.323 22.294 0.582 4.043 0.449
First-order exponential association kinet-

ics equation
15.364 24.299

Experimental swelling % 14.323 22.294 0.678 4.043 0.414
Pseudo-second-order kinetics equation 13.267 18.844
Experimental swelling % 14.323 22.293 3.1E−05 4.043 0.996
Scaling swelling model 14.330 22.015



1248 Journal of Petroleum Exploration and Production Technology (2022) 12:1237–1249

1 3

pseudo-second-order kinetic behavior was dominant. In all 
the cases, the inequality k2 > k1 was observed. However, it 
was also observed from the analyses that as the clay con-
tent increases such as that in the Ranikot formation where 
percentage of clay is equal to 30%, the performance of both 
the kinetic models drastically suffers. This was indicated 
by the statistical error analyses based on MAE and APRE 
%. Both these error sources increase significantly in Ran-
ikot formation. On the contrary, when the scaling swelling 
model was implemented in predicting the swelling behavior 
of shale the results were quite astonishing. It was perceived 
that the accuracy of this model was far better than any of the 
kinetic models. As this model is based on fine-tuning param-
eters and some of the most important governing factors are 
responsible for shale swelling, the prediction of the swell-
ing behavior is extremely close to the experimental results. 
This was indicated with the help of lower values of MAE 
and APRE %. Hence, it can be concluded that the scaling 
swelling model can easily be used in predicting the swelling 
behavior in shale because it offers less complexities as com-
pared to kinetic adsorption modeling based on regression. 
This conclusion was further evaluated using the ANOVA. 
This analysis showed a significant difference between the 
Peleg’s model and the experimental dataset, while remaining 
all the models demonstrate results closer to LDSM experi-
mental swelling results.
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