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A B S T R A C T

In this paper we present modifications to previously published models for determining the specific volume of
non-aqueous phase liquids (LNAPLs) in the subsurface at and near the groundwater table following a spill or leak
from the soil surface. The modifications account for porous media having multimodal pore-size distributions as is
often the case with tropical soils. Data from the literature are used to show that the use of multimodal pore-size
distributions can lead to significantly different subsurface LNAPL specific volume predictions and possible
LNAPL recovery rates, compared to when only unimodal pore-size distributions are considered. Differences of up
to 200% are possible when the dual-porosity nature of the pore system is ignored, which can yield erroneous
estimates of the time needed to remediate LNAPLs from contaminated areas when conventional systems are
employed.

1. Introduction

Soil and groundwater systems in many areas are contaminated by
light non-aqueous phase liquids (LNAPLs) from accidental spills on the
soil surface or by leaking underground containers (e.g., Charbeneau
et al., 2000; Hernández-Espriú et al., 2012; Lenhard et al., 2018;
Sookhak Lari et al., 2018). Governmental regulatory agencies com-
monly require the removal, as much as feasible, of the mobile (free
phase) component of a LNAPL. Consequently, the LNAPL volume in the
subsurface is an important parameter when developing potential re-
mediation strategies and obtaining cost estimates (Wickramanayaque
et al., 1991).

Various methods for determining the subsurface volume of LNAPLs
through inspection of monitoring wells can be found in the literature.
Investigators typically use for this purpose the LNAPL thickness floating
on top of the water table inside a monitoring well. Most approaches
initially assumed that the LNAPL thickness in the subsurface was equal
to that in the monitoring well. Subsequent investigations showed that
the LNAPL thickness in a well is not a direct measurement of the LNAPL
thickness in the subsurface, but may be 2 to 10 times larger (van Dam,
1967; De Pastrovich et al., 1979; Mercer and Cohen, 1990). Several
studies (e.g., Hampton and Miller, 1988) later concluded that simple
ratios do not provide suitable predictions of the actual LNAPL volume
in the subsurface.

The saturation distribution of water, LNAPL and air in the subsur-
face is governed by the air-LNAPL and LNAPL-water capillary pressures
(Lenhard and Parker, 1990; CL.AIRE, 2014; Lenhard et al., 2017) where
water is the wetting fluid, air the nonwetting fluid, and LNAPL has
intermediate wettability (i.e., water occupies the smallest pores, air the
largest pores, and LNAPL the intermediate-sized pores). Hence, sub-
surface LNAPL volumes depend upon the capillary pressures and the
size distribution of pores in the subsurface. Farr et al. (1990) and
Lenhard and Parker (1990) were first to develop methods for evaluating
the volume of a LNAPL in a vertical slice (the LNAPL specific volume) of
water-wet porous media using capillary pressures, fluid and porous
media properties, and the LNAPL thickness in a well. Their approach
assumes that fluids in the subsurface are not moving vertically and that
good contact exists between the fluids in the formation and the well.
These authors, among others (CL.AIRE, 2014; ITRC, 2016) showed that
the LNAPL is variably saturated above the water-saturated zone and
that LNAPL-saturated ‘pancakes’ do not exist (Newell et al., 1995).
Studies such as Wickramanayake et al. (1991) showed that the con-
ceptual model of Farr et al. (1990) and Lenhard and Parker (1990) was
more appropriate for estimating LNAPL volumes than earlier methods
(e.g., De Pastrovich et al., 1979; Hall et al., 1984).

One frequently used analytical method to predict LNAPL specific
volume is the LDRM (LNAPL Distribution and Recovery Model) soft-
ware of the American Petroleum Institute (API, 2007), developed by
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Charbeneau (2003), which employs the concepts of Farr et al. (1990)
and Lenhard and Parker (1990). This software makes it possible to si-
mulate the ability of various remediation techniques to recover free
phase (mobile) LNAPLs from the subsurface. The software allows esti-
mates of the distribution of the LNAPL in the porous medium, including
rates, volumes and times for possible LNAPL recovery, consistent with
earlier studies by Parker and Lenhard (1989). However, the LDRM
model involves a series of simplifications, such as assuming homo-
geneity of the formation, the fluids, and overall chemical conditions,
while also considering equilibrium of vertical forces and ignoring hys-
teresis. The model hence has certain limitations in terms of predicting
the total specific LNAPL volume present and how much can be re-
covered.

The models by Farr et al. (1990), Lenhard and Parker (1990),
Lenhard et al. (2004), API (2007) and Jeong and Charbeneau (2014),
among others, utilize parameters of frequently used capillary pressure-
saturation functions to predict LNAPL specific volumes. The two most
common functions are those by Brooks and Corey (1964) and van
Genuchten (1980), denoted here as the BC and VG functions, respec-
tively. The BC and VG models apply mostly to porous media having
normal or lognormal pore-size distributions. When the BC parameters
are used in the Farr et al. (1990), Lenhard and Parker (1990), and API
(2007) models, closed-form analytical equations can be derived for the
LNAPL volumes. However, when the VG model is used, numerical in-
tegration is needed to predict LNAPL volumes.

Many porous media do not have normal or lognormal pore-size
distributions, but multimodal distributions (Peters and Klavetter, 1988;
Durner, 1994; Romano et al., 2011; Wijaya and Leong, 2016; Madi
et al., 2018). Heterogeneous pore-size distributions may be a result of
the specific particle size distribution, or the creation of secondary
porosity as a result of genetic or other processes, such as physical or
chemical aggregation, biological processes, and/or the effects of gla-
ciation (morain) or solifluction. Such processes are not limited to un-
consolidated materials, since bimodal or multimodel distributions can
also be found in structured soils and fractured rocks with large pores
(fractures) interspersed with smaller, less permeable micropores of the
soil or rock matrix (Peters and Klavetter, 1988; Gerke and van
Genuchten, 1993). Many tropical soils (such as Ultisols and Oxisols)
and volcanic soils (Andisols) frequently exhibit also heterogeneous
pore-size distributions (Miguel et al., 2006; Spohrer et al., 2006; Alfaro
Soto et al., 2008; Rudiyanto et al., 2013).

Mathematical models derived for normal or lognormal pore-size
distributions may not be appropriate for predicting free LNAPL dis-
tributions for multimodel pore structures. The purpose of this study is
to allow extension of the models by Farr et al. (1990), Lenhard and
Parker (1990), and API (2007) to porous media having multimodel
pore-size distributions, and to determine the total and recoverable vo-
lumes of LNAPL in such systems. Results obtained with the revised
models will be compared to those obtained with the classical unimodal
formulations. In this paper, we discuss the literature and data used for
this study, summarize the equations describing the capillary pressure
and LNAPL equilibrium distributions in multimodal systems, and pre-
sent our results.

2. Theoretical and experimental methods

First, we investigate whether the scaling of the air-water capillary
pressure-saturation relations to obtain air-LNAPL and LNAPL-water
capillary pressure-saturations relations is valid for multimodal pore
distributions. Scaling approaches for air-water capillary pressure-sa-
turation relationships to obtain air-LNAPL and LNAPL-water capillary
pressure-saturation relations for LNAPL contamination events were
presented first by Parker et al. (1987), and later adapted by API (2007),
among others. Initially, the scaling was used for porous media having
normal or lognormal pore-size distributions. We are not aware of stu-
dies where the scaling format has been tested for multimodal

formations. To conduct such a test, we first analyzed experimental air-
water data using the traditional VG equation. We then used the air-
water VG parameters to estimate air-NAPL capillary pressure curves
following scaling procedures as outlined in API (2007). Results are
subsequently compared with direct air-NAPL capillary pressure mea-
surements or curves. We note that LNAPL-water systems were not
tested since we assumed that the results would be similar to those of air-
LNAPL systems. Finally, the scaling procedure for multimodal pore
distributions will be used in an adaptation of the API model (2007) to
obtain total and recoverable volumes of LNAPLs in several soils.

2.1. Air-water and air-NAPL capillary pressure curves

Hanging water (liquid) column methods (ASTM, 2003a) were used
to measure capillary pressure-saturation relationship of the air-water
and air-LNAPL systems. Initial conditions for both fluid systems were
full liquid saturation. Thereafter, increments of up to 50 cm capillary
pressures were applied to reduce liquid saturations. For our measure-
ments, we used aviation kerosene as the LNAPL. Air-water and air-
LNAPL interfacial tensions were determined using the du Nouy ring
method (model K9-Mk1, Krüss GmbH, Germany), which consists of
measuring the tension required to displace a platinum ring from the air-
water and air-LNAPL systems under standard conditions according to
ASTM (2014).

We additionally used the filter paper method (ASTM, 2003b) to
complement the air-water capillary pressure curves. The method con-
sists of placing a soil sample in contact with standardized filter paper
(usually Whatman No 42 or Schleincher and Shuell No 589) in a closed
atmosphere until a balance of potentials is reached. After this, the
moisture content of the soil is related to its capillary pressure that is
obtained using calibration equations based on the equilibrium moisture
content of the filter paper (Campbell and Gee, 1986; ASTM, 2003b).

Soil samples used in the measurements were from soils very pre-
valent in the Rio Claro formation of the Brazilian state of São Paulo.
According to Graciosa et al. (2008) and Carducci et al. (2013), among
others, these soils have multimodal pore-size distributions due to
structuring processes typical of lateritic soils of Brazil.

2.2. LNAPL distributions based on inspection of monitoring wells

The relationship between the vertical distributions of water, LNAPL
and air in a porous medium and the corresponding distribution of these
fluids in monitoring wells can be determined provided good contact
exists between the fluids in the porous medium and the wells. The re-
lationship can be relatively complex for transient conditions (Farr et al.,
1990). However, when fluids are vertically static and in equilibrium
with fluids in a monitoring well, then the amount of spilled LNAPL in
the formation can be estimated from the LNAPL in the well. The vari-
ables involved in this equilibrium between the fluids in the well and the
formation are summarized in Fig. 1a.

According to Parker and Lenhard (1989), Farr et al. (1990) and
Lenhard and Parker (1990), the elevations of liquids in a monitoring
well at static conditions can be used to predict capillary pressures in the
subsurface, thus making it possible to calculate the fluid saturations in
the subsurface. Fig. 1b illustrates the relationship between pressures
(water height equivalent pressure heads of water and LNAPL) and sa-
turations. In this figure, the lower curve corresponds to the effective
water saturation distribution in the subsurface, while the upper curve
corresponds to the total liquid (LNAPL and water) effective saturation
distribution.

Porous media with heterogeneous pore systems containing sec-
ondary porosity or multiple systems of pores cannot be represented by
relatively standard sigmoidal-type capillary pressure curves. Fig. 1c
gives an example of the effective water and total saturation distribution
for a multimodal pore size porous medium. As can be seen, the curves
require adaptations since they are different from those having normal
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or lognormal pore-size distributions. Hence, the LDRM methodology
(API, 2007) would not yield accurate predictions of fluid saturations in
such multimodal media since the approach assumes normal or log-
normal pore-size distributions (i.e., using parameters from conventional
BC and VG type functions).

2.3. Adaptations of the effective saturation curves of water and total liquids

Various models can be used for describing capillary pressure-sa-
turation relationships. One frequently used model is the VG equation
given by (van Genuchten, 1980):

= + −S αh[1 ( ) ]e c
N M (1)

where hc is the capillary head [L−1] between the nonwetting and
wetting fluids, α [L−1], N [-] andM [-] are VG shape parameters, and Se
is effective wetting fluid saturation defined as

= − −S S S S( )/(1 )e r r (2)

where S and Sr correspond to the wetting fluid saturation at a given
capillary head hc and the irreducible (or residual) wetting fluid sa-
turation, respectively. The most common form of equation (1) assumes
that the parametersM and N are related byM=1-1/N (van Genuchten,
1980). API (2006) contains a database listing VG parameters, as well as
other physical properties, to help investigators who need to char-
acterize the movement and distribution of a LNAPL at sites where the
parameters and physical properties cannot be measured by direct
methods. However, the parameters furnished by API are characteristic
of soils with a unimodal pore-size distribution, which makes their use
somewhat limited.

Various authors have presented models for the characterization of
soils having multimodal pore-size distributions, including Ragab et al.
(1981), Smettem and Kirkby (1990), Othmer et al. (1991), Mallants
et al. (1997), Alfaro Soto et al. (2008), Rudiyanto et al. (2013), Li et al.
(2014). A model similar to equation (1) for soils with a multimodal pore
system was formulated by Durner (1994):

∑= +
=

−[ ]S w α h1 ( )e
i

k

i i
N M

1

i i

(3)

where k represents the number of subsystems making up the total dis-
tribution of pores and wi are the weighting factors of the subcurves,
which vary from 0 to 1 and sum to unity.

Following Durner (1994), the effective water saturation distribution
Se[w]m for static equilibrium conditions as a function of elevation (z)
above znw (the LNAPL-water interface in a nearby well) in a multimodal
pore system with continuous LNAPL present can be written as:

∑= +
=

−[ ( ) ]S z w α h( ) 1e w m
i

k

i nw nw
N M[ ]

1
[ ] [ ]i

i i

(4)

=α σ
σ
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aw

nw
i[ ]i (5)

= − −h ρ z z(1 )( )nw r nw[ ] (6)

in which, as in API (2007), α[nw]i is the LNAPL-water scaling factor, and
ρr represents the LNAPL specific gravity (i.e., ρr= ρn/ρw, where ρn and
ρw are the LNAPL and water mass densities, respectively). For elevations
(z) below znw we have full water saturation, and hence Se[w]m=1.

Similarly, the effective total saturation distribution Se[t]m at static
equilibrium conditions as a function of elevation above zan (the air-
LNAPL interface elevation in a nearby well) in a multimodal medium
with a continuous LNAPL present, can be written as

∑= +
=

−[ ( ) ]S z w α h( ) 1e t m
i

k

i an an
N M

[ ]
1

[ ] [ ]i
i i

(7)

=α σ
σ
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aw
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i[ ]i (8)

= −h ρ z z( )( )an r an[ ] (9)

where α[an]i is the air-LNAPL scaling factor (API, 2007) and the other
parameters are as defined previously. For elevations below zan,
Se[t]m=1.

Equations (4) and (7) are a function of the multimodal capillary
pressure curve, as per the linear overlay of the subcurves adapted from
Durner's model given by Equation (3). The effective water and total
saturations can be represented by the following:

=
−

− −
S S S

S S1e w m
w wr

wr nr
[ ]

(10)

=
+ − −

− −
S S S S S

S S1e t m
w n wr nr

wr nr
[ ]

(11)

where Sn and Snr correspond to LNAPL saturation and residual LNAPL
saturation, respectively. We note that Equations (10) and (11) are the
same as those used for unimodal effective saturations in API (2007),
with Swr and Snr being constants.

The water saturation distribution is obtained by rearranging
Equation (10) to give

= + − −S z S S S S z( ) (1 ) ( )w m wr wr nr e w m[ ] (12)

with Se[w]m given by Equation (4). The LNAPL saturation is obtained in
a way similar to that proposed by API (2007). The distribution holds for
z < zan, and is given by:

= − ≤S z S z when z z( ) 1 ( )n m w an (13)

In the same way, the LNAPL saturation for z > zan can be obtained
from Equations (10) and (11):

= + − − − >S z S S S S S when z z( ) (1 )( )n m nr wr nr e t m e w m an[ ] [ ] (14)

Equation (11) indicates that the LNAPL residual saturation (Snr)
needs to be known before Sn(z)m can be determined. Following API
(2007), the LNAPL residual saturation can be related to the initial
LNAPL saturation via the equation:

=S z f S z( ) ( )nr r ni (15)

in which fr is referred to as the residual LNAPL factor. This factor relates
residual LNAPL saturation (LNAPL trapped within the formation) with
the initial saturation value at the beginning of the recovery period when
imbibing water starts to displace LNAPL into larger pores. Several
studies such as those by Adamski et al. (2005) and Wadill and Parker
(1997) suggest that fr varies between about 0.2 for relatively fine-tex-
tured soils to 0.5 for coarse-textured soils.

The LNAPL residual saturation can be obtained from Equations (14)

Fig. 1. (a) Schematic of the elevation of fluids in a monitoring well (API, 2007).
The elevations zgs, zan, znw and zaw correspond to a datum located at or below
znw, the height of the air-LNAPL interface in the well, the height of the LNAPL-
water interface in the well, and the height of the water table without a LNAPL,
respectively, bn represents the thickness of the:NAPL layer in the well, and hn
and hw are the distance between the reference level and zan and zaw, respectively
(after Farr et al., 1990); (b) representative distribution of LNAPL in a unimodal
porosity medium; (c) representative distribution of LNAPL in a trimodal por-
osity medium.
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and (15). If Sni(z) is isolated and z≤ zan, effective total saturation Se[t]m
is equal to 1.0 since at these depths saturation is controlled by the ef-
fective water saturation Se[w]m. This yields the following equation:

=
− −

−
<S h

S S z
f S h

when z z( )
(1 )[1 ( )]

1 ( )ni
wr e w m

r e w m
an

[ ]

[ ] (16)

For depths where z > zan, effective total saturation Se[t]m) is less
than 1, with the initial LNAPL saturation Sni(z) given by:

=
− −

− + −
>S h

S S z S z
f S z S z

( )
(1 )[ ( ) ( )]

1 [1 ( ) ( )]
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[ ] [ ]

[ ] [ ]
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(17)

2.3.1. Free NAPL and recoverable-LNAPL specific volumes of in the
formation

Two important variables when addressing the cleanup of subsurface
LNAPLs are the amount of free LNAPL in the formation (i.e., LNAPL
exceeding residual LNAPL saturation), and how much of this free
LNAPL is retrievable using LNAPL recovery technologies. API (2007)
provides a method for determining free-LNAPL and recoverable-LNAPL
specific volumes on the basis of the LNAPL elevation in a monitoring
well. In addition to quantifying the generally unknown volumes of
LNAPL, API's approach makes it possible to simulate the ability of
certain technologies to recover LNAPL releases from the subsurface.
The LDRM software (API, 2007) could possibly be used for this purpose.

Determination of the specific volume of free LNAPL in soils with a
multimodal pore-size distribution requires integration of the area below
the LNAPL saturation curve, considering the total porosity of the
medium, i.e.:

∫=D b nS z dz( ) ( )n n m
z

z

n m

nw

max

(18)

where n represents the porosity of the medium. The recoverable LNAPL
specific volume (Rn) is given similarly by the area between the LNAPL
saturation curve and the residual saturation curve. This can be ex-
pressed as:

∫= −R b n S z S z dz( ) ( ( ) ( ) )n n m
z

z

n m nr m
nw

max

(19)

Evaluation of Equations (18) and (19) requires knowledge of the
maximum elevation (zmax) of free LNAPL as triggered by capillary rise.
zmax may be obtained from Equations (4) and (7), assuming that

=S z S z( ) ( )e w m e t m[ ] [ ] when Sn(z)m= Snr, as follows:
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Equation (20) can be solved readily for zmax using relatively stan-
dard numerical techniques.

3. Results and discussion

We first show the measured air-water and air-LNAPL capillary
pressure curves of our soils having multimodal pore-size distributions.
Using these data, the ability of the unimodal model used by API (2007)
to reproduce air-LNAPL capillary pressure curves from the air-water
curves is evaluated. Next, we will show results of the new model for-
mulation using bi- and trimodal capillary pressure curves, as well as the
current API model (2007), for determining LNAPL specific volumes for
soils having multimodal pore-size distributions, and discuss the results.

3.1. Air-water and air-LNAPL capillary pressure curves of multimodal pore
systems

Fig. 2 shows capillary pressure-saturation curves obtained for the
air-water and air-LNAPL systems of one of the samples of a sandy loam
soil typical of areas in and near the city of Rio Claro in the state of São
Paulo, Brazil. The air-water data show a small, but noticeable, drop
close to saturation (near a capillary pressure head of about 5 cm) due to
desaturation of macropores that are typical of lateritic soils (Alfaro Soto
et al., 2008). The air-water data also show significant desaturation at
capillary pressures above about 105 cm. The latter drop, often observed
for tropical soils, is contrary to the S-shaped nature of the traditional
VG function given by Equation (1).

Fig. 3 shows best-fit curves to the air-water data assuming unim-
odal, bimodal and trimodal pore-size distribution descriptions. The
curves are given by Equation (1), Equation (3) with k=2, and Equation
(3) with k=3, respectively. Optimizations were carried out using Le-
venberg-Marquardt, (1963) type nonlinear regression techniques. The
results indicate that the trimodal formulation fits the data better than
the uni- and bi-modal formulations, especially at the higher capillary
pressure heads. The three subcurves of the trimodal model provide
appropriate descriptions of both the initial decrease near 5 cm, the
classical middle part of the curve, and then desaturation at higher
pressure heads. While excellent descriptions are obtained, we ac-
knowledge that this is done at the expense of having more adjustable
parameters in the capillary pressure-saturation relationship.

Fig. 2. Experimental data of the capillary pressure–saturation curves for air-
water (AW) and air-LNAPL (AO) systems (HC: hanging column; FP: filter
paper).

Fig. 3. Experimental and optimized air-water capillary pressure curve data for a
sandy loam sample (HC: Hanging column; FP: Filter paper: VG-U: van
Genuchten unimodal; VG-B: van Genuchten bimodal; VG-T: van Genuchten
trimodal).
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3.2. Comparison of effective saturation of air-LNAPL system obtained
directly and indirectly for multimodal pore systems

The air-water capillary pressure head curves were transformed to
air-LNAPL systems following API (2007) procedures. The air-water and
air-LNAPL interfacial tensions were σaw=71.6mNm−1 and
σao=27.6mNm−1, respectively, and the LNAPL specific gravity
(ρr)= 0.8. Fig. 4 shows a comparison of effective saturations (AO)
obtained by fitting the experimental data using the unimodal (Equation
(1)) and multimodal (Equation (3)) models with predicted effective
saturation values (AO-P) using the unimodal, bimodal and trimodal
formulations (the latter two obtained using Equations (7)–(9)). The
data show that the indirect uni- and bi-modal models considerably
overestimate effective saturation values at relatively high capillary
pressure heads (effective measured AO saturations between 0.2 and
0.5), and slightly overestimate directly measured saturations at rela-
tively low capillary pressure heads. By comparison, the trimodal model
was successful in describing all of the AO effective saturations using the
predicted values.

3.3. Comparison of specific LNAPL volumes assuming unimodal and
multimodal pore-size distributions

The results in Figs. 2–4 are for a lateritic sandy loam soil from
Brazil. We additionally compared expected subsurface free LNAPL and
recoverable LNAPL distributions as predicted with the unimodal and
multimodal equations assuming hypothetical scenarios of the con-
taminated aquifers. For this analysis, we used data from six soils
(samples a through f) having different hydraulic properties. Soil a is a
silty sand from Rio Claro (Alfaro Soto et al., 2007), while soils b and f
were clayey sand and silty clay samples, respectively, from São Carlos
(Graciosa et al., 2008). These three soils were chosen because of their
multimodal pore-size distributions typical of many weathered tropical
soils. In addition, soils c, d and e are undisturbed sandy loam samples
taken from the Bekkevoort field site near the city of Leuven, Belgium
(Mallants et al., 1997). The latter soils were selected because of their
different hydropedological characteristics, varying from relatively
coarse (a) to very fine-textured (f) media, and the expected different
fate of LNAPLs in these media.

Fig. 5 shows the measured air-water capillary pressure data, as well
as the optimized curves based on Equations (1) and (3) for the unimodal
and multimodel (bimodal and trimodal) functions, respectively. Values
of the optimized parameters are listed in Table 1. The results in Fig. 5
highlight the difficulties of describing the data using only the unimodal
formulation, with the bimodal and especially trimodal models pro-
viding better fits to the experimental data. Higher coefficients of

determination (R2) resulted (Table 1) using the trimodal formulation
(notably for soils a, b, c, d, and e), with the bimodal formulation also
giving relatively good results for soils a, e, and f. Some of the capillary

Fig. 4. Predicted effective saturation of the air-LNAPL system (AO-P) using the
unimodal, bimodal and trimodal models (Equations (7)–(9)) versus effective
saturation of the air-LNAPL system (AO) obtained by optimizing the experi-
mental data using the unimodal, and bimodal and trimodal formulations
(Equation (3)).

Fig. 5. Measured capillary pressure–saturation data and optimized curves as-
suming unimodal, bimodal, and trimodal pore-size distributions. Plots are for:
a) Soil a (a sandy loam from Rio Claro, Brazil; b) Soil b (a silty fine sand from
São Carlos, Brazil); c, d, and e) Soils c, d and e (a sandy loam from Bekkevoort,
Belgium; and f) Soil f (a silty clay from São Carlos, Brazil).

Table 1
Estimated adjustment parameters of the capillary pressure curves.

Parameters Soil

A b c d e f

Unimodal
Sr 0.252 0.291 0.077 0.125 0.117 0.224
α1 (m−1) 2.71 544.2 0.010 0.690 0.010 0.019
N 9.68 9.61 0.579 0.984 0.498 0.995
M 0.076 0.0388 3.72 0.717 3.87 10.07
R2 0.933 0.980 0.945 0.971 0.979 0.935
Bimodal
Sr 0.0125 0.277 0.021 0.080 0.085 0.248
W1 0.646 0.152 0.499 0.920 0.306 0.499
W2 0.354 0.848 0.501 0.080 0.694 0.501
α1 (m−1) 2.1456 0.136 0.1380 1.810 0.085 0.1275
α2 (m−1) 0.0010 378.2 11.12 68.4 3.18 1.13
N1 5.71 9.99 2.94 5.76 2.91 9.90
N2 3.18 4.99 0.474 2.85 0.643 2.95
M1 0.267 1.000 1.000 0.0736 1.000 1.000
M2 0.807 0.123 0.409 0.564 0.465 0.972
R2 0.977 0.995 0.992 0.978 0.996 0.999
Trimodal
Sr 0.000 0.278 0.140 0.170 0.000 0.250
W1 0.333 0.164 0.501 0.361 0.217 0.505
W2 0.097 0.201 0.332 0.543 0.700 0.065
W3 0.570 0.635 0.167 0.096 0.083 0.430
α1 (m−1) 0.0010 0.137 0.274 0.054 0.082 0.1425
α2 (m−1) 0.313 11.5 0.078 0.894 3.59 0.152
α3 (m−1) 1.54 168. 9 80.9 82.0 59.0 3.71
N1 3.03 9.99 1.38 10.0 6.17 3.37
N2 3.01 3.12 4.44 4.09 1.41 3.15
N3 3.69 4.10 10.0 10.0 1.000 3.03
M1 0.608 10.0 1.000 1.000 1.000 1.0000
M2 0.2324 1.0000 1.000 1.000 0.1511 0.9203
M3 0.9029 1.0000 0.187 0.1075 1.000 0.6263
R2 0.977 0.998 0.999 1.000 0.996 0.968
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pressure curves (notably for soils c, d, and e) revealed rapid changes
near full saturation as a function of capillary pressure, which can be
linked to the presence of macropores (Mallants et al., 1997), while
other samples (soils d, e, and b) showed secondary scaling, a possibly
result of aggregation in especially loamy soils (e.g., Smettem and Kirby,
1990).

The differences in the capillary pressure-saturation relations be-
tween the samples in Fig. 5 resulted from differences in their pore-size
distributions. To demonstrate this, we use a simple lognormal dis-
tribution of the form (e.g., Durner, 1994):

=P S dS h
d h

( ) ( )
log (21)

where S(h) is described using Equation (1) or (3). The resulting log-
normal pore-size distribution for each capillary pressure curve in Fig. 5
is shown in Fig. 6 as a function of pF= log(h), with h in cm. The plots
indicate that the maximum pore-size density for the unimodal dis-
tribution ranges from about pF=0 to mostly pF= 3 (10m). As was
found by Mallants et al. (1997), the distributions based on bimodal
capillary pressure curves show, on the left side of the plots, a system of
secondary pores resulting from structuring, probably caused by the
aggregation of smaller particles, and on the right, a system of primary
pores. The same occurs with a distribution of pores consistent with the
trimodal S(h) or P(h) curves, indicative of a heterogeneous system of
pores. Generally, when a trimodal system is well defined (Fig. 6b,c,d),
an initial peak occurs close to saturation reflecting macroporosity
contributions.

3.4. Predicting water and LNAPL saturation distributions

We now show how the multimodal nature of the pore structure of a
soil may affect water and LNAPL saturation distributions in the sub-
surface. The analysis assumes a hypothetical 4-m deep homogeneous
soil profile, with a water table 2.0 m below the soil surface and a
maximum LNAPL thickness of 2.0 m in a nearby well (Fig. 8). For the
fluids we used the following data: LNAPL specific gravity ρr=0.8, and
interfacial air-water (σaw), air-LNAPL (σan) and LNAPL-water (σnw)
tensions of 65, 25 and 15mNm−1, respectively. We also used the op-
timized air-water hydraulic parameters listed in Table 1. Additionally,
we assumed a total porosity of 0.46 and residual saturation (Snr)
varying along the soil profile. For the residual factor (fr), an average
value of 0.3 was used, since this coefficient was shown to vary from 0.2
to 0.5 for coarse- and fine-textured soils (API, 2007).

Figs. 7 and 8 show the saturation profiles obtained for soil samples d
and e, respectively. Each figure contains a profile obtained using the
API model (2007) for a unimodal pore distribution (Figs. 7a and 8a), as
well as profiles based on Equations (12) and (17) for the multimodal
pore distribution (Figs. 7b and 8b). The initial distribution of the sa-
turation curve for soil sample d (Fig. 7b) showed a trimodal distribution
of pores, with the saturation curves for water (Sw), LNAPL (Sn) and
residual LNAPL (Snr) being different from those obtained for a unimodal
distribution (Fig. 7a). This is not that obvious when comparing the
bimodal distribution of Fig. 8b with the unimodal distribution of Fig. 8a
for soil sample e. However, for these samples (Figs. 7 and 8), as well as
for samples d, b, c and f, appreciable differences occur between the
unimodal and multimodal saturation curves, even though they are not
necessarily pronounced. This suggest differences in the magnitude of
the respective LNAPL specific volumes (free and recoverable), as will be
shown later.

Fig. 6. Relative pore-size distributions assuming unimodal, bimodal and tri-
modal pore systems for a) Soil a (a sandy loam from Rio Claro, Brazil; b) Soil b
(a silty fine sand from São Carlos, Brazil); c, d, and e) Soils c, d and e (a sandy
loam from Bekkevoort, Belgium), and f) Soil f (a silty clay from São Carlos,
Brazil).

Fig. 7. Calculated LNAPL, water and residual NAPL saturation profiles for Soil d
considering: a) unimodal and b) trimodal pore-size distributions as based on the
fitted optimized capillary pressure-saturation curves.
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3.5. Predictions of free LNAPL and recoverable LNAPL specific volumes for
multimodal pore-size distribution formations

The free LNAPL (Dn) and recoverable-LNAPL (Rn) specific volumes
were calculated using Equations (18) and (19), respectively, as well as
with Equation (20) to determine the maximum capillary elevation of
the LNAPL. Figs. 9 and 10 present results of Dn and Rn for the soils
studied, with different hypothetical thicknesses of the LNAPL (2.0, 1.0,
0.5 and 0.25m) in the monitoring well, for the most representative pore
distributions (trimodal for a to e and bimodal for f). The figures show
that for a given thickness of the LNAPL zone in the monitoring well, the
specific volumes are not necessarily related only to soil texture. For
example, despite the fact that soil B is not coarse, it has a greater
specific volume for a given thickness of LNAPL. This is probably a result
of the multimodal nature of its pore-size distribution.

Many studies (e.g., Schaap and van Genuchten, 2006; Jarvis, 2008;
Araujo et al., 2017, among others) have shown that microporous, ag-
gregated or structured soils generally have much larger hydraulic
conductivities at and near full saturation. This implies that the dy-
namics of water flow will be different, and will influence multiphasic
flow and determination of LNAPL specific volumes. In an attempt to
evaluate possible errors resulting from the use of a unimodal model for
multimodal porosity soils, Dn and Rn were calculated for the different
soils, by varying the hypothetical LNAPL thickness (2.0; 1.0, 0.5 m and
0.25m), using the traditional model of API (2007). Associated errors
were calculated using the expression

=
−

Error
VE VE

VE
100 n m n

n

,

(22)

where VEn and VEn,m represent the LNAPL specific volume (free Dn or
recoverable Rn) calculated for unimodal and multimodal pore dis-
tributions, respectively. Fig. 11 shows for each soil the percent error in
Rn as a function of LNAPL thickness. Results indicate that for some of
the soils Rn will be overestimated, and for others underestimated when
a unimodal model is used. Moreover, the magnitude of the error in-
creases with a decrease in the thickness of the LNAPL layer in the
monitoring well. This example shows that the calculated Rn values for
the unimodal model underestimated by about 75% and overestimated
by about 200% for the thickest LNAPL layer (2.0 m), and under-
estimated by about 25% for the thinnest LNAPL layer (0.25 cm).

Fig. 8. Calculated LNAPL, water and residual NAPL saturation profiles for Soil e
considering: a) unimodal and b) trimodal pore-size distributions as based on the
fitted optimized capillary pressure-saturation curves.

Fig. 9. Free LNAPL specific volumes of soils a to f for different LNAPL thick-
nesses.

Fig. 10. Recoverable LNAPL specific volumes of soils a to f for different LNAPL
thicknesses.

Fig. 11. Errors in calculated recoverable LNAPL specific volumes (Rn) with the
use of the unimodal model for soils having a multimodal pore-size distribution.
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4. Conclusions

The API (2007) model for determining LNAPL specific and re-
coverable volumes was modified for considering soils having a multi-
modal pore-size distribution. Our modifications of the API (2007) ap-
proach employed a formulation by Durner (1994) for describing
heterogeneous (bi- or tri-modal) pore systems containing both primary
(relatively small) and secondary (relatively large) pores. Theoretically,
the approach can describe capillary pressure-saturation relations of
complex pore systems involving macropores and/or interaggregate
pores in combination with smaller intra-aggregate and related matrix
pores. We further demonstrated that free LNAPL and recoverable
LNAPL specific volumes will be different depending upon the presence
of unimodal or multimodal (dual-porosity) pore systems. The differ-
ences will likely be greater for cases when the thickness of LNAPL in
monitoring wells is thinner. Our results suggest that estimates of the
permeability to LNAPL, as well as of the performance of certain tech-
nologies for recovering free product petroleum liquid released to
groundwater, such as those found in the LDRM software of the API
(2007), will depend on the pore structure (i.e., uni- or multi-modal) of
the subsurface. Erroneous predictions of potential LNAPL recoveries via
conventional techniques may result if the correct shapes of the capillary
pressure-saturation relations of different pore systems are not well de-
fined.
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