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Modeling Virus Transport and 
Remobiliza  on during Transient 
Par  ally Saturated Flow
Virus transport in porous media is aff ected by the water fl ow regime. During transient, 
variably saturated fl ow, fl uctua  ng fl ow regimes can enhance virus detachment from 
both solid–water interfaces (SWIs) and air–water interfaces (AWIs). The objec  ve of this 
study was to simulate the infl uence of drainage and imbibi  on events on the remobiliza-
 on of a  ached viruses. Three diff erent modeling approaches were examined. In the fi rst 

approach, all a  achment and detachment coeffi  cients were assumed to be constant, but 
the values of the detachment coeffi  cients were increased dras  cally for the dura  on of 
transient, unsaturated fl ow. The second and third modeling approaches involved exten-
sions of the model of Cheng and Saiers, who assumed enhanced detachment of viruses to 
be propor  onal to the  me rate of change in the water content. Their model was extended 
to include separate terms for virus a  achment–detachment on SWIs and AWIs. In our 
second approach, we assumed kine  c sorp  on onto the AWI, with the desorp  on rate 
being described as a func  on of temporal changes in the air content. This approach did 
not explicitly account for the specifi c air–water interfacial area. Thus, in our third approach 
we explicitly included the presence and varia  on of air–water interfaces and assumed AWI 
a  achment–detachment to be an equilibrium sorp  on process. The available air–water 
interfacial area was assumed to be a func  on of fl uid satura  on. The models were used 
to simulate a series of saturated–unsaturated virus transport experiments reported in the 
literature for condi  ons of both drainage and imbibi  on. The most promising results were 
obtained with the third approach, which explicitly accounts for adsorp  on to air–water 
interfaces and assumes equilibrium sorp  on on the available air–water interfacial area.

Abbrevia  ons: AWI, air–water interface; SWI, solid–water interface.

Studies of virus and colloid transport during transient fl ow in variably satu-
rated porous media are important for devising optimal management and remediation 
practices for polluted water resources, especially for contaminants that may adsorb onto 
and migrate with colloids, including the transport of biological colloidal particles (Goyal 
et al., 1984; Ouyang et al., 1996). Transient-fl ow regimes triggered by rainfall, irrigation, 
snowmelt, or water table fl uctuations predominate in the shallow vadose zone. Much evi-
dence exists that fl uctuating fl ows may remobilize deposited pathogenic microorganisms 
and can lead to very high peak concentrations in drinking water resources (DeNovio et 
al., 2004; Zhuang et al., 2007). Th e presence of such peak events can be a major threat to 
public health.

Fate and transport processes of viruses and colloids in porous media are governed by 
advection, dispersion, and inactivation, as well as by interactions with various interfaces 
(Keswick and Gerba, 1980; Yates et al., 1987; Schijven and Hassanizadeh, 2000). In unsat-
urated soils, the main removal processes are inactivation and attachment to solid surfaces 
and air–water interfaces (Powelson et al., 1990; Schijven and Hassanizadeh, 2000; Chu 
et al., 2001; Crist et al., 2005). Th ese processes very much depend on prevailing hydraulic 
and chemical conditions that are prone to spatial and temporal changes (e.g., see Sadeghi 
et al. [2011] for the eff ect of pH and ionic strength on virus removal). Of importance to 
virus and colloid transport in the unsaturated zone is also the air–water interfacial area 
between the wetting (water) and nonwetting (air) phases, which is a function of the degree 
of saturation and the capillary pressure (Hassanizadeh and Gray, 1993). Much theoretical, 
experimental, and modeling research has recently been undertaken to understand and 
quantify the relationships between air–water interfacial area, capillary pressure, and fl uid 
saturation (e.g., Pyrak-Nolte et al., 2008; Joekar-Niasar et al., 2010b).

Remobilization of colloids occurs 
under transient flow conditions. 
Three different approaches were 
employed to simulate observed 
transient fl ow eff ects on the remobi-
liza  on of a  ached viruses in sandy 
columns. The approach taking into 
account specifi c air-water interfacial 
area showed be  er agreement than 
the previously proposed models.
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Several studies of virus and colloid transport during variably satu-
rated fl ow have shown that attachment and release are enhanced at 
lower degrees of saturation (e.g., Torkzaban et al., 2006a; Chu et 
al., 2001); however, most of these studies were performed assuming 
steady-state fl ow with uniform degrees of saturation in time and 
space. Commonly, a steady-state fl ow regime is established fi rst 
before the virus transport experiments are initiated. Th e results of 
such studies are valuable in that they show the dependence of sorp-
tion or attachment–detachment parameters on fl uid saturation; 
however, natural systems usually involve transient-fl ow conditions, 
which have been shown to oft en cause mobilization of attached 
viruses and colloids.

Gómez-Suárez et al. (1999a, 1999b, 2001b) studied the detach-
ment of microsized particles from solid surfaces by passing air 
bubbles through a parallel-plate fl ow chamber. Th ey varied fl uid 
properties and hydraulic conditions to study their eff ects on col-
loid detachment. Detachment was found to decrease linearly with 
increasing air bubble velocity and decreasing air–water interfacial 
tension. Th e percentages of detachment by passing air bubbles 
also varied greatly depending on the characteristics of the bac-
terial strain and the solid surface (Leenaars and O’Brien, 1989; 
Gómez-Suárez et al., 2001a; Sharma et al., 2005; Boks et al., 2008). 
Results indicated that at low air bubble velocities, the hydrophobic-
ity of the substratum had no infl uence on detachment. At high air 
bubble velocities, however, all bacterial strains were more effi  ciently 
detached from hydrophilic glass substrata. Particle shape (Gómez-
Suárez et al., 2001a) and size (Gómez-Suárez et al., 2001b) were 
also found to be an important factor in air-bubble-induced detach-
ment. Sharma et al. (2008a, 2008b) performed experiments similar 
to Gómez-Suárez et al. (1999a). Th ey observed that an infi ltrating 
or draining water front removed colloids that were deposited on 
the solid surfaces whenever the colloids came into contact with 
the moving AWI.

Several pore-scale visualization studies on the role of moving 
AWIs on colloid transport have been performed. For example, 
Sirivithayapakorn and Keller (2003) conducted pore-scale imbi-
bition experiments in an unsaturated physical micromodel. Th ey 
found that colloids strongly attached to the AWI. In subsequent 
studies, Keller and Auset (2007) showed how imbibition events 
thickened the water fi lms where colloids were originally trapped 
and mobilized colloids attached to the AWI. Th ey found that 
resaturation eventually remobilized all colloids attached to the 
AWI or trapped within thin water fi lms. Crist et al. (2004, 2005) 
performed three-dimensional micromodel visualization experi-
ments using a packed-sand infi ltration chamber. Th ey found that 
colloids not only attached to the AWI but also were trapped in 
thin regions where the AWI and the solid surface meet, oft en 
referred to as the air–water–solid contact line. Other pore-scale 
experiments on colloid transport, including retention and mobi-
lization in unsaturated media during imbibition, were performed 
by Gao et al. (2006). As the water content increased and immobile 

water was converted to mobile water, particles were found to be 
released from the immobile water zones.

Several drainage and imbibition column experiments have been 
performed to study the remobilization of colloids and viruses as 
a result of transient, unsaturated fl ow. Results showed that the 
concentration of viruses at the outlet increased when a wetting 
front arrived (Ryan et al., 1998; Powelson and Mills, 2001; Saiers 
and Lenhart, 2003; Torkzaban et al., 2006a, 2006b; Shang et al., 
2008; Zhuang et al., 2009; Cheng and Saiers, 2009). Th ese stud-
ies suggest that temporal changes in saturation, whether drainage 
or imbibition, promote the remobilization of attached viruses 
and colloids.

To account for colloid remobilization during transient fl ow, Cheng 
and Saiers (2009) proposed a semi-empirical model in which the 
detachment coeffi  cient is assumed to be a function of the tempo-
ral change in fl uid saturation. Th ey used the model to simulate 
the results of their colloid remobilization experiments. Unfortu-
nately, the model has two shortcomings: (i) the dependency of the 
attachment and detachment coeffi  cients on fl uid saturation was 
not taken into account, and (ii) attachment to and detachment 
from AWIs was not specifi cally included in the model.

The objective of this study was to investigate the utility of 
the Cheng and Saiers model, and several modifications and 
extensions thereof, to describe experimental data reported by 
Torkzaban et al. (2006a, 2006b). We modifi ed the model of 
Cheng and Saiers (2009) in an attempt to remove the two short-
comings mentioned above.

 Column Experiments
Th e virus transport experiments of Torkzaban et al. (2006a, 2006b) 
were designed to determine the eff ect of water content on the attach-
ment of viruses in soil during steady-state, unsaturated fl ow. Th ey 
focused especially on the interaction of viruses with the SWI and 
AWI. In their studies, they used cylindrical polyvinyl chloride col-
umns with an internal diameter of 10 cm and length of 23 cm. Sand 
with a median grain size (d50) of 140 μm and uniformity coeffi  -
cient (d60/d10) of 1.6 was packed into the columns following the 
procedures of Robinson and Friedman (2001) to produce as homo-
geneous a packing as possible. Both saturated and unsaturated fl ow 
experiments at constant fl ow rates and constant saturations were 
performed. Th e pH and ionic strength were also varied among the 
experiments. Table 1 lists the relevant parameters of the experiments. 
Th e experiments were designed such that constant saturation levels 
and capillary pressures existed along the column and vs. time. Th is 
was done by establishing zero pressure gradients in the column such 
that gravity was the only driving force for water fl ow.

Once steady-state fl ow was established, a virus suspension was 
added to the inlet solution. Effl  uent samples were taken from the 
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outlet of the column at regular intervals and analyzed for virus 
concentrations. Th e virus seeding was continued until almost 
steady-state breakthrough curves were obtained. At the end of the 
seeding period, the fl ow of clean water and measurement of the 
breakthrough curve continued. Some of the steady-state experi-
ments were followed by a transient drainage or imbibition fl ow 
phase. For transient drainage, the infl ow of water at the top of the 
columns was terminated and the columns were allowed to drain 
by gravity to nearly residual water saturation. Th e unsaturated 
columns in several other transient experiments were gradually 
resaturated to almost full saturation by f looding them from 
below, aft er which they were drained to the residual water con-
tent. Both types of transient experiments caused steep increases in 
the breakthrough concentrations of the viruses, as shown by typi-
cal breakthrough curves in Fig. 1 and 2. Torkzaban et al. (2006a, 
2006b) used the HYDRUS-1D code (Šimůnek et al., 1998) to 
model the virus experimental data during steady-state fl ow. Th ey 
did not try to simulate the transient part of their experiments.

Mathema  cal Formula  ons
Flow in Unsaturated Porous Media
Transient fl ow of water through the unsaturated columns was 
modeled using the standard Richards equation:

( ) 1
hK h

t x x
⎡ ⎤⎛ ⎞∂θ ∂ ∂ ⎟⎜⎢ ⎥= + ⎟⎜ ⎟⎜⎢ ⎥⎝ ⎠∂ ∂ ∂⎣ ⎦

 [1]

where h [L] is the water pressure head, θ (dimensionless) is the 
volumetric water content, K [L T−1] is the hydraulic conductivity, 
t [T] is time, and x [L] is the vertical coordinate, taken positive in 
the upward direction. We used the expressions of van Genuchten 
(1980) to describe the nonlinear relationships between θ and h and 
between K and h:
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where θs and θr (both dimensionless) are the saturated and residual 
water contents, respectively, Se (dimensionless) is the eff ective satu-
ration, and α [L−1], n (dimensionless), and m (dimensionless) are 
empirical parameters, with m = 1 − 1/n.

Virus Transport during Transient, 
Unsaturated Flow
We investigated three alternative models of virus transport during 
transient, variably saturated fl ow. Th e general equations govern-
ing virus transport in variably saturated media, including terms 
accounting for sorption onto SWIs and AWIs, as stated by Torkza-
ban et al. (2006b), among others, are

Table 1. Experimental condition of the column experiments and modeling parameters (average ± standard deviations) as reported by Torkzaban et al. 
(2006a, 2006b).

Parameter Exp. LpHi100 Exp. HpLi65 Imbibition–drainage

pH 7 9 6.2

Ionic strength, mmol L−1 19 0.6 19

Initial saturation, % 100 65 50

Pore water velocity, cm min−1 0.68 0.56 0.46

Measured dispersivity, cm 0.06 0.44 0.56

Seeding duration, pore volumes 4.2 8.0 10.4

Column length, cm 23 23 23

Porosity (θs), – 0.41 0.41 0.41

Saturated hydraulic conductivity, cm min−1 1.13 1.13 1.13

Soil dry bulk density (ρb), kg cm−3 1650 1650 1650

Residual water content (θr) 0.055 0.055 0.055

Solid–water interface (SWI) attachment coeffi  cient (katt
s), min−1 8.2 (±1.7) × 10−3 0.82 (±0.34) × 10−3 0.2 (±0.06) × 10−3

SWI detachment coeffi  cient (kdet
s), min−1 1.4 (±0.2) × 10−3 7.0 (±1.4) × 10−3 9.5 (±1.6) × 10−3

Air–water interface (AWI) attachment coeffi  cient (katt
a), min−1 – 8.5 (±1.4) × 10−3 1.5 (±0.06) × 10−3

AWI detachment coeffi  cient (kdet
a), min−1 – 0.0052 (±0.001) × 10−3 0.0063 (±0.001) × 10−3

Inactivation rate (μw, μs, and μa), min−1 1.3 × 10−5 1.3 × 10−5 1.5 × 10−5

Transient condition drained drained resaturated, then drained
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where Cw [pfu L−3] is the concentration of viruses in water 
(number of plaque-forming units per volume of water); Cs [pfu 
M−1] is the number of viruses adsorbed to the SWI per unit mass 
of dry soil; Ca [pfu L−3] is the concentration of viruses adsorbed 
to the AWI in terms of the number of viruses per unit volume 
of air; ρb [M L−3] is the soil bulk density; θa (dimensionless) is 
the air content (volume of air per unit volume of the soil); D [L2

T−1] is the dispersion coeffi  cient, q [L T−1] is the Darcy–Bucking-
ham fl ow rate; γs and γa [pfu L−3T−1] are rates of adsorption to 
SWIs and AWIs, respectively; μw, μs, and μa [T−1] are inactivation 
rate coeffi  cients associated with the water, solid, and air phases, 
respectively; katt

s and kdet
s [T−1] are attachment and detachment 

rate coeffi  cients, respectively, of viruses to and from the SWI; and 
katt

a and kdet
a [T−1] are similar attachment and detachment rate 

coeffi  cients, respectively, associated with the AWI. According to 
Schijven and Hassanizadeh (2000), the ratio of μw and μs is gener-
ally close to unity.

Torkzaban et al. (2006a, 2006b) determined values of the attach-
ment and detachment coeffi  cients at diff erent constant saturation 
values. Th ose data cannot be used to provide a dependence of 
the attachment/detachment coeffi  cients on saturation during 
transient fl ow, however. As explained above, various researchers 
have reported that during both drainage and imbibition a remo-
bilization of attached viruses may occur. One way to model this 
remobilization, using Eq. [4a–4c], is to assign a much larger, yet 
constant, value to kdet for the duration of a drainage or imbibition 
process. We shall refer to this as the constant-detachment model. A 
more physically based model was proposed by Cheng and Saiers 
(2009). Th is model was extended in two diff erent ways to include 
the eff ect of AWIs.

Model 1: The Cheng and Saiers Model
Cheng and Saiers (2009) hypothesized that mobilization of 
adsorbed colloids occurs only in pores that are being emptied 
during drainage or are fi lled during imbibition. During drainage, 
air enters the larger pores fi rst. As the capillary pressure increases 
(or water pressure decreases), smaller pores subsequently undergo 
drainage. Th e variability in pore sizes leads to a distribution of 
compartments (pores) that empty at a distribution of entry pres-
sures, referred to as snap-off  pressures by Cheng and Saiers (2009). 
Once a compartment empties as its entry pressure is reached, 
adsorbed particles are removed from the pore walls of that com-
partment and enter the water phase.

If the concentration of viruses that are adsorbed within the ith 
compartment is denoted by Csi (number of adsorbed viruses per 
unit mass of dry soil), then the total concentration adsorbed to 
SWIs at any given time and position is given by

Fig. 1. Normalized virus concentration breakthrough curves at pH 7 
and 100% fl uid saturation (top) and pH 9 and 65% fl uid saturation 
(bottom). Figures constructed based on data and parameter values 
reported by Torkzaban et al. (2006a).

Fig. 2. Measured and fi tted φX174 normalized virus concentration 
breakthrough curve for the steady-state part of the imbibition–drainage 
experiment (at 50% saturation) of Torkzaban et al. (2006a, 2006b).
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where Nc is the number of compartments. Cheng and Saiers (2009) 
assumed that the desorption of viruses occurs as a consequence of 
two separate processes: a steady-state part, modeled by the stan-
dard desorption coeffi  cient kdet

s, and an additional part accounting 
for mobilization of viruses from a drained compartment, modeled 
as kdet

i(t)Csi. Th us, under transient conditions, Eq. [4b] is extended 
to the following form:
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where kdet
i [T−1] is the transient detachment coeffi  cient, standing 

for detachment from the solid grains induced by a passing AWI. 
Th is coeffi  cient is nonzero only if the corresponding compartment 
is being drained. Th us, Cheng and Saiers (2009) proposed the fol-
lowing dependency for kdet

i:
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where Ndr (dimensionless) is an empirical coeffi  cient that quanti-
fi es the kinetics of virus mobilization during a drainage event and 
hsi is the entry pressure head for the ith compartment. According 
to Eq. [7], detachment of viruses within a given compartment takes 
place only when the water pressure head is less than the critical 
water pressure head hsi of that compartment. Once air enters a 
pore, detachment occurs as long as fl ow is locally unsteady (i.e., 
∂θ/∂t ≠ 0).

Th e same formula is applied during imbibition, but with diff erent 
restrictions because a pore fi lls with water when the water pressure 
head exceeds the critical entry (snap-off ) pressure head:
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where Nimb (dimensionless) is an empirical coeffi  cient that quanti-
fi es the kinetics of virus mobilization during an imbibition event. 
Th e coeffi  cients Ndr and Nimb are assumed to be the same for all 
compartments.

Th e entry pressure head distribution hsi for diff erent compartments 
can be obtained from capillary pressure head–water content curves 
such as those given by Eq. [2a]. Our choice was to divide the water 
content range between [θr, θ ini], where θ ini is the initial water con-
tent in each transient experiment, evenly into Nc compartments, 

with each ith compartment then providing a corresponding value 
of the critical water pressure head, hsi. Th is approach assumes that 
viruses attach uniformly throughout the entire pore size distribu-
tion range.

Model 2: Kine  c Detachment from Air–Water 
Interfaces as a Func  on of Air Content Changes
Th e model of Cheng and Saiers (2009) does not specifi cally account 
for attachment to or detachment from AWIs. During imbibition, 
AWIs are destroyed, and viruses adsorbed onto the AWI enter the 
water phase. Th is desorption from the air phase to the water phase 
may be accounted for by redefi ning the sorption rate γa in Eq. [4a] 
and [4c] as

s

a 0 a
a s

0 for

for

i

i

h h

C h h
t

⎧ <⎪⎪⎪⎪γ = ∂θ⎨⎪ ≥⎪⎪ ∂⎪⎩

 [9]

where Ca
0 is the last known concentration of AWI-adsorbed 

viruses before imbibition starts. Note that Ca
0 is constant in time 

but varies in space.

Model 3: Equilibrium Air–Water Interface 
A  achment–Detachment as a Func  on of Area
An alternative and somewhat simpler formulation may be obtained 
by assuming that attachment–detachment at the AWI occurs as a 
function of the available air–water interfacial area. Th e governing 
equation for virus transport in the liquid phase, including adsorp-
tion to SWIs and AWIs, is then obtained by adding Eq. [4a] and 
[4c] to eliminate γa, resulting in

w aw

sw
att w

s
b det s w w a aw

w

C aC
t t

qCCD k C
x x x

k C C aC

∂θ ∂
+ =
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where Caw [pfu L−2] is the concentration of viruses adsorbed to the 
AWI in terms of number of viruses per unit air–water interfacial 
area and a [L2 L−3] is the air–water interfacial area per unit volume 
of porous medium. Th is equation should be solved in conjunction 
with Eq. [6] for sorption onto the solid phase. Next we assume 
linear equilibrium partitioning of viruses between the water and 
air–water interface:

a
aw D wC =K C  [11]

where KD
a [L] is the equilibrium distribution coeffi  cient for sorp-

tion onto the AWI, expressed as KD
a = θkatt

a/akdet
a. Equation 

[10] then reduces to
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Equation [12], in conjunction with Eq. [6], is applicable to both 
transient and steady-state saturated and unsaturated fl ow.

Th e specifi c air–water interfacial area (a) in the above equations 
is very much a transient parameter. Its value may depend not only 
on saturation but also on capillary pressure (Hassanizadeh and 
Gray, 1993; Marle, 1981; Joekar-Niasar et al., 2010a). For the pur-
pose of this study, we assumed that a depends on water saturation, 
being zero when the medium is fully saturated or completely dry. 
We considered several specifi c relationships between the interfa-
cial area, a, and the degree of fl uid saturation, Sw = θ/θs. Th e best 
results were obtained using the following equation:

( )30 w w1a a S S= −  [14]

where a0 [L2 L−3] is the specifi c interfacial area corresponding to 
residual saturation of the medium. Equation [14] assumes that 
the eff ective air–water interfacial area for virus sorption increases 
when saturation of the medium decreases, except at very low fl uid 
saturations when the liquid water films around particles may 
become too thin to allow unrestricted movement of viruses in the 
liquid phase to and from AWIs. Th e latter eff ect is accounted for 
by multiplication with Sw in Eq. [14]. Th is equation, without the 
last term (Sw), is consistent with both theoretical (e.g., Bradford 
and Leij, 1997; Oostrom et al., 2001) and experimental (e.g., Kim 
et al., 1999) analyses of air–water interfacial areas as a function 
of fl uid saturation. Th e data of Kim et al. (1999) for a coarse-tex-
tured sand, similar to the one used in this study, indicate values 
of approximately 3 for the exponent in Eq. [14]. Th e value of 400 
cm−1 for a0, which we used in our study, was determined by using 
the simple power function a = 400(1 − Sw)3, which is physically 
realistic to match the data of Kim et al. (1999).

 Results
Parameter Op  miza  on
Th e three diff erent transport models presented above were solved 
by means of COMSOL Multiphysics 3.5a. Model parameters were 
estimated by fi tting calculated concentration breakthrough curves 
to the experimental data of Torkzaban et al. (2006a, 2006b). To 

do so, the sum of squared residuals between calculated and mea-
sured effl  uent concentrations was used as the objective (or fi tness) 
function (Raoof and Hassanizadeh, 2010). Th e objective func-
tion was minimized using a genetic algorithm to allow for both 
constrained and unconstrained optimization problems (Houck et 
al., 1995). Genetic algorithms diff er from more traditional search 
algorithms in that they work with a number of candidate solutions 
(a population) rather than only one solution. Th e algorithm begins 
by creating a random initial population. Th en at each step, indi-
viduals are selected at random from the current population and 
used to produce the next generation. Over successive generations, 
the population “evolves” toward an optimal solution (for details 
of the method, see Houck et al., 1995). We used in our study the 
Genetic Algorithm Toolbox included in Matlab (Th e Mathworks).

Our main objective was to estimate values of the detachment model 
parameters that would fi t the measurements satisfactorily. Steady-
state model parameter values, such as D, katt

s, kdet
s, katt

a, kdet
a, μw, 

μs, and μa, obtained by fi tting the virus breakthrough curves with 
the two-site kinetic attachment–detachment model are presented 
in Table 1. Th e parameter Nc was assigned a fi xed value of 5 follow-
ing a sensitivity analysis (larger values did not materially change 
the optimization results). Th e hydraulic parameters α and n had 
to be estimated also because no water retention data were available. 
For this reason, we estimated these parameters as well as Ndr from 
the virus concentrations of the drainage experiment.

Th e van Genuchten hydraulic parameters in Eq. [2a] and [2b] 
for a very coarse-textured soil, in our case a medium sand with 
a median grain size of 140 μm and a uniformity coeffi  cient of 
1.6, are generally between 2 and 15 for n and between 14 and 35 
m−1 for α (e.g., Schaap et al., 2001). Th ese values were specifi ed 
as limiting values in the optimization process to ensure that the 
parameter values remained physically realistic. Th e genetic algo-
rithm repeatedly modifi ed a population of individual solutions. 
In our case, each individual solution consisted of three parameter 
values. We used a population size of 20 individual solutions and 
a repetition of 10 generations.

Optimized values of the hydraulic parameters α and n and the drain-
age detachment constant Ndr are listed in Table 2. For imbibition, 
we used the same value of n as for drainage but shift ed the drainage 
curve by increasing the value of α by a factor of 2 (e.g., Luckner et al., 
1989). With known unsaturated soil hydraulic parameters, only the 
transient imbibition detachment constant Nimb had to be optimized. 
Th e estimated value for Nimb is included in Table 2.

Simula  ons of the Virus Transport Experiments
Simula  ons of the Drainage Experiments
Figure 1 presents normalized virus concentration breakthrough 
curves for the column experiments conducted by Torkzaban et al. 
(2006a) at two diff erent fl uid saturations. Th e solid line is the sim-
ulated breakthrough curve obtained with Eq. [4a–4b] as fi tted to 
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the steady-state fl ow part of the curve. Corresponding parameters 
for the simulation are presented in Table 1. Th e two plots show 
signifi cant increases in the virus concentration due to drainage of 
the column at the end of the experiments.

As discussed above, virus remobilization can be modeled in several 
ways: (i) increasing the otherwise constant value of the detach-
ment coeffi  cient, kdet, by some constant factor as soon as drainage 
or imbibition starts; (ii) changing the value of kdet as a function 
of changes in fl uid saturation or air content, or (iii) changing 
attachment–detachment as a function of the available air–water 
interfacial area. Results of the three modeling approaches are com-
pared with the experimental virus drainage data in Fig. 3. Notice 
that only data for the transient-fl ow period (and the ensuing remo-
bilization) are shown, starting from the time when transient fl ow 
was initiated. Parameter values for the three models are listed in 
Tables 1 and 2. For the constant-coeffi  cient model, the value of kdet
was increased from 1.38 × 10−3 to 3.9 × 10−2 min−1 in the case 
of 100% fl uid saturation (Exp. LpHi100) and from 7.02 × 10−3

to 6 × 10−2 min−1 in the case of 65% saturation (Exp. HpLi65) as 
determined from the optimizations. Th e results are shown in the 
top graphs of Fig. 3. It is clear that the fi ts are poor; even the trends 
in the data are not properly simulated with this model.

Results for the variable-coeffi  cient model of Cheng and Saiers 
(2009) are shown in the middle graphs of Fig. 3. Th is model fi tted 
the data much better than the constant-coeffi  cient formulation. 
Th e variations in the detachment coeffi  cient kdet

i with time at a 
position 10 cm below the column inlet are shown in Fig. 4. Th e 
maximum value occurred when the drainage front reached this 
position. It is evident that this maximum value will be reached at 
later times at positions farther down the column.

Results of the modeling approach assuming linear equilibrium 
virus partitioning between the water phase and the available (tran-
sient) air–water interfacial area are shown in the bottom graphs 
of Fig. 3. Simulations using this approach provided somewhat 

better fi ts with the data than the variable detachment model of 
Cheng and Saiers (2009), as refl ected by lower values of the sum 
of squared residuals between measured and calculated virus con-
centrations in the optimization process. Fitted parameters using 
this approach are listed in Table 2. Th e equilibrium distribution 
coeffi  cients (2–4 cm) in our study were found to be several orders 
of magnitude larger than values (about 0.015 cm) reported by Wan 
and Tokunaga (1998). We do not have a good explanation for these 
diff erences, except perhaps the diff erent experimental protocols 
used in the two studies (transient imbibition–drainage experi-
ments in our study and a steady-state bubble column method of 
Wan and Tokunaga, 1998). Further studies about these diff erences 
are required.

Simula  ons of the Imbibi  on–Drainage Experiment
Th e measured breakthrough curve, including remobilization, of 
the imbibition–drainage experiments of Torkzaban et al. (2006a, 
2006b) is shown in Fig. 2. Th e solid line is again the simulated 
breakthrough curve using the conventional virus attachment–
detachment model based on Eq. [4a–4c] fi tted to the steady-state 
fl ow period. Th e column in this case was resaturated to nearly full 
saturation by raising the hanging water tube and then was drained 
to residual water saturation.

The transient part of this experiment was simulated with the 
variable-detachment model as well as the formulation based on 
equilibrium partitioning between the water phase and air–water 
interfacial area during both resaturation and drainage. Optimized 
values of the detachment parameters Nimb and Ndr, as well as other 
parameters, are listed in Table 2. Figure 5 shows the measured and 
fi tted breakthrough curves for the two approaches. Th e time is 
again presented from the start of resaturation.

As can be seen from Fig. 5, the simulations assuming equilibrium 
sorption onto the air–water interfacial area agree very well with 
the observed data. It is encouraging to see that the simpler equilib-
rium sorption model works as well, or better, that the numerically 

Table 2. Best-fi t soil hydraulic parameter values, including retention curve parameters a and n, empirical coeffi  cients that quantify the kinetics of virus 
mobilization during imbibition and drainage (Nimb and Ndr, respectively), the specifi c interfacial area corresponding to residual saturation (a0), the 
equilibrium distribution coeffi  cient for sorption onto the air–water interface (KD

a), and the sum of squared residual (SSQ) for diff erent experiments.

Experiment

Retention curve parameters Cheng–Saiers extended model

α n Nimb Ndr a0 KD
a SSQ

m−1 cm−1 m

LpHi100, drainage 14.29 12.6 – 152.5 (±8.54)† – – 0.0137

HpLi65, drainage 14.29 12.6 – 171.5 (±7.72) 400 (±5) 0.04 (±0.01) 0.0632

Imbibition–drainage

 Imbibition‡ 28.5 12.6 0.15 (±0.008) – 400 (±5) 0.02 (±0.01) 0.0478

 Drainage 14.29 12.6 – 25.59 (±1.41) 400 (±5) 0.02 (±0.003)

† Values are plus or minus the standard error of the fi tted parameter estimate.
‡ Estimated from the drainage curve.
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more intricate variable detachment formulation. We note here that 
the formulation based on sorption onto the air–water interfacial 
area requires an expression relating the specifi c interfacial area to 
the degree of fl uid saturation, or alternatively the air content. In 
this study, we used Eq. [14] for this purpose, which performed 
better than several other expressions we investigated for a, includ-
ing simple power functions of relative fl uid saturation such as a = 
a0(1 − Sw)p. Equation [14] suggests that, as expected, the eff ective 
AWI for virus sorption increases when the medium desaturates, 
except in very dry systems. Alternative expressions for Eq. [14] may 

need to be investigated in future work, especially for medium- and 
fi ne-textured sand.

Concluding Remarks
Virus remobilization during draining column experiments and 
during the processes of resaturation conducted by Torkzaban et al. 
(2006a, 2006b) was modeled. First, we used the constant-detach-
ment coefficient model, which just increased the detachment 
coeffi  cient by a constant factor. Th en we modifi ed the model of 

Fig. 3. Observed (open circles) and fi tted (lines) virus remobilization breakthrough curves for two drainage experiments: Exp. LpHi100 (low pH, high 
ionic strength, 100% fl uid saturation) (left ) and HpLi65 (high pH, low ionic strength, 65% fl uid saturation) (right) simulations assuming constant 
detachment rate (kdet) (top), variable kdet (middle), and equilibrium partitioning on the air–water interface (bottom).
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Cheng and Saiers (2009) by including the eff ect of virus attach-
ment on AWIs. Two alternative formulations were considered; one 
was virus attachment–detachment on the AWI modeled as a func-
tion of transient changes in the air content, and the other was virus 
sorption on the AWI modeled as an apparent linear equilibrium 
partitioning process subject to the available (transient) air–water 
interfacial area (being zero at full saturation). Th e latter model 
formulation was found to fi t the observed data satisfactorily. Sepa-
rate SWI and AWI virus mass balances (see Fig. 6 and 7) showed 
that, in total, more viruses accumulated at, and released from, the 
SWI than the AWI.

One point needing emphasis is that the experiments of Torkzaban 
et al. (2006a, 2006b) showed that steady-state attachment coef-
fi cients obtained from experiments performed at diff erent fl uid 
saturations are diff erent (see Table 1). Th is means that in drainage–
imbibition experiments, the steady-state attachment coeffi  cients 
katt

s and katt
a should be some function of the fl uid saturation. As 

such, we included in our transient simulations a linear dependence 
of the attachment coeffi  cient on saturation. Comparison of the 

results with the constant-attachment model simulations, however,  
showed very little diff erence. Th is may have been due to the large 
values of the transient detachment coeffi  cients, which may have 
obscured any variations in the attachment coeffi  cients (causing 
them to have little eff ect on the results).

We studied the effect of f luid saturation changes on colloid 
remobilization at the column scale. As noted by Bradford et al. 
(2009), among others, column scale analysis, especially if limited 
to breakthrough curves, provides only limited information about 
the exact processes involved. While important, such column-scale 
studies may need to be augmented with more intricate pore-scale 
theoretical and experimental studies to more precisely identify the 
underlying processes responsible for colloid remobilization during 
transient imbibition and drainage events. Additional research is 
also needed to investigate the applicability of the model of Cheng 
and Saiers (2009), or the formulations developed in this study, 
for virus transport in structured fi eld soils as well as for two- or 
three-dimensional fl ow conditions. It is further worth noting that 
the recent study of Sadeghi et al. (2011) has shown that transient 

Fig. 4. Variable detachment rates 
(kdet) during drainage at 10 cm 
below the column inlet: drainage 
starting from a saturated column 
(left ) and drainage starting from 
a fl uid saturation of 65% (right). 
Vertical bars indicate the kdet
where the compartments defi ned 
in Cheng and Saiers (2009) 
model are drained.

Fig. 5. Observed (open circles) and fi tted (lines) virus remobilization breakthrough curves for the imbibition–drainage experiment of Torkzaban et 
al. (2006a, 2006b): breakthrough results using the model with air–water interface virus attachment–detachment as a function of air content (left ) and 
as a function of the air–water interfacial area.
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changes in water chemistry also result in the remobilization of 
adsorbed viruses. It is important to investigate which other tran-
sient eff ects may have similar consequences for virus transport in 
soil systems.
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