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Evaluation of clogging in planted and unplanted
horizontal subsurface ﬂow constructed wetlands: solids
accumulation and hydraulic conductivity reduction
André Cordeiro De Paoli and Marcos von Sperling

ABSTRACT
This study aimed to evaluate the behaviour of two horizontal subsurface ﬂow constructed wetland
units regarding solids build up and clogging of the ﬁlter medium. In order to analyse the causes of
this process, which is considered the major operational problem of constructed wetlands, studies
were carried out to characterize accumulated solids and hydraulic conductivity at speciﬁc points of
the beds of two wetlands (planted with Typha latifolia and unplanted units) receiving efﬂuent from an
upﬂow anaerobic sludge blanket reactor treating sanitary sewage (population equivalent of 50
inhabitants each unit). The experiments were performed after the units were operating for 2 years
and 4 months. This study presents comparative results related to the quantiﬁcation and
characterization of accumulated solids and hydraulic conductivity along the length and width of the
ﬁlter beds. Approximately 80% of the solids found were inorganic (ﬁxed). Near the inlet end, the rate
interstitial solids/attached solids was 5.0, while in the outlet end it was reduced to 1.5. Hydraulic
conductivity was lower near the inlet of the units (as expected) and, by comparing the planted
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wetland with the unplanted, the hydraulic conductivity was lower in the former, resulting in larger
undesired surface ﬂow.
Key words

| accumulated solids, clogging, hydraulic conductivity, sewage treatment, wetlands

INTRODUCTION
The system of horizontal subsurface ﬂow constructed
wetlands (HSSFCWs) usually presents a very good performance in the removal of organic matter and suspended solids,
being regarded as a natural and simple solution to sewage
treatment. It is widely used worldwide for secondary and
tertiary treatment, and there are currently thousands of systems in operation. However, the main operational problem
of horizontal subsurface ﬂow wetlands still remains: clogging of the internal spaces between grains at the inlet of
the bed due to accumulated solids in the ﬁlter media
(Cooper ). The main consequences are the reduction
of hydraulic conductivity and increased head loss, with possible surface ﬂow of the inﬂuent after a certain period of
operation.
As a result of the continued operation of HSSFCWs,
solids tend to accumulate as bioﬁlms and in the void
spaces of the ﬁlter medium, leading to a reduction of the
effective free area for ﬂow and to increased headloss.
Water levels may rise inside the ﬁlter bed, until surface
doi: 10.2166/wst.2013.008

Downloaded from https://iwaponline.com/wst/article-pdf/440821/1345.pdf
by guest

run-off takes place. This occurs whenever the hydraulic conductivity of the support medium is insufﬁcient to transport
the applied inﬂuent. Surface run-off of untreated sewage
can create favourable conditions for the production of bad
odours and proliferation of ﬂies, pose health risks to animals
and humans that may come into contact with the exposed
efﬂuent, and decrease the effective hydraulic retention
time (HRT) and the performance of the treatment system
(USEPA ).
Clogging of the bed is the main operational problem in
HSSFCW (Cooper ), and it is believed that clogging is
an inevitable phenomenon (Puigagut et al. ; Wallace &
Knight ). Nivala et al. () present a detailed
literature review, which deals with the measurement of
the development, the mathematical modelling and possible
control measures associated with clogging in subsurface
ﬂow wetlands. A wider cross-section, in order to decrease
horizontal ﬂow velocity and hence head loss has been also
proposed, together with the possibility of reversing the
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ﬂow (outlet to inlet) after some time in order to feed at a
region with less accumulated solids (Verlicchi et al. ).
According to Kadlec & Wallace (), apparently there
are two distinct steps in the process. (i) Short-term effects:
reduction of the hydraulic conductivity as early as in the
ﬁrst year of operation. This is related to the development
of plant roots (ﬁrst in the upper region of the bed) and to
the biomass formed occurring mainly at the inlet of the
bed. (ii) Long-term effects: gradual reduction of the hydraulic
conductivity. This is related to the deposition of mineral
(inert) suspended solids, accumulation of refractory material
and formation of insoluble chemical precipitates.
Regarding short-term effects, most of the void spaces
seem to decrease during the ﬁrst year after the system
starts operating. This is the main period in which the roots
and rhizomes of macrophytes grow and the bioﬁlm develops. The macrophytes in HSSFCW develop their roots
preferentially in the upper region of the bed. The morphology of roots and rhizomes depends strongly on the
conditions of the existing redox potential (Lockhart ).
This limitation on the penetration of roots can create preferential ﬂows in the deeper parts of the bed (USEPA ).
The loss of porosity of the ﬁlter bed results in a decrease
in the residence time of the liquid. Marsteiner et al. ()
report a reduction around 10% of HRT for planted wetlands
(PWs), compared to unplanted wetlands (UPWs), and
Tanner et al. () estimate that the roots and rhizomes represent a decrease of 4% in the calculated HRT. The nonuniform distribution of roots and biomass along the length
of the bed results in a non-uniform distribution of hydraulic
conductivity in the bed. Planted and unplanted systems exhibit reduced conductivity, and the planted system seems to
present lower hydraulic conductivity (Sanford et al. ).
According to USEPA (), the presence of roots and rhizomes in the ﬁlter medium has a negative effect on
hydraulic conductivity, with an estimation that the planted
system decreases the void spaces in the bed in the range of
2–8%, while in systems without plants this reduction is
around 0.1–0.4%. Brasil and Matos () observed an average decrease in hydraulic conductivity from 15.4 to 9.1 m/d
in just 5.5 months in HSSFCW which used gravel (5–
10 mm) as support medium and had been recently (4
months) planted with cattail (Typha sp.).
Another factor that has short-term effects on the
decrease of hydraulic conductivity is the development of
microbiological bioﬁlm formed as a result of the soluble
and particulate organic material applied. This bioﬁlm contains inorganic and organic solids, whose characteristics
vary according to the type of the inﬂuent to be treated.
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The bioﬁlm is larger at the inlet of the wetland bed, where
the organic load is greater. The organic material is removed
from the efﬂuent along the wetland, leading to a decline in
the formation of bioﬁlm.
Tanner & Sukias () reported on the importance of
the by-products from macrophytes on the contribution of
solids in the beds, in the range of 1.2–2.0 kg of VSS/m2
more than in UPWs, over a 2-year period. It was also
observed that more than 90% of these organic solids were
composed of recalcitrant fractions, probably originating
from lignocellulose materials.
Regarding long-term effects, bed porosity in HSSFCWs
tends to decrease as a result of continuous input of particulate matter. The accumulation of inert sediments and
refractory organic material occurs mainly at the inlet of
the bed and leads to a reduction of the hydraulic conductivity in this region. Chemical reactions that occur in
HSSFCW can form insoluble chemical precipitates. The formation of precipitates is caused by the existing redox
potential along the wetland, and the reduction of hydraulic
conductivity is not restricted to the inlet of the bed, but
takes place over the entire length of the wetland.
Caselles-Osorio et al. () found signiﬁcant variations
in the accumulation of solids, especially at the inlet of the
wetlands when compared with the outlet. These authors
also found that the organic fraction, represented by the
VSS/TSS (volatile suspended solids/total suspended solids)
ratio, was around 10–20% in most cases.
Wetlands are usually used after a preceding treatment,
which removes part of the organic matter and suspended
solids. The treatment process used varies from place to
place around the world and may vary from simple units
such as septic tanks (in which case the wetlands will act
as secondary treatment) to more complex systems, such as
activated sludge (in which case the wetlands will play the
role of a tertiary treatment step). In Brazil, due to the frequent use of upﬂow anaerobic sludge blanket (UASB)
reactors, wetlands have also been used as a post-treatment
of the efﬂuent from these reactors (Souza et al ; Dornelas et al. ; von Sperling et al. ). Since the behaviour
of this combined system has not been widely reported by the
international literature, there is a need to understand in
more detail the hydraulic behaviour and the evolution of
hydraulic conductivity reduction in wetlands acting as
post-treatment of anaerobic efﬂuents.
The main objective of this study is to quantify and
characterize the accumulation of solids and the hydraulic
conductivity in a full-scale system consisting of two
HSSFCWs (a planted unit with Typha latifolia and an
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unplanted one) in the post-treatment of efﬂuents from an
anaerobic UASB reactor after 2 years and 4 months of operation of the system.

MATERIALS AND METHODS
Two HSSFCWs were used as post-treatment of the efﬂuent
from a UASB reactor in the Centre for Research and Training in Sanitation (CePTS UFMG/Copasa), located at the
Arrudas wastewater treatment plant, at coordinates
19 530 420 S and 43 420 520 W, in the city of Belo Horizonte,
Brazil. Both were ﬁlled with blast furnace slag and were
designed for a population equivalent of 50 inhabitants
each. The treatment units, constructed in parallel, received
an average ﬂow of 8.25 m³/d each. One of the units (PW –
planted wetland) was planted with cattail (Typha latifolia)
and the other (UPW – unplanted wetland) was not planted
(control unit). The operational characteristics of each horizontal subsurface wetland unit are shown in Table 1.
The system was operational for approximately 2 years
and 4 months (after start-up) before the undertaking of the
experiments of solids characterization and measurement of
hydraulic conductivity. The tests were conducted over a
period of 2 months, without rainfall. Weekly samples of
the major wastewater constituents were collected at the
raw sewage and efﬂuent from all units.
The support medium was characterized by grain size distribution analysis, with the following results: d10 ¼ 19 mm,
non-uniformity coefﬁcient d60/d10 ¼ 1.2 and volume of
voids (porosity) ¼ 40%.
W

Table 1

W

|

Operational characteristics for each horizontal wetland unit

Parameter

Unit

Total bed height

m

0.4

Water height in the beds (net height)

m

0.3

Length

m

24.1

Width at the top

m

3.0

Longitudinal slope at the bottom

%

0.5

Total volume of slag in each bed

m³

28.9

Useful volume of slag in each bed (wet
volume)

m³

21.7

Surface area

m²

72.3

Average inﬂuent ﬂow

m³ d1
3

Average surface hydraulic loading rate

m m

Average theoretical hydraulic retention time
(¼V.porosity/Q)

d
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For the characterization of solids in the ﬁlter medium of
each wetland, eight paired sampling points were used, at a
distance of 3, 6, 12 and 18 m from the inlet of the bed, and
located on the left and right-hand sides. Sampling in each
of the points was conducted at a depth of 0.20 m (half of
the bed depth). In each point 0.5 L of the support medium,
attached and suspended biomass, together with the liquid
efﬂuent, were collected. The slag sample was ﬁrst passed
through a sieve (opening ¼ 2.38 mm) and washed twice
with the wetlands efﬂuent with gentle stirring in order to prevent detachment of the attached biomass. This liquid was
characterized as containing interstitial solids. Distilled
water was added to the beaker containing the pre-washed
slag sample and, to detach the adhered biomass, ultrasound
equipment was used for a 15-min period. The sample was
sieved again, now with the distilled water containing the loosened biomass. This liquid was characterized as containing
solids of the attached biomass. Quantiﬁcation and characterization of solids were carried out by the method described in
AWWA/APHA/WEF (), for analysis of total solids (TS),
ﬁxed solids (FS) and volatile solids (VS).
Local hydraulic conductivity in the ﬁlter medium was
measured in the same eight sampling points used for solids
characterization. The procedure used a simple permeameter, consisting of a tube inserted at a pre-determined
water level in the bed. A known volume of water (20 L)
was applied in the tube in the form of a pulse, and the
time the water took to inﬁltrate into the bed was measured.
Hydraulic conductivity at each point was estimated
using Equation (1), obtained by combining the principle of
mass conservation and Darcy’s law (Caselles-Osorio &
García ; Caselles-Osorio et al. ; Pedescoll et al.
; Nivala et al. ):


Value

2

Water Science & Technology


2L
 
h1
d
ln
h2
8Lt

d2 ln
K¼

(1)

where K ¼ hydraulic conductivity (m/s); h1 ¼ initial height
of water in the tube (m); 0.30 or 0.40 m (depending on
the sampled point); h2 ¼ height of water in the tube at
time t (m): 0.13 m; d ¼ inner tube diameter (m): 0.20 m;
L ¼ height of the tube that is submerged (m): 0.13 m;
t ¼ time (s).
The cited authors point out that this is a methodology
for determination of ‘apparent’ saturated hydraulic conductivity and that the values obtained should not be used to
compare with other different experimental wetlands systems
due to different scales and projects, mainly regarding the
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water level in the system. However, for comparison of similar systems, as is the case, in which the difference is only
between the presence (PW) and absence (UPW) of macrophytes, the experiment is valid.
Tracer tests with pulse addition of 82Br were undertaken
to characterize the ﬂow pattern in the two units.

RESULTS
Overall treatment performance
Although it is not the objective of this paper to discuss the
treatment performance, simple descriptive statistics of the
concentrations of organic matter and suspended solids
during the overall operational period (before and during
the experiments) are presented in Table 2 in order to allow
a general view of the system’s behaviour. Further details of
the treatment performance can be found in De Paoli (),
and a broad evaluation of the system behaviour and comparison of units is presented in von Sperling et al. ().
It is seen that the incoming wastewater is relatively weak,
and also that the UASB reactor plays a very important role in
decreasing the concentrations. As a result, the inﬂuent to the
wetland units has low concentrations of organic matter and
solids. Furthermore, the excellent efﬂuent quality from both
treatment units should be emphasized.
Table 2

|
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Solids in the ﬁlter medium
During the overall operational period, the wetlands
received an inﬂuent (efﬂuent from the UASB reactor)
with an average concentration of TSS of 37 mg/L, and
an average VSS/TSS ratio of 70%. The average
surface solids loading rate in each wetland unit was
0.004 kgSS m2 d1.
Figure 1 shows the result of the analysis of quantiﬁcation of TS present in the ﬁlter medium of each wetland.
The results show that the planted unit, when compared
with the unplanted one, accumulated or produced larger
amounts of TS along the bed, and, as expected, in greater
quantity at the inlet area. The concentration of TS at the
bed inlet of the planted unit was 2.6 times greater than in
unplanted one at a distance of 3 m from the inlet, and two
times higher for a distance of 6 m. This larger amount of
TS in the PW occupied more volume in the void spaces of
the porous medium and consequently reduced the hydraulic
conductivity. This was probably the cause of the undesired
runoff observed at a greater length in the planted unit after
2 years and 4 months of operation (6 m of length for the
PW and 2 m for the UPW).
This variation in the proﬁles of PW and UPW was less
marked than in the six full-scale horizontal subsurface ﬂow
wetlands evaluated by Caselles-Osorio et al. (), which
had more accumulated solids near the inlet (3–57 kgTS/m2)

Descriptive statistics of constituents related to organic matter and suspended solids along the treatment system

Raw sewage

UASB

Constituents

Mean

Standard deviation

Mean

COD

390

137

BOD

175

59

TSS

204

VSS

151
–

Turbidity

Planted unit

Unplanted unit

Standard deviation

Mean

Standard deviation

Mean

Standard deviation

142

44

44

15

51

25

43

16

14

7

15

9

128

37

19

7

6

5

5

81

26

13

3

2

2

2

–

74

25

9

8

8

11

COD: chemical oxygen demand; BOD: biochemical oxygen demand.

Figure 1

|

|

Distribution of total solids in the ﬁlter medium along the planted wetland PW (left chart) and unplanted wetland UPW (right chart).
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Distribution of ﬁxed and volatile solids along the bed length of the planted and unplanted units.

than near the outlet (2–12 kgTS/m2) and that had annual
solids accumulation rates ranging from 0.7 to 14.3 kgTS/m2
year. The design of the wetlands studied by Caselles-Osorio
et al. () followed the recommendation of USEPA (),
with length/width (L/W) close to 1, approaching a square
geometry, whereas the wetlands here show a larger L/W
ratio (¼8). On one hand, the elongated geometry used in the
present study minimizes the non-uniform distribution of the
inﬂuent, avoiding an irregular accumulation of solids in the
bed and dead volumes in the inlet area, and is also more
favourable in terms of reactor hydrodynamics for constituents
that decrease following ﬁrst-order kinetics, such as organic
matter (De Paoli & von Sperling ). However, on the
other hand, it increases the rate at which clogging occurs,
since the solids load and the high concentration of organic
matter are larger in a smaller cross-sectional area at the bed
inlet. In addition, in a more elongated wetland, the cross-section is smaller, leading to an increase in the horizontal ﬂow
velocity and to greater head losses.
Figure 2 shows the distribution of FS and VS along the
bed of each wetland. The data are an average of the left
and right proﬁles. The ratio of FS/VS increased along the
length of the bed. Therefore, the volatile fraction was
larger in the inlet of the bed, in which the biomass that
decomposes the organic matter developed in greater quantity. Along the longitudinal distance in the beds, solids
tend to be mineralized, reducing the volatile fraction.
The presence of VS in PW at the inlet of the bed (distances of 3 and 6 m), where clogging is more evident, was
two times greater than that found in the UPW, and for the
ﬁrst sampling point (3 m) the presence of FS in the planted
unit was almost three times that found in the unplanted one.
The proportion of FS/VS was larger in the UPW (ﬁxed/
volatile ¼ 3) than in the planted one (ﬁxed/volatile ¼ 2) for
the mean values at distances of 3 and 6 m. It is likely that
the macrophytes roots contributed to increasing the surface
area for biomass attachment and created more favourable
environmental conditions for the development of bacteria,
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including aerobic and facultative ones. However, the contribution of particulate plant material in the quantiﬁcation and
characterization of solids, speciﬁcally volatile, is a fact that
must be considered.
Despite the great difference in the amount of solids accumulated and/or produced by plants, when compared with the
unplanted control unit, the ratio VS/TS remained close for
most of the length of the bed, except for the 6 m sampling
point. At this point the VS/TS ratio was much higher for
the PW, as shown in Figure 3. This suggests that the main
effect of the roots in the solids contribution lies in the interaction with the initial high concentration of organic matter,
either dissolved or particulate. Probably, this interaction
occurs due to better environmental conditions for the development of a greater diversity of microorganisms.
Similarly to the results from Tanner & Sukias () and
Caselles-Osorio et al. (), most of the accumulated solids
in the bed consisted of inorganic solids. For these authors the
FS fraction was 90 and 85%, respectively. In this research
the average FS fraction along the beds was 78 and 80%, for
the PW and UPW, respectively.
Figure 4 shows the proportion of interstitial and attached
solids for each wetland (average of the left and right proﬁles).
As mentioned before, the PW had a larger amount of solids,
especially at the bed inlet. These solids were formed largely
by the development of bacterial biomass that developed in
the interstices of the ﬁlter medium. This material resembled

Figure 3

|

Ratio of volatile and total solids along the planted and unplanted units.
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Proportion of interstitial and attached solids along the bed in the planted and unplanted units.

in appearance the biological sludge blanket that develops in
UASB reactors. In both wetlands, and in all sampling
points, most of the solids were interstitial, with the attached
biomass representing a lower fraction.
An important conclusion can be reached by observing
Figure 5. The interstitial solids/TS ratio was almost the
same for the two wetlands along the bed, even when the
quantity and characteristics of the interstitial and attached
solids were very different, as at the bed inlet. Therefore,
other factors, besides the surface area of the support
medium, are probably associated with this behaviour.
Hydraulic conductivity
Hydraulic conductivity tests taken at speciﬁc locations indicated a large difference between the two systems analysed.
Figure 6 shows the results of localized hydraulic

conductivity along the beds of PWs and UPWs. As expected,
the hydraulic conductivity increased along the bed, showing
an inverse relationship with accumulated solids.
Field observations showed that surface runoff occurred
in the ﬁrst 6 m of PW, that is, there was a preferential pathway on the surface in this area, probably due to the low
hydraulic conductivity. In the following stretches (12 and
18 m) there was considerable variation between the left
and right proﬁles. It is possible that due to the plant
growth dynamics, and consequently that of the roots, preferential ﬂow pathways have been created. The variability of
hydraulic conductivity along the longitudinal and transverse
dimensions has also been identiﬁed by Knowles et al. ()
in a study which investigated the clogging tendency in horizontal subsurface ﬂow wetlands.
Tracer tests (82Br) performed in the two wetlands indicated a similarity between the actual HRTs, with mean
values of 1.30 and 1.43 d for the PW and UPW, respectively
(De Paoli ; De Paoli & von Sperling ). Under the
test conditions, the theoretical HRT calculated on the basis
of the net volume (average length 24.1 m; average width
3.0 m; average height of liquid in the bed, taking into account
clogging during the test period ¼ 0.35 m and porosity ¼ 0.4),
of the average inﬂuent ﬂow during the test period (7.15 m3/
d, without considering water gains or losses), was 1.42 d;
also similar to the measured ones. This indicated a high
hydraulic efﬁciency of the two wetlands, since the actual
HRT was similar to the theoretical one. In terms of the

Figure 5

|

Interstitial and total solids ratio along the planted and unplanted wetlands.

Figure 6

|

Distribution of hydraulic conductivity in the ﬁlter medium along the planted wetland PW (left chart) and unplanted UPW (right chart).
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differences between the planted and unplanted units, other
reports in the literature (Shepherd et al. ) found lower
actual HRT in planted systems if compared with unplanted
systems, based on tracer tests.
It is noteworthy that the estimation of hydraulic conductivity in planted systems presents more difﬁculties and
inaccuracies than in unplanted systems, due to the
occurrence of preferential ﬂow, short circuit and porosity
obstruction (as a result of variations in growth and degradation of roots and build-up/degradation of solid residues
on the surface of the wetland) (Brasil ).
The hydraulic conductivity values in the UPW were
much higher than in the PW and more uniform along
the bed, with a steady decrease toward the inﬂuent inlet.
The unplanted unit showed a clear relationship between the
reduction of hydraulic conductivity and accumulated solids.
Whenever a smaller amount of solids at a given point was
observed, this was reﬂected in the increased hydraulic conductivity. These observations suggest that the predominant
factor in the hydrodynamic changes in unplanted systems is
the presence of solids in the bed, which can occur in a nonhomogeneous way, depending on the design and operation
of the system, but which is less variable than in planted systems. This should be an important reason for the lower
occurrence of preferential pathways in unplanted systems,
leading to higher actual HRT.
The variation of hydraulic conductivity at the inlet zone
(3 and 6 m) of the wetlands was from 7 to 41 m/d for PW and
from 67 to 166 m/d for UPW. The variation in the outlet zone
(18 m) was from 30 to 107 m/d for PW and from 198 to
324 m/d for UPW. Although the comparison of the results
of these conductivity tests with those of the literature is not
recommended, the values obtained for the PW are within
the wide amplitude reported by Caselles-Osorio et al.
() and Knowles et al. ().
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a large difference in the amount of solids distributed along the
bed, the interstitial and attached solids ratio followed the
same pattern, with a ratio close to 5.0 at the inlet and 1.5 at
the outlet area of the beds. Therefore, the void spaces of the
porous medium were more important in terms of solids
mass than the capacity of the bioﬁlm to attach to the ﬁlter
medium, leading to the decline of hydraulic conductivity.
Hydraulic conductivity was lower near the bed inlet,
indicating an inverse relationship with the accumulation of
solids. This relationship proved to be more direct for the
UPW, whereas the planted unit presented very low hydraulic conductivity values and high variation along the length
and width of the bed. This evidence can be attributed to
the existence of the plant root system, suggesting that
the hydrodynamic changes of planted systems does not
depend only on the presence of solids in the ﬁlter
medium, but also on the roots in the medium.
Despite the fact that the impact of the design of the two
wetlands (mainly the length/width ratio) was not speciﬁcally
investigated here, it is believed that the elongated conﬁguration used in this study, with a small cross-sectional area
to receive the entire inﬂuent hydraulic, organic and solids
load, was a preponderant factor in the fast clogging and formation of surface ﬂow at the bed inlet zone. On the other
hand, the high length/width ratio probably resulted in a
smaller dispersion of the ﬂow inside the reactor.
Since this is a system strongly inﬂuenced by environmental conditions, monitoring over a longer period of
time, associated with operational and management aspects,
can provide important information on the issue of the actual
contribution of the use of macrophytes on subsurface
wetlands.
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