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Abstract 

Horizontal subsurface flow constructed wetlands (HSSF-CW) are widely accepted as a sustainable 
solution for wastewater treatment, due to its simple and low operation costs. Clogging is one of the main 
problems of these systems, that can affect the contaminant removal efficiency and life span of these 
systems.  
Nowadays, there are many studies focusing on clogging in HSSF-CW, but many of them address steady 
state conditions, with a lack of information regarding the transient conditions characteristic of a start-up 
phase.  
This study assesses the construction, characterization and monitoring of the start-up phase of four 
HSSF-CW experimental beds aiming at the comprehension of the bioclogging phenomenon evolution 
using different methods to analyse biofilm and clogging and different influent organic loads. The 
experiment consisted in beds fed with high organic loads to stimulate biofilm growth and “force” clogging 
due to biofilm growth and in the analysis of COD, TSS, VSS, hydraulic conductivity (through the falling 
head method) and other parameters evolution (like the temperature, pH, dissolved oxygen and electrical 
conductivity). 
The beds fed with higher organic loads presented effluents with higher concentration in COD. The values 
of COD removal efficiency were lower than the results obtained in other studies after the start-up phase. 
The obtained results with the falling head method showed a higher loss of hydraulic conductivity and 
consequently a higher clogging degree in the beds fed with higher organic load. 
 

Keywords: horizontal subsurface flow constructed wetlands; clogging; biofilm; start-up phase; hydraulic 

conductivity. 
 

1 Introduction 

The constructed wetlands are a proper 
solution for the wastewater treatment in small 
villages / rural zones, where usually the human 
and economic resources are scarcer.  

In Portugal and Europe in general, the type 
of constructed wetlands more adopted is the 
horizontal subsurface flow constructed wetland 
(HSSF-CW). In this type of systems the 
wastewater is fed at the inlet and flows through 
the porous medium under the surface of the bed 
in a mainly horizontal path until it reaches the 
outlet zone (Vymazal, 2010).  

The main operational problem of the HSSF-
CW is the progressive clogging of the porous 
medium. This phenomenon decreases the 
hydraulic conductivity and porosity of the 
porous media, it causes preferential water flows 
and short circuits along the bed. So, it 
decreases the hydraulic performance which 
consequently can affect the contaminant 
removal efficiency and life span of these 

systems (Pedescoll et al., 2009; Platzer and 
Mauch, 1997). 

Clogging occurs due to four processes: the 
deposition and accumulation of suspended 
solids, the growth and development of biofilm 
(bioclogging), the deposition of chemical 
precipitates and vegetation development 
(Kadlec and Wallace, 2009; Knowles et al., 
2011). 

In the last years, the clogging of HSSF-CW 
has attracted the attention of several authors. 
However, there are several gaps in the 
understanding of this phenomenon, especially 
in what concerns its genesis. In order to 
evaluate the contribution of the influencing 
factors and to facilitate the mitigation of the 
clogging, it is important to study the application 
of methods that allow to characterize the 
operating conditions of HSSF-CW and to 
estimate its clogging degree (Caselles-Osorio 
and García, 2006; Lancheros et al., 2017; de 
Matos et al., 2018; Pedescoll et al., 2009). 
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Usually the methods employed are based on 
the measure of flow passage “difficulty” through 
the hydraulic conductivity (e.g. falling head 
method) (Rodgers and Mulqueen, 2006; 
Sanford et al., 1995), extraction and 
quantification of accumulated solids (Caselles-
Osorio et al., 2007; Lancheros et al., 2017), 
hydrodynamic analyses using a tracer (e.g. 
tracer test) (Bowmer, 1987), and geophysical 
properties (e.g. georadar) (de Matos et al., 
2018). 

In the present work, four HSSF-CW 
experimental beds were installed for studying 
the bioclogging phenomenon evolution through 
different methods to analyse biofilm and 
clogging at different influent organic loads. This 
study assesses the monitoring of the start-up 
phase (first ten weeks) of the installation. 

 
2 Methods 
 

The experimental installation used in this 
study is in the Environmental Laboratory of 
Instituto Superior Técnico, in Lisbon, Portugal. 
It is composed by four HSSF-CW experimental 
beds, without vegetation (B1, B2, H1 and H2), 
which have similar characteristics in terms of 
dimensions, water depth and filling media 
(gravel). 

Beds were fed with synthetic sewage, with 
B1 and H1 receiving a COD mass load of 420 
gO2/(m2 of cross-sectional area.day), and B2 
and H2 receiving 588 gO2/(m2 of cross-sectional 
area.day). The high loads were set in order to 
stimulate biofilm growth and “force” the 
bioclogging. 

Beds B1 and B2 were adapted for the 
application to different methods to assess 
clogging due to biofilm growth. This includes the 
extraction and quantification of accumulated 
solids, biofilm growth analysis in plates with 
holes (with 2 and 3 mm) to observation under a 
stereomicroscope and biofilm typology analysis 
across microscope slides. 
The construction of beds H1 and H2 had the 
same objective (to assess clogging) but it 
focused in the application of the falling head 
method and control of analytical parameters 
inside the beds. 

During this study, the monitorization (first ten 
weeks of start-up phase) consisted on: 

• Beds feeding; 

• Analyses of the chemical oxygen 
demand (COD), total suspended solids 
(TSS) and volatile suspended solids (VSS) 
of influents and effluents; 

• Application of the falling head method in 
beds H1 and H2; 

• Control of analytical parameters 
(temperature, pH, dissolved oxygen and 
electrical conductivity) in the influent and 

effluent samples and inside of the beds H1 
and H2. 

 
2.1 Description and Characterization of 

experimental beds 
 

Initially, the beds were constructed, creating 
two main zones: the inlet zone and the outlet 
zone. 

In the inlet zone, the distribution of the 
influent is carried out through a perforated pipe 
inside the bed, located halfway up the support 
material (gravel). Upstream of this pipe, a flow 
control clamp was installed for the influent flow 
adjustment. 

In the outlet zone, there is an adjustable 
water level control device and occurs the 
collection of wastewater treated.  

Next, the beds B1, B2, H1, H2 were adapted 
for the application of the corresponding 
methods to assess bioclogging (Figure 1 and 
Figure 2). 

 

 
Figure 1 – Adaptation of beds B1 and B2 

 
 

 
Figure 2 – Adaptation of beds H1 and H2 

 

In the beds B1 and B2 were installed 12 
solids sampling scores. These scores were 
composed by one perforated pipe and inside of 
it one PVC mesh structure 77 x 4 cm (length x 
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diameter) (Figure 3 (a)). In each core were 
added approximately 800 g of gravel. 

In the middle of these beds were fixed two 
white PVC structures for biofilm sampling on the 
plates with holes and microscope slides. In 
each bed, 34 microscope slides 76 x 26 x 1 mm 
(length x width x thickness) (Figure 3 (b)) were 
introduced in a parallel orientation to the flow. 
Additionally, in these beds were added 14 PLA 
plates 90 x 70 x 2 mm (length x width x 
thickness) with 3mm or 2 mm holes (Figure 3 
(c)), in a perpendicular orientation to the flow.  
 

 
 

Figure 3 – Structures inserted in the beds B1 and 
B2: (a) mesh structure for solids sampling, (b) 

structure with microscope slides and (c) structure 
with plates with holes 

 
In the beds H1 and H2, two perforated pipes 

for the measure of analytical parameters were 
installed: one to ¼ of the total length and other 
to ¾ of the total length.  

At the surface, in the middle of these beds, 
two PVC pipes (perforated only near the base) 
were introduced for the application of the falling 
head method. The pipes had different diameters 
(one had 13.7 cm and the other 3.6 cm). 

 

 
 

Figure 4 – Introduction of a pipe with 13.7 cm of 
diameter to apply the falling head method 

 

Although the filling media (gravel) had the 
same supplier, the gravel used in B1 and B2 is 
not from the same batch of H1 and H2. In the 
beds B1 and B2, the gravel was reused from 
other beds that existed in the laboratory, while 
in the beds H1 and H2, the gravel was bought. 

In order to characterize the gravel applied in 
the beds, the granulometric curves of each 
batch of gravel was plotted. The grain diameters 
D10, D60 and D90 and the coefficient of uniformity 
(D60/D10) were calculated. Additionally, the 
porosity (n) and the void ratio (e) were 
determined. 
 
 
Table 1 – Characterization of the gravel used in the 

experimental beds 
 

Bed 
D10 

(mm) 
D60 

(mm) 
D90 

(mm) 

𝐃𝟔𝟎

𝐃𝟏𝟎
 

n 
(%) 

e 

B1; 
B2 

2.36 4.51 5.38 1.91 34.5 0.53 

H1; 
H2 

2.20 4.04 5.21 1.84 33.3 0.50 

 
 

Table 2 shows a summary of dimensions 
and operational conditions of four beds. 

 
Table 2 – Beds dimensions and operational 

conditions 
 

Bed B1 B2 H1 H2 

Length (m) 1.10 1.10 1.10 1.10 

Height (m) 0.53 0.53 0.53 0.53 

Width (m) 0.44 0.44 0.34 0.34 

Area section 
transversal (m2) 

0.19 0.19 0.15 0.15 

Surface area 
(m2) 

0.48 0.48 0.37 0.37 

Total volume 
(m3) 

0.21 0.21 0.16 0.16 

Water depth 
(m) 

0.435 0.435 0.435 0.435 

Capacity (m3) 0.087 0.087 0.052 0.052 

Operation 
hours/day 

12 12 12 12 

Daily influent 
flow (L/day) 

24 24 24 24 

Average 
influent flow 

(mL/min) 
33.3 33.3 33.3 33.3 

 
 

Previously of the beds start-up, a tracer test 
with NaCl was conducted to obtain the hydraulic 
retention time (HRT) (Table 3).  
 
 
 
 

(a) (b) (c) 
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Table 3 – Beds HRT obtained with the tracer test 
application 
 

Bed B1 B2 H1 H2 

HRT 
(days) 2.16 2.01 3.42 2.39 

 
 

2.2 Start-up phase monitorization  
 

In this study, it is described the 
monitorization of the beds during the first ten 
weeks start-up phase. 

The first three weeks consisted in the 
inoculation phase. The feeding was composed 
by the synthetic sewage solution and real 
wastewater from Beirolas WWTP. 

In the other weeks (after the inoculation 
phase), the feeding was done only with 
synthetic sewage.  

The composition of the synthetic sewage 
was based on synthetic wastewater described 
in Akratos and Tsihrintzis (2007) and Nopens et 
al. (2001) and included the following 
compounds: 

• Starch, as carbon source (slowly 
biodegradable); 

• Instant full cream milk powder, as carbon 
and nitrogen source (protein); 

• Medium-fat milk, as carbon and nitrogen 
source (protein); 

• Urea, as ammonia source; 

• Sodium acetate trihydrate, as carbon 
source (readily degradable); 

• Soybean oil, as a source of oils and fats; 

• Peptone, as source of aminoacids; 

• NPK fertilizer as a source of nitrogen, 
phosphorus and trace elements (iron, zinc, 
among others). 

The COD values were obtained through 
colorimetric tests (daily in influent samples; on 
Mondays and Fridays in effluent samples). 

The TSS and VSS of influent and effluent 
samples were determined according to EPA 
(1983) and APHA et al. (2012). 

The control of analytical parameters was 
performed in the influent and effluent samples 
and inside of the beds H1 and H2 (in ¼ and ¾ 
of the total length), at the last three weeks of 
monitorization. The pH and temperature were 
measured with a sensION + PH1 probe. The 
dissolved oxygen and electrical conductivity 
were recorded with a YSI 556 MPS 
multiparameter probe. 

The hydraulic conductivity was measured 
through the application of the falling head 
method. For this, it was used the procedure 
developed by Caselles-Osorio and García 
(2006) and adapted by Pedescoll et al. (2009).  

The materials used for method application 
were the pipes with different diameters (3.6 and 
13,7 cm), a HITEC CP5250 probe pressure 
connected to HITEC LOG40 data logger, a 
computer and a bucket with water. The pipes 
with lower diameters (3.6 cm) were used in trials 
with a higher periodicity. 

The procedure of each trial began with the 
introduction of the probe pressure in the pipe on 
the gravel surface. The data logger was turned 
and after a water pulse was introduced rapidly 
inside the pipe (Figure 5).  

 

 
 
 
 
 
 
 
 

 
 
 
 
 

 

Figure 5 – (a) Falling head method application in a 
pipe with bigger diameter; (b) HITEC LOG40 data 

logger 
 

 

The pressure variations recorded by the 
probe were proportional to the water column 
height inside the tube (Caselles-Osorio and 
García, 2006). Negative exponential curves 
were produced, which represent a decrease in 
the water height inside the tube over time. The 
curves obtained were linked to hydraulic 
conductivity through Lefranc’s formula: 

 

K =  
d2. ln (

2L
d

)

8Lt
ln (

h1

h2

) 

 

where K is saturated hydraulic conductivity (in 
m/s), d is the tube diameter (in meters), L is the 
length of the submerged part of the tube (in 
meters), h1 is the water height inside of pipe at 
time zero (in meters), h2 is the water height 
inside of pipe (in meters) at time t (in seconds). 

Hydraulic conductivity values were 
estimated from an iterative procedure between 
the obtained curved and modelled curves with 
different K.  The hydraulic conductivity value of 
each trial is the one correspondent is the one 
that the modeled curve (f(h2)) fits better the 
experimental curve (Pedescoll et al., 2009): 

 

∑[h2 − f(h2)]2  → 0

t=x

t=0

 

(a) (b) 
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Figure 6 – Obtained curved (experimental curve) 
and Modelled curve that fits better the experimental 
curve (trial in the bigger diameter pipe of H2 at 10 

may) 
 

Next, the formula developed by Lancheros et 
al. (2017) was applied to obtain the Clogging 
index (Ci): 

Ci =
K. θ

Lbed

 

 

where, K represents the hydraulic conductivity 

of porous media (m.d−1), θ is the hydraulic 

retention time (days) and Lbed is the length of the 
HSSF-CW (in meters).  

The clogging degree of H1 e H2 was 
determined according to the Ci computed and 
the ranges reported in the table 4. 
 

Table 4 – Proposed ranges by Lancheros et al. 
(2017) for classifying HSSF CW according to Ci 

 

Ci Clogging degree 

0 to 50 Severe 

50 to 100 High 

100 to 200 Moderate 

>200 Low 

 
 
 

3 Results 
 

3.1 COD evolution and COD removal 
efficiency 
 

Figures 7 and 8 show the evolution of COD 
concentrations in the influent and effluent 
samples. 

 
 

Figure 7 – Influents COD concentrations during the 
monitorization of the beds 

 

The influents COD concentrations changed 
during the monitorization period. During the 
inoculation phase, the influent COD 
concentrations were much lower than those 
ones applied after the inoculation phase.   

In the inoculation phase, the pretended 
influent COD was 2200 mgO2/L in the beds H1 
and H2 and 2800 mgO2/L in the beds B1 and 
B2. After this phase, it was attempted to apply 
COD concentrations corresponding to 6565, 
5073, 4690 and 3625 mgO2/L, in B2, H2, B1 and 
H1. 

  

 
 

Figure 8 – Effluents COD concentrations during the 
monitorization of the beds 

 
The effluents concentrations were 

proportional to the influents concentrations. 
Therefore, the beds B2 and H2 present not only 
influents with higher COD concentrations but 
also effluent with higher concentrations. 

These values are according to the literature: 
some authors report that higher influent COD 
concentrations corresponding to higher effluent 
COD concentrations (Caselles-Osorio et al., 
2007a; Caselles-Osorio and García, 2006; 
Hijosa-Valsero et al., 2010).  

The values previously showed were grouped 
by phases (inoculation phase and after 
inoculation phase). The averages of influents 
and effluents COD and removal efficiencies of 
each phase were computed (Table 5 and 6). 
 
Table 5 – Averages of influents and effluents COD 

concentrations and corresponding removal 
efficiency, in the inoculation phase 

 

Bed 

Inoculation phase (N = 16) 

Average of 
COD values 
of Influents 
 (mgO2/L) 

Average of 
COD values 
of Effluents 
(mgO2/L) 

Removal 
efficiency 

(%) 

B1 2590 ± 383 1310 ± 265 49.3 

B2 2590 ± 383 1290 ± 252 50.2 

H1 2100 ± 348 960 ± 189 54.0 

H2 2100 ± 348 970 ± 159 53.8 
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Table 6 – Averages of influents and effluents COD 
concentrations and corresponding removal 

efficiency, after the inoculation phase 
 

Bed 

After the inoculation phase (N = 22) 

Average of 
COD values 
of Influents 
(mgO2/L) 

Average of 
COD values 
of Effluents 
(mgO2/L) 

Removal 
efficiency 

(%) 

B1 5050 ± 745 1700 ± 556 66.4 

B2 7320 ± 1033 2490 ± 910 65.9 

H1 3940 ± 653 1440 ± 491 63.4 

H2 5640 ± 842 1950 ± 615 65.4 

 
Comparing the four beds removal 

efficiencies in both phases: in the inoculation 
phase all the beds presented similar removal 
efficiencies, near of 50%; after the inoculation 
phase the removal efficiencies were also 
identical between them, near of 60%, higher 
than the inoculation phase. These values are 
according to the expected: with the time, the 
biofilm develops and consequently pollutants 
removal (in particular the organic matter 
oxidation) increases. 

During the inoculation phase, the removal 
efficiencies of H1 and H2 were a little bit higher 
than B1 and B2. This can be justified by the 
adaptations made in B1 and B2: these beds 
have more zones without filling media and, 
consequently, a lower gravel quantity in the 
profile. 

After the inoculation phase, the removal 
efficiency of H2 (65.43%) was a little bit higher 
than H1 (63.36%). However, in the same phase, 
the removal efficiency of B1 (66.39%) was a 
little bit higher than B2 (65.92%). Caselles-
Osorio and García (2006) and Hijosa-Valsero et 
al. (2010) obtained higher COD removal 
efficiencies when it was applied higher organic 
loads. Therefore, it was expected that the beds 
B2 and H2 had presented higher removal 
efficiencies than B1 and H1, respectively. 

The performance of others HSSF-CW beds 
(without vegetation) was followed in the same 
laboratory of this experiment by Mavioso (2010) 
and Soares (2012). During the firsts 14 weeks 
of monitorization (start-up phase), Mavioso 
(2010) obtained a COD removal efficiency of 
62%. After two years, Soares (2012) obtained 
COD removal efficiencies between 75% and 
95%. 

In this experiment, the average values of 
COD removal efficiency of all the monitorization 
period were 59.91%, 60.58%, 59.21% and 
60.85% for the B1, B2, H1 and H2, respectively. 
Comparing these values with the results 
obtained by Mavioso (2010) and Soares  

(2012), the values are similar to the Mavioso 
(2010) results. During the start-up phase 
(transition phase), it is normal that the removal 
efficiencies wouldn’t be very high. 

On the other hand, in a phase that the 
systems were in a stationary state Soares 
(2012) verified higher removal efficiencies. 
 
 
3.2 TSS and VSS 
 

The figures 9 - 12 show the evolution of TSS 
and VSS of influents and effluents. 

 

 
 

Figure 9 – TSS of influents and effluents of beds B1 
and B2 

 
 

 
 

Figure 10 – TSS of influents and effluents of beds 
H1 and H2 

 
 

 
 

Figure 11 – VSS of influents and effluents of beds 
B1 and B2 
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Figure 12 – VSS of influents and effluents of beds 
H1 and H2 

 
The TSS and VSS concentrations obtained 

were higher in the influents and lower in the 
effluents. 

The influents of B2 and H2 presented higher 
TSS and VSS concentrations than the influents 
of B1 and H1. These values are according to the 
organic loads applied (higher in B2 and H2). 

The TSS and VSS concentrations of four 
beds effluents were very similar. 

The VSS/TSS relation changed between 
98% e 100%. So, it can be concluded that the 
suspended solids present in influents are 
essentially particulate organic matter (VSS):  
solids susceptible to be oxidized by the 
microorganisms. 
 
 
 
3.3 Control of Analytical Parameters 
 

The control of analytical parameters was 
performed during the last three weeks of 
monitorization (24/04/2018-11/05/2018). In this 
period, the temperature, pH, dissolved oxygen 
and the electrical conductivity didn't change 
significantly with time. 

Tables 7 and 8 presents the average values 
of analytical parameters in the influents and 
effluents, respectively. 

 
Table 7 – Averages values of pH, temperature, 

dissolved oxygen (DO) and electrical conductivity 
(EC) in influents, during the last three weeks of 

monitorization 
 

Table 8 – Averages values of pH, temperature, 
dissolved oxygen (DO) and electrical conductivity 
(EC) in effluents, during the last three weeks of 

monitorization (24/04/2018-11/05/2018) 
 

 
The influents pH values were more neutral 

than the effluent values (considered acids).    
The temperature was similar at influents and 

effluents.  
The dissolved oxygen of influents was higher 

than the effluents: the oxygen was consumed 
inside the bed, during the organic matter 
oxidation process. 

Comparing the electrical conductivities in 
influents and effluents, the effluents presented 
higher values.  

The bed B2 had the higher electrical 
conductivity values in influents and effluents. 
The bed H1 had the lower electrical conductivity 
values. These values are according to the 
organic loads applied and the composition of 
the synthetic sewage. The composition of 
synthetic sewage included a NPK fertilizer, rich 
in iron, zinc, and other metals, that influence the 
electrical conductivity. The fertilizer volumes 
applied were higher in the bed B2 and lower in 
the bed H1. Consequently, it was expected that 
B2 presents a higher electrical conductivity. 

The table 9 presents the average values of 
analytical parameters registered inside the beds 
H1 and H2. 

 
Table 9 – Averages values of pH, temperature, 

dissolved oxygen (DO) and electrical conductivity 
(EC) registered inside the beds, during the last three 

weeks of monitorization (N=10) 

0

50

100

150

200

250

300

350

400

450

500

0

1000

2000

3000

4000

5000

6000

7000

8000

05/04/18 15/04/18 25/04/18 05/05/18 15/05/18

V
S

S
 E

fl
u

e
n

ts
 (

m
g

/L
)

V
S

S
 I

n
fl

u
e
n

ts
 (

m
g

/L
)

Time (day/month/year)

SSV

Influent H1 Influent H2 Effluent H1 Effluent H2

Bed 

Influents (N = 11) 

pH T (ºC) 
DO 

(mgO2/L) 
EC 

(𝝻S/cm) 

B1 
7.15 ± 
0.07 

17.8 ± 
1.44 

9.56 ± 
1.02 

577 ± 
57.0 

B2 
7.09 ± 
0.05 

17.7 ± 
1.34 

9.64 ± 
0.52  

591 ± 
61.8 

H1 
7.18 ± 
0.07 

17.8 ± 
1.36 

9.71 ± 
0.58 

505 ± 
58.2  

H2 
7.13 ± 
0.05 

17.8 ± 
1.37 

9.75 ± 
0.55 

522 ± 
55.0 

Bed 

Effluents (N = 11) 

pH T (ºC) 
DO 

(mgO2/L) 
EC 

(𝝻S/cm) 

B1 
5.07 ± 
0.15 

17.8 ± 
1.27 

2.25 ± 
0.42 

978 ± 
111 

B2 
5.04 ± 
0.23  

17.8 ± 
1.41 

2.19 ± 
0.49 

1160 ± 
162 

H1 
5.22 ± 
0.18 

17.8 ± 
1.36 

2.43 ± 
0.33 

862 ± 
115 

H2 
5.10 ± 
0.20 

17.8 ± 
1.36 

2.49 ± 
0.50 

952 ± 
147 

Zone pH T (ºC) 
DO 

(mgO2/L) 

EC 

(𝝻S/cm) 

¼ of the 
total 

length H1 

4.93 ± 
0.51 

17.4 ± 
1.14 

0.55 ± 
0.29 

671 ± 93.2 

¾ of the 
total 

length H1 

5.31 ± 
0.50 

17.3 ± 
1.17 

0.20 ± 
0.04 

816 ± 72.5 

¼ of the 
total 

length H2 

4.98 ± 
0.61 

17.5 ± 
1.27 

0.38 ± 
0.17 

736 ± 80.2 

¾ of the 
total 

length H2 

5.27 ± 
0.42 

17.4 ± 
1.23 

0.28 ± 
0.13 

920 ± 139 
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Inside the beds, the values of dissolved 

oxygen registered were very similar between 
them and near of 0 mgO2/L. So, it can be 
concluded that, inside the beds, the conditions 
are essentially anoxic and the removal of 
organic matter consumes most of the oxygen 
available (Akratos and Tsihrintzis, 2007; Kadlec 
and Knight, 1996). 

The pH values of wastewater were acid 
(between 4 and 6). In both beds, ¼ of the total 
length zones (closer to the inlet) presented pH 
values a little bit more acid than ¾ of the total 
length zones (closer to the outlet). After the 
entrance in bed the pH wastewater becomes 
acid, probably due to the interactions between 
the substrate and the biofilm (Akratos and 
Tsihrintzis, 2007; Kadlec and Knight, 1996). 

These interactions with the substrate may 
result in a release of salts from the media to the 
water, explaining the increase of conductivity 
along the bed (Akratos and Tsihrintzis, 2007): 
the electrical conductivity values of ¾ of the total 
length zones were higher than ¼ of the total 
length zones. The values registered inside the 
bed H2 were higher than H1. The reason for this 
is similar to the one given earlier for the influents 
and effluents: the organic loads applied on H2 
was higher and, consequently, the fertilizer 
volumes too. 
 
 

3.4 Clogging evaluation 
 

3.4.1 Hydraulic conductivity evolution 
 
As mentioned before, the falling head 

method was applied for hydraulic conductivity 
(K) determination in the beds H1 and H2. The 
trials with lower diameter pipes (3.6 cm) were 
performed with a higher periodicity than the 
trials with higher diameter pipes (13.7 cm). 

Figure 13 shows the average values of K for 
each trials date, in the tests with lower diameter 
pipes (at each date were executed 3 trials). 

 
Figure 13 – Hydraulic conductivity (K) values 

evolution, in the trials with lower diameter pipes 

 

Analysing the previous results, there was a 
tendency for the hydraulic conductivity 
reduction in both beds. 

Initially, between the start-up and 2 of April, 
the bed H2 porous medium had higher hydraulic 
conductivity. During this initial period, the K 
variation was very similar in both beds, being 
slightly higher in the bed H2. These values are 
according with what was expected: between 6 
and 27 of March, the organic load applied was 
the same in both beds; at 28 and 29 of March, 
the organic load applied was higher in H2.  

In the next period, between 2 and 17 April, 
the hydraulic conductivity variation of H2 was 
much higher than H1. This fact is justified by the 
different mass loads applied during this period: 
higher in H2 and lower in H1. Several authors 
reported a positive relationship between the 
applied loads and the loss of hydraulic 
conductivity of the systems (Nguyen, 2000; 
Tanner and Sukias, 1995). 

Finally, during the period between April 17 
and May 10, the hydraulic conductivity 
variations weren’t significantly in both beds. 
However, H2 continues to present a higher 
variation than H1. 

 
Figure 14 presents the average values of K 

for each trials date, in the tests with higher 
diameter pipes.  

 
Figure 14 – Hydraulic conductivity (K) values 

evolution, in the trials with higher diameter pipes 

 
Similar to the tests performed with the 

smaller diameter pipes, there was a decrease of 
hydraulic conductivity in both beds, more 
pronounced in bed H2. 

Analysing the values of hydraulic 
conductivity obtained in all tests performed 
(including those with tubes of different 
diameters), the loss of hydraulic conductivity 
with time was evident in both beds. Between 
different days, H2 always presented higher 
variations of hydraulic conductivity against H1. 
Consequently, it can be deduced that H2 was 
more clogged than H1. 
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Comparing the obtained values by the tubes 
with different diameters, some discrepancies of 
values were evident. These differences may be 
related to the characteristics of pipes used: their 
materials weren’t exactly the same and the 
number of perforations was different.  Recently, 
some authors have tried to evaluate the 
influence of the pipe characteristics on the 
falling head method application, such as the 
number of perforations (Matos et al., 2017).  

Comparing the reliability of the obtained 
results by the pipes of different diameters, it is 
not possible to conclude the most suitable 
diameter. The tests with the larger diameter 
pipes allowed the introduction of a larger 
volume of water and, consequently, the 
recording of pressure variations during a longer 
time. On the other hand, these tests provided 
less information because they were performed 
less frequently (due to the volume of water 
needed to apply). 
 
 

3.4.2 Clogging index determination 

 
The clogging indexes were determined 

according to the equation proposed by 
Lancheros et al. (2017), using the HRT 
described in Table 3 (3.42 and 2.39 days for H1 
and H2, respectively), the lengths of the two 
beds (1.10m in both cases) and the values of 
the hydraulic conductivities obtained. 

Table 12 shows the clogging indexes 
computed through the hydraulic conductivity 
values obtained in the trials with smaller 
diameter pipes. 
 
Table 12 – Clogging indexes computed through the 
hydraulic conductivity values obtained in the trials 

with smaller diameter pipes 
 

 Ci 

Date Bed H1 Bed H2 

22/02/2018 355 257 

02/04/2018 346 250 

17/04/2018 267 155 

10/05/2018 264 149 

 
Comparing these values with the ranges 

proposed by Lancheros et al. (2017), during the 
tests performed, H1 always presented a low 
degree of clogging (Ci> 200); initially, H2 had a 
low clogging degree but, after the tests on April 
17, it had a moderate clogging degree (Ci 
between 100 and 200). 

 
Table 13 display the clogging indexes 

computed through the hydraulic conductivity 

values obtained in the trials with larger diameter 
pipes. 
 
Table 13 – Clogging indexes computed through the 
hydraulic conductivity values obtained in the trials 

with larger diameter pipes 
 

 Ci 

Date Bed H1 Bed H2 

22/02/2018 275 284 

10/05/2018 164 164 

 
The values obtained in the tests with the 

larger diameter tubes showed very similar 
clogging degrees for both beds: initially low (Ci> 
200) and after (at 10 of May) moderate (Ci 
between 100 and 200). 
 
 
 

4 Conclusions 
 

During the beds monitorization, it was 
verified that the influents and effluents organic 
loads of the beds B2 and H2 were always higher 
than B1 and H1, respectively. 

The values of COD removal efficiencies 
changed with time and they were lower than the 
results obtained in other studies after the start-
up phase. This can be justified by the 
complexity of the systems and by the fact that it 
is analysed the start-up phase, at which the 
biofilm is still not stabilized. In the future, it is 
expected that, in all the beds, higher removal 
efficiencies will be achieved and the difference 
between the removal efficiencies of B1 and B2 
and H1 and H2 increases.  

The obtained results with the Falling head 
method application in both pipes showed a 
higher loss of hydraulic conductivity in both 
beds, higher in H2. These values are according 
to the expected because it was applied higher 
organic loads in H2: these provided a higher 
growth of biofilm occurred and, consequently, a 
higher clogging degree of this bed. 

The monitorization time (ten weeks) was 
short. So, it is normal that, from the start-up of 
the installation until the end of monitorization 
time, there weren’t verified large variations in 
hydraulic conductivity. In the future, it is 
expected that there will be a higher loss of 
hydraulic conductivity and, consequently, a 
greater evidence of clogging. 

Although in this study the methods of biofilm 
analysis installed in B1 and B2 weren’t 
developed, through the plates installed in these 
beds, it was observed (by the naked eye) a 
higher development of the biofilm in the more 
superficial layers of the beds. 
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