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Abstract: The dynamics of biofilm detachment from the pipe walls of drinking water distribution
systems was investigated through experiments in a full-scale pipe loop laboratory system. Biofilms
grown under steady-state and transitory flow rates were compared. Flow cytometry was used to
quantify the microbial cells of the biofilms, and biofilm shear strength was evaluated based on their
capacity to resist mobilization when subjected to elevated flushing flow rates. The results suggest
that biofilms grown under transitory flow regimes may develop stronger adhesion strength to the
pipe wall. This paper contributes to the enhanced understanding of biofilm behaviour in drinking
water systems and its potential impacts on water quality.
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1. Introduction

The study of shear stress dynamics in pipes during hydraulic transients is pivotal for
the design and operation of drinking water distribution systems (DWDSs). The seminal
work by Brunone and Berni (2010) which employed ultrasonic Doppler velocimetry to
measure instantaneous velocity gradients was instrumental in understanding wall shear
stress (WSS) behaviour during turbulent transient pressurized flows. Their research on the
variations in accelerating and decelerating flows underscored the need for precise modelling
in engineering applications [1]. Another study has also proposed models to predict WSS in
unsteady turbulent flows through a weighting function based on a two-region viscosity
distribution, offering a versatile tool for unsteady flow modelling in pipes [2].

Parallel to hydraulic transient research, previous research on the shear strength of
biofilms in pipelines has been important to assess water distribution system performance
and maintenance needs. Previous research has highlighted the complexity of biofilm de-
tachment mechanisms and has revealed a significant correlation between local detachment
events and the WSS induced by pipe flow [3]. This has underscored the influence of local
biofilm morphology and hydrodynamic conditions on detachment rates [3]. Fish et al.
(2017) investigated the impact of different hydraulic patterns on DWDS biofilms, linking
hydraulic conditions to biofilm physical and community structures and their subsequent
influence on water quality degradation [4]. Shen et al. (2015) explored the relationship
between biofilm roughness, hydrodynamic conditions, and the adhesion and detachment
of Legionella pneumophila (a known pathogenic bacteria) in DWDSs [5]. So et al. (2015)
modelled the effects of biofilm morphology on detachment, emphasizing the role of local
shear stress and biofilm cohesiveness in biofilm dynamics under pulse shear conditions [6].
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Lastly, research from Weston et al. (2021) has demonstrated that material mobilization from
pipe walls in an experimental setup predominantly occurred during the initial dynamic
surge of the transient event [7].

These studies collectively suggest that both the physical properties of biofilms, such
as thickness and roughness, and the hydrodynamic conditions they are subjected to signif-
icantly influence biofilm formation, adhesion, and detachment processes. An improved
understanding of these dynamics can assist water utilities in managing biofilm develop-
ment in DWDSs and mitigate its impacts on drinking water quality. In this context, this
paper aims to investigate the effect of small-amplitude transients on the shear strength of
biofilms adhered to drinking water pipes. The working hypothesis of this paper is that
regular, short-lived pressure waves produce regular short duration increases in WSS that
force adaptations in the biofilm and increases its shear strength.

2. Material and Methods

Experiments were performed in the Drinking Water Distribution System Laboratory
(DWDL)—a unique research facility in North America—using two identical pipe loops (A
and B) of 200 m long full-scale PVC pipes with a 108 mm inner diameter. Both pipe loops
operated with steady flow rates of 0.6 L/s (0.03 Pa) and a pressure of 280 kPa for 28 days.
The experimental setup included a closed-loop system in which the water was not replaced
or disinfected. Pipe loop B experienced consistent hydraulic transients—specifically, a
20 kPa surge every hour induced by the near-instantaneous closing of a solenoid valve,
followed by a 30 s pause before reopening. In contrast, pipe loop A served as the control,
and was maintained in a continuous steady state throughout the experiment. During
periods of reduced flow rate, the steady-state WSS in the system decreased from 0.03 Pa
at a flow rate of 0.6 L/s to 0.027 Pa, highlighting the impact of flow variations on shear
stress levels within the pipes. In pipe loop B, the cumulative duration of transient events
accounted for roughly 1.6% of the overall experimental period.

The experiment was started with the addition of an equal microbial population in
both pipe loops. This initial microbial population was harvested from the local water
supply using a granular activated carbon (GAC) filter. Once introduced into both pipe
loops, the water was continuously amended with a small quantity of Nutrient Broth No.3
to allow for biofilm growth. After the conditioning period, each pipe loop was flushed
with 3 incremental flushing steps using flow rates of 6.5 L/s, 11 L/s, and 14 L/s (wall
shear stresses of 1.2 Pa, 3.1 Pa, and 5.0 Pa) to promote detachment of the accumulated
biofilms and examine their adhesive shear strength. The bacterial cell concentration (BCC)
within the bulk water and the bacterial cell density (BCD) on the pipe walls were evaluated
through flow cytometry. Bulk water samples were taken in triplicate weekly during the
biofilm growth phase and during each flushing step. Pipe wall samples were collected
at the end of the growth phase (28 days) and after each one of the flushing steps (FS_1,
FS_2, and FS_3). An average BCD was calculated using triplicate samples from five distinct
locations distributed along the pipe loop in longitudinal and circumferential directions.

3. Results

Figure 1 shows the BCD (a) and BCC (b) results across various experimental stages:
the end of the growth phase (day 28) and the subsequent flushing steps (FS_1, FS_2, FS_3).
It is noted that during the flushing operations, fresh drinking water was introduced into the
loops to replace the flush water. This explains the larger values of BCC for the first flushing
step (FS_1), since the BCC baseline for this step was the 28-day water after the conditioning
phase, while the BCC values from FS_2 and FS_3 arose from biofilm detachment during
those flush steps. The error bars of Figure 1 represent the standard deviation of the samples,
highlighting the spatial variability inherent in the biofilms.
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Figure 1. (a) The average bacteria cell density (BCD) on the pipe walls and (b) the average bacteria 
cell concentration (BCC) in the bulk water at the end of the growth phase (28 days) and for each 
flushing step (FS_1, FS_2, and FS_3) for pipe loop A (control) and pipe loop B (small-amplitude 
transients). 

In pipe loop A (used as the control), the initial flushing step (FS_1) led to a notable 
detachment of the biofilm, as evidenced by the sharp increase in BCC (Figure 1b) during 
flushing and the corresponding decrease in BCD (Figure 1a) in comparison to the values 
measured at 28 days. Subsequent flushing steps within pipe loop A (FS_2 and FS_3) did 
not yield significant changes in BCD on the pipe wall when compared to FS_1. Further, 
the decrease in BCC during these flushing stages also suggested a decrease in biofilm de-
tachment. The small BCD values in pipe loop A (Figure 1a) after the last flushing stage 
suggest that only small quantities of biofilms with high adhesion strength remained on 
the pipe wall after this last flush step. 

Conversely, pipe loop B exhibited no substantial variations in BCD on the pipe wall 
(Figure 1a). This finding is corroborated by the bulk water analyses from the first and 
second flushing steps (Figure 1b), which did not show an increase in cell count (BCC) 
compared to the preceding step. However, an unexpected increase in BCC in pipe loop B 
was observed during the final flushing step FS_3 (Figure 1b), with counts reaching double 
the level found in FS_2. 

4. Discussion 
The experiments provided preliminary evidence that pipe loops subjected to identi-

cal water quality and identical maximal flushing WSS yet exposed to slightly different 
flow conditions—one with constant WSS (pipe loop A) and the other with periodical un-
steady WSS (pipe loop B)—developed biofilms with distinct shear strength profiles. The 
results suggest that the presence of regular, small-amplitude transients assisted in the de-
velopment of biofilms with higher levels of shear strength (adhesion to the pipe walls). 
This distinction aligns with previous research [8] that demonstrates the substantial influ-
ence of both the steadiness and duration of shear stress on biofilms’ structure, mechanical 
properties, and microbial composition. According to Yang et al. [9], such exposure to un-
steady WSS can lead to biofilms with enhanced shear strength and potentially altered 
composition, suggesting an adaptive response to dynamic stress conditions This adaptive 
behaviour is theorized to be a survival mechanism, allowing biofilms to optimize their 
structure for nutrient acquisition and resistance against shear forces. 

The results observed from the variable WSS conditions in pipe loop B have profound 
implications for biofilm formation and removal, since these demonstrate that conditions 
common to DWDSs can lead to “permanent biofilm accumulation” (un-flushable). This 
phenomenon is not merely a function of the biofilm’s physical robustness but also of its 
adaptive capacity and ecological resilience. As noted by Lemos et al. [10], different shear 
stress patterns can lead to varied biofilm phenotypic characteristics, including thickness, 
biomass production, and the content of extracellular polymeric substances. This adaptive 
phenomenon underscores the necessity of adopting an integrated biofilm management 

Figure 1. (a) The average bacteria cell density (BCD) on the pipe walls and (b) the average bacteria cell
concentration (BCC) in the bulk water at the end of the growth phase (28 days) and for each flushing
step (FS_1, FS_2, and FS_3) for pipe loop A (control) and pipe loop B (small-amplitude transients).

In pipe loop A (used as the control), the initial flushing step (FS_1) led to a notable
detachment of the biofilm, as evidenced by the sharp increase in BCC (Figure 1b) during
flushing and the corresponding decrease in BCD (Figure 1a) in comparison to the values
measured at 28 days. Subsequent flushing steps within pipe loop A (FS_2 and FS_3) did
not yield significant changes in BCD on the pipe wall when compared to FS_1. Further,
the decrease in BCC during these flushing stages also suggested a decrease in biofilm
detachment. The small BCD values in pipe loop A (Figure 1a) after the last flushing stage
suggest that only small quantities of biofilms with high adhesion strength remained on the
pipe wall after this last flush step.

Conversely, pipe loop B exhibited no substantial variations in BCD on the pipe wall
(Figure 1a). This finding is corroborated by the bulk water analyses from the first and
second flushing steps (Figure 1b), which did not show an increase in cell count (BCC)
compared to the preceding step. However, an unexpected increase in BCC in pipe loop B
was observed during the final flushing step FS_3 (Figure 1b), with counts reaching double
the level found in FS_2.

4. Discussion

The experiments provided preliminary evidence that pipe loops subjected to identical
water quality and identical maximal flushing WSS yet exposed to slightly different flow
conditions—one with constant WSS (pipe loop A) and the other with periodical unsteady
WSS (pipe loop B)—developed biofilms with distinct shear strength profiles. The results
suggest that the presence of regular, small-amplitude transients assisted in the development
of biofilms with higher levels of shear strength (adhesion to the pipe walls). This distinction
aligns with previous research [8] that demonstrates the substantial influence of both the
steadiness and duration of shear stress on biofilms’ structure, mechanical properties, and
microbial composition. According to Yang et al. [9], such exposure to unsteady WSS
can lead to biofilms with enhanced shear strength and potentially altered composition,
suggesting an adaptive response to dynamic stress conditions This adaptive behaviour is
theorized to be a survival mechanism, allowing biofilms to optimize their structure for
nutrient acquisition and resistance against shear forces.

The results observed from the variable WSS conditions in pipe loop B have profound
implications for biofilm formation and removal, since these demonstrate that conditions
common to DWDSs can lead to “permanent biofilm accumulation” (un-flushable). This
phenomenon is not merely a function of the biofilm’s physical robustness but also of its
adaptive capacity and ecological resilience. As noted by Lemos et al. [10], different shear
stress patterns can lead to varied biofilm phenotypic characteristics, including thickness,
biomass production, and the content of extracellular polymeric substances. This adaptive
phenomenon underscores the necessity of adopting an integrated biofilm management
strategy in DWDSs. Traditional methods focused solely on physical removal or chemical
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disinfection may prove insufficient against biofilms that have adapted to withstand variable
shear stress conditions. A multifaceted approach that combines mechanical disruption, tar-
geted chemical treatments, and perhaps even biological control measures may be required.
Tailoring these interventions to the specific hydraulic and microbial dynamics observed in
DWDSs could enhance the efficacy of biofilm management practices.

5. Conclusions

The findings of this study have pivotal implications for the design and management
of water distribution systems, particularly concerning the operational strategies aimed
at controlling biofilm development and ensuring the potability of distributed water. The
augmented shear strength of biofilms under transient conditions warrants further explo-
ration into their mechanical properties and shear stress resistance profiles. Understanding
these aspects is critical for refining maintenance practices, such as flushing and disinfection
protocols, potentially leading to more effective management of biofilm presence in water
distribution networks.
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