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A B S T R A C T   

The Geotextile Mattress with Floating Plate (GMFP) is a novel scour prevention structure. This paper provides an 
insight into the effects on the flow pattern near the GMFP to better understand the GMFP working mechanism. 
The GMFP design parameters were emphasized, including the sloping angle, the height of the floating plate, and 
the opening ratio. In most cases, the bottom vortex is located immediately downstream to the GMFP. The near 
bottom velocity downstream to the bottom vortex is remarkably lower than the undisturbed value. The location 
variation of the bottom vortex reattachment point with the GMFP design parameters was studied. Within the 
range of hydrodynamic parameters tested, the reattachment point moves upstream when the opening ratio in-
creases over 0.231, which agrees with previous studies. With the increase of the obstruction height of the floating 
plate, the reattachment point tends to move downstream when the relative obstruction height is below 0.2, and 
then retreats to the upstream side, which may be attributed to the variation in the water surface profile and the 
enhanced flow through the sand-pass gap due to the intensified blockage effect. An equation was proposed to 
predict the location of the reattachment based on the GMFP obstruction height.   

1. Introduction 

In coastal areas, local scour is always a threat to underwater struc-
tures like bridge piers, pipelines, and offshore wind turbines. Due to the 
effects of marine hydrodynamic forces, local scour can develop near 
marine structures and destabilize their foundations, leading to the fail-
ure of these structures. Such failures can bring catastrophe to both the 
economy and the ecological environment. For instance, when local scour 
develops at bridge piers (Fig. 1), the foundations of the piers can expose, 
which can endanger the stability of the bridges. The bridges suffering 
pier scour may eventually fail and thus cause local traffic paralysis and 
even casualties. As a result, scour protection measures have become the 
focus of many studies in the past decades. 

At present, the countermeasures against scour can mainly be divided 
into two categories based on their working mechanism: covering the 
area vulnerable to scour and adjusting the local flow pattern. The former 
mainly includes ripraps (Biswas and Barbhuiya, 2018; Jafarnejad et al., 
2019; Rashno et al., 2020), mattresses (Galan et al., 2015; Ma et al., 
2021), and revetments (Kiss et al., 2019; Khajenoori et al., 2021), while 
the latter includes traditional groins (Cai et al., 2018; Zhang and Stive, 

2019; Wu et al., 2022), submerged breakwaters (Li et al., 2021; Xue 
et al., 2022; Zhao et al., 2021), and floating flow-deflection devices. 

The floating flow-deflection device is a series of flexible scour pro-
tection structures proposed in recent years, which includes the sus-
pended flexible curtain (Li and Yu, 2009), the rigid suspended curtain 
(Wang et al., 2015), the geotextile mattress with sloping curtain (Xie 
et al., 2013), and the geotextile mattress with floating plate (Xie et al., 
2019a; Zhu et al., 2020). These structures are capable of protecting the 
riverbed and seabed from scour by adjusting the local flow pattern, and 
some of them can also enhance sediment deposition on their leeside by 
providing a passage for the approaching bed load. The floating 
flow-deflection device is applicable to various conditions, including 
protecting underwater structures from local scour, and preventing bank 
collapses due to the erosion on riverbanks. 

Many researchers have focused on the working mechanism and the 
protective effects of the floating flow deflection devices. Li and Yu 
(2009) revealed the flow pattern on the leeside of a suspended flexible 
curtain in steady currents with visualization tests. Two equations were 
proposed for the scale of the primary recirculation zone based on the 
blockage height and the sloping angle of the curtain. Later, Wang et al. 
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(2015) replaced the flexible curtain with a floating rigid curtain, and 
systematically investigated hydrodynamic characteristics of the floating 
rigid curtain. A series of empirical equations were established to predict 
the sloping angle of the curtain, the size of the recirculation zone, and 
the forces on the curtain in various flow conditions. 

Xie et al. (2013) proposed the geotextile mattress with sloping cur-
tain, and investigated the sediment deposition on the leeside of the 
structure in a steady current with a series of live bed flume experiments. 
The effect of the opening ratio of the curtain on the variation in the bed 
surface profile was discussed in detail. Later, the geotextile mattress 
with sloping curtain was introduced to the protection of the local scour 
under a submarine pipeline in steady currents (Xie et al., 2019b). The 
results indicated that the optimum protection effects are reached when 
the distance between the pipeline and the structure is about 6 times the 
obstruction height of the structure. Xie et al. (2015) studied the varia-
tion of the bed pressure distribution adjacent to the geotextile mattress 
with sloping curtain in regular waves. 

The geotextile mattress with floating plate (GMFP) was recently 
proposed by Xie et al. (2019a) to improve the flexibility of floating 
flow-deflection device in both deployment and maintenance. The GMFP 
(Fig. 2) consists of a geotextile mattress and a floating plate. The geo-
textile mattress is the foundation of the device. The mattress is 
composed of a string of geotextile tubes filled with sand or concrete. The 
floating plate serves as a flow deflector. The plate is a rigid plate made of 
light materials, like polymer foam. A series of strings links the geotextile 
mattress with the bottom edge of the floating plate, forming a gap be-
tween the mattress and the floating plate. This gap provides a passage 
for the bed load and the near bottom flow, and is termed a sand-pass gap. 
Due to the buoyancy of the floating plate, the plate rises straight up in 
still water, and inclines to the downstream side in unidirectional cur-
rents. Belts are attached to the plate and the mattress to improve the 
integral stability of the structure. 

The basic working mechanism of the GMFP is described as follows 
(Xie et al., 2019a). As is shown in Fig. 3, the floating plate of the GMFP 
inclines to the downstream side in a steady current. The floating plate 
divides the approaching flow into two parts. The upper branch climbs 
over the floating plate, and the lower branch passes through the 
sand-pass gap. The interaction of the two branches on the leeside of the 
GMFP creates two vortex systems: the top vortex zone and the bottom 
vortex. The top vortex zone is located near the upper edge of the floating 
plate and has limited effects on the bed. The bottom vortex is the main 
vortex on the leeside of the GMFP and covers a large area near the bed on 
the leeside of the structure. A safe area is formed from the bottom vortex 
and the low velocity zone, where the near bottom velocity is lower than 
that in the unprotected scenario. When the underwater structures are 
located within the safe area of a GMFP, the flow velocity and the sedi-
ment transportation capacity near the structure are reduced, and the 
structures can be protected from local scour. In addition, the bed load 
sediment in the bottom flow passing through the sand-pass gap can 

deposit in the safe area, and the scour potential is further reduced. More 
details of the GMFP working mechanism are reported by Xie et al. 
(2019a) and Zhu et al. (2020). 

Some studies have been completed on the properties of the GMFP. 
Xie et al. (2019a) reported a bed pressure difference across the GMFP in 
a steady current. The bed pressure difference increases with the rise of 
the plate height and the sloping angle. The seepage stability of the GMFP 
was discussed in detail based on the flume experiment results. Zhu et al. 
(2020) validated the protection effects of the GMFP on the scour beneath 
a pipeline with flume experiments. The results indicate that the seepage 

Fig. 1. (Color) Bridge pier before and after local scour (Lee et al., 2021). (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 2. (Color) Geotextile Mattress with Floating plate (GMFP) (Zhu et al., 
2020). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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hydraulic gradient under the pipeline descends with the increase of the 
plate obstruction height. 

Despite the knowledge amassed on the GMFP, many properties of the 
GMFP are still unclear. The flow pattern on the leeside of the GMFP is 
unknown, which has become a bottleneck of further investigations on 
the protection mechanism of the GMFP. Wang et al. (2015) reported the 
flow pattern on the leeside of a floating rigid curtain, which is a floating 
flow-deflection device similar to the GMFP. However, the flow patterns 
on the leeside of the GMFP and the floating rigid curtain are actually 
different due to the structural distinctions between the two devices. The 
GMFP is equipped with a geotextile mattress on the bottom, while the 
floating rigid curtain does not include such a part. The mattress covers 
the bed directly under the floating plate and increases the friction on the 
bed, slowing down the bottom flow through the sand-pass opening, and 
thus helping to prevent the local scour near the GMFP (Xie et al., 2013). 
The difference in the bottom flow can bring variation between the flow 
pattern on the leeside of the GMFP and that of the floating rigid curtain. 
Thus, the previous achievements cannot necessarily be applied directly 
to the GMFP, and it is essential to investigate the flow field character-
istics on the leeside of a GMFP. 

In addition, the sloping angle of the plate can significantly affect the 
flow pattern on the leeside of a GMFP. The effect of the sloping angle on 
the flow pattern has not been systematically reported. Many previous 
studies regarded the sloping angle as a function of the plate height and 
the hydrodynamic parameters. However, in practical engineering pro-
jects, the sloping angle can be adjusted intentionally by varying the 
density and the thickness of the floating plate when the designed flow 
velocity and the plate height of a GMFP are selected. Thus, the sloping 
angle is also regarded as an independent variable in the present study to 
better understand the properties of the GMFP. 

In this study, a series of flume experiments were designed to study 
the flow field downstream to a GMFP by measuring the near bottom 
velocity. The aim of this qualitative study was to reveal the effects of the 
GMFP design parameters on the flow pattern. The effects of three GMFP 
design parameters were analyzed, namely the height of the floating 
plate, the sloping angle of the plate, and the opening ratio. The effects of 
these parameters on the characteristics of the flow field were discussed. 
The results of this study provide some elementary knowledge for future 
analysis on the working mechanism of the GMFP and its protection 
performance. The achievements of these investigations help to push 
forward practical applications of the GMFP, which will benefit the safety 
and stability of the submarine structures. 

2. Methodology 

2.1. Experiment method 

The experiments were performed in a hydraulic flume at the Labo-
ratory of Hydraulic and Harbor Engineering, Tongji University (Fig. 4). 
The flume is 50 m long, 0.8 m wide and 1.2 m deep, and is equipped with 
an automatic flow-generating system, which has a pump capable of 
generating a 1.0 m/s steady current at 0.4 m water depth. Two metal 
fences are installed at the entrance and exit of the flume to ensure a 
steady flow in the flume. The side walls of the flume are made of glass for 
observation in the tests, and the bottom of the flume is made of 
impermeable concrete. An Acoustic Doppler Velocimeter (ADV, Fig. 5) 
was used to monitor the depth averaged flow velocity in the flume. The 
ADV was deployed 3 m upstream to the GMFP model in the symmetry 
plane of the flume. The sampling point of the ADV was 0.16 m above the 
bottom of the flume. The full range of the ADV was ±1 m/s. The accu-
racy of the ADV is ±0.5% of the measured value ± 1 mm/s and the 
sampling rate was 100 Hz. Some particles were added to the flume 
before the test to provide sufficient reflective particles for the ADV and 
thus to improve the data quality. The size of the particles was 0.1 mm 
and the density was 1.05 × 103 kg/m3. 

The GMFP model was deployed 20 m downstream to the entrance of 
the flume (Fig. 4). The GMFP model consisted of a model mattress, a 
model floating plate, and a series of strings connecting them. The width 
of the GMFP model was 0.8 m, which was identical to that of the flume. 
The model mattress was 0.26 m long and was composed of 10 mattress 
tubes filled with fine sand. The mattress tubes were sealed on both ends. 
Four model floating plates with different heights were used in the ex-
periments. The height of the plates (Hp) were 0.08 m, 0.10 m, 0.12 m, 
and 0.16 m. The model plates were made of fiberglass and were regarded 
as rigid bodies in the tests. In this study, the sloping angle of the plate 
and the height of the sand-pass opening were adjusted manually by 
fixing the model plate. 

In this study, the near bottom velocity on the leeside of the GMFP 
was measured to reveal the parametric effects of the GMFP on the flow 
pattern downstream to the device. As the ADV may underestimate the 
flow velocity in near-bottom regions (Precht et al., 2006), a LGY-II 
propeller-type current meter (Nanjing Hydraulic Research Institute, 
Nanjing, China) was used to measure the near bottom velocity on the 
leeside of the GMFP. The propeller diameter of the current meter is 1.5 
cm. The full range of the current meter is 2.0 m/s, and the accuracy is 
±1.5%. The starting velocity of the propeller is 0.01 m/s. The sampling 
time was 60 s. For each testing point, the near bottom velocity was 
measured twice to reduce the random error. If the difference between 

Fig. 3. (Color) Basic working mechanism of the GMFP. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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the two results was over 10%, the test case was repeated for a third time. 
The horizontal distance between the testing points and the anchoring 

point of the GMFP was between 16 cm and 155 cm. In cases with large 
plate height (Hp = 0.12 m and 0.16 m), more testing points were 
measured, and the testing points extended up to 205 cm downstream to 
the GMFP. Thus, the testing points covered a range of bed from the 

downstream edge of the mattress to at least 10 times the plate height 
downstream to the GMFP. The range of the testing points was selected 
based on previous test and simulation results (Xie and Liu, 2010; Xie 
et al., 2019b). The testing points were located in the symmetry plane of 
the flume. The vertical location of all the testing points was 2.3 cm from 
the bottom of the flume, which is at the same height as the top surface of 

Fig. 4. Sketch of the experiment setup (not to scale).  
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the mattress (Fig. 4). 

2.2. Dimensional analysis 

According to the protection mechanism of the floating flow- 
deflection devices similar to the GMFP, the bottom vortex is the domi-
nant effect on the flow field downstream to the structure (Wang et al., 
2015; Xie et al., 2019b). The reattachment point of the bottom vortex 
(Fig. 3) is the downstream end of the vortex, and generally reflects the 
dimension of the vortex. Thus, the location of the bottom vortex reat-
tachment point was thus selected as the key parameter to describe the 
flow characteristics near the GMFP. In this study, the location of the 
reattachment point was described by the distance between the 
anchoring point of the GMFP and the reattachment point of the bottom 
vortex, denoted by x0 (Fig. 3). Similar definitions were also adopted by 
previous studies on other floating flow deflecting structures (Li and Yu, 
2009; Wang et al., 2015). 

A dimensional analysis was carried out to identify the most impor-
tant effects on the location of the reattachment point. Four dimension-
less parameters were identified in this study based on the rule of 
dimensional homogeneity, and their effects on the location of the reat-
tachment point x0 were examined: 

x0

Hp
= f

(

α,Hp

h0
, δ,Fr

)

(1)  

where Hp = the height of the floating plate (Fig. 4); α = the sloping 
angle; h0 = the flow depth, and h0 = 0.4 m for all cases in this study; Hp/ 
h0 = the relative plate height; δ = the opening ratio, defined as 

δ=
Hg

Hp + Hg
(2)  

where Hg = the height of the sand-pass gap between the floating plate 
and the mattress (Fig. 4); Fr = the Froude number, calculated by 

Fr =
U̅̅̅
̅̅̅̅

gh0
√ (3)  

where U = the depth averaged approaching flow velocity; g = gravita-
tional acceleration, and g = 9.8 m/s2. 

In addition to the parameters mentioned above, some other param-
eters were also identified in the dimensional analysis, including the 
configurations of the geotextile mattress, the flow depth, and the 
roughness of the flume bed. However, these parameters were kept 
constant in all test cases in this study, or have been proved to have 
limited effect on the flow pattern downstream to the structure, so they 
were not discussed in this study. 

In this study, the flow pattern near the GMFP in an open channel was 
modeled, and the Froude’s law was thus used to determine the scale 
ratio. The length scale was determined to be model:prototype = 1:10, 
and the velocity scale was model:prototype = 1:3.16. All the parameters 
examined in this study complied with this scaling ratio. The effects of 
scaling on the accuracy of the test results were acceptable for this study. 

2.3. Experimental cases 

To investigate the effects of the GMFP design parameters on the flow 
pattern on the leeside of the GMFP, a total of 36 test cases were designed 
for the experiment (Table 1). The GMFP design parameters include the 
sloping angle of the plate (α), the relative plate height (Hp/h0), and the 
opening ratio (δ). The definition of these parameters can be found in 
Section 2.2. In this study, the flow depth was h0 = 0.4 m for all test cases, 
and three different flow velocity values were used. The depth-averaged 
flow velocity U varied between 0.3 m/s and 0.4 m/s for different cases. 
The Froude number for the test cases was between 0.152 and 0.202. 
Before the GMFP model was deployed in the flume, the undisturbed near 
bottom velocity u0 in the three flow conditions was measured respec-
tively. The undisturbed near bottom velocity was measured with the 

Fig. 5. (Color) Acoustic Doppler Velocimeter (ADV) used in the experiment. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 1 
Experiment cases.  

Group Sloping 
angle 
α (◦) 

Relative plate 
height 
Hp/h0 

Opening 
ratio 
δ 

Froude number 
Fr 

A 35 0.25 0.231 0.152, 0.177, 
0.202 

40 0.25 0.231 0.202 
45 0.25 0.231 0.152, 0.177, 

0.202 
50 0.25 0.231 0.152, 0.177, 

0.202 
55 0.25 0.231 0.202 
60 0.25 0.231 0.152, 0.177, 

0.202 
B 50 0.20 0.231 0.152, 0.177, 

0.202 
50 0.25 0.231 0.152, 0.177, 

0.202 
50 0.30 0.231 0.152, 0.177, 

0.202 
50 0.40 0.231 0.152, 0.177 

C 50 0.25 0.167 0.152, 0.177, 
0.202 

50 0.25 0.231 0.152, 0.177, 
0.202 

50 0.25 0.286 0.152, 0.177, 
0.202 

50 0.25 0.333 0.152, 0.202  
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propeller type current meter in the same way as was measured down-
stream to the GMFP in the test cases. The measuring point was 2.3 cm 
above the bottom of the flume. The test cases were divided into three 
groups. In each group, only one GMFP design parameter was changed, 
and the other GMFP parameters were kept constant. Group A focused on 
the sloping angle of the GMFP, where the sloping angle α varied between 
35◦ and 60◦; Group B the height of the floating plate, where the relative 
plate height Hp/h0 was between 0.20 and 0.40; Group C the opening 
ratio, where the opening ratio δ ranged between 0.167 and 0.333. The 
selection of the test parameters was based on previous studies on the 
GMFP (Xie et al., 2019a; Zhu et al., 2020). Further details of the test 
cases can be found in Table 1. 

3. Test results 

3.1. Effects of the sloping angle on the flow pattern downstream to the 
GMFP 

The test cases in Group A were designed to investigate the effect of 
the sloping angle on the flow pattern on the leeside of the GMFP. The 
sloping angle of the GMFP α varied between 35◦ and 60◦, and the other 
two design parameters of the GMFP were kept constant: the opening 
ratio δ = 0.231 and the relative plate height Hp/h0 = 0.25. Three 
different flow conditions were adopted in the test cases, in which the 
Froude number was 0.152, 0.177 and 0.202. 

Fig. 6 shows the near bottom velocity distribution on the leeside of 
the GMFP for different sloping angles of the floating plate. The hori-
zontal axis indicates the normalized distance to the anchoring point of 
the GMFP x/Hp (Fig. 4), and the vertical axis is the normalized near 
bottom velocity u/u0, where u0 is the undisturbed near bottom velocity. 
The test results show that the flow pattern on the leeside of the GMFP for 
different sloping angle values is similar. The near bottom velocity is 
close to zero near the downstream edge of the geotextile mattress. 
Immediately downstream to the mattress, there is an area in which the 
near bottom flow heads upstream. This area is the coverage of the bot-
tom vortex. The near bottom flow turns to the downstream side on the 
leeside of the bottom vortex and enters the low velocity zone. The near 
bottom velocity steadily climbs up as the measuring points moves 
further downstream in the low velocity zone (Fig. 6). However, the near 

bottom velocity is still at least 25% lower than the undisturbed near 
bottom velocity at 15–20 times the plate height downstream to the 
GMFP in different configurations, which agrees well with the simulation 
results of Xie and Liu (2010). The area affected by the GMFP actually 
covers at least 20 times the plate height downstream. 

The length of the bottom vortex is observed to vary remarkably with 
the sloping angle and the Froude number. When the sloping angle rises 
from 35◦ to 45◦, the bottom vortex extends downstream gradually. The 
downstream edge of the bottom vortex moves to the leeside, but the 
variation of the upstream end of the bottom vortex is not remarkable. 
When the sloping angle is over 45◦, the extension of the bottom vortex 
slows down with further increase of the sloping angle. The extension of 
the bottom vortex is also observed when the Froude number increases 
and the other parameters are fixed. Similar variations of the vortex 
magnitude can also be seen in those near bridge piers due to the changes 
of flow parameters and pier properties (Tafarojnoruz et al., 2012; 
Tafarojnoruz and Gaudio, 2012; Tafarojnoruz and Agostino, 2020). The 
variation of the sloping angle affects the maximum reversed velocity 
near the bed as well. The maximum reversed velocity shows an 
increasing trend with an increasing sloping angle, which may indicate a 
more intensified bottom vortex. The increasing sloping angle also 
generally slows down the near bottom flow in the low velocity zone. 

The reattachment point of the bottom vortex is the downstream edge 
of the bottom vortex (Fig. 3), where the near bottom flow reverses and 
begins to head downstream. Fig. 7 shows the movement of the reat-
tachment point with the sloping angle in different flow conditions. The 
reattachment point was obtained by the linear interpolation of the near 
bottom velocity curve in Fig. 7. Herein, the horizontal axis indicates the 
sine value of the sloping angle, which reflects the blockage area of the 
sloping plate for fixed plate dimensions. The vertical axis is the 
normalized horizontal distance between the reattachment point and the 
anchoring point of the GMFP (x0/Hp). The location variation of the 
reattachment point varies in a similar pattern in three flow conditions. 
The reattachment point moves downstream when the Froude number 
increases from 0.152 to 0.177, but the effect of the Froude number was 
not obvious when the Froude number further increases from 0.177 to 
0.202. When the sloping angle increases from 35◦ (sinα = 0.57) to 50◦

(sinα = 0.77), the reattachment point moves to the downstream side. 
Then the reattachment moves upstream slightly with further increase of 

Fig. 6. Near bottom velocity distribution for different sloping angle.  
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the sloping angle. All three curves hit a zenith near sinα = 0.77 (α =
50◦), where the coverage of the bottom vortex reaches maximum within 
the range of test parameters in this test group. This phenomenon may be 
attributed to the variation of the bottom vortex with the increase in the 
blockage of the floating plate, and is discussed in Section 4.1. 

3.2. Effects of the plate height 

The test cases in Group B were designed to investigate the effect of 
the plate height on the flow pattern on the leeside of the GMFP. The 
height of the floating plate Hp varied between 8 cm and 16 cm, and the 
relative plate height Hp/h0 was between 0.2 and 0.4, where h0 = 0.4 m is 
the flow depth. The other two design parameters of the GMFP were kept 
constant: the sloping angle α = 50◦ and the opening ratio δ = 0.231. 
Three different flow conditions were adopted in the test cases, in which 
the Froude number was 0.152, 0.177 and 0.202. 

Fig. 8 shows the near bottom velocity distribution on the leeside of 
the GMFP for different heights of the floating plate. The test results 
imply that the flow pattern on the leeside of the GMFP for different plate 
heights is basically similar to those in Fig. 6. A remarkable decrease in 

the coverage of the bottom vortex can be observed with a rising plate 
height when the relative plate height Hp/h0 ≥ 0.25. Compared with the 
results in Fig. 6, the variation in the upstream edge of the bottom vortex 
is more significant when the plate height is changed. In some cases, high 
velocity near bottom flow was detected near the downstream edge of the 
mattress, which is discussed in Section 4.2. 

Excepting the cases in which the velocity near the mattress was high, 
the maximum reversed velocity in the bottom vortex climbs with the 
increase of the plate height. The coverage of the bottom vortex shows a 
positive correlation with the Froude number. The effects of the Froude 
number and the plate height on the velocity in the low velocity zone is 
not obvious. 

Fig. 9 shows the movement of the reattachment point with the 
relative plate height in different flow conditions. The horizontal axis 
indicates the relative plate height Hp/h0. The movement pattern of the 
reattachment point is almost identical in different flow conditions. The 
results show that the reattachment point moves downstream when the 
relative plate height increases from Hp/h0 = 0.20 to Hp/h0 = 0.25. After 
that, the reattachment point retreats considerably upstream when the 

Fig. 7. Relationship between the reattachment point location and the 
sloping angle. 

Fig. 8. Near bottom velocity distribution for different plate height.  

Fig. 9. Relationship between the reattachment point location and the 
plate height. 
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relative plate height further increases to Hp/h0 = 0.40. The retreat of the 
reattachment point x0/Hp with the increase of the relative plate height 
Hp/h0 can partially be attributed to the normalization of the reattach-
ment point with the plate height. With the increase of the plate height 
Hp, x0/Hp can decrease when the increase rate of x0 is smaller than that 
of Hp. The retreat of the bottom vortex with larger obstruction height of 
the floating plate can also be observed in the results of Group A, but the 
retreat of bottom vortex with increasing plate height is more obvious. 
Further discussion on the relationship between the blockage of the 
floating plate and the location of the reattachment is proposed in Section 
4.1. 

3.3. Effects of the opening ratio 

The test cases in Group C were designed to investigate the effect of 
the opening ratio on the flow pattern on the leeside of the GMFP. The 
opening ratio δ varied between 0.167 and 0.333. The other two design 
parameters of the GMFP were kept constant: the sloping angle α = 50◦

and the relative plate height Hp/h0 = 0.25. Three different flow condi-
tions were adopted in the test cases, in which the Froude number was 
0.152, 0.177 and 0.202. 

Fig. 10 shows the near bottom velocity distribution on the leeside of 
the GMFP for different opening ratio. The variation pattern of the 
reattachment location is almost identical in different flow conditions. In 
general, the coverage of the bottom vortex gradually retreats with an 
increasing opening ratio. When the opening ratio increases from 0.167 
to 0.231, the variation in the coverage of the bottom vortex was not 
obvious. However, the variation of the bottom vortex coverage becomes 
remarkable when the opening ratio climbs over δ = 0.231. This phe-
nomenon coincides with the test results of Zhu et al. (2020). The 
maximum reversed velocity of the bottom vortex also shows a negative 
correlation with the opening ratio when δ ≥ 0.231. In addition, the flow 
velocity on the leeside of the bottom vortex increases with the increasing 
opening ratio. The coverage of the bottom vortex shows a positive cor-
relation with the Froude number. 

Fig. 11 shows the movement of the reattachment point with the 
opening ratio in different flow conditions. The variation pattern of the 
reattachment location is almost identical in different flow conditions. 
The results show that when the opening ratio δ increases from δ = 0.167 

to δ = 0.231, the movement of the reattachment point is not obvious. 
The reattachment point moves upstream considerably when the opening 
ratio δ increases over 0.231. The variation pattern of the reattachment 
point agrees with the results of Zhu et al. (2020). Zhu et al. (2020) found 
that the flow through the sand-pass gap gradually intensifies when the 
opening ratio increases from δ = 0.231. The intensity of the bottom 
vortex gradually descends due to the disturbance of the intensified 
bottom flow. In this study, the maximum reversed bottom velocity and 
the coverage of the bottom vortex show a negative correlation with the 
opening ratio for δ ≥ 0.231, which is consistent with the conclusion 
drawn by Zhu et al. (2020). 

4. Discussion 

4.1. Effects of the plate obstruction height on the reattachment point 

The relationship between the length of the bottom vortex and the 
obstruction height of other flow deflection devices has been discussed in 
previous studies (Li and Yu, 2009; Wang et al., 2015). However, the 
previous results cannot necessarily be directly applied to the GMFP due 

Fig. 10. Near bottom velocity distribution for different opening ratio.  

Fig. 11. Relationship between the reattachment point location and the open-
ing ratio. 
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to the differences in the flow pattern between the GMFP and the pre-
viously studied structure. In addition, the sloping angle of the floating 
plate is treated as an independent variable in this study, which can bring 
distinctions to the variation pattern of the bottom vortex dimension with 
the obstruction height. Thus, the effect of the GMFP obstruction height is 
analyzed below based on the results in Figs. 6 and 8. 

Fig. 12 shows the variation of the reattachment point location x0/Hp 
with the relative obstruction height Hpsinα/h0. The results in Figs. 6 and 
8 are included. The obstruction height is normalized in the same way as 
that in previous studies (Xie et al., 2019b; Zhu et al., 2020). Fig. 12 
indicates that variation pattern of the reattachment with the obstruction 
height is similar for the different Froude numbers tested in this study. 
The location of the reattachment point tends to move downstream with 
the increase of the obstruction height when Hpsinα/h0 is below 0.2, and 
then retreats to the upstream side. The downstream limit of the reat-
tachment point is reached when the relative obstruction height 
Hpsinα/h0 is near 0.2. With the increase of the Froude number, the 
reattachment point moves to the downstream side steadily. In Fig. 12, 
the test results in different flow conditions are close to each other, which 
indicates that the effects of the Froude number on the reattachment 
point may be not as remarkable as that of the obstruction height. 

When the obstruction height of the floating plate is below 0.2, the 
bottom vortex extends with increasing obstruction height, which can 
mainly be attributed to the separation of flow passing objects with sharp 
corners at the section corners. With the increase of the obstruction 
height, the separation point of the flow over the floating plate rises, and 
the bottom vortex extends to the leeside. When the obstruction height is 
over 0.2, the retreat of the reattachment point with the obstruction 
height may be associated with two factors. The first potential factor is 
the variation of the water surface profile (Fig. 13). With the increase the 
obstruction height, the blockage effect of the floating plate on the water 
surface profile becomes increasingly significant. Drawdown occurs at 
the GMFP. The water surface rises up on the upstream side of the GMFP 
and drops on the downstream side, which was observed in previous 
investigations on the GMFP (Xie et al., 2019a). As the blockage effect 
continues intensifying, the water surface profile over the GMFP gets 
steeper. A similar phenomenon was observed over a submerged hori-
zontal cylinder in steady current (Chiew, 1991; Zhu and Xie, 2015). 
Consequently, the streamline at the separation point on the top of the 
floating plate can also incline more steeply towards bed. As the bottom 
vortex is partially dominated by the flow pattern on the top of the 
floating plate, the bottom vortex can thus retreat and the reattachment 
point can move upstream. The other potential factor is the intensified 
flow through the sand-pass gap between the mattress and the floating 
plate. The strengthened blockage effect due to the increasing obstruction 
height may accelerate the bottom flow through the sand-pass gap, which 
may cause the descent of the bottom vortex intensity (Zhu et al., 2020), 

and thus the retreat of the reattachment point. 
Based on the relationship analyzed in Fig. 12, an empirical equation 

is proposed for the location of the reattachment point and the obstruc-
tion height of the floating plates: 

x0
/

Hp =
[
− 497

(
Hp sin α

/
h0
)2

+ 205
(
Hp sin α

/
h0
)]

Fr0.575 (4) 

Fig. 14 shows the comparison between the measured location of the 
reattachment point and the predicted results by Eq. (4). The results show 
that the prediction of Eq. (4) is reasonable and all the data points fall 
within the 20% deviation lines. The application range of Eq. (4) is 0.15 
≤ Hpsinα/h0 ≤ 0.30. It should be noted that the data points in Fig. 12 do 
not fall on a single curve, which indicates that the location of the reat-
tachment point is also affected by other parameters except for the 
obstruction height of the GMFP and the Froude number. Further studies 
are needed to reveal more details in the variation mechanism of the 
reattachment point location. 

4.2. Effects of the plate height on the high velocity flow near the mattress 

The results of test group B detect high velocity bottom flow near the 
downstream edge of the geotextile mattress in test cases with large plate 
height (Hp/h0 = 0.30 and 0.40). The maximum near bottom velocity 
near the edge of the mattress reaches over 1.5 times the undisturbed 
velocity (Fig. 8(b and c)). This phenomenon can be explained as follows: 

With the increase of the plate height, the blockage effect of the 
floating plate becomes increasingly more remarkable. The increased 
plate height narrows the passage of the approaching flow, while the total 
flow rate in the flume remains unchanged. The flow over the floating 
plate and through the sand-pass gap is thus accelerated. In addition, the 
GMFP is deployed in an open channel flow in this study, where the flow 
depth is limited. The blockage effect is further enhanced due to the 
limited space between the water surface and the floating plate. Thus, the 
flow velocity through the sand-pass gap and over the floating plate 
significantly increases. When the geotextile mattress is not long enough 
to cover the area affected by the high velocity gap flow (Xie et al., 2013), 
high velocity bottom flow near the edge mattress appears. 

The results in Fig. 8 may also imply the existence of a critical plate 
height for the appearance of the local high velocity flow. The high ve-
locity near bottom flow appears when the plate height is over this crit-
ical value. In Fig. 8(b and c), when the averaged flow velocity in the 
flume is 0.30 m/s (Fr = 0.152) and 0.35 m/s (Fr = 0.177), the high 
velocity near the edge of the mattress appears when Hp = 16 cm, but 
does not appear when Hp = 12 cm. When the averaged flow velocity in 
the flume increases to 0.40 m/s (Fr = 0.202), the high velocity appears 
when Hp = 12 cm. This comparison indicates that the high velocity flow 
is more likely to appear for higher approaching flow velocity when the 
plate height is fixed. In other words, the increase of the flow rate through 
the flume can lead to a decrease in the critical plate height. As the high 
velocity flow is also reported to be closely associated with the opening 
ratio (Xie et al., 2013; Zhu et al., 2020), the critical plate height is a 
function of both the opening ratio and the Froude number. 

High velocity near the edge of the mattress may bring considerable 
negative effects to the safety of the GMFP and the structure protected. 
Local scour can appear near the mattress. The GMFP can thus be more 
vulnerable to the seepage failure underneath the mattress (Xie et al., 
2019a), which can destabilize the GMFP structure. In the cases where 
high velocity appears, the protection effects of the GMFP are influenced. 
The dimension of the bottom vortex decreases. The upstream edge of the 
bottom vortex retreats to the leeside. Thus, the obstruction height 
should be selected within a reasonable range to prevent the high velocity 
flow near the edge of the mattress. For the conditions tested in this 
research, the ideal relative obstruction height is about 0.20. 

Fig. 12. Relationship between the plate obstruction height and the location of 
the reattachment point. 
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5. Conclusion 

The parametric effects on the flow pattern downstream to the GMFP 
was investigated with the near bottom velocity close to the structure. 
The effects of the GMFP design parameters were investigated, including 
the sloping angle, the height of the floating plate, and the opening ratio. 
The following conclusions can be achieved based on the results and 
discussion above:  

1. The bottom vortex generated by the GMFP is detected immediately 
downstream to the mattress in most cases. The near bottom velocity 
in the low velocity zone downstream to the bottom vortex is at least 
25% lower than the undisturbed near bottom velocity. The effects of 
the GMFP extend to at least 20 times the plate height downstream.  

2. The reattachment point of the bottom vortex moves downstream 
when the sloping angle increases from 35◦ (sinα = 0.57) to 50◦ (sinα 

= 0.77), and reaches a downstream limit near sinα = 0.77 (α = 50◦) 
in the tested range of parameter of this study.  

3. The reattachment point moves downstream when the plate height 
increases from Hp/h0 = 0.20 to Hp/h0 = 0.25, and steadily retreats 
with the further increase of the plate height.  

4. Within the range of hydrodynamic parameters tested in this study, 
the reattachment point moves upstream considerably when the 
opening ratio δ increases over 0.231, which agrees with the 
conclusion of previous studies.  

5. The reattachment point tends to move downstream with the increase 
of the obstruction height of the floating plate, and then retreats to the 
upstream side. The downstream limit of the reattachment point is 
reached when the relative obstruction height is about Hpsinα/h0 =

0.2. The variation pattern may be attributed to the variation in the 
water surface profile and the enhanced flow through the sand-pass 
gap. An equation was proposed to predict the relationship between 
the obstruction height and the reattachment location. The critical 
relative obstruction height for the downstream limit of the reat-
tachment point (Hpsinα/h0 = 0.2) need to be evaluated with more 
test data in further investigations.  

6. A branch of high velocity flow was observed near the downstream 
edge of the geotextile mattress in the test cases with large plate 
height, which may be attributed to the enhanced flow through the 
sand-pass gap due to the intensified blockage effect. The ideal rela-
tive plate height for the parameter tested in this study is about 0.2. 
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