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ABSTRACT

One of the efforts to reduce water losses in irrigation channels is to provide lined materials in the earth's
irrigation channels. Construction of these lined materials in Indonesia requires raw materials (such as
sand, gravel, and split stone) mined from nature, and in Indonesia, known as class C excavated materials.
Excessive exploitation of class C excavated materials will impact environmental damage. To overcome
these problems, therefore, research is needed to find alternative lined materials, and in this research, the
alternative lined material is Glass Fiber Reinforced Polymer (GFRP). The study's primary objective was
to determine the value of the Manning roughness coefficient for lined channels made of GFRP material.
The research involved experimental testing using an open channel model (flume) lined with GFRP
material. The flow tests were conducted with three variations of the pump flow discharge and nine
variations of the channel bottom slope. The test results from the physical model were compared with the
results of the mathematical model simulation using the HEC-RAS software. The model's performance
was evaluated using the graphical technique and quantitative statistics specifically the Nash-Sutcliffe
Efficiency (NSE) method. Model evaluation with the NSE method shows that the performance of the
physical model is “very good”. The Manning roughness coefficient value for rigid-lined GFRP material
range from 0.0071 to 0.0102. The recommended Manning roughness coefficient value for practical
application in the design of irrigation channels in Indonesia is 0.0081.
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1. INTRODUCTION

One of the efforts to increase the availability of irrigation
water is to provide lining for earth irrigation channels so
that this will have an impact on reducing the rate of water
loss in irrigation channels. Based on Indonesian
Irrigation Planning Standards, four types of materials are
recommended for use as a lining in irrigation channels in
Indonesia, such as stone masonry, concrete, soil-cement,
and ferrocement. For irrigation channel planning in
Indonesia, the Manning roughness coefficient (n) values
recommended for use for the four types of lined material
are respectively 0.0167, 0.0143, 0.0285 — 0.0222, and
0.0143 (1). Of the four types of lining, only two are the
most widely used as lined material in irrigation channels
in Indonesia, such as stone masonry lining and concrete
lining. Apart from using a mixture of water and cement,
the process for construction implementation of two types
of lined materials also requires other raw materials such
as sand, gravel, and crushed stone, mined from nature,
and in Indonesia are known as class C excavated
materials. The excessive exploitation of class C
excavated materials will impact environmental damage,
so it needs to be mitigated (2-4). In practice, also in the
project site, the process of making the mixture for the
lining of the channels from the stone masonry and
concrete has several constraints, such as the difficulty of
obtaining class C excavated material sources, the
problematic access constraints to transport the mixed
material constituents to the work location, the difficulty
of obtaining fresh-water that is required for the process
of mixing materials in the project site, and the difficulty
of controlling the quality of the construction work due to
the wide spread of the work locations (5). Figure 1 shows
a case example of difficult access conditions for making
concrete mixes for tertiary irrigation channel work at the
Batang Anai Irrigation Project in West Sumatra Province,
Indonesia, which was implemented in 2016.

From these problems, the preliminary research idea
arose to find and study alternative materials that do not
use cement and class C excavated materials.

One of the products of processed polymer materials
is the geomembrane. Geomembrane as a lined channel

Figure 1. Construction of concrete lining on tertiary
irrigation channels in the Batang Anai Irrigation Project in
West Sumatra Province

material has been widely used in various countries. In the
United States, geomembrane has been used as a lined
material (membrane) in channels that control seepage
since 1950s. It is an effective alternative material to
replace traditional standard linings methods, such as
concrete and compacted soil. One of the first uses of
geomembranes for channels was in 1954 in irrigation
channels by the U.S. Bureau of Reclamation (USBR) in
Fort Collins, Colorado. USBR has extensive experience
in geomembrane installation and monitoring for lined
channels based on past field testing programs. PVC
geomembrane was originally a geomembrane used for
lined channels. However, subsequently, Polyethylene
(PE) based geomembranes (such as HDPE, LDPE,
CSPE, and VLDPE) and several other types of
geomembranes (such as EDPM and Polypropylene) are
also used as lined channels (6-8). In Portugal,
prefabricated membranes for lined channel use are also
increasing, especially as a solution for rehabilitating
existing concrete channels. The two main types of
membranes used in Portugal are bituminous membranes
(modified bitumen polymers) and synthetic membranes
(PVC) (9).

One of the most essential purposes of scientific
research is finding new engineering composites that
combine strength and lightweight (10). Polymer matrix
composites are used in different industrial applications
due to their enhanced mechanical properties and
lightweight (11). Fiber-reinforced polymer (FRP)
composites have better fatigue and corrosion-resistive
performance than metals, reducing the maintenance cost
(12). FRP is a composite material made of a polymer
matrix reinforced with fibers. The fibers are usually
glass, carbon, or aramid. The polymer is usually epoxy,
vinyl ester, or polyester thermosetting plastic (13).
Because of cost, glass, and carbon are the most widely
used reinforcement materials for civil infrastructure
composite applications. For applications that require
large amounts of materials, glass is the most popular
because it is the least expensive (14). The economic
analysis indicated that glass fiber is more cost-benefit
than carbon fiber in improving the concrete properties,
especially for one layer of FRP (15). Polyesters are the
most widely used polymers in FRP components for
construction/civil infrastructure applications due to their
relatively low cost and ease of processing (16). Polyester
resins have many advantages, such as suitable adhesive
and mechanical properties, better resistance to fatigue
and micro cracking, reduced degradation from water
ingress, increased resistance to osmosis (surface
degradation due to water permeability), and good
performance at elevated temperatures (17). Various
fabrication techniques, such as hand layup, spray-up,
filament winding, lamination, and pultrusion, are used to
process polymeric composites (18).
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Nowadays, Glass Fiber Reinforced Polymer (GFRP)
composites are alternative products for metals due to
their superior characteristics like high specific stiffness,
corrosion resistance, fatigue resistance, and less weight-
to-strength ratio (19). In Indonesia, GFRP materials are
currently widely used as building materials in the
construction industry. GFRP material generally has
strong, lightweight, weather-resistant, and impermeable
characteristics, so it is often used as a component of
hydraulic structures (such as sliding gates, flap gates, and
culverts) in swamp irrigation channels where the water
conditions are acidic (Figure 2).

In order to design an irrigation channel using GFRP
material lining, it is necessary to know the value of the
hydraulic roughness coefficient first. GFRP material is
currently also widely used in the manufacture of
commercial piping products in various countries. Some
of the piping products in the world that have included the
value of the hydraulic roughness coefficient in their
GFRP piping product specifications include the
following:

1. Grandpipe®, a GFRP pipe manufacturing company
from Turkey, gives a Manning roughness
coefficient n = 0.009 for pipe material products
called GRP (Glass-Reinforced Plastics) .

2. Jiubo Composite®, a GFRP pipe manufacturing
company from China, gives a Manning roughness
coefficient n = 0.0084 for pipe material products
called FRP (Fiber-Reinforced Plastics)?.

There is still little research using GFRP-lined material
in open channels like irrigation channels. In 1975,
Malaysia conducted trials on using GFRP material as a
lined material in a pilot project for constructing a new
tertiary irrigation channel implemented at the Tanjung
Karang Irrigation Project. The construction of the tertiary
irrigation channels was a typical flume-shape with the
characteristics of a rigid GFRP material and was named
Fiberglass-Reinforced Polyester (FRP) (20). Japan had
also implemented using materials made from GFRP as
lined materials to repair existing concrete lining in
irrigation channels that had minor cracks. The material
lining made of GFRP has flexible characteristics and is

suiﬁ:‘h i o 2 PR ) >
Figure 2. Example of using GFRP flap gates in swamp
irrigation channels in Central Kalimantan Province,
Indonesia

! https://grandpipe.com/en/product-information

named FFRP (Flexible Fiber Reinforced Plastic). Some
samples of the FFRP material were taken to the
laboratory to be tested experimentally using an open
channel model of a rectangular flume to examine the
value of the hydraulic roughness coefficient. The results
of their research found that the Manning roughness
coefficient is n = 0.0094 (21). Since the idea of using
lining with GFRP material in Indonesia is to line earth
irrigation channels, the characteristics of the GFRP
material must be rigid. Based on this explanation, the
final idea of the research was to find the value of the
hydraulic roughness coefficient for GFRP material with

a rigid type produced by a factory in Indonesia. The

primary objectives of the study include:

1. To evaluate the effects of discharge and channel
bottom slope changes on flow velocity and flow
depth characteristics.

2. To analyze the impact of changes in discharge and
channel bottom slope on the value of the Manning
roughness coefficient and to interpret the range of
Manning roughness coefficient values obtained
from the test results.

3. To propose the recommended Manning roughness
coefficient value for GFRP material to be used in
the design of irrigation channels in Indonesia.

After the innovative value for the Manning roughness
coefficient (n) for GFRP material resulting from this
research has been obtained, the design of irrigation
channel dimensions using GFRP lined material can be
calculated using the uniform flow formula. Manning's
formula and the continuity equation, Q = Av, form the
basic equations for uniform-flow computation. The

discharge Q is given as (22, 23):

Q= %ARZBS% (6]

Q =KVS @
where,

Q = discharge (m%/s)

= wetted area (m?)

= flow velocity (m/s)

= Manning rougness coefficient
hydraulic radius (m)

= wetted perimeter (m)

= channel bottom slope

»w TV OV S < >
1
o
1

K =%AR§ is called the channel's conveyance and
expresses the channel's discharge capacity per unit
longitudinal slope. For a given channel, AR5 is a function
of the flow depth. For example, in Figure 3 consider a

trapezoidal section of bottom width = b and side slope m
horizontal: 1 vertical.

2 https://www.aldfrp.com/News/Comparison-of-FRP-Pipe-and-pipe-
flow-185.html
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Figure 3. Hydraulic parameters on a trapezoidal channel
Cross section

Then,
A= (b+mh)h (3)
P=(b+2h/mZ+1) (4)
_A__ (b+mhh
R= P (b+2nVmZ+1) ®)

2 _Qn _ (b+mn)®h%3
AR =5 = pramvmreny ~ 1 B ) ©)

For a given trapezoidal channel, b and m are fixed and

2 2
AR3 = f(h). Since AR3 = % , and if Manning
roughness coefficient (n) and channel bottom slope (S)
are fixed for a channel, the channel have unique depth in
uniform flow associated with each discharge. The depth
is called the normal depth (h).

After this innovative value for the Manning
roughness coefficient has been obtained, the advantages
that can be obtained from its application in irrigation
channels are as follows:

1. The use of GFRP material can reduce the use of class
C excavated materials in Indonesia so that the impact
of environmental damage can be mitigated.

2. The process of making GFRP material segments can
be carried out first in the factory so that it will reduce
the constraints, such as the difficulty of obtaining
class C excavated material sources, the problematic
access constraints to transport the mixed material
constituents to the work location, the difficulty of
obtaining fresh-water that is required for the process
of mixing materials on the project site, and the
difficulty of controlling the quality of the construction
work.

3. Because the weight of the GFRP material is relatively
light, transporting the material to the work location
will be cheaper.

4. Because the GFRP material structure design has been
created, installing GFRP-lined material segments in
earth irrigation channels will be carried out more
effectively and efficiently (see Figure 4).

2. MATERIAL AND METHOD

The Experimental research conducted at the Hydraulics
Laboratory, Civil Engineering Department, Faculty of

Figure 4. lllustration of installing GFRP material segment
in an earth irrigation channel

Engineering, Hasanuddin University, South Sulawesi
Province, Indonesia. The physical modeling used three
pump discharge (Qx) variations as input data flowed into
the GFRP flume. The three variations of pump discharge
(Qr) are low inflow discharge (Qr), medium inflow
discharge (Qr), and high inflow discharge (Qss). The
GFRP flume bottom slopes (Sg) were also set for nine
variations of channel bottom slopes, ranging from Sg; to
Sgo.

2. 1. Material and Equipment The primary
material used in this study is GFRP (Glass Fiber
Reinforced Polymer), produced by one of the factories in
Indonesia. As a preliminary stage, measurements,
manufacturing, packaging, and installation of the GFRP
material into the flume were carried out, as shown in
Figure 5.

The equipment used for experimental testing was as
follows: a) an open channel (flume) model device lined
with GFRP material; b) two submersible water pumps
equipped with a pipe network and discharge control
valves; ¢) a flow meter; d) water weighing scale; €) a
point gauge; f) The flume’s slope adjuster, as shown in
Figure 6.

Precisely using this equipment during the
experimental testing process is crucial to minimize errors
in the hydraulic laboratory. Flow velocity was measured
using a mini flow-meter because it can measure at a
relatively low flow depth. Flow velocity and flow depth
measurements can be seen in Figure 7.

Figure 5. (a) Measurements, (b) manufacturing, (c)
packaging, and (d) installation of the GFRP material into the
flume
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1. Graph of the relationship between flow depth and
variations in channel bottom slope (Figure 8);

2. Graph of the relationship between the Manning
roughness coefficient and variations in channel
bottom slopes (Figure 9);

3. From the Figure 9 graph, the Manning roughness
coefficient value for PVC material obtained from the
results of their research is in the range n = 0.010 to

Figure 7. (a) Flow velocity measurement using a flow meter 0.014.
(left) and (b) flow depth measurement using a point gauge The graph obtained from their research results (25)
(right) will later be compared with the graph obtained from this

research to verify the accuracy of the proposed method.

2.2.Experimental Test Method  The method used

to obtain the Manning roughness coefficient value for 25
GFRP material is by referring to the experimental test
method carried out by Mera and Robi (24). They had
carried out experimental tests to obtain the Manning
coefficient value for PVC (Polyvinyl Chloride) material
produced by a commercial company in Indonesia. The
research was carried out using a flume device in the
hydraulic laboratory at Andalas University in Padang

2,0

Flow depth (cm)

0,5

City, West Sumatra Province, Indonesia. Experimental o —_ |
test was carried out using one flow discharge and ten g 8 8 § 8 38 8 § &8 §
variations of channel bottom slopes. From the Siopes

implementation of their research, several results were Figure 8. Graph of the relationship between flow depth and

obtained as follows: variations in channel bottom slope for PVC material (25)
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Figure 9. Graph of the relationship between the Manning
roughness coefficient and variations in channel bottom slope
for PVC lined material (25)

2. 3. Data Collection The data collected were
dependent variables data and independent variables data.
Some of the dependent variable data include: a) the
bottom width of the GFRP flume section (bg) of 28.9 cm;
b) the flume length (Ls) of 960 cm; c) the length of the
flume lined with GFRP material (Lg) of 900 cm; d) GFRP
flume height (Tg) of 31 cm; and e) the gravitational
constant (g) is taken as 9.81 m/s2. GFRP flume bottom
slope data (Sg) was measured by adjusting the flume
bottom slopes by increasing the flume elevation in the
upstream section at 2 (two) cm intervals for 9 (nine) times
to obtain nine different channel/flume bottom slope
conditions. By dividing the difference in the height of the
upstream and downstream of the flume by the length of
the flume (Ls = 960 cm), the values of the nine-bottom
slopes of the GFRP flume (Sg) are 0.0021; 0.0042;
0.0063; 0.0083; 0.0104; 0.0125; 0.0146; 0.0167; and
0.0188 respectively. Data collections of the independent
variables in the GFRP flume were flow depth (hg) and
flow velocity (vg). The flow depth in the GFRP flume (hy)
was obtained by directly measuring each water flow test's
results with a point gauge. The average depth of water
flow in the GFRP flume (h;) is the flow depth used to
measure the average flow velocity using a flow-meter
device measured from the surface of the flow, where the
hrvalue is 0.6 hg. The flow velocity in the GFRP flume
(vg) was measured directly using a flow-meter device.

2. 4. Data Processing and Analysis After
obtaining the hydraulic data of the water flow in the
GFRP flume, then data processing was carried out to
obtain the values of other flow parameters data in the
flume, such as the wetted area (Ay); wetted perimeter
(Pg), hydraulic radius (Ry); discharge that flow in the
flume (Qg); Manning roughness coefficient for GFRP
materials (ng); critical depth (he); and flow velocity
characteristics that occur using the Froude Number
indicator. In the next stage, the calculation results
obtained from the experimental test were compared with
the results of testing with a mathematical model, i.e.,

HEC-RAS Software (26). If comparing the two models
shows good results, it will proceed to the analysis and
interpretation of the test data. However, if not, verifying,
validating, and calibrating the data will be done first until
the model performance shows appropriate results.

2. 5. Mathematical Equations The inflow
discharge through the GFRP flume (Qs) was measured
using the volumetric method. This method involved
measuring the weight of water (W) flowing out of the
downstream end of the GFRP flume using a bucket
within a specific time interval (At). The volume of water
(Vw) was then calculated by dividing the weight of water
(Wyw) by the specific gravity of water (y, = 1 g/cm?®).
There were three variations setting of pump discharge
into the GFRP flume, i.e., low inflow discharge (Qr),
medium inflow discharge (Qn), and high inflow
discharge (Qr). The water flow setting for these three
pump discharge variations was controlled by using two
submersible pumps and adjusting valves in the pipeline
network. For each of the three water storage experiments
conducted in the bucket, the calculation for the pump
discharge (Qx) is determined using the following formula:

1 Vwi
Qr =328 3 U]

Measurement of flow parameters in the GFRP flume (hg
and vg) was conducted in the steady-state flow
conditions, and the high-water level is parallel at several
points in the middle of the flume segment. Other
hydraulic parameters such as wetted area (Aq), wetted
perimeter (Pg), and hydraulic radius (Rg) are calculated
using the formula (25):

Ag = bghy (8)
By = by + 2hy )
R, =20 = Dot (10)

97 Py bgt2ng
The discharge flowing in the GFRP flume (Qg) is
calculated using the following formula:
Qg = vgdy (11)

The value of the Manning roughness coefficient (ng)
obtained from the experimental test results is then
determined using the following formula (22, 23):

2 1
ng =L R/3s/2 (12)

vg 9
Alternatively, it can also be calculated as follows:

n, = N (13)
g Qg
The critical depth occurring in the GFRP flume (heg) is
calculated using the following equation (26):
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Q 2
he = |t (14)

If the critical depth (heg) is bigger than the measured flow
depth (hg), the flow is then at the super-critical state and
otherwise is at the sub-critical state.

2. 6. Model Evaluation and Performance
Assessment According to Moriasi et al. (27),
based on the recommendations of Legates and McCabe
(28) and American Society of Civil Engineer (29) model
evaluation involves using graphical techniques and
quantitative statistics. The graphical techniques provide
a visual assessment of model performance. Utilizing
these essential techniques should typically be the first
step in model evaluation. A familiar visual fit between
observed and simulated constituent data indicates
adequate calibration and validation within the simulated
constituent range (27, 30). There are various quantitative
statistical assessment methods (27), but this study will
only use the Nash-Sutcliffe Efficiency (NSE) method.
This method involves comparing the model simulation
data with quantitative measurement data. The formula for
calculating the NSE value is as follows (27, 31, 32):

_ i, (o)
NSE=1- [W] (15)
where: n = the total number of observations; Y’ = the
ith observation for the constituent being evaluated; ;"=
the ith simulated constituent value for the constituent
being evaluated; Y™¢%"= the mean of observed data for
the constituent being evaluated.

The best performance values from the predicted value
or mathematical model with observational data or the
physical model can be obtained if the NSE Index value =
1. A performance rating of the model results is carried
out to assess performance in the model's verification and
calibration process. The model performance is evaluated
as "very good" if the NSE value exceeds 0.75. Model
performance is evaluated as "good" if the NSE value
ranges from 0.65 to equal/less than 0.75. The model
performance is evaluated as "satisfactory" if the NSE
value is 0.5 to equal/less than 0.65. The model
performance is evaluated as "unsatisfactory” if the NSE
value equals/less than 0.5. Table 1 summarizes the
relationship between NSE Index and model performance
ratings (27).

TABLE 1. Performance rating model with the NSE method

No. Performance Rating NSE Index
1. Very good 0,75 <NSE < 1,00
2. Good 0,65 <NSE <0,75
3. Satisfactory 0,5 <NSE <£0,65
4. Unsatisfactory NSE <0,50

3. RESULTS AND DISCUSSION

3. 1. Calculation and Analysis of Pump Discharge
Flowing into the GFRP Flume (Qy) using the
Volumetric Method Calculation and validation of
three variations of water pump discharge into the GFRP
flume (Qy), i.e., low inflow discharge (Qn), medium
inflow discharge (Qr), and high inflow discharge (Qss)
using the volumetric method are presented in Table 2.

From Table 2, data were calculated from three
validated pump discharge variations that flow into the
GFRP flume, such as low inflow discharge (Qf1) of 7.83
I/s or 7,830 cm3/s; medium inflow discharge (Qr) of
11.60 I/s or 11,600 cm?®/s; and high inflow discharge (Qrs)
of 14.88 I/s or 14,880 cm¥/s.

3. 2. Calculation and Analysis of Water Flow Data
on Physical Models After the measurement and
validation of the pump discharge have been completed,
the flow depth (hg) and flow velocity (vg) that occurs in
the flume were measured for each of the three discharge
variations that flow into the flume (Qr, Qr, and Qrs) and
on nine variations of flume bottom slope (Sg). Using the
GFRP flume width (bg) of 28.9 cm, calculating the
Manning roughness coefficient value (ng), and analysis
of other flow parameters are summarized and presented
in Tables 3, 4 and 5, respectively.

From the physical modeling calculation result, the
average Manning roughness coefficient (ng) value for the
three discharge variations (Qy) is obtained: ng; = 0.0083,
ngz = 0.0082, and ngz = 0.0079. Calculations and data
analysis will be carried out using a mathematical model
to evaluate the reliability of the physical modeling
results.

TABLE 2. Calculation and validation for low, medium, and
high inflow discharge variations

Water  Time Discharae Average
Inflow Volume Interval g Discharge
No. discharge
type Vw At Qr Qs Qr
I s I/s /s cm¥s
28.05 3.64 7.72
Qfl(LOW
1 Inflow 32.38 4.02 8.05 7.83 7,830
Discharge)
42.46 5.50 7.72
35.64 3.23 11.03
Qr (Medium
2 Inflow 42.29 3.48 12.15  11.60 11,600
Discharge)
42.97 3.70 11.61
40.32 2.69 14.99
Qfg(ngh
3 Inflow 38.27 2.56 14.95 14.88 14,880
Discharge)

35.58 2.42 14.70
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TABLE 2. The results of the calculation of the physical model for water flow parameters at low inflow discharge conditions (Qsu =
7,830 cm?/s)

Channel Flow Flow  Wetted Wetted Hydraulic Flow Manning Roughness Critical Characteristic of
Bottom Slopes Velocity Depth Area Perimeter Radius  Discharge Coefficient Depth Flow Velocity

No. Sy Vg hg Ay Py Rq Qg Ng1 heg heg/hg

(cm/cm) (cm/s) (cm) (cm?) (cm) (cm) (cm®/s) - (cm)
1 0.0021 50.8 5.20 150.28 39.30 3.82 7,634 0.0102 4.14 subcritical
2 0.0042 65.0 3.67 106.06 36.24 2.93 6,897 0.0094 3.87 supercritical
3 0.0063 83.3 3.00 86.70 34.90 2.48 7,223 0.0081 3.99 supercritical
4 0.0083 914 2.72 78.61 34.34 2.29 7,188 0.0080 3.98 supercritical
5 0.0104 102.6 2.70 78.03 34.30 2.27 8,007 0.0080 4.28 supercritical
6 0.0125 1138 2.52 72.83 33.94 2.15 8,287 0.0076 4.38 supercritical
7 0.0146 116.8 2.46 71.09 33.82 2.10 8,307 0.0079 4.38 supercritical
8 0.0167 120.9 2.42 69.94 33.74 2.07 8,456 0.0081 4.44 supercritical
9 0.0188 125.0 2.20 63.58 33.30 191 7,945 0.0078 4.26 supercritical

Average of Manning Roughness Coefficient (ng1) = 0.0083

TABLE 3. The results of the calculation of the physical model for water flow parameters at medium inflow discharge conditions (Qr=
11,600 cm®/s)

Channel Flow  Flow Wetted Wetted Hydraulic Flow Manning Roughness Critical ~ Characteristic
Bottom Slopes Velocity Depth  Area  Perimeter  Radius  Discharge Coefficient Depth  of Flow Velocity
No. S, Vg hy A Py Ry Q N> heg heg/hg
(cm/cm) (cm/s) (cm)  (cm?) (cm) (cm) (cm?¥/s) - (cm)
1 0.0021 62.0 577 166.75 40.44 4.12 10,335 0.0088 5.07 subcritical
2 0.0042 85.3 470 135.83 38.30 3.55 11,592 0.0082 5.47 supercritical
3 0.0063 1006  4.07 117.62 37.04 3.18 11,831 0.0079 5.55 supercritical
4 0.0083 112.8 370 106.93 36.30 2.95 12,059 0.0077 5.62 supercritical
5 0.0104 117.9 358  103.32 36.05 2.87 12,177 0.0081 5.66 supercritical
6 0.0125 1219 3.40 98.26 35.70 2.75 11,980 0.0084 5.60 supercritical
7 0.0146 128.0 3.19 92.19 35.28 2.61 11,802 0.0083 5.54 supercritical
8 0.0167 133.1 3.03 87.57 34.96 2.50 11,655 0.0083 5.49 supercritical
9 0.0188 138.2 2.92 84.39 34.74 243 11,660 0.0083 5.50 supercritical
Average of Manning Roughness Coefficient (ng2) = 0.0082

TABLE 5. The results of the calculation of the physical model for water flow parameters at high inflow discharge conditions
(Q13=14,880 cm®/s)

Channel Flow  Flow Wetted Wetted Hydraulic Flow Manning Roughness  Critical ~ Characteristic
Bottom Slopes  Velocity Depth  Area  Perimeter Radius  Discharge Coefficient Depth  of Flow Velocity
No. Sg Vg hg AQ Pg RQ QQ Ng3 hCQ hCQ/hQ
(cm/cm) (cm/fs)  (cm) (cm?) (cm) (cm) (cm®/s) - (cm)
1 0.0021 66.0 6.41 185.25 41.72 4.44 12,234 0.0087 5.67 subcritical
2 0.0042 101.6 5.07 146.52 39.04 3.75 14,887 0.0071 6.47 supercritical
3 0.0063 114.8 4.62 133.52 38.14 3.50 15,329 0.0074 6.59 supercritical
4 0.0083 122.9 427 12340 37.44 3.30 15,171 0.0076 6.55 supercritical




700

S. Hasyim et al. / IJE TRANSACTIONS A: Basics Vol. 37 No. 04, (April 2024) 692-710

5 0.0104 130.0 418  120.66 37.25 3.24 15,691 0.0080 6.70 supercritical

6 0.0125 136.1 3.92 113.29 36.74 3.08 15,423 0.0081 6.62 supercritical

7 0.0146 142.2 358  103.32 36.05 2.87 14,696 0.0080 6.41 supercritical

8 0.0167 147.3 352  101.66 35.94 2.83 14,976 0.0081 6.49 supercritical

9 0.0188 153.4 3.32 95.95 35.54 2.70 14,720 0.0080 6.42 supercritical
Average of Manning Roughness Coefficient (ngs) = 0.0079

3. 3. Initial Simulation of Water Flow with
Mathematical Models Initial simulation for
calculating and analyzing water flow data with
mathematical models will be applied using HEC-RAS
software. In the physical model, several water flow
parameters (such as flow depth (hg), flow velocity (vg),
and inflow discharge (Qf)) are measured/calculated first
and then inputted as data variables in a mathematical
equation to calculate other water flow parameters,
including the value of the Manning roughness coefficient
(ng). In the mathematical model (using the HEC-RAS
application), some of the dependent variable data used in
the physical model are also used as input data for model
simulation, like the bottom width of the GFRP flume
(bg), the height of the GFRP flume (Tg), the nine
variations of channel bottom slope (Sg), and the three
variations of inflow discharge (Qf). In addition, data on
the Manning roughness coefficient value (ng) obtained
from the results of physical modeling were also used as
input data in the initial simulation of the HEC-RAS
model. After running the model under steady-state flow
conditions, the output data from this model simulation
process are flow depth (hs), wetted area (As), wetted

perimeter (Ps), hydraulic radius (Rs), flow velocity (vs),
and critical depth (hcs). Initial simulation results for
calculating water flow parameters using the HEC-RAS
software for each of the three discharge variations (Qf1,
Qf2, and Qf3) are then summarized and presented in
Tables 6, 7 and 8, respectively.

3. 4. Comparison and Assessment of Physical
Model Performance with Initial Simulation of
Mathematical Models The results of calculating
the flow depth (hs) resulting from the initial simulation of
the mathematical model (HEC-RAS) are then compared
with the results of calculating the flow depth (hg)
resulting from physical modeling. The comparison of hs
and hg values for three variations of flow discharge (Qsi,
Qr, and Q1) and nine variations of channel bottom slope
(Sg) is then displayed in a graphic presented in Figure 10.
From the graphic in Figure 10. it can be seen that
although the flow depth profile (hg) in the physical model
and flow depth profile (hs) in the mathematical model
have similar curves, at several locations of the channel
bottom slope (Sg), there are significant deviations and
anomaly conditions of the flow depth values (hgand hs).

TABLE 4. Calculation results from initial mathematical model simulation (HEC-RAS) for water flow parameters at low inflow

discharge conditions (Qr = 7,830 cm?/s)

Channel Bottom Manning Roughness  Flow Flow Flow Wetted Wetted Hydraulic Critical Characteristic of

Slopes Coefficient Velocity Depth Discharge  Area Perimeter Radius Depth Flow Velocity
No. s, n, Ve hs Q. A P, Re hes hesh

(cm/cm) - (cm/s)  (cm) (cm?¥/s) (cm?) (cm) (cm) (cm)
1 0.0021 0.0102 53.99 5.02 7,830 145.08  38.94 3.73 421 subcritical
2 0.0042 0.0094 71.34 3.79 7,830 109.53 36.48 3.00 421 supercritical
3 0.0063 0.0081 74.60 3.63 7,830 10491  36.16 2.90 421 supercritical
4 0.0083 0.0080 90.92 2.98 7,830 86.12 34.86 2.47 421 supercritical
5 0.0104 0.0080 95.32 2.84 7,830 82.08 34.58 2.37 421 supercritical
6 0.0125 0.0076 105.54 2.57 7,830 74.27 34.04 2.18 421 supercritical
7 0.0146 0.0079 98.53 2.75 7,830 79.48 34.40 231 421 supercritical
8 0.0167 0.0081 11869  2.28 7,830 65.89 33.46 1.97 421 supercritical
9 0.0188 0.0078 12436 218 7,830 63.00 33.26 1.89 421 supercritical
Average of Manning Roughness Coefficient from Numeric Simulation (nsi) = 0.0083
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TABLE 7. Calculation results from the initial mathematical model simulation (HEC-RAS) for water flow parameters at medium inflow
discharge conditions (Qr = 11,600 cm?/s)

Channel Manning Roughness  Flow  Flow Flow Wetted Wetted Hydraulic Critical Characteristic of
Bottom Slopes Coefficient Velocity Depth Discharge  Area Perimeter Radius Depth  Flow Velocity

No. s, ns ve hs Q As P, Re hes he/he

(cm/cm) - (cm/s)  (cm) (cm?¥/s) (cm?) (cm) (cm) (cm)
1 0.0021 0.0088 67.03 5.99 11,600 17311  40.88 4.23 5.48 subcritical
2 0.0042 0.0082 76.25 5.26 11,600 152.01 39.42 3.86 5.48 supercritical
3 0.0063 0.0079 101.18  3.97 11,600 114.73 36.84 311 5.48 supercritical
4 0.0083 0.0077 107.01  3.75 11,600 108.38  36.40 2.98 5.48 supercritical
5 0.0104 0.0081 111.49 3.6 11,600 104.04  36.10 2.88 5.48 supercritical
6 0.0125 0.0084 12355 325 11,600 93.93 35.40 2.65 5.48 supercritical
7 0.0146 0.0083 126.75  3.17 11,600 91.61 35.24 2.60 5.48 supercritical
8 0.0167 0.0083 109.21  3.67 11,600 106.06  36.24 2.93 5.48 supercritical
9 0.0188 0.0083 133.88 299 11,600 86.41 34.88 248 5.48 supercritical
Average of Manning Roughness Coefficient from Numeric Simulation (ns2) = 0.0082

TABLE 8. Calculation results from the initial mathematical model simulation (HEC-RAS) for water flow parameters at high inflow
discharge conditions (Qrs = 14,880 cm®/s)

Channel Manning Roughness  Flow Flow Flow Wetted Wetted Hydraulic Critical Characteristic of
Bottom Slopes Coefficient Velocity Depth Discharge  Area Perimeter Radius Depth  Flow Velocity
No. s, ns ve hs Q As P, Rs hes heshs
(cm/cm) - (cm/s)  (cm) (cm?¥/s) (cm?) (cm) (cm) (cm)
1 0.0021 0.0087 73.61 7.00 14,880 202.30 42.90 4.72 6.47 subcritical
2 0.0042 0.0071 91.98 5.60 14,880 161.84 40.10 4.04 6.47 supercritical
3 0.0063 0.0074 11247 458 14,880 132.36 38.06 3.48 6.47 supercritical
4 0.0083 0.0076 121.88  4.23 14,880 122.25 37.36 3.27 6.47 supercritical
5 0.0104 0.0080 126.77 4.06 14,880 117.33 37.02 3.17 6.47 supercritical
6 0.0125 0.0081 136.08 3.78 14,880 109.24 36.46 3.00 6.47 supercritical
7 0.0146 0.0080 14327  3.60 14,880 104.04 36.10 2.88 6.47 supercritical
8 0.0167 0.0081 14532 354 14,880 102.31 35.98 2.84 6.47 supercritical
9 0.0188 0.0080 15389 3.34 14,880 96.53 35.58 271 6.47 Superecritical
Average of Manning Roughness Coefficient from Numeric Simulationi (nss) = 0.0079
. e R Furthermore, the results of the calculation of flow
0 55 | [co Sttty oo it velocity (vs) resulting from the initial simulation of the
:: . mathematical model (HEC-RAS) are also compared with

the results of calculating the flow velocity (vg) resulting
from physical model. Comparison of vs and vy values for
the three variations of flow discharge (Qf, Qr, and Qss)
e and the nine variations of channel bottom slope (Sg) are
e then displayed in the graphic presented in Figure 11.
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-
g

§ § z § g8 & & % & & § From the graphic in Figure 11, it can be seen that
T ChmdBotomsipeS,=s) although the flow velocity profile (vg) in the physical
Figure 10. Graphic comparison between the flow depth (hs) model and the flow velocity profile (vs) in the initial
in the initial simulation of the mathematical model (HEC- simulation of the mathematical model have similar
RAS) and the flow depth (hg) in the physical model for three curves at several locations of the channel bottom slope

variations of inflow discharge (Qr) (Sg), there are significant deviations and anomaly
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Figure 11. Graphic comparison between flow velocity (vs)
in the initial simulation of the mathematical model (HEC-
RAS) and flow velocity (vg) in the physical model for three
variations of inflow discharge (Qr)

conditions in the flow velocity values (vg and vs). A
quantitative accuracy assessment evaluates the
performance of the physical model by using the Nash-
Sutcliffe Efficiency (NSE) model. The assessment
calculates and compares the NSE values for the flow
depth (h) and flow velocity (v) parameters between the
physical model and the initial simulation of the
mathematical model. The resulting NSE values are then
presented in Table 9. Based on the values in Table 9, the
NSE index for flow depth (h) and flow velocity (v)
exceeds 0.75. Consequently, the overall performance of
the model, considering three variations of inflow
discharge (Q), can be stated as “very good”.

Even though the NSE indexes already have a “very
good” performance rating, in order to provide better

TABLE 9. Recapitulation of the results of the Quantitative Accuracy Assessment (NSE) between the observed data and the initial

simulation results of the mathematical model

NSE Index for flow depth  Performance Rating NSE Index for flow velocity Performance Rating

No. Flow Discharge Type

NSE (h) NSE (vg)
1 Qn (low inflow discharge) 0.908 very good 0.892 very good
2 Qr, (medium inflow discharge) 0.881 very good 0.844 very good
3 Qrs (high inflow discharge) 0.910 very good 0.971 very good

modeling accuracy, the calibration process will still be
carried out, especially for some conditions of channel
bottom slope (Sq) where the flow parameters (flow depth
and velocity) provide anomaly condition and different
deviation values-quite significant.

Model calibrations are carried out for low inflow
discharge conditions (Qn = 7,830 cm3/s) and medium
inflow discharge conditions (Qr = 11,600 cm3/s)
because, apart from having an anomaly and a significant
deviation value, the NSE indexes for flow depth and flow
velocity are still below 0.9. For conditions of high inflow
discharge (Qrs = 14,880 cm?/s), the calibration process is
not carried out because the NSE indexes for flow depth
and velocity respectively are already reached an
exceptionally high value of 0.910 and 0.971 (= 1).

3. 5. Model Evaluation and Performance
Assessment The calibration process involves
modifying the input data of the initial Manning roughness
coefficient (ng) value in the HEC-RAS simulation to
reduce further the deviation profiles and anomaly
conditions are shown in Figures 10 and 11 and achieve
smooth graphic curves. For low inflow discharge
conditions (Qn = 7,830 cm?¥/s), the results of calibration
are the Manning roughness coefficient values for two-
channel bottom slopes (Sg) that exhibit relatively high
flow depth deviation values (hy and hs), specifically Sg3
and Sg7.

For the channel bottom slope of the Sgs, the initial ng
value of 0.0081 is calibrated to ns = 0.0080. Similarly, for

the channel bottom slope of the Sg7, the initial ng value of
0.0078 is calibrated to ns = 0.0077. Once the calibration
process for the Manning roughness coefficient value is
completed, the HEC-RAS model will be running again
and summarize the calculation results obtained from the
model simulation. These results are then presented in
Table 10.

For medium inflow discharge conditions (Qn =
11,600 cm?®/s), the Manning coefficient values were
calibrated on two channel bottom slopes (Sg), which had
relatively high flow depth deviation values (hg and hs),
namely Sgz and Sggs. For the channel bottom slope of the
Sg2, the initial ng value is 0.0082 and calibrated to ns =
0.0080. For the channel bottom slope of the Sgg, the initial
ng value is 0.0083 and calibrated to ns = 0.0081. After the
calibration process for the Manning roughness
coefficient value is carried out, the HEC-RAS model is
running again, and the calculation results from the model
simulation are summarized and presented in Table 11.

The calibration process was not carried out for high
inflow discharge conditions (Qs = 14,880 cm?/s), so the
initial simulation results of the mathematical models in
Table 8 will still be used for further data analysis and
interpretation. After the calibration process of the
Manning roughness coefficient value is carried out, the
results of the calculation of the flow parameters resulting
from the mathematical modeling are then compared
again with the results of the estimation of the flow
parameters resulting from the physical modeling.
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TABLE 5. Calculation results from the next mathematical model simulation (HEC-RAS) for water flow parameters at low inflow

discharge conditions (Qr = 7,830 cm¥/s)

Channel Manning Roughness Flow Flow Flow Wetted Wetted Hydraulic Critical Characteristic of
Bottom Slopes Coefficient Velocity Depth Discharge  Area Perimeter Radius Depth  Flow Velocity

No. S, na v hs Q A P, Rs hes heshs

(cm/cm) - (cm/s)  (cm) (cm?¥/s) (cm?) (cm) (cm) (cm)
1 0.0021 0.0102 53.99 5.02 7,830 145.08 38.94 3.73 421 subcritical
2 0.0042 0.0094 71.34 3.79 7,830 109.53  36.48 3.00 4.21 supercritical
3 0.0063 [::::EE)(EBE):::::] 89.86 3.02 7,830 87.28 34.94 2.50 421 supercritical
4 0.0083 0.0080 90.92 2.98 7,830 86.12 34.86 247 4.21 supercritical
5 0.0104 0.0080 95.32 2.84 7,830 82.08 34.58 2.37 421 supercritical
6 0.0125 0.0076 105.54 2.57 7,830 74.27 34.04 2.18 421 supercritical
7 0.0146 [::::EEJE{?:::::] 110.33  2.46 7,830 71.09 33.82 2.10 421 supercritical
8 0.0167 0.0081 118.69  2.28 7,830 65.89 33.46 1.97 421 supercritical
9 0.0188 0.0078 12436 218 7,830 63.00 33.26 1.89 4.21 supercritical
Average of Manning Roughness Coefficient from Numeric Simulation (ns) = 0.0083

TABLE 11. Calculation results from next mathematical model simulation (HEC-RAS) for water flow parameters at medium inflow

discharge conditions (Qr = 11,600 cm3/s)

Channel Manning

Characteristic

orom Rowgess (S0 Fow R vt et e crtel ooy
No. Slopes Coefficient Velocity
Ss Ns2 Vs hs Qs As Ps Rs hes hes/hs
(cm/cm) - (cm/s) (cm) (cmd/s) (cm?) (cm) (cm) (cm)
1 0.0021 0.0088 67.03 5.99 11,600 173.11 40.88 4.23 5.48 subcritical
2 0.0042 [__O._Oi)tio___i 77.34 5.19 11,600 149.99 39.28 3.82 5.48 supercritical
3 0.0063 0.0079 101.18 3.97 11,600 114.73 36.84 311 5.48 supercritical
4 0.0083 0.0077 107.01 3.75 11,600 108.38 36.40 2.98 5.48 supercritical
5 0.0104 0.0081 111.49 36 11,600 104.04 36.10 2.88 5.48 supercritical
6 0.0125 0.0084 123.55 3.25 11,600 93.93 35.40 2.65 5.48 supercritical
7 0.0146 0.0083 126.75 3.17 11,600 91.61 35.24 2.60 5.48 supercritical
8 0.0167 [::0:05)521::] 133.88 2.99 11,600 86.41 34.88 2.48 5.48 supercritical
9 0.0188 0.0083 133.88 2.99 11,600 86.41 34.88 2.48 5.48 supercritical
Average of Manning Roughness Coefficient from Numeric Simulation (ns2) = 0.0082

Comparison of the flow depth value (hs) resulting from
mathematical modeling with the flow depth value (hg)
resulting from physical modeling for three variations of
flow discharge (Qr, Qr, and Q) is then displayed again
in the graphic as presented in Figure 12.

From the graphic in Figure 12, it can be seen that the
flow depth profile (hg) in the physical model and flow
depth profile (hs) in the mathematical model still have
similar curves, and the deviations that occur at several
locations of the channel bottom slope (Sg) have also
decreased.

Furthermore, the comparison of flow velocity values
(vs) resulting from mathematical modeling with flow
velocity values (vg) resulting from physical modeling for
three variations of flow discharge (Qsu, Qr, and Q) are
displayed again in the graphic as presented in Figure 13.
From the graphic in Figure 13, it can be seen that the flow
velocity profiles (vg) in the physical model and the flow
velocity profiles (vs) in the mathematical model still have
similar curves, and the deviations that occur at several
locations of the channel bottom slope (Sg) have also
decreased.
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Figure 12. Comparison graphic between flow depth (hs) in
the mathematical model and flow depth (hg) in the physical
model for three variations of inflow discharge (Qx) after the
calibration process

180.00

160.00
140.00
120.00
100.00

80.00

60.00

Flow Velocity v, & v, (cvs)

40.00 w120/ (physical model) = w = vsQf] (mathematical model)

e 12012 (physical model) = & = vsQf2 (mathematical model)

20.00

—e— 120f3 (physical model)

g
=3
=
S

— ® = y30f3 (mathematical model)

0.00

0080
0100
0120

0.0000
0.0020
0.0040

0.0140
0.0160
0.0180
0.0200

0.

('hanm-.l Bnlm: Slope (c..?‘:.\"]
Figure 13. Graphic comparison between flow velocity (vs)
in the mathematical model and flow velocity (vg) in the
physical model for three variations of inflow discharge (Qr)
after the calibration process

Finally, the comparison of the calibration value of the
Manning roughness coefficient (ns) resulting from
mathematical modeling with the value of the Manning
roughness coefficient (ng) resulting from physical
modeling for three variations of flow discharge (Qrn, Qx,
and Qx3) is displayed in the graphic as presented in Figure
14.

The graphic in Figure 14 shows that the profile of the
Manning roughness coefficient (ng) in the physical model
and the profile of the Manning roughness coefficient (ns)
in the mathematical model have similar curves. The
deviations at several locations of the channel bottom
slope (Sy) are also relatively small. After the
mathematical model calibration process has been
completed, a reassessment of the overall model
performance (both the calibration process and the non-
calibration process) is carried out using the Nash-
Sutcliffe Efficiency (NSE) method.

The results of the calculation of the NSE values for
the parameters of flow depth (hg), flow velocity (vg), and
Manning roughness coefficient (ng) for three variations
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Figure 14. Graphic comparison between the Manning
roughness coefficient (ns) in the mathematical model and the
Manning roughness coefficient (ng) in the physical model for
three variations of inflow discharge (Qx) after the calibration
process

of inflow discharge (Q, Qr, and Qss) are then presented
again in Table 12. Table 12 shows that the NSE Index
values for the three flow parameters (hg, Vg, and ng) are
better when compared to the NSE Index values before
calibration (see Table 9 again).

3. 6. Flow Characteristic and Manning Roughness
Coefficient The final discussion of the flow
characteristics and the value of the Manning roughness
coefficient is carried out by taking data from the physical
model testing, i.e., data in Tables 3, 4 and 5 as well as
graphical analysis in Figures 12, 13 and 14. Based on the
graphic presented in Figure 12, it can be interpreted that
with increasing discharge (Qrn to Qss), the flow depth (h)
will also increase. However, as the bottom slope (S)
increases, the flow depth (h) will decrease.

Based on the graphic presented in Figure 13, it can be
interpreted that the flow velocity (v) will increase with
increasing discharge (Qn to Q) and also the bottom
slope of the channel (S). Based on the data presented in
Table 3 (for Qrn), Table 4 (for Qr), and Table 5 (for Qs),
and regarding the Froude Number indicator, in this
modeling, two characteristics of water flow are formed,
namely subcritical flow and supercritical flow.
Subcritical flow occurs in three conditions of inflow
discharge (Qs) but only on the flume’s first bottom slope
(Sq1). These results show that in these flow conditions,
the effect of inertial forces is still greater than
gravitational forces. From the second channel bottom
slope (Sg2) to the ninth channel bottom slope (Sge), the
flow characteristics change to supercritical flow for the
three inflow discharge conditions (Qr). These results
show that the effect of gravitational forces is more
significant in these flow conditions than inertial forces.

Based on the graphic presented in Figure 14, it can be
interpreted that the value of the Manning roughness
coefficient (n) tends to change (not stable) if the inflow
discharge (Q) or channel bottom slope (S) is changed.
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ABLE 6. Recapitulation of the results of the quantitative accuracy assessment (Nash-Sutcliffe Efficiency method) after the calibration

process with the mathematical model

NSE Index for

NSE Index for

NSE Index for Manning

No. Flow Discharge Type flow depth PR flow velocity PR Roughness Coefficient PR
NSE (hg) NSE (v,) NSE (ng)
1 Qn (low inflow discharge) 0.977 Very good 0.952 Very good 0.995 Very good
2 Qr, (medium inflow discharge) 0.951 Very good 0.960 Very good 0.908 Very good
3 Qs (high inflow discharge) 0.910 Very good 0.971 Very good 0.999 Very good

(*) PR = Performance Rating

The value of the Manning roughness coefficient (n) tends
to be high when the bottom slope of the channel (S) is
mild. However, starting from the third bottom slope (Sqz
= 0.0063), the value of the Manning roughness
coefficient (n) tends to be more stable. However, some
values of the Manning roughness coefficient (n) still tend
to increase or decrease, but the value of the deviation that
occurs is relatively minor. The stability of the Manning
roughness coefficient (n) value occurs in supercritical
flow conditions.

Based on Tables 3 and 10, for low inflow discharge
(Qn = 7,830 cm?/s), the value of the Manning roughness
coefficient (n) is in the range of 0.0076 to 0.0102, while
the average value is 0.0083. Based on Tables 4 and 11,
for medium inflow discharge (Qr = 11,600 cm?/s), the
value of the Manning roughness coefficient (n) is in the
range of 0.0077 to 0.0088, while the average value is
0.0082. Based on Tables 5 and 8, for high inflow
discharge (Qr = 14,880 cm®/s), the value of the Manning
roughness coefficient (n) is in the range of 0.0071 to
0.0087, while the average value is 0.0079. Overall, for
the three variations of inflow discharge (Q, Qr, and Qss)
and nine variations of channel bottom slope (Sg1 to Sgo),
the value of the Manning roughness coefficient (n) is in
the range of 0.0071 to 0.0102, while the average value is
0.0081.

3. 7. Verification the Accuracy of the Proposed
Method Two verification methods will be carried
out to analyze the accuracy of this proposed research
method and the Manning roughness coefficient value
obtained from the research results. The first verification
was carried out by comparing the results of this research
with those conducted by Mera and Robi [28]. To test the
accuracy of the proposed method carried out in this
research, several graphic analyses of the results of this
research will be compared with graphic analyses of the
results of research carried out by Mera and Robi [28],
which are as follows:
1. For the relationship between flow depth (h) and
channel bottom slope (S), for each of the three
variations of flow discharge (Qru, Qr, and Qsz), the

1 https://grandpipe.com/en/product-information

graphic profile obtained from the results of this
experimental test (Figure 12) is similar to the graphic
profile obtained from the results of previous research
conducted by Mera and Robi [28] (Figure 8).

2. For the relationship between the Manning roughness
coefficient (n) and the channel bottom slope (S), for
each of the three variations in flow discharge (Qs1, Qr,
and Qss), the graphic profile obtained from the results
of this experimental test (Figure 14) has similarity to
the graphic profile obtained from the previous
research results of Mera and Robi (24) (Figure 9).
The second verification was carried out by comparing

the Manning roughness coefficient (n) value for GFRP

material obtained from this research with the n value of

GFRP material from commercial piping products

Grandpipe®* and Jiubo Composite®? and the n value for

flexible GFRP material obtained from the results of

research conducted by Okazawa et al. (21). The Manning
roughness coefficient values (n) for the three GFRP
material products range from 0.0084 to 0.0094. The value
of the Manning roughness coefficient (n) for GFRP
material obtained from the results of this study (n =

0.0081) is slightly smaller than the range of the three n

values.

3. 8. The Performance Comparison Between
Improved and Traditional Material A
comparative hydraulic analysis will be carried out
between the flow depth in the GFRP material (n =
0.0081) from experimental test results in the laboratory
and the flow depth in the concrete material (n = 0.0143)
and stone masonry material (n = 0.0167) (1) from the
results of analytical calculations using the Manning
equation. Analysis of flow depth data for the three types
of material was carried out using three variations of
inflow discharge (Qrf) and nine variations of channel
bottom slope (Sg), where the results of calculations and
data processing are presented in Table 13.

The results of processing the flow depth data in Table
13 are then processed further in graphical form, as
presented in Figure 15.

2 https://www.aldfrp.com/News/Comparison-of-FRP-Pipe-and-pipe-

flow-185.html
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TABLE 7. Comparison of flow depth (h) in the channel for conditions of three variations inflow discharge (Qr) and nine variations of
channel bottom slope (Sg) among GFRP material, concrete material, and stone masonry material

Low Inflow Discharge (Qr)

Medium Inflow Discharge (Qr2)

High Inflow Discharge (Qr3)

Channel bottom slope Flow Flow g;g\g] Flow Flow ['):‘Iegﬁ] Flow Flow DF;%
No. Depth Depth (Stone Depth Depth (Stone Depth Depth (Stone
(GFRP)  (Concrete) Masonry) (GFRP)  (Concrete) Masonry) (GFRP)  (Concrete) Masonry)
Sy hg he hsm hg he hsm hg he hsm
(cm/cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
1 0.0021 5.2 6.65 7.41 5.77 8.75 9.77 6.41 10.45 117
2 0.0042 3.67 5.26 5.84 4.7 6.87 7.65 5.07 8.17 9.11
3 0.0063 3 4.59 5.09 4.07 5.98 6.65 4.62 7.09 7.9
4 0.0083 2.72 4.18 4.63 3.7 5.43 6.03 4.27 6.43 7.15
5 0.0104 2.7 3.88 43 3.58 5.03 5.59 4.18 5.95 6.62
6 0.0125 2.52 3.66 4.05 3.4 4.74 5.26 3.92 5.6 6.22
7 0.0146 2.46 3.48 3.85 3.19 45 4.99 3.58 531 5.9
8 0.0167 2.42 3.33 3.68 3.03 431 477 3.52 5.08 5.64
9 0.0188 22 3.2 354 292 4.14 4.59 3.32 4.89 5.42
Average Flow Depth (cm) 2.99 4.25 471 3.82 5.53 6.14 4.32 6.55 7.30
E:(;\::l ddﬁi”(‘o/ff)’mpa”so” of hy to 7035 63.48 69.08 62.21 65.95 50.18
Efficiency of using GFRP
materials compared to concrete 29.65 36.52 30.92 37.79 34.05 40.82
and stone masonry (%)
o depth value for concrete material is he = 4.25 cm; and the
QA gl QS average flow depth value for stone masonry material is

=-heOft  —W-heQf?  —8-hoOf}

12.00
LS —8—IsmQf] —8— ismQf2 —8 hsmQf3

Flow Depth fry, by, & B, (cm)
-
]

0.0140
0.0160
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Channel Bottom Slope (5, = 5. = S,
Figure 15. Comparison of flow depth (h) for conditions of
three variations of inflow discharge (Qr) and nine variations
of channel bottom slope (Sg) among GFRP, concrete, and
stone masonry materials

From the results of the data analysis in Table 13 and
Figure 15, it can be seen that for conditions with three
variations of inflow discharge (Qf) and nine variations of
channel bottom slope (Sg), as well as a fixed
channel/flume bottom width (bg= 28.9 cm), then theflow
depth for GFRP material (hg) is lower than the flow depth
for concrete material (hc) and the flow depth for stone
masonry material (hsm).

By taking the average flow depth value, for low
inflow discharge conditions (Qrn), the average flow depth
value for GFRP material is hg = 2.99 cm; the average flow

hsm=4.71 cm (Figure 16). For medium inflow discharge
conditions (Qr.), the average flow depth value for GFRP
material is hy = 3.82 cm; the average flow depth value for
concrete material is he = 5.53 cm; and the average flow
depth value for stone masonry material is hsn = 6.14 cm
(Figure 17). For high inflow discharge conditions (Qfs),
the average flow depth value for GFRP material is hy =
4.32 cm; the average flow depth value for concrete
material is h = 6.55 cm; and the average flow depth value
for stone masonry material is hsm = 7.30 cm (Figure 18).

From the results of the data analysis, for the same
values of discharge (Qg), channel bottom width (bg), and
channel bottom slope (Sg), the flow depth for GFRP
material (hg) is lower than the flow depth for lined
concrete material (hc) and stone masonry material (hsm)
or can be written in the form: hg < he < hsm. Furthermore,
for the condition that the bottom width of the cross-
section is the same, the wet cross-sectional area of the
GFRP material (Ag) is smaller than the wet cross-
sectional area of the concrete material (Ac) as well as the
wet cross-sectional area of the stone masonry material
(Asm), or can be written in the form Ag < Ac < Asm.

When assessing the outcomes of a performance
analysis of channel materials involving GFRP (Glass
Fiber Reinforced Polymer) compared to traditional
materials such as concrete and stone masonry, it is
imperative to evaluate the effectiveness of GFRP's
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Figure 16. Comparison of average flow depth (h) for low
inflow discharge (Qrn) among GFRP, concrete, and stone
masonry lined material
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Figure 17. Comparison of average flow depth (h) for
medium inflow discharge (Qr) among GFRP, concrete,
and stone masonry lined material
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Figure 18. Comparison of average flow depth (h) for high
flow discharge (Qr) among GFRP, concrete, and stone
masonry lined material

performance. This evaluation of performance efficiency
primarily focuses on the hydraulic aspect, explicitly
comparing the flow depth within GFRP channel linings
to that within concrete and stone masonry channel
linings. The flow efficiency in a channel is significantly
influenced by the Manning coefficient, which
characterizes the smoothness or roughness of the
channel's surface. In this particular scenario, GFRP
exhibits a lower Manning coefficient (0.0081) in contrast
to concrete (0.0143) and stone masonry (0.0167),
indicating greater efficiency than traditional materials.
Based on Table 13, Figure 19 presents a visual
representation of the performance efficiency comparison
between using GFRP channels and using concrete and
stone masonry traditional channels.

Based on the results of this analysis, as shown in
Table 13 and Figure 19, it can be concluded that at low
inflow discharge, the flow depths in channels with GFRP
lining are 29.65% more efficient than in channels with
concrete lining and 36.52% more efficient than in
channels with stone masonry lining. At medium inflow
discharge, the flow depths in channels with GFRP lining
are 30.92% more efficient than in channels with concrete
lining and 37.79% more efficient than in channels with
stone masonry lining. At high inflow discharge, the flow
depths in channels with GFRP lining are 34.05% more
efficient than in channels with concrete lining and
40.82% more efficient than in channels with stone
masonry lining.

From the results of the analysis and interpretation of
these data, in general, it can be stated that for the same
values of flow discharge, channel bottom width, and
channel bottom slope, the cross-sectional dimensions of
GFRP material are more efficient than the cross-sectional
dimensions of traditional materials (concrete and stone
masonry). It can happen because the surface roughness
of the GFRP material is smoother than the surface
roughness of the concrete lining material and stone
masonry lining material.

100.00
90.00 4 B Concrete lining (he)

80.00 W Stone Masonry lining (hsm)

70.00 1
60.00 1
50.00 1
40.00 1
30.00
20.00 1
10.00 1
0.00 -

40.82

37.79

Efficiency performance of GFRP
material to traditional materials (%)

Qf1 =7,830 Qf2=11,600 Qf3=14,880
Inflow Discharge (cm¥s)
Figure 19. Comparative chart of the efficiency performance
between the GFRP material and the traditional material
(concrete and stone masonry) for three inflow variation
discharge
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4. CONCLUSION

From the results of the analysis and interpretation of the
data between the physical modeling and the
mathematical modeling, several conclusions can be
written as follows:

1. Before the calibration process was carried out, the
performance of the physical model already had "very
good" results, where the results of the quantitative
accuracy assessment using the Nash-Sutcliffe
Efficiency (NSE) method gave a performance index
for flow depth (h) between 0.881 and 0.910 and a
performance index for flow velocity (v) is between
0.844 to 0.971. However, because there are relatively
large deviation and anomaly values for the two flow
parameters in several conditions of the channel
bottom slope, the calibration process is still carried
out by changing the value of the Manning roughness
coefficient input in the mathematical modeling. The
results of the re-simulation of water flow with the
HEC-RAS software give more minor deviation
results, and the graphic of the results of the
comparison of the two flow parameters also looks
smoother. The final value for the model performance
index is also getting better, where the performance
index for flow depths (h) are between 0.910 to 0.977,
the performance index for flow velocities (v) are
between 0.952 to 0.971, and the performance index
for Manning roughness coefficients (n) are between
0.908 to 0.999.

2. By regulating three variations of inflow discharge in
this experimental test, as the discharge (Q) increases,
the flow depth (h) and flow velocity (v) also increase.
By adjusting the nine variations of channel bottom
slope in this experimental test, as the bottom slope (S)
increases, the flow velocity (v) also increases, but the
flow depth (h) decreases.

3. In subcritical flow conditions, the value of the
Manning roughness coefficient (n) tends to be high
and unstable. The value of the Manning roughness
coefficient (n) tends to stabilize at supercritical flow.

4. From the results of this experimental test, the average
Manning roughness coefficient (n) for low inflow
discharge (Qn = 7,830 cm?/s) is 0.0083; for medium
inflow discharge (Qr = 11,600 cm?/s) is 0.0082; for
high inflow discharge (Qs = 14,880 cm?/s) is 0.0079;
and overall, the average value of the Manning
roughness coefficient (n) is 0.0081.

5. For the discharge, channel bottom width, and channel
bottom slope with the same values, the cross-
sectional dimensions of GFRP material (n = 0.0081)
are more efficient than the cross-sectional dimensions
of concrete material (n = 0.0143) and stone masonry
material (n = 0.0167) where it can happen because the
surface roughness of the GFRP material obtained
from the results of this research is smoother than the
surface roughness of the concrete material and the

stone masonry material.

For practical purposes in designing irrigation
channels in Indonesia using GFRP material with a
rigid type, it is recommended to use a Manning
roughness coefficient value of n = 0.0081.
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