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Abstract
Erosion occurs when the flow of velocity in a channel exceeds the threshold velocity that causes the bed material to move. 
This phenomenon is observed in the Harapan River, resulting in significant impacts, such as riverbed lowering and nar-
rowing due to the presence of water structures (bridge abutments) spanning across the river. The objective of this study 
is to investigate the sediment motion stability around bridge abutments before and after the installation of cribs in order 
to prevent structural failures. Sediment sampling was conducted at six points around the bridge abutments, using the 
Pebble Count method along zigzag paths. The grain size of the bed material was classified according to the Sturgess clas-
sification standard, and the material dispersion process was analysed using the Hjustorm curve. Design rainfall was 
transformed into design flood discharge, which was then simulated using the Two-Dimensional Hydrodynamic, compar-
ing the river conditions before and after crib installation. In abutments without cribs, erosion occurred in direct contact 
with the abutment on the right side for each sediment grain diameter. However, in abutments with cribs, erosion still 
occurred, but it did not directly contact either abutment despite the presence of a crib. The crib prevented and protected 
the abutments from being eroded by the riverbed.
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1. Introduction

Local erosion on bridge abutments and piers is a sig-
nificant issue within the hydraulic research community 
due to its social and economic impacts. Experimental 
and numerical studies on erosion processes provide sup-
port for interpreting their dynamics. Several parameters 
can influence investigations into abutment erosion. 
Some researchers have demonstrated the consistency of 
erosion by utilizing easily erodible abutment embank-
ments (Hong et al., 2015). Additionally, the length and 
shape of the abutment have an impact on the depth and 
width of erosion (Abdelaziz and Lim, 2017; Radice et 
al., 2009). Figure 1 illustrates that the positioning of 
abutments in river bend regions has the potential to un-
dergo structural failure as a result of ongoing scouring.

Furthermore, the addition of elements on the abut-
ment wall reduces the depth of erosion on the abutment 
(Ballio et al., 2010; Shahsavari et al., 2017). Research 
depicting flow patterns resulting from obstructions has 
also been conducted (Ballio et al., 2009; Koken and 
Constantinescu, 2014; Armenio, 2017). The decrease 
in channel bed elevation is known as local scour (Radice 
and Davari, 2014). Downstream (sideways) of the abut-

ment, the flow velocity tends to be slower and swirling 
(vortex). Still, the energy generated is not significant, 
resulting in localized scour and subsequent aggradation 
around the abutment (Widyastuti et al., 2022). 

In meandering rivers, some areas are degraded and 
aggraded. Suppose the incoming solid discharge is 
smaller than the sediment transport capacity. In that 
case, the river will experience a decrease in the riverbed 
(degradation). At the same time, if the incoming solid 
discharge is greater than the sediment transport capacity, 
the riverbed will increase (aggradation). The river flow 
and the general conditions of erosion and deposition are 
shown in Figure 2. 

The bridge abutment on the Harapan River is located 
in the river bend area and causes scour in the turn area to 
expand, and flow vortices occur around the abutment so 
that the riverbed will drop. The interaction effect be-
tween abutments and water flow represents a local dis-
turbance in the flow. It will result in flow acceleration 
through the bridge abutments and increased turbulence, 
leading to a decrease in the channel bed elevation, which 
can potentially lead to structural failure of the bridge in 
the river due to the potential for scour to expand in the 
river bend area and affect the abutment structure. This 
study will provide the information and simulation about 
crib installation.

The Harapan Watershed is a sub-watershed within the 
Sentani region. The Harapan watershed covers an area 



Widyastuti, I.; Mujiati; Jansen, D.I.R; Yunus, A.F. 78

Copyright held(s) by author(s), publishing rights belongs to publisher, pp. 77-88, DOI: 10.17794/rgn.2024.4.6

of approximately 28.270 square kilometers and extends 
for a distance of 9.00 kilometers. It is precisely located 
at coordinates 452260 meters east and 450690 meters 
south (see Figure 3). The predominant land use consists 
of trees and bushes, which are characterized by seasonal 
river features. Physiographically, the Harapan watershed 
is located in a series of Cyclop hills with a height of 80 
Masl to 1725 Masl. Genetically, the Harapan Watershed 
was formed through uplift and has undergone a denuda-
tion process. There are several fault and fold geological 
formations with loose sedimentary formations such as 
limestone, gravel, sand and silt. The FAO soil database 
shows that the Harapan watershed has podzolic and lat-
asol type soils.

2. Methodology

River measurements and sediment sampling were 
conducted along a 1.00 km stretch from the upstream of 
the abutments using the pebble count method. Based on 
the Wentworth Scale, sediments can be categorized 
based on their grain size, namely clay, silt, sand, gravel, 
coral (pebble), cobble, and stone (boulder). The scale 
shows the standard size of sediment classes from mi-
cron-sized fractions to several mm with a continuous 

spectrum. For the pebble count method, the aggregate 
boundary condition is that the grain size of coarse gravel 
ranges from dia ±16 mm to small pebbles dia ±72 mm 
with a zigzag pattern, divided into five sampling points.

2.1. River hydrology 

A watershed system is a hydrological system that op-
erates independently. The hydrological process is driven 
by a primary source and results in multiple kinds of out-
put. Rainwater is the primary source utilized in this 
 investigation. One commonly performed hydrological 
analysis is the estimation of maximum flood events, par-
ticularly for water source planning and flood manage-
ment, which rely on the frequency and magnitude of 
peak flow discharge.

The design flood discharge can be calculated using 
the synthetic unit hydrograph method, specifically the 
Nakayasu method. The Synthetic Unit Hydrograph 
(SUH) based on the Nakayasu method is utilized to esti-
mate the potential flood discharge (see Figure 4). It is 
achieved through the Rainfall-Runoff Model analysis 
using the Nakayasu method (Choi et al., 1999). The pa-
rameters of the Nakayasu HSS are provided in the fol-
lowing equations: 

Figure 1: Failure of the bridge abutment structure on the Harapan River

Figure 2: Normal flow of Harapan River
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  (1)

  (2)

For river lengths exceeding 15 km, the following value:

  (3)

For river lengths less than 15 km, the following value: 

α = between 1.5 to 3

Where:
Qp  =  peak flood discharge (m3/second), 
A  =  watershed area (km2),
Re  =  effective rainfall (mm),
tp  =  time from the start of the flood until the peak of 

the flood hydrograph (mm),

t0.3  =  time from the peak of the flood to 0.3 times the 
peak flood discharge (hours),

tg  =  concentration time,
α  =  characteristic coefficient of the watershed,
tr  =  time unit of rainfall (mm),
L  =  main river length (km).

Figure 3: Location of bridge abutment, Papua-Jayapura Regency, Indonesia

Figure 4: Element of flood hydrograph
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The sediment transport rate that occurs is usually in 
equilibrium condition. Whether it is erosion or deposi-
tion, the quantity of sediment transported in the process 
can be determined (see Table 1).

2.2.  Characteristics and initial motion of sediment 
grains

The bed material significantly influences the resist-
ance of a river channel to the hydraulic forces that can 
erode the river. The larger the size of the sediment grains, 
the greater the river’s resistance to erosion. The size of 
sediment grains is one of the most important characteris-
tics and is widely used in sediment transport equations 
(Nelson et al., 2003). Due to the flow of water, forces act 
on the sediment grains. When the forces acting on the 
sediment grains reach a certain threshold, adding a small 
amount of force will cause the sediment grains to move. 
This condition is referred to as the critical condition. 
Flow parameters, such as shear stress (τ0) and flow ve-
locity (U), also reach critical conditions. Therefore, the 
shield number can be calculated.

  (4)

with: 

Where:
 = shield coef.,
 = shear stress (N/m2),
 = specific gravity of sediment (kg/m3),
 = specific gravity of water (1000 kg/m3),

g = gravity (m/det2),
 = the critical shear velocity (m/s),

d = the diameter of the sediment grains (mm),
h = depth (m),

 = relative mass density of submerged grains.

Figure 5: Hujulstrom Diagram

Table 1: Bed sediment processes

The comparison of T 
Processes that occur 

Sediment Sediment Bed
t1 = t2 Balanced Stable
t1 < t2 Erosion Degradation
t1 > t2 Deposition Aggradation

The Hjulstrom curve is an analysis that can be used to 
understand the erosion process in a river. This curve in-
dicates the erosion velocity at a specific cross-section, 
which is the minimum velocity required for a river flow 
to transport grains of a certain size on the riverbed (Gei-
er, 1996). Lower erosion velocities are capable of trans-
porting sand-sized grains more effectively compared to 
silt or gravel-sized grains. The Hjulstrom diagram con-
sists of two dividing curves (see Figure 5). 

The upper blue curve represents the erosion velocity 
(this curve is above the entrainment velocity) in centim-
eters per second as a function of grain size in millime-
ters. In contrast, the lower cream curve represents the 
settling velocity as a function of grain size, indicating 
the speed at which grains settle (Lerche, 2019). Be-
tween the erosion and sedimentation curves, there is a 
gray-colored transitional zone where grains neither un-
dergo erosion nor sedimentation but remain in transport 
within a medium.
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Figure 6: The direction of mass flow in the fluid element Figure 7: Grid point layout in x and y directions

Figure 8: Research flow diagram
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2.3. Nays-2DH Simulation 

The research was conducted by collecting field meas-
urement data (see Figure 8), which were then input into 
the iRICNays2DH application, operated measurement 
data input with discharges (Q), contour surface, bed 
roughness, and sediment diameter. Nays2D is a 2D solv-
er used to calculate flow, sediment transport, riverbed 
evolution, and bank erosion. This solver has been ap-
plied to several practical cases, such as the evolution of 
rivers influenced by vegetation and trees, the calculation 
and prediction of flood inundation on plain areas, sedi-
mentation at river confluences, as well as analysis of 
bank erosion and flood disasters (Ali et al., 2017). 

2.4.  Fluid Mass Conservation and Momentum 
Equation 

As we know from the principle of fluid mass conser-
vation, the mass of fluid entering a system is equal to the 
mass leaving the system. Therefore, before deriving the 
fluid mass conservation equation, it is necessary to de-
scribe the mass balance of a fluid grain, which is the rate 
of mass of the fluid grain = net rate of mass flow into the 
fluid element. The rate of mass of the fluid grain can be 
expressed as follows:

  (5)

Where:
 = the type of density (kg/m3),

t = time (s),
 = the volume of the fluid element (m3).

Next, we describe the mass flow through the fluid ele-
ment in a three-dimensional plane, as depicted in the fol-
lowing diagram (see Figure 6).

Equation 6 above represents the continuity equation 
for unsteady fluid flow in three dimensions. However, if 
we consider, to neglect the vertical component, the equa-
tion becomes as follows (see Figure 7): 

  (6)

with  = density (kg/m3), u = x direction of velocity, v = 
y and t = time direction of velocity of velocity.

According to Newton’s second law, the change in mo-
mentum of a fluid grain is equal to the sum of the forces 
acting on that grain. The change in fluid momentum in 
the x and y directions can be expressed as follows: 

In the x-direction:  (7)

In the y-direction:  (8)

Equations 7 and 8 represent the momentum change 
equations where the mass flow rate (kg/s) is multiplied 
by velocity (m/s). In the Nays2DH solver manual, the 
flow motion is divided into two coordinate systems: the 
orthogonal coordinate system (x, y) and the moving 
boundary fitted coordinates (MBFC) or linear curve co-
ordinate system (Takebayashi, 2014).

3. Results and discussion

The slope of the Harapan watershed (see Figure 9) 
shows a fairly steep slope with a slope of between 12% 
- 15%, indicating that rainwater has enough time to per-
meate and become base flow so that surface runoff tends 
to be small. Precipitation data shows that the average 
effective rainfall intensity during 3 hours is approxi-
mately ± 32.45 mm in wet conditions (see Figure 10).

Figure 9: Watershed of Harapan
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In this area, there is a big problem since the commu-
nity carries out sand mining activities around the bridge 
area and this has a significant impact on changes in river 
flow and the deposition of sediment brought from up-
stream. Sand mining also contributes to the widening of 
the riverbed and leads to sedimentation at specific points 

that are used for vehicle access (Sreebha and Padmalal, 
2011). The average cross-section of river and water level 
can be seen in Figure 12 and were assessed through 
sediment sampling conducted using a zigzag pattern up 
to 1 km from the bridge abutment (see Figure 11).

The hydrograph analysis based on equations 1, 2, and 
3 indicates the initial and corrected discharge at the peak 
hour to be 1.83 m3/s/mm (at a rain depth (h) of 1 mm 
over the entire watershed area) (see Figure 13). Under 
these specific discharge conditions, the depth of the wa-
ter surface can be determined as shown in Figure 12. 
Precipitation causes the discharge in the river to rise 
quickly and causes the catchment area to be large 
enough, and it allows for rapid surface run-off. 

In addition, the rain is projected to persist for a dura-
tion of 6 hours, with the most intensity expected within 
the initial 3 hours following its onset. Subsequently, the 
flow rate will gradually revert to its usual level by the 
6th hour after the rain. The design flood discharge, as 
shown in Figure 14, is the highest possible discharge in 

Figure 10: Rainfall Distribution, ABM Method

Figure 12: Cross-section river in POINT 1

Figure 11: Method of collecting bed material samples
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Figure 13: Flood hydrograph at the existing condition

Figure 14: Design flood condition

Figure 15: Location point for observation (a) and the graph displays the diameter size of the bed material (b)

(a) (b)

the river for a specific return period. This discharge re-
sults in a peak design flood discharge with a return pe-
riod of T years, specifically Q2, Q5, and Q10, based on the 
Synthetic Nakayasu hydrograph.

The zigzag sample approach was implemented at the 
study location, as depicted in Figure 11 and Figure 15a. 
The riverbed material greatly influences the resistance of 
the river channel to the force of flowing water, which 
can cause erosion. The larger the size of the sediment 

grains, the greater the resistance of the river to erosion. 
The riverbed material can be transported at a certain 
flow velocity. The higher the flow velocity, the easier it 
is for the riverbed material to be transported. This rela-
tion can be depicted using the Hjulstrom Curve, which 
illustrates the zonation of processes occurring in the 
river cross-section. The classification of flow velocity 
and sediment size criteria in Harapan River is deter-
mined using the Sturgess classification method. 

The average diameter ranges from 14.858 to 20.231 
mm, classified as medium gravel to coarse gravel (see 
Figure 15b). The overall diameter size indicates that the 
average diameter is nearly the same (see Table 2) due to 
being located in the same area with similar sedimenta-
tion characteristics. The smallest grain diameter ranges 
from 4-6.02 mm, while the largest grain diameter ranges 
from 61.6-70.9 mm. The sediment criteria based on a 
restrained sieve of 200 with D35, D50, and D90 respec-
tively are 0.61 mm, 1.54 mm and 4.52 mm.

Transportation processes occur due to moderate flow 
velocities (see Table 3), allowing the material to move 
downstream. Location 1 has a small grain of bed mate-
rial with a diameter of 14.858 mm, and even with a rela-
tively low flow velocity of 99.066 cm/s, it is capable of 
transporting the bed material at that location. On the 
other hand, locations 2 and 3 have large-sized grains of 
bed material, classified as coarse gravel, and low flow 
velocities. However, despite the low flow velocities, the 
bed material is already being transported. At point 4, the 
bed material has an extremely large diameter of 20.231 
mm, and the flow velocity is 77.558 cm/s. Under these 
conditions, the bed material is being transported, but pe-
riodic erosion has not yet occurred. At location 5, the 
flow velocity significantly increases to 352 cm/s due to 
the proximity to a river bend, and the bed material has a 
diameter of 19.429 mm. It indicates that the average 
flow velocity at that location is capable of continuous 
erosion. 

Under the condition of the smallest diameter range (4 
- 6.02 mm), almost all locations are above the erosion 
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Table 3: Average flow velocity criteria

Criteria Average flows (cm/s)

Small 77.6-160.6
Medium 160.7-243.7
Large 243.8-326.6
Largest >326.6

Table 2: Average grain diameter criteria

Criteria Average grain diameter (mm)

Small 14.9-16.6
Medium 16.7-18.4
Large 18.5-20.2
Largest >20.2

velocity threshold, with only one location surpassing the 
critical velocity threshold at point 4. It indicates that at 
the minimum diameter condition, the bed material is al-
ready being transported and eroded at the same flow ve-
locity. In the case of the largest diameter range (61.6 - 
70.9 mm), points 1, 2, and 3 experience the transporta-
tion zone. The flow velocity at these points is still 
capable of transporting the bed material under maximum 
conditions. At point 4, with a diameter of 63.5 mm, the 
deposition zone is observed. This condition indicates 
that the bed material is settling. Point 5 falls into the ero-
sion zone, explaining that the flow velocity at this loca-
tion is capable of transporting the material, even at the 
maximum grain size of 70.9 mm. If there is an increase 
in flow velocity due to a flood, each location can enter 
the erosion zone on the Hjulstrom Curve and experience 
erosion. 

3.1 Computational simulation

The velocity and hydraulic structures in the river af-
fect the movement of bed sediments. Placing abutments 
at river bends has the potential to increase velocity and 
form vortex flow in the bend area, which can lead to ero-
sion. The eroded material will be deposited on the outer 
edge of the river and reach the abutment area, potentially 
causing abutment failure (see Figure 17a). To minimize 
this, the placement of cribs can help reduce flow velocity 
along the bends before and after the abutment. The cribs 
are positioned perpendicular to the direction of the river 
flow, and their alignment follows the longitudinal hori-
zontal line of the river channel. The base of the cribs is 
placed against the bank to prevent flow from entering 
behind the cribs, ensuring better stability and resistance 
against potential landslides. The average flow velocity 
increases with increasing river discharge; however, by 
installing cribs, the flow velocity in the river bends can 
be attenuated and redirected, resulting in lower veloci-
ties and better distribution (Cribs, 2022).

From the results of running the abutment with the in-
stallation of a crib, it can be observed that the magnitude 
of flow velocity around the abutment decreases, and  
the flow is well-distributed, resulting in smaller and 
 directed vortices (see Figure 17b). When compared to 
the average velocity in a river equipped with a crib, the 
resulting changes are not significantly different from the 
critical velocity of the river. The lowest velocity at each 
design discharge in the crib area is 1.358 m/s, while the 
highest velocity at each design discharge in the crib area 
is 1.835 m/s. 

Before entering the abutment, the water experiences 
significant turbulence with velocities of up to 1.33 m/s. 
This turbulence does not directly affect the abutment, 
 reducing the risk of erosion on the abutment. When the 

Figure 16: Hjulstrom Curve for the smallest, average, and largest diameter sizes
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water flow starts to enter the abutment, the flow velocity 
direction does not experience turbulence. When the 
 water flow exits the abutment, the flow velocity and 
 river velocity remain stable without any turbulence oc-
curring. The velocity around the abutment does not ex-
ceed 1.33 m/s.

The difference in erosion can be observed in the loca-
tions where erosion occurs. In the abutment without 
cribs, erosion occurs directly in contact with the abut-
ment on the right side for each sediment grain diameter. 
The scour’s depth around the abutment is approximately 
± -1.50 m and in the middle abutment reaches aggrada-
tion up to ± 2.50 m (see Figure 18a). As for the aggrada-
tion with cribs, it occurs in the middle between the two 
abutments, with an average depth of ± 1.50 meters for 
each sediment grain diameter (see Figure 18b). On the 

other hand, in the abutment with cribs, erosion also oc-
curs, but it does not directly contact the abutments. The 
erosion that occurs is relatively small, except for the 
sediment grain diameter D50 ≈ 1.54 mm.

As observed in Figure 19, the placement of cribs has 
successfully protected the abutments from erosion on 
the abutment structure. Degradation of the channel bed 
still occurs after the installation of cribs; however, this 
degradation does not affect the abutment structure itself. 
The cribs prevent and safeguard the abutments from the 
erosion of the riverbed. 

4. Conclusions

According to the analysis, it seems that sediment 
movement is influenced by the existing flow speed of 

Figure 18: The differences between the pattern of riverbed elevation at the abutment area  
(a) before the installation of cribs and (b) after the placement of cribs

Figure 17: Bedload sediment movement and flow pattern changes at the abutment  
(a) before the installation of cribs and (b) after the placement of cribs

(a)

(a)

(b)

(b)
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1.33 m/s, which is able to lift and shift little silt that 
meets certain criteria. This condition will affect how 
sediment moves along the river. If flood conditions arise 
with a specific recurrence interval, there is a possibility 
of experiencing more substantial harm to infrastructure. 
An investigation of the sediment motion stability around 
bridge abutments before and after the installation of 
cribs in order to prevent structural failures has been 
done. The bed material grain characteristics in Harapan 
River fall within the category of medium gravel to 
coarse gravel, as defined by the American Geophysical 
Union, with an average diameter ranging from 14.85 to 
20.23 mm. The placement of cribs in the curved sec-
tions, both upstream and downstream of the abutments, 
effectively directs and slows down the flow velocity. 
Consequently, the velocity changes around the abut-
ments are reduced, leading to a well-distributed flow 
pattern characterized by smaller and directed vortexes. 
Moreover, the cribs regulate elevation changes in the 
riverbed, including both aggradation and degradation, 
based on planned placement. Furthermore, the cribs 
serve as protection against the risk of erosion around the 
abutment structure. 
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SAŽETAK

Simulacija utjecaja montažne konstrukcije na kretanje riječnoga sedimenta  
uz upornjak mosta (studija slučaja: rijeka Harapan, regija Jayapura)

Erozija nastaje kada brzina tijeka u kanalu premaši graničnu brzinu koja uzrokuje pomicanje nataloženoga sedimenta. 
Ovaj se fenomen opaža u rijeci Harapan, što rezultira spuštanjem i sužavanjem riječnoga korita u dijelu gdje se nalaze 
potporne konstrukcije (upornjak mosta). Cilj je ovoga istraživanja istražiti stabilnost sedimenta oko upornjaka mosta 
prije i nakon ugradnje montažnoga potpornog zida kako bi se spriječili strukturni slomovi upornjaka mosta. Uzorkova-
nje sedimenta provedeno je na šest točaka oko upornjaka mosta, metodom brojenja valutica (eng. Pebble Count Method) 
duž cik-cak putanja. Veličina zrna sedimenta klasificirana je prema klasifikaciji Sturgess, a proces disperzije materijala 
analiziran je pomoću Hjustormove krivulje. Projektna vrijednost količine oborina predstavlja protok koji bi bio posljedi-
ca poplave, koji je zatim simuliran korištenjem dvodimenzionalne hidrodinamike, analizirajući uvjete u rijeci prije i 
 nakon postavljanja montažnoga potpornog zida. U slučaju bez montažne potporne konstrukcije erozija sedimenta javlja 
se uz upornjak na desnoj strani riječnoga korita. Erozijom su zahvaćeni svi promatrani promjeri zrna nataloženoga sedi-
menta. U slučaju kada je postavljena montažna potporna konstrukcija, erozija je i dalje prisutna, ali ne neposredno uz 
samu konstrukciju upornjaka. Montažni potporni zid osigurao je stabilnost upornjaka mosta smanjujući eroziju riječno-
ga korita.

Ključne riječi: 
2D simulacija, montažni potporni zid, rijeka Harapan, dinamička stabilnost riječnoga sedimenta
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