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ABSTRACT  

 
This paper presents a case study demonstrating the use of geosynthetic reinforced structures (GRSs) to 
build check dams for debris flow controls in Taiwan. The site is in a risky landslide-prone area characterized 
by complex geological, hydrological, and environmental conditions. It has been confirmed for its vulnerability 
to headward erosion and poses great potential to trigger large-scale landslides, which could lead to a 
significant hazard to highway safety. Design strategies and sustainable considerations for this specific site 
application are addressed. The composite GRS comprises an inner wrap-around geogrid reinforced earth 
wall and an outer galvanized gabion facial and mattress. The gabion structure also served as the drainage 
pathway to accommodate surface runoff and groundwater seepage, preventing hydraulic pressure buildup 
behind the GRS check dams. Additional micropiles were used to avoid hydraulic destruction of the 
foundation. The advantages of using geosynthetics for these structures are discussed. 
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1 BACKGROUND  

For decades, geosynthetic reinforced structures 
(GRSs) have been widely used worldwide for 
various earth structures, including retaining walls, 
embankments, and slopes. It has helped engineers 
solve numerous engineering problems where the 
uses of conventional technologies have not been 
practical. However, only a few cases have been 
reported of its use for check dams to intercept or 
deviate debris flows (Lambert et al. 2023). This 
paper synthesizes the findings from a recent case 
study and field application to demonstrate the 
benefits and efficiency of GRS for debris dams in 
Taiwan's mountainous terrain. 

Highway No. 18 is the connecting artery of the 
Alishan Forest Recreation Area, one of Taiwan's 
most important scenic areas, and a vital lifeline to 
ensure local community, economy, and tourism 
activities. However, because the highway's initial 
planning, design, and construction did not carefully 
consider the complicated geological and 
hydrological conditions, its slopes over a section of 
about 2.6km have become highly landslide-prone 
areas since its opening in 1985 (Zhang et al. 2008).  

Over the decades, the site has been attacked by 
many strong typhoons, intensive rainfalls, and 

earthquakes, resulting in substantial damages around 
the area (Figure 1). Although the highway authority 
conducted rectification for each disaster, they cannot 
prevent the continuous occurrence of disasters. The 
worst historical disastrous record indicated a landslide 
covering an area of 6 hectares, extending 600m 
longitudinally with a sliding depth of 15-20m, had 
occurred (Tsai, 2006; Zhang et al. 2008; Tsai et al. 
2021; Tsai, 2023).  

 

 

Fig. 1. Severe site conditions caused substantial damages 
to the Highway No.18 (Zhang et al. 2008). 

 



 

These damages all have caused significant 
highway disruptions and raised widespread 
concerns. The government has initiated 
comprehensive measures to address the slope 
stability issues around the area. Years of 
investigations and studies have identified four 
primary causes of slope failure in the area: 
1. The highway is situated in a historical landslide-

prone area. 
2. Fractured geological structures because of the 

fault-related shear zones.  
3. Fault activities have caused an unusual rise in 

the groundwater level. 
4. Aggressive headward erosion at the nearby 

stream has undermined the downslope of the 
highway. 

Among these factors, headward erosion has 
been considered to be the most critical as it occurs 
at the slope toe, creating steep escarpments and 
significantly reducing the supporting capacity of the 
slope. The local lithology is highly susceptible to 
gully headward erosion, highlighting the urgent 
need for soil stabilization. If the erosion continues, 
it is highly likely to cause further disastrous damage 
to the highway. In addition, as the gullies on the 
slope get deeper and collapse, they worsen the 
stability of the river morphology, resulting in the 
erosion base continuing to decline, making the 
headward erosion activities more vigorous and 
challenging to control. 

Common practices to mitigate headward erosion 
include vegetation restoration, engineering 
measures, such as check dams or retaining 
structures, and land use management or a 
combination of all of the above so that erosion 
reduces, sediment accumulates, and revegetation 
can proceed. 

This paper focuses on the restoration of a 
section at Sta. 42k~43.2k, where the site has been 
confirmed for its vulnerability to headward erosion 
(Tsai 2023). The highway authority decided to build 
multiple check dams in the stream near the toe of 
the site's south downslope to cope with the 
headward erosion. Check dams generally consist 
of a vertical barrier constructed on ditches, small 
streams, channels, or gullies, where the erosive 
activity of water has often formed. These check 
dams serve the following purposes: 
1. Elevating the streambed raises the base level 

of erosion, reducing the stream's capacity to 
transport sediment. 

2. Promoting sediment accumulation upstream of 
the check dams to stabilize the toe of the slope 
and thus increase the safety of the upper 
highway. 

By fulfilling these functions, the check dams 
contribute to controlling the stability of the upstream 

slope soil and mitigating the ongoing headward 
erosion of the streambanks.  

2  SITE CONDITIONS 

The site is near the downslope of Highway No. 
18 at Sta. 42k~43.2k. As indicated in Figure 2, it is 
located between two streams to the north and south, 
with its terrain being higher in the east and lower in 
the north and southwest. The slope extends 
horizontally for about 500m, and the elevation 
drops from 800m to 575m. As indicated in Figure 3, 
the south downslope of the highway falls into the 
south stream of the site, which has been the 
intersection of several adverse geological 
structures consisting of folds and faults (ITRI 1999; 
Jian et al. 2002). 

 

 

Fig. 2. Aerial view of the location and terrain of the project 
site. 

 

 

Fig. 3. Geological structures at of the project site (Jian et al. 
2002). 

 



 

Because of the geological features, folds, and 
faults often exhibit both water-conducting and 
water-blocking characteristics. In this region, 
multiple faults have caused abnormal fluctuations 
in groundwater levels (Tasi et al., 2021). During the 
dry season, continuous groundwater seepage can 
be observed. The adverse effect of seepage and 
the hydrodynamic impact of surface runoff during 
rainfall has significantly endangered the area's 
instability. 

 Historical tectonic movements had caused 
highly fractured rock formations and significant 
slope instability along the south stream near the site. 
The primary lithology includes light gray sandstone, 
interbedded sandstone and shale, and dark gray 
shale. Overlying the bedrock are layers of 
weathered rock fragments or colluvium soil 
consisting of varying sizes of fractured shale 
fragments intermixing different types of soils with 
poor engineering properties. These materials are 
highly susceptible to erosion, making them 
unfavorable for vegetation growth.  

Because of the complicated topographical, 
geological, hydrological, and environmental 
impacts, the runoff-induced hydraulic scouring, 
combined with continuous groundwater and 
seepage erosion and transport, exerts external 
forces that loosen and dislodge the soil and rock 
layers. This process gradually lowers the base level 
of erosion in the stream, causing the stream to 
extend toward its headwaters. Consequently, 
lateral erosion and headward erosion in the 
southern stream of the site are exacerbated (Zhang 
et al. 2008). The site is constantly threatened due 
to significant deep gullies, ravines, and ditches 
caused by year-round erosions, making the slopes 
prone to debris flow during heavy rainfalls.  

3 DESIGN AND CONSTRUCTION  

3.1 Engineering strategies  
The site's headward erosion has significantly 

impacted the safety of the highway on the upper 
slope. As the area of collapse continues to expand 
upward, it immediately jeopardizes the stability of 
the highway's downslope. 

Based on the above information, the primary 
engineering strategy for the site's safety is to 
reduce the scale and progression of headward 
erosion, thereby stabilizing the highway and the 
stream environment. However, due to the extensive, 
unfavorable geological fractured formation at the 
site, improving the site conditions all-inclusively is 
not feasible. 

To ensure the safety of the highway, the 
government implemented two strategies for 
restoration. The first was to construct drainage 
systems for the downslope of the highway to 

effectively drain and divert the surface water and 
groundwater and thus reduce the slope's erosion. 
The second measure was to build a series of check 
dams on the site's south stream. These structures 
can slow the flow, retain sediments in the water, 
and deposit them in areas with a gentler slope. 
Thus, streambed erosion caused by water flow can 
be significantly reduced, decreasing the potential 
for headward erosion. Because of the length 
limitation, this paper only discusses the second 
strategy herein.  

Based on the design considerations, the 
capability of the check dams must achieve these 
functions: (1) Stop further erosion or expansion of 
the existing damaged streambed; (2) Prevent 
headward erosion of the slope and thus minimize 
the potential downslope failure of the above 
highway; (3) Provide merits of economics and 
efficiency of the construction and (4) Qualify as 
aesthetic, eco-friendly and sustainable facility. 

3.2 Structural evaluations 
Check dams are transversal structures built in 

streambeds to reduce erosion, slow water flow, and 
promote sediment deposition or torrent control. 
Since the 1970s, the number of these structures 
with openings has increased to improve sediment 
and debris flow management structures (Piton and 
Recking 2015). The shape of a check dam can vary 
depending on its purpose, materials used, and site 
conditions, but the most common shape is 
trapezoidal when viewed from the front. This design 
helps distribute the force of water more effectively 
and enhances stability. 

Check dams can be constructed from concrete, 
stone, gravel-filled sandbags, masonry, logs, 
woven wire, and brush fills. The site previously 
used reinforced concrete check dams to control 
debris flows. However, experiences indicate that 
these restorations all appeared unsuccessful due to 
the enormous debris and the substantial hydraulic 
attacks caused by the flooding. Reinforced 
concrete (RC) materials also are not eco-friendly or 
sustainable for the environment.  

Compared to natural materials described above, 
geosynthetic reinforced structures (GRSs) present 
more stability, durability, and dependable safety. 
These structures are flexible in favor of traditional 
reinforced concrete as passive protection barriers 
to resist horizontal impact forces (Strouth et al. 
2012; Yang et al. 2016; Lambert et al. 2023). GRS 
embankments have been successfully used 
globally for rockfall and blast protection (Chou 1997; 
Nihon-Samicon 2015; Liu et al. 2022).  

GRSs have been refined and successfully used 
to construct retaining walls, slopes, embankments, 
bridge abutments, culverts, rockfall barriers, and 
foundations. These structures have demonstrated 



 

acceptable reliability and economic and ecological 
benefits compared to conventional concrete 
retaining structures. Therefore, the use of GRS 
technologies for infrastructure and many other 
slope-related projects has been increasing rapidly 
worldwide over the past decades (Adams et al. 
2011). 

A GRS mass consists of alternating layers of 
geosynthetic reinforcement and compacted backfill, 
resulting in a composite material with a unique 
stress-strain relationship determined by both 
components (Wu et al., 2006). When subjected to 
vertical stress, the reinforcement and soil also 
deform as a composite. Geosynthetics are 
improved manufactured materials due to 
advancements in the polymer and engineering 
plastics industries. Research has also led to 
innovative design and construction methods using 
these materials. Consequently, high-tensile 
strength reinforcement materials are now available, 
allowing for better stress distribution across 
structures. 

Because geosynthetics are manufactured 
materials, technological developments in the 
polymer and engineering plastics industries have 
been continuously incorporated into geosynthetic 
products, enhancing their relevant engineering 
properties. Research results have also led to the 
development of new and more robust design and 
construction methods using geosynthetics. 
Therefore, reinforcement materials with designated 
strong tensile strength are available to distribute 
stress more evenly across the structure. 

In addition, GRSs are valued for their ductility, 
which allows them to absorb and disperse lateral 
impact energy, reducing the risk of significant local 
damage. They are particularly effective in areas 
with varied topography, offering flexibility in 
challenging environments. The advancements in 
materials, design, and construction enable 
engineers to build structures in previously 
unthinkable conditions. 

Considering the requirements posed by the 
design strategy, the highway authority finally 
decided to introduce GRS to build the check dams. 
The locally selected geological materials, such as 
broken rocks and granular soils also should be 
acquired for construction. Although these materials 
are loose in their natural state, they still have 
competent and reliable engineering properties after 
suitable compaction. Broken rocks are examined 
and acceptable as qualified structural material for 
the gabions. Sandbags filled with local granular soil 
can be hydro-seeded and stacked in layers to 
protect the slope face and maintain an aesthetic 
natural appearance.  

Using locally available broken rocks and 

granular soils as backfill for GRS and gabion 
structures not only enhanced construction 
efficiency and reduced carbon footprint emissions 
due to less transportation but also significantly 
lowered the costs of acquisition and transport, 
making it a sustainable and financially prudent 
choice. In addition, the adopted GRS solution has 
proven sustainable for protecting the local 
ecosystem by primarily using porous structures and 
natural materials. The construction minimized the 
use of reinforced concrete, further enhancing the 
project's carbon reduction perspective. 

3.3 Foundation stability 
Because the GRS check dams were built in the 

stream with a strong hydraulic impact, the 
foundation base of these structures must be 
protected from being undermined by the rushing 
flow. In addition, the heavy weight of the structure 
was also highly susceptible to differential 
settlement caused by the possible soft underlying 
soil. The designer thus required the installation of 
two rows of micropiles at the toe of the GRS for 
protection. These micropiles, 6m long, comprise 
grade 50 kg/m steel rails that were driven into 
bedrock and then embedded into grouted 
boreholes with a diameter of 30cm and a drilled 
depth of 5.5m at a staggered spacing of 45cm. 
Such a configuration offers reliable load-bearing 
and lateral resistance capabilities.  

The heads of all piles are further encapsulated 
at a length of 50 cm within a tie beam, 1 m by 1 m, 
in cross-section to improve their overall supporting 
capacity. The staggered layout creates an 
integrated foundation with sufficient bearing 
capacity and lateral resistance competence.  In 
addition, if soft soils were encountered during 
foundation base preparation, soil-cement treatment 
at least 1 m thick must be employed. 

3.4 GRS design  
Three GRS check dams were constructed along 

the stream, stepping upwardly from the toe towards 
the upstream. They are numbered sequentially 
from downstream to upstream as G1, G2, and G3, 
as shown in Figures 4 and 5. The aerial image of 
the site with GRS in construction is shown in Figure 
6. These structures were built in a trapezoidal 
shape, with an opening as a spillway in the middle, 
as shown in Figure 7. Their typical dimension is 
approximately 11 m high, 25 m long at the crest, 
and 10 m wide at the base (Figures 7 and 8). The 
main structure counterbalances the sliding and 
overturning forces exerted by debris flow. The 
structures were constructed using composite 
materials, including geogrid, geotextile, galvanized 
gabion baskets, and RC for spillway and micropile 
foundation. 



 

As indicated in Figure 8, the GRS was designed 
to consist of an outer shell and an inner core. The 
facial shell was constructed using layers of 
galvanized gabion baskets. Each basket typically 
measures 1 m in length, 1 m in width, and 0.5 m in 
height. These baskets are filled with selected 
broken rocks and arranged around the entire 
circumference and the mattress of the GRS. 

The gabion baskets were then tightened and 
reinforced with geogrids to further enhance their 
overall integrated resistance. Therefore, they are 
capable of providing durable armored protection 
against the impact of debris flow and hydraulic 
attacks. By using such a robust configuration with 
sound durability, the risk of debris impact on the 
GRS check dam structure can thus be safeguarded.  

The inner core was built with a wrap-around 
geogrid-reinforced structure. A high-quality  
geogrid with the ultimate tensile strength of 150 
kN/m (ASTM D6637) and reinforcement lengths 
ranging from 6 to 10 m was selected. The core 
structure was about 10 to 12 m high, and they were 
constructed in two tiers, with layers spaced 50 cm 
apart vertically and a slope gradient of 1:0.3 (V:H) 
to maintain the required structure's stability and 
passive resistance. 

Granular materials selected on-site were directly 
used to build the structure. Compaction of the 
backfill was required to be at least 90% of the 
modified Proctor maximum density to ensure the 
reliability and quality of GRS. Stacked soil-filled, 
UV-resisted PE geobags were used for slope face 
protection for GRS. It also functioned as the 
planting medium as the vegetated slope was good 
for an aesthetic appearance and an eco-friendly 
environment.  

 

 

Fig. 4. Plan view of the GRS check dams. 

3.5 Drainage system 

During the service, GRS check dams anticipate 
encountering significant hydraulic attacks posed by 
substantial surface water runoff during typhoon and 
rainy seasons. A higher groundwater level at the 
site will also apply constant seepage force to 
destabilize the GRS. Therefore, a reliable and 
efficient drainage system is essential for the GRS. 
 

 

Fig. 5. Section view of the GRS check dams. 
 

 

Fig. 6. Aerial image of GRS check dam in construction. 

 
As shown in Figure 8, in addition to the 

geosynthetic drainage composite inside the inner 
core structure, galvanized gabion baskets filled with 
selected broken rocks were placed around and 
below the entire circumference of the GRS. Also, 
two additional rows of gabion baskets, wrapped 
around with woven geotextiles, were placed behind 
the geogrid reinforced wall. These highly 
permeable open structures can serve as the 
drainage pathway to accommodate surface runoff 
and groundwater seepage. They can reduce the 
flow velocity and prevent hydraulic pressure 
buildup behind the GRS, particularly useful in areas 
with high groundwater levels or significant runoff. 
 The upper spillway was designed to facilitate large 
volumes of debris and water flow downstream from 
the dam's top during flooding. Therefore, it reduces 
the risk of hydraulic impact buildup behind the GRS 
dam, ensuring its stability and safety. 



 

 
 

Fig. 7. Typical cross section of the GRS check dam, G3 
 

 
 

Fig. 8. Typical cross section of GRS check dam. 

3.6 Surface protection  
Because large debris and flow during flooding 

are anticipated to impact the spillway significantly, 
it must be protected by a layer of reinforced 
concrete (Figure 8). 

3.7 Construction 
The construction of the GRS check dams 

consisted of three parts. In part I, the micropiled 
reinforced concrete foundation was built to support 
the dam's toe, as shown in Figure 9. The durable 
RC structure was used to prevent the dam 

structure's instability from river scouring. In part II, 
the gabion baskets were erected using the selected 
broken rocks on site, as shown in Figure 10.  

For part III, a wrap-around GRS containing 
geogrid, geobag, and geotextile drainage 
composite materials was chosen to build the inner 
core of the structure (Figures 11a and 11b). Finally, 
the spillway was covered with a reinforced concrete 
platform, and the GRS was completed, as shown in 
Figure 12. 

 



 

The entire GRS check dams were completed in 
August 2024, as the project’s schedule required. 
Based on the field observations made to date, 
although the GRSs have experienced several 
earthquakes and heavy rainfalls and have caused 
some minor damage, the facility remains intact and 
functional. Further evaluations and discussions for 
this approach's performance are underway. The 
case study presented herein has demonstrated that 
a GRS check dam for debris control may not be 
typical; it is applicable and beneficial for specific site 
conditions.  

 

 

Fig. 9. Construction of micropiles for GRS check dam.  

 

 

Fig. 10. Erection of gabion baskets for GRS check dam. 

 

Fig. 11a. Construction of the reinforced inner core for GRS 
check dam. 

 

Fig. 11b. Construction of the reinforced inner core for GRS 
check dam. 

 

 

Fig. 12. Reinforced concrete platform was placed for the 
spillway of GRS check dam. 
  



 

4 CONCLUSION 

This paper reports a case study of using 
geosynthetic reinforced structures as check dams 
for debris control to cope with slope instability and 
headward erosion along a critical section of 
Highway No. 18 in a landslide-prone area. Since 
the completion of the structures, there has been 
some minor damage due to the attacks of several 
intense rainfalls and earthquakes. However, using 
GRS check dams effectively controls the debris 
flow, mitigating streambed erosion and preventing 
further landslides. This study demonstrated that 
integrating geogrids and gabions provided flexibility, 
strength, and adaptability to challenging geological, 
hydrological, and environmental conditions. The 
robust drainage system efficiently managed 
surface runoff and groundwater seepage, reducing 
erosion risk and enhancing the durability of the 
GRS. 

The project demonstrates how GRS can be a 
reliable and sustainable solution for similar 
geotechnical challenges. Continued site monitoring, 
engineering evaluations, and discussions about 
using GRSs in check dams for debris control are 
underway. Further studies will ensure long-term 
performance and provide valuable insights for 
future applications in similar complex terrains. 
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