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1 INTRODUCTION  

Industrialization, urbanization, and population growth have increasingly led to intensive land use. In Ko-
rea, the mountains are covered about 70% of total land space. Many slope failures often occur during the 
construction stages of these infrastructures and have caused significant damage to properties and people. 
The potential of slope failure occurrence under construction depends on many factors such as topography, 
soil type, vegetation, and climate (Coch, 1995; Keller and Blodgett, 2006). 

Most investigations in the slope stability were conducted by a comparison of conditions before and af-
ter slope modification. However, an unstable slope may reach to the critical state of slope during modifi-
cation and reinforcement stages. It is important, therefore, to investigate the variation of slope stability 
during the reinforcement process. Furthermore, the behaviors of the reinforced slope during modification 
or reinforcement stages are not accurately investigated. 

In this study, the variation of slope stability during reinforcement stages is investigated by both a nu-
merical analysis and field monitoring experiments. A large-scale cut slope reinforced by various earth re-
tention systems such as stabilizing piles, soil nails and reinforced soil walls was selected for this study. 
The behaviors of the slope and reinforcement are checked out by instrumentation system considering re-
inforcement stages. The slope stability and the behaviors of slope and reinforcement are also analyzed by 
limit equilibrium method. 

2 FIELD CONDITION AND REINFORCEMENT METHOD 

2.1 General description 

A large-scale cut slope located on an express highway construction site in Donghae, Korea was selected 
for this study. Figure 1 shows a plan view of the slope failure outline and boring locations on the express 
highway construction site. During the cutting period of the slope in the toe part to construct a bridge 
foundation, three tension cracks were found to generate in the upper part of slope. According to the field 
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observation, crack 1 was not deformed, while cracks 2 and 3 were continuously deformed. Therefore, 
several countermeasures such as stabilizing piles, soil nails and reinforced soil walls were applied to re-
duce the risk of slope failure. During the installing period of the stabilizing piles on the slope, the behav-
ior of the slope was monitored by an instrumentation system considering reinforcement stages. The slope 
height was approximately up to 87 m and the slope width was up to 100 m with slope angle ranging from 
20 

o
 to 45 

o
. 

Boring tests were performed to investigate the soil deposit profile in boring locations, and soil samples 
were collected for laboratory tests. Figure 2 shows the cross sectional view of the soil profile and geome-
try of this slope based on boring tests. The soil deposits from the ground surface are composed of 
colluvial soils, weathered soils including silty clay, weathered rock and soft rock at the boring location. 

The groundwater level is existed at depths of GL(-) 11.7-23.7 m. The groundwater level ranges from 
the soft rock layer in the upper part of the slope to the weathered soils layer in the lower part. The soil and 
rock properties in each stratum obtained from the laboratory tests are described in Table 1. 

 

  
Figure 1. Plan view of the slope failure and boring 

location on the express highway construction site 

Figure 2. Cross-sectional view of soil profile and ge-

ometry based on boring tests 

 
Table 1. Soil and rock properties of each stratum 

Stratum 
Total unit weight 

(kN/m
3
) 

Cohesion 

(kPa) 

Friction Angle 

() 

Soil modulus 
(MPa) 

Filling Layer 18.62 14.7 25 2.1-4.1 

Colluvial soils 18.13 4.9 27 0.9-1.7 

Weathered soils 18.62 9.8 30 2.1-3.4 

Silty clay 16.66 14. 7 20 0.2-1.4 

Weathered rock 21.56 49.0 35 4.1-6.9 

Soft rock 24.50 98.0 40 4.1-9.6 

2.2 Reinforcement on large-scale cut slope 

Several reinforcement methods were installed to improve stability of the failed slope as shown in Figure 
3. A row of stabilizing piles was constructed in the upper part of the slope and two rows of stabilizing 
piles with soil nailing were constructed in its lower part. The two rows of stabilizing piles in the lower 
part of the slope were installed in a zigzag pattern. A stabilizing pile was constructed using steel pipe 
piles (d=508 mm) and H-piles (H-250x255x14x14). The piles were installed at a interval of 1.5 m. Pile 
heads were connected by wale and reinforced concrete capping. Anchors were installed at a row of piles 
in the upper part of slope to restrain the deflection of pile head. Anchors were made of 7th strands with 
21m free length and 8m bond length. Also, the anchors installed at an angle of 30 

o
 inclination and 1.5 m 

interval. Soil nails were also placed in the lower part of the slope where two rows of stabilizing piles were 
installed. The installation length and angle of nails were 12 m, and 30 

o
, respectively. Nails (HD29) were 

installed in a vertical and horizontal spacing of 1.5 m. The reinforced soil walls were installed in front of 
the slope reinforced by nails to make the express road. That is, the express road was located on the rein-
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forced soil walls. The installation procedure of reinforcements has been followed as the number marked 
in Figure 3. 
In Figure 4, two sections A-A and B-B were selected to check out the behaviors of slope and reinforce-

ment. To observe the slope and reinforcement behaviors during  construction sequences, an instrumenta-
tion system with inclinometers, strain gauges and standpipe piezometers was designed at sections A-A 
and B-B.  
 

  
Figure 3. Reinforcement method to control the slope failure Figure 4. Plan view of the countermeasures 

in each sections and the instrumentation 

system 

3 MONITORING RESULTS DURING REINFORCEMENT STAGES 

Figure 5 shows the deflections of Nos. 37 and 51 piles at section A-A. The deflection of piles may be 
caused by increasing the driving force due to construction sequences such as the modification and excava-
tion of slope. For No. 37 pile installed in the upper part of the slope (Figure 5a), the maximum deflection 
of piles was measured at the part of colluvial soils. The deflection of piles is increased gradually as the re-
inforcement work processed. After installation of anchors at No. 37 pile head, however, the deflection of 
pile is considerably recovered due to loading from the jacking force of anchors. But, the deflection of 
piles is also increased after embankment. It seems to be influenced by reducing jacking force after jacking 
free. For No. 51 pile installed in the lower part of the slope (Figure 5b), the deflection of piles is increased 
gradually as the reinforcement work processed. Especially, the deflection of piles is increased during soil 
nailing work and after embankment. The maximum deflection of piles is measured at the part of colluvial 
soils like No. 37 pile. The slope should be a modification like excavation to install the soil nails. So, the 
deflection of piles was increased at that period. Also, the increasing deflection after embankment may be 
influenced by the anchors installed in the upper part of slope. Figure 6 shows the deflections of Nos. 17 
and 23 piles at section B-B. In seeing Figure 6, the pattern of pile deflection is similar with Nos. 37 and 
51 piles at section A-A.  
 Figure 7 shows the variation of maximum deflection of Nos. 17 and 23 piles installed at section B-B. 
It’s found that the most critical stage is the excavation stage for soil nailing work and the soil nailing in-
stallation stage. This increasing of pile deflection may be influenced by the excavation before installing 
soil nails. Meanwhile, the deflection of pile after embankment is increased significantly. It seems to be 
not critical because the deflections occurred for a long time in comparison with other stages.  
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Figure 5. Deflection of piles considering rein-

forcement stages at section A-A : (a) No.37 Pile, 

(b) No. 51 Pile 

Figure 6. Deflection of piles considering rein-

forcement stages at section B-B : (a) No. 17 Pile, 

(b) No. 23 Pile 

 

 
Figure 7. Variation of the maximum deflection of piles at section B-B 

4 ANALYSIS OF SLOPE STABILITY SUBJECTED TO REINFORCEMENT STAGES 

A computer program namely SLOPILE (VER 3.0) was used in this study to analyze the stability of the 
slopes containing earth retention systems including piles, nails and anchors. This program has been de-
veloped to analyze and design various slopes containing earth retention systems (Hong and Song, 2006). 

The sequence of reinforcement stage on the large-scale cut slope was as follows as shown in Figure 3: 
(1) installation of piles in the lower part, (2) installation of piles in the upper part, (3) excavation, (4) in-
stallation of soil nails and drainage pipes, (5) installation of anchors, and (6) reinforced soil walls. The 
behavior of the slope was also investigated 10 months after the reinforced soil walls and embankment to 
find out long term behavior of the reinforced slope. 

4.1 Dry condition 

The variation of groundwater level was not considered perfectly to estimate the safety factor of slope. 
But, the known and assumed groundwater level could be applied to analyze the slope stability.  
In dry condition, the groundwater level was applied in the measured level through the instrumentation 
system as shown in Figure 4. Figure 8 shows the variation of safety factor of slope in dry condition during 
reinforcement stages. For the upper part of slope, the safety factor is rapidly increased after installing a 
row of piles. For the lower part of slope, the safety factor is increased gradually as the reinforcement 
work processed. The safety factors in both upper and lower parts of slope are increased about 0.3 after in-
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stalling of all reinforcements. The safety factors after installing a row of piles in the upper part of slope 
are satisfied with the allowable standard value in dry condition, 1.5. 

4.2 Rainy condition 

In rainy condition, the groundwater level was assumed to be at the ground surface. As it is mentioned, the 
behaviors of slope and reinforcements are influenced by the wetting front. The wetting front was formed 
from the ground surface and moved down into ground (Song et al., 2012). So, the slope in rainy condition 
was assumed to be a full saturated slope. Figure 9 shows the variation of safety factor of slope in rainy 
condition during reinforcement stages. The safety factor is rapidly increased after installing piles in the 
upper part, and that is increased gradually in the lower part. Also, the safety factors are increased about 
0.3 after installing of all reinforcements. The safety factors after embankment are satisfied with the allow-
able standard value in rainy condition, 1.2. Consequently, the safety factor of the large scale cut slope 
gradually tended to increase as the reinforcement work processed. 

 

  
Figure 8. Variation of safety factor of slope by rein-

forcements in dry condition 

Figure 9. Variation of safety factor of slope by rein-

forcements in rainy condition 

5 CONCLUSIONS 

The behavior and stability of a large scale cut slope reinforced by stabilizing piles, nails and reinforced 
soil walls was investigated by both a numerical analysis and field monitoring experiments. The behaviors 
of the slope and reinforcement are checked out by instrumentation system considering reinforcement 
stages. The slope stability and the behaviors of reinforcement are also analyzed by limit equilibrium 
method. From this study, the following conclusions can be drawn: 

(1) The deflection of piles was increased gradually as the reinforcement work processed. Also, the 
maximum deflection and bending stress of piles were measured at the part of colluvial soils including 
silty clay layer. Therefore, the depth of sliding surface can be estimated based on the measured values of 
piles. 

(2) The most critical stage among the reinforcement stages was the soil nailing work stage. This in-
creasing of pile deflection was influenced by the excavation before installing soil nails. 

(3) The safety factor of the slope gradually tends to increase subjected to reinforcement stages. The 
safety factor was rapidly increased after installing piles in the upper part, and that was increased gradually 
in the lower part. The safety factors are satisfied with the allowable standard value in both dry and rainy 
conditions. 
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