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Stability evaluation and prediction of the Dongla
reactivated ancient landslide as well as emergency
mitigation for the Dongla Bridge

Abstract The Dongla Bridge, Muli County, China, is a key access
road between counties in Sichuan Province and the only traffic
facility for an important 500-kV electricity substation which pro-
vides power to nearby counties. In June 2011, during the bridge
construction, an unknown landslide, subsequently named the
Dongla Ancient Landslide (DAL), was encountered. Local reacti-
vation of a portion of the DAL, termed the Dongla Reactivated
Landslide (DRL), was indicated by evident ground deformation at
the Dongla Bridge. In spite of this, transportation of some heavy
electrical equipment to the substation was scheduled on 9
May 2013. So, to guarantee the stability and security of the bridge
became a primary emergency task. Detailed field investigations of
the landslide occurrence, monitoring and emergency mitigation
construction were carried out in the period between 2011 and 2014.
This resulted in a temporary stabilization of the revived landslide
and ensured the timely transportation of the heavy electrical
equipment. It is thought that the revival mechanism of the DRL
is creep, translational sliding, and was mainly triggered by artifi-
cial slope-cutting, but also influenced by precipitation, river ero-
sion, and man-made activities in the form of small-scale mining
operations. Following complete failure of the DRL, the probability
of landslide-dam and dam breach is proved to be small by risk
analyses. This paper can provide an insight into the problems
associated with the interaction between the human structures
and landslide instabilities.

Keywords Dongla reactivated landslide . Failure
mechanism . Stability evaluation . Landslide emergency
mitigation

Introduction
The Dongla Reactivated Landslide (DRL) is located in the Shuiluo
River, 10 km upstream from Shuiluo Village, and 100 km upstream
fromMuli County of Sichuan Province, China. It is located within an
impoverished and sparsely populated mountainous region, connect-
ed previously by only poor-quality roads (Fig. 1). Hydropower has
recently been developed in this area, and in order to provide a vital
road link to a 500 kVelectricity substation as well as access to other
counties, the 134 m long Dongla Bridge which crosses the Shuilou
River was completed in 2011 at the cost of 8 million Yuan. Unfortu-
nately, due to inadequate geological exploration, the bridge abut-
ment was located within a preexisting ancient landslide (Fig. 2),
known here as the Dongla Ancient Landslide (DAL).

The approximately 6 million m3 DRL was activated in June 2011
within the larger DAL which has an estimated total volume of 2
billion m3. After several periods of torrential rainfall in June 2011,
deformation of the ground and bridge, including cracks, subsi-
dence, and dislocation, became progressively visible. This condi-
tion posed a serious threat to the serviceability of the bridge and
the local inhabitants.

The timely provision of electricity supply to this remote region
was considered vital for the successful completion of the hydro-
power station. That depended on the transportation of heavy
electrical equipment by a specific date (9th May 2013). Therefore,
instead of focusing on mitigation of the DRL itself, the protection
of Dongla Bridge was considered to be more important for the
main stakeholder—China Power Engineering Consulting (Group)
Corporation. Based on previous geological experience, if effective
remediation was not carried out to reduce the continuous dis-
placement of the landslide, the bridge would be destroyed and the
river would be dammed. Authorized by the stakeholder, detailed
geological investigation of the failure mechanism, displacement
monitoring, and emergency mitigation were conducted successive-
ly from December 2012 to April 2014.

This paper discusses the measures taken and how this type of
problem can be tackled in a broader context—specifically focusing
on the importance of ground investigation and monitoring to
understand the mechanisms of movement of a particular slope
and, therefore, how such movement can be mitigated.

Geological setting of research area

Geomorphology
The drainage basin of the Shuiluo River is located at the transition
area between the Qinghai-Tibet and Yunnan-Guizhou Plateaus, in
the eastern Hengduan Mountains. The geomorphological pattern is
an erosion terrain inclining from north to south with complicated
geomorphic types. Due to deep incision cut by the river, the stretch
where the DRL developed is 50–60 m wide with a characteristic BV -̂
shaped valley and 40°∼50° bank slopes (Fig. 2).

Hydrology
Precipitation is mainly in the summer rainy season (May to Octo-
ber), when each year floods from upstream inundate the toe of bank
slopes over a period of 3 to 5 days (He 2005). The pore-phreatic water
is significantly influenced by the water level of the Shuiluo River,
although no perched water table develops on the slope surface.

Neotectonic activity and seismicity
The research region is tectonically active because of its location at
the margin of the Tibetan Plateau, where intensive intermittent
uplift has resulted in a distinctive topographical contrast with the
plateau and lower basins, high mountains, and deeply incised
valleys (Huang 2015). From 1991 to present, around 30 earthquakes
with seismic intensities of Modified Mercalli scale MM Vor larger
have been recorded (He 2005). According to National Seismic
Standardization Technical Committee (2015), the typical seismic
intensities in Shuiluo Village area are MM V to MM VII, and the
peak ground acceleration (PGA) is 0.10 g with a response spectrum
period of 0.45 s.
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Stratum lithology
The Dongla Ancient Landslide, within which the DRL located,
is situated on the lower part of the right bank slope. Through
field investigation, lithologies belong to the Quaternary and the
Triassic was confirmed. The Quaternary part mainly consists of
residual, alluvial, diluvial, and colluvial deposits, as well as
reworked landslide deposits that consist of angular tuff blocks,
fine gravel, sand, silt, and clay with weak mechanical strength.
The grain-size distribution of the surficial deposit was estimat-
ed by visual observation (Table 1). The Triassic part (T1L)
forms outwardly tilting bedrock (42° N–58° W/∠50–68° NW).
The outcrops are sporadically distributed in the slope surface
and the bottom of ditches.

Anthropogenic activity
During the field investigation, more than 50 gold mining pits
spread randomly over the bank slopes were found. According to
the local inhabitants, after a gold-bearing layer in the bank slopes
was found, from 1990 to 2000, a large number of illegal gold
mining activities were conducted on the slope, which caused great
damage to the vegetation and soil conservation. Because of the
subsequent intervention of the government and the decrease of
gold reserves, the mining gradually stopped. Although the ecology
recovered to some extent and the vegetation coverage increased
greatly, a great deal of consequences remained. As the support
timbers in caves and pits in the slope weathered and rotted, the
ground tended to subside and slowly crack. Subsequently, the

Fig. 1 Location of Dongla Reactivated Landslide (DRL) and its nearby cities and towns

Dongla Ancient Landslide 

Dongla Reac�vated Landslide

Siweng Gouge 

Fig. 2 Delineation of the Dongla Ancient Landslide and Dongla Reactivated Landslide
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newly formed cracks provided direct conduits for precipitation to
get into the landslide. Although the influence is difficult to be
quantified precisely, the intricate net of mining tunnels is consid-
ered to have contributed to the destabilization of the slope.

In addition, the engineering excavation for the new-built ancil-
lary road and bridge construction (Figs. 3, 4, and 5) undercut the
toe of slope, resulting in a reduction in the stabilizing force. The
influence of this excavation is discussed in detail in BStability
evaluation of the DRL^ and BReactivity mechanism of the DRL^
section.

Field survey and brief history of the DAL
A large number of ancient landslides exist in the mountain can-
yons of Sichuan Province due to tectonic activities (He 2005; Cui
et al. 2007). Their characteristics are crescentic-shaped headscarps,
gentle multi-terraces, and steeply sloping toes that stretch into
rivers (Wang et al. 2003; He 2005; Dong et al. 2014). Topographi-
cally, the 1500 m long and 4000 m wide DAL shows similar
characteristics as these ancient landslides, being steep at the upper
part and the foot, and having gentle step-like terraces in the
middle part (Figs. 2 and 3) (Jones 1993; Dewitte et al. 2006;
Panek et al. 2009; Jiao et al. 2013).

The sliding plane of the DAL at 2100 m asl was inferred from a
thin layer of fine grained soil within the intact rock mass on the
right slope of the Siweng Gouge exit. The further interlayers which
were distributed sporadically on the left bank slope indicated that
the DAL had, at one point, dammed the Shuiluo River and

thereafter breached quickly. Considering the seismicity of this
area, together with the existence of two escarpments, it seems that
the DAL slid twice due to a combination of large earthquake and
or precipitation during the Quaternary Pleistocene. A few explor-
atory holes were drilled at a maximal depth of 100 m to find the
sliding plane of the DAL, but this was unable to be confirmed,
although fragmental quasi-lamellar tuff rock was located at 36–
64 m in depth (Fig. 5).

Field investigation and deformation of the DRL

Basic geological information of the DRL
Within the DAL, the width of the DRL source zone along the river
is 1200 m, the length is 420 m, the area is 300,000 m2, and the
estimated volume is 6 million m3 (Figs. 3 and 4). The head scarp is
at 2310 m asl and toe at 2115 m asl, resulting in 195-m elevation
difference and an average gradient of 28° for this near-planar,
translational slide. The chair-shaped rear scarp subsidence is ap-
proximately 40–60 m (Figs. 3 and 6). As shown in Fig. 6, the long
tensile cracks at the rear and the shear cracks at the lateral
boundary make the surface water and rainfall easily infiltrate into
the slope.

Destruction and deformation characteristics of the DRL
Between the years 2011 and 2012, tension and shear cracks
appeared and developed near the headscarp and the lateral
boundary, respectively. Furthermore, bulging of a retaining wall

Table 1 Grain-size distribution of the surficial landslide deposit

Material Color Grain-size (mm) Finer by mass (%)

Clay and silt Yellowish <0.075 25

Sand Yellowish-brown 0.075–2 40

Gravel Blue-gray 2–20 70

Block Blue-gray 20–200 100

Dongla reac�vated landslide 

new-built ancillary road access to substation

Shuiluo River

Siweng Gouge 

Fig. 3 Location of the Dongla Bridge and Dongla Reactivated Landslide. The construction of the Dongla Bridge and the new ancillary road (black line), as well as the
gold mining pits and the gold washing pond destabilized the slope

Landslides 14 & (2017) 1405



at the toe of the DRL, collapse of the ancillary road slope, and
small brittle fractures on the bridge were observed (Fig. 6). All
the failure signs indicated the occurrence of an active landslide
(Dong et al. 2015). To try to prevent further deformation, some
supporting systems (steel arch and shotcrete-bolt) on the road
slope at the hairpin bend were installed in December 2011, but
these did not produce the desired effect. From 2012 to 2014, the
situation got worse, and many fractures on the top and bottom
surfaces of the bridge abutment emerged, putting its operation
in danger.

Figure 7, which was taken after the landslide reactivity (20
December 2012), shows that the main scarp subsided a further 3–
5 m during 1 month, the arc tension cracks retreated 200–

2000 mm, and shear cracks extended 50–200 mm to the southeast
boundary.

In consideration of morphological rupture features and the
destruction of engineering works, we concluded that the sliding
surface was fully formed by the end of 2012 and the DRL was in an
intense or accelerated deformation stage. If no effective measures
were implemented immediately, the threat to the stability of the
Dongla Bridge would lead to its destruction (Grana and Tommasi
2013).

Deformation characteristics and damage of the Dongla bridge
Dongla Bridge is a 134 m long and 6.5 m wide prestressed concrete
continuous box beam bridge with three spans (Fig. 8). The

Fig. 4 The engineering geological plane and the arrangement of displacement monitoring points of the DRL (inclinometers IN1–IN3, red; surface monitoring points SM1–
SM20, blue)
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interaction between the thrust of the DRL and the resistance of the
bridge’s piers led to large and complex local deformations. The
main deformations included bulging and fracture of the bridge
deck, distortion and toppling of Pier 3, and bulging and cracking
of the retaining wall behind Pier 2 (Fig. 9). Considering the con-
trast between the deformation of the retaining wall behind Pier 2
and the absence of cracks on the surface of Pier 1 (furthest away
from the landslide bank), we inferred that the exit of the sliding
plane was at the foundation cap of Pier 2. Until January 2013, the

top horizontal displacements of Piers 1, 2, and 3 reached 94, 160,
and 316 mm, respectively, in different directions (Fig. 8).

Monitoring
The surface movement of the DRL was monitored from 6th No-
vember 2012 to 9th April 2014 (spanning the date of transporting
the heavy electrical equipment of 9th May 2013). The internal
movement was monitored by inclinometers daily from 4th to
27th September 2013.

Fig. 5 The monitoring deployment on the geological cross-section (B-B) of the DRL. IN1–IN3 represent the inclinometers, and SM6–SM15 represent the surface
displacement monitors

Fig. 6 Main scarp and local deformation features of the DRL. Viewing toward southwest
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Fig. 7 Deformation evidence: a 60-m headscarp of the DRL, viewing north; b 380 m long and 0.1–0.4 m wide twisty right shearing crack of the DRL mainly cut through
the soil; c damage of retaining wall and ancillary road pavement; and d subgrade failure of the ancillary road

Fig. 8 Displacements of the Dongla Bridge’s piers and structure of the bridge (elevation unit: m; other unit: cm; red arrow indicating the direction of pier’s displacement
and thrust of the DRL) (modified after Wang et al. 2003)
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Surface movement monitoring results
Geodetic survey pillars (SM1–SM20) were installed on 6th Novem-
ber 2012 (Fig. 4). Before the emergency mitigation, the maximum

displacement rate along the sliding direction was approximately
65 mm/day (Fig. 10); during the period from the end of installation
of the emergency mitigation measures (5th March 2013) (see

(a) (b) 

(c)

Reinforcement

31.6 cm 

Original verticality 

Fig. 9 Damage to bridge abutment and dislocation of bridge deck slab. a Crack of west abutment. b Burial cracks on the back surface of Pier 2. c Deformation of Pier 3

Fig. 10 The displacement rate of four surface monitoring points along the center cross section B-B
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BEmergency mitigation construction of the DRL^ section) to the
beginning of the rainy season (July 2013), the rate decreased to
approximately 40 mm/day, and during the rainy season (July to
October 2013), it drastically increased to 97 mm/day and then
declined to less than 85 mm/day. This indicates that the sliding
rate was sensitive to both mitigation engineering works and rain-
fall (Panek et al. 2009). The detailed data from 20 surface monitors
are shown in Table 2 and Fig. 11. According to the time-series
deformation data, this type of motion can be classified as a slow,
translational landslide in the Cruden and Varnes (1996) scheme as
modified by Hungr et al. (2014).

According to the surface cumulative displacement data over
one and a half years, we can see that:

1. The displacements of SM1, SM6, SM11, and SM16 at the toe of
the DRL were 59–393 mm and relatively minimal among the
total monitoring points along the center sliding vector (SM11
had a larger displacement suggesting some local earth move-
ments due to steep topography), which can be attributed to the
emergency mitigation described later in BStability evaluation of
the DRL^ and BReactivity mechanism of the DRL^ section.

2. The displacements of SM5, SM10, and SM15 at the upmost part
of the DRL were 4259–7062 mm, greatest among the total
monitoring points along the center sliding vector, and paving
the way for better forecasting and prediction of likely landslide
behavior. The phenomena that the upper displacements being
larger than at the toe was in accordance with the inclinometer
results. The declining trend of surface displacements from the
head to the toe of the DRL (Figs. 10 and 11) appears to verify
the effectiveness of the emergency mitigation to decrease the
deformation rate.

Inclinometer results
Conventional methods to determine the depth of the sliding sur-
face via rock cores were not possible due to the intense dislocation
of boreholes by the sliding movement of the DRL. However,
inclinometers could both determine the sliding surface and track
the subsurface movement rates within the landslide, as done
effectively elsewhere (Borgatti et al. 2006; Macfarlane 2009; Jiao
et al. 2013; Massey et al. 2013). As shown in Figs. 4 and 5, the
inclinometer tubes were installed in three boreholes (B04, B05, and
B06) by DHT drilling, and 20 surface monitoring points were
distributed on the slope. Figure 5 shows the layout of inclinome-
ters IN1, IN2, and IN3 and the surface monitoring points along the
central line of landslide (B-B cross section in Fig. 4). The depth of
the tuff rocks from IN1 to IN3 are 35.9, 55.0, and 64.2 m, respec-
tively. It can be inferred that the sliding plane of the DRL is at a
depth of 17 to 19.5 m with a slope of 24° (Fig. 12). The cumulative
displacements at the crown of the inclinometers were 16, 33, and
41 mm, respectively, between 4th and 27th September 2013
(Table 3). It should be noted that because of the hesitation of the
stakeholder and the long bidding process, the inclinometer mon-
itoring was implemented after the emergency mitigation
construction.

Figure 12 shows that (1) the cumulative displacement and dis-
placement rate at the top of IN3 are larger than at the other two
inclinometers, whereas (2) the cumulative displacement and rate
of the major sliding plane at IN1 are larger than other twoTa
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inclinometers. These two observations suggest that the external
factor which triggered the DRL was erosion or degeneration of the
toe of slope, resulting in translational movement at the toe, and
the overall geomechanical movement mode is Bcreep - translation-
al sliding,^ resulting in additional shearing within the landslide
mass above the toe (Stead et al. 2006; Zhao et al. 2015). This meant
that, even though the emergency mitigation at the toe of the
landslide did reduce the surficial deformation to some degree,
via the reduction in translational movement, the sliding still went
on due to shearing. These phenomena illustrate why movements
were constantly active and could easily be accelerated.

Piezometer results
Three piezometers, P1, P2, and P3, were installed at the bottom of
the boreholes (B06, B05, and B04) (Figs. 4 and 5), corresponding to
the location of IN1, IN2, and IN3, respectively. The Darcian per-
meability coefficient, k, of the chaotic landslide deposits was found
to be 1.0–1.4 × 10−3 m/s (~80–120 m/day). This high value indicates
that any groundwater flowing in the landslide would be highly
influenced by the river and recent precipitation. However, the
observed groundwater level from piezometers readings was deter-
mined as about 2110, 2115, and 2125 m asl, respectively, which is
located beneath the sliding plane. Therefore, it would have little

Fig. 11 The surface movement monitoring result. The displacement vector is consistent with the sliding direction

Fig. 12 Cumulative horizontal displacement versus the depth of inclinometers along the sliding vector a IN1, b IN2, and c IN3 from 1st to 27th September 2013
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effect on landslide reactivation. It was assumed that the ground-
water level would rise by the same height with the variation of the
river water level from the nature condition to the flood condition,
as later discussed in BStability evaluation of the DRL^ section.

Emergency mitigation construction of the DRL
Mitigation of hazards of large, deep, and relatively fast-moving
landslides is a difficult engineering task, which requires a good
understanding of the causes and mechanisms that lead to slope
failure (Pulko et al. 2012). In China, applying a surcharge to the toe
of the landslide had previously successfully prevented similarly
reactivated fossil landslides induced by man-made excavation
(Popescu 2001; Li et al. 2006; Picarelli 2011; Chen et al. 2015). Here,
this method was applied to decrease the sliding rate of the DRL to
guarantee the transportation of the heavy electrical equipment and
the electric power delivery work as scheduled. A total of 80,000-m3

gunny bags filled with soil were placed at the toe of the DRL, and

an artificial slope of 200-m length was thereafter constructed along
the Shuiluo River (Figs. 13, 14, and 15).

The artificial slope was constructed between 4th and 20th
February 2013, resulting in a satisfactory reduction in the sliding
rate (Fig. 11), such that the cracks in soil stopped widening, as
inspected visually. On 9th May 2013, nine vehicles carrying the
heavy electrical equipment with a total load of 1400 kN passed
over the Dongla Bridge. The real-time monitoring showed that, in
the process of transportation, the bridge structure produced no
abnormal displacement (Dong et al. 2014). Moreover, in the period
between 3rd and 28th September 2013, the landslide movements by
inclinometers decreased to an average value of less than 6 mm/
day.

Stability evaluation of the DRL
In China, due to its conceptual clarity, versatility, and simple
calculation process, the Limit Equilibrium Method (Bromhead

Table 3 Summary of inclinometer results (04.09.2013~27.09.2013, when the inclinometers were assumed to shear during landslide movement)

Inclinometer Depth of
borehole

Depth of
sliding
surface

Cumulative
displacement at top
of inclinometer tubes

Mean displacement
rate at top of
inclinometer tubes

Cumulative
displacement of
sliding plane

Displacement
rate of sliding
plane

(m) (m) (mm) (mm/day) (mm)

IN1 60.0 18.5 16 0.7 14 0.6

IN2 70.4 19.5 33 1.9 3 0.7

IN3 100.4 17.0 41 5.9 − −

Q4
al+pl

boundary of DRL

Legend

0 50 100 m

Q4
al+pl

Q4
del

Q4
del

Dongla BridgeN:38670.9599
E:66640.0651

N:38508.5319
E:66785.6417

T1L 2190

2175

2150 Qdel
4

B
SM1

B

boundary of DRL

cross-sec�on line

bedrock of Mailingou
Group of Triassic
system
ancillary road to
substa�on

region of emergence
engineering

inclinometer

Shuiluo River
surface displacement
monitoring point

T1l alluvial deposit of
Quaternary HoloceneQ4

al+pl landslide deposit of
Quaternary HoloceneQ4

del

Fig. 13 Layout of emergency mitigation engineering of the DRL
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1992; Wei et al. 2012) is widely used in slope survey and design and
is specified as the stability evaluation method to be used in general
by the China Geological Survey (2006). It should be noted, how-
ever, that this method is not suitable when dealing with some
special landslides, such as lateral spreads, diffuse landslides, plas-
tic flow, and the rockslide undergoing sudden brittle fracture
(Arief et al. 1998; Mendjel and Messast 2012). The crucial prereq-
uisites of this method are that the sliding plane has been deter-
mined, the soil of the rupture surface observes a Mohr-Coulomb
failure criterion, and the sliding body is coherent during sliding.
According to the inclinometer monitoring results, the DRL with its

planar sliding surface could basically maintain coherence during
the sliding stage. Hence, the Limit Equilibrium Method was con-
sidered suitable for determining the stability of the DRL, and the
calculation accuracy was sufficient to meet the needs of engineer-
ing design.

Selection of shear strength parameters is the key to accurate
determination of stability. Practically speaking, due to the hetero-
geneity and diversity of the rock and soil mass, it can be difficult to
obtain appropriate parameters from testing. The back-calculation
procedure presents a relatively easy way to do this, particularly
when slopes are under incipient or on-going failure. In practice,

ancillary road

ar�ficial slope

bedrock of Mailingou
Group of Triassic system

landslide deposit of
Quaternary Holocene

T1lQ4
del

speculated  weathered
unloading line boundary

Legend

x x x x x xphrea�c water table

interface

42° 68°T1l

Q4
del

65°

sliding surface

el
ev
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) eleva�on (m

)

0   50 m
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region of emergency
mi�ga�on engineering
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x x x
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 ground surface line
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Fig. 14 Emergency mitigation engineering for the DRL (B-B cross section). The artificial slope was 23 m high and 5 m wide with a gradient of 45° and was divided into
five berms with a 5–8-m altitude vertical difference between each

Fig. 15 Artificial slope (photograph taken 12th December 2015)
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some significant status information of the landslide should be
considered carefully, including deformation and failure character-
istics, field monitoring data, etc. From experience, Chinese geolo-
gists have empirically determined a sound relationship between
the calculated stability coefficient of the slope (also known as the
Factor of Safety against sliding (Bromhead 1992) and such the
status information that includes deformation and failure charac-
teristics, as well as monitoring data (Table 4). Because the defor-
mation of DRL and initial damage of Dongla Bridge appeared just
after the slope excavation, it was hypothesized that the DRL had
been stable and was at the limit equilibrium state (stability coef-
ficient = 1) before the excavation.

The natural and saturated densities of the silty clay soil were
obtained from laboratory testing as 1960 and 2150 kg/m3, respec-
tively. Based on the most conservative considerations, the friction-
al resistance parameters were obtained from back analysis
(Table 5) using the Limit Equilibrium Method.

The integral stability coefficients of the DRL were calculated
under three scenarios with two water levels (Table 6 and Fig. 16),
which shows that the DRL would be unstable under both rainfall
and earthquake conditions.

Reactivity mechanism of the DRL
As for most large-scale ancient landslides, the deposit usually
deforms with gravitational creep (Cui et al. 2007). When it comes
to the reactivity of ancient landslides, a large number of cases
indicate that the new-forming sliding planes tend to occur along
preexisting rupture surfaces, which are normally interfaces be-
tween rock and soil (Dai et al. 2000; Dewitte et al. 2006). Signif-
icantly, the formation mechanism of the rupture surface is
sensitive to environmental changes and human disturbance
(Jones 1993; Dai et al. 2000).

As far as the DRL is concerned, a comparative analysis of
geomorphic characteristics and the pattern of sliding plane can
provide insight into the revival mechanism. Firstly, by comparing
to the stable region within the DAL, it is inferred that precipitation

and fluvial incision by the river are not the main destabilizing
factors. Secondly, it is noted that the gol mining pits were pre-
dominantly located in the DRL. It is thought that their deteriora-
tion could fracture the soil texture and accelerate the creep speed
of the DRL (Benko and Stead 1998). Thirdly, because the sliding
plane of the DRL was (1) evolving throughout the soil layer over a
depth of approximate 19.5 m and (2) planar and therefore different
from such arc-shaped landlside triggered in homogeneous soils, a
relatively rapid external environmental changes, such as the mod-
ification of the surficial geometry via toe removal, could be ulti-
mately responsible for the reactivaton.

In this regard, it is inferred that the revival mechanism of the
DRL is an accelerated creeping-translational sliding triggered by
initial gold mining and subsequent slope-cutting construction.
The declining trend of the surface displacements after the emer-
gency mitigation (Fig. 10) also appears to verify this analysis.
Therefore, the construction on previously mined slope should be
carefully considered, or else, avoided a similar situation in the
future.

Analysis on the development trend of the DRL and cascading hazards
Although the sliding rate of the DRL was decreased by the emer-
gency mitigation, the displacement still increased slowly. In
Februry 2014, a number of tensile cracks emerged on the artificial
slope, presenting a potential risk to the stability of the bridge
(Fig. 17). Although the landslide would not be expected catastroph-
ically accelerate under the state of low-speed deformation
(Picarelli 2011), a sudden increase of the driving force (due to an
inundation, heavy preciptation, or earthquake, etc.) could still lead
to the destruction of the bridge. In the worst case scenario, river
blockage or surge generation could happen because of the volume,
location, and activity of the DRL (Macfarlane 2009). Considering
the volumes involved, in the worst case scenario where the moving
mass slid coherently in wholly translational sliding, it could block
the Shuiluo River and form a landslide dam with a calculated
maxium height of 20 m in accordance with the thickness of the

Table 4 Relationship between developed stage and stability coefficient

Developed stage Surface deformation Maximal displacement
of sliding plane

Status of sliding plane Stability
coefficient

Embryonic stage Invisible Millimeter − ≥1.1

Creep stage Deformation evidence
at scarp and toe

Centimeter Coalescence of fractures/at
limit equilibrium state

1.0–1.1

Sliding stage Mainscarp subsidence
and toe bulge

Decimeter–meters Wholesale rupture and
complete failure

0.95–1.0

Emplacement stage Sedimentation, partial
collapse

− − ≥1.0

From Jiang 2013

Table 5 Physical and mechanical parameters of the sliding belt

Parameters of surface of rupture Dry or wet Density (kg/m3) Cohesion (kPa) Internal frictional angle (°)

Natural state Value from BCA D 1960 7.0 24.3

Rainfall state Value from BCA W 2150 7.0 22.8
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sliding body. Considering the 5% river bed gradient of the Shuiluo
River, it might cause a backward length of impounded water of
about 400 m and a lake capacity about 0.4 million m3. According
to local geological experience, due to the fast rise of impounded
water, the loose barrier materials would easily be breached in a
short period and form a debris flow (Xu et al. 2013; Liu et al. 2010).
The largest downstream peak flow was speculated to be 1400 m3/s
reaching 10 km downstream, but it would not be expected to
exceed the conveyance capacity of this segment of Shuiluo River
(Table 7). If, on the other hand, the DRL were ruptured internally
and fell block by block into the river, the blocks would easily be
washed away. In this case, the travel distance and covered area
would be much more limited (Eberhardt et al. 2004).

Future options
Large ancient landslides in mountainous regions are vulnera-
ble and liable to be reactivated by environmental changes
such as changes of hydrologic balance and climate (Panek
et al. 2009). It is of utmost importance that any active mit-
igation measures are designed not only to efficiently restrain
the sliding mass but also to guarantee safe construction, with
the likelihood of damage reduced to an acceptable level dur-
ing the construction process (Pulko et al. 2012). Based on this
consideration, several permanent treatment solutions for the
DRL were proposed. However, to simply stabilize the sliding
zone at the ancillary road section would cost nearly 100
million yuan, which would be unrealistic. In fact, the

Table 6 Stability coefficients of the DRL under different scenarios

Sliding plane Water lever of river Scenarios Stability coefficient Stable state

1 Normal Normal 1.05 Basic stable

Rainstorm 0.88 Unstable

Earthquake 0.99 Unstable

Flood Normal 1.03 Basic stable

Rainstorm 0.87 Unstable

Earthquake 0.97 Unstable

2 Normal Normal 1.02 Basic stable

Rainstorm 0.85 Unstable

Earthquake 0.95 Unstable

Flood Normal 1.00 Basic stable

Rainstorm 0.84 Unstable

Earthquake 0.94 Unstable
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proprietor was in the dilemma of whether sustaining the
existing Dongla Bridge with stabilization construction, which
would be expensive and probably useless in the long term
under the complex geological condition, or establishing a new
bridge instead. After comprehensive comparison, the second
plan was adopted. Thus, the old bridge was dismantled via a
controlled explosion (Fig. 18), and a site to build the new
bridge was chosen downstream outside the DAL. In the mean-
time, the observation of the DRL is still being undertaken to
avoid potential landslide hazards.

Conclusion
This paper has discussed the investigation, monitoring, analysis,
and mitigation of a large translational creeping landslide, affecting
an important infrastructural activity in a remote and mountainous
region in China. By doing so, the study examined a range of
possible triggers and scenarios that could lead to the instability
and therefore considered a series of options to enable engineering
works to proceed. As a case study, it illustrates how engineers and
geologists can pragmatically approach a most complex and poten-
tially dangerous situation by the judicious use of relatively simple
engineering tools, such as site investigation, Limit Equilibrium
analysis, back analysis, and monitoring.

The Dongla Reactivated Landslide—a partially reactivated
portion of the Dongla Ancient Landslide—was reactivated in
June 2011, resulting in a direct threat to the security and

serviceability of the Dongla Bridge. As the vital transportation
of heavy electrical equipment across the Dongla Bridge had
been scheduled on 9 May 2013, ensuring the stability and secu-
rity of the bridge became a primary emergency task. In order to
achieve this goal, detailed field surveys and mapping were first
completed to obtain a delineation of the DRL. Subsequently,
surface displacement monitoring was carried out, from the
November 2011 to April 2014, to provide data for the evaluation
of the trends in movement, and the internal deformation was
monitored by inclinometers every day to determine the sliding
plane and stage of deformation. The installation of such incli-
nometers was key to determining the location of the sliding
plane of the DRL, and their continuous monitoring enabled
the effect of time to be ascertained (i.e., whether the slide was
accelerating, steadily moving, or decelerating), the efficacy of
the mitigation measures (i.e., did the arrest or slow the land-
slide), and the role of water (i.e., how was the rate of sliding
affected by rainfall).

The result showed that the DRL is an accelerated creeping-
translational slide, located with the fractured and sheared material
of the much larger DAL. Consideration of local history, ground
survey, and observations of the timing of slope movement led to
the conclusion that the DRL was triggered by initial gold mining
and subsequent slope-cutting construction. It was the combina-
tion of such investigative activities that enabled a full scenario to
be postulated.

Fig. 17 New emerging arc tensile cracks on the artificial slope (photo taken
February 2014)

Table 7 Influence on downstream after dam-breaking

Item The position downward barrier dam (m)
0 (dyke breach) 200 500 1000 2000 5000 10,000

Peak flow(m3/s) 2318 1933 1639 1540 1494 1451 1429

Height of flood crest (m) 21.8 15.5 13.4 12.7 10.7 7.7 3.2

Fig. 18 Dongla Bridge was dismantled by bomb explosion on 12th July 2015
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Based on the subsequent stability analysis and on geological
experience, emergency mitigation measures were implemented
at the toe of the slide from January 2013 to March 2013.
Considering the remote location of the landslide, the imple-
mentation of further mitigation measures, such as the use of
large concrete shafts along the slide as applied elsewhere (e.g.,
Pulko et al. 2012), was not considered feasible in terms of
economic cost versus benefit. However, according to the mon-
itoring data of the surface movement of the DRL, the toe
mitigation reduced the sliding rate of the landslide effectively
to enable the transportation of the heavy electrical equipment
in a timely manner.

This study has provided an insight into the problems asso-
ciated with the interaction between engineering construction
and the dynamic behavior of a reactivated and rapidly moving
translational landslide. Further, the emergency mitigation men-
tioned in this paper is worth noting as a potentially effective
method to temporarily stabilize reactivated landslides caused by
human activities. Conclusively, for similar fragile mountain
environments, the consideration of future engineering projects
along river banks should follow a detailed ground survey and
geotechnical investigation, coupled with an examination of pos-
sible future scenarios including groundwater movement, seismic
activity, and the influence of human activities.
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