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Overview 
Landslides are a natural part of the ongoing evolution 
of steep landscapes, occurring in spatial and temporal 
clusters in response to discrete trigger events. 
Earthquakes trigger many landslides within a focused 
area. These ‘co-seismic’ landslides pose a destructive 
hazard to people and infrastructure resulting in 
hundreds of deaths and billions of dollars of damage 
every year (Petley, 2012). 
     Understanding landslide location, timing and size is 
extremely important for a range of hazard mitigation 
strategies from land-use planning to minimize 
exposure to emergency planning to identify the most 
appropriate response in an earthquake. 
     Our understanding of co-seismic landslides has 
been developed from recent (20-30 years) 
experience. Satellite and aerial imagery has enabled 
collection of large landslide inventories and our 
current understanding of landslide hazard is driven by 
statistical analyses of these inventories (e.g. Xu et al., 
2012). However, co-seismic landslides have been 
almost exclusively been studied in landscapes with 
relatively strong bedrock. As a result we might expect 
few landslides in a ‘gentle’ loess landscape if we 
assume that the landscape obeys the same rules.  
     Loess is a wind-blown deposit mainly consisting of 
silt sized quartz particles. Loess deposits cover about 
10% of the Earth′s land surface and extend for 
thousands of square kilometers across the Alpine-
Himalayan belt (Dijkstra et al., 1994). Many of these 
deposits could experience intense earthquake shaking, 

and thus pose a considerable potential hazard, but our 
understanding of their susceptibility to co-seismic 
landsliding is far less developed than for steeper rock 
landscapes. Recent geotechnical testing highlights 
some of the key issues associated with the 
peculiarities of loess. In particular, landslides in these 
deposits are highly influenced by loss of apparent 
cohesion, which can be destroyed in precursory 
shaking that doesn’t cause full-slope failure (Sepulveda 
et al., 2016; Brain et al., 2017).  

 
Figure 1. The gentle loess landscape left compared with a 
post-earthquake image from Wenchuan (China) a typical 
example of the steep ‘hard rock’ landscapes that have 
been the focus of co-seismic landslide studies. 

     The 1920 Haiyuan earthquake provides an 
opportunity to study the effect of a large earthquake 
on loess slopes. This earthquake triggered 100s of 
landslides on gentle slopes and killed ~200,000 people 
(Daniell et al., 2011). There have been several studies 
reporting the distribution of landslides that were 
triggered by the Haiyuan earthquake (e.g. Zhang and 
Wang, 2007; Li et al., 2015) and the geotechnical 
behaviour of the loess (e.g. Wang et al., 2014; Song et 
al., 2017). However, we still don’t know: how big an 
earthquake is needed to trigger this response; and is 
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this response possible in any loess deposit or does it 
require certain conditions (e.g. loess depth, saturation 
profile)? We hypothesise that moisture conditions, 
shaking intensity, slope profile form and loess depth 
are the dominant controls. 

 

 
Figure 2. Co seismic landslides from the 1920 Haiyuan 
earthquake. Top: photos taken shortly after the 
earthquake (Close and Mccormick, 1922). Middle: a 
recent photo of a landslide scar attributed to the 
earthquake. Bottom: landslide scars attributed to the 
earthquake mapped in Google Earth, notice their dense 
distribution and large size.  

     This project will take advantage of continuum 
mechanics models, which are now highly advanced 
and can describe the response of natural soils under 
cyclic loading, accounting for the accumulation of 
plastic strains, shear induced excess pore water 
pressures and degradation of soil strength with 
increasing number of cycles. These models can be 
used to establish the conditions under which failure 
might occur, constrained by observed failure 
geometries. 

 

 
Figure 3. An example of a continuum mechanics model 
applied to seismic slope stability problem showing: top: 
mesh and boundary conditions; bottom: shear strain after 
a scenario earthquake (from Elia and Rouainia, 2013). 

 
     However, to do so an appropriate constitutive 
model is essential and this model must be well 
parameterised using geotechnical test data (e.g. 
Pereira et al., 2014). In particular, we need to know 
how the water retention, permeability, stiffness and 
shear strength of loess deposits varies in response to 
moisture content, geostatic stresses and the effect of 
ongoing background seismicity. 
      These data exist (held by project partners at 
Chang An) but are patchy and would need to be 
supplemented with targeted geotechnical tests. The 
geotechnical Labs at Newcastle and Durham 
Universities have complementary expertise and 
infrastructure that will enable these more refined 
tests. Both Durham and Newcastle operate an 
exceptional range of laboratory facilities for the 
testing of soils (e.g. static, dynamic and unsaturated 
testing) and a full-scale trial embankment with 10 
years of continuous performance data. Numerical 
resources at Newcastle include a wide range of 
coupled software (e.g. Flac-Shetran) together with 
advanced constitutive models and significant high 
performance computing capability. The novel 
Dynamic Back-Pressured Shearbox (Brain et al., 2015) 
permits simulation of earthquake ground shaking on 
loess hillslope deposits under controlled depth, slope 
and pore pressure conditions. This allows us to better 
constrain the geotechnical behaviour of loess deposits 
in a manner that cannot be determined by other 
methods. As such, this strongly complements the 
mapping and modelling work that forms part of this 
project. 
     The aim of this project is to understand the 
conditions required for co-seismic loess landslides and 
thus the susceptibility to co-seismic landslides across 
the loess plateau in both space and time. The project 
will take advantage of existing geotechnical data (from 
Pan) and model frameworks (from Rouainia) and 
expertise in landslides (Milledge), geotechnical testing 
(Brain) and numerical modelling (Rouainia). The 
project is structured around a series of objectives: 
 
Project objectives 
O1: Use results from new and existing geotechnical 
testing to develop and parameterise a constitutive 
model appropriate for loess deposits typical of the 
Loess Plateau, China. 
O2: quantify the failure plane geometries, slope 
geometries, loess depths and shaking intensities under 
which failure occurred in the 1920 Haiyuan 
earthquake 
O3: examine the influence of (a) soil moisture, (b) 
profile form, (c) loess deposit thickness (d) shaking 
intensity and (e) memory of previous seismic activity 
on failure occurrence and probability for a 
characteristic set of slopes typical of those on which 
landslides occurred in the Haiyuan earthquake. To 

  



identify the conditions under which such landslides 
can occur. 
O4: Test the ‘loess landslide susceptible conditions’ 
identified under O3 against other known earthquake 
events on the loess plateau (e.g. 1718 Tongwei and 
1654 Tianshui earthquakes). 
O5: Extrapolate the ‘loess landslide susceptible 
conditions’ (identified under O3 and tested in O4) 
across the loess plateau in space and time to generate 
a time-varying co-seismic landslide hazard map.  

 
Methodology 
The project design and methodology is closely 
structured around four key objectives which also 
provide a timeline for the sequence of study.  
     The main methods employed include: 

1) Landslide inventory analysis and literature 
search to constrain shaking intensities, loess 
depth, water table depth and deposit 
structure using a landslide inventory compiled 
by the supervisors with partners at Chang’An 
University, literature based information on 
loess distribution, depth and characteristics 
across the study area, literature based rupture 
characteristics for the Haiyuan earthquake 
and Open SHA to calculate seismic 
parameters.  

2) Topographic analysis of landslides within the 
Haiyuan inventory to identify a set of 
characteristic profile forms to be used in 
parametric analysis within the FE model.  

3) Laboratory sample analysis and literature 
search to constrain the geotechnical 
properties of loess in the study area. The 
laboratory testing schedule will be informed 
by the results of point 1) above.  

4) Numerical model development to modify the 
constitutive model so that it can represent 
the collapse behaviour and shear failure of 
loess.  

5) Numerical experiments to identify the 
conditions necessary to trigger co-seismic 
landslides with the characteristics identified 
for the Haiyuan earthquake. 

6) Hazard mapping approaches will be developed 
which draw on the results from the 
parametric study to indicate susceptibility to 
co-seismic landslides at large (loess plateau) 
and small (individual slopes) scales; and 
dynamic susceptibility in response to 
environmental conditions e.g. seasonal rainfall 
totals. 

 
Timeline 
Year 1 

i) Review and select appropriate 
constitutive model and numerical scheme 

for predicting loess landslides (O1). 
ii) Complete desktop work on landslide 

geometries, slope profiles, material 
properties and water table dynamics for 
the Haiyuan study area (O2). 

iii) Conduct field-work with project partners 
at Chang ‘An University to collect loess 
samples for further geotechnical analysis 
(O1). 

Year 2 
i) Complete geotechnical analysis of loess 

samples (O1). 
iv) Calibrate numerical model using new and 

archival geotechnical test results (O1) 
ii) Reconstruct shaking intensity and 

frequency content scenarios for the 
Haiyuan earthquake (O2). 

iii) Perform parametric analysis with 
numerical model to examine the 
conditions required for failure (moisture 
content, shaking intensity, and slope 
geometry) (O3). 

Years 3 – 4 (six months only) 
i) Test the model by extending the analysis 

to the 1718 Tongwei and 1654 Tianshui 
earthquakes to examine the extent to 
which they fit the failure conditions 
identified for Haiyuan (O4). 

ii) Use the model in ‘predictive mode’, 
coupled to a simple hydrological model to 
predict the minimum shaking intensity 
required for landsliding across the loess 
plateau (O5). 

 
Training & Skills 
Departmental training in (a) research skills and 
techniques and (b) research environment are 
provided through four mechanisms: (i) a programme 
of taught modules; (ii) internal training ‘workshops’ 
that focus on key geographical research skills and 
techniques; (iii) input from supervisors; and (iv) 
departmental seminars by visiting and internal 
speakers and presentations by postgraduate students 
themselves. 
     Physical geography research postgraduates 
normally take the taught departmental module 
‘Implementing Research Design’ during their first year. 
The aim of this module is to help students put 
University training in research design into practice 
specifically in relation to physical geography research 
both generally and with regard to the student’s own 
project work. Students receive instruction in data 
collection and the scientific method, contextualizing 
and problematizing research in physical geography, 
planning for field- and laboratory work, and team and 
group working in physical geography. Assessment of 
students in this module is formative. In addition to 
generic training offered by the University, the 

  



Department also provides training through a series of 
in-house ‘workshops’. These workshops offer the 
opportunity to gain both experience and knowledge 
with a number of tools in a specifically geographical 
disciplinary context and to gain an understanding of 
some of the wider structures and practices which 
make up academic life. This programme has been 
developed in response to postgraduate requests and 
is open to ALL postgraduate students irrespective of 
degree or year of study. 
     Research training continues through the second 
and third years, and is based around a number of 
themes: (i) Recognition and validation of problems; (ii) 
Demonstration of original, independent and critical 
thinking, and the ability to develop theoretical 
2concepts; (iii) Knowledge of recent advances within 
the research field and in related areas; (iv) 
Understanding relevant research methodologies and 
techniques and their appropriate application within 
the research field; (v) Ability to analyse and critically 
evaluate findings and those of others; and (vi) 
Summarising, documenting, reporting and reflecting 
on progress. 
     Bespoke technical training will also be provided by 
the research supervisors (geotechnical testing and 
data analysis, GIS/spatial analysis, numerical modelling) 
and technical staff in the Department of Geography. 
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