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Abstract. Due to a high population growth, Quito has typical geotechnical problems 
of Latin American metropoles. Especially in fast growing socially sensitive areas, 
heavy groundwater fluctuations or seismic activities lead to large settlements and 
ground failure. In a research project, typical soils of a real embankment in a strongly 
earthquake-prone area is prepared as a benchmark test. Thus, a validation and further 
development of high-quality simulation of regions under seismic action will be 
possible. Next to classical field and laboratory tests, effective methods like aero 
photogrammetry and soil dynamic correlations based on geotechnical tests and 
refraction seismic are used. By evaluating selected locations, urban planning 
recommendations and guidelines for a sustainable foundation should be developed. 

Keywords. Slope stability, benchmark test, numerical calculation, earthquake 
loading. 

1. Introduction 

The protection of human lives and the reduction of major damage, despite modern 
structural developments and calculation methods, remains the primary objective when it 
comes to risk assessment in earthquake-prone areas. Particularly severe effects are 
regularly observed in urban areas of developing and emerging countries. Reasons for this, 
in addition to insufficient stability of structures, is an already inadequate load-bearing 
capacity of the soil in case of earthquake loading. The presented research aims to 
contribute to the understanding of the dynamic soil behavior during earthquakes. 
Measured values are obtained in a natural slope system of a river in the urban area of 
Quito in Ecuador. The prepared data can then be published for validation of high-quality 
numerical calculation methods in the sense of a benchmark test for the first time for a 
real embankment system under seismic impacts. At the same time, the first attempt will 
be made to calibrate material parameters of hypoplastic material laws for the soil types 
encountered in Quito and to use them to simulate the most relevant parts of the slope 
system under static and dynamic loads. Methods for the improvement of the ground will 
be assessed for endangered embankment areas. The paper presents results from 
preliminary work of members of members of the Polytechnic University of Quito and 
the authors, as well as further plans of the common research project. 
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2. The survey site 

A special boundary condition of the research project results from the dependence on 

natural seismic activities. Successful implementation requires a site with sufficiently 

high density of seismic activity at relevant intensities. In addition, a sufficiently dense 

network of seismic survey stations is needed to differentiate and assess the seismic 

activity. Both requirements are fulfilled for the urban area of Quito (DMQ): Every year 

more than 200 earthquakes with strengths up to 3.7 on the Richter scale are measured by 

the Geophysical Institute of the Escuela Politécnica Nacional (EPN) [1]. Figure 1 shows 

the distribution of seismic events with the maximum intensities for the year 2017. The 

Geophysical Institute of the EPN is currently monitoring the seismic activity in the urban 

area of Quito at 20 seismic stations and is thus able to assess impacts locally. Chance and 

challenge therefore is to consider the significance of more than several light seismic 

activities as well as the impact of individual more intense seismic activities. 

 

Figure 1. Monthly number and maximum intensity of seismic activities in Quito (DMQ) in 2017, [1]. 

 

The investigations take place on an existing embankment system with sufficient 

potential failure zones or deformation potentials. In the city of Quito between 2005 and 

2014, more than 800 embankment claims were documented and assessed [2]. According 

to [2], seismic activities, influences from heavy rainfall events as well as human activities 

such as the uncontrolled application of soil material and constructions at the upper edge 

of the embankment, have the greatest potential for endangering stability. The chosen 

reference area of the river valley Shanshayacu is due to regular damage under special 

observation by the city of Quito and by the EPN. For the research project, several profiles 

at a 1.85 km section of the Shanshayacu river valley in the south of Quito is selected 

(Figure 2).  

 

Figure 2. Investigation area: section of the river valley Shanshayacu, urban area Quito / Ecuador. 

3. Methodology 

In principle, field tests are to be preferred for validation of simulations of geotechnical 

problems. Earthquake soil behavior, however, has so far mostly been measured in 
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centrifuge experiments on small models. The following question is asked at the core of 

the research project: Can failure mechanisms and deformations due to seismic events and 

groundwater fluctuations be recorded and reliably simulated on high risk areas like 

endangered urban slope systems? In order to answer these questions, all necessary data 

on the initial state and changes on the slopes together with the effects of earthquakes over 

a period of several months must be recorded and evaluated for an existing slope system. 

The processed data will be used for the validation of numerical calculations in the sense 

of benchmark tests for the first time for a real site under seismic impacts. Therefore, the 

following essential substeps are provided: 

• Aero photogrammetry for exploring the slope geometry 

• Geotechnical field explorations and laboratory tests 

• Identification and stability calculation at vulnerable points / profiles of the slope 

• Calibration of hypoplastic material models 

• Measuring and evaluation of seismic activities 

• Monitoring with aero photogrammetry and geophysical measurements 

• Static and dynamic calculations with the FE method 

4. Previous results 

4.1. Aero photogrammetry for exploring the slope geometry 

Airborne surveying or aero photogrammetry has so far been an efficient but expensive 

option for recording large spatial changes. Since a few years, the development of 

powerful drones has significantly broadened the scope of aero photogrammetry. Image 

recordings of an object can be processed using geo-referenced landmarks to create 

photogrammetric spatial measurement data. The method of spatial photogrammetry and 

aero photogrammetry was used in 2017 in a study by the Escuela Politécnica Nacional 

to measure the embankment geometry of the investigation area. Figure 3a) and b) shows 

examples of the results of the measurements. Depending on the measurement object, 

accuracies in the centimeter range in position and height could be achieved when creating 

a digital 3D model. The results proof that depending on the required accuracy, many 

possibilities for rapid and cost-effective geotechnical monitoring are possible. 

 
a) b)

Figure 3. Aerial measurement with identification of measurement problems: a) Aerial and isoline plan and b) 

Sectional image, [5]. 
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4.2. Geotechnical and geophysical field explorations and laboratory tests 

The general underground in the southern part of the urban area of Quito is formed by up 

to 100 m thick pleistocene river and volcanic deposits (Machángara). Above these 

sediments lie 10-20 m thick holocene volcanic sediments of clay and silt (Cangahua). 

The subsoil layering of the examination site was recorded in 15 spots. A profile of the 

near-surface soil layers contains Figure 4a. In many spots, a weak soil layer with a very 

high water content was encountered. Figure 4 shows images taken in laboratory 

experiments with this soil ("suelo B"). 

 
a) b)

Figure 4. Geotechnical profile of the near-surface soil layers at the river valley Shanshayacu, urban area Quito 

and b) exemplary sample of an organic silt (“suelo B”) with a water content of more than 200% at the 

examination site, [3]. 

 

At 10 points, samples were taken to conduct soil mechanical laboratory tests. 

Determined were soil mechanical shear parameters, the stiffness module as well as 

density and water content. A determination of soil dynamic characteristics is to be made 

perspectively in laboratory tests. Recent studies at the EPN [4] have carried out field 

studies with geotechnical and geophysical methods. For the regional soil types, first 

correlations between the results of the standard penetration test (SPT N60) and the 

propagation velocities of shear waves could be deduced. These results will help in future 

works, to economically gain first clues about ground dynamics of soil and to have more 

possibilities to validate future calculations with the finite element method. 

 

Figure 5. Correlation Results between measurements of shear wave velocity and impact numbers N60 of the 

Standard Penetration Test, regional soils in Quito, [4]. 
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4.3. Identification and stability calculation at vulnerable points 

With the results of the field investigations and the laboratory tests, back calculations 
could be done at relevant failure areas and profiles of the slope system. The slope stability 
was calculated using analytical equilibrium approaches (Bishop method). It showed that, 
in addition to increasing charges due to artificial fillings, presumably heavy precipitation 
events and seismic activities were the probable cause of the embankment failure. The 
characteristic values determined in the laboratory could thus be confirmed and calibrated. 

    
Figure 6. Documentation of typical failure zones of the embankments at the study site, [3]. 

4.4. Calibration of hypoplastic material models 

Hypoplastic models are suitable for simulating soil behavior under dynamic loads. For 
the hypoplastic material model according to [6] with intergranular strain S according to 
[7], consider the following extended constitutive relation: 

DSTT :),,( eM=

�

 (1) 

i.e. The objective tension rate (JAUMANN tension rate) is a function of the actual grain 
tension T (CAUCHY stress tensor), the strain rate D (strain velocity tensor), the void 
ratio e, and the state variable S, which store previous deformation directions. The 
hypoplasticity according to [6] is mainly used to simulate the deformation behavior of 
granular soils such as sands and gravels. In [8], the material model was modified to 
describe cohesive soils such as silt and clays. The determination of the parameters of the 
hypoplastic models are based on soil mechanical and soil dynamic laboratory tests. 
Figure 7 shows that with a calibrated parameter set, results from soil mechanical 
laboratory tests for a sand can be reproduced very well by the simulation. 
Simulations of dynamic boundary value problems like an embankment under seismic 
loads can examine the stability, the potential failure mechanism and permanent 
deformations. Decisive for this, however, is an appropriate and physically justified 
determination of the soil parameters. In order to use an extended hypoplastic model for 
dynamic boundary value problems, the shear modulus at very small strains G0 and its 
decrease with increasing shear strain must be determined as shown in Figure 8. A 
determination of G0 can be done by means of experiments with Bender element or 
resonance column tests and the drop by cyclic Triaxle tests. 
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a) b) c)

Figure 7. a) Comparison of experiments and simulation: Oedometer test after calibration a) initially in loose 
storage, b) Oedometer initially in dense storage and c) test Results of CD triaxial test on a test sand with an 
initial storage density ID, 0 = 0.65, after Calibration, [9]. 

 
a)            b)

Figure 8. Comparison of results for experiment (single points) and simulation after calibration with the 
hypoplastic model (lines) of resonance column tests: a) shows the increase of the stiffness modulus with 
increasing mean stresses and b) the decrease of the stiffness modulus with increasing shear strain, [10]. 

4.5. Dynamic calculations with the FE method 

To validate simulations, soil behavior in earthquakes has so far only been recorded and 
evaluated by small models in centrifuge experiments or by individual prototype 
considerations. Field studies on the stability of embankments under seismic action in the 
sense of a benchmark test do not yet exist. The geotechnical centrifuge models represent 
a possible variant for the investigation of embankments under dynamic load. Ideally, the 
dynamic numerical calculations are not used as a substitute but as a supplement to 
experiments. The numerical model can be validated with the test results. With the 
validated numerical model, many variational calculations can be carried out with little 
effort. Using the Hypoplasticity, [10] successfully numerically recalculate the centrifuge 
experiments of [11] and validated his models. Figure 9 shows results of the centrifuge 
experiment and the simulations. It was found out that in centrifuge experiments the non-
homogeneous acceleration field with the different scaling effects and the influence of the 
model container give rise to a number of undesired to problematic effects. Therefor it is 
necessary to carry out measurements of the real embankment under seismic loading. 

5. Summary and outlook 

With photogrammetric methods, displacements and deformations of measurement 
objects can be measured with high resolution. Airborne surveying using drones offers 
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great potential in the efficient geodetic recording and monitoring of urban and hard-to-
reach spaces. Perspectively, this method could be an important tool in detecting and 
monitoring geotechnical risks. If proof of the suitability and quality of the measuring 
method is available, depending on the required accuracy, there are many possibilities for 
rapid and cost-effective geotechnical monitoring. 

 
Figure 9. Simulation of earthquake centrifugal tests in seismic action: a) Results of the shifts from the 
experiment and b) Shifts from the simulation, [10]. 

 
With a correctly calibrated parameter set of hypoplastic material models, the 

complex stress and density-dependent deformation behavior of soil can be correctly 
represented. In this way also the deformation behavior under seismic action can be 
simulated. Perspectively, it is important to obtain soil dynamic characteristics using 
correlations e.g. between SPT and the propagation velocities of shear waves. This could 
be a way to make forecasts of the soil behavior at an early stage, even with dynamic 
loads such as earthquakes. 

The preparation of field studies as a benchmark test poses a great challenge to the 
acquisition of measurement data to describe the initial state and the changes in the course 
of dynamic effects in a monitoring phase. Through a targeted application of geophysical 
methods, the cost of time-consuming geotechnical investigations can be significantly 
reduced. Seismic slope stabilities have so far only been evaluated in small-scaled 
experiments like in centrifuges. However, negative influences from the non-
homogeneous acceleration field with the different scaling effects and the influence of the 
model container are shown. It would be desirable to have a field study in which an 
embankment is recorded and evaluated on a real scale under seismic action.  

Based on the results of the surveying stand safety assessments, according to current 
recommendations of the German Society for Geotechnical Engineering, basic 
constructional possibilities for subsoil improvement are to be dimensioned and evaluated 
with results from numerical simulations. In the research work, an example of a design of 
selected ground improvement measures such as depth compaction and granular columns 
will be provided as example calculations. 

The continuation and combination of the above-mentioned building methodology 
with extensive site description, calibration of soil-dynamic material parameters and 
extensive monitoring create a unique possibility of validating calculation approaches for 
seismic safety of a real slope system. For the first time, the failure mechanisms and 
settlements resulting from seismic events and groundwater fluctuations could be reliably 
recorded and simulated in the context of a benchmark test on a vulnerable urban slope 
system. Only suitable measurement data from benchmark tests can be used to improve 
numerical approaches.  
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