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Leveraging Realistic Simulation  
for Integrated Plant Engineering
ACHIEVING SAFETY, COMPLIANCE, AND PERFORMANCE WITH “NO DEFECT” 
PLANT ENGINEERING
“No defect” plant engineering means that your plant design and the delivered facility meet all 
project requirements. These large projects involve highly complex multidisciplinary engineering, 
procurement, and construction. They must conform to stringent regulatory, environmental, and 
compliance standards on both local and global levels, while meeting initial project expectations 
and final operational performance. 

Integrated Plant Engineering 3DEXPERIENCE® solutions enables organizations to create better 
project control, minimize risks, and reduce development costs through optimal execution of 
project development processes.

VIRTUAL TESTING OF PLANT SAFETY AND PERFORMANCE
In addition to meeting initial requirements, the plant must operate reliably and safely. Integrated 
Plant Engineering advanced simulation capabilities enable companies to accurately model 
complex real-world behaviors, such as strength and deformation in large structures, pipes, and 
equipment; and the impact of thermal loads, vibrations, fractures, and failures.

Volume 3 of this eBook focuses on the renewable energy segment. Inside you’ll find case 
studies, papers, and tech briefs on how leading EPC companies, owner operator (OO) engineering 
departments, and specialized academic institutions are leveraging realistic simulation applications 
to achieve expected levels of operating performance for complex facilities, while meeting high 
safety and environmental standards.

Realistic Simulation, as part of the Integrated Plant Engineering 
industry solution, helps to reduce development time and cost, 
improve quality and power innovation.
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Unlike a tree, a towering wind turbine should only bend slightly 
with the wind to avoid any collisions between its components. 
Its blades—now as long as 100 meters in some commercial 
designs—must withstand, yet also change pitch in response to 
the onslaught of variable wind speeds, transforming rotational 
velocity into electrical power. 

If the wind gets too strong the turbine must be stopped 
as quickly as possible without damaging its expensive 
components. Understanding the multiphysics that result when 
blades, tower, generator, gearbox and wind interact is an 
exercise in extreme complexity for windpower engineers. But 
it’s also a critically important exercise in terms of helping 
the wind industry optimize turbine performance to reduce 
the overall cost of this increasingly prevalent source of clean, 
alternative energy.

“Modeling flow conditions for wind turbines is especially 
challenging,” says Stefan Sicklinger, whose Ph.D. thesis 
[https://mediatum.ub.tum.de/download/1223319/1223319.
pdf], written at the Technical University of Munich, Germany, 
explores the topic in great depth. “Scalable multiphysics 
simulation tools are required in order to design and predict the 
performance, durability and safety of these machines. Such 
simulations are highly complex because they involve multiple 
disciplines, but it pays off for a product like a wind turbine 
for which testing is very expensive—or even not possible at 
all. The next generations of larger wind turbines are very nice 
candidates for this kind of modeling because you can’t do any 
testing on them at the real scale.”

Sicklinger’s Ph.D. work focused on developing new methods 
and algorithms for co-simulation. In collaboration with Dassault 

Systèmes, he took on the problem of developing highly 
realistic models of wind turbine function by investigating 
new numerical methods. His thesis solved several industrial 
examples, ranging from a fully coupled fluid-structural-
signal interaction with closed-loop control to a fully coupled 
emergency brake maneuver of a wind turbine with flexible 
blades. He presented much of his work at the 2014 SIMULIA 
Community Conference; this case study reflects updates from 
his recently finished thesis.

The simulation of the emergency brake maneuver of the 
NREL wind turbine involves the interaction of the generator/
gearbox, flexible composite blades, control unit and the three-
dimensional flow field. These recently developed co-simulation 
methods also have potential applications in a number of areas 
besides wind, Sicklinger is quick to point out. 

“This type of field co-simulation can benefit many different 
industries,” he says. “You could model the relationship between 
an automobile tire and its anti-lock braking system. You could 
investigate the active shape change of a wing—from an aircraft 
to a turbine blade—under different flow conditions. Or you 
could explore the ways in which a duct control unit shapes air 
inflow to reach a preset temperature. With co-simulation it is 
possible to analyze and optimize the interaction of control units 
(signals) with the technical product (fields & signals).”

ALWAYS START WITH GOOD DATA
To begin his wind turbine research, Sicklinger wanted to start 
from CAD models that were based on real-world data. “Clearly, 
an experiment needed to be the basis for my simulations in 
order to validate them fully,” he says. 

SIMULIA Co-simulation Engine Provides New Insights into 
the Multiphysics of Windpower
Abaqus structural analysis couples with fluid and control software to model complex  
signal-field interaction for many industries

Figure 1. Stresses on outer composite layer of flexible wind turbine blades at different points in time  
during the emergency brake maneuver. Images courtesy Stefan Sicklinger.

Source: SIMULIA Community News, 2015
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Luckily, substantial measurement data resources were available 
from the NASA AMES’ National Renewable Energy Laboratory 
(NREL) in Mountain View, California, where the world’s largest 
wind tunnel is located. Commonly used for determining low- 
and medium-speed aerodynamic characteristics of full-scale 
aircraft and rotorcraft, a wind tunnel also provides the perfect 
setting for exploring full-scale, 3D aerodynamic behavior of 
wind turbines.

NREL, a facility of the U.S. Department of Energy’s Office 
of Energy Efficiency and Renewable Energy, developed its 
windpower test objectives to meet recommendations of an 
international science panel of wind-turbine aerodynamics 
experts; the data is made available to researchers like Sicklinger 
to help improve and validate enhanced engineering models for 
designing and analyzing advanced wind-energy machines.

During the “Unsteady Aerodynamics Experiment Phase VI” at 
NASA AMES, a research wind turbine with lightweight carbon-
fiber blades that measured 10 meters (33 feet) in diameter 
was set up in the 24-by-37-meter wind tunnel and operated 
at different angles during wind speeds up to 90 kilometers 
per hour generated by six huge fans. Probes integrated into 
the blade surfaces and other turbine structures recorded the 
pressure coefficients generated on the turbine at different wind 
speeds.

“The NREL data provided a major advantage for validation of 
my research because, unlike measurements taken in the field, 
a wind tunnel can deliver a constant inlet velocity profile,” says 
Sicklinger.

LINKING IT ALL TOGETHER WITH THE SIMULIA 
CO-SIMULATION ENGINE
To solve the coupled physics challenge of linking four model 
types—CFD, structure, multibody dynamics and control—into 
a full-picture solution of an operating wind turbine, Sicklinger 
employed the SIMULIA Co-simulation Engine (CSE) and a 
research tool called EMPIRE. This allowed him to explore in 
great detail how the components of the structure respond to 
the fluid (wind), are influenced by each other’s presence and 
react to feedback (from the control unit) by adjusting blade 
pitch.

Due to the research nature of his work, Sicklinger used 
OpenFOAM, an open-source finite-volume based solver, to 
analyze the three-dimensional turbulent flow field of air around 
the blades and rotor. The flexible composite blades (modeled 
with Abaqus/Standard) and the generator/gearbox (modeled 
with an in-house code) were connected to the CFD solver 
through SIMULIA’s CSE. To extend the co-simulation to a fluid-
structure-signal interaction, MATLAB was added to model 
the pitch control unit, which varies the angle of the blades in 
response to the strength of wind flow (Figure 1).

To Sicklinger’s knowledge, his work represents a “first” in 
terms of combining four physics in a wind turbine simulation 

with such a high level of model fidelity. “We’ve now got a 
fluid-structure simulation where the turbine startup procedure 
is truly physically accurate,” he says. His analyses depict the 
realistic behavior of a turbine startup, run, and emergency 
stop procedure employed when winds exceed the generator’s 
capabilities. 

“You see the turbine going up to speed, pitching its wings 
very slowly, because it’s rotating,” he says. “Then once 
the simulation is running at full speed you can investigate 
phenomena like local flutter of the flexible blades during 
unusual events like emergency brake maneuvers. You really 
need a high-fidelity model like this for such situations.”

MODELING THE EMERGENCY BRAKE MANEUVER
So what exactly happens when a wind turbine has to execute 
an emergency stop maneuver? 

“You can’t really brake a big turbine the same way you would a 
car,” says Sicklinger. “There is so much energy being generated 
that in a high wind a sudden stop could completely melt down 
the whole gearbox. There have also been situations where 
turbines have overheated and caught fire when they spin too 
fast in high winds.” 

In a properly designed wind turbine, when the wind exceeds 
a preset velocity, sensors provide feedback to the control 
unit, which automatically slows the rotation down by 
pitching the wings 90 degrees to reach 100% stall. The 
blades can no longer extract any energy from the wind 
flow and slowly come to a standstill. Sicklinger’s finished 
models predict this entire cycle with a high degree of realism  
[http://youtu.be/vDDsAljF0ug].

Sicklinger ran his massive simulations on a 184 Intel Sandy-
Bridge supercomputer; there were approximately 62 million 
unknowns solved per time step (10,000 steps in total). “It was 
important that the analyses could be carried out in parallel, 
because mine was a fairly large model, around one million 
degrees of freedom on the structure,” he says. The analysis 
was performed with a new co-simulation algorithm that was 
developed within a research project between SIMULIA R&D and 
Stefan Sicklinger [http://dx.doi.org/10.1002/nme.4637].

OPENNESS AND ROBUST SOLUTIONS  
FROM SIMULIA
“My work concentrated on those features that directly 
influenced the fully coupled simulation,” he says. “We found 
that the CSE is truly as open as they say: it’s easy to use 
and it adapts to a lot of different hardware and software 
environments, allowing us to develop interfaces to these 
different simulation tools very easily.” 

“Abaqus/Standard also proved to be a very robust solver, 
extremely capable with geometric nonlinearities. Handling the 
large rotation of a wind turbine was no problem from the point 
of view of accuracy.”

Source: SIMULIA Community News, 2015
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Source: SIMULIA Community Conference, 2012

Hydrodynamic Pressure on Culvert Gates  
during an Earthquake
Ali Rasekh (Phd, Senior Structural Engineer with Tetra Tech)

ABSTRACT: Culverts are essential parts of the lock and navigation structures. They transfer water between upper and lower 
chambers, lakes, rivers and/or ocean side of the navigation system. A system of bulkheads and valve gates control the transfer of 
water in these culverts during operation and maintenance. These gates are designed to withstand the hydrostatic and transient 
pressure loads. A phenomenon that is, however, usually overlooked in the design is the hydrodynamic pressure that is built up in 
the system during an earthquake. This pressure is caused by the seismic acceleration and could be higher than hydrostatic pressure 
in a severe earthquake. In this paper a set of simulation results using Abaqus/Explicit are presented for hydraulic culvert models 
to investigate the pressure caused by an earthquake. The pressures predicted by these simulations are compared with two simple 
solutions being used in contemporary seismic design. The results of the simulations are presented in form of a parametric study on 
the effect of culvert tunnel length, venting geometry, dimension and topology of the vents, existence of notch at the vent opening, 
and also the cavitation effect. These studies were performed using scaled Tabas earthquake acceleration as the input seismic motion.

1. INTRODUCTION
Culvert valve and bulkhead gates are subject to substantial hydrodynamic water pressure loading during an earthquake. In some 
cases this pressure is ignored in the design of these gates and the supporting structures.  In regions with lower seismicity, this 
simplification could be acceptable, especially if the static head of water is substantial.  The hydrodynamic pressure, however, is 
large during a strong ground shaking and could become a substantial part of the design load. An example is Menjil 1990 earthquake 
in Iran where the hydrodynamic force damaged a radial gate in the intermediate level spillway of the Sepid Rud buttress dam 
(Jalalzadeh, 2000).

Besides, in current seismic analysis practice, wherever this hydrodynamic pressure is considered to be important, the seismic 
pressure according to Westergaard solution (Westergaard, 1933) is used. Westergaard solution results in adequate factor of safety 
in dam gates and gates of surface spillways (Sasaki, 2007). However, the results of a few Abaqus/Explicit simulations for that are 
presented here demonstrate that the Westergaard solution does not provide adequate factor of safety for some pressured water 
systems.

In this paper the governing pressure wave equation are briefly introduced alongside with water-structure interaction and the 
cavitation limit. Then a progressive analysis for the problem of interest is presented. In a progressive analysis, sophisticated models 
and simulations follow simplified analysis based on established technique. This step-by-step increase in the sophistication of the 
analysis helps with building up confidence in the final results. 

The progressive analysis in this work starts with the simple Westergaard solution. The pseudo-static Wieland analysis is presented as 
the next step in sophistication. Finally, the explicit (nonlinear) finite element analysis using Abaqus/Explicit is presented as the most 
sophisticated model. A comparison of these different solutions and the limits on applicability of these solutions is also presented.

Abaqus/Explicit analysis results are presented as a parametric study on 2D simulations. This study illustrates the effect of different 
parameters in the culvert geometry in determining the maximum pressure on the culvert valve gate. 

The progressive analysis and the parametric study presented here are the basis for the 3D Explicit Finite Elements simulations of 
the design cases in Tetra Tech.

2. STATEMENT OF THE PROBLEM
Figure 1 shows the schematics of the problem of interest. This picture shows an enclosed culvert tunnel that is connected to the 
bottom of a chamber in one end and is closed-off by a valve gate on the other end. 

There may be one or more vents in the culvert in between the chamber and the valve gate as is shown here. The culverts have 
maintenance bulkhead slots in the area of the gates, which have a free water surface at the top.  Although these have a limited area, 
they provide some venting of the pressures generated during the seismic event.
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The objective is to design the valve gate so that it can withstand the hydrodynamic pressure caused by seismic acceleration. 
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Figure 1  – Schematic of the problem of interest, which is used in the parametric study presented in this paper.

3. MATHEMATICAL VIEW
Here is a brief mathematical description of the pressure wave problem (DASSAULT SYSTEMS, 2011). The wave equation is 
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In the above equations, p  is the gauge pressure and c  is the speed of the pressure wave. K  is water bulk modulus and wρ  is water 
density. The pressure at the water surface remains zero. 

The interaction on water-structure interface is governed by nwu
n
p

ρ−=
∂
∂  where n  is the normal to the interface and nu  is the 

component of the structural acceleration in the normal direction.

In the time history analysis with cavitation the minimum gauge pressure is set to  -0.101 MPa based on the average atmospheric 
pressure at the sea level. 

4. ANALYSIS PROGRESSION
The Analysis progression starts with the Westergaard Solution that is an appropriate approximation for the case of (close to) zero 
vent length ( L in Figure 1). The next step on sophistication is using the pseudo-static analysis introduced by Wieland (Wieland 
solution). This solution is intended for the cases without vent. Finally Abaqus/Explicit simulation is presented which is the most 
sophisticated method of analysis. 

4.1 Westergaard Solution

It is accepted in civil engineering to estimate the hydrodynamic pressure on the rigid reservoir dams by the Westergaard 
hydrodynamic pressure equation, which is

0.875 .d wp gk H hρ=

where dp  is the hydrodynamic pressure (MPa), 29.81m/sg =  is the gravity and k  is the design seismic coefficient. The value of 

k  is two third of the peak ground acceleration in terms of g (i.e. 
2
3

PGAk
g

= ). H  is the total depth of the water reservoir and h  

is the depth from the reservoir water surface to the point of action of hydrodynamic pressure.

Source: SIMULIA Community Conference, 2012
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Figure 2 – Schematics for the Westergaard solution.

4.2 Wieland Solution

Wieland (2005) introduced a pseudo-static solution for the hydrodynamic water pressure in long tunnels. This solution uses elastic 
acceleration response spectra in estimating the pressure at the gate at the end of a pressure tunnel or penstock. The hydrodynamic 
pressure is calculated to be

( ) ( )ζγπ ,../8 1
2 TSLp awd =

L  is the length of the tunnel, 
1T  is the main period of the pressure wave propagation in the tunnel, and ζ  is the damping ratio.

4.3 Explicit Time History Analysis

The explicit method of time history analysis is selected here to capture the wave propagation characteristics of the solution. The 
explicit dynamics analysis procedure in Abaqus/Explicit (DASSAULT SYSTEMS, 2011) is based upon the implementation of an 
explicit integration rule together with the use of lumped element mass matrices. The program automatically selects the time 
stepping to ensure stability and convergence.

Water in the chamber and the culvert is modeled with acoustic elements simulating the properties of water. The element used in 
Abaqus/Explicit is AC3D8R, an 8-node linear acoustic brick.

4.4 Applicability of Different Solutions

Westergaard solution is credible for the case of rigid gates on dam lakes and channels walls. Wieland solution is a simple solution 
for the case of long enclosed tunnels, culverts and penstocks. Explicit Time History analysis is the most versatile solution presented 
here.

5. CASE STUDIES

5.1 The model

A group of 2D culvert models were simulated using Abaqus/Explicit to investigate the importance of the parameters that affect 
the maximum hydrodynamic pressure observed at the valve gate location. The parameters that were studied were the effect of 
culvert tunnel length, venting, dimension of the vents, existence of notch at the vent opening, and setting a minimum to the water 
pressure (cavitation effects). 

Figure 3 shows a representative model in Abaqus/CAE. Note that a rigid valve gate transfers the acceleration to the culvert.

Source: SIMULIA Community Conference, 2012
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Figure 3 – Picture of a typical model examined in this parametric study (case #4)

5.2 Seismic Loads

These studies were performed using scaled Tabas earthquake as the seismic motion. It is Tabas seismic record that is scaled to Peak 
Ground Acceleration of 4.18 m/s2.

Figure 4 presents the acceleration time history and Figure 5 shows the Pseudo-acceleration response spectra for this motion.

Figure 4 – Acceleration time histories for scaled TABAS earthquake.

Source: SIMULIA Community Conference, 2012
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Figure 5 – Pseudo Acceleration Spectra (PAS) for Tabas earthquake (5% damping).

5.3 The Simple Solutions

5.3.1 Westergaard Solution

Westergaard pressure for a gate center could be calculated using Westergaard equation with 43mH = 40mh = , and 
0.52PGA g= . Hence 0.12MPadp = .

5.3.2 Wieland Solution

Figure 6 presents the pressure at the end of tunnel (gate) location as is calculated based on the acceleration response spectra for 
Tabas earthquake (Figure 5).

Figure 6 – Gate pressure at the end of the tunnel for Tabas earthquake (5% overall damping) calculated using Wieland solution.

5.4 Parametric Studies

Table 1 shows the values of the parameters and also the maximum pressure observed in each case and its corresponding main 

Source: SIMULIA Community Conference, 2012
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frequency. Figure 7 to Figure 15 in the Appendix show the geometry and the pressure distribution in each of these cases.

5.4.1 Culvert Length Effect

Checking rows 1 to 3 of Table 1 shows that for L = 1m, Westergaard Solution is 45% overestimate. For L = 100m and L = 200m, 
however, it gravely underestimates the correct hydrodynamic pressure.

Figure 6 shows that Wieland solution is lower than the Abaqus/Explicit results at these lengths, which reflects the effect of damping 
besides the approximate nature of this solution. 

5.4.2 Venting and Geometry of Vents Effect

Adding a vent with the same width as the culvert depth decreases the pressure substantially. Decreasing the vent size, however, 
increases the maximum pressure observed at the gate center. Note that the gate pressure stays significantly higher than 
Westergaard estimate in all cases. These observations are presented in cases 4,5, and 6.

Moving the vent away from the valve gate increase the maximum pressure observed at the gate center as is shown in case 7. 
Adding a notch to the lower part of the vent, while keeping its free surface constant, won’t change the pressure significantly. This 
is observed by comparing case 6 and case 8.

5.4.3 Cavitation Effect

Case 9 is a re-run of case 6 with set cavitation limits ( ,min 0.101MPatp = − ).  This limit had reduced the maximum pressure 
observed at the valve gate. 

Table 1 – Parametric studies on culvert geometry, venting and cavitation. Pmax is the maximum pressure at the center of the gate.

Case L (m) l (m) D (m) Pmax (MPa) f1 (Hz)

1 – gate at chamber - - 0.085 8.5

2 – intermediate tunnel 100 - - 1.95 3.3

3 – long tunnel 200 - - 2.85 1.7

4 – case #3 with large vent 200 20 6 0.42 3.1

5 – case #3 with vent 200 20 2 0.95 2.5

6 – case #3 with small vent 200 20 1 2.33 2.2

7 – case #3 with far vent 200 100 1 2.50 2.0

8 – case #4 with notched 200 20 6 0.46 3.0

9 – case #6 with Cavitaion 200 20 1 1.31 -

6. SUMMARY AND CONCLUSION
A progressive analysis is presented here that was intended for estimating the seismic hydrodynamic pressure on culvert valves. This 
analysis starts from the simple Westergaard analysis, is followed by more refined Wieland solution, and is finalized by nonlinear 
time history analysis in Abaqus/Explicit.

The magnitude of the hydrodynamic pressure depends on the earthquake peak ground acceleration, and also frequency content 
of the earthquake. It is also a function of geometry, shape and length of the culvert tunnel and the shape and area of the vent 
openings.

The Abaqus/Explicit solution presented here is the most versatile one except for the shortcoming that it doesn’t include damping. 
Hence, except when cavitation is active, there is no damping of energy. Among the simpler solutions, the Wieland solution includes 
a uniform damping as implemented in the response spectra.

7. REFERENCES
1. DASSAULT SYSTEMES and Simulia, 2011. Abaqus Analysis User’s Manual.
2. Jalalzadeh A.A., Fouladi N.C., 2000. Measures on gated spillway of Sefidrud and Marun dams – case studies. Proc. 20th Int. 

Congress on Large Dams, China

Source: SIMULIA Community Conference, 2012
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8. APPENDIX
The following pictures illustrate the maximum hydrodynamic pressure distribution in the 9 parametric studies. The maximum 
pressure at the center of the gate is reported in Table 1.

Figure 7 - Maximum hydrodynamic pressure distribution in case 1.

Figure 8 - Maximum hydrodynamic pressure distribution in case 2.

Source: SIMULIA Community Conference, 2012
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Figure 9 - Maximum hydrodynamic pressure distribution in case 3.

Figure 10 - Maximum hydrodynamic pressure distribution in case 4.

Source: SIMULIA Community Conference, 2012
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Figure 11 - Maximum hydrodynamic pressure distribution in case 5.

Figure 12 - Maximum hydrodynamic pressure distribution in case 6.

Source: SIMULIA Community Conference, 2012
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Figure 13 - Maximum hydrodynamic pressure distribution in case 7.

Figure 14 - Maximum hydrodynamic pressure distribution in case 8.

Figure 15 - Maximum hydrodynamic pressure distribution in case 9.

Source: SIMULIA Community Conference, 2012
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Wind turbines have become an iconic symbol of alternative 
energy with their tall, upright towers and graceful, spinning 
blades. Choosing a proper site for the towers is certainly the 
starting point for maximizing the output of a large wind farm. 
But for the most efficient conversion of the kinetic energy 
of wind into mechanical energy, or ‘wind power,’ additional 
control over the position of each turbine’s nacelle and blades 
is essential. This is the task of the yaw and pitch drives, 
which adjust the physical orientation of those components 
in response to fluctuations in the velocity and direction of 
prevailing breezes.  

Located at the base of the nacelle, a yaw drive changes the 
direction which the nacelle faces. Where each blade meets 
the nacelle, a pitch drive changes the angle of the blades. 
Working in tandem, these computer-driven gear mechanisms 
automatically optimize the orientation of the turbine relative 
to the wind so power can be generated in the most efficient 
manner possible. 

GEARING UP FOR LARGE WIND TURBINES
Precision yaw and pitch drives for robotic reduction gears are a 
specialty of Nabtesco Corporation of Japan, known worldwide 
for unique technology that allows those components to be 
smaller and lighter than many conventional robotic drives. 
But when the company expanded into energy harvesting 
equipment, such as wind turbines and solar energy collector 
trackers, they realized that ‘smaller, and lighter’ have their 
limits in large industrial structures. 

“Particularly in the wind industry, our biggest challenges are 
ensuring sufficient gear strength and long-term endurance 
in gusty conditions,” says Kazuhiko Yokoji, CAE manager, 
CAE & material department, whose team provides computer-
aided engineering services for the entire Nabtesco group. 
“Our reduction gears are made up of a lot of very complicated 
assemblies, with many parts that come in contact with one 
another. For each wind turbine configuration, we have to 
provide our customers with the best possible design that 
minimizes overall stress while maintaining durability.” 

Every yaw and pitch drive in a wind turbine engages with a 
pinion gear, made from specialized treated steel, that transmits 
power from the drive to the nacelle or blade. In a huge wind 
turbine, the rotation angle between drive and pinion gear teeth 
is particularly small, so repeated contact over time—particularly 
under the ‘routine’ stresses of high winds and tower vibration—
has the potential to damage tooth surfaces and cause assembly 
breakdowns.  

BALANCING CONTACT FOR BEST PERFORMANCE
To minimize such hazards, the engineers strive to balance the 
contact between ring and pinion teeth so that the ‘normal’ 
stress of rotation and the sheer stress of the teeth against each 
other are reduced. Decreasing the stress on teeth improves 
their durability—and that of the entire assembly as well. 

Since the thinner, outer edges of a tooth are most susceptible 
to damage, teeth are manufactured with a curved surface 
(“crowning”) so that the edge dips away to either side of the 
center of the tooth and the contact between teeth occurs 
somewhere in the middle. Too steep crowning decreases the 
contact area too much, intensifying tooth stress. Too shallow 
crowning allows stress to extend too close to tooth edges. 
Damaging edge contact can also increase if the pitch drive shaft 
bends. “Since crowning has such a significant effect on contact 
area and maximum stress, pinion tooth shape is a major focus 
in our design process,” says Yokoji.                   

Finding that optimum tooth shape is a time-consuming 
challenge when done manually. The contact area between 
drive and pinion teeth can be visually identified in a test rig by 
coating the teeth with a special paint that rubs off where they 
engage. “But using this method means a lot of pinions have to 
be manufactured and tested in order to identify which shape is 
the most desirable,” says Yokoji. “And this method doesn’t give 
us the overall stress data that helps us evaluate durability. We 
felt we could get a more complete picture using an analytical 
model that could simultaneously analyze tooth contact area 
and maximum stress.”

Nabtesco Powers Up Wind Turbine Gear Performance  
with Realistic Simulation
Abaqus FEA helps improve strength and endurance of nacelle yaw and blade pitch drives

Yaw drives

Nacelle

Blade

Tower

Pitch drives

Location of yaw and pitch drives on wind turbine.

Source: SIMULIA Community News, 2012
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Optimizing gears with Isight resulted in a design that lowered contact stress 
across the entire surface.

SIMULIA SOLUTIONS SPEED UP ANALYSIS
Yokoji’s team uses Abaqus unified finite element analysis (FEA) 
from SIMULIA to solve a number of wind turbine-related design 
challenges. “Abaqus’ capabilities for reproducing motion, and 
also investigating fluid-structure interaction (wind is modeled 
as a fluid) are particularly important to Nabtesco,” says Yokoji. 

To create an analytical simulation of the pinion test rig, the 
engineers started from a global Abaqus CAE model based on 
imported CAD geometries of rig, drive, and pinion. The bottom 
surface of the test apparatus was modeled as fixed. Resistance 
(this data, including the effect of wind velocity, was provided 
by a Nabtesco customer) was applied to the reduction gear 
shaft, and the pinion was rotated at a prescribed angle. This 
allowed the team to see when and where the opposing teeth 
engaged as the gears rotated, and what the resulting stresses 
were.

For a deeper understanding of what happens when the teeth 
interact, the engineers needed to mesh the relatively small area 
of tooth-face contact with particularly fine C3D8R elements. 
To reduce computation time for this portion of the model, they 
created a submodel that contained only those areas of acute 
interest. When compared against the painted gear rig tests, the 
FEA results showed good agreement.

“We still wanted to get a complete picture of how the 
total contact area and stresses fluctuated over the course of 
the entire engagement processes,” says Yokoji. “This would 
provide us with the ‘big picture’ of contact history that we 
needed for evaluating tooth designs for durability.” So his 
team developed a proprietary post-processing technique that 
employed an Abaqus user subroutine to show the history of 
how stress developed from the start of engagement, through 
changes in the rotation angle, to the end of engagement. Now 
they had a complete toolset to start fine-tuning individual 
pinion tooth shape.

OPTIMIZING THE ANALYSIS WITH ISIGHT
At this point the group turned to Isight process automation 
and optimization software from SIMULIA, coupling their own 
in-house program for creating contact stress distribution history 
into the workflow. This allowed them to quickly generate clear 
results from huge result files and evaluate both the immediate 
(stress) and the long-term (strength/durability) consequences 
of every design change. They then plotted the results into three-
dimensional stress distribution graphs that tracked all phases 
of gear engagement and let them see how modifying gear     
crowning contours affected overall performance. 

“Our CAE workflow now enables us to optimize crowning 
of pinion gear teeth designs accurately and with far less 
manpower than before,” says Yokoji. “This method reduces 
design times dramatically.”  

Nabtesco’s newly designed gears are just being introduced 
into the field and the company is gathering data to generate 
accurate comparisons with previous models. “We believe that 
there will be a significant improvement in durability,” says 
Yokoji. “Abaqus and Isight give us confidence that we can 
design durable gears that can stand up to the rigors of wind 
power generation.”

(Left) Smaller pinion gear engages with outer ring gear. Note that rotation angle where teeth intersect is 
very small; this can contribute to gear tooth damage over time. A small contact area (red, center) between 
teeth can be optimized with CAE analysis (red, right) to decrease average stress and prolong gear life.

Isight workflow

Modified design 1 Modified design 3

Source: SIMULIA Community News, 2012
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Behavior of Foundation Piles for Offshore Wind Energy 
Plants under Axial Cyclic Loading
K. Abdel-Rahman, M. Achmus (Institute of Soil Mechanics, Foundation Engineering and Waterpower Engineering 
Leibniz University of Hannover, Germany)

Abstract: Offshore wind energy plants promise to become an important source of energy in the near future. It is expected that 
within 10 years, wind parks with a total capacity of thousands of megawatts will be installed in European seas. The foundation 
of such offshore wind energy plants plays an important role in the stability of these structures. High demands have to be made 
concerning foundation design and construction methods to find economical and technically optimal solutions. Two foundation 
concepts which will be used in this field are the jacket and the tripod. Under the wind and waves action, the piles will be subjected 
to highly cyclic tension or compressive loading. Regarding design practice and research in the field of the soil-structure-interaction 
the behavior of these foundations could be covered using numerical modeling.  A two-dimensional numerical model using the 
finite element system ABAQUS will be developed. In this model the material behavior of the subsoil is described using an elasto-
plastic constitutive model with Mohr-Coulomb failure criterion. A new approach based on cyclic shear deformation along the pile 
was implemented in ABAQUS to simulate numerically the behaviour of tension piles under cyclic loading. Preliminary results are 
presented concerning the capacity of piles under cyclic axial loading.

Keywords: Offshore, Tripod, Jacket, soil-structure-interaction, Abaqus, Mohr-Coulomb, cyclic loading, skin friction degradation.

1. INTRODUCTION
Many offshore structures are constructed using deep piled foundations (e.g. tripod & jacket) in order to transfer structural dead load 
to the ground. For example, the tripod foundation system consists of a spatial steel frame transferring the forces from the tower 
to primarily tension and compression forces in three hollow steel piles driven into the seabed, located in the corners of a triangle 
(see Figure 1). The planned plants are to have hub heights of approximately 100 m and rotor diameters of approximately 120 m.

The behavior of these piles acting in compression has been widely studied using numerical modeling, centrifuge modeling and full-
scale testing. Upwards tensile loads may however be applied to these piles owing to the action of horizontal wind or wave forces 
on the offshore structure and the behavior of the piles under these loads is not well documented. Cyclic behavior of axially loaded 
piles has been an issue since studies revealed that the capability of transferring skin friction into the ground is highly dependent 
on the level and the number of load cycles. In this paper, the behavior of tension piles under cyclic loading using the techniques 
of finite element analysis will be described, and their results will be evaluated to give an insight into the behavior of tension piles 
under axial cyclic loading.

+ 30 m

+ 130 m

+ 0,0 m

+ 190 m

-1 m

0 m

-7 m

S,u

mS - fS

D = 7,5 m

mS - g

Soil structure

 
Figure 1.   Example of a tripod foundation

Source: SIMULIA Community Conference, 2011
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2. OVERVIEW OF PREVIOUS WORK 
Under cyclic axial loads, degradation of ultimate skin friction and with that a decrease of the pile capacity is to be expected. Different 
studies on steel pipe piles in non-cohesive soils have been carried out. Some investigations were made at a test field in Dunkirk under 
the supervision of the Imperial College in London (Jardine & Standing, (2000)). It has been shown that degradation of skin friction 
due to axial cyclic loading leads to accumulating displacements and a severe reduction in pile capacity.

Due to experience, no pile capacity reduction is to be expected if a certain magnitude of the cyclic load portion is not exceeded. The 
threshold value is termed the critical level of repeated loading (CLRL): 

 
     (1)  

Here Ecycl is the cyclic load amplitude and Rk is the static pile capacity. From an evaluation of literature results, Schwarz (2002) 
reported the CLRL-values given in Table 1. The table shows clearly that piles in non-cohesive soils are more sensitive to cyclic axial 
loading than piles in cohesive soils.

Table 1. Critical level of repeated loading according to Schwarz (2002)

Soil type CLRL

Sand 0.1 – 0.4

Silt 0.4 – 0.6

Clay, normally consolidated 0.3 – 0.55

Clay, overconsolidated 0.85 – 1.0

Poulos (1988) presented a cyclic stability diagram for axially loaded piles. Based on several model and field tests, the load cycle 
numbers leading to pile failure are given dependent on the normalized mean load E0/Rk and the cyclic load amplitude Ecycl /Rk. A 
“stable” region is defined here with Ecycl /Rk ≤ 0.2 (i.e. CLRL = 0.2) for E0 ≤ 0.6 Rk. 

Kempfert (2009) evaluated pile test results in cohesive and non-cohesive soils separately and proposed the following approach to 
determine the critical cyclic load amplitude:

      (2)   

The factor κ* is dependent on the number of load cycles and the type of soil and is given in the following table:

Table 2. κ *-value dependent on the number of load cycles and soil type 
(Kempfert 2009)

Number of load 
cycles N 101 102 103 104 105 106

κ* non-cohesive 0.43 0.38 0.33 0.28 0.23 0.18

κ* cohesive 0.48 0.43 0.38 0.33 0.28 0.23

It is generally assumed that the reason for the decrease of skin friction is the compaction of the sand directly beneath the pile shaft 
due to cyclic shearing. According to Randolph (2009), who evaluated cyclic interface tests on sand, the soil compaction occurs 
mainly within a small shear band around the pile. In a model proposed by Richter & Kirsch (2010), compaction occurs up to a 
distance at which a threshold value of cyclic shear strain in the soil is reached. The latter model is used for the numerical approach 
and is described more detailed below.

3. DESCRIPTION OF THE PROPOSED APPROACH 
Richter & Kirsch (2010) developed a calculation method for the decrease of ultimate skin friction on cyclic axially loaded piles. In a 
first step, the distribution of shear stresses along the pile under the cyclic load portion has to be determined. At a certain depth, the 
attenuation of shear stresses τ with increasing distance r from the pile axis is described by following equation:

Source: SIMULIA Community Conference, 2011
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     (3)  

 

Here r0 is the pile radius. A cyclic shear modulus, which can be calculated from the maximum shear modulus as a function of cyclic 
shear strain, is used to calculate the cyclic shear strain amplitude. 

The compaction effect on a soil sample due to application of 10 cycles of shear strain was investigated previously by Silver & 
Seed (1971) by performing cyclic simple shear tests on sand. Their results can be presented as a relationship between the volume 
reduction due to compaction (eii) and the cyclic shear strain (see Fig. 2). Richter & Kirsch assumed a logarithmic dependence of 
volume compaction and number of cycles and thus extended the equation by introducing log10N:

      (4)

Here Id is the relative density of the sand specimen. By integrating the volumetric strain due to compaction (eii), a radial displacement 
ur can be calculated. The integration is carried out up to a limiting distance rlimit , at which the cyclic strain amplitude becomes smaller 
than a threshold value glim. This threshold value glim can be derived from Vucetic (1994). 

For non-cohesive soil, glim can be set to 0.01%. The factor α in the Eq. (4) is a parameter introduced by Richter & Kirsch (2010), 
which can be derived from cyclic simple shear test. From Silver & Seed’s results a value of 5∙10-5 for (α glim) can be calculated, which 
leads to α=0.5. Interpreting ur as an expansion of the pile diameter and applying the elastic solution of cavity expansion problem, 
the corresponding change of radial soil stress (Dsr) and of skin friction (Dτ) can be calculated:

      
   (5a) 

     (5b) 
   

Here Gw is the reloading shear modulus of the soil. For more details refer to Richter & Kirsch (2010).

 

Figure 2. Cyclic vertical compaction of sand after 10 cycles (Silver & Seed 1971)

4. NUMERICAL MODELING 
In the numerical approach, the basic idea of Richter & Kirsch is adopted by using Eq. (4) to determine volumetric compaction of the 
soil induced by cyclic shear strain. However, the shear stress and shear strain distributions in the soil beneath the pile and also the 
stress changes due to the volumetric compaction are calculated by means of a finite element model of the pile-soil system. The 
computations were carried out using the finite element program system ABAQUS (Abaqus 2010). 

Source: SIMULIA Community Conference, 2011
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Mesh Design

A two-dimensional (2D-axisymmetric) finite element model to investigate the axial deformation response of a pile in sandy soil in 
this study was established. The finite element mesh used in the analysis is shown in Fig. 3. The elements used to model the soil 
are 4-noded axisymmetric elements. The elements are biased towards the pile in order to give most data in the region of greatest 
interest, i.e. close to the pile.  The limits of the mesh were at a radius of 25.0m and 15.0m below the base of the pile, it was verified 
that with model dimensions used the calculated behavior of the pile is not affected by the boundary conditions. 

Figure 3. Finite element mesh
 
The piles were assumed to be rigid (non-deformable) and were modeled using “rigid body” option in ABAQUS and the displacements 
were controlled by referring to reference nodes of the rigid body. Different pile dimensions (diameter & length) were used in order 
to perform a parametric study to examine the overall behavior of tension piles. Three different piles diameters (D=2.0m, 2.50m & 
3.0m) and three different embedded lengths (L=20.0m, 25.0m, & 30.0m) were modeled.

Constitutive Model 

To account for the non-linear soil behavior, soil elements were simulated as elasto-plastic material with Mohr-Coulomb failure 
criterion. A stress dependency of the oedometric stiffness modulus was implemented as follows:

       (6)

Here σat = 100 kN/m2 is a reference (atmospheric) stress and σm is the current mean principal stress in the considered soil element. 
The parameter κ determines the soil stiffness at the reference stress state and the parameter λ rules the stress dependency of the 
soil stiffness. The material parameters used here are given in Table 3. 

Source: SIMULIA Community Conference, 2011
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Table 3. Material parameters used for medium dense sand.

Unit buoyant weight γ’ 11.0 kN/m3

Oedometric stiffness parameter κ 600

Oedometric stiffness parameter λ 0.55

Poisson’s ratio n 0.25

Internal friction angle ϕ’ 35.0°

Dilation angle ψ 5.0°

Cohesion c’ 0.1 kN/m2

Contact Behavior

For the contact behavior of the surface between pile (rigid body) and soil an elasto-plastic model was used. The maximum frictional 
shear stress tfric,max is dependent on the normal stress sn and a coefficient of friction µ. In the numerical simulations presented 
here µ = 0.431 was assumed (µ = tan (2/3ϕ)). In order to describe the frictional behavior between the pile and the surrounding soil 
realistically, the maximum frictional shear stress was limited to a value of 80 kN/m2, which is approximately the value for medium 
dense sand recommended in the API design guidelines (API 2000). 

For full mobilization of the limit frictional stress the relative displacement (elastic slip) between the pile and the surrounding soil 
was set to Duel,slip = 0.005 m. The stiffness of the contact (kτ) before reaching the maximum frictional stress is thus defined as shown 
in Fig. 4.

Figure 4. Modeling of contact behavior

Modeling Procedure

The numerical modeling was performed in three stages. In the first stage the static pull-out capacity of the pile was calculated by 
increasing the tensile load until failure occurred. In a second stage a certain tensile load – in the investigations presented about 40% 
of the static pull-out capacity – was applied and the resulting stress-strain behavior of the system was assessed. In a third stage, 
the volume compactions determined from the results of the second stage and for a certain number of load cycles were applied to 
the pile-soil system and subsequently the pile load was increased to failure in order to obtain remaining pile capacity after cyclic 
loading. 

The first step was the initialization of geostatic stresses in the soil mass by activating the soil’s weight. Afterwards, the soil elements 
located at the pile position were removed and replaced by the rigid pile body and the contact conditions were activated. In the first 
stage calculation, the static pile capacity was determined subsequently.

In the second stage calculation, the initial shear strains in the soil elements g0 were calculated. As a measure of shear strain, the 
value proposed by Wegener & Herle (2010) was used:

         (7)  

Then the cyclic load portion was applied and the shear strains in all soil elements were assessed again, yielding the values g1. Using 
Eq. (7), the volumetric strain for each soil element was determined. For elements in which the cyclic shear strain was smaller than 

Source: SIMULIA Community Conference, 2011
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the threshold value α glim, the volumetric strain was set to zero. In the calculations presented here, α glim=5∙10-5 was used.

In the third stage, the degradation behavior under cyclic loading was modeled as follows:

i) To apply the volumetric strain to the pile-soil system, a temperature field was established and applied to the system. 
The temperature difference and the respective material parameter (temperature expansion coefficient) were chosen 
such that the resulting shrinkage of an element was identical to the demanded volumetric compaction. 

ii) The application of the temperature fields induces stress redistribution in the systems. Thus, the reduction of normal 
stress acting on the pile is obtained directly by the model.

iii) Finally, the pile was pulled out and the post-cyclic pile capacity was determined. 

The steps ii) and iii) were repeated to simulate different number of load cycles (here ranging from 10 to 10,000). 

5. NUMERICAL RESULTS
In this study, first results regarding the stress changes in sand soil due to cyclic axial (tensile) pile loading and the resulting post-
cyclic pile capacities are presented. In order to investigate the effect of cyclic loading, the number of load cycles was varied from 
N=1 (static loading) until N=10,000. 

Rigid piles in medium dense sand with the parameters given in Table 3 were considered. For this first approach, no distinction was 
made between soil stiffness values under first time loading and reloading. 

Post-cyclic pile capacity 

In Fig. 5 the post-cyclic load-displacement relationships for two different pile geometries are shown. Once a pile with diameter 
D=2m and length L=30m and once a pile with D=3m and L=20m was considered. 

Static pullout-capacities of about 5.75 MN (D=2m, L=30m) and 3.75 MN (D=3m, L=20m) were obtained. The considered 
cyclic loads were pure swell-loads with a magnitude of 40% of the obtained static capacities. Assessing the volume compaction 
dependent on the calculated shear strains and the number of load cycles, these values were applied to the model and afterwards 
pullout was modeled.

As to be expected, a decrease of post-cyclic capacity with the number of load cycles was obtained and can be seen in absolute values 
in Fig. 5 and as a degradation factor dependent on number of load cycles in Fig. 6. Since the dependence of the volume compaction 
on the number of load cycles is assumed to be logarithmic, also the decrease of post-cyclic capacity depends on the logarithm of 
load cycles. Very similar degradation factors were found for the two cases considered. The factors vary from about 7% for N=10 
until about 28% for N=10,000. Similar results were also obtained with other pile dimensions. Thus, the results are valid for almost 
rigid piles with lengths of 20m to 30m under a cyclic swell load of 40% of the static pile capacity.

Figure 5. Numerically obtained post-cyclic tensile pile capacities (left: D=2m, L=30m, right: D=3m, L=20m)

Source: SIMULIA Community Conference, 2011
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Figure 6. Pile capacity degradation due to cyclic pre-loading (left: D=2m, L=30m, right: D=3m, L=20m)     
   

Skin Friction Degradation

The decrease of the horizontal stress (Dsh = Ds11) around a pile with a diameter D=2.5m and length L=25m after 100 cycles is 
shown in Figure 7. The contour plot shows the effect of the cyclic loading on the horizontal stress and consequently on the ultimate 
skin friction between the pile and the soil. A decrease occurs up to a certain distance from the pile, which is consistent with the 
theoretical assumptions. This decrease of the horizontal stress is mainly concentrated in the soil beneath the lower part of the pile. 

Figure 8 shows the distribution of ultimate skin frictions along the piles after different numbers of load cycles. For the rigid 
piles in sand considered here, a triangular distribution of ultimate skin friction is obtained for static load condition, as it also can be 
found in design guidelines (e.g. API 2000). Fig. 8 shows that after cyclic pre-loading this linear distribution changes to a non-linear 
distribution. The larger the depth, the larger the skin friction degradation becomes. In the first upper meters there is almost no 
degradation in the skin friction, because the cyclic shear strains in these depths are smaller than the threshold value above which 
volume compaction occurs. But below, the degradation starts and becomes maximal at the pile tip. This result is valid for rigid piles 
in homogeneous soil, since here the actual skin friction monotonically increases with depth and thus also the cyclic shear strain 
amplitudes become larger with depth. 

 

Figure 7. Decrease of the horizontal stress under cyclic loading (D=2.50, L=25.0m, N=100)

Source: SIMULIA Community Conference, 2011
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Figure 8. Skin friction degradation under cyclic loading (D=2.50, L=25.0m)

6. CONCLUSIONS
A numerical method was developed which is capable to assess stress changes in the soil around a pile due to cyclic axial loading and 
to figure out the post-cyclic pullout-capacity of the pile with respect to the magnitude of cyclic axial load and the number of load 
cycles. The method is a numerical realization of an analytical approach of Richter & Kirsch (2010). Here, the volume compaction due 
to cyclic shearing is assessed empirically dependent on the cyclic shear strains and is then applied to the pile-soil system.

In the paper in hand, mainly the idea and the way of realization of the method are described. First results for rigid piles in 
homogeneous medium dense sand are presented. The method gives a prediction of post-cyclic pile capacities and is thus a 
promising tool to assess cyclic load effects on the behavior of axially loaded piles.

In subsequent investigations, further parametric studies will be carried out with non-rigid piles, different relative densities of the 
sand soil, layered soils and different cyclic load magnitudes. A further refinement of the method is also highly desirable. In particular, 
consideration of small strain stiffness effects and distinction between first time loading and cyclic un- and reloading is foreseen.

The results presented in this paper were obtained as part of the GIGAWIND ALPHA VENTUS research group project funded by the 
Federal Ministry for the Environment, Natural Conservation and Nuclear Safety, Germany. The support is thankfully acknowledged.
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Structural and motion system dynamic analysis of a  
two-axes solar tracker under wind action
Ana María Gil, Alberto Acín, Fernando Rueda (Advanced Design & Analysis Division, IDOM (www.idom.es)) 
Ignacio Mayor (Index Servicios de Ingeniería, grupo Aciturri Aeronáutica (www.indexing.es))

Abstract: Solar trackers are being increasingly used within the industry in order to improve the amount of power produced by 
photovoltaic systems. The design of these devices must pay special attention to wind action as the most relevant load seen by the 
generally flexible structure supporting the panels. However, standard building codes may not be particularly suitable for this sort of 
very flexible, extremely wind-exposed and not very critical-from-a-safety-point-of-view structures. 

In this context, a sensible approach in order to estimate the aerodynamic loading acting on the system, has been carried out by a 
coupling of CFD and structural analyses performed with FLUENT and Abaqus/Standard, respectively. Some relevant aspects such as 
most critical scenario selection, influence of incoming turbulence in the dynamic response of the structure, and sizing of the motion 
system (two axes of rotation) in order to overcome the aerodynamic loading during positioning of the tracker, were addressed.

Keywords: Wind loading, turbulence, aerodynamics, structural dynamics, random response analysis, solar tracker.

1. INTRODUCTION

1.1 Overall description of the solar tracker

The IN0627 solar tracker is a dual axis device intended to be continuously actuated so that the sunbeam angle remains always 
normal to the photovoltaic panels orientation. By tracking the sun, the efficiency of the solar panels can be increased by 30-40% 
with respect to fixed support designs. 

The motion of the structure supporting the panels is provided by two rotations, the first one around a vertical axis, usually called 
azimuth, and the second one around a horizontal axis, usually called elevation. These two rotations are shown in Figure 1.

The azimuth motion is provided by means of a geared motor which transfers the rotation to the upper part of the device through a 
gearing system, depicted schematically in Figure 2. The elevation motion is provided by a set of two hydraulic actuators, as shown 
in Figure 3.

 

Figure 1. Elevation and Azimuth rotations - Scheme.

 
Figure 2. Mechanical system providing the Azimuth rotation.

Source: SIMULIA Community Conference, 2009
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Figure 3. Mechanical system providing the Elevation rotation.

The structural design can be split in three basic parts: the column, running from the foundation to the first stage of rotation 
(azimuth), the central body, including a central support and the two structural arms whose ends serve as the support of the 
hydraulic actuators, and the supporting grillage for the photovoltaic panels. An exploited view of these parts is shown in Figure 4.

 

Figure 4. Structural design.

1.2 Problem statement

The solar tracker is aimed to optimize the energy production efficiency by following the sun trajectory, and, therefore, the panels 
must remain always normal to the sunbeam direction. Obviously, there is no correlation between this solar motion and the direction 
on which the wind may act at a particular site and moment, which results in a wide variety of possible wind load scenarios in terms 
of the device orientation with respect to the wind direction.

Most designs are instrumented with anemometers, so that when the wind speed records exceed a predefined threshold, the control 
system takes the device to a so-called safety position, where the aerodynamic lift and drag forces are reduced as much as possible. 
However, these events should be kept to a minimum in order to optimize the energy production efficiency of the plant. On the other 
hand, if the overall system is designed to withstand extremely high wind loads for any possible orientation, the design will not be 
attractive from an economical point of view, and will have to be discarded.

Source: SIMULIA Community Conference, 2009
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Therefore, a reasonable assessment of the design performance under wind action is crucial in order to tune the final design 
parameters in accordance to the desired wind speed limit beyond which the system is to be taken to the safety position. 

But wind speed is not the only parameter defining the wind load levels to be encountered by the solar tracker. Wake effects and 
complex terrain geometries, along with the relatively low height of a solar tracker, make incoming turbulence a potential risk. 
Since the conceptual design is likely to be quite flexible, the overall dynamic response may result in much higher loads than 
those expected from a standard static approach. Therefore, in order to evaluate the response of the solar tracker under turbulent 
wind loading, a dynamic approach must be considered, in which the frequency content of the excitation is characterized and the 
dynamic behavior of the structure is accounted for. Both phenomena are not particularly easy to address beforehand, and some 
simplifications will have to be adopted.

2. WIND LOADING

2.1 Benchmarking exercise

According to previous correlations between numerical results and experimental data, it is well known that CFD calculations often 
find difficulties in accurately reproducing the wake flow field. This effect usually results in an underestimation of suction forces for 
this sort of external flows in which a massive separation of the boundary layer takes place. The differences in the wake region are 
inherent to the calculation method and it is an intrinsic limitation of turbulence k-ε models. These models normally overestimate 
the turbulent kinetic energy generation, yielding a reduction of the wake region which, in turn, underestimates the overall suction 
downstream. This limitation is widely documented in bibliography (Richards, 1993).

In order to gain some confidence on the reliability of the aerodynamic forces for the solar tracker obtained by numerical simulations, 
a preliminary analysis covering a similar problem for which experimental data was available in the literature was performed. The 
benchmark exercise was carried out for a flat plate with an aspect ratio of 5 for different yaw angles (Flachsbart, 1934), a problem 
similar in geometry and configuration to the solar tracker problem. 

The main purpose of the benchmark was twofold:

• First, the results obtained by applying the CFD methodology were to be compared to those available in bibliography, in order to 
estimate the level of accuracy to be expected in the aerodynamic loading analyses.

• Secondly, by identifying key parameters of the CFD which yielded better results when compared to the experimental results, an 
analysis strategy would be derived and applied to the solar tracker case. These key parameters were mainly: meshing strategy, 
turbulence model, convergence criteria and interpolation scheme.

Figure 5 shows an overall view of the computational domain and mesh for the benchmark problem, whereas Figure 6 shows a 
comparison between the experimental and numerical results for different meshing strategies as a function of the angle of incidence 
to the plate. The results show that the worst situation in terms of accuracy yields errors in the order of 16% for the drag/lift values, 
which was considered acceptable according to the nature of the problem at hand. This over prediction of forces takes place when 
separation effects are more significant, being the highest levels of accuracy reached with second order interpolation schemes.

 
Figure 5. Benchmark case – Computational domain and mesh

Source: SIMULIA Community Conference, 2009
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Figure 6. Benchmark case – Computational vs. Experimental results

Within the context of the project, these results showed that CFD predictions were accurate enough in order to predict the wind 
loading acting on a solar tracker at different positions, taking also into account wind directionality. The best CFD analysis strategies 
in terms of meshing, turbulence model, convergence criteria and interpolation scheme, were used for the solar tracker case.

2.2 CFD analysis of the solar tracker at different positions for different wind directions

After the overall simulation strategy was settled in accordance to the results obtained for the benchmark case, a CFD model of the 
solar tracker was created. For the purpose of the study, the solar tracker was represented as a flat plate located at a certain vertical 
distance from the ground. A series of simulations were carried out in order to select the worst case scenarios for the structure and 
the motion systems (see Figures 2 and 3). 

A matrix of 18 stationary cases was covered, with a combination of three different pitch angles (63º, 43º and 34º) and six different 
yaw angles (0º, 30º, 60º, 120º, 150º and 180º). The model was created, so that these different scenarios could be prepared almost 
automatically from the nominal mesh. Figure 7 shows the aerodynamic pressure contours and flow patterns under the six different 
yaw conditions considered, for a 63º pitch angle.

The resulting aerodynamic forces were computed at the center of every single solar panel (the supporting grillage contained a panel 
array of 7 rows and 18 columns): This set of forces was stored in order to be further introduced in the structural model as *CLOADs.

Source: SIMULIA Community Conference, 2009
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Figure 7. Aerodynamic pressure patterns for different yaw angles – pitch angle: 63º

2.3 Splitting of the mean and fluctuating components of the wind speed

In order to establish a wind loading criterion for the solar tracker, a different approach to that commonly used in structural 
engineering practice was adopted. 

The main conceptual difference between a solar tracker and conventional structures lies in the fact that solar trackers do not have to 
be designed to withstand the highest wind loads likely to be encountered during their lifetime: they can minimize the wind loading 
by changing their orientation. 

The solar tracker design basis define certain thresholds for the wind speed, above which, the solar panels must be taken to safe 
positions, where the aerodynamic forces and moments, are decreased to acceptable levels. Therefore, the decision about whether 
the device must be taken to a safe position or not depends on the wind speed monitoring program implemented on site, which 
most of the times provides wind speed records taken every few seconds. In this context, traditional concepts such as the so called 
basic wind velocity (Eurocode, 2004) may be of little use. On paper, the solar tracker design is not site-dependent. It must be able 
to withstand up to a certain predefined limit and, beyond that, capacity of the motion system must ensure that it can be taken to 
a safe position. But adopting that predefined limit and treating it as a static value may result in non-conservative assumptions. The 
non-stationary wind speed components can excite a significant dynamic response in flexible structures. In these cases, the turbulent 
components can be characterized as a function of frequency by a power spectral density function

The new question could be put this other way: When a certain wind speed is measured on site, how do we split its mean and 
fluctuating components? This could be achieved by implementing some sort of control routine for post-processing of the recorded 
values, but from a mechanical and structural design point of view, a reasonable estimation has to be made much in advance. If too 
conservative, the design will be expensive. If too loose, there will be more failures than desired once the solar trackers have been 
installed on site.

In the context of this work, the splitting was made adapting the EC-1 formulation (Eurocode, 2004) and playing with the basic 
wind speed concept in a slightly different way, though a number of different formulations are available in the literature expressed 
in terms of key factors such as mean wind speed, height, turbulence intensity, surface roughness, etc (Simiu & Scanlan, 1996). 

Source: SIMULIA Community Conference, 2009



31www.3ds.com/simulia

Energy, Process & Utilities 

According to the EC-1 formulation (Eurocode, 2004), the mean wind speed is expressed as a function of the basic wind speed, 
height and some surface-roughness dependent parameters. The corresponding power spectral density function (and therefore, the 
turbulence intensity and the standard deviation of the turbulence) is also a function of the same variables. It should be remembered 
that integrating the power spectral density function with respect to frequency yields the standard deviation of the wind speed, 
considered as a random variable. Therefore, in order to assign the splitting strategy for a certain total wind speed, totv , the 
decomposition was carried out as follows:

),,(),,( roughnesszvroughnesszvvvvv bvbstationaryfluctstationarytot σ+=+=

Once the total wind speed and the roughness parameters are selected, the equation is solved, so that the only remaining variable, 
the equivalent basic wind speed, bv , is obtained. In order to compute the total responses, totR , the same approach is used, 
where ),,( roughnesszvbRσ  is the root mean square of the response: 

),,(),,( roughnesszvroughnesszvRRRR bRbstationaryfluctstationarytot σ+=+=

Figure 8 shows the power spectral density function of the wind speed velocity as a function of surface roughness at a height of 5 
m for a basic wind speed of 70 m/s. Increasing the surface roughness results in higher levels of turbulence and, therefore, higher 
significance of the fluctuations with respect to the mean wind speed level. For this study, some preliminary analyses were carried 
out, finally adopting the terrain category IV (Eurocode, 2004), recommended for very rough surfaces. Total spatial correlation has 
been considered, given the size of the surface exposed to the wind action.

In terms of the analyses with Abaqus/Standard, the process will then have two steps (apart from the required modal extraction):

*STEP, PERTURBATION 
** Aerodynamic forces taken from CFD and introduced by CLOADs at the 

** center of panels for the stationary wind speed 
*STATIC

1.0, 1.0 
…

*CLOAD 
** Aerodynamic forces adapted to the corresponding stationary wind speed 
*END STEP 
**  
*STEP 
** Random response analysis where the PSD corresponding to the fluctuating 
** component of the wind speed is introduced

*RANDOM RESPONSE

0.1, 5.0, 10 
*MODAL DAMPING, MODAL=DIRECT 
1,50,0.02 
*PSD-DEFINITION, NAME=WindSpectrum, type=force 
… 
*CLOAD, LOAD CASE=1 
… 
*CORRELATION, TYPE=CORRELATED, COMPLEX=NO, PSD=WindSpectrum  
*END STEP

Source: SIMULIA Community Conference, 2009
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Figure 8. Power spectral density function as a function of surface roughness

3. FINITE ELEMENT MODEL OF THE SOLAR TRACKER
The solar tracker structure has been mainly represented by a combination of beam and shell elements in Abaqus/Standard. Since 
some of the parts have been meshed independently, rigid (type BEAM) connector elements have been used to undertake the final 
model assembly. Internal forces at these connector elements have been carefully monitored in some critical locations in order to 
compare them with the structural capacity of the actual bolted connections. Figure 9 shows an overall description of the model, 
along with two more detailed views at relevant connections.

The mechanical systems providing the motion actuation for the azimuth and elevation rotations (see Figure 2 and 3, respectively) 
were modeled by means of connector elements, which allowed for a simple and easy way to post-process the resulting forces. 
In order to characterize the dynamic significance under the random response analyses, the root mean square values of force and 
moment components at these connector elements, were the most suitable output variables chosen for comparison purposes.

 

Figure 9. Overall view of the solar tracker finite element mesh

4. RESULTS
The structural capacity of the three basic parts (column, central body and supporting grillage, see Figure 4) has been evaluated for 
different wind speed thresholds. In the main components, such as the central body arms supporting the grillage (see Figure 10), a 
direct comparison between the maximum computed von Mises stress and the material yield stress, has been established. For those 

Source: SIMULIA Community Conference, 2009
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parts in which the level of mesh refinement is not enough to provide reliable results in terms of peak stresses, the evaluation has 
been preformed differently. Connector forces (CTF) acting at the connector elements representing each and everyone of the bolts, 
have been post-processed according to the splitting scheme described in 2.3, and compared to the ultimate combined shear and 
axial capacity.

Figure 10. Stress contour at main arms of the solar tracker

Nevertheless, the analysis was more focused on establishing the load levels for the geared motor, the corresponding gearing 
system, and the hydraulic actuators. These systems were represented in the FE model by means of connector elements. Resulting 
connector forces were computed according to the splitting scheme described in 2.3.

Figure 11 and Figure 12 show the PSD function of the hydraulic actuator force and the azimuth moment at the interface between 
the column and the central body for a total wind speed of 90km/h. Figure 13 shows the mode shapes and frequencies of the most 
relevant modes which correspond to the PSD peaks.

 

Figure 11. PSD function – Hydraulic actuator force

Source: SIMULIA Community Conference, 2009
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Figure 12. PSD function – Yaw moment at azimuth rotation system
 
In the case of the hydraulic actuators, the only relevant contribution to the dynamic response of the system is provided by the 
first mode (0.66 Hz), which is actually an elevation rotation mode. The corresponding frequency clearly depends on the stiffness 
assigned to the hydraulic actuator. In order to choose a reasonable value, a static test was performed on an existing prototype to 
find the relation between force and displacement.

In the case of the geared motor and the corresponding gearing system, more modes contribute to the response having an additional 
peak at 3.25 Hz which is due to the pure yaw rotation mode depicted in Figure 13.

Figure 13. Most relevant mode shapes relevant in terms of motion system response

Source: SIMULIA Community Conference, 2009
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Finally, and after integration of the PSD functions, and addition of the stationary part according to the splitting scheme described in 
2.3, the results in terms of the axial force acting at the hydraulic actuators and the yaw moment acting at the azimuth motion system 
are shown in Figure 14, where three lines (63º, 43º and 34º pitch angles) are displayed as a function of the wind directionality.

For the hydraulic actuators, additional dotted lines are shown which represent the equivalent static load had the dynamic effects 
been neglected. Computed dynamic amplifications reach values up to 35%, whereas the yaw moment at the column hardly shows 
any increment when dynamic effects are accounted for. 

  

Figure 14. Loading on the solar tracker as a function of yaw and pitch angles

Figure 15. Integrated PSD function – Sensitivity analysis for the azimuth rotation system stiffness
 
Since the dynamic load at the azimuth motion system may quite dependent on the stiffness properties assigned at that degree of 
freedom, and since a very rigid estimation was made, a sensitivity analysis was carried out afterwards, by decreasing this initial 
value by three orders of magnitude. The results are shown in Figure 15, where the integrated PSD over frequency is displayed for 
fractions of 10%, 1% and 0.1% of the original stiffness considered. Within this range, the standard deviation is increased by a factor 
of two, but still final dynamic amplification values remain low enough to be neglected in design.

Source: SIMULIA Community Conference, 2009



36www.3ds.com/simulia

Energy, Process & Utilities 

5. CONCLUSIONS
Wind action is one of the main driving factors for solar tracker design. In order to have a sensible estimation of wind loads and 
associated dynamic effects on these flexible structures has been undertaken by means of a combined CFD-FE approach. In this 
approach, the aerodynamic and mechanical/structural problems have been simplified, so that reasonably accurate answers could 
be obtained without very time consuming processes. The process involves a stationary-fluctuating splitting of the total wind speed, 
where the final response can also be obtained by addition of a stationary and a dynamic part.

The presented approach has been used in design in order to estimate, as a function of wind speed, the strength of the different 
structural components, as well as the requirements for the motion systems in terms of power and gearing characteristics. As a 
result, the final design has been optimized, so that no weak links were inserted in the chain, while reducing the capacity of the 
strongest links (mostly structural parts) in order to achieve significant cost reductions without reducing the overall design safety.
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SUMMARY
Construction of earthen dams entails sequential placement 
and compaction of soil layers and the subsequent fill-up 
of the embanked reservoir. In the design of earthen dams, 
two potentially critical events must be considered: the rapid 
emptying (or drawdown) of the reservoir and the dynamic 
loading of an earthquake. The possibility of dam failure in these 
situations depends on the respective build-up and dissipation 
of the fluid pore pressure in the soil.

For the purposes of a macroscopic analysis, the soil in an 
earthen structure can be considered as a three-phase continuum 
consisting of solid particles, a wetting liquid, and a gas. Abaqus 
provides several material models and a coupled diffusion-
displacement analysis procedure for modeling such problems. 
These capabilities can, thus, be utilized for assessing the safety 
and reliability of earthen dams. 

BACKGROUND
Earthen dam structures rely on the ability of a soil mass to 
remain stable when the slopes of the soil mass are less than a 
certain value. Under certain loading conditions, however, the 
stability of the mass can be compromised and these loading 
conditions must be considered in the design process.

Sandy soils derive their shear stiffness from the frictional 
resistance between the solid grains. This frictional resistance 
depends on the normal compressive contact forces between 
the soil particles. In a fully saturated soil the voids are filled 
with water. If the pore water is prevented from draining at 
a sufficiently rapid pace during deformation, more of the 
compressive load may be transferred to the pore water. Such 
a condition may arise during earthquakes when the solid 
particles in the soil move and take up a new configuration 
with a smaller void ratio, resulting in build-up of excess pore 
water. When this excess water is not able to drain out rapidly, 
the pore water pressure increases and the normal compressive 

contact forces between the soil grains reduce. This reduction in 
the contact forces between the grains results in a loss of shear 
strength of the soil. During an earthquake the deformation 
is quite rapid, occurring on a time scale that is much shorter 
than the characteristic diffusion time for pore fluid flow. The 
pore water, hence, may not be able to drain at a sufficiently 
rapid pace from regions of high pore pressure, resulting in a 
loss of shear strength of the soil. This phenomenon is known 
as liquefaction.

In a soil that is or becomes fully saturated or submerged, the 
pore water exerts a buoyancy force on the soil grains, reducing 
the forces between the soil grains. The buoyancy effect can 
reduce the load on the soil grains, requiring less shear resistance 
between the soil particles to resist significant deformation. 
When the water level of the reservoir formed by an earthen 
dam is suddenly reduced, in regions where the pore fluid can 
drain rapidly leading to a reduction in the pore pressure, the 
forces acting on the soil particles suddenly increase due to 
the reduction in buoyancy. The frictional resistance between 
the soil particles may not be sufficient to resist this increased 
shear stress to which they are subjected. The increased shear 
stress is due to the increase in vertical load as the overlaying 
soil may still be saturated or almost saturated. Typically, the 
problem will occur between a region that is draining relatively 
rapidly and lies on top of a region of soil that is draining more 
slowly. Situations such as these can occur during the rapid 
drawdown of a water reservoir, possibly due to irrigation or 
safety concerns.

In this technology brief we present an example of an earthen 
dam first being constructed and then subjected to a rapid 
drawdown condition and to a dynamic excitation due to an 
earthquake resulting in liquefaction of the soil.

Construction, Rapid Drawdown, and Earthquake Simulation 
of an Earthen Dam

Source: Abaqus Technology Brief

Key Abaqus Features and Benefits
• Ability to model transient or steady-state distribution 

of fluid pore pressure in soils.

• Ability to model consolidation; i.e., the deformation in 
soils associated with the redistribution of pore water 
and pressure.

• A variety of constitutive models for soils, including 
Mohr-Coulomb, Drucker-Prager, Cam-Clay, and Cap 
plasticity models. Creep behavior can be included with 
the Drucker-Prager and Cap plasticity models.



38www.3ds.com/simulia

Energy, Process & Utilities 

FINITE ELEMENT ANALYSIS APPROACH
Earthen dams are constructed by laying an embankment 
of compacted earth to block a natural stream and create an 
impounded reservoir. To minimize water seepage through 
the dam, a central clay core with orders of magnitude smaller 
permeability than the surrounding dam material can be placed 
within the dam. Rock-fills can also be placed in the downstream 
and upstream toe regions for providing stability and increased 
permeability to help in dissipating pore pressure.

Earthen dams are constructed by first excavating the site and 
constructing the foundation. Layers of earth are then placed 
on the foundation and one on top of each other along with 
portions of clay forming the core region of the dam. Each of 
these layers is about 10 cm to 20 cm thick and is compacted 
individually after placement. After the dam is constructed to 
the full height, impounding of water in the embanked region is 
allowed to take place.

The geometry of the dam that is being analyzed is depicted in 
Figure 1. We use a two-dimensional model for the dam, which 
is assumed to be in a plane strain condition. The dam has a 
height of 55  m from the ground level and is 245.2  m wide 
at its base. It tapers to a width of 12 m at the top. The dam 
is made up of a central clay core that has a width of 28 m at 
the base and tapers to a width of 6 m at the top of the dam. 
The foundation of the dam is laid from ground level to a depth 
of 10  m below the ground level, as shown in Figure 1. The 
foundation lies on top of a layer of weathered rock of thickness 
10.667 m overlaying a solid rock base. For analysis purposes 
the solid rock is considered to extend up to a depth of 90 m 
from the ground level and appropriate boundary conditions are 
applied to the model at this depth. In addition, the total width 
of the foundation, weathered rock, and solid rock is considered 
to be 550 m, as shown in Figure 1, and appropriate boundary 
conditions are applied on the model’s vertical edges at these 
locations. Upstream and downstream rock-fills are also present 
in the model, as shown in Figure 1.

Although an earthen dam may be constructed using a large 
number of layers, for simplification we have assumed that 
only three layers are placed in the dam model being presented 
here. The first layer is 21 m thick, and the placement of this 
layer is completed in 90 days. The second layer is 19 m thick, 
and it is laid in 60 days. The third layer is 15 m thick, and it is 
constructed in 30 days.

The finite element mesh for the dam is completely defined 
at the beginning of the analysis. We model the construction 
of the dam in four construction stages. In the first step the 
dam elements are removed and the deformation of the rock 
layers under geostatic or gravity loading is modeled, as shown 
in Figure 2a. Each additional construction layer is added in a 

Source: Abaqus Technology Brief

Figure 1:  A sketch of the cross-section of the earthen dam  
being modeled

Figure 2a:  The first stage of construction of the dam. The site is 
excavated, and the foundation is laid on the weathered rock layer.

Figure 2b:  The second stage of construction of the dam. The first 
construction layer is laid on the foundation. Sand, alluvium, clay,  
and rock-fill are placed at the locations shown.

Figure 2c:  The third stage of construction of the dam.  
The second construction layer is added.

Figure 2d:  The final stage of construction of the dam.  
The topmost construction layer is added.
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separate step, as shown in Figure 2b, Figure 2c, and Figure 2d. 
To simplify the analysis, it is assumed that the deformation 
of each layer under gravity loading is small and that the next 
layer can be added back into the analysis using its original 
undeformed geometry, as defined at the beginning of the 
analysis. A transient consolidation analysis is carried out over 
the time period of each layer placement.

After all three construction layers are laid, the dam reservoir 
is slowly filled up in three stages. In the first stage water is 
impounded to a depth of 21 m above the ground level. In the 
second and third stages of fill-up the water rises to a depth of 
40 m and 50 m above the ground level, respectively. Each of 
these stages takes place over a period of 30  days. All these 
stages are modeled using a transient consolidation analysis, 
which computes the soil deformation as well as the pore 
pressure distribution. Figure 3a, Figure 3b, and Figure 3c depict 
the pore pressure distribution at the end of each of the three 
reservoir filling stages.

After the filling of the reservoir is complete, there will be a 
transient phase until the pore fluid flow through the dam 
reaches a steady state. Because this transient phase will occur 
over a very long period and the changes are very gradual, 
Abaqus allows the performance of a steady-state analysis using 
the conditions at the end of the previous step, which is the final 
filling of the reservoir, as the initial estimate of the steady-state 
conditions. The long-term steady-state solution for the pore 
pressure is shown in Figure 4. The surface connecting points 
where the pore pressure is zero defines the phreatic surface 
within the dam, as shown in Figure 5.

The steady-state condition of the dam is used as the starting 
point for modeling the two critical design conditions: rapid 
drawdown of the water in the reservoir and high frequency 
shaking of the dam foundations due to an earthquake. The 
rapid drawdown condition is achieved by lowering the reservoir 
water level to the ground level. This drawdown condition 
takes place over seven days, and is simulated using a transient 
consolidation analysis similar to that used to simulate the filling 
of the reservoir.

The earthquake event occurs over a time period that is very 
short compared to the characteristic time scale for pore fluid 
diffusion. Therefore, redistribution of pore pressure during 
the time period of the earthquake will be neglected. Since the 
loading due to the earthquake is dynamic, all the inertial forces 
need to be taken into account, including the effect of the pore 
fluid in the dam as well as the water in the reservoir. In this 
analysis we have taken into account the inertial forces due to 
the pore water in the dam; however, the inertial forces from 
the reservoir water are not considered in the analysis. For the 
pore fluid in the dam, only the fluid below the phreatic line is 

Figure 3a:  Pore pressure distribution in the dam at the completion 
of the first stage of the fill-up of the reservoir.

Figure 3b:  Pore pressure distribution in the dam at the completion 
of the second stage of the fill-up of the reservoir.

Figure 3c:  Pore pressure distribution in the  dam at the completion 
of the third and final stage of the fill-up of the reservoir.

Figure 4:  Long-term pore pressure distribution in the dam after a 
steady-state analysis.

Figure 5:  The position of the phreatic surface connecting points 
where the pore pressure is zero.
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included in the inertial forces. To include these inertial forces, 
we compute point masses for user-defined elements located at 
the nodes within the soil and include the contributions from 
these elements in the dynamic analysis.

RESULTS AND CONCLUSIONS
The distributions of pore water pressure during the reservoir 
filling stages are shown in Figure 3a, Figure 3b, and Figure 3c. 
The development of pore pressure within the core during the 
construction and filling phases (Ref. 1) is evident from the 
contour plots. The position of the phreatic surface in a steady-
state condition of full reservoir level can be visualized in Figure 
5. This steady-state condition has been used to conduct two 
analyses: dynamic excitation due to earthquake motion and a 
rapid drawdown condition.

Usually, the tendency of a soil material to liquefy in a dynamic 
event is assessed indirectly by comparing the computed stress 
results to the experimentally determined liquefaction resistance 
of the soil. The resistance value of the soil against liquefaction 
is termed as the Cyclic Resistance Ratio (CRR) (Ref.  2). This 
quantity typically is based on the results of the Standard 
Penetration Test (SPT) or Cone Penetration Test (CPT). For this 
analysis we have assumed that the dam material has a CRR of 
0.5. In addition, the core and the rock-fills on the upstream and 
downstream regions of the dam are assumed not to liquefy.

For the case of the dynamic excitation of the dam due to an 
earthquake, the dynamic stress of interest is the shear stress 
in the horizontal plane. The ratio of the dynamically induced 
shear stress to the effective vertical normal stress at the 
beginning of the dynamic excitation is termed as the Cyclic 
Stress Ratio (CSR). As suggested in Ref. 3, we have used a 
factor of 0.65 to scale the maximum value of the dynamically 
induced shear stress.

The ratio of CSR to CRR serves as a measure of the potential 
for liquefaction during the dynamic event. Figure 6 shows 
a quilt plot of the ratio of CSR/CRR. Based on the assumed 
material properties and the earthquake excitation, the material 
at locations where the ratio is more than one has the most 
likelihood of liquefying during the dynamic event.  

The pore pressure distribution after rapid drawdown is plotted 
in Figure 7. There may be a tendency for the slopes of a dam 
to fail during rapid drawdown. However, elaborate methods 
such as first assuming a failure surface and then computing 
the factor of safety against failure in that mode are required 
to assess the safety of dams during rapid drawdown reliably. 
In this analysis, as a preliminary assessment of the likelihood 
of failure for the rapid drawdown condition, we have used the 
same failure criteria as that used for the earthquake analysis; 
that is, of computing the ratio of CSR/CRR.

This ratio is plotted in Figure 8 for the rapid drawdown 
condition. In actual practice the dam should be checked for 
safety against a circular arc or linear failure mode.

Figure 6:  A plot of the ratio of CSR/CRR. Red zones indicate that the 
soil at these locations has the most likelihood of liquefying due to the 
earthquake excitation.

Figure 7:  Pore pressure distribution in the dam at the  end of the 
rapid drawdown

Figure 8:  Ratio of CSR/CRR as a preliminary assessment of the 
likelihood of failure during rapid drawdown.
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