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WHO IS ATC WILLIAMS?

ATC Williams are globally renowned 
consultants in mine tailings, water and 
waste management systems.

• Established in 1981

• 175 + staff

• Offices in Melbourne, Brisbane, Perth, 
Hunter Valley, Sunshine Coast, 
Toowoomba, Hobart and Lima

• Over 500 active projects worldwide
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Development of large movements and/or 
cracks that could lead to uncontrolled 
release of water or tailings.

DEFORMATION CONCERN FOR DAMS



SEISMIC HAZARDS

 GROUND SHAKING causing vibrations in dams, appurtenant structures 
and equipment, and their foundations;

 FAULT MOVEMENTS in the dam foundation causing structural 
distortions;

 FAULT DISPLACEMENT in the reservoir bottom causing seiches in the 
reservoir or loss of freeboard and consequent dam overtopping;

 ROCKFALLS AND MASS MOVEMENTS into the reservoir causing 
impulse waves in the reservoir. 

In regions of high seismicity, earthquake load is considered to be the 
governing load for design of dams.





Cross section of Lower San Fernando Dam showing 
(a) conditions after 1971 Earthquake

(b) Schematic reconstruction of failed cross section
(Castro et al., 1992)

 Settlement and Cracking

 Liquefaction

Major deformation patterns in earth dams
(After Ambraseys, 1958, taken from Yan, 

1991) 

GROUND VIBRATION HAZARD



LOWER SAN FERNANDO DAM (1971, US)



FEIJAO MINE TAILINGS DAM FAILURE



FUJINUMA DAM FAILURE JAPAN 
2011 TOHOKU OFFSHORE EARTHQUAKE (MW 9.0)



DAM FAILURE BY FAULT RUPTURE, TAIWAN
(CHI-CHI EARTHQUAKE, SEP 1999 M=7.6)



ROCK FALL / MASS MOVEMENT INTO IMPOUNDMENT 
PAU BRANCO MINE (8 JAN 2022) 



 Operating Basis Earthquake (OBE)

– Level of ground motion that only causes minor damage, and the dam and 
its appurtenant structures remain functional. The damage should be easily 
repairable.

 Safety Evaluation Earthquake (SEE), (formerly MDE)                      

– Maximum level of ground motion for which the dam is designed. The 
impounding capacity shall be maintained.

SEISMIC DESIGN CRITERIA



SEISMIC HAZARD ANALYSIS - OVERVIEW



 Amplitude Parameters ie PGA, PGV and PGD

 Frequency Contents:-

 Fourier Spectrum

 Response Spectrum

 Duration

GROUND MOTION PARAMETERS



GROUND MOTION PARAMETERS
IQUIQUE EARTHQUAKE (MCE 84TH PERCENTILE)



CHARACTERISTICS OF GROUND MOTIONS

 Predominant period (Tp)

 Period of vibration corresponding to peak 

spectral acceleration or Fourier amplitude

 Mean Period (Tm)

 Ci = Fourier amplitude

 fi = Fourier transform frequency (0.25-20 Hz)



VARIOUS MAGNITUDE SCALES (HEATON 1986)



UNIFORM PROBABILITY RESPONSE SPECTRUM



TIME HISTORY ANALYSIS

Spectra Matching

Uses a non-uniform scaling of an actual or artificial 
ground motion to closely fit to a target spectrum. 

Spectral or Amplitude Scaling

Recorded motion is simply scaled up or down uniformly 
(i.e. by a single scaling factor) to match the target 
spectrum within a period range of interest at or around the 
structure natural period without changing the frequency 
content or phase spectrum of the original earthquake. 





QUAKE PROGRAM

 Period: Period of Vibration (s)

 H: Thickness of Soil Layer (m)

 C: Soil Shear Wave Velocity Vs (m/s)

 Zeta: Soil Damping Ratio ζ

 D: Surface Load as Equivalent 
Soil Thickness (m)

Vs

H
T

4
0 

Fundamental period of a rectangular profile
Arnold Verruijt (2004)

Delft University



EMBANKMENT NATURAL PERIODS/ FREQUENCIES

 Natural Periods of Embankments depend on their Height and Shear Wave Velocity of Fill Materials.

 Height and hence natural frequency of tailings dams will vary over time as they are constructed in 
stages.  

 Depth of embankment and tailings may vary due elevation differences at the foundation level (i.e.
valley/sloping grounds).

 Shear wave velocity of the embankment fill increases with increase in confining stresses (i.e.
depth).

 Cyclic softening and reduction in shear wave velocity of tailings and embankment fill may occur 
during earthquake loading.



Geotechnical Earthquake 
Engineering (Kramer, 1996)



SELECTION OF CRITICAL EMBANKMENT SECTIONS FOR 
STABILITY & SEISMIC DEFORMATION ANALYSES

 Maximum Height Section should always be analysed (ie highest static shear 
stress)

 Sections with unfavourable foundation conditions (weak zones, defects etc.)

 Other Sections:

 Carry out dynamic analysis on different height sections using simplified 
methods e.g. Makdisi & Seed 

 Select critical height section that result in maximum amplification in 
accelerations, deformations or seismically induced shear stresses within 
the profile



EXAMPLE - A CYCLONE SAND TAILS DAM RAISED IN STAGES
(2007)



SEISMIC DEFORMATION ANALYSIS METHODS

1. Simplified Analysis – Empirical Methods Non-Liq.
Based on Performance of Existing Dams (ie Swaisgood, Fell et al)

2. Simplified Analysis – Semi-Empirical Methods Non-Liq.
Newmark Concept & Equivalent Linear (ie Makdisi& Seed, Bray& 

Travasarou)

3. Numerical Modelling
Using FD /FE analysis with Material Constitutive Models Non-Liq./Liq.



 Jansen (1990)

 Swaisgood (1995): 54 dams

 Swaisgood (1998): 54 dams

 Swaisgood (2003): 69 dams

 Pells and Fell (2002 and 2003): 305 dams

 Singh and Roy (2009): 152 dams

EMPIRICAL METHODS



 Pells and Fell (2002 and 2003): 305 dams

Contours of damage classes versus earthquake magnitude and PGA for earthfill dams (Fell et al 2005) 

A= Earthquake magnitude,  B = Foundation peak ground acceleration

Damage Classification Embankment 
Dams Under Earthquake Loading 

(Fell et al, 2005)

Damage class Maximum relative crest 

settlementNumber Description

0

1

2

3

4

5

No or slight 

Minor

Moderate

Major

Severe

Collapse

0.03

0.03–0.2

0.2–0.5

0.5–1.5

1.5–5

>5

EMPIRICAL METHODS



 Sliding mass on an inclined surface

 Slide occurs if earthquake acc. > yield acc.

 Yield acceleration (ay ) : FOS = 1

 Displacement: Double integration of acc. when 

yield acceleration is exceeded

SEMI–EMPIRICAL METHODS - NEWMARK CONCEPT



SIMPLIFIED MAKDISI AND SEED (1978)
 Deformability of dam

 Variation of acceleration in dam height

 9 cases of 30 to 60 m dams in FEM

 Equivalent linear material behaviour

Variation of seismic coefficient with depth 

of failure surface

Variation of normalised permanent displacement 
with ratio of proportional yield acceleration



EQUIVALENT LINEAR APPROACH (EERA 
MANUAL 2000)



SIMPLIFIED SEMI-EMPIRICAL METHODS

Flow chart of procedure for calculation of the 
maximum induced acceleration in dam crest and 
fundamental period of the dam
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Calculate Sa1 
based on T1 from 
response Spectra 

𝜸𝒂𝒗𝒈 = 𝟎. 𝟔𝟓 ∗ 𝟎. 𝟑 ∗
𝑯
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Calculate Sa2 and Sa3 
based on T2 and T3 
and using response 

spectra 
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Maximum Crest 
Acceleration 

No Yes 

Makdisi and Seed (1979)

Simplified method for calculation    

of To and  crest acceleration

Iterative procedure

Sa1



 Bray & Travasarou (2007): Crustal

 Ky = Yield Acceleration

 Ts = Natural Period of Sliding Mass (S)

 Sa =  Spectral Acceleration

 M = Earthquake Magnitude

 Macedo, Bray & Travasarou (2017): Subduction Zone

SEMI-EMPIRICAL METHODS



 NUMERICAL MODELLING

Sophisticated

FDM or FEM (Time consuming and relatively expensive)

Not common in preliminary design



SHUR RIVER DAM - EXAGGERATED DEFORMED MODEL
LOMA PRIETA EARTHQUAKE (EXAGGERATION X10) 





Dam 3 - Makdisi and Seed

0.24m-0.49m for slip surfaces exiting 

at y/h of 1-0.2 respectively



1. Spectral matching and scaling may be effectively used. Matching for areas of low 
seismicity such as Australia is preferred.

2. Dynamic site response analysis must be carried out to adequately establish 
acceleration and cyclic shear stresses within the full embankment/tailings profile 
for both liquefaction and deformation analyses.

3. Simplified dynamic analysis can be used to effectively identify the most critical 
embankment height(s) for liquefaction analysis or more complex non-linear 
deformation analysis (eg FLAC).

SUMMARY AND RECOMMENDATIONS  
INPUT MOTIONS AND CRITICAL EMBANKMENT SECTION 



SUMMARY AND RECOMMENDATIONS  
ANALYSIS METHODS 

1. Concept of a unique failure plane for estimation of deformation may be misleading but may 
be used for preliminary assessments;

2. Semi-empirical methods based on Bray and Travasarou (2007) or Makdisi and Seed (1978) 
may not result in a conservative estimate of embankment deformations. However, for Low 
Consequence Category Dams these may be adequate;

3. Swaisgood’s empirical formulation produced an upper boundary to the predicted 
deformations for all cases presented;

4. Defensive design arrangements should be adopted for dams in the regions with moderate to 
high seismicity.



PRINCIPAL OF DEFENSIVE DESIGN FOR EARTHQUAKE

1. Provide ample freeboard to allow for settlement or fault movements;

2. Use well designed and constructed filters;

3. Provide ample drainage zones;

4. Densify, drain (to be non-saturated) or remove potentially liquefiable materials in the 
foundation or in the embankment;

5. Avoid founding the dam on the strain softening clayey soils or fully weathered rock, 
or strain softening rock;

6. Use a well-graded filter zone upstream of the core;

7. Flare the embankment core at abutments;

8. Provide special details if there is likelihood of movement along faults or shear zones 
in the foundation;

9. Site the dam on a rock foundation;

10. Use well graded (densely compacted) sand/gravel/fines or highly plastic clay for the 
core, rather than clay of low plasticity.


