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SYNOPSIS: The L-L Dam is situated in a low to moderate seismic area within the Interior Plateau of British Columbia. 

The dam's performance when subjected to the design earthquake appropriate for the site was evaluated to ensure that 

it has adequate seismic resistance. The dynamic response of the L-L Dam was analyzed using a non-linear effective 

stress finite-element method embodied in the TARA-3 computer program. Material properties used in the analysis were 

derived from conventional field and laboratory tests used in current practice. The analysis provides a coherent 

picture of the dam's dynamic behaviour including acceleration and deformation fields as well as the distribution of 

seismically induced porewater pressures. The earthquake response of the tailings stored behind the dam was

incorporated in the analysis. The implication of a simpl 

also evaluated.

1 INTRODUCTION

Highland Valley Copper is mining low-grade porphyry 

copper deposits in Highland Valley, British Columbia and 

producing copper concentrate and molybdenum. At 

present, the mining operation ranks amongst the largest 

open pit copper mines in the world. Its tailings pond 

is approximately 9.6 km long, and has an ultimate 

storage capacity of about 1.8 billion tonnes. The pond 

is bounded by two tailinqs dams: an upper dam designated 

as the H-H Dam, and a lower dam designated as the L-L 

Dam. The final dam heights are expected to reach 110 m 

at the H-H Dam and 170 m at the L-L Dam. The H-H Dam, 

in the near future, will he abutted by waste dumps of 

enormous size. The 43 m high L-L Starter Dam was 

constructed in 1976-1977 over compressible lacustrine 

deposits up to 12 m thick in the valley bottom (Burke 

and Smucha, 1979) . Subsequent annual raises involved 

excavation of lacustrine deposits downstream of the 

Starter Dam and construction of a downstream buttress 

berm (Klohn, Lo and Olsen 1982). The evolution of 

design and construction of the L-L Dam and an overview 

of the Highland Valley Tailings Storage Facility have 

been described elsewhere (Scott and Lo 1984 and Scott 

et al. 1988). The design analysis of the ultimate L-L 

Dam valley section is presented in this paper.

Stability analyses of the L-L Dam follow a staged 

approach progressing from simplified procedures to 

sophisticated dynamic analysis as considered necessary. 

Originally, the mid-valley section of the L-L Dam was 

analyzed by SEISLOP simplified dynamic analysis (Lo et 

al. 1988) , and a toe buttress berm was designed to 

enhance static and dynamic stability. In view of the 

size and critical importance of the L-L Dam, the 

designers considered it desirable to check this design 

using a finite-element dynamic analysis. This was 

carried out using the non-linear hysteretic method of 

dynamic analysis incorporated in the program TARA-3 

fFinn et al. 1988). This program was used previously to 

analyze the seismic behaviour of a proposed Lukwi 

Tailings Dam in Papua New Guinea (Klohn et al. 1987 and 

Finn et al. 1988) and to back analyze the field dynamic 

behaviour under ice loadings of the Molikpaq sand-filled 

caisson-supported drilling structure in the Beaufort 
sea.

Lfied assumption of a fully liquefied tailings pond was

2 DYNAMIC ANALYSIS BY TARA-3 PROGRAM

Before the initiation of earthquake shaking, a static 

analysis is first carried out to determine the stress 

and strain states throughout the finite-element mesh 

representing the dam and its foundation. The response 

to seismic forces at any point in the mesh depends on 

these initial states. However, the initial strain 

state is ignored in current engineering practice and 

all dynamic response calculations are conducted 

assuming that the initial stress-strain state is zero 

for all elements even for those which carry high shear 

stresses. TARA-3 has the capability to start the 

dynamic analysis either from the origin as in current 

practice or from the stress-strain condition just 

before the earthquake. The latter case leads to 

accumulating permanent deformations in the direction of 

the smallest residual resistance to deformation.

As shaking proceeds, two phenomena occur. Porewater 

pressures develop in saturated portions of the dam, and 

volumetric strains and associated settlements develop 

in the unsaturated regions. The program takes into 

account the effect of the porewater pressures on moduli 

and strength continuously by carrying out several 

static analyses during earthquake shaking to update the 

effective stresses in the dam. The additional 

permanent deformations due to gravity acting on the 

softening soil in the saturated regions of the dam are 

also computed continuously. The hysteretic stress- 

strain response of soil leads to accumulating permanent 

deformations due to ratchetting effects caused by 
cyclic loading.

3 DESIGN EARTHQUAKE MOTION

Based on a review of the seismo-tectonic setting of the 

site and historical seismicity data in the area around 

Highland Valley, the design earthquake of magnitude 6.5 

selected for the L-L Dam is assumed to be associated 

with the Guichon Creek Fault to the east of the 

tailings impoundment (Scott et al. 1988). The peak 

ground acceleration at the L-L Dam is calculated to be 

28% g based on the Hasegawa et al. attenuation 

relation. For dynamic response analysis, a modified 

Pacoima earthquake record, scaled to the above peak 

acceleration value, was used to represent the
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acceleration time history of the input motion at the 

glacial till foundation of the dam.

4 FIELD AND LABORATORY TEST DATA

Since the main design concern relates to the dynamic 

behaviour of the lacustrine deposits underlying the L-L 

Starter Dam, considerable effort has gone into 

laboratory testing to obtain static and dynamic 

properties of these deposits. Laboratory testing 

included determining shear strengths, static and dynamic 

shear moduli and dynamic pore pressure characteristics. 

Figure 1 shows a summary plot of cyclic shear test data 

of lacustrine deposits. In addition, field seismic cone 

penetration and dynamic standard penetration tests were 
performed to evaluate the dynamic characteristics of the 

tailings deposits stored in the impoundment. Typical 

penetration data and shear wave velocity data of 

tailings deposits are shown in Figs. 2 and 3, 

respectively.

NUMBER OF CYCLES TO CAUSE PORE PRESSURE INCREASE Of 
30% OF EFFECTIVE CONFINING PRESSURE (®5C), *50

Figure 1. Summary plot of cyclic shear test data 

lacustrine deposits
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stress-strain states of the dam through various steps 

of static and dynamic loadings. The four major loading 

steps for the L-L Tailings Dam are described below. 

For unsaturated materials, effective stress parameters 

are used in all four steps while for saturated 

materials, the appropriate use of effective or total 

stress parameters are indicated for each step.

S H E A R  W A V E  V E L O C I T Y  ( m/% )

Figure 3. Summary plot of seismic shear wave velocity 

data - tailings deposits

Step 1 - Construction Loading

The response of the dam to ongoing annual construction 

is simulated by a static finite-element analysis in 

TARA-3 involving a series of construction layers. 

Buoyant unit weight is used for soils below the 

phreatic surface, and bulk unit weight for soils above. 

The incremental analysis determines the major and minor 

principal effective stresses and deformations in the 

dam and its foundation at the end of construction.

Step 2 - increase of Lateral Thrust From 

Tailings Pond

As a result of seismically induced porewater pressures, 

the tailings deposits exert an increased thrust against 

the dam section. This thrust is computed by performing 

a one-dimensional non-linear effective-stress dynamic 

response analysis (DESRA-2) of the tailings deposits. 

The response of the dam to this increase in thrust is 

determined using the static analysis incorporated in 

TARA-3. Although this pond force is developed during 

the earthquake, it is applied before the earthquake 
shaking of the dam to simplify the analysis. This 

procedure is conservative. (A refined analysis would 

combine both Steps 2 and 3 into a single step and use a 

f inite-element mesh encompassing both the upstream 
tailings deposits and the dam.)

Figure 2. Summary plot of static and dynamic 

penetration test data for holes SCPT-1 and SPT-1 
-tailings deposits

5 FINITE-ELEMENT ANALYSIS

A complete analysis of a dam requires following the

The additional pond force is applied as nodal forces 

along the dam/tailings interface. Consolidated- 

undrained stress-strain relations and total strength 

parameters are used for the saturated materials. 

Step 2 gives the changes in major and minor principal 

stresses in the dam and its foundation resulting from 

the applied pond force. Porewater pressures induced by 

the pond force are calculated using Skempton's pore
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pressure parameters A and B. A new effective-stress 

regime is computed by applying nodal forces equivalent 

to these pore pressures in a second effeetive-stress 

static analysis. This new effective-stress regime is, 

in turn, used as the initial stress state for the 

analysis of earthquake shaking effect in Step 3.

Step 3 - Earthquake Shakings

deposits, whereas much lower shear strains (up to 0.9%) 

are obtained in the adjacent compacted sand backfill at 

the base of the berm. To date, accumulated field shear 

strains in the lacustrine deposits as observed by 

inclinometers, are in the order of 0% representing 

foundation deformations under partially drained 

conditions as opposed to the fully drained condition 

simulated in the analysis.

The dynamic response of the dam to the horizontal 

earthquake shakings is then evaluated by TARA-3 using 

effective-stress parameters for saturated materials.

Step 4 - Post-Earthquake Consolidation

Following earthquake shakings, excess pore pressures 

generated in saturated materials in Steps 2 and 3 of the 

analysis are allowed to dissipate, and additional 

deformations are obtained by a static f inite-eleraent 

analysis (TARA-3) using effective-stress parameters to 

simulate the consolidation process.

6 FINITE-ELEMENT MESH

Figure 4 shows the finite-element mesh and material 

zones used to represent the mid-valley dam section with 

a trial toe berm, as well as the design earthquake input 

motion at dam base. The mesh includes the embankment 

fill zones and the zone of foundation lacustrine 

deposits. The embankment fill zones consist of a 

substantial glacial till section in the Starter Dam, a 

vertical till core and a mainly compacted cycloned sand 

downstream shell. The lacustrine deposits were modelled 

as one unit to reduce computation costs.

Due to the additional pond thrust applied in Step 2 of 

the analysis, the stress states are altered. Incremen

tal shear strains of up to 5.7% are obtained in the 

lacustrine deposits, while lower values of up to 1.9% 

are obtained in the adjacent sandfill at the base of 
the berm.

During earthquake shakings (Step 3) , the dynamic 

response of the dam is illustrated in Figs. 5 to 0. 

Acceleration - time histories of selected nodes are 

shown in Fig. 5 (Node A on dam crest located above the 

lacustrine deposits) and in Fig. 6 (Node B on the 

surface of the buttressing toe berm). The comparison 

of Figs. 5 and 6 indicates that higher frequency 

contents of the base motion (see Fig. 4) have been 

significantly filtered out by the foundation lacustrine 

materials. The peak acceleration value reaches 50% g 

at the dam crest and 30% g at the berm surface.
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Figure 5. Acceleration - time history at Node A on dam 

crest
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Figure 6. Acceleration - time history at Node B on berm 

surface

The development of dynamic pore pressure in the 

lacustrine materials with time is shown in Fig. 7 for 

Element C. At Element C, limiting seismic pore 

pressure was reached in about 7.5 seconds into the 

earthquake.

Figure 4. Finite-element mesh representing L-L Dam 

valley section and design earthquake input motion at dam 

base

7 RESULTS OF FINITE-ELEMENT ANALYSIS

Results of finite-element anlaysis corresponding to the 

dam section shown in Fig. 4 are briefly discussed 

following. At the end of construction (Step 1), shear 

strains of up to 4.9% are obtained in the lacustrine

Following the earthquake, consolidation under drained 

condition is simulated (Step 4). The final configur

ation of the dam reflecting cumulative deformations 

occurring in Steps 2 to 4 (application of additional 

pond thrust, earthquake shakings and post-earthquake 

consolidation) is shown in Fig. B. The total 

deformation occurring in Steps 2 to 4 at the dam crest 

amounts to about 1.0 m horizontal movement in the 

downstream direction.
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Figure 7. Time history of excess pore pressure induced 

by earthquake shakings at Element C in foundation 

lacustrine deposits
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Conventional static 1imit-equilibrium analysis was 

carried out for the condition immediately after the 

earthquake using the excess pore pressures induced by 

the design earthquake as computed by the TARA-3 

analysis. The safety factor was found to be less than 

unity (0.9). The si2e of the buttress berm was 

increased accordingly both in height (for 12 m) and in 

width towards downstream (for 52 m) in order to achieve 

a post-earthquake safety factor of 1.1. Additional 

TARA-3 analysis will be carried out for the revised 

section. With the 20% increase in the post-earthquake 

safety factor, all stresses, strains, pore pressures and 

deformations induced by the earthquake are expected to 

decrease accordingly. Since the L-L Dam has a 200 m 

wide tailings beach separating it from the pond water, 

it can readily adjust to these strains and deformations.

0 INFLUENCE OF DYNAMIC BEHAVIOUR OF TAILINGS DEPOSITS

The results presented in the preceding section are based 

on the pond thrust force calculated from one

dimensional response analysis. The implication of a 

very severe assumption that the tailings deposits 

liquefy to their full depth was also evaluated. 

Parallel analysis based on a pond thrust force 

corresponding to a fully liquefied tailings profile 

indicates that the earthquake induced pore pressure in 

the lacustrine deposits remains comparable. However, 

the final horizontal deformation at the dam crest 

increases to about 5.5 m, because the softened dam 

deforms to a greater extent under the larger sustained 

pond thrust during the earthquake. Hence, the use of 

the actual pond thrust derived from a dynamic response 

analysis rather than from the more severe assumption of 

a fully liquefied tailings profile is an important 

consideration. For low tailings dams (under 15 m) , the 

assumption that the tailings pond liquefies to the full 

depth provides a reasonable simplification. However, 

for high dams, the simplified assumption of liquefaction 

to full depth is overly conservative.

9 CONCLUSIONS

This paper illustrates the application of a non-linear 

effeetive-stress dynamic analysis in assessing the 

adequacy of a proposed design. This kind of analysis 

provides a coherent picture of how a dam responds to

shaking and of what its final state will be. Detailed 

pictures are provided of the acceleration and 

deformation fields including both dynamic and permanent 

deformations. The distribution of seismically induced 

porewater pressures is also available. This coherent 

picture of the dynamic response of the dam enlarges the 

objective data base on which the designer can exercise 

his engineering judgement. The analysis utilizes 

information provided by field and laboratory tests 

currently used in practice. Analyses like the one 

presented here and elsewhere (Finn et al. 1988) not 

only provide insights to specific projects, but also 

add to general knowledge of the profession. It is 

expected that this type of analysis will provide a 

useful new tool for dynamic modelling of dams to study 

special problems such as those involving excess pore 

pressure build-up and dissipation, strain softening, 

and dam-structure interaction.
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