
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Assigning the ultimate strength of foundation sand at Duncan Dam 

Determination de la resistance ultime du sable de fondation au barrage Duncan
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B. D .W atts -  Klohn-Crippen Consultants Ltd, Richmond, B.C., Canada 
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ABSTRACT: The ultimate strength of the loose foundation sands at Duncan dam is estimated for liquefaction evaluation purposes using 

a procedure proposed by Konrad and Watts (1995). This procedure is based on an empirical relationship among undrained strength 

backcalculated from liquefaction flow failures, normalized SPT blow counts, and steady state laboratory test results. The approach gives 

ultimate undrained strengths close to the post-liquefaction strengths obtained from high quality samples in simple shear tests. These 

values are much higher than those inferred from Seed's relationship because the new method incorporates soil specific parameters 

obtained from laboratory testing.

RESUME: Cet article utilise une relation empirique entre la resistance non drainde calcul£e & partir de remblais ayant connu une 

rupture par coulee, les indices normalises de l'essai SPT et des paramfctres propres au sol & l'etat critique pour determiner la resistance 

ultime des sols de fondation au barrage Duncan. L'approche proposee donne des resistances non drainees proches de la resistance post

liquefaction obtenues avec l'essai de cisaillement simple. Ces valeurs sont beaucoup plus grandes que celles determines avec la relation 

originate de Seed car la nouvelle methode tient compte de param&tres sp&iques au sol obtenus en laboratoire.

1 INTRODUCTION

When saturated cohesionless fills are placed in a loose to medium 
dense state with unfavourable geometries, flow failure can be 
triggered by events such as earthquake loading, foundation 
deformation, undrained static loading or some combination of 
these loading conditions. Where large deformations do not 
adversely affect the serviceability of earth structures, it is often 
acceptable to provide for safety using stability analyses that 
employ minimum undrained strengths in the liquefied zones. 
This minimum strength is called the ultimate strength herein. 
Seed (1987) referred to this as the residual strength which was 
backcalculated from flow slides of earth structures.

In general, two approaches are currently in use to estimate 
ultimate strengths for liquefied zones in post-earthquake stability 
assessments: most commonly, the Seed approach is used where 
the residual strength is estimated from a plot of (Ni)go versus 
residual strength; alternatively ultimate strengths can be estimated 
from the results of triaxial testing of undisturbed samples. At 
Duncan Dam, a modified version of the second approach was 
used with simple shear tests.

In this paper, we estimate the ultimate strengths in the potentially 
liquefiable zones at Duncan Dam using a recent procedure by 
Konrad and Watts (1995). This procedure uses steady state 
triaxial testing on reconstituted samples of Duncan Dam 
foundation sand combined with the Seed approach to estimate 
ultimate strengths in the liquefied zones from case histories.

2 BACKGROUND

Duncan Dam is one of three dams constructed in the 1960s as 
part of the Columbia River Treaty. The dam is located on the 
Duncan River in southeastern British Columbia 8 km upstream 
of Kootenay Lake. Duncan Dam is a zoned earthfill dam 
approximately 39 m high with a crest length of 792 m. The dam 
is founded on approximately 380 m of alluvial sands, silts and

gravels. Seepage through the pervious foundation soils is 
controlled by an upstream blanket, slurry trench cutoff and 
pressure relief wells. Foundation investigations, started in 1988 
and continued in 1990 and 1991, identified a fine sand horizon 
that was susceptible to liquefaction. Samples of this fine sand, 
Unit 3C, were tested in this program.

The liquefaction potential, liquefaction-induced deformadon, and 
seismic flowsliding stability of Duncan Dam have been 
extensively investigated and documented by BC Hydro (see 
Canadian Geotechnical Journal, Vol.31, No.6). Two procedures 
were used to assign ultimate strengths to the liquefied zone for 
the flowslide stability assessment.

The first was to assign ultimate strength on the basis of (N i )60 
from the standard Seed chart of residual strength versus (Ni)60- 
That procedure predicted a flowslide of the downstream for the 
design earthquake. Most of the potentially liquefiable Unit 3C 
sand is under much greater confining stresses than the liquefied 
zones in the Seed (1987) case histories.

Because higher confining stresses should yield higher ultimate 
strengths, a sampling and a testing program was used to better 
estimate ultimate strength. Consequently, the ultimate strength 
was estimated from laboratory testing at the appropriate 
confining stresses on high quality samples of Unit 3C (Pillai & 
Salgado 1994). In the Duncan Dam literature, this was called the 
direct approach while the traditional Seed (Ni)eo procedure was 
called the indirect approach. The laboratory testing gave residual 
or steady state strengths which were close to the Seed values for 
low confining stresses in the liquefied zones and greater values 
for higher confining stresses. An undrained strength normalized 
to confining stress ratio of 0.21 was proposed to calculate the 
ultimate strength in the liquefied zone. The direct approach 
predicted that a flowslide would not occur for the design 
earthquake because of higher predicted ultimate strengths for 
greater confining stresses.

Limitations in the traditional Seed approach are lack of data 
points, scatter in the data and the assumption that all sands have 
the same residual strength provided their (Nl)60's are identical.
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Another limitation, central to the decision at Duncan Dam to use 
the direct approach, was the large reduction necessary to convert 
measured blowcounts to corrected blowcounts for the use with 
Seed's chart. On the other had, the weakness of the laboratory 
approach is the lack of field validation for strengths much higher 
than those backcalculated from failure cases. The deficit of 
points in the Seed database for higher confining stresses can only 
be rectified if higher dams fail (hopefully this won't happen).
The Konrad-Watts approach couples steady state laboratory test 

results with Seed's backcalculated strength values to predict 
ultimate strength. A basic assumption in the traditional Seed's 
procedure is that all cohesionless materials have the same 
liquefaction potential and the same residual strength if their 
corrected SPT blow counts are the same. In contrast, laboratory 
results yield a wide range of steady state strengths depending on 
gradation, fabric and compressibility. These laboratory results 
suggest that ultimate strength must be dependent on factors other 
than penetration resistance or density. Ultimate strengths derived 
using the Konrad-Watts procedure account for these material 
parameters but are still limited by the confining stresses inherent 
in the Seed case histories.

3 THE KONRAD-WATTS PROCEDURE

The Konrad-Watts procedure assumes that the undrained 
strength backcalculated from fills which failed by flowsliding is 
related to equivalent clean sand normalized blow count values, 
(Ni )60> and soil specific parameters from steady state laboratory 
testing. In this procedure, Su0, a reference value of steady-state 
strength extrapolated at maximum void ratio (Figure 1), is an

important soil parameter. Together with the slope X, Su0 
completely describes the position of the steady state line in the 
void ratio-undrained strength plane. Su0 was chosen as the 
anchor point because the maximum void ratio is an index 
property which can be determined independently using standard 
procedure.

Log of steady-state strength

s u0

For loose deposits, i.e. (Ni)go < 15, Konrad and Watts (1995) 

showed that the ultimate strength, s u, can be obtained from:

L o g | ^  =  X ( N i) « o  ( 1)

Su is the average undrained shear strength mobilized during 
flow failure as back-calculated by Seed (1987).

Suo is the reference steady state strength extrapolated at 
maximum void ratio from using the steady state line obtained 
from CIU triaxial tests on reconstituted specimens of the most 
representative soil in the failed zone or in the expected failure 
zone, x is a parameter reflecting both steady-state characteristics 
of reconstituted specimens and the relationship between relative 
density and normalized blow count in the field.

Konrad and Watts (1995) proposed to relate % solely to the slope 
of the steady state line, X, by means of an empirical correlation 
obtained from the analysis of case-histories. Figure 2 presents 
the relationship between an average value of x and X for the five 
case-histories analysed by Konrad and Watts (1995).

In summary, to estimate Su for Duncan Dam, steady-state tests 
were done on reconstituted samples to determine Su0 and X while 
(Ni)go values for Unit 3C were calculated from field blow count 
data.

0.5

0.4

0.3

0.2

0.1

0
0 0.04 0.08 0.12 0.16 0.20 

X

Figure 2. Relationship between x and X obtained from field 
cases and laboratory tests.
After Konrad and Watts(1995)

4 STEADY STATE TESTING ON UNIT 3C SAND

4.1 Sample Preparation

A bulk remoulded sample representative of the Unit 3C 
foundation sand was prepared by extruding and combining sand 
from core samples of Unit 3C stored frozen since 1990. 
Samples were split from the bulk sample for index testing which 
included grain size analysis, specific gravity tests and max/min 
density tests. The bulk sample is a fine grained, uniform sand 
(D5 0  = 0.2 mm) with about 5% passing the No. 200 sieve. The 
specific gravity was measured to be 2.76. These high specific 
gravities indicate the presence of minerals other than quartz. 
Petrographic and X-ray diffraction tests show an average of 
about 20% quartz, 45% lithic fragments, 20% feldspar, 12% 
dolomite, and minor constituents. The minimum void ratio was 
measured to be 0.6 and the maximum void ratio was measured to 
be 1.13 to 1.15.

4.2 Triaxial Steady-State Test Procedures

Samples at both laboratories (Klohn-Crippen and University 
Laval) were prepared by moist tamping in a split mold on the 
triaxial cell base. Carbon dioxide was passed through the sample 
prior to assembly of the cell. Carbon dioxide has a higher 
solubility than air in water and aids in sample saturation.
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After split mold removal the diameter and height of the sample 
were carefully measured to calculate an initial density. The 
sample was saturated by first passing deaired water through the 
sample under a nominal cell pressure. Then the cell pressure and 
backpressure were incremented until saturation was achieved as 
indicated by a B value of at least 0.97. During saturation the 
height of the sample was monitored with the piston.

The nominal diameter of the Klohn-Crippen samples was 62 
mm with a height to diameter ratio of about two. The nominal 
diameter of the University Laval samples was 100 mm with a 
height to diameter ratio of about one. At University Laval, 
lubricated oversized end platens were used to minimize end- 
restraint effects.
The samples were then sheared until steady state or 20% strain 

was reached. During shear at constant void ratio the sample pore 
pressure, axial load and axial displacement were measured. The 
sample water content was measured after testing as a check on 
the void ratio calculations made during the tests.

4.3 Test Results

The individual test results showed that all samples were 
contractive and reached steady state conditions. The void ratio 
versus logarithm of minor effective confining stress is shown on 
Figure 3 with the open symbols for the initial state and the full 
symbols for steady state. The upper and the lower limit of the 
steady state lines are also shown on Figure 3, the UF and the LF 
lines. The UF and LF lines are parallel and indicate the influence 
of initial confining stress on steady state strength. The basis for 
the UF/LF interpretation of lines is given in Konrad (1990). The

slope, X, of the UF steady state line is about 0.075. The 
intersection of the UF line with a horizontal line through ema* 
gives the reference effective confining stress which is about 0.55 
kPa. SUo for the Duncan dam foundation soil (Unit 3C) can be 
calculated from:

Su^s in f  cos »' ^  (2)

1 - sin <j)'

where <|>' = effective friction angle and 0 '3f = minor principal 
effective stress during steady-state deformation. For a <j>' of 32°, 
Su0 is 0.53 kPa. For a slightly larger value of emax. say 1.15, 

Su0 reduces to about 0.3 kPa.

a'3 (kPa)

Figure 3. Steady-state test results for Duncan Dam foundation 
sand

5 ULTIMATE STRENGTH FROM KONRAD-WATTS

Figure 4 shows a plot of SPT-N and (Ni)go values vs effective 
vertical stress at Duncan Dam (Pillai & Stewart 1994). The N 
values generally increase with depth and show moderate scatter. 
To calculate the ultimate strength which would be mobilized in 
the loosest zones, (Ni )6o values were obtained using the lower 
bound of the N values. The average energy correction was 
determined to be 43% (Plewes et al. 1994) while the overburden 
correction factor that accounts for the increased penetration 
resistance due to increase in effective confining stress were close 
to those predicted by Liao and Whitman (1986). Equation (3) 
gives the site specific relationship between N and (Ni )60:

(Nl)60 = NCn ^ -  = N - ^ —  (3)
N 60 V o \6 0  W

The (Ni)go values of the loosest zones increase from about 7.0 
to 11.0 with increasing effective overburden pressures from 100 
to 600 kPa and remain constant at about 11.0 for stress larger 
than 600 kPa.

By imputting % and Su0 from the steady state tests into Equation 
(1), the following equation was used to calculate Su from (Ni)go:

log Su (field) = log (0.53) + 0.223 (N1)6o  (4)

The ultimate strength for the loose zones at Duncan dam ranges 
thus from about 20 to 150 kPa when the overburden stress 
increases from 100 to 600 kPa. For a'v > 600 kPa, (N l)60  is 
approximately constant and the estimate of Sufield remains 
constant at about 150 kPa.

SPT-N values

Figure 4. SPT-N and (Ni)eo values vs. effective vertical 
confining stresses (depth) at Duncan Dam. 
After Pillai and Stewart (1994)

6 COMPARISON WITH OTHER PREDICTIONS

As part of the B.C. Hydro dam safety review, high-quality in 
situ samples of the unit 3C sand were obtained using a 
conventional fixed piston sampler and a modified Christensen 
double core barrel sampler. Frozen soil was also sampled using 
a CRREL core barrel through ground frozen using liquid 
nitrogen.
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Figure 5. Ultimate strength of foundation sand at Duncan Dam 
inferred from laboratory steady-state tests

Watts approach using an improved Seed approach. However, 
the results are very consistent with the two other methods.
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Figure 6. Summary of prediction of ultimate strength of 
foundation sand at Duncan Dam

The results of these investigations are reported in detail by 
Plewes et al.(1994) and Sego et al.( 1994). At the dam toe, 
samples obtained with the CRREL sampler indicate that the void 
ratio ranges from 1.0 to 1.04 and is consistent with the void ratio 
estimated from gamma-gamma logging. At mid-slope, void 
ratios vary between 0.95 and 1.0 and below the dam crest where 
the effective overburden stress in the sand unit is about 800 kPa, 
the void ratio varies from 0.90 to 0.95. Figure 5 shows the 
initial state for these three locations in the foundation sand. 
Assuming that 0 3  is about one half of the effective overburden 
■tress, yields an undrained strength that is an indication of the 
jrder of magnitude of the actual strength that would be mobilized 
in the field under flowslide conditions. For instance, for 
samples near the toe, the undrained strength inferred from Figure
5 is about 6-15 kPa. Note that the ultimate strength is dependent 
upon both void ratio and initial confining stress as established by 
Konrad (1990). For samples near the mid-slope, expected Su 
values range from 40 to 60 kPa while below the dam crest, Su 
may vary between 105 and 140 kPa. For these higher confining 
stresses, shear-induced grain crushing must be taken into 
account since the steady state characteristics are different from 
those at lower confining stresses.
Figure 6  summarizes the Su results from different procedures 

used to determine the undrained strength that would be mobilized 
in the loosest zones during flowsliding. The direct method for 
assessing Su consisted of obtaining the postcyclic stress-strain 
response under undrained conditions using simple shear tests. 
Details of the direct methods are given in Pillai and Salgado 
(1994). Twenty-three postcyclic tests were conducted and 
showed that Su is proportional to the initial consolidation 
effective vertical stress, o'Vo- F°r Duncan Dam sand, the 
proposed relationship was:

Su = 0.21 o'vo (5)

Clearly, the original Seed approach yields the lowest values for 
ultimate strength and the direct lab method results in the highest 
estimate of Su. The Konrad-Watts method predicted undrained 
strength values close to the values obtained from the direct 
method in a stress range between 100 and 600 kPa. For stresses 
higher than 600 kPa, backcalculated Cn  correction factors 
indicate that (Ni)go values are essentially constant. Assuming 
that the parameter reflects in situ void ratio, the undrained shear 
strength is likely to remain constant despite increasing stress 
levels. Again, it must be recognized that as confining stress 
increases, shear-induced grain crushing becomes more important 
and may affect the ultimate strength.

Finally, the undrained strength inferred from the steady state 
characteristics of reconstituted samples using CIU triaxial tests 
and taking into account the influence of initial confining stress as 

suggested by Konrad (1990) is generally slightly lower than the 
values obtained either with the direct lab method or the Konrad-

7 CONCLUSIONS

For the Duncan Dam sand unit 3C, the ultimate strength of the 
loosest zones calculated using the Konrad-Watts approach are 
close to those obtained using the direct lab method for stresses 
smaller than 600 kPa. For stresses larger than 600 kPa, (Ni)6o 
values are essentially constant, which, in turn, suggest a constant 
undrained strength value of about 150 kPa. Since (Nl)6o values 
of the loosest zones were used in the Konrad-Watts procedure, 
the average strength of the foundation sand is expected to be 
even higher. Although not a replacement for the direct approach, 
similar results were obtained in this instance without the need for 
extensive sampling and testing.
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