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CHAPTER 36

Observational Engineering for Open-Pit Geotechnics:

A Case Study of Predictions Versus Performance for the
Stability of a High Overburden Embankment over a
Soft/Deep Soil Foundation at PT Freeport Indonesia’s

Grasberg Open-Pit Mine

W. Kevin Walker* and Mark J. Johnsont

36.1 INTRODUCTION

Development of the Grasberg Pit, located in the west central high-
lands of Irian Jaya, began in the late 1980s. The initial plans for
overburden stockpiling included an embankment in the Carstenz-
weide Valley (Figure 36.1), which is a deep basin filled with natu-
ral soil deposits. Infrastructure in the lower reaches of the valley
required careful planning for the ultimate embankment.

Initial geoengineering concerns centered on the ability of the
foundation to support a large embankment under both static and
dynamic (earthquake) conditions. The results of a feasibility-
level investigation and stability analysis were the basis for initial
planning recommendations, including embankment placement
from the bottom up in controlled lift heights and laying-back the
overall slope below the angle of repose.

A Carstenzweide field trial embankment program, with
angle-of-repose placement for slope heights in excess of 140 m,
was undertaken in the valley for operational reasons and for con-
firmation of aspects of the initial geotechnical predictions. Trial
embankments were constructed using a geotechnical observa-
tional approach to monitor and measure trial embankment per-
formance. This monitoring, tempered by site experience,
provided early warning of any embankment instability, safe-
guarding personnel and equipment working in the area. This
chapter describes the initial geotechnical stability evaluation and
compares geotechnical predictions with actual behavior from
operational embankment placement experience to date.

36.2 FIELD INVESTIGATION AND GEOLOGICAL
CONSIDERATIONS

The relatively flat ground of the Carstenzweide Valley lies at an
average elevation of 3,600 m above sea level in the Sudirman
mountain range of Irian Jaya. The canyon walls forming the valley
. (Grasberg mountain to the west and very steep Tertiary limestone
canyon walls to the north and east) are generally free of vegeta-
tion and soil cover. The mine site is wet; annual precipitation is
approximately 3 m. The valley foundation soils were investigated
in the early 1990s using test pits and geotechnical drilling (Figure
36.1). Geotechnical soil logging of all stratigraphic soil layers
encountered in test pits and drill holes was performed using litho-
logic descriptions, including visual/manual USCS soil classifica-
tions (Unified Soil Classification System, ASTM D-2488-90 1988).
USCS soil code and symbols are presented in Figure 36.2.

* Call & Nicholas, Inc., Tucson, Arizona.
t Freeport McMoRan Copper & Gold Inc., New Orleans, Louisiana.
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36.2.1 Test Pits and Geotechnical Core Drilling

Seven test pits (excavator dug to maximum depths <4 m)
revealed near-surface conditions. Conditions at depth were
investigated using a wire-line (Longyear LY44 HQ-3) diamond
core drill (61.1-mm [2.406-in.] core diameter) modified for soil
coring and capable of collecting standard penetration testing
(SPT) blow count data. (The “blow count” is the number of blows
required from a standard SPT safety hammer to advance a split-
spoon 30 cm.) SPT work generally followed procedures
described in ASTM D-1586-84 (1992). Undisturbed Shelby-tube
samples were occasionally taken in fine-grained soils using AW
geotechnical drilling tools through the HQ core string. The drill-
ing of five geotechnical drill holes (holes CNI-1 to CNI-5 to soil
depths ranging from 19 to 117 m) supplemented existing data.
The objectives of feasibility drilling included collecting strati-
graphic data, sampling, SPT, and depth-to-bedrock testing where
applicable.

The results of diamond coring exceeded expectations in
most soil types, with recoveries averaging around 50%. Slowing
drill rotation and reducing down-pressure and pump pressure
increased the level of success. Core loss was higher in loose, gran-
ular sands and in gravels low in cementation; recoveries gener-
ally improved with depth.

SPT blow count data were not collected continuously in the
drill holes; however, in holes CNI-3 and CNI-4, relatively more
blow count data were specified. Equations (Hynes and Franklin
1989) were used to correct the raw N(60) blow counts for over-
burden effects and hammer energy effects to obtain “corrected
N-1(60)” blow count data.

36.2.2 Sampling

Representative test pit and core samples were collected to evalu-
ate the strength of materials for the development of the stability
analysis. Soil samples were carefully prepared in the field to
retain moisture. The objective was to collect representative soil
samples of each soil type encountered. For the test pits, represen-
tative samples were taken for each distinct stratigraphic layer
observed. Shelby tube samples were also obtained in the soft,
fine-grained units in the test pits, while bag samples were gener-
ally collected in granular soil types. Core drilling provided sam-
ples of cored soils, split-spoon samples from the SPT penetration
testing, and occasional Shelby-tube samples.



330

Stability of Waste Rock Embankments

~,18000E

" GRASBERG - .
MOUNTAIN ~ *

NN

CARSTENZWEIDE
CNi—2  VALLEY
A~ OVERBURDEN
;%" EMBANKMENT'

NERASTRUGTURE N0 250

(1-25000)

EXPI TION.

A DRILL HOLES
O TEST PITS

FIGURE 36.1 Premine topography of the Grasberg Pit and Carstenzweide Valley embankment areas with geotechnical investigation details

36.2.3 Geologic Model
The foundation soils in the Carstenzweide embankment area are
interpreted to be deposited in a deep glacial cirque basin.

The near-surface Quaternary sediments are considered to be
fluvial in origin. The east-central portion of the valley’s surface is
dominated by peat and muskeg horizons, interbedded with
organic sands to silts. Organic silts often display a clay-like
behavior. At depth and on the valley’s west side, the presence of
organic silts and fine sands is reduced, while interbedded sands
and gravels become more abundant. Alluvial deposition of detri-
tus, eroded mainly from the Grasberg dioritic complex, is the
probable source for much of the near-surface deposits. The
stratigraphy near the front of Grasberg Mountain appeared typi-
cal of a meandering streambed sequence. Gravels are interbed-
ded with finer alluvial soils, including sands to organic silts and
peats.

Sediments at depth appear glacially derived and mainly con-
sist of detrital sands, gravels, and organic silts. Organic clays and
consolidated peat units were also occasionally observed. Figure
36.3 shows interpreted contours to competent bedrock circa
1991 data. In the area of the proposed ultimate embankment toe,
the alluvial sediments are approximately 125 m thick and to the
south they increase in depth to over 200 m.

A geologic interpretation of the soil deposition in Carstenz-
weide Valley is offered:

1. Glaciation occurred, scouring a glacial cirque bowl.

2. Glaciers retreated with deposition of interfingering fine-
and coarse-grained glacial deposits in the cirque valley,
possibly including a somewhat continuous varved glacial
lake deposit (organic silt unit).

3. Further retreat of the glacier ensued and coalescent fans
formed, depositing out-wash sands and gravels from
streams emanating from the melting glacier front.

4. A small glacier may have advanced back over the valley,
which densified or consolidated an interpreted deep and
dense soil unit.

5. The small glacier also retreated. This could have been fol-
lowed by additional fluvioglacial fan activity that depos-
ited loose granular materials from high-energy fluvial
flow events and soft, fine-grained materials during low-
energy times.

6. Recent alluvial processes deposited loose granular materi-
als on basin margins that grade to soft, fine-grained
organic soils in the basin center.

36.3 GEOTECHNICAL LABORATORY TESTING
Laboratory testing was performed on representative samples of
both foundation and embankment materials from the investiga-
tion (Table 36.1).

Tests were performed for effective shear strength (Mohr-
Coulomb strength parameters of cohesion and friction angle) and
pore pressure response (or both). Tests performed included (1)
direct-shear; (2) staged, consolidated, undrained triaxial com-
pression (CU) tests with pore-pressure measurements (for fine-
grained foundation soil samples); (3) lab vane shear; and (4)
one-dimensional consolidation testing. Pore-pressure response
data for foundation soils (consolidation data) usually were
obtained from calculations with the CU triaxial consolidation
stage data; however, some conventional one-dimensional consol-
idation tests were also performed.

Geotechnical index testing (sieves, Atterberg limits, mois-
ture content, density) was performed to classify and correlate
foundation soil types and helped to evaluate engineering proper-
ties. Special tests for classification of organic soils, such as peat
and muskeg, included organic content, fiber content, and lab
vane shear tests. The results from testing foundation soils were
grouped by simplified Carstenzweide “soil group” codes (Figure
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FIGURE 36.2 Unified soil classification system (USCS) and Carstenzweide “soil group” codes

36.2), which are referenced to the USCS symbols applied during
the field investigation. The USCS soil symbols were used to group
test results because only a small percentage of samples could be
actually tested in the lab. By using a classification system refer-
enced to the field USCS symbols, tested soil properties could be
associated with soil units that were not necessarily tested.

36.4 FEASIBILITY GEOTECHNICAL

STABILITY MODEL

Initially, a series of geologic cross sections through the valley
were constructed to determine the likelihood of through-going
correlatable soil layers. Distinct soil units generally could not be
interpolated between drill holes due to heterogeneous or discon-
tinuous conditions between holes. However, very similar stiff,
laminated organic silts were observed at depth in holes CNI-3
and CNI-4, with underlying densely mixed soil types. The stiff,
varved organic silt with some clay was assumed to be laterally
continuous. Therefore, the geotechnical model developed for the
stability analysis considered upper and lower mixed soil packages
(loose surficial unit and dense deep unit) separated by the
assumed continuous varved organic silt. Figure 36.4 displays a
cross section through the Carstenzweide Valley with the resulting
geotechnical foundation model.

36.4.1 Evaluation of Material Properties for Stability
Analysis

Table 36.2 summarizes the selected shear-strength and pore-
pressure response parameters associated with the geotechnical
model. These parameters, in addition to the shear strength of the
overburden stockpile embankment, were used in the embank-
ment stability analysis.

36.4.2 Shear Strength
The shear strengths used in the embankment stability analysis
are summarized graphically on Figure 36.5.

The foundation shear strengths for the loose surficial and the
dense deep mixed soil units were calculated based on a weighted
average using soil strengths assigned to the Carstenzweide soil
groups (Table 36.1 and Figure 36.2) and the average soil group
thicknesses by depth interval. The average soil group thicknesses
were evaluated through a statistical analysis based on the results
of geotechnical field logs. The weighted-average approach was
considered reasonable because of the interpreted heterogeneous
and relatively noncontinuous nature of these surficial and deep
mixed soils. The shear strength of the assumed, continuous,
organic fine silt is based on results from laboratory strength test-
ing on samples retrieved from drill holes CNI-3 and CNI-4.
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FIGURE 36.3 Carstenzweide Valley interpreted depth-to-bedrock
contour map

The strength of the overburden stockpile embankment
material was estimated from large-scale direct-shear and triaxial
compression data from run-of-mine material (Table 36.1). A
power fit was modeled for typical diorite overburden based on
laboratory data for normal loads up to approximately 1.4 Mpa
(200 psi) and on diorite rockfill data (Leps 1970).

36.4.3 Pore-Pressure Response In Foundation Solls from
Embankment Loading

Soil permeability and pore-pressure and loading response data
are required to estimate foundation water pressures induced
through embankment loading. The stability analysis modeled
independent pore-pressure development for the three modeled
foundation soil units (Figure 36.4) using classical soil consolida-
tion theory (Holtz and Kovaks 1981). Lab testing produced esti-
mates of Skempton’s pore-pressure parameters (used to predict a
rise in pore pressure in the foundation due to embankment load-
ing). Soil variables governing pore-pressure dissipation over time
are the consolidation parameters Cv and Hdr: the coefficient of
consolidation and the height of the drainage path, respectively.
Cv is a measure of soil permeability, and Hdr defines the length
of the path that excess pore pressures must travel to be relieved.
Estimates of Cv were made from lab tests. The height of the
drainage path is controlled by geology and drill-hole soil thick-
ness data.

Pore-pressure response in the loose surficial unit and in the
dense deep unit was modeled by estimating the average pore-
pressure variables (A, Cv, and Hdr) for the more fine-grained
soils in each unit, as characterized by Carstenzweide soil group
symbols M, C, and O (Figure 36.2). This estimate was considered
conservative since the surficial loose and deep dense units are
interpreted to contain mainly granular and more free-draining
materials. The pore-pressure variables for the assumed continu-
ous organic silt were derived from specific samples tested in
staged CU triaxial compression tests (Head 1986).

36.5 GEOTECHNICAL ANALYSIS AND PREDICTIONS
Various stockpile embankment configurations, as well as static
and a dynamic stability analysis, were considered in the initial
embankment geotechnical evaluations:

s static and dynamic (pseudostatic) limiting-equilibrium
stability analysis of a 270-m-high ultimate embankment
built by end-dumping at the angle of repose

= static and pseudostatic stability analysis of lifts up to a
270-m-high embankment built by staged ascending
construction with a 27° overall slope angle

= evaluation of embankment displacement from founda-
tion liquefaction, performed on the basis of potential
seismic earthquake hazards

36.5.1 Limiting-Equilibrium Stability Model
Limiting-equilibrium stability was evaluated using Spencer’s
method of slices for both static and dynamic (pseudostatic) cases.
Automatic shear surface searches were performed in an effective
stress analysis with the computer program UTEXAS2 (Wright
1986) to evaluate the critical factors of safety (FOS) for both cir-
cular and noncircular shear surfaces (Figure 36.6).

Excess pore-pressure development in the foundation, related
to loading the foundation with the embankment, was considered.
In the pseudostatic embankment analysis, it was assumed that
the strengths would not degrade as a result of cyclic loading;
however, the liquefaction analysis assumed earthquake-induced
reduction in foundation strength.

36.5.2 Plate Tectonics and Seismicity

The island of Irian Jaya, which is seismically active today, is the
product of collision between the Australian and Pacific litho-
spheric plates. A historical seismic hazard analysis (probability of
exceeding a given site acceleration in a specified period of years)
was used in the dynamic embankment stability analysis. Based
on historical records, peak site accelerations were calculated by
attenuating the energy released at the epicenter of each event
over its distance to the site. The attenuation relationship (Pat-
wardhan et al. 1978) is valid for soft and hard sites adjacent to
subduction zones. A Gumble extreme-value statistical analysis
was then used to evaluate the resulting distribution of peak site
accelerations (Glass 1981). History suggests that over the next 25
years, there is a 39% probability of occurrence of an earthquake
event producing a site ground acceleration of 0.16 g (16% of the
earth’s gravity).

36.5.3 Comments Regarding Pseudostatic Embankment
Stability Analysis

Pseudostatic dynamic slope stability is evaluated by Spencer’s
method of slices, whereby an additional horizontal force directed
outward from the slope is applied to the center of mass of each
slice. The additional force is calculated as a function of the pseu-
dostatic seismic coefficient input parameter. For embankments
under seismic loading, the crest of the embankment slope gener-
ally will experience a peak acceleration that is two to four times
the peak base acceleration. This translates into Carstenzweide
embankment peak crest accelerations of 0.30 to 0.80 g. A good
indication of a suitable pseudostatic seismic coefficient is 35% of
this crest acceleration, or 0.11 to 0.28 g. For feasibility purposes, a
pseudostatic seismic coefficient of 0.16 g (157 cm/sec?) was
selected.

The pseudostatic method, although a valuable screening tool
for slopes in seismically active areas, is usually considered con-
servative since the same horizontal acceleration is applied to all
slices. An actual embankment behaves in a more complex man-
ner under dynamic loading as follows:

= Forces may act in several different directions along the

slope at the same time.

= Foundation soils may amplify or attenuate base acceler-

ations based on their dynamic properties and on the
actual seismic event.
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TABLE 36.1 Summary of geotechnical laboratory test resuits from individual representative samples of foundation and embankment materials

INDEX DATA STRENGTH DATA
TRIAX COMPRESSION | DIRECT SHEAR | _CONSOLIDATION
Consolidated, Undrained
SIEVE DATA . ] MOISTURE WET ORGANIC VANE FIBER Effactive Streng Strass
DEPTH uscs D60 D50 2] <#200 | (LL-PL) | CONTENT | DENSITY | CONTENT | STRENGTH | CONTENT Level | Ov
SQURCE | _(m) Figld Lab (mm) mm, (%) (%) Cow) (%) ) (%) (ps) | (n"2hin)
CLEAN GRAVELS (SOIL GROUP SYMBOL = G)
TP-C-3 | 040 | GW-GM | _sw 550 380 | 0180 | 570 7.0 NP - . - H - g - 5 5 , 5 5
TP-C6 | 069 Gw - - - - - - - - 1168 - - - - . .
TP-C-3 140 GW. SM. 210 1.30 0048 82. 140 NP 92.1 117.6 - - - - - 1634.0 296
TP-C2 | 165 GW GP. 1000 | 630 | o210 42, 6.0 NP - - - - - B - - 5 - 5
CNi-4 38.37 GW-GM SM. 0.44 018 ~0009 87 380 NP 179 135.0 - = : - - - - . .
CcN3 | 6797 GP. SW 400 200 | 0130 63.8 78 NP 14z | - - - - B ‘ A g 5 -
AVG. 441 272 ~0.115 66.5 146 - 414 123.1
GRAVELS WITH FINES (SOIL GROUP SYMBOL = GF)
CNI<4 683 GC GM 5.30 2.00 -0007 | 565 | 210 | NP ] 15 ]I 108.3 { - } B g - [ 11520 } 300+ 1 B I | -
CNi4 | 1002 | GocL | sw | 550 | 350 | 0083 | 56 100 | w~e_ | 17 107.0 - - - B 4 T P T T | N
cni4 [ 2791 |"GMGC | sM | o090 | o4z | -oozr | s, 250 | wne ] 17, I I - i - | R | - | - = 71
AVG. 390 197 -00a7 67, 18. . 16.8 107.7
CLEAN SANDS (SOIL GROUP SYMBOL = S)
CNI4 336_| sW-sM | GP 6.60 350 0,130 470 T g5 T WP | - I - | - I - I -] - I - L T 71
CNig 73141 | sw | sm_| 190 130 | ooz 700 | 200 | NP_| 148 | 1266 - 1 - | | 1 - | I T I
AVG. 435 240 0075 710 143 - 148 126.6
SANDS WITH FINES (SOIL GROUP SYMBOL = SF)
CNI-4 6.44 SC GM 10 10.00 0025 340 4. NP - - - - - - - . . . .
TP-C-2 | 200 SM SM 0.25 017 | 0030_| 840 33, NP 33.9 - - - B B - - 5 s -
CNRF3__| 20, SM__|"sM-SC_| 030 016 | 0020 | 917 38, NP 36.1 - - - - » - - - - 5
TP-C4 | 088 SM ML 0.09 007 | 0027 | 985 53, NP - - - - - - 7488 | 272 - B
TPC3 |73 EIIE - ~0013] 990 NP - - - - - - B - B z
AVG. -220 209 -00z2z 814 0. B 350
SILTS (SOIL GROUP SYMBOL = M)
CNi4_| 1597 ML PT. 20 009 | 0014 91.0 49, NP 20 - 358 | - - - 5 ) - - .
CNi4__| 2051 ML PT. .00 180 | 0020 86.0 22 NP i - - i - 5 - - - - - 5
CNi4 2185 ML SM__| 160 2.30 0.013 210 42, NP 474 68.1 - - - . - - - N .
CNi4_| 3515 | mMHOH ML .08 -005 | -0010 | 100.0 60. NP 488 1004 134 B - - A 5 B 5 "
CNI4 | 4750 | MM | SM- 0.32 017 | —0002 | 1000 42 - 119.4 875 245 - - 51730 112 B - 650 22200
CNi4__| 5398 ML ML 0.02 0.01 0007 | 7000 | 900 4 382 116.4 - B - 12660 311 - - 140 .21280
60.0 | 009050
90.0__| 003440
1240 | 0.03780
2040 ] 7
AVG. 6.70 ~040 -0010 913 509 4 512 93,1 246
CLAYS (SOIL GROUP SYMBOL = C)
CNi-Z 7.07 CH oL 002 001 | -000i | 1000 945 NP 958 758 712 - - - . - . 5 5
CNi-Z 762 CH oL 0.03 002 | -0001 97.5 70.0 NP 77.0 105.0 - - - 1602.0 206 - -
CNI-2 1091 CcL CL-OL 0.02 001 -0.002 970 72.0 NP 634 878 88 : - - - . . B
CNI3 | 101.94 cL oL 003 001 0001 | 1000 74.0 NP 514 117.0 356 ; - - 25830 292 - -
CNi3__| 10322 cL MLCL | 001 0.01 - 100.0 705 NP 652 | 981 203 - - - 5 - . 5 -
CNI-3 113.13 CH. ML-CL 002 0.01 = 98.0 937 NP 18.9 130.1 - - - - - i . . . N
AVG. 0.02 001 -0001 988 796 E 62.0 101.3 192
PEAT/ MUSKEG (SOIL GROUP SYMBOL = O)
TP-C4 31 oL - B - - - - - 264 T - 493 - - - - - - B N
TP-C- % OH - - B - . - - 4190 33.0 - N - - 4 N , -
TP-C- 10 OoH MIZCL - - - 100.0 710 NP - ! - - B - - - 00 33.0 - -
TP-C-3 12 OH - - - - - - - 4390 | 964 443 490.0 480 1150 35.0 - - 100 | 000078
TP-C- 1.31 oH - - - B - - - 1540 | - 21.0 3200 2. - N - - -
TP-C4 | 1.40 oL B B 5 - - - - 68-155 - - - 2. N - 5 s ,
TP-C4_| 151 oL - - N - - B 5 68.0 B 411 - 2. B - - . - -
TP-C3 | 232 - - - - B - - 94-147 - 815 170.0 7 - s ‘ . N .
CNI-3 17.25 OH - - - - - - . 37.0 N 20 - B B N A - A N
TP-C-6_| 025 oL - - - - - - - - - 20, - - B - B 4 5 -
CNIS | 3913 PT PT p - - - - N 124.8 540 26. - - B - - B B -
AVG. B B B 100.0 71.0 E 166.7 95.2 23 3267 122
OVERBURDEN
PHYLLIC - - GM 104 7. -0.020 | 440 13.0 NP 6.0 T - - - - - - 7240 422 - -
POTASSIC | __- - GPGM | 95 7. 0.060 .0 110 NP 55 - - - - - - 13390 | 376 - B
S16 - - GM ) -<001 | -450 | -190 1.0 11.0 122.0 - - - 2090 399 - - - -
S17 - - GM. 7. 3. -<001 | 430 21.0 NP 125 115.0 - - - 00 40.4 - - - -
S18 - - GM 8. 4, ~<.001 | 540 200 1.0 120 122.0 - - - 2300 396 - - - B
AVG 9. 5. 0017 458 16.8 1.0 9.4 119.7
NOTES: (1) For sieve data, *~* indicates that data was extrapolated to defermine the value.
* mummmmmmwmmmwmw,wagmmmmmmm
** The tiraxial ruptured after invtial Due (o this, the shear strength was estimated from one Mok circle.
" Cv is the coefficient of consolidation
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TABLE 36.2 Carstenzweide Valley expected-strength parameters for embankment stability analysis

Loose and Soft | Organic Fine| Dense and Firm Overburden
Carstenzweide Foundation Soil Unit Surficial Unit Silt Unit Deep Unit
. (pch) 111 114 122 115
Density 1= /m?) 1.779 7.827 1.955 7.843
. (psf) 1150 1250 1150
EFFg%Z\'fGST'Z,EAR Cohesion = /m?) 5.618 6.107 5618 Power Curve
¢ (degrees) 25 29 29
Skempton's Pore Pressure g 0.71 0.4 )
Coefficient A at Failure ) 02 ) )
Coefficient of (in? /min) 0.02 0.0038 0.004 -
PORE PRESSURE Consolidation-Cv (em? /min) 0.129 0.025 0.026 -
PARAMETERS Height of (in.) 35 104 37 -
Drainage Path-Hdr (m) 0.89 2.65 0.94 -
NIt DESCRIPTION = The fundamental period of the foundation-embankment

@ Loose Surficial Unit  Predominately very loose to loose sands & grovels inter—
bedded with occasional very soft to soft non-plastic organic
silts/clays & consolidated peats.

Organic Fine Siit Vorved firm argonic silt/clay (assumed continuous).

@ Dense Deep Unit Medium dense to dense sands & grovels interbedded with
i firm to stiff lastic orqanic silts/clays,
individual soil units generally thicker than loose
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FIGURE 36.4 Cross section of Carstenzweide geotechnical foundation
model with embankment
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FIGURE 36.5 Shear-strength parameters for embankment stability
analysis

system changes over time with embankment construction.

= The amplifying effects of soil deposition on ground
accelerations are greatest when the fundamental period
of the system is close to the predominant period of the
base motion seismicity.

36.5.4 Modeling Foundation Excess Pore-Pressure
Development with Embankment Loading

Typically, it was assumed that embankment pore pressures
would not develop in the relatively free-draining rockfill overbur-
den. However, the Carstenzweide subsurface soil types indicated
there could be significant foundation pore-pressure development
due to embankment loading. Independent pore-pressure devel-
opment was modeled by the static and pseudostatic stability
analysis for the three foundation soil units (Figure 36.4).

Pore-pressure development is controlled by the rate of foun-
dation loading, natural water conditions, and foundation soil
characteristics (Table 36.2). Foundation loading rates are a func-
tion of overburden placement rate, the affected foundation area,
and embankment height (or lift height in the case of staged con-
struction). For example, a thick impermeable clay-like soil that is
loaded quickly will develop large pore pressures that take a long
time to dissipate (due to low permeabilities). A thin gravelly soil
will also develop excess pore pressures, but they will dissipate
quickly because they are thin and more permeable.

For the embankment construction schemes considered in the
stability analysis, the pore pressures for the three foundation
units were calculated as a function of overburden placement rate,
loading geometry (embankment height, foundation surface area,
and overall embankment slope angle) and the foundation soil
properties (Table 36.2). Excess pore pressures were estimated
along the center line of each foundation soil unit according to
Skempton’s pore pressure equation using estimates of the change
in stresses due to embankment loading (Perloff 1975).

The dissipation of pore pressures was modeled using one-
dimensional consolidation theory. The average coefficient of con-
solidation (Cv) was evaluated from the consolidation of triaxial
specimens in staged CU triaxial compression tests (Head 1986).
The placement rate and resulting embankment crest and toe
advance rate defined the time available to dissipate these pore
pressures as the embankment is placed.

For the Carstenzweide analysis, a maximum average daily
overburden placement rate of 200,000 metric tonnes per day
(MTPD) was used. The placement rate defines the advance rate
of the embankment over the foundation interface and is used to
calculate excess pore pressures in the foundation materials. Pore
pressures were calculated and tracked as a function of embank-
ment placement sequences considered (angle of repose versus
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FIGURE 36.6 Possible Carstenzweide embankment stability
mechanisms considered in limiting-equilibrium analysis

staged construction in controlled lifts). In the case of the staged
construction, residual pore pressures were tracked from the
effects of previous lifts as the embankment ascended.

36.5.5 Limiting-Equilibrium Stability Analysis of the Ultimate
Embankment at Angle of Repose

Static stability and pseudostatic stability were analyzed using
UTEXAS2 for a single end-dumped lift built at the ultimate
3,900-m elevation (270-m-high angle-of-repose embankment).
The results indicated that this method of construction would pro-
duce large, deep-seated foundation shear surfaces with pseudo-
static FOS values well below 1.0 and static FOS values at unity
(Table 36.3).

The noncircular failure modes (Figure 36.6) yielded the
most critical FOS for both pseudostatic and static cases, since
the shear-surface searches found the weak organic silt unit. The
organic silt is predicted, on average, to be slightly stronger than
the loose surficial unit, but it develops significantly higher
excess pore pressures.

The model predicts higher levels of stability for a fully dewa-
tered foundation. Full dewatering of the Carstenzweide founda-
tion was considered to be unrealistic at the feasibility stage due
to the high precipitation and complex geology of this area. Never-
theless, the fully dewatered case predicts that a single lift angle-
of-repose embankment would be fairly stable.

Sensitivity to pore pressure and stability levels as a function
of placement rate was performed using a placement rate of

50,000 MTPD; the pseudostatic FOS was still less than 1.0. The
embankment FOS for the pseudostatic case should be at least at
or above unity. The aggressive overall slope angle (angle of
repose) and the associated high stress concentrations under the
slope of the embankment generate adverse pore-pressure in the
foundation; therefore, low levels of stability were predicted for a
single lift angle-of-repose embankment configuration.

36.5.6 Multiple-Lift Staged Construction

Given marginal stability of a single angle-of-repose embankment,
the stability and pore-pressure interaction for the ascending,
multiple-lift construction method was evaluated for the 200,000-
MTPD placement rate. Pore-pressure generation versus dissipa-
tion was tracked; pore pressures were calculated at the end of
each lift based on the residual pore pressure remaining from
prior lifts and on the new pore pressures created by each succes-
sive lift. Stress distributions in the foundation soil units were
recalculated for each lift applied (Perloff 1975). The embank-
ment configuration for this model consisted of flattening the
overall slope to 27° and building up in lifts (a 30-m-high lift fol-
lowed by four 60-m lifts).

Results indicated that ascending construction produces
deep-seated critical shear surfaces with pseudostatic FOS values
for all lifts that were approximately $1.0; static FOS values were
>1.30 (Table 36.3). All critical FOS values were obtained for the
circular shear surface mode, except for the case of the ultimate
embankment (post Lift-5) where the FOS was approximately the
same. For a fully dewatered foundation, the predicted FOS also
improves significantly over the saturated case.

36.5.7 Carstenzweide Foundation Liquefaction Analysis

The loose surficial foundation soil unit contains saturated sandy-
silty soils that are potentially liquefiable. Loose gravels and soft
organic silts and clays with low SPT blow counts were also
observed and also may be prone to a loss of strength due to
strong ground shaking (Hynes and Franklin 1989). Cyclic load-
ing of saturated cohesionless soils can result in significant build-
up of excess pore pressures. The effective shear strength may
then decrease appreciably, especially with limited or no drain-
age. If the strengths drop low enough, large shear strains can
develop. When accompanied by continued cyclic stresses, these
large shear strains can lead to further reductions in the effective
shear strength of the soil. After several cycles of shear straining,
the soil may experience a nearly total loss of strength, at which
point the soil has liquefied. The build-up of pore pressure has
been shown to be a function of the cyclic shear strain and the
number of significant cycles (Ladd et al. 1989).

The potential for foundation liquefaction under the proposed
Carstenzweide embankment was estimated from the results of
SPT penetration testing (Seed and Idriss 1982; Seed et al. 1984)
and was later modified (Seed and Harder 1990; Marcuson,
Hynes, and Franklin 1990). The method is based on an empirical
approach from liquefaction case histories and in situ SPT N-1(60)
blow count data. The loose surficial foundation soil unit (consid-
ered susceptible to liquefaction) was divided into individual soil
layers based on logged drill-hole statistics. The liquefaction FOS
was determined for each layer based on the site’s probable range
of seismic excitation levels and on average SPT N-1(60) blow
count data. For modeled individual soil layers that were predicted
to liquefy (liquefaction FOS less than 1.0), a residual liquefied
strength (liquefied total strength without friction) was estimated
based on the work of Seed and Harder (1990).

The static shear strength of units in the foundation that
were not predicted to liquefy (liquefaction FOS $1.0) was
reduced to account for soil deformation characteristics and
earthquake-induced pore-pressure generation (after Marcuson,
Hynes, and Franklin 1990). A residual strength (cohesionless
material with an adjusted friction angle) was calculated for each
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TABLE 36.3 Carstenzweide Valley overburden stockpile static and pseudostatic stability summary of critical shear surfaces for expected strengths
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Condition (m) | (deg) | Static (a=16%qg)
Single
Lift—-end Angle of Repose /
Dumped at S 270 40 1.08 0.84 Circular Shear A Akl T
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soil layer from the static friction angle, based on the residual
pore-pressure ratio due to seismic shaking (after Sykora et al.
1992). The resulting foundation shear-strength profile for the
postearthquake case is shown on Figure 36.7 for the two design
earthquake events considered.

Static slope stability analysis (UTEXAS2) was performed
using these postearthquake liquefied strengths to evaluate the
stability of the embankment following the design earthquake
events. The analysis was run statically since the postearthquake
residual shear strengths have already been adjusted for the
effects of ground shaking, immediately following the earthquake
events considered. Only circular shear-surface searches were
specified since the surficial loose soil unit is interpreted to consist
of a complex laterally discontinuous series of mixed soils. Noncir-
cular geometries were not considered; they would unrealistically
model the weaker liquefied residual soils as laterally continuous.
Only the staged lifts were considered since static analysis for the
angle-of-repose ultimate embankment produced unacceptable
FOS values.

Table 36.4 presents the detailed steps to the foundation lig-
uefaction analysis.

Pore-Pressure Conditions. The stability model for
postearthquake foundation liquefaction is based on the initial
static limiting-equilibrium model with the postearthquake
strength profile for the loose surficial unit (Figure 36.7). For the
saturated foundation case, the piezometric surfaces used for the
static analysis were retained in the postearthquake analysis. A
dewatered model was obtained by removing all pore-pressure
surfaces while retaining the residual strengths.

Results of Postearthquake Static Liquefaction Stability
Analysis. The primary case used to assess liquefaction potential
was the magnitude 7.5 earthquake event with associated 0.20 g
base acceleration. The analysis indicated potential for seismically
induced liquefaction in foundation soils 30 to 60 m deep; there-
fore, there is potential for embankment displacements. The key
question for cases of predicted liquefaction is the probable
response of the embankment. For postearthquake slope stability
FOS values of approximately 0.9 to 1.0, some limited deforma-
tions due to liquefaction can be expected. The embankment
should, however, attain a postfailure geometry without large cat-
astrophic displacements. For lower FOS values, some slope-wide
instability may occur.
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FIGURE 36.7 Postearthquake residual soil strengths for the loose surficial soil unit under two design seismic events

The UTEXAS2 postearthquake stability runs indicate a high
likelihood of liquefaction in the toe area (Table 36.5).

The critical shear surface is a toe circle with a FOS of 0.7. For
approximate limiting-equilibrium conditions (Run 2 FOS of 1.0),
the shear surface is approximately 65 m deep and exits the foun-
dation 160 m from the embankment toe. The third case shows
the postearthquake FOS for the same shear surface presented in
the post Lift-5 pseudostatic effective stress stability analysis. This
indicates a FOS of 1.26 with a shear surface depth of 80 m and a
foundation exit point 255 m from the embankment toe. The
fourth case shows the critical FOS for fully dewatered foundation
conditions. The fifth case shows the postearthquake FOS for the
same shear surface as that presented for the third case, for full
foundation dewatering.

Sensitivity of postearthquake stability to the magnitude 6.0
earthquake event (with 0.16 g base acceleration) indicates that
there is no significant difference between the expected potential
for liquefaction for the two earthquake events. However, the
expected behavior of the ultimate embankment is somewhat dif-
ferent since the shear surface depth and foundation exit point are
smaller for the magnitude 6.0 earthquake event. Seed, Makdisi
and de Alba (1978) indicate that liquefaction failure has never
occurred in a hydraulic fill dam or a dam on an alluvial founda-

tion, for a seismic event with magnitude less than 6.5 and an
associated base acceleration of less than 0.20 g. Historically, the
site has experienced a maximum estimated base acceleration of
0.166 g, which was associated with a magnitude 6.0 event occur-
ring 45 km from the site. Also, an event of magnitude 7.6
occurred 156 km from the site and imported accelerations of
about 0.13 g. Based on the analysis, the most likely site response
of the Carstenzweide foundation has been bounded by a some-
what marginal condition with respect to foundation liquefaction.

Sensitivity of the postearthquake liquefaction stability model
to embankment slope angle was also evaluated by finding the
critical FOS for the magnitude 7.5 event and a 30° overall slope
angle. The critical FOS for this case (FOS of 0.64) with saturated
foundation conditions was found to be about 7% lower than that
of the associated 27° slope case for the same earthquake event
(Table 36.5). The shear surface for the 30° slope possesses simi-
lar depth and exit point as the 27° case.

Given the interpreted heterogeneous and noncontinuous
nature of the loose surficial soils, it is possible that some zones
of the foundation may liquefy and the embankment may experi-
ence deformations. The slope will readjust at some flatter angle,
which is expected to be approximately 15°. Some settling at the
foundation interface may occur with embankment slumping;
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TABLE 36.4 Detailed steps in the evaluation of foundation liquefaction potential

1.

2.

A critical cross section was selected for evaluating liquefaction potential and postearthquake stability. For the Carstenzweide overburden
embankment, the loose surficial foundation soil unit was the only foundation unit considered susceptible to liquefaction.

The maximum acceleration and magnitude for earthquake-induced base excitation of the embankment and foundation was estimated based on
the site-specific seismic hazard assessment. For evaluation of foundation liquefaction potential, seismic base accelerations of both 0.16 g and
0.20 g events were considered. Although not historically substantiated, the evaluation of liquefaction provided for a 0.20 g event (associated
with a Richter magnitude of about 7.5), to account for the possibility of a large event occurring close to the site.

For soils within the foundation, the resistance to liquefaction (cyclic shear strength, Rf) was evaluated using the SPT N-1(60) blowcount data
corrected for soil fines content based on Seed's work (1984). The corrected “equivalent clean sand” blowcounts, N-1(60)-ecs, were based on
average fines content by the Carstenzweide soil groups that were determined as part of the lab testing program. The fines correction was made
to standardize the N-1(60) values to the same equivalent fines content at the onset of the liquefaction analysis. The corrected blowcounts from
individual geotechnical drill holes were combined and treated statistically by averaging the blowcounts by depth interval and Carstenzweide soil
group symbol (Figure 36.2). Corrected N-1(60)-ecs blowcounts varied mostly between 10 to 30. Cyclic shear strength ratio (Rf) for a magnitude
7.5 earthquake was calculated based on the N-1(60)-ecs values (Seed 1984). For other magnitude events, the cyclic stress ratio was corrected
for earthquake magnitude, overburden pressure, and initial static shear stress effects (Seed and Harder 1990; Marcuson, Hynes, and Franklin
1990). Clay soil types (Carstenzweide soil group symbol “C") were not considered susceptible to liquefaction based on geotechnical index test
results and Wang (1979).

The cyclic stresses (Ri) which developed in the foundation from the design seismic event were evaluated based on the peak surface
acceleration and estimated in situ stress conditions using equations by Seed and Idriss (1982). Average stresses in the foundation (due to
embankment and foundation material loads) were estimated using elastic theory (Perloff 1975); these stress estimates were considered
reasonable for feasibility level analysis. Additional investigation, lab testing and numerical stress/strain modeling would be required to obtain a
more accurate estimate of the likely stresses within the foundation.

The Factor of Safety (FOS) against liquefaction for each soil unit was calculated by comparing the cyclic shear strength (Rf) to the cyclic shear
stress (Ri) as follows: Factor of Safety (FOS) = Rf/Ri. The FOS against liquefaction was determined for site base accelerations of 0.16 g and
0.20 g for each lift in the embankment construction sequence. Sensitivity to ievels of foundation saturation were also conducted. The results
indicate that the potential for liquefaction increases up to the 90-m-high embankment (Lift-2) and that the potential for liquefaction is
approximately the same for the 90-m- high embankment and the uitimate 270-m-high embankment.

For individual modeled soil layers in the loose surficial foundation unit that were predicted to liquefy (FOS against liquefaction less than 1.0), a
residual liquefied strength (liquefied total strength without friction) was estimated based on the work of Seed and Harder (1990). The static
shear strength of units in the foundation that were not predicted to liquefy (FOS against liquefaction greater than or equal to 1.0) were reduced
to account for soil deformation characteristics and earthquake-induced pore pressure generation (after Marcuson, Hynes, and Franklin, 1990).
A residual strength (represented as a cohesionless material with an adjusted friction angle) was calculated for each soil layer from the static
friction angle, based on the residual pore pressure ratio due to seismic shaking (Sykora et al. 1992) (Figure 36.7).

Static slope stability analysis (limiting-equilibrium using UTEXAS2 with Spencer’s method of slices) was then performed using these
postearthquake liguefied strengths to evaluate the stability of the embankment following the design earthquake events. The analysis was run
as a static analysis, as the postearthquake residuai shear strengths have aiready been adjusted for the effects of ground shaking immediately

following the earthquake events considered.

the embankment materials may sink into liquefied foundation
zones.

The stockpile embankment is not expected to experience
large catastrophic translations of the overall embankment as long
as the embankment materials do not become saturated. Major
seismic activity may result in extensive cracking of the embank-
ment in the area of the crest. These dynamic deformations, not
attributed to liquefaction, occur during an earthquake event and
are expected to be on the order of tens of meters. These deforma-
tions may lead to some lateral embankment spreading, particu-
larly in the toe area.

Potential for liquefaction can be remedied through two basic
approaches. To accommodate deformation near the toe, a wide
safety step-out from the toe of the slope should be planned. Con-
versely, measures can be taken to densify and dewater the foun-
dation materials from under the ultimate crest to some distance
out in front of the planned ultimate toe. For the loose, surficial
Carstenzweide soils, the most practical measure would be to den-
sify the foundation through blasting and to dewater aggressively.
Blasting would require field tests involving iterative SPT blow
count measurements to evaluate the optimum spacing, charge,
and firing sequence (usually from the bottom of holes up) to
arrive at the most dense conditions possible. Other more costly
remedial measures include vibrocompaction, admixtures,
dynamic compaction (heavy tamping), and excavation and
replacement (the last of which is probably too expensive).

Dewatering the foundation soils will decrease the possible
extent of liquefaction and will reduce potential deformations
from seismic shaking. Effective dewatering must be achieved,
however, since partially saturated loose deposits may still experi-
ence liquefaction (e.g., Lower San Fernando Dam, California).

36.5.8 Carstenzweide Geotechnical Recommendations from
Initial Feasibility Study

Based on the initial embankment stability study, the following
points summarize the recommended design configuration for the
ultimate Carstenzweide overburden stockpile (Figure 36.8):

1. A maximum slope height (difference in elevation from
crest to toe) of 270 m

2. An overall slope angle of two horizontal to one vertical
(2H:1V) (27°)

3. Aninitial 30-m-high angle-of-repose lift, followed by four
60-m-high angle-of-repose lifts with appropriate offsets
between lifts to obtain the overall slope angle

4. Embankment placement rates of around 200,000 MTPD
or one 60-m lift over any one year. From a stability stand-
point, uniform placement over time is preferred over short
periods of rapid placement.

5. Permanent infrastructure restricted outside a 275-m-wide
safety step-out from the ultimate embankment toe. This
would protect against the potential for earthquake-
induced embankment displacements. A 160-m-wide
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TABLE 36.5 Carstenzweide Valley overburden stockpile postearthquake liquefaction stability summary

STAGED CONSTRUCTION; 26 DEG. OVERALL SLOPE ANGLE
270m MAXIMUM SLOPE HEIGHT; 60m MAXIMUM LIFT THICKNESS
FOUNDATION [FACTOR
EARTHOKE WATER OF REMARKS GRAPHIC
CONDITION | SAFETY
S 0.69 | Critical Shear Surface. %
Shear Surface for Limiting
5 1.07 Equilibrium (Approx.). %
Factor of Safety for Shear
Magnitude = 7.5 S 1 26 | Surface Exiting Foundation 250m| ____ £l L. —aa=
(Richter Scale) From Proposed Stockpile Toe.
Acceleration = 0.20g
Critical Shear Surface for
D 0.89 | Fully Dewatered Foundation. é
Factor of Safety for Shear
Surface Exiting Foundation 250m
D 1.65 From Proposed Stockpile Toe
for Fully Dewatered Foundation.
S 0.70 | Critical Shear Surface. %
Magnitude = 6.0
(Richter Scale) .
Acceleration = 0.16g Critical Shear Surface for
D 0.92 | Fully Dewatered Foundation. %/
STAGED CONSTRUCTION; 30 DEG. OVERALL SLOPE ANGLE
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Magnitude = 7.5
(Richter Scale) S 0.64 | Critical Shear Surfoce. | <————dessspes=
Acceleration = 0.20g
S = Saturated Foundation D = Fully Dewatered Foundation ~--- Excess Pore Pressure Surfaces

safety step-out from the ultimate toe is recommended for
mobile equipment and roads.
6. A concave crest line to promote three-dimensional stability
7. Surface drainage of the embankment and diversion of
runoff from areas above the embankment. This should be
considered because of the high annual precipitation levels
and concerns for surface and subsurface water conditions.

Figure 36.9 describes various modes for overburden
embankment instability (MEMPHR 1991).

The more likely Carstenzweide embankment failure modes
involve deep-seated shear surfaces, which probably would be
induced by dynamic shaking. Events of this nature will probably
impact the crest area and areas out from the toe. Sliver failures

may affect local areas at the crest of angle-of-repose lifts. The
soft, near-surface foundation materials may cause localized toe
bulging and possibly associated crest sloughing.

36.6 OBSERVATIONAL ENGINEERING AND
PERFORMANCE

36.6.1 Terzaghi's Observational Method of Soil Mechanics
and Mine Geotechnics

A common engineering approach to open-pit overburden opera-
tions consists of an initial investigation to obtain enough site-
specific information to make a preliminary evaluation of stability
and embankment volumes. The preliminary analysis indicates
areas that should be investigated further, and the embankment
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FIGURE 36.8 Ultimate embankment configuration for the recommended Carstenzweide overburden stockpile with the Grasberg ultimate pit limits

(circa 1992)

plan is modified as required. Also, any key design assumptions
should be verified to ensure that relatively safe operational con-
ditions prevail.

Terzaghi (Peck 1969) described a practical approach for ver-
ifying geotechnical design assumptions and for investigating the
effects of the critical parameters identified during feasibility stud-
ies. Terzaghi’s observational method, applied to mine geotech-
nics, provides some guidance for initial embankment placement
operations (field trials). Field trials are one of the few ways to
gain new geotechnical experience with unfamiliar conditions for
which no precedent can be found. In the early years of Carstenz-
weide embankment development, trial embankments were used
to verify geotechnical predictions and to provide site-specific
operational field experience. An observational engineering
approach to embankment construction with geotechnical moni-
toring was implemented with the trial embankments. The moni-
toring provides for safe operational conditions and measures
geotechnical performance.

36.6.2 Monitoring

It is essential to use monitoring data to analyze geotechnical per-
formance over time to compare actual versus predicted behavior
and to modify plans, if required. An overburden embankment-
monitoring program has been in place in support of Grasberg
open-pit mining since the early 1990s. Embankment instability is
almost always preceded by measurable changes in embankment
behavior that occurs within several hours or days prior to signifi-
cant displacements. To provide operational safety to personnel
and equipment, a reliable and redundant embankment monitor-
ing system is required to detect the early warnings. There are
many techniques available for monitoring overburden stockpile
embankments and foundations. The following are the more

applicable and practical techniques used for monitoring the
Carstenzweide embankment:
= Visual monitoring to make frequent and thorough

visual inspections. Visual monitoring by qualified
personnel is perhaps one of the most effective
embankment-monitoring practices available and is a
key to early detection of overburden embankment
instability. However, it should be used in conjunction
with other monitoring techniques.

= Wire-line extensometers to measure embankment crest
displacements in areas of active instability (Figure 36.10).

s EDM survey prism points to monitor ground response in
embankment crests and foundation areas in front of the
embankment toe. Prism survey data provide informa-
tion on the failure mode if instability occurs. Embank-
ment failures initiated by foundation distress are often
observed first in foundation prism monitoring data.

»  Piezometers to measure any pore pressures within
embankments and foundations.

36.6.3 Operational Guidelines for Embankment Crest
Advance Rate

Based on experience in British Columbia, Canada, with high
angle-of-repose waste rock embankments (for coal and base metal
mines), a relationship between embankment slope height versus
maximum recommended crest advance rate was established
(MEMPHR 1991). The British Columbia relationship was used
during the early stages of overburden embankment development
to help guide operational and geotechnical decisions. Over time,
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FAILURE
TYPE

DIAGRAM

USUAL CAUSE

LIKELY EFFECTS

WARNING SIGNS

Sliver
Failure

OVERSTEEPENED CREST
DUE TO HIGH

FINES CONTENT,

RAPID PLACEMENT
RATE, WET MATERIAL.

SMALL SCALE CREST
FAILURE, SUBSIDENCE
AT CREST

OF STOCKPILE.

CREST CRACKING,
SUBSIDENCE NEAR
CREST, STEEP

SLOPE BELOW CREST,
INCREASING CREST
DISPLACEMENT RATES.

Foundation
Failure

WEAK MATERIAL IN
FOUNDATION, RAPID
LOADING RATE, HIGH
PORE PRESSURES IN
FOUNDATION BLASTING
OR EARTHQUAKE EFFECTS.

CAN CAUSE LARGE
FAILURE INVOLVING
SIGNIFICANT PART
OF STOCKPILE.

SEEPACE AT THE TOE,
BULGING QR SPREADING
OF STOCKPILE TOE,
CRACKS WELL BEHIND
STOCKPILE CREST.

Overall
Failure

WEAK MATERIAL ALONG
BASE OF STOCKPILE
Leg LAYER OF SOIL).
OOR DRAINAGE ALONG
BASE OF STOCKPILE,
STEEP FOUNDATION,
RAPID LOADING RATE.

ENTIRE STOCKPILE
FAILS ALONG BASE.

CRACKING OF STOCKPILE
SURFACE BACK AS FAR
AS CONTACT WITH
GROUND, SETTLEMENT
OF ENTIRE PLATFORM.

Rotational
Failures

WEAK MATERIAL IN STOCK-
PILE OR FOUNDATION, HIGH
PORE PRESSURED, RAPID
LOADING RATES, MAY
INVOLVE STOCKPILE
MATERIAL ONLY OR ALSO
INCLUDE FOUNDATION, MAY
BE CIRCULAR OR NON-
CIRCULAR IN CONFIGURATION.

CAN CAUSE FAILURES
INVOLVING MAJOR PART
OF STOCKPILE, MAY
INVOLVE STOCKPILE
ONLY OR STOCKPILE
AND FOUNDATION

(TWO TYPICAL FAILURE

SURFACES ILLUSTRATED).

BULGING AT TOE.
CRACKING AND
SETTLEMENT WELL
BEHIND CREST,
ROCK NOISE,
POSSIBLE SCARPS
WELL BEHIND CREST.

Toe
Failure

WEAK FOUNDATION
MATERIALS AT TOE.
HIGH PORE
PRESSURES AT TOE,
STEEP SLOPES AT TOE.
RAPID LOADING RATE.

LOSS OF SUPPORT OF
TOE, MAY LEAD TO

TO PROPAGATION

OF FAILURE UP-SLOPE.

SPREADING OF TOE,
YIELDING AND BULGING
OF FOUNDATION SOILS
AND/OR STOCKPILE
MATERIAL AT TOE.

Foundation
Liquefaction

/’
/,

SILTY TO SANDY
MATERIAL IN
FOUNDATION, POSSIBLY
CONFINED BY
AQUITARDS, PORE

| PRESSURE BUILD-ULP

DUE TO RAPID LOADING,
SEISMIC FORCES
MAY BE IMPORTANT

POSSIBLE MAJOR
FAILURE OF SIGNIFICANT
PORTION OF THE
STOCKPILE WITH LARGE
RUNOUT DISTANCE,

MAY OCCUR ON FLAT
FOUNDATION SLOPE.

HIGH PIEZOMETRIC
PRESSURES IN
FOUNDATIONS (N SOME
CASES. SAND BOILS
MAY BE PRESENT PRIOR
TO COMPLETE FAILURE.

Planar
Failure

WEAK PLANE IN
STOCKPILE MATERIAL
APPROXIMATELY
PARALLEL TO STOCKPILE
FACE, DUE TO POOR
MATERIAL, SNOW LENS
OR RAPID LOADING,

MAY NVOLVE LARGE
AMOUNT OF
MATERIAL WITH LARGE
RUNOUT DISTANCE.

SLUMPING OF STOCKPILE
CREST, BULGING

OF TOE OR FACE,
CRACKS ON PLATFORM
WELL BEHIND CREST.

FIGURE 36.9 Common modes of overburden stockpile embankment instability

site-specific monitoring and operational experience suggested
that that guideline was perhaps slightly conservative for embank-
ment slope heights over 100 m, and site-specific criteria were also
required for slope heights in excess of 200 m. To optimize day-to-
day operations and provide mine planning guidance for life-of-
mine embankment plans, historical records from Grasberg mine
operations and crest displacement monitoring were analyzed to
develop a site-specific relationship for embankment slope height
versus crest advance rate.

A database was created from mine records (including
embankment slope height, average crest advance rate, foundation
conditions, crest displacement monitoring from wire-line exten-
someters, whether or not rapid crest displacements occurred, and
foundation slope angle under crest). An analysis was performed
to evaluate maximum recommended crest advance rates (how
fast to build) compared with allowable crest displacement rates
(how fast can the embankment crest displace without creating
progressive crest instability) as a function of embankment slope
height. Based on the site experience available at the time, a criti-
cal crest-displacement control rate of 0.5 m per day was used to
help define the “site-specific maximum crest displacement rates”
versus “slope height” relationship. The data suggested that if

velocity exceeded approximately 0.5 m per day, a progressive
crest displacement episode was more likely to occur.

The results of the analysis concluded that there were two
general relationships for the site, which depend primarily on the
foundation conditions. For placement over a poor foundation
(steep natural foundations or soil deposits in a valley bottoms), a
lower crest advance rate was obtained compared with placement
over a buttressed toe (buttressed against a natural bedrock side
slope, preexisting overburden embankment slope or placement
platform). The site-specific experience compared with the rela-
tionship developed in British Columbia is shown on Figure 36.11.
It is important to note that application of this relationship in dif-
ferent geotechnical conditions could be inappropriate.

36.6.4 Operational Considerations and Trial
Embankment Experience

The mine area, in terms of geography and topography, pre-
sents one of the world’s most challenging environments for
open-pit mining. In fact, early mine planning studies suggested
that the maximum rate at which the Grasberg pit could be
mined would be geotechnically and operationally limited by the
ability to place the required overburden volumes. The major
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FIGURE 36.10 Types of wire-line extensometers for crest
displacement monitoring

operational consideration for the initial Carstenzweide embank-
ment development included the fact that overburden was origi-
nating from pit elevations over 300 m higher than the valley
floor. This created operational access restrictions for placing the
initial lift across the valley floor via large haul trucks. There-
fore, an operational objective of early overburden placement
was to establish an embankment for production truck haulage
that descended along the far north side of the Carstenzweide
Valley. This operational decision set the stage for a trial
embankment program guided geotechnically by the application
of Terzaghi’s observational method. In the early to middle
1990s, angle-of-repose embankments approximately 150 m in
vertical slope height would be constructed over steep rock foun-
dations, with the embankments toeing out over the soft soils of
the Carstenzweide Valley. Geotechnically, the high trial
embankments were considered susceptible to instability. To
manage the potential risk to downstream infrastructure, runout
distance relationships (Zavodni et al. 1984) were used, which
provided a margin of comfort that any embankment instability
would be far enough away. Geotechnical monitoring systems
were installed to manage the risk to embankment placement
operations. As another safety precaution, trucks usually
dumped short of the crest, and dozers with spotters were used
to push material over the crest.

A number of embankment crest instabilities were docu-
mented for these high embankments, leading up to a large insta-
bility that occurred in January 1997. The Carstenzweide
embankment monitoring systems worked very well at detecting
instability prior to more rapid crest displacements; relatively safe
operational conditions were attained for personnel and equip-
ment by limiting or relocating overburden placement based on
the geotechnical monitoring. The observational record for
Carstenzweide embankment operations and the associated insta-
bility history from two well-documented crest displacement
events are detailed in the following sections, with geotechnical
interpretations of cause and effect.

CREST ADVANCE RATE (m/day)
1

| I
0 100 200 300 400
EMBANKMENT SLOPE HEIGHT (meters)

— — — BUTTRESSED GRASBERG EMBANKMENTS
EMBANKMENTS OVER POOR NATURAL TOPOGRAPHY
~——— BC GUIDELINE

FIGURE 36.11 Site-specific embankment crest advance rate
relationships compared to the British Columbia experience

Carstenzweide Crest Displacement of 23 July 1996. A crest
instability involving approximately 8,000 tonnes occurred in
mid-1996 on a high-angle-of-repose embankment (vertical slope
height of 140 m) in north Carstenzweide. Due to placement plat-
form closures in other areas and a short haul distance to the
north Carstenzweide area, the operational limits of maximum
crest advance rate were tested for a poor soil foundation (soil
thickness estimated to be <15 m). Crest advance rates of approxi-
mately 2 to 3 m/d resulted prior to instability over a steep natural
side slope (approximately 25°) with toe advance over the
Carstenzweide soil foundation. Figure 36.11 would suggest that
the average maximum crest advance rate over the poor natural
foundation should be less than approximately 0.7 m/d.

The instability formed in an area where the crest advance
was concentrated in such a way that an unconfined nose was
developed. The crest broke back approximately 5 m, defining a
spoon-shaped sliver failure that developed into a flow slide;
runout from the prefailure toe to the postfailure toe was esti-
mated at approximately 90 m.

Due to the rapid crest advance in this area, direct crest dis-
placement monitoring was not possible since there was no room
to work around monitoring equipment. Instead, geotechnical staff
personnel were assigned as spotters to visually monitor place-
ment. The nearest wire-line extensometers (approximately 200 m
to the east) indicated that crest displacement rates were less than
0.12 m/d for the day prior to the crest displacement. Some creep
in a foundation prism station was also detected. The instability
was reported to develop fairly quickly, suggesting a brittle
response in the foundation or the embankment.

The interpreted causes for the instability include rapid crest
advance over a steep foundation with a weak toe condition and
little crest confinement. The flow-slide behavior also suggested a
possible static collapse mechanism of the embankment materials,
possibly triggered by the rapid crest advance or foundation yield-
ing. Aspects of the embankment flow-slide behavior were investi-
gated with geotechnical laboratory index tests (sieve analysis and
moisture content) of embankment materials sampled in the field
along the post failure profile. The embankment material involved
was a relatively fine-grained weathered oxidized diorite overbur-
den, which forms a nonsegregating habit down the angle-of-
repose slope. The lab testing indicated that the overburden classi-
fied in the USCS system as clayey sand (SC-SM) to clayey gravel
(GP-GC), with sand contents (-2-mm particle size) between 20%
to 40%. Nonsegregating embankment materials with these types
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of gradations have been recognized in British Columbia experi-
ence to be associated with static embankment collapse mecha-
nisms (Dawson and Morgenstern 1995).

Carstenzweide Crest Displacement of 16 January 1997.
A relatively large crest instability involving approximately 2.5
million tonnes occurred in early 1997 (Julhendra 1997). The
instability appears to have been initiated due to placement on a
high-angle-of-repose embankment (vertical slope height of 110
m) in the northeast corner of Carstenzweide Valley. Operational
placement was most active here, and two adjacent platform areas
to the west, which shared a common soil foundation, were also
affected. The placement area just to the west was closed, while
the placement area further west was open for limited placement
rates of less than 10,000 tonnes/d.

Operationally, the limits of maximum crest advance rate
were tested again with crest advance rates over approximately
1.5 to 3 m/d for three days prior to rapid crest instability. Similar
foundation conditions exist here (25° side slope with toe
advance over soil foundation). Figure 36.11 would suggest that
the average maximum crest advance rate over the poor natural
foundation should be less than approximately 0.8 m/d.

The crest broke back approximately 20 to 55 m along the
three placement platforms, defining a general overall instability
that developed into a flow-slide event; runout from the prefailure
toe to the postfailure toe was estimated at over approximately
110 m. Large translational embankment instability was reported
to develop fairly quickly, with the embankment material forming
a flow-slide event.

Visually, embankment toe bulging and associated founda-
tion spreading was observed. Monitoring systems were in place,
including crest wire-line extensometers and EDM prisms in front
of the toe. Natural foundation EDM prism stations showed accel-
erating horizontal- and vertical-heave displacement components
four days prior to more rapid embankment crest translations. The
wire-line extensometers in the area indicated that average crest
displacement rates were approximately 0.5 to 0.6 m/d prior to
the rapid crest displacement. Placement operations were halted
prior to rapid crest translation due to accelerating displacements
recognized with the monitoring program.

The interpreted causes for the instability include general
foundation yielding, which initiated due to rapid crest advance in
the northeast placement area over a steep foundation with a
weak soil foundation at the toe. Relatively high rains for four pre-
vious days prior to the event may have played a role. Also,
embankment placement of 10,000 tonnes/d on the western
placement platform (slope height over 145 m) may have contrib-
uted to overstressing the foundation soils. Finally, relatively fine-
grained and wet overburden was suspected to be involved in the
failure plane. Wet and fine types of mine overburden have gener-
ated static collapse hazards elsewhere (Dawson and Morgenstern
1995).

Experiences. Key geotechnical and operational experi-
ences through the early observational period of Carstenzweide
embankment placement resulted in the following findings:

1. It was decided to advance the Carstenzweide embank-
ment with staged construction in lifts that ascend from the
valley floor.

2. Visual monitoring of overburden placement activities
should always be supplemented with aggressive use of
crest monitoring. Poor (soft or deep) foundations increase
the need for foundation monitoring systems.

3. Experience was gained with the concept of crest advance
rate as a guide to assisting embankment construction
management (recognizing that crest advance rate alone is
not capable of explaining all the intricacies of Mother
Nature).

4. Geotechnical indications suggested that sandy, nonsegre-
gating overburden types (-2-mm sand contents between
20% and 40%) should be handled carefully (strategies,
such as zoning, mixing, and low lift construction could be
evaluated when possible).

5. Embankment displacement interaction was experienced
between multiple placement platforms over a common,
soft soil foundation.

6. Back-analysis confirmation of feasibility foundation
strengths was provided for the “loose surficial” soil
package.

7. Alower bound estimate of embankment shear strength
was provided (C = 1.0 tonne/m2, phi = 31.2° to 33.5°).

36.7 SUMMARY AND CONCLUSIONS

Foundations for the Carstenzweide overburden embankment
should perform well under static conditions for controlled,
ascending staged construction. A large seismic event may be
capable of inducing some ground motions in the embankment or
foundation toe area. Based on the technical work completed to
date, permanent mine infrastructure has been restricted for dis-
tances within 275 m of the embankment toe in respect of the lig-
uefaction run-out safety zone. Plans to provide for partial
foundation dewatering, at least, are also being evaluated.

Uncertainty in the natural environment produces a degree of
uncertainty in any geotechnical stability analysis (regardless of
how well geotechnical engineers think that a particular site is
understood). One must first wrestle with all the inherent ambigu-
ity in geology, hydrology, and other natural events such as earth-
quakes. Then there is the uncertainty in investigating (e.g.,
mapping and drilling), sampling, testing, and predicting the spa-
tial location and reoccurrence of these parameters. Finally, all
parameters must be physically modeled in the environment of a
simplified stability analysis. The observational engineering
method in the framework of a mine-and-monitor approach pro-
vides a basic operational and geotechnical tool for managing the
risks in the mining environment while measuring engineering
performance over time.

Basic application of geology, hydrology, and geotechnical
and mine engineering, tempered by the engineering observa-
tional method, is capable of providing relatively safe operational
mining conditions as well as valuable design tools for the effi-
cient development of a meaningful and economically optimized
mine plan. Since experience with geological and geotechnical
ground conditions increases with time and given the dynamics of
daily operations versus short-to-long-term mine planning con-
cerns, it is important to understand that mine design is a very
iterative process, which includes investigation, prediction, opera-
tion to minimize risk, observation (monitoring), and adjustments
over time as required.

Geotechnical monitoring of overburden embankments his-
torically has been extremely effective at the Grasberg operation.
Embankment construction has been controlled, while protecting
personnel and equipment in a natural setting that is considered
to be very physically challenging to mining activities.
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