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KEY FEATURES OF THE
GEOTECHNICAL SAFETY PROGRAMME
FOR THE AMUAY CLIFFSIDE

T. WILLIAM LAMBE,* EDMUND K. TURNER,*
Francisco SiLva,** and W. ALLEN MARR***

SYNOPSIS

Considerable stability problems were manifest at the Amuay Refinery in Venezuela.
However, it was found that a comprehensive long-term solution would have been prohibi-
tively expensive and a more realistic solution was required. This involved the preparation
and execution of a geotechnical safety programme which includes the continual monitoring
of the slopes affecting the refinary area. After outlining the components of the programme,
the paper concentrates on three in particular. These are performance criteria, stability
prediction and preventive-remedial measures, and are discussed in relation to the findings
so far recorded.

INTRODUCTION

An earlier paper (LAMBE, SILVA and MARR, 1981) described the in-
stability of the cliffside which bounds the eastern portion of LAGOVEN’s
Amuay Refinery, Venezuela. The refinery area includes about 4 kilometres
of cliff which varies in height from 18 to 22 metres. Figure 1 shows the Amuay
Refinery and Figure 2 a general soil profile of the cliffside.

LAGOVEN has constructed refinery structures near the cliffside and has
dammed three quebradas to make three reservoirs for the storage of fuel oil
(FORS). Figure 1 shows the location of three reservoirs, numbered 1, 2 and 3.
Each reservoir has a storage capacity of about 10 million barrels.

During the last twenty five years instability of the cliffside has developed and
the landslide which occurred in the southeast wall of FORS-3 in December
1976 typifies the slides which have occurred. Figure 3 shows a section of
this slide. A vertical crack developed; a wedge, corresponding to an “active
wedge” moved downward and away from the cliff; a wedge corresponding
to a “passive wedge” moved nearly horizontally with the shear surface near
the top of the layer of brown fat clay.

Development of “perched water” above the fat clay triggered the slides.
Figure 3 shows piezometer readings above and below the fat clay just prior to .
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Fig. 2. Amuay soil profile.
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AMUAY CLIFFSIDE

the FORS-3 slide. The development and rise in pore pressure from the
perched water causes a drop in effective stress, and thus strength, which,
inturn, causes a drop in strength parameters, and arise in shear stress along a
potential landslide shear surface. In spite of attempts to reduce the perched
water, the water level has continued to rise. During the last two decades,
various measures have been taken by LAGOVEN to stabilize selected regions
of the cliffside. However, it is not feasible for LAGOVEN to stabilize once
and for all the entire four kilometres of cliffside, since not only would such a
“permanent solution” face technical problems but it would also cost
hundreds of millions of dollars. Instead a comprehensive Geotechnical Safety
Programme has been adopted that rests on:

(1) identifying cliffside locations where important facilities exist;

(2) detecting zones in which the degree of stability has fallen to or
below the minimum acceptable value; and

(3) undertaking necessary preventive-remedial measures.

Key features of the Geotechnical Safety Programme for Amuay are now
described.

COMPONENTS OF SAFETY PROGRAMME

LAMBE, MARR and SILVA (1981) have described comprehensively the
Geotechnical Safety Programme and illustrated several components of the
programme. The programme contains the following components:

(1) performance criteria;

(2) design assessment;

(3) field measurement system;

(4) construction assessment;

(5) surveillance;

(6) performance evaluations;

(7) safety assessment;

(8) preventive-remedial measures;

(9) contingency plan.
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This paper focusses, in particular detail, on three components of the safety
programme, namely: performance criteria; stability prediction, a key part
of the safety assessment; and preventive-remedial measures.

An initial step in a safety programme consists of establishing performance
criteria—i.e. the minimum acceptable level of safety. Appropriate perform-
ance criteria depend on various factors including:

(1) consequences of failure;

(2) nature of the facility;

(3) uncertainties in the situation;

(4) most probable failure mode;

(5) quality and thoroughness of engineering and construction.

Considering these factors, especially the consequences of a landslide,
performance criteria were established for the following three situations:

(1) FORS dams and abutments;
(2) FORS walls;
(3) cliffside.

Figures 4 - 7 present the performance criteria for these three situations.
STABILITY PREDICTION

The tasks facing the geotechnical engineer solving stability problems fall
into one of two categories, namely:

(1) slide analysis;
(2) stability prediction.

In slide analysis the engineer examines an actual slide which has occurred.
He knows that the factor of safety equals unity, i.e. the deformations have
mobilized the strength of the soil along the failure surface. The geometry of
the slide can be measured. LAMBE, SILVA and MARR (1981) presented
a procedure to give the correct factor of safety for the slides at Amuay.

A stability prediction (Type A Prediction; LAMBE, 1973) consists of de-
termining the level of stability—expressed either as a factor of safety or a
probability of failure—for a given slope and a given set of conditions. Stability
predictions are used to make a safety assessment and to design preventive-
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remedial measures. In the Ammuay Geotechnical Safety Programme an
annual safety assessment is made of every key slope, and to make a safety
assessment a stability prediction must be made. Since experience at Amuay
has indicated that two years are needed to design and implement a remedial
measure, the stability prediction considers an existing slope for a “future
condition”, i.e. two years from the time of the assessment.

For any slope not meeting performance criteria, preventive measures are
designed, and, accordingly, for any failed slope, remedial measures. A design
life of twenty five yearsisassumed by LAGOVEN. Thus, to design preventive-
remedial measures a stability prediction for an existing or a future slope for
conditions twenty five years in the future must be made.

In the LAGOVEN Geotechnical Safety Programme, stability prediction
has constituted a task of much more importance—and, unfortunately, much
more difficulty—than a slide analysis. Stability prediction has proved more
difficult than slide analysis because of the following characteristics:

(1) the engineer must predict—not measure—the geometry of the critical
soil mass;

(2) the engineer must predict the environmental condition—especially
pore water regime—for the time in the future for which the factor
of safety is desired;

(3) the engineer must predict the strength parameters and the degree
of strength mobilization for the various soils along the critical
shear surface;

(4) the engineer must postulate the likely events which could lead to
failure.

For each stability prediction, the critical section is selected using:
(1) observed geometry of actual slides at Amuay;

(2) the physical characteristics of the section under consideration
especially the location of the fat clay and any external load near
the slope; ‘

(3) analyses which seek the surface having the minimum calculated
factor of safety.

Figure 8 illustrates the steps in locating the surface having the minimum
calculated factor of safety. Figure 9 indicates the procedure for selecting the
appropriate clay strength for a stability prediction. Considering the stage
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Fig. 8. Locating the critical failure surface.

Pc strength, Pore pressure at top of Brown Fat Clay = 4 t/m2 at-10m from crest (see Fig.10).
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of the clay at the time of stability prediction, the stage of the clay for the desired
time in the future is predicted. LAMBE, SILVA and MARR (1981) described
the stress stages of the fat clay and the method used to obtain the strength
line for each stage.

Sufficient field evidence is not available to justify trying to use some proce-
dure which considers “progressive action”. The stability prediction is there-
fore made for the situation of equal mobilization of strength in all soils, i.e.
the same factor of safety in the silty sand and the fat clay.

Figure 10 presents the procedure for selecting the pore pressure for a
stability prediction. The pore pressure distribution used in the stability
prediction comes from extrapolating an actual measured or a predicted
value of total head at a piezometer 10 metres away from the crest of the
slope using Figure 10. Use of this “steady state” pore pressure has been found
to give the correct factor of safety for an actual landslide. Using the pore
pressure for steady state seepage prior to a slide for the prediction of a slide is
a matter of concern since this procedure neglects any excess pore pressure
developed by straining associated with the landslide.

Figure 11 presents charts for making a stability prediction, and these
charts are used for an initial assessment of stability. If the factor of safety
obtained from the stability charts exceeds the value allowed by the perform-
ance criteria by 20 % or more the results obtained from the charts are used.
If the chart solution does not exceed the performance criteria by 20%;, the
slope is further investigated using analyses with detailed conditions.

PREVENTIVE-REMEDIAL MEASURES

In the Geotechnical Safety Programme, the degree of stability for a given
slope is determined and then recommendations given for appropriate action.
Figure 12 relates “degree of stability” and “required action” for the earth
dams and especially the abutments of the oil storage reservoirs. The term
“preventive measure” is used to cover actions (e.g. drainage from wells
above the slope) taken away from the slope in question, whereas the term
“remedial measure” is used to involve an action (e.g. flatten the slope) on
the slope itself.

Figure 13 shows a free body for the passive wedge of a potential slide.
Using Figure 13, the possible means of improving stability of a slope have
been considered. In general, stability has been improved by taking measures
which do one of the following:
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(1) reduce the net actuating force;
(2) increase the net resisting force;

(3) combine 1 and 2.

When considering the reduced net
actuating force, the following possibili-
ties exist:

(1) reduce U (install surface
drainage uphill of the slope
(install vertical drainage);

(2) reduce P (reduce any surcharge
on the cliff near the crest of the
slope, strengthen the soil in the
active wedge);

(3) reduce G (remove some of the
passive wedge, replace some of
the passive wedge with a ma-
terial of lower unit weight).

Net resisting force can be increased

by:

(1) increasing the strength para-
meters of the soil (chemical

| DEGREE OF |REQUIRED
STABILITY ' ACTION

| .
NO
E |
STABL | ACTION
1.5 |
I
MARGINALLY |
> 14 | PREVENT
hl: STABLE
|
S =
W !
|
W POTENTIALLY 1
S .| UNSTABLE |
: |
Qc |
QS |—— REMEDY
~ I
% LI} INCIPIENT !
L FAILURE !
|
10 '|
FAILURE | REPAIR
1

Fig. 12. Required action as function of
degree of stability.

means, electrical means, temperature, replace weak soil with

stronger soil, overload);

(2) reducing U, (install vertical or horizontal kdrainage);

(3) increasing O (raise the level of oil in the reservoir);

(4) increasing R (construct berm,
wall).

install tie backs, install retaining

For the stability problem at Amuay, most of the possible measures for in-
creasing stability have been investigated and many applied. The following
sections describe several procedures successfully used. In general, as in many
foundation problems, the most effective stabilizing technique, either alone
or in conjunction with another technique, consists of drainage.
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ACTUATING FORCES
UL = Lateral Water Force

P = Lateral Soil Force, including effect of Surcharge

G = Gravity Effect = WsinA

RESISTING FORCES
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Shear Resistance
Fluid (Gil) Force
R = Resisting Force from Berm,Tie, etc.
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Fig. 13. Landslide forces.



AMUAY CLIFFSIDE

SLIDE PREVENTION AT PIPE BAND

Rising pore pressures in the perched water layer caused a deteriorating
stability situation at the pipe band. Figure 14a shows two sections of the
pipe band slope having a low degree of stability, and Figure 14b and Figure
15 show elevation views of these two sections.

SCALE for PLAN VIEW
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Fig. 14. Cliffside stabilization with lateral drainage.
115°



LAMBE, TURNER, SILVA & MARR

*38eurelp [e13)E] puk Supeoun Aq UONEZIIqE)S APISPID ‘ST By

g-g uol4oss

SaJjew Ul 2 AMITIVO WONHL 3IONVLSIA
oS Sh ov ge og [ 02 Sl ol [ 0
B T T

T T T T T 1

Ol

- m
-
cib L-GH wioig e —= Si+m
<
6LNN 9 _ 4noyosIg >
2L°8dV AT M‘wuu%mw 3
2LNVP p2-5——— - o
| 2LNUM Ol>-m——" ¥oola =2

0z 1030 9P === ="" aya1o) 402+
127230 €7 : 5
SWDIp  |DNOZIIOY 3
. 40 uoyo(jDjsul 3i053q Apid jD} @
Ggf @4l @nodp pups’ ui poay IDioL: \ / e+ I
72N 22AN74 Z | \ - (3
=7 T M adojs 3

ogh . doe+

£261 Ul perowss .
l1pmally j1og
SGl ’
MNVL Kjuo sasodind uoslodwon Joj umoys DIop yiSusys
(6.261) ju9d31 Bussn pawioysad sasA|DuD KHNADIS 4
T . -

€d-96GIL bd-961L Gd-9GIL ot 66l | omens nos § | 2L ¥V

Siajawozeld sulDip zuoy Jeyy|  QV3IH

B . suipsp | IWLOL

G P
—_— . Co suinip 12 33d
00'l PY loworuoy sioses| Q73R
R . yibuaiys o | yibueys Y
134VS 40 ¥HO.LOVS|

116



AMUAY CLIFFSIDE

In the late 1960’s rising pore pressures in the pipe band area and the
development of surface cracks led to the conclusion that the strength of the
fat clay resisting a landslide was approaching the residual value. Stability
predictions using residual strength parameters gave a factor of safety of 1.3
for Section A-A and 1.0 for Section B-B. The stability predictions indicated
that within a few years Section A-A would have a factor of safety below the
allowable minimum of 1.3 (see Figure 7) and that a landslide might well
occur at Section B-B. Measures were therefore designed and executed to
increase the factor of safety at each section to the 1.3 required in the per-
formance criteria.

As indicated in Figure 14b, LAGOVEN installed 18 lateral drains at the
pipe band. These lateral drains intercepted a layer of relatively pervious silty
sand overlying ihe brown fat clay. The total head data plotted in Figures 14b
and 15 show the magnitude and rate of total head drop. The pore pressure
drop at Section A-A, effected by the lateral drains, increased the factor of
safety to 1.4, a value greater than the minimum permissible value of 1.3.

Figure 15 shows factors of safety for Section B-B after the lateral drains
reduced the total heads. The figure also shows the stability improvement
effected by removing some of the slope and especially the fire wall. The
safety factors shown in Figure 15 indicate that drainage alone improved the
stability of Section B-B to the level required by the performance criteria.
At the time the remedial measures for Section B-B were designed there was
little confidence that the lateral drains would work as well as they did and
therefore removal of the fire wall was requested as well as drainage at Section
B-B.

LAGOVEN’s experience with slope stabilization at the pipe band has
shown that lateral drainage can dramatically lower total heads and thereby
improve the degree of slope stability.

SLIDE PREVENTION AT FORS-1

Rising pore pressures near the north abutment of FORS-1 caused a serious
deterioration in stability. A landslide on the outside of the north abutment
could have catastrophic effects, if it occurred when FORS-1 stored a large
amount of fuel oil. Stability predictions for the outside of the north abutment
of FORS-1 indicated a factor of safety of about 1.2, a value far below the
minimum permitted by the performance criteria (1.5). Figure 16 shows a
plan view of part of the north abutment of FORS-1 and an elevation view of
Section A-A. Section A-A had the lowest degree of stability at the north
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AMUAY CLIFFSIDE

abutment. Figure 16 also gives predicted factor of safety as a function of
elevation of the crest of the stabilizing berm. As the predicted safety factors
indicate, a berm extending up to elevation +18.5 (along with drainage wells)
should increase the factor of safety at the critical section of the north abutment
to a value of 1.5, i.e. that required by the performance criteria. During 1979
LAGOVEN constructed the stabilizing berm.

PREVENTIVE-REMEDIAL WORK AT FORS-3

Rapidly rising pore pressures in the perched water caused concern for
stability of the natural slope of FORS-3. Stability predictions made in the
early 1970’s indicated factors of safety considerably below those permitted
by the performance criteria. In fact, stability predictions indicated the like-
lihood of a landslide occurring in the northeast wall of FORS-3. Figure 17
shows Section B-B, where a slide had been predicted. In hopes of preventing
the landslide a system of vertical wells which would permit the perched water
to flow through the layer of fat clay were designed and installed and the typi-
cal well installation is indicated in Figure 17. However, before LAGOVEN
had installed the vertical drainage wells, a landslide occurred near Section
A-A.

Figure 17 shows elevation views of Sections A-A and B-B. These elevation
views also indicate the distribution of total head before well installation and
the predicted distribution of total head after wellinstallation. A berm drain in
Section B-B helped lower total heads near the face of the slope at Section B-B.
As calculated factors of safety presented in Figure 17 indicate, the drainage
system installed in the natural hillside of FORS-3 should prevent further
landslides.

SUMMARY AND CONCLUSIONS

Much of the cliffside bordering LAGOVEN’s Amuay Refinery, Venezuela,
exists in an unstable condition. Perched water arising from activities from
within the refinery has developed above a layer of fat clay which acts as a seal.
Rising pore pressures from the development of perched water has triggered
landslides which occur mostly through the fat clay. During the last two
decades various measures have been taken to stabilize selected regions of
the cliffside. High costs preclude a “permanent solution” to potential land-
slides for the entire cliffside.
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AMUAY CLIFFSIDE

A Comprehensive Geotechnical Safety Programme has been adopted which
is based on:

(1) identifying cliffside locations where important facilities exist nearby;

(2) detecting zones where the degree of stability has fallen to or below
the minimum acceptable values;

(3) undertaking necessary preventive and remedial measures.

Evaluated experience at Amuay has revealed several successful means of
slope stabilization including unloading, counterweight construction and
drainage. Drainage alone or in conjunction with other techniques has proved
the most effective stabilization technique. Experiences at Amuay have
emphasized the general necessity of surveillance, performance evaluation and
periodic safety assessment.
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