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ABSTRACT: Foundation design is a process of obtaining data, deriving parameter values, selecting a method
of analysis, performing calculations and checking results. One may be forgiven for thinking that the major
uncertainties in this process lie in the variability of parameters and the probability of adverse combinations of
parameters. However, reliability analysis shows that modern codes of practice, such as the Eurocodes, are well
suited to dealing with these uncertainties if correctly applied. The main reasons for uncertainty in foundation
design lie elsewhere. Lack of data, poor selection of methods of analysis, failure to recognise potential modes
or failure, and lack of review of design outcomes all contribute to the problem. Adequate site investigation
using a variety of appropriate methods is essential for informed choice of parameter values. More state-of-the-
art papers are required in which research findings are distilled and best practice design methods are identified.
Finally, derived parameters and the results from the chosen method of calculation should be checked using

alternative methods wherever this is possible.

1 INTRODUCTION

We will probably never know when the first struc-
tures were built on planet earth. In a recent paper in
Nature, Barham et al (2023) produce evidence from
the archaeological site of Kalambo Falls in Zambia
for the earliest structural use of wood dating to
476,000 years ago. It is probable that the earliest
structures did not possess foundations other than em-
bedment of structural elements such as timber posts
or stone pillars in the ground. Since these early begin-
nings, ancient civilisations have experimented with
many methods of supporting structures including re-
inforcement of soils and structures using organic ma-
terials such as reeds or straw, dry packed natural stone
or rubble from earlier structures, hewn rock, mud
bricks and lime mortar (Kérisel 1985). It was not until
Roman times that the use of concrete became com-
monplace (Garcia 2003).

There is a good reason why Kérisel's contribution
to the history of geotechnical engineering (Kérisel
1985) ended in 1700. Prior to this, foundations were
designed based on experience and empirical rules,
with mystique and ritual thrown in for good measure.
It was only in the 1700's and 1800's that the first ana-
lytical methods emerged which had application to soil
mechanics. These included the earth pressure theories
of Coulomb and Rankine, 1776 and 1857 respec-
tively, the stress distribution below foundations by

Boussinesq in 1885 and the development of the
Mohr-Coulomb failure criterion towards the end of
the 19% century. However, this lack of theory did not
hinder the construction of ancient buildings and struc-
tures including the ziggurats of Mesopotamia, the
pyramids of Egypt, the Parthenon in Athens (447-432
BCE) and the Colosseum in Rome (70-80 CE) to
name but a few. Austria too has its share of ancient
buildings including the Hofburg, Melk Abbey and
Fortress Hohensalzburg, whose origins date back be-
tween 750 and 1 000 years.

Soil mechanics and foundation engineering
emerged as a formal discipline in the first half of the
20th century thanks largely to Karl Terzaghi (1883 —
1963) and his co-workers. The publication of Erdbau-
mechanik auf Bodenphysikalischer Grundlage (Ter-
zaghi 1925) and the establishment of the International
Society for Soil Mechanics and Foundation Engineer-
ing in 1936 marked the start of a new era during
which analysis techniques were developed together
with test methods for determining the parameters re-
quired for application of these techniques. Many of
the developments in the early- to mid-1900s are still
standard practice in the geotechnical industry. These
include laboratory and field tests, and calculation
models for determining bearing capacity, settlement,
slope stability and earth pressure. Most of these are
elastic, plastic or limit equilibrium methods based on
idealisation and simplification of the behaviour of
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soils. The mid- to late-1990s saw the development of
better ways of modelling the behaviour of real soils
and of computational methods which facilitated the
use of such models. These include finite element / fi-
nite difference analyses, small strain stiffness models
and critical state soil mechanics. It is inspiring to see
how far we have progressed in a relatively short pe-
riod. In the past 100 years we have advanced from a
basic understanding of soil behaviour to complex
constitutive models implemented in 3D numerical
analyses. In the past sixty years, we have progressed
from the introduction of scientific calculators to super
computers, from libraries of books to the internet.

In parallel with these advances in the understand-
ing and implementation of soil mechanics, there have
been changes in the way we assess the acceptability
of design solutions. Initially, acceptability was as-
sessed using the ratio of resistance to load (or capacity
to demand), known as a factor of safety. Typically,
the factor of safety was outcome of a "working load"
design calculation in which little or no account was
taken of confidence in and variability of the input pa-
rameters. In the 1970s and 1980s, led mainly by our
colleagues in structural engineering, we turned our at-
tention to the behaviour of structures at limiting per-
formance rather than under working loads. This led to
the development of limit states design as embodied in
the Eurocodes and many other design standards
around the world. In limit states design, the selection
of input values and the partial factors used in as-
sessing the resistance/performance of the structure on
the one hand and the forces acting on the structure on
the other, are based on reliability principles and aim
to achieve a target level of reliability. As such, it is
referred to as semi-probabilistic method. Unlike
working load design where the required factor of
safety differs from one type of structure to another,
the target level of reliability in limit states design is
the same for all types of structures. Limit states de-
sign requires more effort to implement than working
load design methods but is nevertheless suitable for
routine use in the design office. In recent years, relia-
bility analyses have made their way into some ge-
otechnical practices, aided by the advent of faster
computing for Monte Carlo simulations, increased
confidence in the applicability of simplified methods
and development of new reliability analysis software
packages.

Against this background of continuous progress,
this paper asks a number of questions:

e What are the main reasons for geotechnical fail-
ures?

e How good are our design codes?

e Are we applying the codes correctly?

How can we improve our approach to foundation de-

sign?

2 REASONS FOR FAILURES

In my Terzaghi Oration presented at the 19" Interna-
tional Conference on Soil Mechanics and Geotech-
nical Engineering in Seoul, I started with a tribute to
South Africa’s proud heritage in geotechnical engi-
neering, including the pioneering work done by the
builders of our earliest mountain passes, the research
contributions of our academics and the achievements
of our contractors. I then contrasted this with a brief
analysis of a number of case histories of geotechnical
failures in South Africa. The conclusion was that in
all these cases, the knowledge required to prevent the
failures existed, but not the will or resources to apply
it (Day 2017).

Subsequent unpublished analysis of case histories
of failures has shown that most geotechnical failures
in South Africa can be attributed to inadequate ge-
otechnical investigation or no geotechnical investiga-
tion at all. The next largest causes were failure to rec-
ognise the situation that gave rise to the failure,
followed by sub-standard design. None of the failures
was due to lack of scientific/engineering knowledge.
The inadequacy of geotechnical investigations is at-
tributed to the unwillingness to allocate sufficient
money and time for geotechnical site investigations
or the ignorance of the owner (and his professional
advisors) of the need for such investigations. The lack
of adequate geotechnical data can result in potential
causes of failure being overlooked such as large vari-
ations in parameter values or weak layers in the
ground. The first and second causes listed above are
therefore related.

Van Baars (2011) came to a similar conclusion
based on an analysis of the causes of 11 major ge-
otechnical disasters. He considered four main causes
of geotechnical failure, namely, adverse combination
of loads and strengths, lack of scientific knowledge,
calculation errors by well-qualified engineers and a
lack of available knowledge or information at the de-
sign stage due to constraints on time, money and qual-
ified personnel. Van Baars attributed most failures to
the last-mentioned cause. In all the disasters consid-
ered, he found no lack of scientific knowledge, no de-
sign errors by well qualified engineers and no adverse
combinations of loads and strengths.

Sowers (1993) considered the human factors in-
volved in geotechnical failures. He divided the causes
of failures into three categories, namely, absence, ig-
norance, and rejection of contemporary appropriate
technology. The first category (absence) included
both lack of data and absence of theoretical
knowledge or experience. Lack of geotechnical data
was only included in the “absence” category if a rea-
sonable investigation utilizing contemporary technol-
ogy failed to uncover a defect that was unlikely to oc-
cur in that geologic setting or which was too small to
be identified. Lack of geotechnical data arising from
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failure to recognise the need for data or unwillingness
to acquire data using available methods was classified
as ignorance and rejection respectively. Sowers at-
tributed 12% of the 500 failures he considered to ab-
sence, 33% to ignorance and 55% to rejection.

Based on these studies, it appears that lack of sci-
entific/engineering knowledge accounts for only a
small percentage of geotechnical failures. The bulk of
the failures are the result the lack of will or ability to
implement the available knowledge. This conclusion
raises a number of questions. The first is “how good
are our design methods?” and the second is “are we
implementing these methods correctly?”. The final
question is “what can be done to improve the situa-
tion, both within and outside the profession?”

3 ADEQUACY OF CURRENT DESIGN
METHODS

3.1 Design methods considered

In a recent international survey carried out by the Cor-
porate Associates Presidential Group of the ISSMGE,
it was found that more than half the respondents use
limit states design methods, either in the form of par-
tial factor limit states design or load and resistance
factor design (Day & Briaud 2022). About one third
of the respondents were still using working load de-
sign methods — see Figure 1.

Partial factor limit states design (PF LSD) = 86
Working load design (WLD) 78
Load & resistance factor (LRFD) [ ] 31
WLD & LRFD 7
WLD & PF LSD E 6
Other | 1

No answer _ 27

Total 236 responses

Figure 1. Design methods used by respondents to ISSMGE sur-
vey (after Day & Briaud 2022).

South Africa, in common with European countries
including Austria, uses partial factor limit states de-
sign methods as per the Eurocodes.

Given that partial factor limit states design (PF
LSD) and working load design (WLD) appear to be
the most popular methods amongst geotechnical en-
gineers, these two methods were selected for further
scrutiny.

3.2 Reliability of PF LSD and WLD methods

In 2005, shortly after the official release of Eurocode
7 the previous year, European Technical Committee
ERTC 10 held an international workshop in Dublin
on the Evaluation of Eurocode 7 (Orr 2005a). Prior to
the workshop, ten geotechnical design problems were
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distributed to members of ERTC 10, Geotechnet WP2
and ISSMGE TC23 all of whom were invited to sub-
mit solutions to these problems. The submissions re-
ceived were presented and analysed at the workshop.
Four of the ten problems dealt with the design of
foundations. These were (1) a vertically loaded
square footing on overconsolidated clay, (2) a square
footing on cohesionless sand under inclined eccentric
loading, (3) a bored pile designed from parameter val-
ues and (4) a group of piles designed from pile load
tests (Orr 2005b). A set of model solutions using all
three of the design approaches in EN1997-1 was also
presented (Orr 2005c¢).

One of the criticisms raised by detractors of the PF
LSD method is that the partial factors are arbitrarily
chosen to yield results similar to those from the more
traditional WLD approach. To test the validity of this
assertion, De Koker and Day (2018) carried out a se-
ries of analyses to assess the reliability of seven ge-
otechnical structures based on those included in the
ERTC 10 workshop (Orr, 2005b) as shown in Figure
2. All the analyses were carried out using a single soil
profile consisting of a medium dense, cohesionless
sand with a deep water table. Each problem involved
determination of a minimum dimension that would
ensure the adequacy of the structure such as the width
of a footing or the embedment depth of a pile. Four of
the seven structures were foundations and three were
retaining structures. The results obtained for the four
foundation problems are presented in Figure 2.

The method used was:

1. Determine the mean values of loads and material
properties corresponding to the given characteris-
tic values of these parameters. This process was
guided by the work of Retief & Dunaiski (2010),
Phoon & Kulhawy (1999) and Schneider (1997).

2. Determine the minimum dimension (L or B) re-
quired to satisfy the ultimate limit state using De-
sign Approach 1, Combination 2 from EN1997-
1:2004 (CEN, 2004) and characteristic values of
loads and material properties.

3. Assess the reliability of the Eurocode-compliant
solution using Monte Carlo simulations with 106
iterations and using first-order reliability methods
(FORM).

4. Determine the corresponding factors of safety us-
ing both mean and characteristic values.

The material properties for the sand are summa-
rised in Table 1. The friction angle and density were
assumed to be positively correlated with a correlation
coefficient of 0.2.

The results of the analyses are summarised in Table

2. Three noteworthy observations are made from

these results. Firstly, FORM and Monte Carlo meth-

ods of reliability analysis yield very similar reliability
indices (column 6). FORM analyses, which can be
readily implemented for problems with closed-form
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solutions, are thus suitable for most geotechnical de-
sign problems. Secondly, the reliability index (/) for
all four structures lies within a range of 3.21 to 3.72
(column 6). If the pile example is excluded, the relia-
bility index varies from 3.41 to 3.72. Finally, the fac-
tor of safety (column 5) ranges from 1.56 — 3.47 using
characteristic values and from 2.2 to 5.18 using mean
values. This large range in factors of safety underlines
the fact that a factor of safety is a poor measure of
reliability.

Table 1. Material properties for sand.

/] Strip
A L B=? 4 D | E
L=? Bt
Yyvvee
ﬁw E
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Pad —
C LLiEiEA G
=)

Figure 2. Geotechnical structures selected for comparison of de-
sign methods (De Koker & Day, 2018).

Material property Distribution Coefficient of Characteristic Mear} value M;an value
variation value (footings)* (piles)®

Friction angle ¢' Log-normal 0.10 32° 35.6° 33.7°

Density ¥ Normal 0.05 20 kN/m? 21.05 kN/m? 20.51 kN/m?

@ Characteristic value one standard deviation below the mean.

b Characteristic value half a standard deviation below the mean due to averaging of properties along pile shaft length.

Table 2. Summary of results using material properties from Table 1 (after De Koker & Day, 2018).

1 2 3 4 5 6 7
Structure Actions Partial Minimum Di- Factor of Reliability Design Point
Factors mension Safety Index
(DA1-C1)
6.0 G, =900 kN/m 76=10 B=3.10m FoS,,,, =2.50 Buc =341 4 =258
l G, , =900 kN/m Yo=13 FoS,,,, =5.18 Brogy =349 7 =19.85 kN/m’
Strip 0, =412.5 kN/m 7, =125 0, =482.6 kN/m
g 0, , =600 kN/m 7, =10
A
6.0, G, =3000 kN/m 76 =10 Bl —324m FoS,,, =347 Bue =347 122527
Gy, =3000 kN/m Yo=13 FoS,,, =3.50 Brory =350 7 =19.83 KN/m’
Pad 0, =1375 kN/m 7,=125 0, =1617 kN
Fr=5=7] 0,, =2000 kN/m 7,=10
B
G, =3000 kN/m 76 =10 B=L=389m FoS,,,, =2.55 By =3.62 $'=25.57°
Ou G, 0y Gy, =3000 kN/m 7o =13 FoS,,, = 6.54 Broru =372 y =20.18 kN/m’
0, =1375 kN/m v, =07 0, =1333 kN
Pad 0, , =2000 kN/m 7,=125 0, =626 kN
beper 0,/ =207 kKN/m 7, =10
C 0, =400 kKN/m
G, =1200 kN/m 76 =10 L=16.1m FoS,,, =1.56 Bue =321 $'=26.34°
Gy, =1200 kN/m 7p=13 F0S,., =22 Brory =322 ¥ =19.76 kN/m’
0, =412.5kN/m 7, =10 0, =143.6 kN
0, =600 kN/m 7,=10
Vrs = 1.4
T =17

As a final step in verifying the robustness of the
PF-LSD method, the response of the reliability index
to variations in parameter values was investigated.
This was done by varying the mean values of friction
angle, density and the variable action (Qv or Qh) one
at a time, keeping all other parameter values at their
reference values, and then repeating the above calcu-
lation process. In addition, a further set of calcula-
tions was carried out in which the coefficient of vari-
ation of these parameters was varied in like manner.
The results are summarised in Figure 3.

The results show that, apart for the pile foundation
(Structure D), the reliability index remains within a
range of 3.3 to 3.8 across the selected range of param-
eter values. However, a cautious approach should be
adopted to the selection of characteristic value of the
friction angle in soils which exhibit high variability.
The anomalous results from the analysis of the piled
foundation requires further consideration.
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Figure 3: Variation in reliability index with variation in parameter values and coefficient of variation (after De Koker & Day, 2018).

3.3 Reliability of other EN1997 design approaches

The above verification was carried out on foundations
designed using Design Approach 1, Combination 2
(DA1-C2), i.e. the GEO limit state. The next step was
to compare the results from various design ap-
proaches (De Koker & Day 2019).

EN1997-1:2004 makes provision for three design
approaches, namely DA1, DA2 and DA3. These are
described by Frank et al. (2004, p5) as an “action and
material factor” approach, an “action (effect) and re-
sistance factor” approach, and an “action (effect) and
material factor” approach respectively. In addition,
Frank et al. (2004, p36) included a modification to

Design Approach 2, known as DA2*, in which the ac-
tions are combined before they are factored. The par-
tial factors used in each of these design approaches
are shown in Table 3.

Table 3. Partial factors used for various design approaches.
Design Ap-  ¥G.fav  ¥6.un- Yo, Yo un- Vg R

proach fav fav fav

DAL1-1 1.0 135 0 1.5 1.0 1.0
DA1-2 1.0 1.0 0 1.3 1.25 1.0
DA2 1.0 135 0 1.5 1.0 1.4
DA2* 1.0 135 0 1.35 1.0 1.4
DA3 1.0 135 0 1.25 1.0 1.0
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O ——5— Q,, variable Distribution X, X c, k
lGVk 3m G =400kN/m | Actions
Oy Gumbel varies Q[[/c/(1+k'cv) 0.50 1.866
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Figure 4. Strip footing under inclined, eccentric loading (after De Koker & Day, 2019).

To investigate the reliability of designs prepared
using each of these design approaches, the example
of a strip footing under inclined, eccentric loading
used by Vogt & Schuppener (2006) and by Simpson
(2007), was adopted — see Figure 4.

A range of Oy values was considered such that Hj
/Vi varied from 0 to 0.4 where H; and V are the char-
acteristic values of the total horizontal and vertical
loads including the weight of the footing. For each
value of Hy/Vk, the minimum width of footing (B) re-
quired to satisfy the ultimate limit state for each of the
four design approaches was calculated using the par-
tial factors shown in Table 3. Thereafter, a reliability
analysis was undertaken considering QOn, ¢’ and y as
random variables with distributions as shown Figure
4. The results of these calculations are shown in Fig-
ure 5.

From Figure 5, the widths of footing required by
the three Eurocode design approaches (DA1 — DA3)
are similar. However, as pointed out by Simpson
(2007), design approach DA2* requires a considera-
bly narrower footing. The reason for this is as follows.
At low values of Hi/Vk, the eccentricity of the load is
small and the minimum width of footing is governed
by the maximum vertical load. The critical load com-
bination is thus Vinay “+”" Hunfav. These unfavourable
actions attract a higher partial action factors than their
favourable counterparts - see Table 3. As H; /Vi in-
creases, the eccentricity of the load vector increases
and this eccentricity governs the width of the footing.
In this case, the critical load combination is that re-
sulting in maximum eccentricity being minimum V
combined with maximum H, i.e. Vioy “+” Hunfar, With
a lower partial action factor (G, v = 1.0) being ap-
plied to the vertical load. In the case of DA2, the
change in the governing load combination occurs at
Hi /Vi = 0.06. However, with DA2*, the actions are
combined prior to applying a partial action factor.
Thus, all actions are considered to be either favoura-
ble or unfavourable. Hence, the critical load combi-
nation of Vi “+”" Hunav 1s not considered, and the
reliability index of the Eurocode-compliant solution
drops to an unacceptably low value of 2.2 for H;/Vi
= 0.4. In effect, the DA2* calculation is equivalent to
a working load design with a factor of safety of s x
wr=1.0x1.4=14for Vi and 1.35 x 1.4 = 1.89 for
Vunfaw

At high values of H;/V, the problem is essentially
one of overturning of the foundation. In Austria,
where overall stability is checked using DA3 (Hau-
senberger 2024), the low reliability index at high val-
ues of Hi /Viis likely to be addressed by this addi-
tional check.

a)
10 T T T 7
—_ DA1 o
g gk DA2 R
q DA2*
< | - DA3 v
S sf S
= 4
£
3 4F -
£
£
= 2 - o -
0 | | 1
0 0.1 0.2 0.3 0.4
H,/Y,
b)
4.5 T T T
N DA1
Lo e DA2
\ -
W APy DA2*
3 A\ ----- DA3
2 35 N T -
> i TS
= (4278 TN R
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& |
® 25 :
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Figure 5. (a) required width of strip footing and (b) correspond-
ing reliability index (after De Koker & Day 2019).

3.4 Interim conclusions

The following interim conclusions are drawn regard-

ing the most popular methods of design and their ad-

equacy:

¢ Based on the ISSMGE survey, most designers are
using limit states design methods either in the form
of partial factor limit states design or load and re-
sistance factor design. However, a significant
number of designers are still using working load
design methods (Day & Briaud 2022).
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e Foundations on granular soils designed using De-
sign Approach 1, Combination 2 show a reasona-
bly uniform level of reliability (S~ 3.2 —3.7). This
remains so for a wide variety of problems includ-
ing spread footings, piles, slopes and retaining
structures. Caution should be exercised in soils
with a high degree of variability in the friction an-
gle (¢v> 12%) (De Koker & Day 2018).

e By contrast, working load design using a global
factor of safety does not ensure an acceptable level
of reliability.

e For eccentrically loaded footings on granular soils,
the three Eurocode 7 design approaches all yield
acceptable and consistent levels of reliability (De
Koker & Day 2019). Design approach DA2* can
be problematic at high eccentricities but could be
acceptable if the overall stability of the foundation
is checked using DA3.

4 IMPLEMENTATION OF AVAILABLE
METHODS: ISSMGE SURVEY

The above interim conclusions are premised on two

assumptions.

e The first is that the calculation methods (resistance
models) used in the analyses are a reasonably ac-
curate reflection of the resistance of the founda-
tion. The sizing of the footings and the reliability
assessments reported above are both based on a
particular resistance model for the calculation of
bearing capacity, which defines the limit state
function. As pointed out by Phoon (2017), reliabil-
ity analysis is just a tool to calculate the reliability
index for a selected limit state function and an as-
sociated set of random input variables. The reason-
ableness of the reliability index obtained for foun-
dations only demonstrates the acceptability of the
limit states design method and not the acceptabil-
ity of the limit state function — in this case the bear-
ing capacity calculation. It remains to be shown
whether the bearing capacity calculation models
used are a reasonable reflection of the bearing re-
sistance of the foundation.

e The second assumption is that designers are apply-
ing the available design methods correctly. This
also requires further scrutiny.

The ISSMGE “overdesign” survey described be-
low was undertaken to investigate the validity of
these two assumptions.

4.1 About the ISSMGE survey

At the XVI Danube European Conference held in
Skopje (North Macedonia) in June 2018, concern was
raised that the introduction of new geotechnical de-
sign codes may lead to excessive conservatism in the
design of geotechnical structures. To assess the valid-
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ity of this concern, the author together with the Cor-
porate Associates Presidential Group of the ISSMGE
initiated the “Are we overdesigning?” survey. Its pur-
pose was to assess the consistency of geotechnical
practice internationally.

Participants in the survey were asked to submit de-
sign solutions for ten simple geotechnical problems
including spread footings, vertically and laterally
loaded piles, slopes and retaining structures as shown
in Figure 6. The problems included prediction of the
performance of the structure (prediction problems)
and the design of the structure (design problems). The
prediction problems were aimed at assessing the se-
lection of parameters and calculation models. The de-
sign problems were aimed at assessing the provision
made for safety and serviceability in geotechnical de-
sign.

Two soil profiles were considered, namely a clay
profile and a sand profile. Although unknown to the
survey participants, the soils data came from investi-
gations conducted on clay and sand sand at the Na-
tional Geotechnical Experimentation Test site at
Texas A&M University at College Station, Texas,
USA (Briaud, 1997; Briaud, 2021a; Briaud, 2021Db).
The data included typical soil profiles, and laboratory
and field test results. The original survey and the nu-
merical data for both sites can be found here (scroll
down to the overdesign survey files). The full results
of the survey can also be downloaded from this link.

The survey ran from 2019 to 2021 with most of the
responses being submitted online. Close on 240 usa-
ble submissions were received. In addition to submit-
ting answers to the problems, participants were asked
to give details of their role in the industry, years of
experience and design methods used. The results of
the survey were published at the 20" International
Conference on Soil Mechanics and Geotechnical En-
gineering in Sydney, Australia 2022 (Day & Briaud
2022).

The results of five of the ten problems dealing with
foundations (CLAY 1 & 2 and SAND 1 - 3) are pre-
sented briefly below. Wherever possible, the re-
sponses are compared with the results from full-scale
tests on the Texas A&M sites, model solutions and
the reliability-based solutions submitted by ISSMGE
Technical Committee TC304 (TC304 2020).

Approximately one third of the responses were
from students. The remainder were from practicing
engineers. Responses which appeared random or friv-
olous were ignored but those which were accompa-
nied by rational submissions showing the methods
and parameters used were included as valid re-
sponses. It is noteworthy that the answers submitted
by students were on a par with the responses from
practicing engineers.
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4.2 CLAY I - strip footing on clay

CLAY 1 is a prediction problem. Respondents were
asked to predict the load on a strip footing which will
cause the footing to fail (Pur) and the load causing

P

25mm settlement (P2s5mm) as shown in Figure 7. Re-
spondents were also asked to state which calculation
method they used and the undrained shear strength
they had assumed in the calculation.

P £l H
7 n.g.l 2 i <: n.g.l n.g.l
RN n.g.l. i 6m cutting
i g £ | —» i [« 0.76m
PPy ¢ 4
- 2.0 idth o
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Figure 6. Geotechnical design problems included in the “Are we overdesigning” survey.
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Figure 8. a) Predicted bearing capacity, b) load for 25mm settlement, c) bearing capacity v. undrained shear strength.

From the responses shown in Figure 8a and b, the
average values are reasonably acceptable, but the
range of values is excessive. The maximum and min-
imum values are implausible. In Figure 8c, the re-
sponses received are superimposed a plot of bearing
capacity v. undrained shear strength using Skemp-
ton’s bearing capacity equation (Skempton 1951), a
version of which is given in Annex D of EN1997

1:2004. Clearly, there are two problems here. Firstly,
the range of undrained shear strength used in the de-
sign is far wider than can be supported by the data
provided which included both laboratory and field
tests. Secondly, the bearing capacities deviate signif-
icantly from those inferred from this widely accepted
method of bearing capacity calculation.
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4.3 CLAY 2 - axially loaded vertical pile in clay

CLAY 2 is also a prediction problem. Respondents
were asked to predict the ultimate capacity of the pile,
the end bearing and shaft resistance (if calculated sep-
arately), and the load-settlement curve up to 80% of
the failure load.

n.g.l

P. Day

This problem is based on full-scale load tests car-
ried out on the clay test site at Texas A&M (Briaud
2021a, King et al. 2009). The measured pile capacity
was 2 033kN as shown in Figure 10a. Unfortunately,
base and shaft resistance were not measured sepa-
rately. This measured capacity agrees reasonably well
with the average from the survey respondents of 2
332KkN.

Predict:
1. pile capacity
£ 0.76m 2. shaft and base resistance
=) 3. load-settlement curve
Figure 9. CLAY 2 — Axially loaded, vertical pile in clay.
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Figure 10. a) Pile capacity, b) % load carried by base resistance, c) load-settlement curve.
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Figure 12. a) Bearing capacity, b) Load for 25mm settlement, c) bearing capacity v. friction angle.
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The dashed line in Figure 10c is a prediction by the
author using Flemming’s method (Flemming 1982).
The pile capacity used in this method was 2 400kN
(25% derived from base resistance), calculated using
empirical correlations between the base and shaft re-
sistances and SPT N-values (Byrne et al. 2019). If a
base resistance of 40% of pile capacity was assumed
(average from Figure 10b), the agreement between
the actual load-settlement curve and that predicted us-
ing Flemming’s method would have been even closer.

Once again, the average predictions by the survey
respondents are reasonable, but the range of results is
very wide with totally improbable maximum and
minimum values. This is difficult to explain when
commonly accepted and easily applied methods yield
reasonable results.

4.4 SAND I: Vertically loaded square spread
footing on sand

SAND 1 is a prediction problem in which respondents
were asked to predict the bearing capacity of the foun-
dation and the applied load causing 25mm settlement.
This problem is based on full scale load tests at the
Texas A&M sand test site on five square spread foot-
ings with side lengths of Im, 1.5m, 2m, 2.5m and 2x
3m (Briaud 2021b, Briaud & Gibbens 1997 & 1999).

Again, the average of the responses for both bear-
ing capacity and load causing 25mm settlement are
reasonable but the range is very wide, the minimum
and maximum values being highly improbable. The
average of the responses has, however, been distorted
by a limited number of unreasonably high maximum
predictions.

Two checks on the reasonableness of the results
were performed. Firstly, as shown in Figure 12¢ the
predicted bearing capacity was compared bearing ca-
pacities predicted using Meyerhof’s equation (Mey-
erhof 1951, 1963 & 1965) and using the bearing ca-
pacity equation in EN1997 1:2004, Annex D. As can
be seen from this figure, the TC304 prediction aligns
well with the Meyerhof equation. The most likely rea-
son for some responses plotting above the Meyerhof
line is the inclusion of a nominal cohesion by some
respondents (generally < 5 kPa). However, most re-
spondents have underestimated the bearing capacity,
some by a considerable margin. The reasons for this
are unclear.

The full-scale tests at Texas A&M were conducted
on footing sizes smaller and larger that the size cho-
sen for SAND 1. Briaud & Gibbens (1999) normal-
ised the load settlement curves by dividing the ob-
served settlement by the width of the footing and

found that the normalised settlements all followed the
same trend and plotted in a narrow band as shown in
Figure 13a. This allowed the settlement of the 2.25m
square base chosen for SAND 1 to be inferred from
the normalised curves in Figure 13a.

For routine settlement calculations of footings on
sand, most geotechnical designers would use an elas-
tic settlement calculation with an appropriate elastic
modulus determined using correlations with in-situ
tests. This gives a linear load-settlement curve, which
may be acceptable for loads up to one third of the
bearing capacity of the foundation. It cannot, how-
ever, be used to predict the full load settlement curve
to bearing pressures approaching bearing failure of
the footing. However, a simple calculation by the au-
thor using small strain stiffness values coupled with
an appropriate stiffness degradation curve was found
to provide a very good approximation to the test re-
sults as shown in Figure 13b. The analysis was carried
out using shear wave velocity readings included in the
data provided, and the piecewise-linear algorithm de-
veloped by Archer and Heymann (2015) together
with the stiffness degradation curve from Rollings et
al (1998).

Poulos (2021) also made use of small strain stiff-
ness values coupled with a modulus reduction factor
to replicate the load settlement curves for the five
foundations shown in Figure 13a. The reduction fac-
tor was based on the ratio of the applied load on the
foundation to the ultimate bearing pressure. An
equally satisfactory agreement between observed and
predicted settlements was obtained as shown in Fig-
ure 21.

4.5 SAND 2 — axially loaded vertical pile in sand

SAND 2 is a prediction problem in which respondents
are requested to predict the capacity of the pile, the
shaft and base resistance and the load-settlement
curve to 80% of pile capacity. This problem is based
on full-scale load tests carried out on the sand site at
Texas A&M in 2006.

Predict:

g n.g.l
: 1. pile capacity

0.76m 2. shaft and base resistance
3. load-settlement curve

10.0m

Figure 14. SAND 2: Axially loaded vertical pile in sand.
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Figure 15. a) Pile capacity, b) % load carried by base resistance, c) load-settlement curve.

As before, the average prediction of pile capacity
in Figure 15a is close to the value measured in the
full-scale load test at Texas A&M (King et al., 2009
& Briaud 2021b). However, the range is unacceptably
wide. The minimum predicted capacity is equivalent
to that of a shallow spread footing of the same diam-
eter as the pile and the maximum value corresponds
to a shaft stress approaching 20MPa, both of which
are implausible values. Unfortunately, the shaft and
base resistance were not measured separately in the
test.

A simple prediction based on correlations between
SPT N-values and base and shaft resistance as used in
the analysis of the pile in CLAY 2 produced an esti-
mate of the pile capacity about 25% higher than the
measured capacity (3 630 kN v. 2937 kN). The base
resistance accounted for 91% of the total pile capacity
due to a significant increase in SPT N-values at pile
founding depth. Combining this pile capacity with
Flemming’s method (Flemming 1992) produced the
load-settlement curve given by the dotted line in Fig-
ure 15c. Assuming the same total capacity with an
80% contribution from base resistance gives the
dashed line in Figure 15¢ which is an even better fit
to the measured data (solid line). Once again, com-
monly accepted, simple methods of calculation pro-
duced a reasonable result.

4.6 SAND 3 — Square spread footing under inclined
eccentric loading

Unlike the problems discussed above, SAND 3 is a
design problem rather that a prediction problem. Re-
spondents are asked to determine the size of footing
required to support a water tank stand exerting the
loads shown in Figure 16.

As this foundation is subject to eccentric loading,
the critical loading case is the tank empty condition
(Day & Briaud 2022). More than half the respondents
failed to analyse this critical load case. The minimum
footing size which satisfies the requirements of
EN1997-1 Design Approach 1 is 2.12m. This in-
cludes a 100mm tolerance on the position on the ap-
plied load on the footing as provided for in EN1997-

1 Clauses 2.4.6.3 (1) and 6.5.4 (1) & (2). The average
footing size from 99 respondents was 2.66m with a
range of 0.8m — 8.2m. While approximately three
quarters of the respondents overpredicted the size of
footing required, 17% predicted a footing size which
was so small that it did not even satisfy the minimum
size required to prevent overturning under the EQU
limit state.

- {aH=0,, =50V
V=G+0, .
=320kN +100kN

Determine required size
of footing (L and B)

4.5m

Loads are characteristic

values

Figure 16. SAND 3 — square spread footing under inclined ec-
centric loading.

In an attempt to understand why the spread of re-
sults is so large, the friction angles selected by 67 of
the respondents were plotted in Figure 18 together
with the sizes of footing required by these respond-
ents. The average value of the friction angle was 34o.
Unfortunately, it is not possible to determine whether
the values submitted were mean values or character-
istic values. Either way, this is a reasonable estimate.
However, the range is very wide (26° to 44°). From
Figure 18D, it appears that there is no clear correlation
between friction angle and required size of base. This
suggests that the methods used to determine the base
size (i.e. the calculation of bearing capacity) are inap-
propriate or are not being correctly applied.

4.7 Assessment of survey responses

It would obviously be ideal if the responses received
to the design and prediction problems could be com-
pared either to rigorous theoretical solutions or to the
outcomes of full-scale load tests. Unfortunately,
foundation design is not an exact science, and few rig-
orous theoretical solutions exist. Even where results
of full-scale tests are available from the Texas A&M
sites from whence the soils data originated, these are
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typically single test results at a particular location on
the site. This single result could be above or below
the mean from a larger number of tests. For this rea-
son, we are forced to rely on “best estimates” for as-
sessing the results of the survey.
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Figure 17. Size of footing: a) all responses, b) tank empty, c)
tank full.

For the purposes of this comparison, results of full-
scale load tests have been accepted as best estimates.
Where no such results are available, the results of cal-
culations using recognised design methods have been

taken as best estimates. The parameters used in these
calculations have been based on the mean values of
the responses received, most of which appear to be
reasonable values. The best estimate values thus de-
rived are not held out to be “correct”. They are simply
a starting point for the assessment of the survey re-
sponses.

In Figure 19, the survey responses have been
grouped into predicted values, design dimensions and
material properties. This figure includes the responses
received to all the design problems included in the
ISSMGE survey, not just the five foundation prob-
lems considered above. In each case, the responses
received are summarised in terms of minimum, mean
and maximum values. In the final three columns,
these minimum, mean and maximum values are nor-
malised by dividing them by the best estimate value
to give a normalised mean and range of answers.
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Figure 18. a) Friction angle for sand, b) friction angle v. footing
size.
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Best Estimate Responses received Normalised responses
Problem Parameter Estimate  Source Min Mean  Max Min Mean  Max Normalised range
0.01 0.10 1.00 10.00
Predicted values
CLAY 1 Py 1172 kN/m  Skempton, c,=100kPa 43 1127 8872 0.04 0.96 7.57
CLAY 1 Py 650 kN/'m  TC 304 18 538 2413 0.03 0.83 3.71
CLAY 2 Py 2033 kN Measured 75 2332 8619 0.04 1.45 4.24
CLAY 3 Py 409 kN Measured 25 446 1700 0.06 1.09 4.16
SAND 1 Py 6235 kN EN1997 ¢4' = 34° 200 4704 23800 | 0.03 0.75 3.82
SAND 1 Py 2900 kN Measured 200 2313 23270 | 0.07 0.80 8.02
SAND 2 Py 2937 kN Measured 429 3039 8450 0.15 1.03 2.88
Normalised range
0.01 0.10 1.00 10.00
Design dimensions
CLAY 4 « undrained 34 deg TC304 p, = 10* 14 40.9 90 0.41 1.20 2.65 ®--o
SAND3 L=B 2.07m EN1997 ¢' = 34° 0.8 2.66 8.2 0.39 1.29 3.96 o----0----0®
SAND 4 o 24 deg Inf. slope ¢' = 34° 16 26 45 0.67 1.08 1.88 °o-9-0
SAND5 d 4m EN1997 ¢' = 34° 0.45 4.1 11.2 0.11 1.03 2.80 E—— ) .
SAND5 P 106 kN/m  EN1997 ¢' = 34° 23 109 415 0.22 1.03 3.92 B P o
SAND 5 M, 324 kNm/m EN1997 4’ = 34° 110 449 2100 0.34 1.39 6.48 P— P .
SAND 6 m/m 11 m/m SAICE ¢' = 34° 5.8 15.9 20 0.53 1.45 1.82 o-le0
Normalised range
0.01 0.10 1.00 10.00
Material properties
CLAY 1 ¢, 111 kPa TC 304 CLAY 184 51 98 199.3 | 0.46 0.88 1.80 L
CLAY 3 ¢, 111 kPa TC 304 CLAY 184 65 98 150 0.59 0.88 1.35 e-e
CLAY4 ¢, 111 kPa TC 304 CLAY 184 41 77 150 0.37 0.69 1.35 0:0:1-®
SAND 1 ¢’ 35.6 deg TC 304 mean 234 33.8 44 0.66 0.95 1.24 L
SAND3 ¢’ 35.6 deg TC 304 mean 26 34 41 0.73 0.96 1.15
SAND4 4’ 35.6 deg TC 304 mean 25 33.8 41 0.70 0.95 1.15 ®

Figure 19. Assessment of survey responses (modified from Day & Briaud 2022)

In most cases, the mean value of the responses is
within 30% up or down from the best estimate value,
i.e. the normalised mean (mean / best estimate) lies
between 0.7 and 1.3. However, the range of responses
is significant. The maximum range was recorded for
the prediction problems. These are problems where
the respondent has no context within which to assess
the validity of the result. The range for the design
problems is somewhat less but still significant. In
these cases, an experienced respondent would have
some “feel” for the correctness of the response. The
narrowest range was for the selection of soil proper-
ties where intuition, experience and correlation be-
tween soil properties and the description of the soil
profile all contribute to the reasonableness of the se-
lected values.

4.8 Methods of Analysis

The majority of respondents used “conventional”
analysis methods, where the answers can be calcu-
lated by hand or using a spreadsheet. However, a
small minority of respondents (<2%) made use of nu-
merical methods including finite element / finite dif-
ference analyses. The question arises whether these
numerical analyses produce better results than the
conventional methods.

To answer this question, a finite element analysis
of the SAND 1 problem was carried out using Plaxis

3D® (Day 2024). Three constitutive models were
used, namely; Mohr-Coulomb model, hardening soil
model and hardening soil small strain model. The el-
ement mesh and two typical vertical deflection plots
are shown in Figure 20. The input parameters used in
the analysis are given in Annexure A.

Figure 21 compares the “observed” load-settle-
ment behaviour of a 2.25m square footing with settle-
ment predictions based on small strain stiffness and
predictions from the 3D finite element analyses. The
“observed” settlement is based on the mean of the
normalised settlement curves for footings of various
sized shown in Figure 13a. The Poulos small strain
prediction has been derived from his prediction for a
2,5m square footing (Poulos, 2021) normalised in the
same manner as in Figure 13. The small strain predic-
tion by the author (based on Archer & Heymann’s
method) and the finite element analyses are for a
2.25m square footing as per the SAND 1 problem in
Figure 11.

From Figure 21, the two small strain predictions
are seen to bracket the observed settlement and cor-
rectly capture the curved nature of the load-settlement
curve. All three finite element analyses overpredict
the settlement within the working load range of the
footing.
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Figure 20. Plaxis 3D analysis. a) Element mesh, b) and ¢) typical
vertical displacements.

0.8 Small strain - Archer & Heymann
ST T = Observed — Briaud & Gibbens
,,,,,,, Small strain - Poulos
D ol ~“|FEM - Hardening soil small strain
_os T -
S o T 7 . {FEM — Hardening soil
é e ‘,'/ /./'i/.fFEM—MohrCou\omb
o 04 Z Tt e
2 .~ P
@ [ERRA
o 4 . - et -
Qo2 A ST
i /’ Tzt
i e
S
o K%
0 10 20 30 40 50

Settlement (mm)

Figure 21. Settlement of 2.25m square footing.

4.9 Interim conclusions

The following interim conclusions are drawn regard-
ing the reasonableness of available calculation mod-
els and their application:

¢ In all cases where the results obtained from con-
ventional calculation models can be compared to
the observations from full-scale load tests on the
sites from whence the soils data was obtained, the
calculation models yielded reasonable results.

e For the SAND 1 problem considered above (verti-
cally loaded footing on sand), numerical methods
held no advantage over conventional methods.

o [fthe results of the ISSMGE survey are a reflection
the state of practice, it is clear that the available
design methods are not being applied consistently.
This is a serious concern.

5 SELECTED CASE STUDIES

Three case studies are presented below to illustrate
how things can go wrong, or sometimes go right.

5.1 Lethabo Power Station

Lethabo is a thermal power station consisting of six
600 MW units. It was built in the early 1980’s adja-
cent to nearby coal fields in a bend of the Vaal River
near the town of Vereeniging — see Figure 22. It is
underlain by horizontally-bedded sedimentary strata
of the Vryheid Formation (~250 Ma) near the base of
the Karoo Supergroup comprising mainly mudstones,
siltstones and carbonaceous shales. This formation
also contains several coal seams with a cumulative
thickness of up to 18m (Brink, 1983).

The author was responsible for the design of the
piled foundations for the two 300m high multi-flue
chimneys at Lethabo.

A comprehensive geotechnical investigation of the
site was undertaken by a well-qualified and experi-
enced, local geotechnical consulting firm. The inves-
tigation revealed a paleochannel of the Vaal River be-
low the eastern side of the site filled with alluvial soils
to depths of 20m. On the western side of the site, re-
sidual soils derived from the decomposition of silt-
stone extend to the surface. Typical profiles from the
western side of the site (no alluvium) and the eastern
side (alluvium present) are shown in Figure 23
(Blight 1984).
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Lethabo Power Station

Google Earth (Jan, 2023)

(a)

(b)

Figure 22. a) View of Lethabo Power Station looking north b) 300m chimneys under construction.

WEST: No alluvium

Om Slightly moist, banded orange and

grey, very stiff, shattered and fissured
CLAYEY SILT; residual siltstone.
4m

As above, but with horizontal bedding
and no shattering.

12m
As above, grading to very soft rock.

EAST: Alluvium present

Om Slightly moist, yellow, loose fine
1m  SAND; aeolian.

Slightly moist, yellow and grey, stiff
shattered and slickensided CLAYEY
SAND; alluvium.

8m

As above, but fissured and
slickensided.

14m

EBe—15m

Slightly moist, dark grey, intensely
laminated and widely jointed very soft
rock, carbonaceous micaceous
SHALE with occasional thin horizontal
bands or hard rock arenaceous shale;
Vryheid Formation.

NOTES:

1. No water table

2. Refusal of Hughes LLDH 120
auger on hard rock sandstone.

L 30m 3. Roots to 15m depth.

As above, but with no slickensides.

20m Slightly moist, dark grey banded
yellow, very stiff, CLAYEY SILT;
residual siltstone.

24m

Slightly moist, dark grey, weathered,
very soft rock carbonaceous SHALE;
Vryheid Formation.

NOTES:
1. No water table
2. Refusal of Hughes LLDH 120
auger on hard rock arenaceous
34m band.

Figure 23. Typical soil profiles at Lethabo Power Station (Adapted from Blight et al 1984).

The conditions on site were well suited to the use
of large diameter bored pile socketed into the carbo-
naceous shales or founded on the underlying sand-
stone. The potential for heave movements of the allu-
vium and residual siltstone was recognised but, in
keeping with local methods of heave prediction (Van
der Merwe 1964), was assumed to be confined to the
upper 10m of the profile. However, this failed to take
account of the drawdown of the water table and des-
iccation of the soil profile due to a plantation of euca-
lyptus trees which previously covered the site and
were felled immediately prior to construction.

Shortly after the commencement of construction
and following the year-end construction break during
which rain occurred, relative movement was noted
between the blinding concrete cast below the cooling
water ducts and the pile heads. This indicated that ei-
ther the piles had settled or the blinding had heaved,
with the latter being the more likely. The power utility

set up an Ad Hoc Foundation Committee to investi-
gate the problem. The committee comprised client
representatives, geotechnical consultants and piling
contractors, and was headed by Professor Geoff
Blight of the University of the Witwatersrand. The in-
vestigation included shear strength tests and oedome-
ter tests in the laboratory, the installation of piezome-
ters and pull-out tests on 2m long x 1m diameter pile
“plugs” in the field (Blight et. al. 1984). This allowed
the prediction of the likely heave magnitude, the pe-
riod over which this heave would occur and the uplift
forces on the piles. The recommendations from this
investigation were that all piles should socketed suf-
ficiently into the underlying rock to resist the heave
forces, that the upper portion of the pile shafts should
be isolated from the surrounding heaving soils and
that a 300mm gap should be provided below the un-
derside of the pile cap.
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In the case of the chimney foundations, 1,65m and
1,8m diameter, straight-shafted, bored piles were in-
stalled to a depth of 30m. Over the upper 15m of the
pile, the diameter of the hole was 300mm larger than
the diameter of the pile shaft allowing the installation
of a thin-wall steel casing inside which the pile was
cast. The outer surface of the casing was coated with
a bituminous slip coat and the 150mm annular gap
between the casing and the ground was filled with ex-
foliated vermiculite to act as a bond breaker between
the pile and the surrounding soils. To resist the hori-
zontal loading on the foundations, the casing stopped
3m short of the underside of the pile cap and the upper
3m of the pile shaft was cast in contact with the sur-
rounding soil, additional reinforcement being pro-
vided to resist the resulting uplift forces. The 300mm
gap below the pile cap was formed using sand which
was later removed by water jetting.

As it transpired, even the revised heave predictions
by the Ad Hoc Foundation Committee were too low.
Less than 10 years after construction, the gap below
the chimney foundations had closed and an additional
metre of material was mined out below the underside
of the pile cap to reinstate the gap. The chimneys have
performed satisfactorily ever since.

The cause of this problem was the faith that the
geotechnical consultants placed in the locally ac-
cepted method of heave prediction and failure to rec-
ognise the extent to which desiccation of the soils by
the eucalyptus trees negated the assumptions under-
lying this prediction method. This was despite a sim-
ilar problem having occurred on the same geological
formation in the mid-1970’s at a glass factory about
80km north-east of Lethabo.

Sowers (1993) would probably classify the cause
as ignorance or rejection (see section 2 above).

5.2 Office development, Sandton

In 2014, work commenced on the construction of a
new office development in Sandton, a commercial
hub situated about 10km north of the Johannesburg
CBD. The development comprised of a 14m deep
“mega-basement” and a medium-rise, concrete-
framed office building over part of the site. The site
is underlain by basement granites which are locally
intruded by diabase. The granite rockhead is typically
undulating, and core stones are often present in the
predominantly sandy residual soils.

The geotechnical investigation was carried out by
a local geotechnical consultant in two phases. The
first phase in 2008 covered an area larger than the cur-
rent site. It consisted of twenty-three 750mm diame-
ter, augered trial holes which were profiled in-situ.
The second phase of the investigation, in 2013, cov-
ered the current site only. It included six rotary core
boreholes and ten of the original large diameter trial
holes. Although this investigation was reportedly for

a 27m deep basement, the rotary core boreholes ter-
minated at depths varying from 19m to 21.2m. In
these boreholes, very soft rock (or better) was en-
countered at depths varying from 10.5m to 19.5m
with one hole being drilled into diabase and the re-
mainder into granite. Refusal of the auger rig used to
drill the large diameter trial holes occurred at depths
varying from 9.8m to 16m, with eight of the ten holes
drilled into granite and two into diabase.

Based on this investigation, it was concluded that
the footprint of the 27m basement excavation would
be in rock on which spread footings could be placed
using an allowable bearing pressure of 2MPa. Despite
the final depth of the basement being reduced from
27m to 14m, the foundations were designed based on
this conclusion. The bulk excavation level was ex-
tended to the underside of the spread footings and
then backfilled to final excavation level. This allowed
the foundations excavations to be formed in fill rather
than having to excavate into rock for each individual
footing.

On reaching bulk excavation level, it was found
that rock was indeed present over portions of the ex-
cavation. However, there were large areas of decom-
posed granite and highly weathered diabase, both of
which were incapable of supporting the proposed
loads — see Figure 24.

Once the problem was discovered, the author’s
company was employed to conduct additional inves-
tigation which included sixteen additional rotary core
boreholes, DPSH (dynamic probe super-heavy) tests
and CSW (continuous surface wave) tests in the af-
fected area of the site.

The result was that every foundation excavation
had to be inspected by a geotechnical engineer to as-
sess both bearing capacity and settlement. Where the
conditions were unsuitable, the size of the founda-
tions was increased, the foundations were deepened
or the adjacent foundations were combined as illus-
trated in Figure 25. The choice of which solution to
adopt was driven mainly by minimising delays to the
contract. In places, foundations were deepened by as
much as 4m. Although exact figures are not known to
the author, it is understood that over 2 000 cubic me-
tres of mass concrete was used during remedying of
the problem.

The original geotechnical investigation was inade-
quate in that the large diameter trial holes failed to
detect weaker layers below the depth of auger refusal.
Although diabase was encountered at three of the 16
investigation positions, its extent was not determined.
The report was written for an assumed depth of base-
ment of 27m and insufficient attention was paid to the
interpretation of the recommendations when the ex-
cavation depth was changed to 14m. According to the
author’s classification, the cause of the problem was
inadequate investigation and incorrect design / inter-
pretation.
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Figure 24. Variability of founding conditions.
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Figure 26. a) Inspecting deepened foundation excavation, b) footings combined with crane base, ¢) Over-excavation in diabase below
the water table, d) backfilling with mass concrete.

35



2" Southern African Geotechnical Conference

As the methods required to provide more investi-
gation data and to interpret the available data, Sowers
(1993) would probably classify the cause as rejection.

5.3 Saldanha Steel Plant

In the mid to late 1990’s, the author’s company was
appointed to carry out a geotechnical investigation for
a steel plant and rolling mill at Saldanha Bay, which
is the main export harbour for iron ore transported by

Table 4. Stratigraphy of the Saldanha Steel site

rail from the Sishen area, about 750km to the north-
east. Saldanha Bay is on the Cape West Coast, ap-
proximately 120km north of Cape Town.

The site of the steel plant is underlain by Cenozoic
sediments and residual granite soils to a depth of ap-
proximately 50m (Wardle and Day 2003, Day 2013,
Day 2017). The stratigraphy is summarised in Ta-
ble 4.

Depth Formation Description Age

0-10m Langebaan Lime- Variably calcretised windblown sands consisting of bands of hardpan Pleistocene.
stone Formation calcrete up to 600mm thick interbedded with loose, lightly cemented, cal-  Approx. 3Ma.

careous sand. Water table at 4m.

10-20m Varswater Marine and littoral sediments consisting of quartz sands, muddy sands and  Late Miocene.
Formation shelly gravels. Approx 12Ma.

20-30m Elandsfontein Angular quartz sand and gravel containing a succession of clay and peat Mid-Miocene.
Formation beds. Aquifer. Approx 15Ma.

30-50m Residual soils from  Residual soils derived from the underlying granite consisting of Approx 600Ma.
Cape Granite Suite  clayey/sandy silts.

50m + Cape Granite Suite ~ Coarse grained, micaceous granite (Hoedjiespunt Granite) and quartz Approx 600Ma.

porphyry (Saldanha Quartz Porphyry). Highly weathered becoming
slightly weathered very hard rock with depth.

The investigation consisted of rotary core drilling
to sound bedrock with SPT tests at 1.5m intervals.
Many of the SPT tests within the upper 10m of the
profile refused on hard rock calcrete bands. The shal-
low soil profile was further investigated by means of
test pits dug using a 50t tracked-mounted excavator.
The calcareous sand between the bands of hardpan
calcrete was found to be loose and could be raked out
with ease using a geological pick. Oedometer tests on
the sand showed it to be compressible with M, values
of 0.1 MPa!. Although great care was taken in re-
trieving undisturbed samples and the preparation of
test specimens in the laboratory, the oedometer tests
were thought to grossly underestimate the in-situ
stiffness of these lightly cemented sands. In an at-
tempt to confirm this, cross-hole plate jacking tests
were carried out in the test pits using 200mm diameter
plates. In addition, 1m diameter vertical plate load
tests were also undertaken. A typical result from the
cross-hole tests is shown in Figure 27.

The plate load tests yielded a curved load-dis-
placement plot with a high initial modulus (£;) and a
lower final modulus (Ey). The loss of stiffness under
increasing load was attributed to yielding of the weak
calcareous cementing between the sand grains. From
20 such tests, the average initial modulus was found
to be 85 MPa and the average final modulus was 27
MPa. Despite the higher moduli observed from the in-
situ tests, the predicted settlements of the major struc-
tures in the plant were still too high.
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Figure 27. Results of cross-hole plate load tests on loose calcar-
eous sand (from Day 2013).
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Piled foundations were considered for use below
the major items of plant. However, the presence of
hardpan calcrete bands in the upper 10m of the pro-
file, the shallow water table and the depth to bedrock
made piling an unattractive proposition. Furthermore,
it was noted that other heavy structures in the Sal-
danha Bay area had been successfully founded on
shallow foundations. It was therefore suspected that
the stiffness of the in-situ soil profile was signifi-
cantly larger than that which could be measured using
small-scale, large strain test methods such as plate
load tests. A proposal was therefore made to the client
that a large-scale load test be performed on the site to
determine the stiffness of the full depth of the profile
at an appropriate strain level.

Prior to embarking on this test, the average pres-
sure below the mill building was calculated and found
to be approximately 85kPa. If the higher loads below
the building columns and the mill bases could be dis-
tributed by means of a compacted fill mattress, the ef-
fect of the distributed load on the soils below the mat-
tress could be simulated by a S5m high fill
embankment. This was a practical option as large vol-
umes of imported fill were required for the terracing
of the site. Thus, the cost of importation of fill mate-
rial for the surcharge test was recouped during con-
struction.

The load test entailed the measurement of settle-
ment at various depths in the soil profile under an
85kPa surcharge exerted by a 5Sm high, 50m diameter
earth embankment as shown in Figure 28. Settlements
were monitored by means of monitoring rods grouted
into the bottom of individual boreholes at depths of
Im, 10m, 15m, 20m and 25m below ground level.
Two additional monitoring rods were drilled into the
granite rock below 50m to serve as benchmarks.

The time-settlement plots at various depths below
the embankment and for the surface monitoring
points around the perimeter of the embankment are
shown in Figure 29 over a period of about three
months. From these plots, primary consolidation was
complete within 30 days. After this, only small creep
movements were still taking place. Assuming an elas-
tic stress distribution below a flexible loaded area, the
settlement readings were used to calculate the elastic
modulus of each layer in the profile. The results are
given in Table 5.

The elastic moduli from Table 5 were compared
with the moduli predicted using the method proposed
by Stroud (1989) in which the SPT N-value is multi-
plied by a factor which depends on the ratio of the net
bearing pressure to the ultimate bearing pressure ex-
erted by the foundation (gnet /qult). Using the ulti-
mate bearing capacity from a Terzaghi-type bearing
capacity calculation and the net bearing pressure of
85kPa below the embankment, this ratio was calcu-
lated as 0.013. The multipliers given by Stroud for an
overconsolidated sand and a low plasticity clay for
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qnet /qult = 0.013 are 9.0 and 5.4 respectively. Ap-
plying these multipliers to the SPT N-values from a
borehole drilled below the centre of the load test em-
bankment yielded the results shown in Figure 30. The
best correlation was obtained by applying the multi-
plier for sands to the upper 10m of the profile
(Langebaan Limestone Formation) and the multiplier
for clays over the remainder of the profile.

50m diameter
load test embankment |
|

t
Perimeter
monitoring

15m pegs

Settlement monitoring
points at depths 55,
indicated

Bedrock (~50m)

Figure 28. a) Schematic details of load test embankment, b) em-
bankment under construction.
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Figure 29. a) Time-settlement curves at various depths, b) mon-
itoring points - top of embankment.
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Table 5. Elastic modulus inferred from load test embankment.

Depth range Back-figured elastic modulus
0-10m 850 MPa
10-15m 470 MPa
15-20m 190 MPa
20m + 300 MPa

The elastic moduli from Table 5 were compared
with the moduli predicted using the method proposed
by Stroud (1989) in which the SPT N-value is multi-
plied by a factor which depends on the ratio of the net
bearing pressure to the ultimate bearing pressure ex-
erted by the foundation (guer /quir). Using the ultimate
bearing capacity from a Terzaghi-type bearing capac-
ity calculation and the net bearing pressure of 85kPa
below the embankment, this ratio was calculated as
0.013. The multipliers given by Stroud for an over-
consolidated sand and a low plasticity clay for guer/qui
=0.013 are 9.0 and 5.4 respectively. Applying these
multipliers to the SPT N-values from a borehole
drilled below the centre of the load test embankment
yielded the results shown in Figure 30. The best cor-
relation was obtained by applying the multiplier for
sands to the upper 10m of the profile (Langebaan
Limestone Formation) and the multiplier for clays
over the remainder of the profile.
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Figure 30. Correlation between elastic moduli from load test and
inferred from SPT test.

The elastic moduli in Table 5 are considerably
higher than those inferred from laboratory testing or
plate load tests, both of which are small-scale tests
and involve large shear strains. This is due to two fac-
tors namely that the moduli are determined at an ap-
propriate strain level and on a representative volume
of in-situ material. Based on the good correlation be-
tween measured elastic moduli and the values pre-
dicted by the SPT tests, Stroud’s method was adopted
for routine design. In particular, it was used for a
Class A prediction (before construction) of the settle-
ment of the raft foundation supporting the 90m high
Corex tower for which a limiting settlement of 30mm
between the tower and adjacent plant, and a maxi-
mum tilt of 1:1500 was specified. Settlements were
monitored on the four corners of the raft foundation
during construction. The observed short-term settle-
ments varied from 13mm — 21mm (15mm — 20mm
predicted) and the long-term settlement varied from
21mm — 28mm (25mm — 30mm predicted). The max-
imum tilt was 1:2000 (Day et al. 2001).

This case history is cited as an example of the ben-
efits that can be achieved when the client is prepared
to invest money in a comprehensive geotechnical in-
vestigation. The cost of the additional investigation
was far lower than the savings achieved by not in-
stalling piles below most of the plant.

6 MOVING FORWARDS
6.1 Where do we stand?

Table 6 identifies the major strengths and weakness
of the foundation design process from project incep-
tion to completion of construction. It is written from
the author’s perspective as a practicing geotechnical
engineer and designer of geotechnical works for con-
tractors. The table draws on what has been presented
earlier in this paper and introduces new topics which
have not been discussed. It is not exhaustive but pro-
vides a framework for identifying where the profes-
sion should focus its efforts.

6.2 Design methods

The reliability checks on limit states design methods
and the results of the overdesign survey give us con-
fidence that current codes of practice, including Eu-
rocode 7, and conventional methods of analysis are
adequate for routine design purposes. When it comes
to specialised designs, advanced techniques are avail-
able and are becoming easier to use. In essence, we
have the tools needed to do the job. The problem is
knowing which tool to use and how to use it.

The challenge highlighted by the ISSMGE survey
seems to lie mainly in the application of design meth-
ods rather than the methods themselves. This includes
many issues such as selection of input parameters,
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choice of an appropriate analysis method, correct ap-
plication of the codes including the use of partial fac-
tors, identification of adverse design situations and
load combinations, critical appraisal of the results,
and peer review. It is again noted that, although stu-
dents with little or no experience made up about 30%
of the survey respondents, the student submissions
were on a par with those from practicing engineers,
some with over 30 years of experience.

To illustrate some of the issues raised above, con-
sider the responses received for the footing on sand
subject to vertical and horizontal loads (SAND3) as
summarised in Figure 18b. Three respondents (in this
particular case, all students) required footing widths
of around 8m, far larger than the 2.12m base required
by EN1997-1 DA1-C2. The most probably reason for
this is failure to include the weight of the base in the
calculation and avoiding tension anywhere below the
base., 1.e. incorrect combination of loads and misin-
terpretation of code requirements. The next most con-
servative set of results (B=3.7m —4.6m, 1 student and
5 practicing engineers with up to 30 years’ experi-
ence) possibly resulted from EN1997-1 Clause
6.5.4(1) being incorrectly interpreted as prohibiting
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eccentricities greater than B/3. Of the 24 respondents
who predicted a base size less than that required by
EN1997-1 DA1-C2, the majority did not consider the
“tank empty” condition, i.e. incorrect combination of
loads. Three quarters of these respondents predicted
base sizes for which the resultant load vector fell out-
side footprint of the base. This should have been
picked up by a critical review of the result by the de-
signer, or even the most casual of peer reviews.

The other interesting thing that emerged from the
ISSMGE survey is that numerical methods do not
necessarily yield better results than conventional
methods. This is illustrated by the comparison of
measured foundation performance with the results of
a 3D finite element analysis shown in Figure 21. As
pointed out by Poulos (2021), when using such meth-
ods, “.... elements of uncertainty persist, including
the difficulty of characterising and quantifying the
ground conditions, and the inherent dangers of the
complex software being utilized by relatively inexpe-
rienced designers”. Numerical methods and other ad-
vanced methods of analysis have their place, but are
not the panacea they are sometimes made out to be.

Table 6. Assessment of strengths and weakness in the design of foundations.

Strengths Weaknesses

Design methods: Design methods:

e Most designers are using current design methods (PF LSF, e Too many designers are still using WLD methods and rely-
LRFD, etc.). ing on global factors of safety.

e Current codes (e.g. Eurocode 7) are practical to use and
provide a consistent level of reliability.

o For routine design, conventional design methods yield ac-
ceptable results if correctly applied.

e Advanced techniques such as reliability analysis and nu-
merical methods are becoming more accessible and easier
to use.

Geotechnical data:

e Significant advances in field and laboratory test methods.

e Availability of multiple methods of testing.

e Development and use of databases to augment sparse data.

Contracting environment:
e Emergence of stricter regulatory control, e.g. for tailings
storage facilities.

Construction:
e Advances in construction equipment, materials and tech-
niques.

Research:
e Abundance of research publications.

Lack of guidance on which analysis method to use.
Conventional design methods not being correctly applied.
Failure to recognise and analyse critical design situations
or load combinations.

e Reliance on results from advanced techniques without ade-
quate checking and review.

Geotechnical data:

¢ Insufficient number of investigation points and extent of
investigation.

e Opver-reliance on limited number of test methods and trans-
formation functions.

o Difficulties in populating parameter inputs for advanced
constitutive models.

Contracting environment:

e Willingness of owners or owners’ agents to cut corners.

e Excessive competition without clearly defined minimum
requirements.

e Absence of standardised specifications for geotechnical in-
vestigations.

Construction:

e Cost and programme are prioritised at the expense of qual-
ity.

e Lack of involvement of geotechnical engineers and design-
ers during the construction phase.

Research:

e Over-abundance of research publications.

o Lack of assessment of research findings and guidance on
application in practice.

e Lack of industry participation and feedback.
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For the 3D finite element analyses depicted in Fig-
ure 21, it took days to derive the necessary parameters
and to set-up and run the analyses. By contrast, the
shear wave velocity data required for the small strain
stiffness calculation came directly from the available
site investigation data, the analysis took only a few
minutes and the method produced better results.

Whatever design method is used, it is advisable not
to rely on one method of analysis. Alternative meth-
ods will not only assist in detecting errors but will also
provide confidence in the result. The simpler the
method, the lower the likelihood of mistakes. Wher-
ever possible, design calculations should be inde-
pendently reviewed.

6.3 Geotechnical data

In recent years, there have been significant strides in
the acquisition and processing of geotechnical data,
both in the field and the laboratory, thanks mainly to
the development and miniaturisation of electronic
components and the ability to acquire, store and pro-
cess information electronically. Data can be acquired
and analysed in real time, i.e. while the test is in pro-
gress. It is becoming more and more common to use
multiple methods of investigation on a single site
thereby allowing the comparison of results from dif-
ferent test methods and to establish correlations be-
tween various parameters. Given the improved meth-
ods of interpretation of results, field tests are
increasingly being used in preference to laboratory
tests or as a supplement to such tests. Field tests have
many advantages including being carried out on in-
situ soils, speed of execution, continuous rather than
discrete results, increased coverage at reduced cost
and immediate availability of results in many in-
stances.

Another development that is gaining momentum is
data-driven site characterisation (Phoon et al. 2021).
This refers to site characterization methods that rely
on measured data, whether this be site-specific data
from a particular project or existing data from neigh-
bouring sites or elsewhere. A comprehensive list of
geotechnical databases that can be used for this pur-
pose is given in Tang and Phoon (2021).

In some cases, random variations in the ground
(e.g. karstic formations), the effect of macro-structure
(e.g. jointed rock masses or sand partings in clay) or
large particle size (e.g. opencast mining spoils) make
it difficult or impossible to characterise the site using
conventional investigation methods (Day 2013, Day
2017). In such cases, full scale tests should be consid-
ered. If carefully planned, these tests can be inte-
grated into the investigation and construction pro-
gramme, thereby reducing the time and cost of the
test. The Saldanha Steel case history presented above
is good example where significant savings were
achieved at minimal additional cost to the project.
The observational method (Peck 1969) is a form of

full-scale testing in which the performance of a ge-
otechnical structure (excavation, embankment, etc.)
is monitored during construction and the design
adapted based on observed performance.

Wherever possible, it is advisable to make use of
multiple sources of parameter values including differ-
ent types of tests, back analysis, published data, etc.
Where parameters are derived using empirical corre-
lations with, for example, penetration test results, re-
liance should not be placed on any one correlation.
The results of various correlations should be com-
pared and weighed against relevant experience and
published data.

6.4 Contracting environment

Any sportsman will tell you that competition is good
— but only when the playing field is level and the rules
of the game are clearly defined. The same applies in
the case of contracts for geotechnical investigations,
and for the design and construction of geotechnical
works. All too often we see contracts being awarded
based on price alone without any consideration of the
quality or even the adequacy of the final product.
There are two main reasons for this. Firstly, owners
and owners’ agents often lack the knowledge or skills
to adjudicate tenders for geotechnical work and there-
fore rely more on programme and cost, both of which
can be easily quantified, than on the value of the work
which is more difficult to assess. The second reason
is the absence of clearly defined specifications, par-
ticularly in the case of geotechnical investigations.

Ideally, geotechnical investigations should be car-
ried out in three or more stages. The first stage should
determine the suitability of the site, identify potential
founding solutions and point out potential challenges.
The second stage, which may be subdivided into a
number of phases, should provide the information re-
quired for the design and construction of the works.
The final stage should verify conditions during con-
struction. In an ideal world, the designer of the works
should be involved in specifying the work to be car-
ried out during each stage of the investigation. How-
ever, all too often, the scope of the investigation is not
defined or is specified by the client’s agent (usually a
project manager or quantity surveyor) based on pre-
vious contracts.

Standardised specifications for geotechnical inves-
tigations can help to address these issues. However,
separate specifications are required for different types
of structures and ground conditions. The specifica-
tions should also take account of regional factors such
as availability of equipment, climate, etc. It does not
help to take a specification for the investigation of
wind turbine sites in Denmark (for example) and at-
tempt to apply this for wind farms in Africa.

In South Africa, there are national standards for in-
vestigation on dolomite land and investigations for
development of townships, both of which are a step
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in the right direction. There is also a code of practice
for site investigations issued by the geotechnical pro-
fession, but this is a generic standard rather than a
specification for specific types of work.

Regulatory control can play a positive role in im-
proving standards within the geotechnical industry. A
good example of this is the Global Industry Standard
on Tailings Management (ICMM, UNEP & PRI
2020).

6.5 Construction

Although construction falls outside the scope of this
paper, it is worth recognising the considerable ad-
vances in construction equipment in recent years.
These include improvements in hydraulics, instru-
mentation and control systems. As is the case with ge-
otechnical investigations, the construction industry
suffers from excessive competition, prioritisation of
cost and programme at the expense of quality, and
lack on involvement of geotechnical engineers and
designers during the construction phase of a project.

6.6 Research

During the 2017 Terzaghi Oration in Seoul, the author
introduced the concept of the cycle of knowledge de-
velopment and implementation (Day 2017) shown in
Figure 31.

Most research, be it basic research or applied re-
search, is carried out by academic institutions (uni-
versities) and by industry or government sponsored
research organisations. Depending on your definition
of a university and which source you consult, there
are an estimated 23 000 to 29 000 universities in the
world in 2023, the highest number being in India, the
USA, Indonesia and China. In many countries, in-
cluding South Africa, the funding received by univer-
sities is determined in part by the number of scholarly
articles published by researchers at these institutions,
hence the coining of the phrase “publish or perish”
which refers to the pressure on academics publish as
many articles as possible, at times based on frivolous
research. While it is good in principle to make re-
search findings available, there is an overabundance
of information available. Some of this information is
good and some bad, and the average reader is unable
to discern the difference.

According to SCImago, a research group from the
Consejo Superior de Investigaciones Cientificas at
the University of Granada, Madrid, 31 139 articles on
geotechnical engineering and engineering geology
were published in 2022 with a total of 81 703 being
published in the three-year period 2020 — 2022 (SCI-
mago 2022). This database if far from complete as it
does not contain most of the ISSMGE publications
including the proceedings of international and re-
gional conferences, specialist publications by
ISSMGE Technical Committees, the International
Journal of Geotechnical Case Histories, etc. Most
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practitioners and researchers are unable to keep
abreast of the latest findings even if they confine their
attention to a narrow field of interest. The net result is
an increase in research findings that are not being
properly evaluated nor applied in practice.

For research in geotechnical engineering to find its
way into practice, it needs to be evaluated and con-
verted into a usable format. Evaluation of research
typically occurs in an academic or research environ-
ment with input from leading practitioners. Research-
based industry bodies such as CIRIA (Construction
Industry Research and Information Centre, UK), the
BRE (previously the Building Research Establish-
ment, UK) and government agencies such as the FHA
(Federal Highways Administration, USA) and GEO
(Geotechnical Engineering Office, Hong Kong) also
play a vital role as do technical committees of the
ISSMGE by way of keynote lectures and state-of-the-
art papers. The best of these papers are those which
evaluate new information, compare it to current prac-
tice and provide clear guidance regarding preferred
methods. A good example is the paper by Poulos et
al. (2001) presented at the XV ICSMGE in Istanbul
entitled “Foundations and retaining structures — re-
search and practice”.

Basic
research

Applied
research

Academic / Research
environment

Evaluation and
conversion

Knowledge development
and implementation cycle

Transfer to
industry
Implementation
in practice

Figure 31. Knowledge development and implementation cycle
(Day 2017).

Assessment
| feedback

Practice / Industry

The uptake of new technologies is often led by
large international companies or by smaller specialist
consultants. For these technologies to gain general ac-
ceptance in the industry, there needs to be convincing
evidence of the benefits of the new technology (e.g.
case histories of successful implementation) and as-
surance that the technology is becoming or has be-
come a norm within the profession. This occurs when
the technology finds its way into teaching curricula
and ultimately into codes of practice.

The final stage in the cycle is when the researchers
begin to assess the results of the application of the
new technology and use this data to refine the tech-
nology or develop it into the next generation.

There are two essential stages in this process with-
out which the knowledge development and imple-
mentation cycle will grind to a halt. These are the ac-
tivities on the “vertical legs” of the diagram in Figure
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31, namely evaluation and conversion and transfer to
industry on the right, and assessment / feedback on
the left. If the activities on these two legs are not func-
tioning efficiently, practitioners will continue to use
outdated but “comfortable” technology and research-
ers will continue to produce findings that are either
irrelevant to the industry or fail to be implemented in
practice.

A new paradigm is required where the consolida-
tion and application of existing research findings
ranks on a par with new research efforts. We need
more senior members of the profession, both academ-
ics and practitioners, who can provide a broad over-
view and assessment of emerging technologies. We
also need more industry driven research including
collaboration between sectors within the industry and
industry and research institutions. In as much as the
paper by Poulos et al. (2001) is an example of the for-
mer, the collaboration between the offshore oil indus-
try and the University of Western Australia is an ex-
ample of the latter (Randolph et al. 2021).

7 CONCLUSION

The mention of “uncertainties” in geotechnical design
will conjure up thoughts of parameter variability,
model uncertainties and other aspects affecting the re-
liability of geotechnical designs. However, the evi-
dence points to a far wider range of uncertainties from
many sources.

The underlying reason for carrying out the
ISSMGE survey was a concern that codes of practice
are leading to excessive conservatism in geotechnical
design. The wide range of answers received make it
difficult to provide a definite answer to the question

“are we overdesigning?”. However, the survey and
the analysis of the responses have highlighted some
important issues.

Firstly, reliability analysis has shown that limit
states design, as embodied in the Eurocodes, produces
an acceptable level of reliability that remains sensibly
constant across a wide range of geotechnical struc-
tures, loading conditions and material properties.
Limit states design is a significant step forwards from
the working load design methods of the past. Sec-
ondly, in most of design problems considered in the
ISSMGE survey, simple design methods correctly ap-
plied produced results which agreed well with meas-
ured values or best estimates.

The problems facing geotechnical practitioners are
knowing which design methods to apply and obtain-
ing the required parameters to apply the method.
Many older practitioners are still applying the meth-
ods they were taught at undergraduate level and are
unaware of the new methods or refinements to exist-
ing methods. Younger designers, on the other hand,
are more likely to analyse any and all problems using
numerical methods or other computer-based applica-
tions. This has potential drawbacks when the methods
employed in such analyses are hidden in the applica-
tion or when the results are accepted without question
or review.

The major uncertainties in foundation design are
not lurking in the statistical distribution of material
parameters or the probability of adverse combinations
of loads. The key to reducing uncertainty lies in en-
suring that we get the basics correct. This includes ob-
taining sufficient and relevant site investigation data,
the correct use of appropriate methods of analysis,
considering all possible modes of failure, and diligent
checking and review of design outcomes.
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Annexure A: Input values for Plaxis 3D analysis of SAND 1
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