INTERVIEW

Don’t use
the C word

Professor Andrew Schofield has developed arguably the
two greatest advances in soil mechanics of the last 30
years — critical state soil mechanics and the use of the
geotechnical centrifuge. As he retires, he still has a mission
to accomplish. He talks to Paul Wheeler.

Cambridge and a Fellow of the Royal Society, could at 68 be

excused for retiring with a sense of smug satisfaction. His con-
tributions to the development of theoretical soil mechanics are
unquestionable. Instead, I find a man with missionary zeal.

He is initiating a campaign, although he denies it, that could reshape
geotechnical design. If it is successful the C-word will only remain in the
engineers’ vocabulary as “apparent cohesion”.

The peculiar thing is, this sudden vigour does not rely upon new data.
It is essentially the same message made in Critical State Soil Mechanics,
co-authored with the late Peter Wroth, and published in 1968.

“It’s a pity I didn’t make these points as strongly 20 years ago, but I
didn’t appreciate the importance,” he says. “It’s only gradually that
certain things impact upon you and this insight is one of those.

“I am asking, does the industry really want its engineers to be taught
something that is fundamentally wrong? Must Terzaghi textbooks from
1943 still be gospel in 2000? I don’t think so.”

The argument, which Professor Schofield presents in abridged form
on the following pages, is essentially that behaviour of remoulded soil
(be it sand, silt or clay) is governed by friction and particle interlocking.
The Mohr Coulomb equation, popularised by Terzaghi, and
underpinning developments in soil mechanics since the 1930s, is simply
wrong. Terzaghi, the grandfather of modern geotechnics, the man who
made soil mechanics a science, made a mistake when he said soil’s
strength is provided by cohesion and friction.

“The key piece of data is the work of Hvorslev. Hvorlsev and Terzaghi
misunderstood the data, and I think that raises a very serious question.
If a similar fundamental error was identified in, say, fluid mechanics,
the senior designers in the industry would immediately want to know. If
you told the designers of the Boeing company that their design was
based on an erroneous concept they wouldn’t bullshit. They would say
let’'shave the details, let’s have the data, we need to know.

“Ifind it extraordinary that people can be told there is an error in the
Mohr Coulomb equation, and donext tonothing about it.

“You talk to people in industry and they say ‘we don’t use cohesion
very much, wejustputabitin.’ It’slike saying we have a drink every now
and then at a wedding, but we’re really teetotal. The reason, I suspect, is
because every textbook is based on the Mohr Coulomb equation and all
the professors teach it.

“If I speak to a professor and say, you shouldn’t teach that because it’s
wrong, they say you don’t appreciate that my students have got to be
employed in industry. So I go to the consulting companies and say you
are hiring engineers who all believe the Mohr Coulomb equation, and
when they arrive you are going to tell them that actually you hardly use
any cohesion. The consultants say we are just working for clients and
our clients’ instructions are they want a building that is going to satisfy
the codes.”

That is the nub: the people who write the codes, who are always
established figures, can’t turn round and say “oops we’ve got it wrong”.

Andrew Schofield, a professor of engineering at the University of

Advancing mechanlcal science

“If you followed Terzaghi all that mattered was experience in the field,
gained through consultancy,” says Schofield. “But in my view the only
way tomake advances isfrom a purely academic approach.

“I don’t think you learn anything unless you can validate it with
repeated experiments under laboratory controlled conditions with the
mechanics correctly evaluated, and with the data present for
examination and analysis. This way you can put together a piece of work
that turns understanding from being purely empirical — typical
Terzaghi-into something that is closer to mechanics.

“What we have been able to do with the centrifuge at Cambridge, time
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Schofield:

and time again, is take an

interesting complex practical

situation, get into the mechanics MuSt Terzaghi’s
of it and find the behaviour.

“The conclusion I have reached teth00k from 1 943
is that critical state soil 3 i
mechanics is right. Of course you StI“ be gospel in
have cyclical loading and 2000?

anisotropy and Cam Clay is just a
very rudimentary first look at the problem, but what matters much more
than the subtleties is that on the dry side peak strengths are not due to
cohesion, they are due to interlocking. The famous Drucker Prager
constitutive model that tells people how to represent soil behaviour by
friction and cohesion is just wrong.

“Just as cohesion is a wrong concept, so are Terzaghi’s bearing
capacity factors. Soil structure interaction, for example in jack-up spud
fixity, needs to be approached through a centrifuge model first, and a
yieldlocus.”

“Terzaghi’s view that if you are an expert ‘you know’, is just not good
enough, not nowadays. It was OK for a certain stage in the development
of soil mechanics, but if you can get a bit nearer to some science, then a
more modern client just wants to get validated code, good scientific data,
and get something more like mechanics.”

This ideal neatly ties together two of Cambridge’s major
contributions to soil mechanics: critical state theory and its
incorporation in the finite element code CRISP, but above all physical
modelling in the geotechnical centrifuge.

“Physical modelling has now advanced to a stage where a completely
new generation of foundation engineers will be able to achieve a new
more valid design and I am sure the people who are going to be the
successfulfoundation engineers of the future will work in this way.”
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Mohr Coulomb
error correction

by Andrew N Schofield, Cambridge University

Terzaghi and the Mohr Coulomb error

In the 1st ISSMFE Conference (1936) proceedings, Terzaghi writes that
newly over-consolidated clay strength fits Mohr’s rupture hypothesis
(he used the word hypothesis, not criterion). He quotes data for drained
shear box tests which his research student Hvorslev fits to the Mohr
Coulomb equation. They are wrong. They contradict Coulomb’s paper
which, in three separate places, states that “’adhérence est nulle dans
les terres nouvellement remuées” (newly worked soil has no cohesion),
and they have no data for soil strength on the wet side of critical states
(cs). There is no “true” cohesion on the dry side of the critical state. The
peak strength of dense soil paste is due to interlocking and friction
among the soil particles.

When soil flows, many soil particles change partners, and there is no
time to bond particle to particle. It is only when soil is left to age and
creep that bonds develop at particle contacts and turn it into soft rock.
Renewed strains destroy this strength. Broken bonds do not resist
ground failure mechanisms. Bonds are not remade until there has been
time for ageing and creep, long after a failure event. Terzaghi’s Mohr

Coulomb error is to suppose that peak strength seen in Hvorslev’s dense,
newly remoulded shear test samples indicates strong cohesive bonds,
when it really indicates dense packing of particles. Figure 1 shows how
the peak strengths are caused by particle interlocking. Strength in
Hvorslev’s tests depends on packing geometry, not on chemistry of
bonds.

Taylor’s interlocking; peak, and ultimate strength of stiff clay

In Figure 2, dense soil in a drained box is sheared a distance x by shear
force 1. It dilates and lifts the piston (and the normal force ¢’ that acts on
it) by a distance y. Taylor’s peak strength of sand in drained shear box
tests involves (i) a critical state friction component and (ii) an
interlocking component, which increased with increase in the distance
of the state of the soil at failure from the ultimate states in the drained
test. This applies both to dense sand and stiff clay. In particular, it
applies to any paste made by mixing fine particles and water; for
example, a mixture of cornflour and water exhibits dilatancy. In Critical
State Soil Mechanics (CSSM) 1968, pp232/3, Schofield and Wroth
describe North London retaining walls failures, Figure 3, and the stiff
fissured clay behind them that disintegrated “into arubble of lubricated
blocks, sliding on each other on very thin moist layers of soft,
lubricating clay paste”. How did those layers become moist and “slick”?
That stiff over-consolidated London clay was a paste dilating to a critical
state; suction during shearing led it to soften to a critical state after peak
strength,

Earth pressure in that rubble of clay blocks satisfies a calculation
based on critical state friction because the effective pressure that acts
between blocks, and the strength with which they adhere to each other,
increases with depth in the rubble; (however, note that care is needed to
detect old slip planes where ground in the past had very large

displacements; a field shear box
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clay on the dry side of critical state
in terms of a material with an
angle of friction based on the
critical state parameter M
(denoting capital mu).

“Apparent cohesion” of soll
During critical state flow of soil,
the undrained cohesion results

from effective stress and critical
state friction, not chemical bonds
between soil particles. All that
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Figure 2: Dense soll In a dralned shearbox.
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chemicals do during steady
plastic deformation of soft soil is
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wet side of critical state in terms
of aperfectly plastic material with
rapid undrained “apparent” cohesion.

The name cam clay asserts that the plastic volume change typical of
clay soil behaviour is due to mechanical stability of an aggregate of
small, rough, frictional, interlocking hard particles. Coulomb’s “newly
worked soil” and the cam clay theory give a better insight into true soil
behaviour than the erroneous Mohr Coulomb theory and Terzaghi’s

Figure 3: North London retalning walls fallure.

geotechnical analysis in an office using the Drucker Prager or a similar
constitutive model, are unconvincing when it is obvious from the
increase in water content on any slickensided surface that “cohesive”
soil is a dense paste that sucks in water when sheared. Ground
engineering makes a basic error when interlocking is neglected in
calculations of clay strength.

“true” properties”.

In Figure 3 a grey colour
indicates soil at stresses below
these high peak strengths. A violet
colour indicates states in which
one normal stress component is
zero, and soil may crack.

Cracking and rupture of stiff
clay makes ground unstable.
Specimens that represent ground
in such states inevitably give
scattered strength data. Stress
circles for specimens at peak
strength have an inaccurate
envelope on the dry side of critical
state; the error in the Mohr
Coulomb equation was found by
study of yielding on the wet side.

Limiting stress and FE
analysls
Two equations of plane

equilibrium

do’, /dx+dt/dy=0

dT/dX+d0‘ /dy=0
if combined w1¥h the Mohr
Coulomb equation

F(o’ o’ 1:) 0

give a hyperbohc system of three
equations in three unknowns
(c’xc'yr) which have a solution by
the method of characteristics for
general stress conditions on the
boundaries. Terzaghi criticises
these Mohr Coulomb solutions for
not including strains, but the
error lies in his concept of
cohesion; the “true” place for
strain in the equations is that
“cohesion” involves strain.

Many FE calculations exist that
do include strain compatibility,
but solutions need validation
against test data. A site
investigation, a laboratory test of
“undisturbed” specimens, and a
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Critical states

The axial and radial effective
stresses o', and o', in a
triaxial test are combined to
give the mean normal
effective pressure

P’ =(0'+20")
and the triaxial deviator
stress

q=(c’,-0).)

Elastic compression and
swelling of test specimens in
general follows lines

v, =(v+xln p’)=const.
which combine pressure p’
and specific volume v to
define each aggregation of
particles.

Each aggregate, when
subject to shear distortion,
has a particular critical
pressure p’_,. at which it
will shear at constant
volume. Frictional flow of
soil in a critical state
satisfies an equation

q=Mpcrlt"

In Figure A five
different aggregates are
represented by five
parallel lines. The critical
state line (yellow/green)
has equation

v+Anp .=

Successive stress state
points (q,p’,v) in drained
and undrained triaxial
tests form paths
approaching the cs line.

In Figure A the zone to
the right of the critical

state line where
| g
is called the wet side;
shearing there causes
aggregates to compress to
more dense packing and emit
water with ductile stable
bulging of a test specimen. To
the left of the critical state
line, where

1P’
is the dry s1de where
shearing causes aggregates to
dilate and suck in water and
ground slips at peak strength

with unstable failures.

At large strain, soil has
critical state strength.

For example, a simple cs
calculation gives the strength
of London clay at 35 per cent
water content in Figure 3
from its cs properties;
specific gravity 2.75 hence
v=(1+e)=1+(2.75x0.35)=1.9625;
2=0.161, x=0.062, I‘-2 759,
M=0.89, hence p’_,,
exp{(l'-v)/A}=140. 78](N/m2
and c, = (0.89x p’ ;,)/2
=62.65kN/m’.
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Figure A: Gritical states
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p’dv, +qde=Mp’de, hence

Original cam clay

An
equationis
calculated q
below for a
yield locus,
FigureB,
that
defines the
resistance
of soilto
some
applied
stress (q,p’)
when
q/p’<M.
This curve

q=Mp (M =0.888)
1= 0.74
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ABOVE LEFT -
Flgure B: A
Yield locus. Vk

orange tangent at the point
where the stress vector reaches
it. When the soil yields and
hardens under a stress
increment (dq,dp’) directed
outward from the locus, the
yield stress (q,p’) is
“associated” with the plastic
strainrates (dv,,de) for ductile
yielding.

The plastic strain rate
vector (associated flow)
is normal to the tangent. To

ABOVE RIGHT -
Figure C: Data
points fitthe
prediction for
the undralned
test path.

RIGHT - Figure
D:Undralned

Undrained test path

Wet
side

cs

ensure stability, outward test path.

stress increment vectors

Inp' p

must not release energy from

ductile stable soil on the wet
side of the cs line. The
equation

(dp’dv, +dqde)=0, gives
(dg/dp’+dv, /de)=0.
The equation for frictional

working by the yield stress
during ductile plastic strain is

(q/p'+dv /de)=M.

Eliminating dv,/de from
these equations and
integrating gives the original
cam clay equation

(a/Mp’)=1-In(p’/p;).

Confirmation of cam clay
theory came from an

undrained test of a triaxial
specimen on the wet side of cs,
reproduced here from CSSM
Figures 7.12. Any undrained
test has

v=(constant)=v -xInp’
whichis aninclined line in

Figure D. At points along this
test path thereis an

intersection with each yield
locus as the specimen yields
and hardens.

The fact that data points fit
the prediction for the
undrained test path Figure C
(given in detail in CSSM)
means there was no cohesion
on the wet side of critical state,
hence no cohesion on the dry
side either.

Gorrection of the Mohr Goulomb error
Future correction of the Mohr Coulomb error will invigorate
geotechnical teaching, research, and laboratory testing.

Soil is an aggregate of small rough frictional interlocking particles
with critical state properties that can be determined by classification

2.2m

A drum centrifuge
model test
at 400g for 200
seconds is equivalent to:

T————

A prototype test bed site
at 1g for 1 year

P4 88.4 hectares T 1

Prototype

'\\\‘/ /

Figure 4: A drum centrifuge.
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and triaxial tests. Aggregates more loose (more wet) than the critical
state will yield and deform in a ductile stable way described by cam clay
theory If an aggregate is more dense (more dry) than the critical state, it
fails in an unstable manner, with rupture planes on which gouge
material dilates and softens, or with cracks or channels that suddenly
allow rapid transmission of pore water pressure into a soil body
(liquefaction). Such facts do not fit the Mohr Coulomb theory; critical
state theory fits the facts and solves simple problems. General problems
willrequire observational control of construction, numerical modelling
using FE programs based on critical state theory, and physical
modelling using centrifuges (now affordable and commercially
available, Figure 4) to demonstrate failure mechanisms. At present
centrifuge models are made of newly remoulded soil paste. New models
will be prepared with chemical, thermal, and ageing processes that will
create model soft rock bodies.
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