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Characterisation of non-linear elastic soil behaviour from field plate load tests
Caractérisation du comportement élastique non-linéaire du sol dérivant des essais de charge de 

plaque de champ

R.P.Hillier -  EDGE Consultants UKLtd.
R.l.Woods —  University of Surrey

ABSTRACT: Non-linear characteristics of soils, at relatively low strains have increasingly been recognised as being of key impor
tance in soil-structure interaction analysis. A finite element study of such characteristics in respect of the behaviour and interpretation 
of field plate load tests has been carried out. Both the settlement response of the plate and the spatial response of the soil were consid
ered, particular attention being given to the results at working strains relevant to practical foundation design and analysis. The results 
of the study have yielded interesting theoretical observations of the response of a soil to loading from a rigid plate and, by inference, 
have implications for the load-deflection characteristics of full scale foundations. The problems that can arise in the interpretation of 
load test data adopting the conventional assumption of linear elastic soil behaviour are readily apparent.

RESUME: Les caractéristiques non-linéaires des sols à des contraintes relativement faibles sont de plus en plus reconnues comme 
étant d'une importance-clé dans l'analyse d'interaction des sols. Une étude des éléments finis de telles caractéristiques concernant le 
comportement et l'interprétation des essais de chargement de plaque de champ a été effectuée. La présentation prend en considération 
à la fois la réaction de tassement de la plaque et la réaction spatiale du soi, en accordant une attention spéciale aux résultats aux 
contraintes de travail pertinentes à la conception et à l'analyse pratiques de la fondation. Les résultats de l'étude ont produit des 
observations théoriques intéressantes concernant la réaction d'un sol au chargement d'une plaque rigide, et, par déduction, ceux-ci ont 
des implications concernant les caractéristiques de fléchissement de la charge des fondations à la grandeur nature. Les problèmes 
possibles résultant de l'interprétation des données des essais de chargement en adoptant l'hypothèse conventionnelle du comportement 
élastique linéaire du sol sont déjà évidents.

1 INTRODUCTION

The field plate load test is an internationally established in- 
situ testing technique for both soils and rocks. It has long been 
used as a model/prototype footing from which representative 
strength and stiffness parameters have been derived and used di
rectly for the prediction of full scale foundation load-settlement 
performance. The direct similitude of a loaded plate with foun
dation footings permits application of load-settlement equations 
developed for foundation design to the back analysis of soil pa
rameters from the test. For the back analysis of an elastic 
modulus the load-settlement equation is conventionally quoted 
as:

6 = O B J Ifl-v2) l  (1)
4 E

where:
E = Secant modulus of elasticity,
6 = plate settlement,
Q = plate pressure,
B = plate width or diameter, 
v = Poisson's ratio of the soil,
I = Influence factor dependent on test geometry and assumed 
soil characteristics.

Conventionally the modulus has been assumed to be a con
stant or a representative secant value defined from the settlement 
of the plate at a load intensity compatible with the proposed 
foundation solution and/or with an adequate factor of safety on 
the ultimate load.

Discrepancies between predicted and actual field perform
ances of foundations have, historically, been variously ascribed 
to anisotropy or non-homogeneity of the soil. The elastic solu
tions were therefore developed to include influence factors to ac
count for idealisations of anisotropy and non-homogeneity (the

latter typically described as a linear increase of stiffness with 
depth, though other distributions have also been considered). A 
summary of significant published influence factor solutions are 
given in table 1 (Hillier, 1992, presents a more comprehensive 
overview).

The present study determined that within the range of soil pa
rameters that can be expected for most soils the overall influence 
factor can be confidently evaluated as the product of individual 
influence factors accounting for non-homogeneity, anisotropy 
and geometry.

What is interesting from these solutions is that the only soil 
property influence factor which appears dependent on the plate 
diameter is non-homogeneity. This has implications for direct 
scaling of plate test data for the prediction of the load-settlement 
response of full scale foundations.

Non-linearity is now also recognised as being of prime im
portance to understanding field performance of soils under load. 
The significance of small strain non-linear elastic behaviour is 
increasingly evaluated in numerical studies in which the spatial 
influence of such behaviour, for soil-structure interaction analy
ses, is of primary importance. These studies have highlighted the 
importance of both determining and modelling these aspects of 
soil behaviour.

The results of a finite element study (Hillier, 1992) in to the 
behaviour of a field plate load test identified many interesting

Table 1. Published load-settlement influence factors

Soil / Geometry Characteristic Reference

Depth of embeddment and depth to a rigid base Janbu et al. (1956) 
Plate to borehole diameter ratio Woods & Contreras (1988)

Non-homogeneity (linear increase with depth) Carrier & Christian( 1973) 
Anisotropy Hooper (1975)

Anisotropy and non-homogeneity Gibson & Kalsi (1974)
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features of the characteristics of soil-plate interaction. The find
ings of this research have importance to both the interpretation 
of plate test data and hence by comparison full scale foundation 
behaviour.

2 NUMERICAL STUDY

The finite element program CRISP was used to model a cir
cular footing on or beneath the surface of non-linear elastic- 
plastic soils. This paper primarily presents the findings of the 
surface plate model results.

The basic mesh used in the analyses comprised an axisym- 
metric half space utilising cubic strain triangles with boundaries 
set at distances of 5 plate diameters from the model centreline, 
Fig. 1.

The models were extensively benchmarked against a wide 
range of analytical linear elastic and perfectly plastic solutions 
and were found to provide a high degree of confidence over the 
full range of loading up to and including plastic yield. For exam
ple, the model stiffness was only 4% greater than that derived 
from closed form analytical solutions for a loaded plates on the 
surface of a semi-infinite linear elastic half space. Similarly the 
ultimate model load capacities faithfully reproduced classically 
derived bearing capacity factors.

The study encompassed modelling of the effects of anisot
ropy, non-homogeneity (linear variation with depth), elastic per
fectly plastic and strain-softening models and elastic and geo
metric non-linearity.

The non-linear numerical model (Gunn 1993) used within the 
present study adopted a simple power law relationship between 
stress and strain up to plastic yield.

O = h e n (2)

from which the secant modulus E is defined as

E= h £ n'1 (3)

i
t  (A) WHOLE MESH

Figure 1. Basic finite element mesh for surface plate modelling

where:
a  = deviatoric stress
h = constant (units of stiffness)
£ = strain invariant
n =power law exponent ( 0 < n <1, n=l represents a linear 

elastic model)

The failure criteria adopted within the model is the conven
tional Tresca yield surface. The model also allowed for the mod
elling of a linear variation of stiffness and strength with depth.

The principal advantage of this non-linear elastic constitutive 
model is its simplicity, requiring only the definition of two stiff
ness parameters, a stiffness constant and the power law expo
nent. These parameters can be readily obtained from log-log 
plots of triaxial stress-strain curves, where the power exponent 
equates to the stress/strain gradient.

Values of the power law exponent n of between 0.55 and 1.0 
were selected for the study to represent a range of degrees of 
non-linearity (from typical stiff clay to completely linear 'soils', 
n=l). The simplicity and number of variables used within the 
model lends itself to numerical parametric studies of the effects 
of non-linearity.

The model can also incorporate lower and upper bound stiff
ness to mimic typical 'S' shape modulus-strain relationships for 
real soils. In this case lower and upper bound strain thresholds 
are defined beyond (below and above) which the modulus as
sumes a value equal to that at the threshold strain level.

1.1 Non-linear plate load-settlement response

1.1.1 General
There are three main elements to be considered in non-linear 

behaviour:
1. the elastic response of the soil at relatively low stresses 

and strains
2. the elastic-plastic response at intermediate and large 

stresses and strains
3. geometric non-linearity at large strains.

This paper presents the findings of the research at relatively 
low to intermediate strain ranges within which the majority of 
geotechnical foundations operate, i.e. load factors (defined as the 
applied load/ultimate capacity) of 0.3 to 0.5, (equivalent to con
ventional factors of safety of 2 to 3 on the ultimate capacity). 
Geometric non-linearity is not considered.

1.1.2 Elastic-plastic behaviour
Analytical solutions for the loading of the surface of an elas

tic material with a rigid plate indicate that, immediately beneath 
the centre of the plate, the reaction pressure is equal to one half 
the applied pressure and increases rapidly towards the plate 
edge. At the plate edge the elastic solutions result in a stress sin
gularity with the edge stresses tending to the infinite. Clearly, for 
real elastic-plastic materials, yielding of the soil beneath the 
plate edge could be expected to influence the load-settlement 
curve even at low to intermediate stress ranges.

For a rigid plate on a linear-elastic perfectly plastic soil (n=l), 
localised plastic yield of the soil was indeed found to occur near 
the plate edge at very low load factors. The analyses demon
strated that the zone of plastic yield spread progressively, with 
increased loading, from the plate edge towards and beneath the 
centre of the plate (Fig. 2).

A cylindrical cone of soil in an elastic state enveloped by soil 
in a plastic state developed up to a load factor of 0.66. It is only 
when this cylindrical cone is fully defined that the plastic yield 
zone extends laterally beyond the plate area, ultimately forming 
a definite plastic failure mechanism characterised by large set
tlements/failure.

In comparison to pure elastic analysis, the reduction in the ef
fective soil stiffness, in response to local plastic yielding at the
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Figure 2. Development o f plastic yield below a rigid plate

plate edge, is less than 5% at a load factor of 0.3 increasing to 
approximately 10% at load factors up to 0.5.

1.1.3 Non-linear elastic load-settlement behaviour
For the non-linear elastic model, the plate load-settlement 

carve was found to follow the same power law relationship as
the elemental non-linear elastic constitutive model behaviour upn n . . .
to intermediate stresses i.e. Q«(6/B) (cf. O oc. e ). This is il
lustrated in Fig. 3. which presents a log-log plot of the relation
ship between the stresses (a  or Q) and soil strains (e or Ó/B) for a 
triaxial element and a surface plate test.

From Fig. 3 it is evident that a relationship can be established 
between the secant stiffness mobilised in a triaxial test at a given 
strain and that determined from a plate test using equation 1 at a 
given settlement, at least up to moderate load factors. The 
equivalent or characteristic strain in the soil beneath a loaded 
plate can therefore be expressed as

E =  c(6 /B) (4)

Thus the non-linear characteristics of a soil could be deter
mined directly from plate test data using equation 1 to determine 
the secant stiffness and equation 4 to determine the characteristic 
elemental strain.

The factor c is found not to be a constant but is a function of

Strain 6 IB or 8 

0.0001 0.001 0.01 0.1

the degree of non-linearity and the test geometry. In addition, as 
can be seen in Fig. 3, the relationship deteriorates at higher load 
factors as local plastic yield begins to affect the plate load- 
settlement response. For circular surface plates, up to moderate 
load factors (<0.5), c was typically found to fall into a relatively 
narrow band of values between 0.22 and 0.32. (n = 0.8 and 0.55 
respectively).

It is noted that the characteristic strain as defined by the right 
hand side of equation 4 is not an 'average' strain in the soil but 
merely an analytical device which permits extrapolation of the 
elemental constitutive behaviour to a very different non-uniform 
stress-strain system.

Atkinson (2000) noted a similar relationship between the 
elemental behaviour of a non-linear soil and the corresponding 
foundation load-deflection behaviour for both circular and strip 
type footings in which the strain-stiffness ratio E/(6/B) is quoted 
as approximately between 0.3 and 0.5. From this Atkinson pro
posed an iterative procedure for the determination of the load- 
settlement performance of a foundation knowing the elemental 
behaviour. However, it is evident from Fig. 3 that the load- 
settlement curve of a plate or a foundation on a non-linear elastic 
soil could be predicted directly, up to intermediate load factors, 
if the elemental strain-stiffness response of the soil can be 
mathematically characterised, for example by combination of 
equations 1, 3 and 4.

Direct combination of equations 1, 3 and 4 will yield an ex
pression with two variables, I and c, both of which will have an 
applied exponent term (/(n)). The combination of two such 
variables can result in non-unique solutions being determined. 
This can be resolved by either adopting c as a constant and 
evaluating influence factor terms by parametric studies or con
versely adopting existing published influence factors and varying 
c (which yields values of c between 0.3 for a surface plate test to 
0.4 for a down the hole test for n=0.55).

Adopting c as a constant, the value of the influence factor is 
found to be relatively insensitive to the degree of non-linearity. 
In addition, the predicted settlement is, for practical purposes, 
insensitive to the precise value of c adopted. Therefore the value 
of c can be assumed to be a constant and equal to -0.3, regard
less of the degree of non-linearity (n=0.55 to 1.0). The relation
ships defined by equations 1, 3 and 4 can therefore be combined 
to provide a relatively simple expression for the non-linear elas
tic load-settlement for a plate on a non-linear-elastic soil (as de
fined by equation 2):

, 1/n 1/n
6= B I ( Jt c (l-v2n  Q

c 4h (5)

where c=0.3.
The above expression enables the use of published values of I 

(see Table 1) for test geometry (depth and plate to borehole di
ameter) and non-homogeneity (linear variation with depth) to be 
confidently used for load factors of up to 0.5 for n in the range 
0.55 to 1.0.

For the interpretation of non-linear soil characteristics from 
the plate test the power law exponent is evaluated directly from 
the slope of a log-log plot of load versus settlement and the pa
rameter h is determined by substitution of values into equation 5.

Comparison of equations (1) and (5) indicates that non- 
linearity in itself does not affect the scaling rules for extrapola
tion of plate test data to larger foundations. These results are 
significant and give, at least theoretically, confidence that ex
trapolation of plate test data to full scale foundation performance 
(for non-linear and linear elastic soils) can be achieved by rou
tine combinations of settlement influence factors accounting for 
relative geometries and soil non-homogeneity.

1.1.4 Spatial response of non-linear soil to loading
What is apparent, even from linear elastic models, is that the 

stress and strain distributions within a soil beneath a loaded plate 
are highly variable. It is therefore also apparent that for non-
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2 SUMMARY AND CONCLUSIONS

Figure 4 Normalised mobilised modulus in soil beneath plate

linear elastic soils the mobilised strain/modulus at any given im
posed load will also be spatially variable.

The mobilised modulus beneath a rigid circular footing using 
the above non-linear constitutive model is illustrated in Fig. 4.

It is apparent, Fig. 4, that the differential strains beneath the 
centre and edge o f a foundation on a non-linear elastic soil result 
in higher stiffnesses being mobilised immediately beneath the 
foundation centre. The soil beneath the centre o f the foundation 
must subsequently attract a greater proportion of the load than 
might be expected for linear elastic soils. The effect o f this is to 
slightly reduce the stress concentration toward the plate edge. 
The net result is to retard the development o f the plastic failure 
mechanism at the footing edge and hence marginally extend the 
elastic (albeit non-linear) foundation response to higher load 
factors.

The mobilised modulus profiles in Fig. 4 are representative o f 
that mobilised beneath the model footings for load factors o f up 
to 0.5. What is apparent from Fig. 4 is that the induced variation 
in modulus with depth at any particular section beneath the plate 
is not dissimilar to conventionally assumed linear variations o f 
stiffness with depth (noting, however, that it is also horizontally 
diverse close to the underside o f the plate).

The net result is that the spatial response o f non-linear elastic 
soil to loading by a plate is similar to that for a highly non- 
homogenous linear elastic soil. For example the surface dis
placement patterns beyond the plate edge for these soil types are 
compared on Fig. 5.

Similarly the vertical profile o f  settlement with depth also 
tends to concentrate closer to the underside o f the plate for both 
non-homogeneous and non-linear elastic soils. These analogous 
non-linear and non-hom ogeneous characteristics, in which 
higher strains are mobilised closer to the loaded area, can cause 
some confusion if  measurements o f  such displacement are used 
to try to back analyse the soil characteristics (non-linear or non- 
homogeneous). It is also evident that non-linearity is o f funda
mental importance in the analysis o f structure-soil-structure in
teraction.

Distance from plate centre, x/r 

Figure 5. Soil surface displacement adjacent to a rigid loaded plate

The non-linear elastic characteristics o f a soil loaded by a 
plate have a key influence on both the boundary plate load- 
settlement response and the spatial response of the soil.

The numerical finite element study has demonstrated that the 
measured load-settlement response o f the plate could be used to 
determine the non-linear strain-stiffness characteristics o f a soil 
up to intermediate stress ranges (within the conventional design 
working load range o f a foundation, defined by a factor o f safety 
on ultimate foundation loads).

Likewise, if  the elemental non-linear elastic modulus-strain 
characteristics are known then it is possible to predict the non
linear elastic response o f the same soil to loading (by plate or 
foundation) by extension o f existing and relatively simple ana
lytical equations and published settlement influence factors.

The importance o f the non-linear characteristics o f  a soil on 
the resultant spatial stress and strain responses within the soil is 
very evident. These characteristics have important consequences 
where measurements are taken beyond the immediate plate area, 
in an attempt to improve on the interpretation o f soil characteris
tics from the test, and may lead to erroneous interpretations if 
conventional linear elastic soil behaviour is assumed in the back 
analysis.

The spatial response o f  a non-linear soil to loading by a foun
dation is also clearly demonstrated to be o f importance in the as
sessment o f soil-structure interaction.
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