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Cyclic plate tests on granular soils
Essais cycliques de plaque en sols granulaires
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SYNOPSIS The necessity to get stress-strain parameters of the soil for using them in dynamic
analysis, especially in difficult surroundings, in coarse granular soils or when small soil cohesion
prevents the extraction of "undisturbed" samples, is compelling to develop in-situ measurement tech-
niques which include the measurements of wave propagation velocities, plate loading tests, and
pressuremeter tests applying cyclic stresses. This work presents the results of cyclic plate tests
on coarse granular soils carried out for determining the cyclic shear moduli and for getting resi -
dual settlement coefficients regarding shallow foundations subjected to cyclic stresses with varia -

ble amplitude.

INTRODUCTION

When modelling a soil subjected to cyclic loads,
one of the main parameters is the shear modulus,
Gc, which becomes smaller as the cyclic shear
strain, Y., induced by these loads in the soil
becomes larger. The function G¢ = Gec(Ye) 1is
traditionally determined through laboratory tests
or through field tests such as the strong impul-
se cross-hole method (Troncoso, 1975). During
the last decade, field tests have experienced a
strong development because in many instances it
is very expensive or practically impossible to
make laboratory tests on undisturbed samples.
One of the tests that is appearing as an alter-
native to be used instead of the strong impulse
cross-hole method is the plate test applying cy-
clic stresses of constant amplitude and low fre-
quency, around a certain value of the initial
static stress (Ortigosa et al, 1981). The me-
thod can be used to get the function Ge¢(Yc) for
maximum shear strains under the plate

Ye max »10 “2%; for smaller strains it is necessa-
ry to use refraction surveys in order to define
moduli associated with those strains. However,
in most soil-dynamic problems, especially in
the zone of the strong motion originated by im-
portat earthquakes, Y. values are larger than

10 2%, so the cyclic plate test can be directly
used.

During the last years another problem that has
deserved a certain amount of attention is the
appraisal of residual settlements of shallow
foundations subjected to cyclic stresses. The
problem is complex, especially in the case of
earthquakes, inasmuch as it requires analyzing
soil behaviour under the simultaneous action
of waves proceeding from the seismic focus, and
of the waves originated due to soil-structure
interaction. The problem has been dealt with
pure cases of soil-structure 1interaction
(for instance, water waves action on gravity
foundations, cyclic loads on foundations for
crane bridges, pavements, etc.)wherein residual
strains of soil elements are determined using

functions obtained through laboratory tests; by
introducing these functions into the finite ele-
Ment mesh used in the step-by-step analysis of
the problem, the residual movements of the foun-
dation are determined (Marr and Christian, 1981).
A similar method has been developed for the case
of earthquakes, wherein the problem of soil -struc
ture interaction takes into account solely the
initial static stresses induced by the founda-
tion (Chang, 1984). In conclusion, though the
problem is conceptually solved, it requires to
carry out compamtively sophisticated laboratory
tests, with the limitations of securing undis-
turbed samples.

For pure cases of soil-structure interaction on
shallow foundations, with predominance of cyclic
vertical loads, it is possible to use cyclic
plate tests for obtaining residual settlements.
To accomplish this an analogy is established be-
tween plate settlements and those that would ori-
ginate in the foundation. The method affords
the advantage of using an in-situ test, though
it is limited to cases where the dimensionless
frequency of the stress acting on the foundation
is smaller that 0.25. This is in order to repro
duce the condition of low frequency cyclic load”
used in the plate tests. This condition is ful-
filled in most shallow foundations of conventio-
nal civil constructions, implying that the pe-
riod of the cyclic load must be larger than

25R V/p/Gc where R is the equivalent radius of
the foundation and P the density of the bearing
soil. The analogy has been established for par-
tially saturated granular soils; for saturated
granular soils the analogy would apply as long
as the liquefaction potential is less than 40%
(Maldonado, 1983).

DETERMINATION OF THE CYCLIC SHEAR MODULUS
Figure 1 is a diagram showing the results of a

cyclic plate test where Pgt=static settlement of
the plate; ost= static stress used in the test;
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Cyclic Shear Strain vs Depth under
the Center of a Loaded Area

0c= applied cyclic stress of constant amplitude;
Pcy= elastic cyclic deformation; and Pc= cumula-
tive residual settlement of the plate at the

end of N cycles. The maximum cyclic shear stress,
Tc, induced under the center of a rigid circu-
lar plate of radius R (type of plate normally
used in the tests) can be expressed through re-
lations based on the theory of elasticity as

T¢c = 0cf(v,R/2) where z represents the depth
under the center of the plate and v the Poisson
ratio of the soil. The cyclic shear strain at
this depth is expressed as Y¢ = Tec/Ge. On the
other hand, considering a typical value of

v = 0.30 and using the relation for the settle-
ment of a rigid circular plate resting on an
elastic half space,the following relation is
established:

o
Ge = 0.55 R —= (1)
Pey
By combining the above expressions we get:
Yo = 1.82 £(0.30,3) °£¢ (2)

For v = 0.30 the function f(R/z) reaches a maxi
mum value of 0.325 so that:

e
Yo max = 0.59 -2 (3)
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Fig. 3 Cyclic Shear Modulus Coefficient as a
function of the Average Shear Strain,

Santiago Sandy Gravel deposit

Figure 2 is a diagram showing the variation of
Yc as a function of z, where it is defined a li-
mit depth,ze. Within 0<2Z<Z, major cyclic shear
strains are induced and hence the major contri-
bution to cyclic deformation P,y is obtained.
For practical purposes it is possible to adopt
ze = 4R and by doing this to define the average
cyclic shear strain under the center of the pla-
te, Yc. Using the criterion of equal areas de-
fined in Fig.2 we get Y. = 0.5 Ycmax-

In Fig. 3 the classical coefficient K, has been
plotted as a function of the cyclic shear strain,
where K: relates the cyclic shear modulus G¢
with the equivalent isotropic stress o,. Values
of o\, were computed at z = R when the static
stress was acting on the plate-soil contact. The
K2 coefficient was obtained by using the classi-
cal relation G = 219 K:/o, where o) and G, are
expressed in kPa. On doing this, G, values we-
re obtained by means of eg. (1) using the avera-
ge elastic cyclic deformation in loading-unload-
ing for the first 30 cycles. The corresponding
value of the cyclic shear strain was the average
shear strain Yo = 0.5 Yo max With Yc max obtai-
ned from eq.(3).

During the test an asymptotic reduction of Pcy
vs N is produced, wherein the first cycle ab-
sorbs an important percentage of such reduction,
especially when the application of o, starts
with a loading branch. To minimize this effect
it is recommended to start o. application in the
unloading branch. Even more, the test can be
improved by applying Pcy values of constant am-
plitude (strain controlled tests) instead of
constant oc (stress controlled tests). In ac-
cordance with eq. (2), the application of cons-
tant P.y warrants a field of constant ampli-
tude cyclic shear strains while the test is
being carried out. However, it must be recogni-
zed that this modality requires a more sophisti-
cated equipment.

RESIDUAL SETTLEMENTS DUE TO CYCLIC LOADING

Fundamental equation

In granular soils the residual settlement of a



shallow foundation, P., is originated by volume
changes of the skeleton, which in turns are fun-
damentally originated by the existence of a cy-
clic shear strain field. According to Dobry et
al, 1980, the minimum value of the cyclic shear
strain required for producing these volume chan
ges, (Y¢)crit, is of the order of 10-2%. This
allows to determine a z¢ that defines a soil
volume under the plate or under the foundation,
Ve, where Yo > (Yckrit. The average volumetric
strain of the densified zone can be expressed
as E€yc = AVc/Ve with AVe = K'QP. and Vec= K"Qze
where AV. = volume reduction of the densified
zone; Q = area of plate or foundation; K' and
K" = constants that depend on the shape of the
loaded area. By defining K = K'/K" and using
the average cyclic shear strain Yo = P Yc max
where p is computed by using the criterion set
forthin Fig.2, it is possible to get:

ro=kle 1 _ (4)
Yec z2e P Y max
For a rectangular foundation with a width, 2b,
and subjected to a constant amplitude cyclic
stress, the maximun shear strain along the ver-
tical foundation axis can be expressed as:

T o
Yc max * cG:ax = € f(vécb/z)max (5)

On the other hand the static settlement of the
foundation can be expressed as follows:

(1-v)b Ip
Gst

where Ggt is the shear modulus of the soil for
static loads and Ip the classical shape factor
that depends on the foundation shape.Considering
that G, = BGst, by combining the preceding rela-
tions we get the following expressions, which
are valid for constant oc:

(6)

0. = (L Ze P £0yb/2)max Eve o Bst (7a)
. K b B (1-v) Ip Ye Ost
p
pe = (mg) . (ms) o 052 P Mg = myemb (o)
s
The term my depends on v, on the shape of the

loaded area and, to a lesser extend,on o, ampli-
tudes. Excepting Ip, the remaining terms in

m§ vary slightly with the shape; besides,

v = 0.30 can be considered as a representative
value for most granular soils. Hence, from a
practical point of view m§y depends on Ip sole-
ly. The term mt = Eyc/Y. represents the compac
tion function of soil skeleton and it corres-
ponds to a constitutive parameter that increa-
ses as the number of stress cycles becomes lar-
ger. Therefore, the term m. defined in eq. (7b)
includes geometrical variables and the compac-
tion function of the skeleton. Figure 4 shows
the variation of m. vs N for different granular
soils, obtained from cyclic tests on circular
plates with R = 0.30 to 0.45 m, ogt = 10% to
10? kPa, and 0¢ = (0.1 to 0.45)0g+. In this
way, knowing me = mc(N) for a particular soil
it is possible to determine the residual settle-
ment of a foundation througheq. (7b). In that
equation the ratio Pst/Ust associated with the
static load can be obtained by means of the cla
ssical relations based on the theory of elasti-
city. If the mc function is obtained from
circular plate tests, then Pc values computed
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Fig. 4 Residual Settlement Coefficient vs

Number of Cycles-Plate Tests with
Constant Cyclic stress

through eq. (7b) must be divided by 1.27Ig where
Ip is the shape fdctor for the analyzed founda-
tion.

Cyclic load with variable amplitudes

From Fig.4 it follows that mc vs N presents an
exponential variation to which a relation of the
type AcNB can be fitted, where Ac is a constant
that depends on the soil type and on the shape
of the loaded area while B is a constant that
depends on the soil characteristics. By defi-
ning Ae as the ratio Pst/0st we get Pc= A, 0. NB
where A, = AcA.. Differentiating this last rela -
tion and eliminating the term N it follows the
relation:

1/B

e ®)

dpe = Ao 0c BNPT'AN with N = (
Agp O¢

By replacing N in the differential equation and
letting AN = 1 cycle we get the increment of the
residual settlement, Ap., in cycle N+1, which
is a function of the residual settlement at the
end of N cycles:

N
- al/B 1/B 1-1/B =
180144 1= 3" Bloclyly lpely il M IR % lsoly 9

By using eg.(9) and taking into account that for
the first cycle the value of Ap. is equal to
Ao|0c|N=1 it is possible to obtain the evolution
of pc vs N for a o, history with variable ampli
tude. When these equations are applied to the
case of a particular foundation, if the m. used
is obtained through tests on circular plates,
the A; constant resulting from the fitting pro-
cedure must be divided by 1.27Ip. Figure 5
shows a comparison between the results obtained
using eg.(9) and the results directly obtained
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from plate tests with variable cyclic stress appli-
cation. The tests were made on a fill denomina-
ted Chuqui sandy gravel compacted at 95% MP
where results from constant o, plate tests were
available (Fig. 4). By means of these constant
%% tests it was possible to define the A. , B
and A_ constants present in the computational
model. The results are satisfactory, especia-
lly if taking into account soil variations
among the different points of the compacted fill
on which the plate tests were performed.

CONCLUSIONS

Cyclic plate tests are appearing as an alterna-
tive approach for defining soil rigidity as a
function of cyclic shear strains. Though they
present the problem of inducing non-uniform cy-
clic strains under the plate, it is possible to
define an average cyclic strain which can be re-
lated to the respective cyclic shear moduli.

The test can be improved by controlling the cy-
clic displacement amplitude, although this mo-
dality requires a more sophisticated equipment.

Cyclic plate tests covers the computation of re-
sidual settlements on shallow foundation subjec-
ted to predominantly vertical cyclic stresses
with variable amplitudes. The application is
limited to granular soils and to pure soil-struc-
ture interaction problems with a dimensionless
frequency less than 0.25. However, within these
established limits such tests represent a useful
alternative when laboratory test implementation
on undisturbed samples is practically impossi-
ble. Even more, the use of such tests could be
useful for the appraisal of in-situ soil compac-
tation functions by resorting to controlled-
cyclic-amplitude tests.
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