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Correlation of cyclic preloading with the liquefaction resistance
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Abstract

The compactivity of sand due to cyclic loading with a a high number (N > 102) of small cycles (¥™P! < 1073)
cannot be described by void ratio and stress alone. It depends strongly on the soil fabric usually described as ” cyclic
preloading”. The cyclic preloading cannot be measured directly in situ but correlates well with the liquefaction
resistance. This paper demonstrates this correlation on the basis of laboratory tests. Practical applications can be

derived from this work.
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1 Introduction

Under drained conditions a cyclic loading leads to an
accumulation of settlements. Even small amplitudes
can significantly contribute if the number of cycles is
high (N > 10%). The settlements (and excess pore
water pressures in the undrained case) may endanger
the serviceability of foundations, e.g. of transportation
structures, tanks, watergates, wind power plants.

Our aim is the numerical prediction of the residual
settlements under high-cyclic loading. A special accu-
mulation model was developed for this purpose (Niemu-
nis et al. [1]). It is based on numerous cyclic laboratory
tests performed on freshly pluviated specimens (Wicht-
mann et al. [2,3,4]).

These tests show, that a cyclic preloading signifi-
cantly affects the accumulation rate, Fig. 1. Three
cyclic triaxial tests at an identical stress and void ratio
(in Fig. 1 marked by the horizontal line at e = 0.629)
have different densification rates é = de/ON. A freshly
pluviated specimen densifies much faster compared to
a preloaded specimen (= after several thousand load
cycles). Thus, apart of stress and void ratio the accu-
mulation rate depends on cyclic preloading. Possible
causes of cyclic preloading in situ can be a seismic ac-
tivity in the past, repeated sedimentation and erosion
processes, an oscillating ground water level, etc.
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Fig. 1: Impact of a cyclic preloading on the accumulation
rate ¢ = de/ON (drained cyclic triaxial tests)

The cyclic preloading is generally unknown in situ
and no methods for its assessment are established so
far. The in-situ fabric cannot be measured directly.
Laboratory testing on undisturbed intact specimens of
high quality (e.g. obtained by means of ground freez-
ing, Yoshimi et al. [5], Hofmann et al. [6]) is technically
difficult and expensive. It is thus necessary to develop
a simple and economic method for the determination
of the cyclic preloading.

We have studied various manifestations of the evo-
lution of fabric under cyclic loading. Our first attempt
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was to observe spatial fluctuations of contact forces
(force chains) in an oedometer before and after cyclic
loading (Humme [7]). No clear change of the offprints
could be detected. Next we have studied the fluctua-
tion of the strain field (accumulative or in a single cy-
cle) by means of the particle image velocimetry (PIV)
method, Niemunis [8]. However, the fluctuation did
not significantly change during cyclic loading. We have
also studied a correlation of cyclic preloading with small
strain stiffness. The small strain stiffness was expected
to increase with an abation of the spatial stress fluctu-
ations. Unfortunately, the performed resonant column
tests and cyclic triaxial tests with P- and S-wave mea-
surements did reveal that such a correlation is not clear
enough for a practical application, Wichtmann and Tri-
antafyllidis [9,10].

This paper presents the experimental evidence that
cyclic preloading strongly correlates with the liquefac-
tion resistance. A practical application of this corre-
lation seems promising, since one can make advantage
of the data from numerous studies on the liquefaction
resistance in the literature, Sec. 2.

2 Literature review

The development of research on the field of pore
water pressure accumulation and liquefaction due to
undrained cyclic loading may be tracked in several
state-of-the-art publications, e.g. Yoshimi et al. [11],
Seed [12], Dobry [13], Ishihara [14], Robertson and Fear
[15]. An overview of the actual standard of knowledge
may be also found in Triantafyllidis (ed.) [16]. The
following literature review concentrates on the effect of
fabric or cyclic preloading on the liquefaction resistance
and possibilities to assess the liquefaction resistance in
situ.

It is well known, that varying sample preparation
techniques lead to different initial soil fabrics (inherent
anisotropy). Slightly elongated grains e.g. tend to lie
with their longer axes in the horizontal plane if they are
dry pluviated, whereas a random distribution of the ori-
entations is achieved by layering and tamping of moist
sand (Nemat-Nasser and Takahashi [17]). The initial
fabric affects the liquefaction resistance. Ladd [18] ob-
served that sand specimens which were prepared by
moist tamping could sustain around four times more
cycles to liquefaction than specimens that were dry
pluviated and compacted by vibration. Similar ten-
dencies could be conformed by the tests of Mulilis et
al. [19,20]. Porcino et al. [21] reported that air plu-
viation leads to a significantly lower liquefaction resis-
tance than water pluviation. Oda et al. [22] pointed
out the significance of the direction of deposition com-
pared to the polarization of cyclic loading. Specimens

that were loaded perpendicular to the direction of de-
position exhibited a higher cyclic liquefaction resistance
than the ones loaded parallel. Many authors found the
sensitivity to liquefaction of high-quality undisturbed
specimens to be significantly lower than the one of
re-constituted specimens, irrespectively of the method
of preparation (Mulilis et al. [19,20], Tokimatsu and
Hosaka [23], Hatanaka et al. [24], Porcino et al. [21]).

Pioneer work on the effect of an undrained cyclic
preloading on the liquefaction resistance was done by
Finn et al. [25]. In triaxial tests they applied a cyclic
undrained loading followed by a re-consolidation and
a second cyclic undrained test phase. The preload-
ing was stopped when liquefaction already occured
after the generation of a certain axial strain ampli-
tude 2™, Large strain amplitudes (e.g. 2e2™P' =
5-1072) decreased the liquefaction resistance in the
subsequent phase dramatically. If the first test phase
was stopped already at relative small strain amplitudes
(263™P! < 2.1073) the re-liquefaction resistance was
higher than the resistance of a virgin specimen. Thus,
small to medium strain amplitudes increase the lique-
faction resistance while large amplitudes lead to a re-
duced undrained cyclic strength.

The effect of small cycles was also studied by Seed
et al. [26], who performed shaking table tests under
simple shear conditions. Packages with a small num-
ber of cycles N (smaller than N causing liquefaction)
were applied in succession to the saturated sand each
simulating an earthquake of low intensity. After each
package the sand layer was re-consolidated. Seed et
al. observed that the pore water pressure rise became
slower with each succeeding package, i.e. with in-
creasing cyclic preloading. Other experimental studies
(Seed et al. [27], Teachavoransinskun et al. [28]) sup-
port the increase of the liquefaction resistance due to
cyclic preloading with small amplitudes.

Ishihara and Okada [29,30] distinguished between
small prestraining with effective stress paths that do
not surpass the phase transformation (PT) line and
large prestraining where the stress path goes beyond the
PT line. Small prestraining increases the liquefaction
resistance. On the other hand, if a soil was subjected
e.g. to a large prestraining on the triaxial compression
side, in a subsequent cyclic loading with reversing shear
stresses less pore water pressure was generated on the
compression side but a larger one developed on the ex-
tension side (compared to non-presheared specimens).

Suzuki and Toki [31] found a peak in the curves of the
number of cycles required to cause liquefaction plotted
versus the maximum shear strain during prestraining.
The strain at this peak was called threshold strain and
lay between 4 - 1072 and 1072 depending on the type
of preshearing (e.g. drained or undrained cycles, cycles
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towards the compression or the extension side or cycles
with reversing directions). Smaller prestraining ampli-
tudes improved the liquefaction resistance while larger
ones caused a reduction. The decrease of the liquefac-
tion resistance for higher shear strains was evoked with-
out liquifying during prestraining. Surprisingly, Suzuki
and Toki did not find any difference in the liquefaction
resistance for a preloading with one or with ten cycles
(contrary to our tests, see Section 4).

Emery et al. [32] found a loosening of the upper
part of the specimen due to liquefaction and attributed
the decrease in the re-liquefaction resistance at higher
strains to this non-uniformity of the specimens. How-
ever, Oda et al. [22] demonstrated, that although loose
layers within a specimen affect its cyclic undrained be-
haviour the effects are not significant enough to ex-
plain the strong reduction of the liquefaction resistance
due to large cyclic prestraining. Oda et al. supposed
changes in the soil fabric to be responsible.

Although several authors studied the influence of
cyclic preloading on the liquefaction resistance, no
quantitative correlation has been formulated so far.
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Fig. 2: Estimation of the liquefaction resistance from CPT
data (Robertson and Wride [41])

The liquefaction resistance of an in-situ soil can be
estimated from the penetration resistance measured in
SPT soundings (Seed et al. [12,33,34]) or from the CPT
tip resistance (Robertson and Campanella [35], Seed
and de Alba [36], Mitchell and Tseng [37], Olsen and
Koester [38], Suzuki et al. [39], Stark and Olson [40],
Robertson and Fear/Wride [15,41]). Correlation dia-
grams as the one in Fig. 2 (Robertson and Wride [41])
are obtained from investigations whether an in-situ soil
deposit has liquefied during an earthquake in the past

or not. With the estimated intensity of earthquake
shaking and SPT or CPT data before the earthquake a
threshold line can be found separating the cyclic stress
ratios CSR = 7P /p. (shear stress amplitude 72™P!,
effective mean pressure p.) that lead to liquefaction
from those which do not. Similar threshold curves can
be obtained from laboratory tests on undisturbed spec-
imens (Ishihara [14]).

In Fig. 3a (for SPT) and Fig. 3b (for CPT) Ishihara
[14] collected threshold lines from several authors and
standard codes at practice. The lines scatter in depen-
dence on the grain size distribution and the silt content.
In order to use the diagrams in Figs. 2 and 3 the mea-
sured SPT blow number N or CPT tip resistance g,
has to be normalized by the overburden pressure and
possibly corrected by the driving energy. The influence
of the fines content can also be considered by using
correction factors as proposed by Robertson and Wride
[41]. The threshold curves in the diagrams in Figs. 2
and 3 refer to an earthquake of the magnitude 7.5 with
an equivalent number of cycles Noq = 15, Robertson
and Wride [41].

3 Objective of the experiments, test device,
specimen preparation and tested material

The aim of the current experimental study was the
formulation of a correlation between the intensity of
cyclic preloading (small prestraining in the terminol-
ogy of Ishihara and Okada [29,30]) and the liquefaction
resistance. This correlation was established on the ba-
sis of laboratory tests. In the triaxial tests the speci-
mens were first subject to a drained cyclic preloading
with a definite number of cycles and a given stress am-
plitude. Afterwards the drainage was closed and the
cyclic undrained strength was determined. Four differ-
ent cyclic preloading histories were tested.

A scheme of the used triaxial device is presented in
Fig. 4. The axial load was applied by the upper cross-
beam of a freely programmable load press driven by
an electrical servo motor. In the cyclic tests the axial
load was varied between specified minimum and maxi-
mum forces driving with a constant strain rate. Due to
the changes of the specimen stiffness during undrained
cyclic loading this testing procedure lead to some vari-
ations in the loading frequency during the test (f =
0.01 Hz was intended), especially around the onset of
liquefaction.

The axial load was measured at a load transducer
inside the pressure cell below the specimen base plate.
A displacement transducer fixed to the load piston was
used to monitor vertical deformations. Volume changes
during the consolidation and the drained cyclic test
phases were determined from the squeezed out pore wa-
ter using a differential pressure transducer. Cell pres-
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Fig. 4: Triaxial test device

sure and back pressure were measured by means of pres-
sure transducers.

Specimens were prepared by pluviating air-dry sand
out of a funnel into a mould. After that they were fully
saturated with de-aired water (Wichtmann et al. [4]).
All tests were performed on a uniform medium coarse
quartz sand (mean grain diameter dso = 0.55 mm,
uniformity index U = dgo/d1op = 1.8, emin = 0.577,
emax = 0.874) with subangular grains, which was also
used to develop the high-cycle accumulation model,
Wichtmann et al. [2,3,4]. The grain size distribution

is given e.g. in [4].

In the following the total stress is 0; = 0} + u (u =
pore water pressure) and soil density is described by
the density index Ip = (émax — €)/(€max — €min)-

4 Experimental results

The cyclic tests were preceded by undrained
monotonous tests in order to determine the phase
transformation (PT) and the failure lines (FL). Eight
tests with triaxial compression and extension were
performed with isotropic consolidation stresses 50 kPa
< p. = (o4, + 20%.)/3 < 200 kPa (the subscript L.
denotes ”consolidation”) and with an axial strain rate
|é1] = 0.05 %/min. The specimens had densities in the
range 0.54 < Ip < 0.60. The resulting stress paths in
the p-g-plane and the failure lines are shown in Fig. 5.

In the cyclic tests specimens were prepared with ini-
tial densities 0.63 < Ipg < 0.68. They were consoli-
dated under isotropic conditions with p. = 100 kPa.
Thereafter, a drained cyclic preloading was applied
stress-controlled. The axial stress o; was cyclically
varied with an amplitude U?fgfgload = qzlrl;ﬁ}ad while
the lateral stress o3 was maintained constant. Four
cyclic histories with different amplitudes qgi’;f;ad and
different numbers of cycles Npreload Were tried out,
Table 1, where ”cyclic preloading No. 17 means no
cyclic preloading, i.e. the freshly pluviated sample.
The stress amplitudes qu;i)lad = 30 kPa and qu;i)lad
= 50 kPa correspond to shear strain amplitudes of

yamPl x5 3.7.107% and P! & 7.0 - 10~4, respectively.
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Fig. 5: Stress paths in the p-g-plane during monotonous
undrained shear

Table 1: Tested cyclic preloadings

Cyclic qg?;ﬁiad Npreload
preloading [kPal] [-]
1 - 0
2 30 10
3 50 10
4 50 100

During the drained cyclic test phase the accumula-
tion of strain was measured. Figure 6 presents typical
curves of the volumetric (g, = £1 + 2¢3) and the devia-
toric (¢4 = 2/3(e1 — €3)) strain components with time
during cyclic preloading. While the accumulation of
deviatoric strain £3°° was negligible the residual volu-
metric strain €3°° increased with each load cycle. This
approximately pure volumetric accumulation is typical
for an isotropic average stress (see the ”cyclic flow rule”
presented by Wichtmann et al. [2]). Some of the volu-
metric average accumulation curves are shown in Fig. 7.
For each cyclic preloading three curves €2°¢(IV) are pre-
sented. As expected the amplitude of 30 kPa causes
less accumulation than 50 kPa (the accumulation rate
is proportional to the square of the strain amplitude,

Wichtmann et al. [2]).

After the application of the drained cyclic preload-
ing the drainage of the triaxial device was closed and
the undrained cyclic test phase was started. The to-
tal axial stress o1 was oscillated with an amplitude
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Fig. 6: Accumulation of volumetric (g,) and deviatoric (g4)
strain during drained cyclic preloading

0.4

o
w

@

£3°C 9]
o
N

all tests:
Ip=0.63-0.68

<
’
% ampl
Ypreload = 50 kPa @

E qurglrgad :‘30 kPa @

20 40 60 80 100
Number of cycles N [-]
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o™Pl — gampl while the total lateral stress o3 was

kept constant. For each of the four cyclic preloadings
several tests with varying amplitudes ¢®™P' during the
undrained phase were performed.

Figure 8 presents the increase of the pore water pres-
sure u during undrained cyclic loading in four tests with
different cyclic preloadings but an identical amplitude
¢®P! = 45 kPa in the undrained phase. If the pore wa-
ter pressure reached the total lateral stress o3 the spec-
imen had undergone ”initial liquefaction” accompanied
by the well known cyclic mobility phenomenon. An in-
crease of the intensity of drained cyclic preloading (in
the amplitude and/or in the number of cycles) reduces
the rate of pore pressure accumulation @ = Ju/ON
and it therefore takes more cycles to reach initial lique-
faction. The fresh (non-preloaded) specimens needed
about 5 cycles to initial liquefaction compared to 8 cy-
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cles in the case of the specimen preloaded with qgif’;&d

= 30 kPa and Npreloaa = 10. The preloading with
qu;f;ad = 50 kPa and Npreloaa = 10 delayed the initial
of liquefaction to occur after 43 cycles and 205 cycles
were needed for the specimen preloaded with ¢™™P'

preload =
50 kPa and Npreload = 100.

While the amplitude of the vertical strain £ was

small during the first cycles it increased strongly dur-
ing the cycle that lead to initial liquefaction (Fig. 9)
and grew with each subsequent cycle. The generated
strain amplitudes were nearly symmetric in triaxial ex-
tension and compression. From Fig. 9 it is obvious,
that independent of the cyclic preloading full liquefac-
tion (defined as the time when a double amplitude of
vertical strain 2¢3™P' = 10 % was reached) and the fail-
ure of the sample occured within four or five cycles after
initial liquefaction. In each test failure occured in the
extension regime of the p-g-plane.

Figure 10 presents the stress-strain hysteresis and
the stress paths in the p-g-plane are shown in Fig. 11.
There is no principal difference in the shape of the
hysteresis or the run of the stress paths for the dif-
ferent cyclic preloadings except that the number of cy-
cles to liquefaction increases with the intensity of cyclic
preloading.

In Fig. 12 for each test the cyclic stress ratio CSR =
q®™®!/(2p.) is plotted versus the cycle number N that
was necessary to generate a double amplitude 2e7™'
= 10 %. For a given cyclic preloading it is obvious
that higher stress amplitudes ¢®™P! in the undrained
test phase caused an earlier liquefaction. Due to cyclic
preloading the curves C'SR(N) are shifted upwards in
Fig. 12. It is therefore obvious that a cyclic preload-
ing may considerably increase the cyclic undrained
strength. For the non-preloaded specimen full lig-
uefaction in 15 cycles is reached with a stress ratio
CSRn=15 = 0.189. For cyclic preloadings No. 2, 3 and
4 this value is CSRy—-15 = 0.208, CSRny-15 = 0.259
and CSRy=15 = 0.295, respectively.

In drained cyclic triaxial tests (Wichtmann et al. [4])
the rate of total strain accumulation £2°¢ = 9g2°°/ON
(with € = \/(£1)% + 2(€3)?) was found proportional to
the square of the total strain amplitude £*™P!. In the
accumulation model (Niemunis et al. [1]) this is cap-

tured by the function
fampt = (€™ /el™)? (1)
with the reference amplitude si‘enflpl = 10~*. The resid-
ual strain rate decreases with IV according to
Cn1Cn2
1+ CneN

The material constants are Cy; = 3.4 - 1074, Cnao =
0.55 and O3 = 6.0 - 107> for the tested sand (Wicht-

g3~ fy = + Cn1Cns (2)
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Fig. 12: Relationship between the cyclic stress ratio CSR =
¢*™P'/(2p.) and the number of cycles N to cause a double

amplitude QS?mpl = 10 % for different cyclic preloadings

mann et al. [4]). The first term of the rate fy is de-
pendent on the number of cycles. A state variable for
cyclic preloading should consider the number of cycles
and their amplitude. For this purpose the state variable
g has been defined (Niemunis et al. [1]). It weights
the number of preloading cycles with their total strain
amplitudes e*™P!:

Cn1Cn2
A
= am —— dN 3
g /f li)1 1+CN2N ( )

For £2™P! = constant Eq. (3) simplifies to
9% = fampl On1In(1 4 Cn2N) (4)

The state variable g was calculated for the four cyclic
preloadings and in Fig. 13 the cyclic stress ratio causing
liquefaction in 15 cycles C'SRy—15 is plotted versus gA.
CSRy—15 increases with gA according to

CSRy—15 = CSRn=150 f(g™) with
f(gA) = 1+Culn(l1+Cyp gA) (5)

with the material constants Cy; = 0.46 and Cgp = 51.6.
CSRn=15,0 = 0.189 is the cyclic stress ratio for the
reference state g = 0 (non-preloaded soil) and a void
ratio eyer = 0.681 (Ip = 0.65).

5 Prospective application of the correlation

Having performed SPT or CPT soundings in situ, a
profile with depth of CSRy—15 can be obtained from
threshold curves as those in Figs. 2 and 3. An example
of a profile of CSRy—15 with depth z (after Robertson
and Campanella [35]) is shown in Fig. 14.

If correlation diagrams as those in Figs. 2 and 3 are
unavailable (e.g. in regions with little seismic activity)
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Fig. 10: Stress-strain hysteresis for different cycle numbers N during undrained cyclic loading in four tests on specimens with
varying cyclic preloading (all tests: ¢*™P! = 45 kPa)
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Fig. 11: Stress paths in the p-g-plane during undrained cyclic loading in four tests on specimens with varying cyclic preloading
(all tests: ¢*™P! = 45 kPa)
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Fig. 13: Cyclic undrained strength C'SR =15 in dependence
of cyclic preloading g
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Fig. 14: Example of a profile CSRy=15(z) after Robertson
and Campanella [35]

a curve from the literature has to be chosen based on
similar grain characteristics and fines content. Unfor-
tunately, there is some scatter between the curves of
several researchers or codes of practice.

From a few tests performed on re-constituted dis-
turbed specimens a curve CSR(N) similar to curve
No. 1 in Fig. 12 corresponding to the non-preloaded
specimens is established and CSRy—15,0 is determined.
The tests should be performed with the in-situ den-
sity. However, if this density varies strongly it may be
more appropriate to determine CSRy=15,0 for a con-
stant void ratio e;er and to introduce a void ratio cor-
rection function f(e) with f(e) = 1 for e = er. The
function f(e) = 1 4 eef — € would be suitable for the
data presented by Seed and Lee [42], Fig. 15. Assuming
Eq. (5) to be valid independent of the fines content and
the grain size distribution (which has to be checked in
future) cyclic preloading g# for a certain depth can be

obtained from

CSRn=15 = CSRy-150 f(g?) f(e) (6)

Note that Eq. (6) neglects the influence of stress on the
liquefaction resistance (similarly as Seed and Lee [42]
do). The SPT blow number and the CPT tip resistance
are increased also by aging. Following the above pro-
cedure aging effects are equivalent to cyclic preloading.
This is in accordance with experiments of Seed [12],
which show a decrease of the cyclic accumulation rate
due to aging.

0.5

0.4

15
4

zZ a
Z 03
8
1\
0.2 1 -
0.1
0.6 0.7 0.8 0.9

Void ratio e [-]

Fig. 15: CSRn=15 as a function of void ratio after Seed and
Lee [42]

6 Summary and conclusions

Our aim is the prediction of residual settlements in
a non-cohesive soil under cyclic loading with many
(N > 10%) small (e2™P! < 1073) cycles. Beside stress
and void ratio the accumulation rate is significantly in-
fluenced by cyclic preloading. Since the cyclic preload-
ing of an in-situ soil cannot be measured directly, it
has to be determined from simple correlations. In or-
der to study a correlation of cyclic preloading with the
liquefaction resistance undrained cyclic triaxial tests
were performed on specimens which were subject to
a drained cyclic preloading. These tests reveal a strong
correlation between cyclic preloading and the liquefac-
tion resistance. A prospective application of the corre-
lation using SPT or CPT data was proposed.
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