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SUMMARY: 
The results of an elaborate field preloading research study on a liquefaction-susceptible site are presented. 
Preloading was applied by a temporary embankment 9m high. Prior and after preloading, borings with standard 
penetration tests, cone penetration tests and geophysical studies were performed. During the process of 
embankment construction and demolition, settlements were recorded versus time at different locations. A finite 
element modelling is carried out in order to evaluate the effects of embankment construction and demolition in 
terms of settlements and structural behaviour. Soil improvement was simulated and compared with 
measurements. The measurements and the numerical models illustrated the decrease in liquefaction susceptibility 
induced by preloading. In addition, a numerical parametric analysis is performed so as to quantify the impact of 
the uncertainties associated with the input signal on both the ground motion and the apparition of liquefaction 
phenomena. 
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1. INTRODUCTION 
 
Saturated sandy layers that are horizontal, or have a small inclination to the horizontal, run the risk of 
earthquake-induced liquefaction. Design codes (e.g. European Standard, 2003) demand of the 
practicing engineer the estimation of the liquefaction risk. The factor of safety against liquefaction, 
estimated versus depth, is defined as the ratio of the in-situ cyclic soil strength by the cyclic stress 
ratio resulting from the design earthquake (European Standard, 2003). In cases where the factor of 
safety against liquefaction takes values close to, or less than, unity, soil improvement is an effective 
way to mitigate the liquefaction risk by increasing the cyclic soil strength (Committee of Earthquake 
Engineering et al, 1985). Preloading is a temporary loading applied at a construction site, to improve 
subsurface soils primarily by increasing density and horizontal stress (Stamatopoulos and Kotzias, 
1985). The purpose of this work is to investigate the effect of preloading in the cyclic strength of 
different soils both in-situ and numerically. 
 
 
2. FIELD TEST 
 
A complete field test on a liquefaction-susceptible sandy site with data of (a) the SPT and CPT 
strength and Vs versus depth before and after preloading and (b) changes in the horizontal stress and 
void ratio of the soil as a result of preloading do not exist in the literature.  Such a field test was 
performed on a liquefaction-susceptible site under a recent research project funded by the European 
Union.  The Albanian partners of the project S. Allkja and  L. Bozo of Altea Geostudio Co. proposed a 
liquefaction-susceptible site in Porto Romano, 10km North of Durress in the Albanian coast (Fig. 1). 
Four geotechnical borings were performed by Altea Geostudio Co. to verify the suitability of the site. 
 
In the location of the preload test, four (4) soil borings with sampling and Standard Penetration Tests 



performed in borings (SPT) every meter to 15m (total length of borings = 60m) were performed. 
Piezometers were installed in two borings to measure the elevation of the water table.  A standard 
laboratory testing program including classification, compressibility and strength tests was also 
performed. In addition, three (3), Cone Penetration Tests (CPT) soundings to 15m (total hole lengths is 
45m), and down-hole surveys for measuring the shear wave velocity Vs were performed. Fig. 3 gives 
the average CPT and Vs measurements versus depth. Table 1 gives the soil layers that exist in the site 
based on the geotechnical investigations and their compressibility estimated from oedometer tests. The 
water table depth was measured at 1.5m. Fig. 2a gives the initial and maximum past vertical effective 
stress versus depth, estimated from oedometer tests. 
 
The most efficient (requiring less volume of fill for given surcharge) design of embankment is to use a 
truncated-cone-shaped preload earth fill. A 50m diameter fill, 9m high, 13m diameter at the crest was 
used. A ramp was also constructed in order to perform construction. Construction started on 6/6/2011. 
This date corresponds to day 0 in all the graphs given below. The soil used to construct the 
embankment was sandy. Compaction of the layer was performed with a vibrator. Field density tests 
were performed to verify compaction. During the placement of the preload embankment, an 
unexpected slide occurred due to excess rate of construction. Fortunately, the instruments were not 
damaged during the slide. In addition, this slide provided interesting data regarding the correct rate of 
construction in the construction of preloading embankments when a soft clay layer exists on shallow 
depths. After the slide, part of the embankment was demolished and reconstructed at a considerably 
slower rate. Construction terminated, after reaching an embankment height of 9m from initial ground 
level after settlement (that means 9.54m above unsettled ground level) on 10/8/2011, or day 60. The 
embankment stayed until 10/10/11, or 126 days after the start of construction, or 60 days after 
construction. Then, the rate of settlement was very small, less than 0.001m/day. The embankment was 
removed in 11 days. The following instruments were placed to measure settlements:  (1) Horizontal 
Inclinometer in level ground, along a radius of the embankment-to-be-constructed, (2) Five settlement 
plates on ground level at different locations of the embankment base to measure the settlement by 
topographic means, particularly to verify the settlement measured by the other means, (3) A Magnetic 
extensiometer very near the centre of the base of the embankment-to-be-constructed to measure the 
ground displacement versus depth at 2m increments at depths 0 to 20m. In addition, horizontal 
pressure cells were placed at the locations given in Table 2.  In each horizontal cell location, pore 
pressure transducers were also installed in order to measure the excess pore pressure, and from the 
horizontal stress and excess pore-pressure to extract the effective horizontal stress. Regarding 
settlement measurements, it was first observed that settlement measurements of all devices were 
consistent with each other. Fig. 4 gives the settlement versus time in terms of location measured by the 
inclinometer. The following can be observed:  the magnitude of settlement is less than one meter and 
the time required for the settlement rate to decrease to values less than 0.001m/day is similar to 
previous preload applications (Stamatopoulos et al., 2005, Stamatopoulos and Kotzias, 1985). Due to 
disturbance as a result of instrument placement, the initial measurement of horizontal stress is not 
reliable. Thus, only the change of horizontal stress due to embankment construction and demolition 
can be analyzed. Fig. 5 gives the measured change in effective horizontal stress in terms of time and 
device. Some instrument numbers are missing, because these instruments failed. 
 
After the removal of the embankment identical field investigations were performed in order to 
investigate the post-improvement soil strength. Fig. 3 gives the average CPT and Vs measurements 
versus depth after soil improvement. 
 
Table 1. Soil layers that exist in the site based on the geotechnical investigations and virgin and reloading 
coefficient of compressibility 
Depth Layer description classification symbol Cc Cr 
0-3.5m Silty Clay MH,CH 0.52 0.02 
3.5-7m Medium Gravel with silty 

sand 
SP-SM, GW-GM 0.05 0.01 

7m-15m Fine Sand and Silt ML, SM, CL-ML 0.06 0.02 
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Figure 1. (a) General location of the site, (b) Photography of the embankment at top height 
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Figure 2. Porto Romano.  (a) Initial, maximum and maximum past vertical effective stress versus depth.  (b). 
Maximum and final vertical strain  versus depth measured using the magnetic extensiometer and predictions 
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Figure 3. Profiles of average  CPT and Vs values before and after soil improvement 

 
Table 2.  The location of the horizontal pressure cells, and prediction of the residual horizontal stress  

 
Depth 
(m) r (m) 

Δσz 
(kPa) 

σ'g 
(kPa) OCRa OCRb 

Δσh-res 
(kPa) 

Δσh-m 
(kPa) Ratio 

H3 11.62 16.50 65.16 197.54 1.33 1.00 15.01 14.00 0.93 
H5 6.40 6.50 163.80 108.80 2.51 1.29 23.88 30.00 1.26 
H6 5.85 16.50 77.40 99.45 1.78 1.41 7.19 8.60 1.20 
H8 3.25 6.50 176.40 55.25 4.19 1.00 15.27 20.00 0.71 
H9 2.50 16.50 140.40 42.50 4.30 1.00 8.04 25.00 1.13 
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Figure 4. Porto Romano.  Settlement versus time in terms of location measured by the inclinometer. 
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Figure 5. Porto Romano. (a) The measured effective horizontal stress normalized to have zero initial stress in 
terms of time and device, (b) The ratio of the measured over computed by elastic theory effective horizontal 

stress induced by the preload embankment in terms of time and device. 
 
 
3.  ANALYSIS OF THE FIELD TEST  
 
The measured maximum and final settlements, or equivalently vertical strain, versus depth can be 
compared with computed settlements by the commonly-used method based on the coefficient of 
compressiblity measured in laboratory oedometer tests. The method involves two steps: (a) estimation 
of increase of vertical stress induced by the preload embankment based on elastic theory 
(Stamatopoulos and Kotzias, 1985) and (b) estimation of maximum and final settlements considering 
the increase in vertical stress, the maximum past effective stress and the virgin and unloading/ 
reloading coefficients of compressibility. Fig. 2b compares measured with computed vertical strain in 
terms of depth. It can be seen that computed strains are similar to the measured ones.  During 
embankment construction, the effective horizontal stresses can be compared with those predicted from 
elastic theory (Poulos and Davis, 1974). Fig. 5b gives the ratio of the measured by computed effective 
horizontal stress induced by the preload embankment in terms of time and device. The unloading 
phase is not included, because in this case the theoretical value does not hold. It can be observed 
reasonable agreement between measured and predicted values, especially at the final stages of 
embankment construction, when we are not near failure, and thus elastic theory can be applied.  After 
embankment demolition, the effective residual horizontal stresses (Δσh-res) can be compared with 
those predicted from theoretical considerations. The Mayne and Kulhaway (1982) empirical 
relationship is used. It predicts Ko in terms of OCR and the friction angle, φ', as:  
 

Ko  = (σ' h / σ'v) =  (1 - sinφ') OCRsinφ’ (1) 



 
Using the typical friction angle of 30o, it is inferred that Δσh-res can be estimated as: 
 

Δσh-res = 0.53 σ'g (OCRa
0.47- OCRb

0.47) (2) 
 
where σ'g is the effective geostatic stress prior to the application of preloading, OCRb is the 
overconsolidation ratio at the site prior to the application of preloading and OCRa is the 
overconsolidation ratio after the application of preloading. Table 3 compares the measured to 
estimated values. Reasonable agreement exists. The liquefaction cyclic strength is estimated versus 
depth using the state-of-the-art procedures (European Standard, 2003, European Prestandard, 1994, 
Idriss and Boulanger, 2006) for all field tests performed in the site: Standard Penetration Tests, Cone 
Penetration Tests and geophysical tests measuring the shear wave velocity, Vs. Table 3 compares the 
average SR15, in terms of the measurement, for the two soil layers that liquefy. It can be observed that 
all field procedures generally produce similar results: Average pre-improvement liquefaction cyclic 
strength (a) from depths 3 to 7m equals 0.46-0.49 and (b) from depths 7 to 15m equals 0.40-0.54.  The 
increase of cyclic strength induced by preloading from depths 3 to 7m equals 10 to 30% and (b) from 
depths 7 to 15m equals 10 to 40%.  The range of the results is consistent with the non-homogeneous 
characteristics of soils and the different methods applied. In addition, for the measured increase of 
cyclic strength with preloading, based on results of laboratory tests, Stamatopoulos et al. (2012) 
propose the following equation: 
 

15/04.0
1515 / SR

aftbefaft OCRSRSR =−−  (3) 

 
Table 3 illustrates that the predictions of equations (3) are consistent with the measurements. 
Furthermore the increase in cyclic strength with preloading can be explained from the increase in 
horizontal stress and decrease in volume through the vertical strain. In particular the effect of 
horizontal stress on the cyclic soil strength has been studied in the tortional-shear device by Ishihara 
and Takatsu (1979). Based on this expression,  
 

SR15-aft /SR15-bef = (1+ 2 Ko-aft ) / (1+ 2 Ko-bef ) (4) 
 
Based on equation (2) that was verified in the field, equation (4) predicts an increase in the cyclic 
strength in the layer at depth 3.7-7m at the order of 1.2 and at the layer at depth 7-15m of about 1.1. 
The measured vertical strain of 0.05 in both layers corresponds to change in void ratio of 0.05*(1+e), 
or about 0.08. Assuming that for sands (emax-emin) equals about 0.4, the corresponding change in 
relative density equals 20%. For an increase in relative density of 25%, according to Ishihara (1996) 
the cyclic strength increases by about 20%, as a factor of 1.2. It is inferred that combined effect of 
both the measured increase in density and horizontal stress using expressions proposed by Ishihara and 
Takatsu (1979) and Ishihara (1996) predict an increase of cyclic strength induced by preloading in the 
layer at depth 3.7-7m at the order of 1.4 and at the layer at depth 7-15m of about 1.3, or of the same 
order as that obtained from SPT/CPT/VS measurements. 
 
Table 3. Measured and predicted increase of liquefaction cyclic strength by preloading  
 Measured Predicted by eq. (3) Predicted by 

eq. (4) 
 SR15-bef  SR15-aft SR15-aft /SR15-bef OCRaft SR15-aft / 

SR15-bef 
SR15-aft / 
SR15-bef 

Depth NSPT  CPT Vs NSPT  CPT Vs NSPT  CPT Vs    
3.7-7m 0.44 0.46 0.38 0.46 0.49 0.49 1.1 1.1 1.3 5.0-3.2 1.2-1.1 1.4 
7-15m 0.38 0.3 0.26 0.42 0.40 0.54 1.1 1.3 1.5 3.2-1.8 1.2-1.1 1.3 
 
4. NUMERICAL SIMULATIONS  
 
For the purpose of studying numerically the effect of soil preloading technique on the improvement of 



liquefiable sandy profiles to shaking, a structure founded on a layered soil/rock model is considered. 
The soil profile is composed principally of 20m of loose sand (i.e. a relative density Dr < 50%) and it 
is divided in four layers. The shear modulus of the soil increases with depth. The average shear wave 
velocity Vs,30 computed only in the upper 20m of the soil profile is 213m/s. The fundamental elastic 
period of the soil profile is 0.38s. The ECP’s elastoplastic multi-mechanism model (Aubry et al. 1982; 
Hujeux 1985) is used to represent the soil behaviour on the top 20m. For the bedrock, isotropic linear 
elastic soil behaviour is assumed with a Vs equal to 550m/s. The deformable bedrock is placed at 20m 
depth. The ground water table level is placed at 1m below the surface. So as to take into account the 
interaction effects between the structure and the plane-strain domain, a modified width plane strain 
condition (Saez 2008) was assumed in the finite element models. In this case a width of 4m is used. 
 
In order to investigate the effect of the preloading method on the response of both the soil profile and 
the structure, a comparative dynamical response analysis at the end of shaking for the cases with and 
without mitigation method is done. Concerning the two-story concrete building its total height is 4.2m 
and the width is 4.0m. The mass of the building is assumed to be uniformly distributed along beam 
elements and the columns are supposed massless. The total mass of the building is 40T. With these 
characteristics the fundamental period of the structure (Tstr) is equal to 0.24s. In order to simulate the 
structure plastic hinge beam-column elements are used. The model is based on the two-component 
model presented by Giberson (1969) and the modifications introduced by Prakash et al. (1993) to take 
into account axial force and bending moment interaction. Finally, a rigid block of 0.1x6x4m is used to 
simulate the foundation. 
 
The elastoplastic multi-mechanism model developed at Ecole Centrale Paris, known as ECP model is 
used to represent the soil behaviour. This model can take into account the soil behaviour in a large 
range of deformations. The model is written in terms of effective stress. The representation of all 
irreversible phenomena is made by four coupled elementary plastic mechanisms: three plane-strain 
deviatoric plastic deformation mechanisms in three orthogonal planes and an isotropic one. The model 
uses a Coulomb type failure criterion and the critical state concept. The evolution of hardening is 
based on the plastic strain (deviatoric and volumetric strain for the deviatoric mechanisms and 
volumetric strain for the isotropic one). To take into account the cyclic behaviour a kinematical 
hardening based on the state variables at the last load reversal is used. The soil behaviour is 
decomposed into pseudo-elastic, hysteretic and mobilized domains. Refer to Aubry et al. (1982), 
Hujeux, (1985) among others for further details about the ECP model. The soil model’s parameters are 
obtained using the methodology suggested by Lopez-Caballero et al. (2007). Fig. 6a shows the 
responses of the drained cyclic shear tests obtained by the model of the sand at p′o=30, 50, 100 and 
150kPa. The tests results are compared with the reference curves given by Seed et al. (1986). The 
obtained curves of cyclic stress ratio (SR = σv−cyc/(2·p′o), with σv−cyc the cyclic vertical stress applied in 
the cyclic loading) in a triaxial path with isotropic consolidation as a function of the number of loading 
cycles to produce liquefaction (N) at p′o=30, 50 and 100kPa are given in Fig. 6b. The modelled test 
results are compared with the reference curves given by Seed and Idriss (1982) for sands at different 
densities (i.e. SPT values). 

 
(a) 

 
(b) 

 
Figure 6.  Simulated a) G/Gmax-γ and b) liquefaction curves for the sand model 



 
In order to simulate the construction and demolition of the preload embankment, the calculations are 
performed in two steps. In the first step, since for nonlinear elastoplastic models soil behaviour is a 
function of the effective stress state, initial in-situ stress state due to gravity loads are computed. After 
this initialization, the initial effective stresses, pore-water pressures and model history variables are 
stored to be used as initial state of the second step computation. In the second one, a sequential level-
by-level construction and demolition of the embankment is performed. The embankment load is 
applied as a prescribed normal stress time history at the surface of soil profile. In order to assess the 
effect of applied load on the response of the soil profile, two embankment heights were studied, 5 and 
9m with a density equal to 1900kg/m3. The dimensions of the base and the crest of the embankment 
are 18 and 2m respectively. The embankment is constructed and demolished in 23 days and it stays in 
place during 11 days before the application of the seismic event. After this period, all over pore 
pressures are dissipated. 
 
In order to define appropriate input motions to the non-linear coupled dynamical analysis, a selection 
of recorded accelerograms is used. The adopted earthquake signals are proposed by Iervolino and 
Cornell (2005) and Kayhan et al. (2011). Thus, 34 unscaled records were chosen from the Pacific 
Earthquake Engineering Research Center (PEER) database. The events range in magnitude between 
5.2 and 7.6 and the recordings are at site-to-source distances from 15 to 50km and dense-to-firm soil 
conditions (i.e. 360m/s < Vs 30m < 800m/s). 
 
 
5. ANALYSIS OF NUMERICAL SIMULATION RESULTS  
 
In this section, the change in soil state due to the construction and demolition of the embankment is 
first analyzed. Fig. 7a displays the distribution of Δσzz induced into the soil foundation at the end of 
the embankment construction (Hembk=5m). As expected, the application of preloading produces an 
overconsolidation on the soil (PR). As shown in Fig. 7b the embankment load influences the soil 
behavior down to 5m deep (i.e. PR>2). Thus, it is expected that it produces a soil stiffening effect that 
allows a reduction of the pore pressure excess during the earthquake. In addition, comparing the 
induced horizontal effective stress (σyy) along the soil depth (Figures 7c, 7e), it is interesting to note 
that near the surface level, a residual σyy, which is a function of the embankment height, appears at the 
end of the demolition of the embankment. Figures 7d and 7f  display the settlement evolution obtained 
during the construction and demolition of the preload embankment, as well as the permanent 
settlement. It is noted that a permanent settlement is obtained at the end of the demolition of the 
embankment. 
 
So as to show the effect of preloading on the soil response, Fig. 8 displays a comparison of the 
evolution of liquefaction ration (ru =ΔPw/σ’vo) as a function of time and depth for the same input 
earthquake in a case with and without preloading. It is noted that for the case where the preload was 
used a reduction in the ru value is found. It is well known that a co-seismic settlement appears with the 
liquefaction apparition. As already mentioned, the remediation method used increases the liquefaction 
strength and in consequence it will decrease the soil settlement (Fig. 9a and b). As expected, the higher 
the embankment height, the higher the settlement reduction. It can be also seen, for example, that for 
Hembk=5m, the reduction is most important for the settlements lower than 10cm.  However, despite that 
a settlement reduction appears, due to the soil stiffening effect, the structural deformation levels (i.e. 
interstory drift ISD) are increased (Fig. 9c and d). It is noted that, the higher the embankment height, 
the higher the ISD values. Hence, the use of a big embankment could be an unfavorable method from 
the structural viewpoint. 
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Figure 7.  Effect of embankment on a) the induced Δσzz, b) the induced pre-stress ratio (PR), c)  the induced 

Δσyy after the application of preloading, and d) the induced settlement). Also,  e) the evolution of σyy along the 
soil depth under the foundation centreline and f) settlement evolution obtained during the construction and 

demolition of the preload embankment. 
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Figure 8.  Comparison of liquefaction ratio evolution in time and depth for a case a) without and b) with 

preloading. 
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Figure 9.  Effect of embankment on a) and b) the obtained co-seismic settlement values and c) and d) the 

obtained interstory drift of the building. 
 
 
CONCLUSIONS 
 
The use of preloading technique to improve liquefiable sites is studied. An important field test 
campaign on a liquefaction susceptible sandy site at Porto Romano in Albania was performed in order 
to measure the initial soil properties and their evolution as well as the stress state after the construction 
and demolition of an embankment.  The measurements showed some increase in soil properties SPT, 



CPT and Vs and horizontal stresses which using empirical relations predict an increase in sites cyclic 
strength. These results are comforted by performing numerical simulations of a similar site where the 
effect of construction and demolition of two embankments with different heights are studied. 
 
The results show that the preloading has a beneficial effect when the co-seismic settlements are not 
important and even more for higher height of embankment. However, the seismic analysis of a two 
storey building on the mitigated site showed that higher damage in terms of inter storey drift should be 
expected for the higher embankment. 
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