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1. Introduction 
 

The stress condition subjected to a soil element is one of 

the most important factors that affect the behavior of soils. 

Since soil elements of in-situ ground are subjected to 

anisotropic loading condition incorporating the stress 

history by natural or sometimes artificial process, the effect 

of stress history on the behavior of soils has been 

investigated by many studies. The stress states of soil 

elements can be expressed in terms of overconsolidation 

ratio (OCR) value representing the stress history. The OCR 

value is the ratio of the maximum overburden pressure in 

the past (σ'p) and the present vertical effective pressure (σ'v), 

which characterizes the stress history effect. Clayton et al. 

(1985) reported that effect of overconsolidation under zero 

lateral yield (KO) conditions, which might be broadly 

interpreted in the field, has two important effects on a soil: 

(a) the yield surface is expanded, so that reload deformation  
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is reduced, and (b) the horizontal stresses are increased 

above their normally consolidated KO level.  

The in-situ penetration test is a practical method for the  

indirect prediction of soil properties (Duman et al. 2014, 

Zhang and Goh 2016). Many design parameters are 

converted from the results of penetration tests such as SPT-

N, CPT-qC values, and those values are affected by the 

stress history of soil deposits. The major effect of the stress 

history on in-situ test results is due to the increase in the 

horizontal stress level (Clayton et al. 1985, Lee et al. 2011). 

Skempton (1986) reported the effect of stress history on the 

increase of the SPT-N value due to effective 

preconsolidation pressure (σ'p). Lee et al. (2011) also 

studied the effect of stress history on the results of CPT and 

DMT tests for granular soils. Although the relative density 

and current stress level are the most influential factors on 

in-situ test results, the stress history also plays an important, 

albeit secondary, role (Clayton et al. 1985, Lee et al. 2011). 

To sum up, given that many geotechnical design parameters 

are determined from the results of penetration tests, which 

depend on the stress history, design methods and 

construction costs can be significantly influenced according 

to the in-situ OCR value.  
The determination of effective preconsolidation pressure 

(σ'p) and corresponding OCR, which define the stress 
history of soil, through laboratory tests is difficult because 
of sample disturbance. In particular, granular soil samples 
used in the laboratory tests have experienced greater 
disturbance and stress release than cohesive soils during 
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Abstract.  In this study, a relationship between small-strain shear modulus (Gmax) and overconsolidation ratio (OCR) based on 

shear wave velocity (VS) measurement was established to identify the stress history of centrifuge model ground. A centrifuge test 

was conducted in various centrifugal acceleration levels including loading and unloading sequences to cause various stress 

histories on centrifuge model ground. The VS and vertical effective stress were measured at each level of acceleration. Then, a 

sensitivity analysis was conducted using testing data to ensure the suitability of OCR function for the tested cohesionless soils 

and found that OCR can be estimated based on VS measurements irrespective of normally-consolidated or overconsolidated 

loading conditions. Finally, the developed Gmax-OCR relationship was applied to centrifuge models constructed and tested under 

various induced stress-history conditions. Through a series of tests, it was concluded that the induced stress history on centrifuge 

model by compaction, g-level variation, and past overburden load can be analysed quantitatively, and it is convinced that the 

OCR evaluation technique will contribute to better interpret the centrifuge test results.   
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sampling procedures, and, therefore, laboratory tests cannot 
fully represent the in-situ stress state. The consequence is 
that the pre-consolidation pressure is always underestimated 
(Jamiolkowski et al. 1985). Although a sampling technique 
of sand specimen using freezing method has been proposed 
(Yoshimi et al. 1978, Goto et al. 1992), it has not been 
widely used due to technical problems such as the need for 
prior research on the change in engineering properties of the 
sample by freezing and thawing and the accompanying cost 
problems. 

It is also difficult to evaluate OCR of centrifuge model 
ground even though many centrifuge tests are performed 
using an overconsolidated centrifuge model. In order to 
make the overconsolidated model, the pre-consolidation 
pressure is applied on the model by the vertical loading 
system before the model container is placed on the 
centrifuge arm so that the design OCR can be simulated at 
the target N g-level (Afacan et al. 2013, Choo et al. 2013). 
As another method, by spinning the centrifuge at the higher 
g-levels than the target g-level, the model can be 
experienced maximum past pressure before doing the 
planned testing at the lower target g-level (Hu et al. 2011, 
Adalier and Elgamal 2005, El-Sekelly et al. 2015). 
Although the efforts have been made for OCR simulation 
designed in the testing plan, the evaluation of real-simulated 
OCR is not performed at the target g-level. For obtaining 
the OCR, the conventional laboratory testing methods have 
to be conducted after centrifuge simulation by sampling the 
centrifuge model. In this case, the sample also experiences 
the same problems likewise the laboratory tests as 
aforementioned. The centrifuge model ground, inevitably, 
involves the stress history during model ground 
construction, seating the model box on basket and 
centrifuge testing including staged tests by changing 
acceleration levels. Even though the centrifuge test provides 
a well-controlled event with known boundary conditions, 
unavoidable uncertainty, which can disturb the planed stress 
condition, is included in the model ground due to such 
reasons. Therefore, the stress history of the model ground in 
terms of OCR should be carefully considered in the 
analysis.  

In this study, a relationship between small-strain shear 
modulus (Gmax) and OCR based on shear wave velocity (VS) 
measurement is established to identify the effect of the 
stress history on centrifuge model in terms of OCR. The 
Gmax-OCR relationship is determined especially for 
cohesionless soils which are commonly utilized as a 
constructing material of centrifuge model in many 
centrifuge centres. In order to validate the relationship, a 
centrifuge test was conducted in various centrifugal 
acceleration levels including loading and unloading 
sequences to cause various stress histories on centrifuge 
model ground. Then, a sensitivity analysis was conducted 
using testing data to ensure the suitability of OCR function 
for the tested cohesionless soils. Finally, the developed 
Gmax-OCR relationship was applied to centrifuge models 
constructed and tested under various induced stress-history 
conditions such as compaction, g-level variation, and past 
overburden load.  
 

 

2. OCR effect on Gmax for cohesionless soils 
 

The small-strain shear modulus, Gmax, is directly related  

 
Fig. 1 Typical variation in Gmax during loading and 

unloading for the model of OCR exponent estimation: 

σʹi = initial effective vertical stress; σʹmax = maximum 

effective vertical stress; nu = stress exponent during 

unloading; nl = stress exponent during loading (Choo 

and Burns 2014) 
 

 

to the average effective principal stresses in the direction of 

wave propagation and in the direction of particle motion 

while the Gmax is independent of the magnitude of normal 

stress on the plane through which the shear body wave 

propagates (Roesler 1979, Knox et al. 1982, Yu and Richart 

1984). This suggests the use of σ'o = (σ'1 + σ'3)/2, instead of 

mean principal stress, in Eq. (1) when the soil is subjected 

to an anisotropic stress state (Shibuya et al. 1997). The Gmax 

is also a function of void ratio (e) of the soil and OCR value 

for cohesive soil, and can be expressed by the well-known 

Hardin and Richart equation taking the general form as 

follows 

𝐺𝑚𝑎𝑥 = 𝐴 ∙ 𝐹(𝑒) ∙ (𝜎𝑜
′)𝑛 ∙ 𝑂𝐶𝑅𝑘 (1) 

where, A = an experimentally determined constant 

reflecting soil fabric; n = an experimentally determined 

exponent, approximately equals to 0.5; σ'o = (σ'v + σ'h)/2 

kPa, where σ'v is vertical effective stress and σ'h is 

horizontal effective stress; k = exponent of OCR value that 

increases from 0 to 0.5 as the plasticity index increases 

from 0 to 100 (Hardin and Drnevich 1972), which means 

that OCR has no effect on Gmax for cohesionless soils; e is 

void ratio and F(e) is void ratio function. According to Lo 

presti (1989), the F(e) can be given by 

𝐹(𝑒) = 𝑒−1.3 (2) 

Considering the coefficient of earth pressure at rest 

(KO), Eq. (1) can be modified to 

𝐺𝑚𝑎𝑥 = 𝐴 ∙ 𝐹(𝑒) ∙ (
(1 + 𝐾𝑂)𝜎𝑣

′

2𝑘𝑃𝑎
)

𝑛

𝑂𝐶𝑅𝑘  (3) 

Since the OCR exponent k is zero for the cohesionless 

soils, the Eq. (1) is revised to 

𝐺𝑚𝑎𝑥 = 𝐴 ∙ 𝐹(𝑒) ∙ (
𝜎𝑣

′

2𝑘𝑃𝑎
)

𝑛

(1 + 𝐾𝑂)
𝑛 (4) 

Application of the OCR term on the Gmax equation is 

suitable for cohesive soils to account the stress history 
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effect. In case of cohesionless soils, since the current stress 

condition affected by stress history is represented by only 

the horizontal stress variation (i.e., KO) in the stress term 

(Eq. (4)), the OCR exponent k in Eq. (1) is negligible as 

mentioned above. On the other hands, if the Gmax for the 

cohesionless soils is expressed employing only the vertical 

effective stress as the stress term, instead of average 

effective stress, the Eq. (1) could be rewritten as  

𝐺𝑚𝑎𝑥 = 𝐴′ ∙ 𝐹(𝑒) ∙ (
𝜎𝑣

′

1𝑘𝑃𝑎
)

𝑛

𝑂𝐶𝑅𝑘′ (5) 

In this case, the OCR function can be accounted to 

represent the current stress condition including the stress 

history effect as OCR even for cohesionless soils. Based on 

the geometry of Fig. 1 and Eq. (5), the slope of the loading 

and unloading curves can be determined, geometrically 

(Hryciw and Thomann 1993, Choo and Burns 2014). The 

OCR exponent k΄ in Eq. (5) can be obtained by 

𝑘′ = 𝑛𝑙 − 𝑛𝑢 (6) 

From Eq. (6), it is clear that OCR exponent k΄ in Eq. (5) 

is equivalent to the difference between the stress exponents 

in loading and unloading. This means that the OCR 

exponent k΄ reflects the increment of horizontal stress 

caused by lateral stress locked during unloading stage. 

 

 

3. Sensitivity analysis by centrifuge test 
 

If Eq. (5) is utilized in determination of Gmax for 

cohesionless soils, the suitability of OCR function in the 

equation should be examined in advance. Even though the 

variables (1+KO)
n
 in Eq. (4) and OCR

k'
 in Eq. (5) represent 

the effect of horizontal stress on Gmax identically, the Eq. (5) 

is not equal to Eq. (4) analytically. Sensitivity analysis was 

performed to validate the role of OCR
k'
 substituting that of 

(1+KO)
n
 in the Gmax equation for cohesionless soils using 

centrifuge test results. A centrifuge test was carried out 

using a uniformly constructed centrifuge model. Here, 

testing setup was described briefly. A pair of bender 

elements and an earth pressure transducer were utilized for 

measurements of VS and earth pressure of the model (Kim 

and Kim 2010, Youn et al. 2008). The bender elements has 

been widely used in the centrifuge experiments to measure 

the VS due to their simplicity, low cost, and non-destructive 

testing characteristics (El-Sekelly et al. 2014, Kim et al. 

2017). The bender elements was installed at a depth of 37.7 

cm from model ground surface as cross-hole type 

configuration, and the distance between corresponding 

bender tips was 15 cm. The earth pressure transducer was 

installed on the bottom of model box. The measured vertical 

effective stresses were planned to be linearly interpolated 

for obtaining the vertical effective stress at the depth of the 

bender elements. The model ground was uniformly 

prepared by air pluviation using dry silica sand. The relative 

density of the prepared ground was 70% and the height of 

the soil model was 47.7 cm. The centrifuge test was carried 

out under various acceleration g-levels in steps. The 

centrifuge model was accelerated to 70 g, then decelerated 

to 10 g using 10 g steps. The VS and earth pressure were  

 

Fig. 2 Variation in Gmax during the loading and unloading 

using measured vertical effective stress 

 

 

Fig. 3 The effects of (1+KO)
n
 and OCR

k΄
 terms on Gmax 

equation for silica sand 

 

 

measured at each 10 g increment and decrement.  

In this study, VS was calculated using the tip-to-tip 

distance between two corresponding bender elements and 

the first arrival time by peak-to-peak method using data 

obtained during the centrifuge test. Because the peak-to-

peak method was utilized with an input motion of 5 kHz 

sinusoidal signal, which is a high enough input frequency, 

the reliability of VS determination was ensured (Yamashita 

et al. 2009). In addition, note that the 5 kHz input motion 

and travel distance of 15 cm resulted in an adequate travel 

distance-to-wavelength ratio (𝑅𝑑
𝑖𝑛) within a range of 2 to 4 

assuming VS of 200 m/s for the tested sand, and this means 

that the degree of scatter in stiffness measurements (i.e., VS) 

is smallest in this range (Yang and Gu 2013) by avoiding 

the near field effect (El-Sekelly et al. 2013). Then, the Gmax 

relationship could be established for the tested silica sand. 

Firstly, the Gmax is calculated from the obtained VS as: 

𝐺𝑚𝑎𝑥 = 𝜌 ∙ 𝑉𝑆
2 (7) 

where, ρ is the mass density of the soil. Secondly, the stress 

exponents for loading and unloading conditions can be 

determined using the Gmax and measured vertical effective 

stress as shown in Fig. 2. The stress exponents nl of 0.51 for 

loading and nu of 0.30 for unloading were determined 

respectively for the silica sand. Finally, the OCR exponent 

k΄, which equals to the difference between those stress 

exponents, was obtained as 0.21. The obtained stress 

exponent nu is closer to the theoretically derived stress 
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exponent 1/3, while the stress exponent nl equals to 

approximately 1/2, as most previous experimental studies 

have reported (Choo and Burns 2014). The reason of 

markedly lower stress exponent n for Gmax for unloading 

stages can be explained by the decrease in effective stress. 

When stresses are reduced during unloading stages, the 

contact stiffness decreases. Thus, if constant fabric is 

assumed, the coordination number decreases when effective 

confining stresses decrease, and this leads to the decrease in 

stress exponent n (Cho et al. 2006).  

The effect of the variations in (1+KO)
n
 of Eq. (4) and 

OCR
k'
 of Eq. (5) on Gmax were analysed with respect to the 

OCR from 1 to 30 as presented in Fig. 3. Mayne and 

Kulhawy’s (1982) equation for unloading was adopted to 

calculate the KO as follows  

𝐾𝑜 = (1 − 𝑠𝑖𝑛ф) ∙ 𝑂𝐶𝑅𝑠𝑖𝑛ф      (8) 

where, Ф is the friction angle. The friction angle of 42°, 

which is corresponding to relative density of 70 %, was 

obtained by the triaxial tests and applied (Kim et al. 2015). 

The stress exponent n of 0.51 measured during loading 

sequence was adopted for calculation of the (1+KO)
n
 

because the effect of horizontal stress increase on Gmax by 

stress history is accounted by only KO increase. In the Fig. 

3, the comparison shows that (1+KO)
n
 and OCR

k'
 deduce 

almost similar values over OCR of 3 while there is small 

discrepancies for the region less than OCR of 3. The degree 

of difference against the (1+KO)
n
 and OCR

k'
 is also 

expressed as a percentage in the figure. The both 

differences are less than ±10 % in the OCR range of 3 to 30.  

In particular, it can be confirmed that the difference is close 

to zero in the region over OCR of 5. Therefore, it could be 

concluded that the OCR
k'
 could replace the role of (1+KO)

n
 

in Gmax estimation for cohesionless soils, although there is 

small difference in the region less than OCR of 3.  
 

 

4. Application of the Gmax-OCR relationship to 
various centrifuge models 
 

4.1 Establishment of the Gmax-OCR relationship for 
silica sand 
 

Centrifuge model ground, inevitably, contains the stress 

history during testing procedures. The stress history of 

model ground could be obtained in terms of OCR if the 

Gmax-OCR relationship was established for testing soil 

materials. In this section, the Gmax-OCR relationship was 

established for the silica sand. The silica sand used in this 

study is clean sand and artificially produced by crushing 

quartzite (Kim et al. 2015). Fig. 4 shows the particle shapes 

of the silica sand taken by an optical microscope. The 

particle size distribution of the silica sand is compared with 

other sand materials as present in Fig. 5. The silica sand 

could be regarded as a medium grained sand and its basic 

properties are shown in Table 1.  

The centrifuge test results explained in previous section 

such as measured VS and earth pressure could be utilized in 

the determination of the Gmax-OCR relationship for the 

silica sand. In addition to determined stress exponent n and 

OCR exponent k ,́ the constant A΄ in Eq. (5) need to be  

 
 

 

Fig. 4 Particle shapes of silica sand taken by an optical 

microscope 

 

 

Fig. 5 Comparison of particle size distribution of silica 

sand with other sand materials 

 

Table 1 Basic physical properties of silica sand  

Properties Parameters 

Soil classification, USCS SP 

Specific gravity, GS 2.65 

Fine contents passing #200 (%) 0.9 

Maximum dry density (t/m3) 1.64 

Minimum dry density (t/m3) 1.24 

D10 (mm) 0.148 

D50 (mm) 0.237 

D60 (mm) 0.257 

Coefficient of uniformity, CU 1.60 

Plastic index, PI NP 

 

 

calculated using the void ratio function of e
-1.3

, which was 

addressed in Eq. (2), based on the measured VS, and earth 

pressure values. The VS and earth pressure values, which 

were obtained during the first loading stage, were adopted 

so as to make the OCR equals to 1. Fig. 6 presents the 

relationship between Gmax normalized by vertical effective 

stress and void ratio according to the established Gmax 

relationship based on the Eq. (5). The test results for the  
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Fig. 6 Relationship between normalized Gmax and void 

ratio of the silica sand 

 

 

Fig. 7 Comparison of the OCR values from the Gmax-OCR 

relationship and scaling law 

 

 

loading and unloading cycle are plotted on the figure, and 

compared with the established curves that vary with OCR. 

Because the Gmax is normalized by the vertical effective 

stress, the variation of the data in vertical axis represents the  

effect of horizontal stress increment over the normally 

consolidated condition. Consequently, the effect of the 

horizontal stress increase can be directly related to OCR 

according to Eq. (5). Open circles indicate the data obtained 

during unloading condition of the model ground (70 g to 10 

g) while the solid circles mean the data obtained during 

normally consolidated condition (10 g to 70 g). Note that no 

change in void ratio was assumed during loading cycles.  
The OCR values estimated on the Fig. 6 are 

demonstrated with expected depths of VS measurements in 
prototype as shown in Fig. 7. In addition, the OCR 
evaluated by the Gmax-OCR relationship is compared with 
that calculated theoretically using the depth of bender 
element installation, unit weight of the silica sand and target 
g-level based on centrifuge scaling law (Tasiopoulou et al. 
2015). It can be noted that the OCR values estimated by the 
Gmax - OCR relationship show good agreements with that 
from the scaling law. As expected, it is possible to check the 
stress history of centrifuge model ground in terms of OCR 
quantitatively even for the cohesionless soil.  
 

4.2 Application to centrifuge models with various 
testing conditions 
 

The centrifuge models experience the stress history 

during testing procedures such as model ground  

Table 2 Comparisons of centrifuge models and testing 

conditions that cause stress history 

 Case 1 Case 2 Case 3 Case 4 Case 5 

Model 

construction 

method 
Compaction* Pluviation Pluviation Pluviation Pluviation 

Target g-level 

(g) 
Single 

(40) 

Multi 

(10-20-30-50-

70-50*-30*) 

Single 

(40) 

Multi* 

(10-20-30-40-

50-60-70-60*-

50*-40*-30*-

20*-10*) 

Multi* 

(20-30-50-70-

30*) 

Surcharge load 

application Χ Χ O* Χ Χ 

Model box 

dimension (cm) 

Square 

(100x100x47.7 

by width by 

length by 

height) 

Cylindrical 

(90x70 by 

diameter by 

height) 

Square 

(100x100x47.7 

by width by 

length by 

height) 

Square 

(100x100x47.7 

by width by 

length by 

height) 

Cylindrical 

(90x70 by 

diameter by 

height) 

Model thickness 

(cm) 46 45 47.7 46 45 

Depth(s) of VS 

measurement by 

bender elements 

(cm) 

Various 

(6 to 30 in 2 

intervals) 

Various 

(6 to 28 in 2 

intervals) 

Various 

(6 to 30 in 2 

intervals) 

Single 

(37.7) 

Various 

(6 to 28 in 2 

intervals) 

Void ratio (e) 
#1 
#2 
#3 

0.677 
0.688 
0.692 

#1 0.704 #1 

#2 
0.737 

0.744 #1 0.764 #1 0.926 

*Causes of stress history on each centrifuge model 
 

 

construction, seating the model box on basket, staged tests 

by changing g-levels and additional load application on the 

model during the test. In case of simple centrifuge tests 

performed at various g-levels using the same model, the 

stress history effect can be predicted by the centrifuge 

scaling law with depth theoretically as verified in previous 

section. However, it is difficult to estimate the stress history 

of model ground for somewhat complicated tests. In this 

section, the Gmax-OCR relationship established for the silica 

sand is applied for various centrifuge models.  

In Table 2, the information of centrifuge model grounds, 

which were constructed and tested under various testing 

conditions, is shown for the comparison. The centrifuge 

models are divided into 5 groups. Each group is classified 

based on the testing conditions that induce different stress 

history on the models such as construction method, target g-

level variation and surcharge load application during the 

centrifuge test. All of centrifuge tests were performed using 

dry silica sand, and the centrifuge test, which was 

mentioned in section 3, is assigned as Case 4. The 

centrifuge models of Case 1 were constructed at 1 g level 

by dry compaction method. In this case, it is difficult to 

estimate the stress state of model at the target g-level due to 

the effect of compaction energy at 1 g. In case of Case 3, 

additional surcharge load was applied and removed on 

model ground surface at single target g-level by vertical 

loading system. The stress history of Case 2, Case 4 and 

Case 5 was induced by g-level changing identically to see 

the effect of void ratio of wide range. Furthermore, three 

and two models of Case 1 and Case 3 were constructed and 

tested, respectively, under the identical testing condition 

having slightly different void ratios. The buried depth(s) of 

bender elements from the soil surface and g-level variation 

in each experiment simulated various prototype depths 

according to the centrifuge scaling law. The bender 

elements tests were conducted at the centre part of model to 

minimize the arching effect caused by box wall. 

Fig. 8 shows VS obtained from centrifuge tests with 

vertical effective stress for each model. Since earth pressure 
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transducers were not installed within model grounds except 

the Case 4, the vertical effective stresses were calculated 

theoretically based on scaling law. As mentioned before, it 

is assumed that there is no arching effect, which causes  
 

 

 
(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

 
(d) Case 4 

Fig. 8 Measured shear wave velocities with theoretical 

vertical effective stress 

 
(e) Case 5 

Fig. 8 Continued 

 

 

reduction in vertical effective stress, at centre (Cho et al. 

2014). Except the Case 1, which the centrifuge model was 

constructed by compaction at 1 g, the data are expressed as 

open circles for normal loading condition or solid circles for 

overconsolidated loading condition. Because the 

quantitative comparison is not possible between the 

compaction energy applied at 1 g and the stress increments 

due to the g-level increase on the model at the target g-

level, the data points for Case 1 were presented as open 

circles. With the exception of Case 1, it can be seen that VS 

values obtained from overconsoilidated loading condition 

are higher than those from normal loading condition at the 

same vertical effective stress conditions.  

 

4.3 OCR Evaluation of various centrifuge models 
 

The degree of horizontal stress increment caused by 

overconsolidated loading conditions was analysed with the 

Gmax-OCR relationship curves using the VS measurements as 

shown in Fig. 9. The parameters A΄, n and k΄ in Eq. (5) for 

the sand used in this study was utilized in the analysis. It is 

assumed that void ratio was not changed during testing 

procedures because the effect of centrifugal acceleration on 

settlements of model was insignificant as increase in 

relative density ranged from 0.2% (the highest density case) 

to 6% (the lowest density case). In Case 1-3, the void ratio 

is adjusted to the right to avoid overlapping of the data 

because the void ratio is very similar to that of Case 1-2. 

Since the theoretical vertical effective stress is applied 

instead of the measured vertical effective stress as with the 

other results, there is small difference between the results of 

Case 4 and those in Fig. 6.  

In Fig. 9, solid circles are resulted from VS values 

obtained for normally consolidated loading condition while 

open circles indicates the results from those obtained for 

overconsolidated loading condition as presented in Fig. 6. 

Because the centrifuge models were constructed by air-

pluviation method except Case 1 and further the VS 

measurements were attempted before additional-surcharge 

load application or g-level variation to lower levels, which 

cause the stress history on centrifuge model grounds, the 

solid points have to be close to the curve having OCR of 1 

(NC line). In Case 1, since inherent stress history was 

already contained due to compaction energy at 1 g, the data  
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Fig. 9 Relationship between normalized Gmax and void 

ratio (e) for centrifuge models constructed and tested 

under various conditions using this silica sand 

 

 
(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

Fig. 10 Estimated OCR with prototype depth, (a) Case 1, 

(b) Case 2, (c) Case 3, (d) Case 4, and (e) Case 5 

 
(d) Case 4 

 
(e) Case 5 

Fig. 10 Continued 

 

 

was distributed above the NC line even at target g-level of 

40 g. However, the solid circles from Case 2, 3, 4 and 5 

show also some discrepancies with the NC curve. In 

addition to the use of the theoretical vertical effective 

stresses in Eq. (5), the other possible reason can be 

attributed to the use of OCR
k΄

 in the Gmax equation. This 

could results in small error near the NC line as discussed in 

section 3. However, the errors do not exceed the curve 

having OCR of 2. 

Open circles indicate the data obtained from 

overconsolidated loading conditions. For Case 1, it can be 

seen that stress history due to compaction energy at 1 g 

affects the stress state of the model during N g centrifuge 

tests. Three centrifuge models of Case 1, which were 

constructed and tested under same conditions but different 

void ratios, resulted in scattering on the figure. Although 

same degree of compaction was intended for the three 

models, experimental errors or heterogeneity caused during 

model preparation is unavoidable. This confirms that the 

Gmax-OCR relationship is appropriate in uniformity 

evaluation of the centrifuge model ground. The open circles 

from Case 2, 4 and 5 show the effect of stress history 

caused by g-level variation. The OCR variation of Case 2 

and 5 is smaller than that of Case 4, because degree of g-

level variations is lesser as shown in Fig. 8. In Case 3, 

loading and unloading of surcharge load were applied on 

the surface of the centrifuge model up to 2600 kPa for Case 

3-1 and 3000 kPa for Case 3-2, respectively. Therefore, it is 

possible to investigate the effect of stress history induced by 
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past surcharge load on subsurface stress state. 
The OCR values of each centrifuge model are 

determined according to the data points on Fig. 9, and it is 
presented with prototype depth as shown in Fig. 10. 
Centrifuge models of Case 1, which were tested under 
single 40 g-level, show higher OCR values at shallow 
depths while the OCR values decrease as the depth becomes 
deeper for three models. Since high centrifugal acceleration 
at target g-level makes the model ground has N times higher 
stress condition by the scaling law, the effect of compaction 
energy at 1 g decreases as the depth becomes deeper. In 
Case 2, the centrifuge model experienced stress history by 
g-level variation and the VS was measured at various depths. 
Because the various depths of the VS measurements 
simulate various prototype depths even at certain g-level, 
the estimated OCR values are presented with g-level, 
separately. The evaluated OCR values are scattered around 
OCR of 1 but less than OCR of 2 in the loading condition 
from 10 g to 70 g. As mentioned earlier, it is discussed that 
the OCR

k'
 term used in the Gmax-OCR relationship results in 

a slight error in the normally consolidated state. The OCR 
values derived from overconsolidation loading condition at 
the level of 50 g and 30 g (i.e., the model that experienced 
70 g) show larger values than those derived from the 
normally consolidated state and average values are similar 
to the theoretical value presented as solid lines. The 
scattering is considered as an inevitable experimental error 
caused during model preparation such as construction, 
moving and seating the model box on the centrifuge basket. 
However, small values near OCR = 1 are derived for the 
shallow depth, which is attributed to the fact that the 
shallow depth of the centrifugal model does not properly 
simulate the actual stress level. Kim et al. (2017) reported 
that the differences of VS between loading and unloading 
conditions are less than 2 % at the shallow depth (less than 
3 m in prototype). Furthermore, given that OCR values 
evaluated for Case 3, which was conducted with additional 
surcharge load application on the surface during the test, are 
significantly higher even at shallow depths due to residual 
stress caused by the overburden load, it is clear that 
centrifuge modelling does not adequately simulate the 
stresses in shallow depths especially for uniformly 
constructed models. The OCR values estimated for two 
centrifuge models of Case 3 show similar tendency each 
other after removing the surcharge load while the absolute 
values are slightly different with depth because the level of 
the surcharge loads was different. Large OCR values are 
observed at shallow depth due to overburden loading, and 
the OCR decreases with depth and this tendency is 
consistent with Boussinesq’s theory. It is meaningful to 
quantitatively evaluate this effect in terms of the OCR. It is 
expected that the OCR evaluation technique will make the 
study possible about the transition process of the surcharge 
load to the subsoil layer. Conversely, it would be also 
possible to estimate the maximum previous load through the 
OCR evaluation. The results of Case 4 discussed in Section 
3 are shown in Fig. 10 (d). Unlike the results on Fig. 7, 
theoretically calculated vertical effective stress was applied 
to the OCR evaluation. Since the measured vertical 
effective stress includes the experimental errors occurred 
during the model preparation, the OCR evaluation with 
higher accuracy can be accomplished by using the measured 
vertical effective stress. Nevertheless, the trend of OCR 

values evaluated at unloading stages is also similar to that 
of the theory with difference at most OCR of 2. Case 5 is an 
experiment almost identical with Case 2, but with a large 
void ratio and the results are similar to those of Case 2 at 
normal loading stages. The OCR values at unloading stage 
of 30 g are smaller than theoretical ones and this can be 
attributed to the stress simulation problem of shallow depth 
in the centrifuge test as described above. Given that the 
horizontal stress increase, which is one of major effects of 
stress history, by locked-in stresses around the individual 
soil particles is minimal in loose sand condition than dense 
condition (Kim et al. 2017), it is found that the stress state 
change due to the g-level variation is insignificant at 
shallow depths below 5 m in prototype scale in the loose 
density condition.  

The Gmax-OCR relationship could be adopted in in-situ 

investigation. As discussed in introduction, the OCR affects 

the behavior of soil, and the results of in-situ penetration 

tests and various-related engineering properties are 

influenced by stress history of ground. Even though this 

research has been limited to centrifugal tests, it could be 

expected that if the parameters A ,́ n and k ,́ which are 

required in the Gmax-OCR relationship, were determined by 

laboratory test such as an oedometer test, the in-situ OCR 

could be quantified by combining the relationship with field 

seismic test results. Once the OCR values are obtained, 

maximum previous load that makes serious effect on 

compressibility of soils could be evaluated. 
 
 

5. Conclusions 
 

In this study, the stress history of centrifuge model was 

investigated in terms of OCR based on the Gmax - OCR 

relationship. The Gmax - OCR relationship was developed 

especially for silica sand. Sensitivity analysis was 

performed to validate the developed relationship. Finally, 

centrifugal models were constructed and tested under 

various testing conditions that induce stress history effect 

on the centrifuge model. The following results are obtained: 

1) A Gmax-OCR relationship was developed for 

cohesionless soils using OCR
k'
 term substituting (1+KO)

n
 in 

general Gmax equation. The validity of the Gmax-OCR 

relationship was verified by sensitivity analysis using 

centrifuge test results. The results showed that the 

difference between OCR
k'
 and (1+KO)

n
 was less than 10%.  

2) Centrifuge model tests were performed using dry 

silica sand for various testing conditions. The causes of 

stress history on centrifuge model were identified as g-level 

variation, surcharge load application during N g centrifuge 

testing, and model construction by compaction at 1 g. Total 

5 cases were tested with wide void ratio range of model 

ground.  

3) The OCR values could be evaluated quantitatively 

according to the established Gmax-OCR relationship based 

on VS measurements irrespective of normally-consolidated 

(NC) or overconsolidated (OC) loading conditions of 

various models. The estimated OCR values were slightly 

scattered near the OCR of 1 due to the effect of OCR
k'
 term 

in the Gmax-OCR relationship for the normally consolidated 

loading state with experimental errors. In particular, the 

OCR evaluation can be accomplished with higher accuracy 
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by using the measured vertical effective stress. 

4) The OCR values estimated by the Gmax-OCR 

relationship revealed that the centrifuge test does not 

properly simulate the actual stress at shallow depths during 

unloading stages especially for the model having loose 

relative density. To sum up, the Gmax-OCR relationship 

shows great feasibility for broad range of void ratio, and it 

is confirmed that the OCR of centrifuge models could be 

well quantified based on the relationship. 
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