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1. Introduction 
 

The stress history of a soil has important effects on its 

behavior. Clayton et al. (1985) reported that the 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 is reduced, and (b) the 

horizontal stresses are increased above their normally 

consolidated Ko level. As stress history induces changes in 

the stress state and deformation characteristics of soil 

deposits, the effect of the stress history of the ground should 

be taken into account in settlement prediction for footings.  

A settlement prediction method, which is based on shear 

wave velocity (VS) measurements and the nonlinearity of 

soil, was recently proposed by Cho et al. (2017). It basically 

follows Schmertmann’s approach (Schmertmann et al. 

1978), but VS was utilized, instead of CPT-qc values (Mir et 

al. 2017) to determine the deformation characteristics of 

soil, because VS is directly related to the deformation  
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characteristics of soil (i.e., the maximum shear modulus, 

Go). By combining the VS measured in the field and the 

modulus reduction curve measured in the laboratory, the 

nonlinear deformation characteristics of soil can be 

described, taking into consideration of the confinement 

stress and strain level increments. However, Cho et al. 

(2017) commented that this method is only applicable to 

accounting for the elastic load–settlement response in cases 

when the plastic deformation of soil layers caused by 

particle rearrangement cannot be considered. As the basis of 

the method was the elasticity theory for calculation of 

settlement, the applicability of the method was inevitably 

limited to heavily overconsolidated soil deposits with 

enlarged yield surfaces. In contrast to settlements in soil 

layers under heavily overconsolidated conditions, 

settlements that occur under normally consolidated or 

slightly overconsolidated conditions relative to the surface 

design load level are largely dependent on the plastic 

deformation of the particulate media. The plastic behavior 

should therefore be incorporated in the settlement 

prediction method to increase the method’s applicability.  

To better consider the plastic deformation induced in 

soil layers under normally consolidated loading conditions, 

the current stress state should be evaluated in advance. This 

serves to distinguish among loading conditions, such as 

normally consolidated loading or overconsolidated loading 

conditions, by comparing the level of stress transmitted to 

the sublayers as a results of the surface design load with the 

current stress state of the sublayers. The technique used to 

evaluate the current stress condition of the soil layers is 

important. Various studies have been carried out in the 
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laboratory and field to evaluate the stress conditions of soil 

layers. However, it can be difficult to obtain reliable results, 

because of sample disturbance induced during sample 

acquisition, transportation, and testing (Jamiolkowski et al. 

1985) and because of the technical and cost limitations of 

the field techniques available (Cho et al. 2018).  

Because VS is directly related to the effective stress 

conditions in the direction of wave propagation and particle 

motion (Roesler 1979, Yu and Richart 1984, Cho et al. 

2014), the stress condition of a soil can be non-intrusively 

captured by VS measurements. Thus, it is reasonable to 

expect that evidence of the stress history can be determined 

from the current stress condition of a soil using VS. The 

preconsolidation stress is one of the parameters used to 

define the stress history of soil deposits. Yoon et al. (2011) 

suggested a method to evaluate the preconsolidation stress 

using a relationship between VS and the vertical effective 

stress (VS –log p') and the intersection point of the bilinear 

line of the VS –log p' corresponds to the preconsolidation 

stress because the slope of the VS –log p' curves are 

different under normally consolidated and overconsolidated 

conditions. Cho et al. (2018) proposed a technique for 

evaluating the overconsolidation ratio (OCR) in the 

centrifuge model ground based on VS. A relationship 

between Go and OCR is established and used to describe the 

stress history in the centrifuge models subjected to various 

loading conditions quantitatively.  

In this study, the settlement prediction method 

developed by Cho et al. (2017) was refined by considering 

the stress history of a sublayer based on an OCR evaluation 

for cohesionless sand ground, so that irrecoverable plastic 

soil deformation can be incorporated in the settlement 

calculation. A relationship between Go and OCR derived 

from VS measurements (Cho et al. 2018) is used to describe 

the stress history of the subsurface. Based on the OCR 

values determined, the value of an empirical coefficient (c) 

can be determined by comparing the OCR with the stress 

increment transmitted by the surface design load and used 

to reflect the effect of the plastic deformation over the 

elastic region. The refined method, using this empirical 

coefficient, was validated by means of centrifuge tests. 
 

 

2. Refinement of new settlement prediction method 
 

2.1 New settlement prediction method using VS 
 

Cho et al. (2017) proposed a new settlement prediction 

method, based on Schmertmann’s approach (Schmertmann 

et al. 1978), that combines the strain–dependent modulus 

derived from VS, and the strain influence factor profile (Iz) 

derived from elasticity theory. In this method, the 

deformation modulus, Eij, of each soil layer is adopted 

considering both the stress increment by surface design load 

and strain dependency. The strain dependency is reflected 

by a function of stress proposed by Fahey (1992). Fahey 

(1992) suggested that the normalized shear modulus (G/ Go) 

based on a hyperbolic stress-strain relationship (i.e., Hardin 

& Drnevich 1972) can be expressed not only as a function 

of shear strain but also as a function of shear stress. The 

mobilized modulus can be expressed as follows: 

𝐸𝑖𝑗 = 𝐸𝑜,𝑗 (
𝜎𝑜𝑣,𝑗 + 𝑞𝑖𝐼𝑧,𝑗

𝜎0𝑣,𝑗
)

𝑛

(1 − 𝑓 (
𝑞𝑖𝐼𝑧,𝑗

𝜎𝑚𝑎𝑥

)
𝑔

) (1) 

where E0,j is the initial small–strain Young’s modulus, equal 

to Eo = 2Go(1 + ν); σov,j is the initial vertical stress at depth 

zj; qi is the footing load; n is the stress exponent; f and g are 

model parameters that changes the shape of the stress–strain 

curve and adjust the model to approach failure at finite 

strain; and σmax is the ultimate axial bearing capacity.  

The term Iz, which was first proposed in conjunction 

with Schmertmann’s method (1970), describes the 

distribution of the applied load in the subsoil layer with 

respect to depth. Through the combination with modulus 

determined from Eq. (1) and the conceptual framework of 

Schmertmann’s method, the total settlement of a footing 

can be calculated by summation of each sublayer settlement 

corresponding to the applied stress qi as follows:  

𝑠 = 𝑞𝑖∑
𝐼𝑧𝑖∆𝑧𝑖

𝐸𝑜,𝑖 (
𝜎𝑖 + 𝑞𝐼𝑧𝑖

𝜎𝑖
)
𝑛

(1 − 𝑓 (
𝑞𝐼𝑧𝑖
𝜎𝑚𝑎𝑥

)
𝑔

)

 
(2) 

 

2.2 Improvements required for settlement prediction 
method 
 

The original Schmertmann’s method utilizes 1) strain 

influence factor (Iz), which varies depending on the design 

load, and 2) modulus, which is uniquely determined 

regardless of the design load. On the contrary, the method 

proposed by Cho et al. (2017) utilizes 1) a unique Iz from 

elasticity theory regardless of the design load, and 2) 

modulus, which varies with the design load. There is a 

certain limitation to the method proposed by Cho et al. 

(2017). They recognized that the new method was only 

applicable to accounting for the elastic load–settlement 

response of vertically loaded footings on granular soils and 

could not account for plastic deformation caused by particle 

movement. This means that the deformation behavior of 

loose soil deposits, such as a deposit in a normally 

consolidated state, cannot be characterized by this method. 

Because the method was based on the elasticity theory for 

calculation of settlement, wherein the moduli of soil layers 

are considered by means of a load transfer mechanism (i.e., 

Iz), which can also be calculated from elasticity theory, the 

applicability of the method is inevitably limited. Cho et al. 

(2017) explained that particle rearrangement, caused by 

interparticle slip and rotation, governs deformation 

behavior, rather than the compression of the soil mass 

related to the modulus under normally consolidated loading 

conditions (Mesri & Vardhanabhuti 2009). Particle 

rearrangement has some effect on the coordination number 

and contact area of the particles (Martin et al. 2003, Cho et 

al. 2006), and consequently, has a significant effect on the 

overall volume of soil layers.  

In contrast to settlement that occurs in soils that are 

subjected to heavily overconsolidated conditions, settlement 

that occurs under normally consolidated or slightly 

overconsolidated conditions relative to the surface design 

load is largely dependent on the plastic deformation 

behavior of particulate media. Given this, the plastic 
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behavior should be taken into consideration to increase the 

applicability of the method. In this study, we sought to 

develop an approach to consider the plastic deformation that 

occurs under normally consolidated conditions by 

introducing an empirical adjustment coefficient (c). 

An empirical coefficient has often been employed to 

improve the accuracy of settlement prediction equations 

based on elasticity. Burland & Burbidge (1985) suggested 

the use of empirical coefficients in a settlement prediction 

method that considers soil compressibility in a manner 

different for NC and OC deposits suggested by the SPT-N 

value. Leonards & Frost (1988) also proposed a settlement 

prediction method based on Schmertmann’s conceptual 

framework. In their method, the settlement or soil stiffness 

is adjusted using the ratio of the stress increment 

corresponding to the NC portion and the OC portion in a 

given layer to the total increment of stress in the layer. In 

this study, the settlement prediction method proposed by 

Cho et al. (2017) was similarly refined by the introduction 

of an empirical coefficient (c) related to the stress history of 

the soil layers to account for the excess settlement caused 

by plastic deformation over the elastic region (i.e., the yield 

surface). By comparing the level of the stress increment 

caused by the surface design load with the stress history for 

each soil layer, the empirical coefficient (c) profile through 

the depth can be determined reflecting the loading states. 

 

2.3 OCR evaluation of cohesionless soil using VS 

  

To evaluate whether the sublayer is subjected to OC 

loading or NC loading conditions due to the stress 

increment transmitted by the surface design load, the 

current stress condition of each soil layer should be 

estimated. An OCR evaluation technique based on VS 

measurements can be utilized for this purpose. Cho et al. 

(2018) proposed a relationship between Go and OCR based 

on VS measurements to describe the stress history of sand 

models during centrifuge tests. By establishing a 

relationship for the testing sand, the in-flight stress states of 

the centrifuge model could be investigated in terms of OCR.  

For cohesive soils, the Go is a function of the void ratio (e) 

and OCR and can be expressed by the well-known Hardin 

and Richart equation. To improve the applicability of the 

OCR term in the Go equation, which was limited to 

cohesive soils, Cho et al. (2018) adopted and verified the 

following formula to take into account the effect of stress 

history on Go, even for cohesionless soils: 

𝐺𝑜 = 𝐴′ ∙ 𝐹(𝑒) ∙ (
𝜎𝑣

′

1𝑘𝑃𝑎
)

𝑛′

𝑂𝐶𝑅𝑘′ (3) 

where A´ is an experimentally determined constant 

reflecting the soil fabric; n´ is an experimentally determined 

stress exponent; σv´ is the vertical effective stress; k´ is an 

exponent of the OCR value, which is equivalent to the 

difference between the stress exponent during loading and 

unloading that reflects the increment in horizontal stress 

caused by lateral stress locking during the unloading stage 

(Choo & Burns 2014); and F(e) is a void ratio function, F(e) 

= e-1.3, as proposed by Lo presti (1989). If the parameters 

A´, n´, and k´ are determined by laboratory testing, such as 

oedometer testing, for a certain soil, the OCR can be 

quantified from VS measurements. Once the OCR values are 

obtained for the soil layers, the maximum previous load 

(i.e., preconsolidation pressure) that has a serious effect on 

the compressibility of the soils can be determined from 

elasticity theory. The preconsolidation pressure is the 

maximum effective stress ever experienced by a particular 

soil (Becker et al. 1987, Burland 1990, Casagrande 1936) at 

each depth and a pseudoelastic limit that separates “elastic” 

pre-yield from “plastic” post-yield behavior of a soil (Umar 

& Sadrekarimi 2016). The OCR evaluation technique is 

used to evaluate the loading conditions of the ground in the 

refined settlement prediction method described in a 

subsequent section. 

 

2.4 Refined settlement prediction method based on 
stress history  

 

The plastic deformation of each soil layer can be 

incorporated into the settlement prediction by multiplying 

the empirical coefficient (c) by the elastically calculated 

settlement. Details of the procedure for determining the 

value of the empirical coefficient are presented 

schematically in Fig. 1. To determine the change in the 

value of the empirical coefficient (c) with depth, the elastic 

limit (i.e., the yield surface), which is directly related to the 

maximum previous vertical stress, should be determined 

and compared to the profile of the vertical stress increment 

transmitted by the surface design load.  

The elastic limit can be determined separately for 

shallow depths and deep depths. For deep depths, the elastic 

limit is calculated by multiplying the evaluated OCR value 

(i.e., Eq. (3)) by the theoretical vertical effective stress with 

depth, as indicated in Figure 1a by solid circles. As 

mentioned previously, the OCR can be estimated from VS 

measurements. The smoothed elastic limit profile can be 

described by a power regression model for the solid points 

with depth. In cases of shallow depth that governs the total 

settlement due to its softness, an equivalent-past surcharge 

load that causes same level of elastic limit, which 

determined from OCR, at the shallowest point can be 

estimated from Iz on the basis of elasticity theory, because Iz 

represents the load transfer mechanism as mentioned earlier. 

The combination of the estimated equivalent-past surcharge 

load and the Iz profile produces an elastic limit profile for a 

shallow depth such as that shown in Figure 1a. The entire 

elastic limit profile with depth can be drawn by integrating 

the elastic limit profiles for both shallow and deep depths 

and then used for precise determination of the yield surfaces 

of sublayers.  

Fig. 1(b) illustrates a comparison between the calculated 

elastic limit and various profiles of the vertical stress 

increment transmitted by different levels of the surface 

design load. This comparison can be conducted in terms of 

OCR values by normalizing the elastic limit and stress 

increment by the vertical effective stress at each depth. The 

induced design stress profile can be represented as the ratio 

of the stress transmitted by the design load to the current 

vertical effective stress, i.e., the design OCR. Similarly, the 

elastic limit can be converted to an OCR term, namely, the 

ratio of the elastic limit to the current vertical effective  
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stress, i.e., the inherent OCR. Fig. 1(c) shows a comparison 

of two different OCR profiles, such as a profile of an elastic 

limit and a profile of a vertical stress increment transmitted 

by various levels of the surface design load. This type of 

comparison makes it possible to identify more intuitively 

the deformation characteristics of soil layers as functions of 

the design load level and depth. Finally, values of an 

empirical coefficient (c) can be determined based on the 

difference between the design OCR and the inherent OCR 

with depth. We tried to set the c value to vary depending on 

the degree of difference, as shown in Fig. 1(d). The 

determination of c is described in detail later in the related 

section. The empirical coefficient c is eventually multiplied 

by settlements caused by the stress of the NC portion 

exceeding the elastic limit with depth. 

 

 

 

3. Centrifuge study performed by Cho et al. (2017) 
 

In this study, the refined settlement prediction method 
was validated using the centrifuge test results presented by 
Cho et al. (2017). They performed three centrifuge tests and 
obtained load–settlement curves for footings with various 
length-to-breadth (L/B) ratios, together with VS profiles. The 
experimental procedure and test results are briefly 
explained herein, and the results are compared with 
predictions obtained using the refined settlement prediction 
method. 
 

3.1 Experimental procedure  

 

Centrifuge tests were carried out using model footings 

with L/B ratios of 1.0, 2.5, and 5.0 to represent square and 

  
(a) Determination of elastic limit from OCR evaluation (b) Comparison of elastic limit and design stress 

  
(c) Comparison of elastic limit and design stress as OCR (d) Determination of empirical coefficients 

Fig. 1 Schematic diagram for determination of an empirical coefficient (c) value according to the surface design load and 

stress history of the sublayer 

 

Fig. 2 Centrifuge model configuration (Cho et al. 2017) 
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rectangular footings. The model footings were made of 

aluminum and were 60 mm long. Fig. 2 shows a schematic 

diagram of a model footing constructed on the centrifuge 

model ground. Dry silica sand (Kim et al. 2015) was used 

as the centrifuge model ground material. Its basic properties 

have been reported by Cho et al. (2017). Fifteen pairs of 

bender element arrays were installed in the model box to 

measure the VS of the model ground during centrifuge tests 

at a high g-level (Kim & Kim 2010). The model ground was 

constructed using a dry compaction method, and the final 

relative density (Dr) of the prepared model ground was 

approximately 85%.  

The centrifuge tests were conducted at a target g-level of 

40, and model footings with prototype lengths of 2.4, 6.0, 

and 12.0 m were simulated, according to the scaling law 

(Tasiopoulou et al. 2015), respectively. Vertical loading was 

applied to the top of each model footing. After the first 

loading, the load was completely removed, and a second 

loading of a larger magnitude than the first loading was then 

applied. Before each vertical loading, the VS beneath the 

footings was measured using the bender elements. 

 

3.2 Determination of input parameters for predictions  

 

To facilitate precise predictions from the point-based 

measured VS profiles, interpolation based on the least 
 

 

 

Fig. 3 Shear wave velocity profiles obtained for three 

models 

 

Table 1 Soil parameters for settlement prediction (Cho et al. 

2017) 

f g n 
Poisson Ratio, 

ν 
Friction Angle, 

ø 
Bearing Capacity, 

σmax 

0.96 0.09 

 

0.2 43° 

L/B = 1.0, 3439 kPa 

0.5 L/B = 2.5, 2729 kPa 

 L/B = 5.0, 2506 kPa 

 

squares method was used to produce continuous VS profiles. 

Fig. 3 shows the interpolated VS profiles with respect to 

depth (Kim et al. 2017), normalized by the footing breadth 

(B) for the three experiments. Note that the VS measured 

before the second loading became greater than the first 

loading and that the depth at which VS increased with the 

L/B ratio.  

To compare the load–settlement curves from the 

centrifuge tests with predicted values, Cho et al. (2017) 

applied a profile of a strain influence factor (Iz) based on 

elasticity theory. The soil parameters that are required in Eq. 

(2) to describe the nonlinear deformation characteristics of 

soils were determined based on a literature review and 

triaxial (TX) test results for the silica sand. The results are 

tabulated in Table 1.  

The VS profile measured before each loading was used 

in each settlement prediction to represent a reasonable 

initial stress state for the model ground. The VS can be 

converted to elastic modulus required in Eq. (2) utilizing 

unit weight and Poisson’s ratio. The nonlinear deformation 

characteristics of the soil with respect to the confinement 

stress and strain increase was considered using the 

parameter values presented in Table 1. 

 

3.3 Comparisons of load-settlement curves with 
predictions  

 

Fig. 4 show comparisons by Cho et al. (2017) of the 

measured model settlements with the predictions from the 

original version of the settlement prediction method for L/B 

ratios of 1.0, 2.5, and 5.0, respectively. The settlements of 

the model footings were normalized with respect to the 

footing breadth (B).  

The centrifuge test results for the first loading indicated 

a very soft deformable foundation in comparison to the two 

predictions, regardless of the L/B ratio. Cho et al. (2017) 

reasoned that for the first loading, the particle 

rearrangement caused by interparticle slip and rotation 

governed the deformation behavior, rather than the 

compression of the soil mass related as a function of the 

modulus. According to this reasoning, irrecoverable plastic 

behavior caused by particle rearrangement starts in a very 

small strain region, and elastoplastic behavior of the soil 

then emerges beyond a very small elastic limit. 

In contrast, the centrifuge test results and two 

predictions for the second loading revealed different trends. 

The predictions for the three cases based on Iz from 

elasticity theory yielded good agreement with the centrifuge 

test results, especially up to the settlements corresponding 

to the maximum previous loadings. The yield points (elastic 

limits) of the three model grounds increased as a results of 

the maximum previous loading of the first loading cycle 

(Schanz et al. 1999). Note that major particle rearrangement 

occurred and disappeared during the first loading cycle. It 

can be seen that the unique Iz used in conjunction with the 

initial elastic modulus converted from the measured VS 

before second loading reasonably defines the deformation 

behavior in the elastic region.  
However, the predictions underestimated the settlements 

of the model footing after the maximum previous loading in 
the second loading stage. The predictions and load- 
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settlement curves from the centrifuge tests exhibited greater 
discrepancies, as in the case of the first loading stage. 
Because modeling of soil behavior utilizing the stiffness is 
valid up to the elastic limit, it is not possible that the 
original method based on the hyperbolic stress-strain model 
estimates the soil deformation behavior under an NC stress 
state (i.e., beyond the maximum previous loading) governed 
by relative particle movements. For this reason, Cho et al. 
(2017) limited the applicability of the original version of the 
method to heavily overconsolidated deposits and pointed 
out the necessity of employing empirical coefficients to 
account for plastic deformation behavior under normally 
consolidated loading conditions in further studies. 
 
 

4. Application of the refined settlement prediction 
method 

 
 

The centrifuge test results described in the previous 

section were compared with the results obtained from the 

settlement prediction method refined by considering the 

stress history of the centrifuge model ground from VS 

measurements.  
 

4.1 OCR evaluation of centrifuge model using VS  

 

The stress history of the centrifuge model ground was 

evaluated first using a Go–OCR relationship (Eq. (3)) based 

on VS measurements. As the Go–OCR relationship was 

 

 

Table 2 Soil parameters for OCR evaluations 

A´ (kPa) n´ k´ 

3020.8 0.51 0.21 

 

(a) L/B = 1.0 

 
(b) L/B = 2.5 

 
(c) L/B = 5.0 

Fig. 4 Comparisons of load-settlement curves with original predictions (left side: first loading; right side: second loading) 

(Cho et al. 2017) 
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Fig. 6 OCR evaluation of three centrifuge models with 

depth 

 

 

established for the silica sand that was used to construct the 

centrifuge model, according to Cho et al. (2018), the VS 

profiles measured during the centrifuge tests (see Fig. 3) 

could be adopted directly for use in OCR evaluation of the 

centrifuge model ground with depth. The coefficients 

evaluated for Eq. (3) of the silica sand are tabulated in Table 

2. The degree of stress history was analyzed based on the 

normalized Go–e (void ratio) graph, using Eq. (3) for the 

stress state before the first and second loadings, as shown in 

Fig. 4. In the figure, the stress state of the centrifuge model 

grounds can be clarified in terms of OCR because the Go is 

normalized with respect to the vertical effective stress to 

determine the degree of horizontal stress caused by the 

stress history (Mayne & Kulhawy 1982). Each point 

indicates the stress state at a certain depth, and the solid and 

open points correspond to the stress states before the first 

loading and second loading, respectively. It is assumed that 

the void ratio remained during the loading and unloading 

sequences. The void ratio of the model for an L/B ratio of 

1.0 was shifted slightly to the right to avoid overlapping of 

the data.  

As previously mentioned, three centrifuge model  

 

 

grounds were constructed by dry compaction at 1 g, and this 

resulted in a stress history even before the first load 

application at a centrifugal g-level of 40. After the first 

loading and unloading of surcharge load on the top of the 

model ground, the effect of the surcharge load on the stress 

state of sublayer can be shown by open points. As expected, 

the OCR of the model ground before the second loading 

increased because of the residual stress induced during the 

loading and unloading sequences of the first loading. 

Fig. 6 shows OCR values with prototype depth for each 

centrifuge model, based on the data points on Fig. 4. The X-

axis representing the OCR is on a logarithmic scale. The 

OCR values are greater at shallow depths, while the OCR 

values decrease as the depth becomes deeper for the three 

models. Because high centrifugal acceleration at a target g-

level produces in the model ground a stress condition N 

times higher, according to the scaling law, the effect of 

compaction energy at 1 g decreases as the depth becomes 

deeper. After the first load is applied and removed, the OCR 

of the models was increased, especially at shallower depths. 

Note that the magnitudes of the first loading (i.e., surcharge 

load) were 680 kPa, 824 kPa, and 836 kPa for L/B ratios of 

1.0, 2.5, and 5.0, respectively. The increasing tendency of 

the OCR after the first loading is dependent on the L/B ratio. 

As the L/B ratio increases, the depth at which the OCR 

increased also increases. This suggests that the load transfer 

mechanisms to the sublayers from the surface load can be 

defined according to the L/B ratio. More details are 

discussed later. 
 

4.2 Determination of empirical coefficients (c) values 
with depth  

 

The elastic limit profile can be determined by 

multiplying the calculated OCR value by the theoretical 

vertical effective stress with depth for shallow depths and 

deep depths separately. The elastic limit converted from the 

OCR at a shallow depth can yield a solution for the 

equivalent-past surcharge load through backward 

calculation using Iz from elasticity theory, as mentioned 

before. This means that the equivalent-past surcharge load  

 

Fig. 5 Determination of stress history of centrifuge models based on the relationship between normalized Go and void ratio 

of the testing sand 
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(a) Before first loading 

 

(b) Before second loading using surcharge load actually 

applied 

 

(c) Before second loading using estimated equivalent-

past surcharge load 

Fig. 7 Determination of elastic limit of model ground for 

L/B ratio of 1.0 

 

 

can be ‘estimated’ based on OCR evaluation of the sublayer. 

On the other hand, because the surcharge load ‘actually 

applied’ during the first loading is a known value, the 

surcharge load estimated from the OCR and that actually 

applied during tests can be employed separately to 

determine the elastic limit for a shallow depth. 

Figs. 7, 8 and 9 illustrate the elastic limit profiles 

obtained for each model ground before the first and second 

loadings. Figs. 7(a), 8(a) and 9(a) are the elastic limit 

profiles before the first loading. Before the first load is 

applied to a centrifuge model, the only stress history that 

the model ground experiences, is compaction at 1 g. 

Therefore, only the estimated equivalent-past surcharge 

load is available for use in the determination of the elastic  

 
(a) Before first loading 

 

(b) Before second loading using surcharge load actually 

applied 

 

(c) Before second loading using estimated equivalent-

past surcharge load 

Fig. 8 Determination of elastic limit of model ground for 

L/B ratio of 2.5 

 

 

limit. Figs. 7(b), 8(b) and 9(b) show the elastic limit profiles 

determined before the second loading using the surcharge 

load actually applied during the tests, while Figs. 7(c), 8(c) 

and 9(c) show those determined using the surcharge load 

estimated from the OCR. Note that the size of the elastic 

limit is different for the two different surcharge loads. The 

elastic limit determined using the surcharge load estimated 

from OCR evaluation is identical to the elastic limit 

determined from the OCR because the surcharge load itself 

was determined from the OCR. It was expected that the 

different sizes of elastic limits would affect the settlements 

of the footings. 

Application of Iz from elasticity theory can be validated 

by two types of evidence based on the shape of the elastic  
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(a) Before first loading 

 

(b) Before second loading using surcharge load actually 

applied 

 

(c) Before second loading using estimated equivalent-

past surcharge load 

Fig. 9 Determination of elastic limit of model ground for 

L/B ratio of 5.0 

 

 

limit profiles determined. First, the elastic limit profiles of 

he model grounds before the second loading moved to the 

right, especially for shallow depths, relative to those before 

the first loading, as a results of OCR changes caused by 

application and removal of the first loading, whereas the 

elastic limit profiles of the model grounds before the first 

loading increased with depth. As the L/B ratio increased, the 

enlarged area became deeper. This phenomenon is similar to 

that indicated by the concept of Iz from elasticity theory that 

suggests that the depth influenced by Iz increases with 

increasing L/B ratio. Second, the solid points in parts b and 

c of Figs. 7, 8, and 9 are comparable to the stress 

transmitted by the surcharge load with the Iz from elasticity 

theory. The solid points result from the differences in the  

 
(a) Before first loading 

 

(b) Before second loading using surcharge load actually 

applied 

 

(c) Before second loading using estimated equivalent-

past surcharge load 

Fig. 10 Determination of inherent OCR of model ground 

for L/B ratio of 1.0 

 

 

OCRs of the model grounds before the first and second 

loadings, these differences understandably having been 

caused by the first loading. The points decrease with depth, 

but the trend differs depending on the L/B ratio, as does the 

shape of Iz. 

Figs. 10, 11 and 12 show elastic limit profiles of the 

three model grounds in terms of OCR. As explained earlier, 

the stress profile caused by the surface design load and the 

elastic limit can be compared in terms of OCR values 

because the design stress can be expressed as a ratio of the 

stress transmitted by the surface design load to the current 

vertical effective stress, i.e., the design OCR. The elastic 

limit expressed as an OCR was previously defined as the 

inherent OCR and can be evaluated from VS measurements  
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(a) Before first loading 

 

(b) Before second loading using surcharge load actually 

applied 

 

(c) Before second loading using estimated equivalent-

past surcharge load 

Fig. 11 Determination of inherent OCR of model ground 

for L/B ratio of 2.5 

 

 

with depth, as shown in the figures. The solid points 

represent the difference in terms of OCR induced by the 

first loading and OCR profiles transmitted by the 

equivalent-past surcharge load with Iz. As mentioned before, 

Iz from elasticity theory reasonably characterizes the stress 

induced by the surcharge load as a function of the L/B ratio 

with depth.  

Comparison of the inherent OCR and design OCR 

makes it possible to determine values of the empirical 

coefficients (c) with depth. Fig. 13 shows an example. In 

the figure, the inherent OCR of the centrifugal model before 

the second loading for an L/B ratio of 1.0 (Fig. 10(b)) is 

compared to the design OCR determined for a surface  

design load of 1,000 kPa. By comparison, the empirical  

 
(a) Before first loading 

 

(b) Before second loading using surcharge load actually 

applied 

 

(c) Before second loading using estimated equivalent-

past surcharge load 

Fig. 12 Determination of inherent OCR of model ground 

for L/B ratio of 5.0 

 

 

coefficient values can be determined based on OCR 

difference between the inherent OCR and the design OCR. 

In this study, the empirical coefficients were set according 

to an interval of the OCR difference of 5 to increase 

usability and simplicity. As presented in Table 3, four 

options were selected for the empirical coefficients, and 

each option was set to have a difference of 0.5 or 1.0 for the 

two or three OCR intervals. The four options were 

compared with the results of the centrifuge tests to 

determine the case-specific empirical coefficients. The three 

load-settlement curves of the second loading were used, 

where the effect of the preconsolidation pressure by the first 

loading and unloading is dominant. In addition, the  
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Table 3 The empirical coefficient options according to the 

stress state  

  Empirical coefficient (c) options 

Option ① ② ③ ④ 

Inherent 

OCR 
- Design 

OCR 

0 ~ 5 1.5 1.5 2.0 2.0 

5 ~ 10 
2.0 

2.0 
3.0 

3.0 

10 ~ 2.5 4.0 

 
 

surcharge load ‘actually applied’ was only applied for the 

determination of the empirical coefficient to improve 

accuracy. Fig. 14 compares the load-settlement curves 

determined with each option presented in Table 3 with the 

centrifuge test results. Due to the application of the four 

options, the predictions show a bilinear tendency similar to 

the test results. Based on the OCR difference of 5, the 

interval of 1.0 in the empirical coefficients (options 3, 4) 

overestimates the settlements, but the interval of 0.5 over 

two sections of the OCR difference (option 1) underestimate 

the settlements. Therefore, the interval of 0.5 in empirical 

coefficient over three sections was determined case-

specifically based on the OCR difference of 5. In Fig. 14, 

the test result with L/B ratio of 5 was not considered in the 

empirical coefficient determination because the deflection 

of the model footing caused by its relatively long length and 

corresponding lesser stiffness was reflected in the amount 

of settlements. 
 

4.3 Comparisons of load–settlement curves with 
predictions  

 

The empirical coefficient (c) is only multiplied by 

settlements caused by stress from the NC portion exceeding 

the elastic limit at each depth. The settlements predicted by 

the refined method using the empirical coefficients were 

compared with the centrifuge test results, as shown in Figs. 

15, 16, and 17 for the three L/B ratios considered. The 

original predictions by Cho et al. (2017), which were shown 

in Fig. 4, are also shown in these figures. As mentioned  

 

 

previously, the equivalent-past surcharge load can be 

estimated based on an OCR evaluation of the sublayers, and 

the surcharge load actually applied during testing can be 

used to establish the inherent OCR. On the other hand, only 

the estimated equivalent-past surcharge load is applicable to 

centrifuge model grounds before the first loading, 

considering the effect of compaction at a 1 g level, whereas 

both the estimated and applied equivalent-past surcharge 

load can be utilized in settlement prediction for the second 

loading, because of the information of the first loading. 

Given that the information on the preconsolidation load is 

uncertain in most of the in-situ sites, it is expected that the 

technique based on the ‘estimated’ equivalent-past 

surcharge load would be better in field application. 

The predictions obtained by the refined method for the 

first loading were similar to the original predictions. The 

settlements predicted by the refined method indicate high 

compressibility up to a certain equivalent-past surcharge 

load and then exhibit slopes comparable to those of the 

centrifuge test results. As the equivalent-surcharge loads 

estimated from the OCR are greater, the predictions 

obtained by the refined method result in some discrepancies 

with the test results. However, it was confirmed that the 

difference was significantly reduced. 

The predictions obtained by the refined method for the 

second loading match the real load–settlement curves well, 

even after the maximum previous loads, whereas the 

original method underestimates the settlements for normally 

consolidated loading conditions. The predictions obtained 

using the actual surcharge load yield more accurate load–

settlement curves than those obtained using the equivalent-

past surcharge load estimated from OCR values especially 

for an L/B ratio of 1.0. In the case of a square footing, the 

sublayer zone influenced by the surface load is narrow and 

shallow, whereas the ‘tip-to-tip’ distance between the source 

and receiver bender elements was identical (30 cm) for the 

three cases. Therefore, the measured VS for the square 

footing could not fully reflect the effect of the stress 

transmitted by the surface load because the VS averages the  

  

Fig. 13 Determination of empirical coefficients 

based on the level of difference between 

inherent OCR and design OCR with depth 

Fig. 14 Four options for determination of empirical coefficients 
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properties within the range. The ‘tip-to-tip’ distance 
between bender elements has to be adjusted based on the 
size of the footings.  

In the case of L/B ratio of 2.5 and 5.0, there were very 

small differences in the load-settlement curves obtained  

sing the two different surcharge loads, and the predictions 

yielded good agreement with the test results for the entire 

response range. On the other hand, the predicted behavior 

for the L/B ratio of 5.0 was slightly stiffer than the real 

behavior observed. This can be attributed to additional  

 

 

 

 

settlement caused by deformation of the model footing 

itself, which had a length of 30 cm. Although the model 

footing was made of aluminum so that it would be rigid 

relative to the stiffness of the model ground, the footing 

exhibited some deflection in the direction of loading 

because of its slenderness ratio. If this effect is accurately  
reflected in the settlement, the refined prediction will 
predict the phenomenon better, as it does for an L/B ratio of 
2.5. In summary, the refined settlement prediction method 
incorporating an empirical coefficient (c) resulted in better 

 
(a) First loading (b) Second loading 

Fig. 15 Comparisons of load-settlement curves with refined predictions (L/B = 1.0) 

 
(a) First loading (b) Second loading 

Fig. 16 Comparisons of load-settlement curves with refined predictions (L/B = 2.5) 

 
(a) First loading (b) Second loading 

Fig. 17 Comparisons of load-settlement curves with refined predictions (L/B = 5.0) 
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agreements with the centrifuge testing results than the 
original predictions by Cho et al. (2017) even for normally 
consolidated loading conditions. 
 

 

5. Conclusions 
 

This paper proposes a refinement of the settlement 

prediction method proposed by Cho et al. (2017). As the 

applicability of that method was limited to heavily 

consolidated soil deposits, given the basis of the method 

(theory of elasticity based on Schmertmann’s framework), 

plastic deformation under normal to slightly 

overconsolidated loading conditions could not be 

considered. To refine the original method, the stress history 

of soil sublayers was evaluated using VS measurements, and 

an empirical coefficient (c) was adopted to consider plastic 

deformation. The new procedures incorporated into the 

refined method and the validation of the refined method by 

centrifuge tests can be summarized as follows: 
i) The settlement prediction method proposed by Cho et 

al. (2017) was only applicable to accounting for elastic 
load–settlement response; plastic deformation of soil layers 
caused by irrecoverable particle movement could not be 
considered because the method was based on elasticity 
theory. In contrast to settlements that occur in soil layers 
under heavily overconsolidated conditions, settlements that 
occur under normally consolidated or slightly 
overconsolidated conditions are largely dependent on the 
plastic deformation behavior of particulate media. To 
increase the applicability of the method, the plastic 
deformation that occurs under normally consolidated 
loading conditions was incorporated in the settlement 
prediction by considering a VS -based stress history 
evaluation. An empirical coefficient (c) that reflects the 
effect of the plastic deformation with depth was 
incorporated by comparing the stress history with the stress 
transmitted by surface design load.  

ii) To evaluate the stress state of a sublayer, which has a 

significant effect on the sublayer’s deformation 

characteristics, relative to the stress increment caused by the 

surface design load, the original stress state of each soil 

layer was estimated based on VS measurements. In this 

study, the VS -based method proposed by Cho et al. (2018) 

was utilized to determine the stress history of centrifuge 

models. The VS -based OCR evaluation technique requires 

the incorporation of laboratory studies of the soil that 

generate three additional parameters for a Go-OCR 

relationship. By establishing the Go-OCR relationship for 

the testing sand, the in-flight stress states of centrifuge 

models were determined in terms of the OCR. The stress 

state of sublayer is referred to as the inherent OCR and 

represents the ratio of the past maximum vertical stress to 

the current vertical effective stress. 

iii) The inherent OCR can be compared to the vertical 

stress increment transmitted by the surface design load. The 

induced stress profile was defined as the ratio of the stress 

transmitted by the design load to the current vertical 

effective stress, i.e., the design OCR. This comparison 

makes it possible to determine more intuitively the 

deformation characteristics of soil layers depending on the 

level of the design load and the depth. The empirical 

coefficient (c) value can be determined as a function of the 

difference between the inherent OCR and the design OCR at 

each depth. We proposed a means to allow the c value to 

vary empirically, depending on the degree of difference. 

The empirical coefficient is eventually multiplied by the 

settlements caused by the stress of the NC portion over the 

elastic limit at each depth for the purpose of considering 

plastic deformation. 

iv) The results of centrifuge tests conducted by Cho et 

al. (2017) were used to validate the refined settlement 

prediction method. Unlike the original method, which 

underestimated the load–settlement behavior under 

normally consolidated loading, the refined prediction 

method yielded good agreement with the centrifuge test 

results even under normally consolidated loading 

conditions. Whereas the original settlement prediction 

method determines the moduli of soil layers on the basis of 

the confinement stress and strain level increments 

determined using VS, the refined settlement prediction 

method has improved applicability because it incorporates 

consideration of the plastic deformation behavior that 

occurs under normally consolidated loading conditions, 

through an evaluation of the stress history that is also based 

on VS. Meanwhile, since the verification of the refined 

method was carried out on sandy soil, the application to 

clayey soil requires further validation. 
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