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ABSTRACT: Various methods are available to evaluate the settlement of shallow foundations on cohesionless soil. 

Fifteen numbers of such commonly adopted methods have been selected for the settlement calculations. These methods 

have been categorized as empirical (nine numbers), semi-empirical (two numbers) and theoretical (four numbers). The 

settlements of foundations with different footing sizes have been calculated using these methods on improved sandy soil 

(with the stone columns or vibro compaction) and on unimproved soil. The calculated settlement values are compared 

with the plate/footing load test results carried out on corresponding plate sizes and full scale RC footings. Among various 

studied methods, empirical method proposed by Terzaghi and Peck, semi-empirical method proposed by Schmertmann 

and a theoretical method proposed by Janbu appeared to predict reasonably accurate and reliable settlement values. The 

stiffness of soil does not appear to be non-linear with strain and stress level as observed based on the actual settlement 

values at different stress levels. Almost all the methods over-estimated the footing settlements at lower as well as higher 

stress levels. Though semi-empirical and theoretical methods are preferred over empirical methods due to lack of 

theoretical study in later, it is also suggested to appropriately select the geotechnical design parameters rather than trying 

to select the best method for the settlement analysis.  
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1 INTRODUCTION 

Shallow foundations are designed to satisfy bearing 

capacity and settlement criteria. Out of both, the 

permissible settlement is often the controlling design 

criterion for larger footing widths. Numerous methods 

are available in the literature to estimate the settlement 

of shallow foundations. Some of these methods are 

based on laboratory parameters and some on the field 

test parameters. Thus these methods vary from 

empirical, semi empirical to theoretical in nature. 

Attempts have already been made in the past to 

compare the different methods and to evaluate the best 

available method.   

The views of different authors who had analysed 

various settlement methods in past are as quoted 

below; 

During last fifty years or so, a number of procedures 

have been developed to predict elastic settlement; 

however, there is a lack of reliable standardized 

procedure (Das 2013). 

Remarkable number of methods has been developed to 

estimate the settlement of shallow foundations on sand, 

yet consistent success in accurately predicting such 

settlements remains elusive. These methods range from 

purely empirical methods developed originally for 

conservative footing design to complex category 3 

nonlinear finite element method (Poulos 1999). 

Many of the new methods rely on in-situ SPT or CPT 

data; hence it is not possible to satisfactorily examine 

the theoretical relationship between the various 

methods (Poulos 1999).  

Das and Sivakugan (2007) also reported wide range of 

settlement predictions during Settlement ’94 prediction 

sessions held in Texas due to deficiencies in the current 

state-of-the-art.  

Thus there is a common supposition about the 

inconsistency and inaccuracy of the present methods. 

Authors, also in this paper, have attempted to assess the 

performance of various such methods on the basis of its 

comparison with the measured settlements using plate 

load test and full scale footing load test.  

2 REVIEW OF LITERATURE 

As per Reza and Abdolhosain (2013), the most popular 

methods for settlement predictions, discussed 

commonly in textbooks, are the ones proposed by 

Terzaghi and Peck (1948), Schmertmann (1970), 

Schmertmann et al. (1978), Burland and Burbidge 

(1985), Meyerhof (1956) and Peck and Bazaraa (1969) 

methods are similar to the one proposed by Terzaghi 

and Peck (1948).  

Various other researchers such as D’Appolonia et al. 

(1970), Hough and Schmertmann (1970),  Briaud 

(1992), Berardi and Lancellotta (1991) and Mayne and 
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Poulos (1999), Sargand et al. (1997),  Shahin (2002), 

Sivakugan and Johnson (2004), Duzceer (2009), Reza 

(2013) etc. suggested different models and formulae to 

arrive at the settlement. 

Das (2013) divided various methods to calculate the 

elastic settlement available at the present time into 

three general categories such as empirical, semi-

empirical and theoretical. 

3 TESTING PROGRAMME AND 

SETTLEMENT METHODOLOGY 

An assessment of the reliability of fifteen different 

methods as listed in table 1 has been carried out by 

comparing calculated and measured settlements for 12 

cases where footing are resting on sand with stone 

columns/vibro compaction and 2 cases where footings 

are resting on sand without stone columns/vibro 

compaction. 

Load tests were carried out on steel plates of 1.0m, 

1.8m, 2.4m and 3.0m square sizes and a 4.5m square 

RC footing. The load tests were carried out on different 

plate/footing sizes as no consensus methods exist for 

extrapolating the settlement of standard size plate to 

the settlement of prototype footing and the outcome of 

load test imposes severe limitations on the 

interpretation of loading tests on both cohesionless and 

cemented soils (Consoli et al. 1998). The soil 

stratification consisted of fine to medium grained and 

medium dense sand. The soil was improved by virtue 

of stone columns and vibro compaction to mitigate the 

liquefaction potential and did not have any other 

purpose towards settlement specific studies.  

The modulus of elasticity of soil with stone columns 

was calculated based on the area ratio of treated (stone 

columns) to untreated soil. The correlations from SPT 

value and CPT cone resistance by Bowles (1996) were 

adopted for evaluation of Young’s modulus of soil. The 

Young’s modulus of both the materials i.e. soil and 

stone columns is then combined on weighted average 

basis to arrive at the composite Young’s modulus of 

treated soil mass. The identical philosophy was 

adopted to arrive at composite Young’s modulus value 

in case of vibro compacted soil. 

All the settlement methods were evaluated in terms of 

(1) accuracy (the ratio average calculated to measured 

settlement), and (2) reliability (the percentage of cases 

in which the calculated settlement equaled or exceeded 

the measured settlement as suggested by Tan and 

Duncan (1991).  

Table 1 List of Different Methods considered for Settlement calculations (Resin et al. 2009) 

Sr. 

No. 
Method Expression Parameters Category 

1 Buisman -De Beer (1965) S= H/C log[(σ0'+ ∆σ)/(σ0' )] 
C=1.5*qc/σ0' 

qc = cone resistance 
Empirical 

2 Meyerhof (1956) 

S = CDCw x 1.25q/N   (For B≤1.22m) 

S = CDCw [2q/N] x [(B/(B+0.3))
2
]  

      (For B ≥ 1.22m) 

N = SPT value Empirical 

3 
Schultze and Sherif 

(Anderson et al. 2007) 

 

N = SPT value Empirical 

4 
Peck-Hanson-Thornburn 

(D'Appolonia, 1970) 
S = q/(0.44*Cw x N1) 

N1 = Corrected N 

Value 
Empirical 

5 Terzaghi and Peck (1967) S = CD x Cw [3q/N] x [(B/(B+0.3))
2
] N = SPT value Empirical 

6 Peck and Bazaraa (1969) S = CD x Cw [2q/N] x [(B/(B+0.3))
2
] N = SPT value Empirical 

7 Burland and Burbidge (1984) 
S = α1α2α3 [(1.25*L/B)/(0.25+L/B)]

2
 

*B*q' 
- Empirical 

8 Anagnostropoulos (1991) S = 2.37*q
0.87

*B
0.7

/N
1.2

 N = SPT value Empirical 

9 Hough (1969) S = ∑Hc x 1/C' x log [(σ0'+∆σ)/σ0'] C' = (1+e0)/Cc Empirical 

10 Schmertmann (1970) S = C1 x C2 x (q-q’) x ∑(Iz x Δz/Es) 
Es =Modulus of 

Elasticity 
Semi-Empirical 

11 
Department of the Navy 

(NAVFAC) 
S = 4q/Kv1 * [B/(B+1)]

2
 

Kv1 = Modulus of 

subgrade reaction 
Semi-Empirical 

)
4.0

1(

*

87.0

B

Df
N
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12 Janbu (CFEM, 1992) S = ∑ H(1/mj) x [(σ'1/σ'r)-(σ'0/σ'r)] - Theoretical 

13 D'Appolonia (1970) S = μ0μ1 x q x B/M 
M = Modulus of 

compressibility 
Theoretical  

14 Bowles (1996) S = (1-μ
2
) x q x B' x Is x If/Es 

μ = Poisson's ratio 

Es = Modulus of 

Elasticity 

Theoretical 

15 Schleicher S = p x B x (1-μ
2
) x I /Es 

Es =Modulus of 

Elasticity 
Theoretical 

4 RESULTS AND DISCUSSION 

The calculated settlement and the actual settlement 

based on the plate/footing load test under different 

stress levels are plotted graphically as calculated 

settlement against the measured settlement at stress 

level of 165kPa as shown in figure 1. It can be 

observed from figure 1 that, all the methods over-

estimate the footing settlement at all stress levels. The 

elastic-based methods, based on CPT, SPT gives 

reasonable predictions.  

 

 

 

 

 

 

 

 

 

 

The settlement values are also plotted against 

normalised pressure, q/qu, (see note below figure 2) for 

the selected methods of Terzaghi & Peck, 

Schmertmann, Janbu and load test results as presented 

in figure 2. It can be observed from figure 2 that, the 

settlement values are more sensitive to q/qu ratio for 

large footing sizes (B) as the small variation in q/qu 

varies the settlement values by large extent. Due to this 

reason more accuracy is required in evaluation of soil 

stiffness parameters in case on larger footing sizes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Calculated Settlement vs. Actual Settlement (for 

load intensity of 165kPa) 

 

 

 

 

Fig 2. Settlement vs. normalised pressure (q/qu) 

Note: q = Pressure applied on footings, qu = Ultimate 

bearing pressure of soil 

The non-linear variation of soil stiffness with strain and 

stress level has been discussed in various literatures. 

Due to such soil behavior, the settlement of plate or 

footing during the load test was expected to reduce 

with the increased stress levels. In order to verify this, 

the settlement values at varying stress levels of 50kPa, 

100kPa and 165kPa were studied. 

A plot of reliability versus accuracy as shown in fig. 3 

indicates that the ratio of calculated to measured 
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settlement is much more than 1 and moves towards 1 

with the increased stress level.  

Fig 3. Average (calculated settlement/actual settlement) 

vs. % of cases where calculated settlement is greater 

than the actual settlement. (i.e. Accuracy vs. 

Reliability) 

The increase in Young’s modulus (and decrease in 

settlement) with the increased stress is not observed 

from these results. This behavior could be attributed to 

the pre densification of soil mass due to the stone 

column installation and vibro compaction of subsoil. 

It can be also observed that the ratio of calculated to 

measured settlement at lower stress of 50kPa is more 

than 2.0 for all the methods except for Schmertman, 

Peck & Bazaraa and Janbu method. As the stress level 

has increased to 100kPa, the accuracy has increased 

and is between 1 and 2. With further increase in the 

stress level to 165kPa, most of the methods indicated 

high accuracy near 1.  

It can also be observed from this plot that as the 

accuracy decreases (i.e. higher the ratio of calculated to 

measured settlement), the reliability increases in the 

sense that they underestimate the settlement relatively 

infrequently. This behavior in line with the 

observations made by Tan and Duncan (1991) who 

found that there is generally a trade-off between 

accuracy and reliability among all methods.  

Fig 4. Reliability vs. accuracy for all loads and methods 

The plot of average value of accuracy and reliability at 

different stress level is indicated in figure 4. It can be 

observed from this plot that, the variation in accuracy 

with different methods decreases with the increase in 

stress level. However the reliability still has a higher 

range irrespective of the stress level. 

As stated by Poulos (1999), accurate prediction of the 

settlement is dependent as much on the experience of 

the predictor, and a good amount of luck, as on the 

method employed. The selection of geotechnical 

parameters also plays a major part in the success or 

otherwise of a prediction, and may outweigh or mask 

any shortcomings of the method used.  

Das and Sivakugan (2007) also had an opinion that, 

one of the main factors that contribute to the 

uncertainty in settlement predictions is our inability to 

quantify the soil stiffness correctly. 

The discrepancies between the observed and the 

predicted settlement are primarily due to the inability 

to estimate the modulus of elasticity of soil using the 

results of the standard penetration tests and/or cone 

penetration tests, Das (2013). 



Indian Geotechnical Conference IGC2016 
15-17 December 2016, IIT Madras, Chennai, India 

5 

The authors, based on this study and past experience 

agrees with the views stated by Poulos (1999), Das and 

Sivakugan (2007) and Das (2013). 

5 CONCLUSIONS 

The settlement prediction by all the methods 

overestimates the settlement values irrespective of 

stress values. The empirical, semi-empirical and 

theoretical methods proposed by Terzaghi & Peck, 

Schmertmann and Janbu respectively provided 

reasonable settlement estimates. For these methods, the 

settlement values are also sensitive to normalized 

pressure q/q0 for larger footing sizes.  

The accuracy of calculated settlement increases with 

the increase in stress level. Terzaghi & peck, 

Anagnostropoulos, Schmertmann, Janbu, Schultze and 

Sherif and D’Appolonia methods appear to have 

accuracy but poor reliability. On the other hand 

Bowles, Schleicher, Dept. of Navy, Meyerhof and 

Peck-Hanson-Thornburn methods are more 

conservative but have less accuracy. It was also 

observed that the decrease in accuracy increases the 

reliability and vice versa. The accuracy in settlement 

predictions also lies in appropriate modelling and 

selection of Young’s modulus of sand than in the type 

of method employed. 

The other methods can also be adopted depending on 

the designer’s experience and appropriate correction 

factors if any. These methods can be used for 

preliminary estimates of the settlement values. 

However most of the empirical equations are soil and 

foundation type dependent and hence shall be adopted 

with caution to all types of soil and foundations. 
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