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ABSTRACT: The recently proposed methodology (Barounis et al., 2013) for estimating 

the modulus of subgrade reaction from CPT as opposed to the conventional SPT 

correlation is a simpler, less expensive and quicker procedure. CPT derived values of the 

modulus for a predominantly sandy site in Christchurch are compared with the 

conventional values at the same site correlated from SPT. A number of footings are 

analysed using common engineering software. Comments are made on the results that 

could be the basis of future research with the ultimate target of presenting a simple, 

reliable and less expensive tool for geotechnical engineers to estimate the modulus of 

subgrade reaction for various soil types.  

1 INTRODUCTION 

The modulus of subgrade reaction ks is a conceptual relationship which is defined as the soil pressure σ 

exerted divided by the measured deflection δ (Bowles, 1997). 

δσ /=
s

k          (1) 

The principle behind the definition of the vertical modulus of subgrade reaction ks lies in the resistance 

a soil layer provides as some deflection is imposed to it, similarly to a spring shortening at some 

imposed load. In structural engineering applications, the vertical modulus of subgrade reaction is used 

to model the stiffness of the soil in the vertical plane when soil-foundation-structure interaction 

considerations are included in the analysis of structures. In engineering computer software modelling 

this value represents the equivalent spring stiffness applied either as point spring on discretised nodes 

or as area springs at foundation area elements, termed Winkler foundation. The values of ks are most 

commonly expressed in kN/m
3
. Typically, as best practice suggests, structural engineers adopt suitable 

ks values recommended by a geotechnical engineer. The structural engineer further tests the sensitivity 

of the model for a variation of the ks values ranging between 0.5 ks and 2 ks (ACI 336, 2002). These 

values are also accompanied by ultimate foundation capacity estimations. 

The vertical modulus of subgrade reaction is estimated by the conventional plate load test that is 

conducted by loading a 300 mm wide square or circular steel plate at the depth of interest. The plate 

load test is usually terminated when the tested soil exhibits 25 mm of measured settlement or 

settlement equal to 15% of the plate diameter. However, due to the high cost and resource 

requirements of the plate load test, such tests are not undertaken frequently. Instead, the plate load 

subgrade reaction modulus can be estimated by using published correlations with Standard Penetration 

Test (SPT) undertaken within boreholes (Scott, 1981). Such correlations have been used for the last 30 

years.  

A methodology for the estimation of the modulus of subgrade reaction ks for sands from the Cone 

Penetration Test (CPT) as an alternative to the conventional correlation to plate load test from the SPT 

was proposed by Barounis et al in 2013.  Further research on the applicability of the proposed method 
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was undertaken on sandy and liquefiable sites in Christchurch (Barounis and Menefy, 2015; Barounis 

and McMahon, 2015).  

A key difference between the CPT and the plate load test is that while the CPT is a failure test, the 

plate load test does not always reach soil failure. During a CPT the soil is forced to fail by the pushing 

action of the cone that forces the soil downwards and sideways. This paper compares the subgrade 

modulus as estimated by the proposed CPT method with the modulus correlated by the long 

established SPT method. 

2 BACKGROUND THEORY OF CPT AND SPT DERIVED RESULTS OF SUBGRADE 

REACTION MODULUS 

2.1 Principles of the CPT derived values 

The CPT is a very well established strain controlled and undrained failure test that is performed by 

pushing vertically into the ground a 35.7 mm diameter penetrometer with a conical tip and an apex 

angle of 60° at a penetration rate of 20 mm/s. The tip resistance stress of the cone qc in MPa, is defined 

as the vertical force acting on the penetrometer tip divided by the base area of 1000 mm
2
 and is 

recorded versus the testing depth.  

The CPT is extensively used for estimating geotechnical parameters including relative density, 

cohesion, angle of friction and shear modulus for a wide range of soils (Robertson, 2015). The 

correlations of the geotechnical parameters from CPT are semi-empirical and vary in both reliability 

and applicability (Robertson, 2015). CPT is also a very well established test for evaluating the 

liquefaction potential (Robertson, 2015). 

The CPT is also used to estimate the bearing capacity and settlement of piles and shallow foundations 

(Robertson, 2015). The prior and extensive use of the CPT for estimating bearing capacity and 

settlement (the division of which can define the stiffness of the foundation) leads to the conclusion that 

it can also be used for estimating the subgrade reaction of foundations with at least the same 

confidence as in the above applications. In fact, the repeatability of the test and the depth to which it 

can be performed can be used to delineate the modulus over the influence depth of the foundation. 

Usually this depth varies between 2B and 4B below the foundation (ACI 336, 2002; Bowles, 1997). 

This is an advantage against the conventional plate load test where such delineation cannot be 

achieved due to cost constraints.  

Subgrade reaction modulus values derived from the CPT are termed KCPT and are significantly higher 

than those correlated by SPT, termed KSPT. This is consistent with subgrade reaction theory as the 

smaller loaded area produces higher subgrade reaction values (Terzaghi, 1943). By applying 

conversion formulas (Bowles, 1997) these values can be transformed to values corresponding to 

foundations with given dimensions at a defined depth.  

At previously published research, a conversion factor CF has been suggested to be applied to the KCPT 

values to convert these into the KSPT values for foundation design application (Barounis et al., 2013 

and 2015). CF is the value obtained by the division of KCPT by KSPT. Given that the modulus of 

subgrade reaction represents the stiffness of the soil similarly to a spring, this conversion factor is 

simply reducing the spring stiffness ks to the same spring stiffness that would result from an SPT 

correlation. This is depicted in Figure 1. In other words CF reduces the slope of the stress-settlement 

graph so that comparable values to the conventional SPT approach can be estimated by the proposed 

method. From previously undertaken research this CF ranges from 2.4 to 5.1 (Barounis et al., 2013 

and 2015) and this is considered to be relatively wide range. However, it is noted that these CF values 

are referring to 1 m wide foundations. 

This paper examines the influence of the higher modulus of subgrade reaction KCPT as calculated by 

the CPT method (Barounis et al. 2013) on the design of typical isolated footings with a range of 

dimensions greater than 1 m in width. This research will investigate the applicability of the proposed 

method in structural engineering practice.  
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2.2 Correlation between SPT and plate load values of the modulus of subgrade reaction 

The correlation between the SPT and the plate load test values of the modulus of subgrade reaction is 

typically made as per below. The SPT blow count N is corrected to N60, to account for the 60% of the 

theoretical input driving energy of the hammer. N60 can be transformed to KSPT(0.3) values of the 

modulus of subgrade reaction by using the relationship proposed by Scott (1981) applicable to 

unconsolidated coarse grained soils: 

KSPT(0.3)=1.8N60                                                                                                                               (2) 

where KSPT(0.3)=modulus of subgrade reaction for a 300 mm diameter load plate [MN/m
3
].  

By using Equation 7 below, these values can be transformed into the actual foundation design values.  

2.3 Equations for estimating modulus of subgrade reaction from CPT tests 

The KCPT value as estimated using the proposed CPT methodology is transformed to the subgrade 

reaction modulus for a foundation with given dimensions that carries the symbol KFCPT. The KCPT and 

KFCPT can be estimated in five steps: 

Step 1: Acquire CPT data, transform into KCPT 

 KCPT= qc/δ                                                                                                                                              (3) 

where KCPT= coefficient of subgrade reaction from CPT [MN/m
3
], qc= tip cone resistance measured at 

any depth [MPa], δ= cone penetration applied [m] 

For δ=0.01m and qc in MPa then KCPT=100qc [MN/m
3
]                                                                        (4) 

Step 2: Transformation of KCPT to a reference 300 mm plate load test value KCPT(0.3) 

KCPT(0.3)= KCPT x (DCPT/300)                                                                                                                   (5) 

where KCPT(0.3) = coefficient of subgrade reaction for a 300 mm plate load test from CPT measurements 

DCPT= 35.7 mm, the diameter of the cone used and 300 is the reference plate diameter in mm 

then KCPT (0.3)= 0.119 KCPT or around 12% of KCPT                                                                                (6) 

Step 3: Conversion of KCPT(0.3) to KFCPT 

KFCPT= KCPT(0.3)  x (m+0.5)/(1.5m)                                                                                                          (7) 

where m = L/B, L= length and B= breadth of foundation applicable to strip, pad or raft foundations on 

medium dense sand (Bowles, 1997). 

Step 4: Divide the estimated KFCPT by a conversion factor CF to obtain the value for foundation 

design:  

KDESIGN= KFCPT/CF                                                                                                                                 (8) 

Essentially the proposed methodology considers the CPT cone as a 35.7 mm wide foundation that is 

pushed 10 mm into the ground. The CPT geometry simulates the cone of soil with φ´=30° that is 

pushed ahead of a flat foundation during a bearing capacity failure (Handy and Spangler, 2007). The 

above strongly suggest that the CPT can be reliably used for estimating the subgrade reaction 

modulus.  

The conversion factor, CF can transform the CPT derived values of the modulus of subgrade reaction 

to equivalent SPT derived values as shown in Figure 1. This conversion results in a safe and 

conservative foundation design, at least as safe and conservative as what would be from SPT results. 

The use of the CF results in flattening KCPT to KSPT and in an increase to the right of the amount of 
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settlement needed to be recorded for achieving the same stress level qc (or ultimate foundation 

capacity qult).  

 

Figure 1: Definition of KCPT by using qc/δ graph for δ=1cm. 

3 SENSITIVITY ANALYSIS OF FOUNDATIONS ON SAND  

3.1 Ground profile and adopted geotechnical parameters 

The modulus of subgrade reaction values used as input in this sensitivity analysis have been 

interpreted by actual SPT and CPT measurements taken 1.5 m apart on a site in Christchurch. The 

main adopted parameters are presented in Table 1.  

Table 1: Ground profile of the site and adopted geotechnical parameters 

Ground 

profile 

Layer I: 0.00-9.60 m: Very loose Silty sand/sandy silt with N60=4 

Layer II: 9.60-15.00 m: Sandy, fine to coarse gravel with N60>50 

Groundwater at 1.00 m below ground level 

Layer I 

average 

characteristics 

Icaverage= 2.00   qcaverage=1.20 MPa    (N/qc)average=3.3 

Adopted geotechnical parameters for Layer I 

based on Bowles  (1997)
 

c'=0kPa φ'=23° Es=4.75MPa 

γfill=21kΝ/m
3 
γsoil=17 kΝ/m

3 

 

3.2 Methodology used for the sensitivity analysis 

For the sensitivity analysis, a selection of 9 concrete footing sizes is made comprising pad, strip and 

mat foundations. The dimensions of each footing along with the geotechnical input adopted are pre-

sented in Table 2. The thickness of the footings is selected as 0.5 m to satisfy the punching shear de-

sign of all sections for the magnitude of the applied load, with no reinforcement, as commonly made 

in preliminary design of footings (ACI 336, 2002). The geotechnical input includes the ultimate bear-

ing capacity that is estimated using B1/VM4 Verification Method, the allowable soil pressure by using 

a strength reduction factor of 0.5 (or FS=2) and the modulus of subgrade reaction KFCPT and KFSPT as 

calculated from CPT and SPT respectively and explained in sections 2.2 and 2.3. For the estimation of 

KFCPT the average qc is used within a depth equal to 2B below the foundation level for all pad and strip 

foundations. For the raft foundations the average qc is used within a depth at which the applied founda-

tion stress diminishes to 20% of its value.  

KCPT(0.3)=qc/δ=[MPa/m]=[MN/m3] 

 

����(0.3)=�(��� �60) 

CF KCPT(0.3) 

>����(0.3) 

Additional δ equal to 

CFx1cm 

CF x 1cm 
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Table 2: Summary of input parameters  

Width       

(m) 

Length        

(m) 

Thickness        

(m) 

Ultimate 

capacity    

qu (kPa) 

(B1/VM4) 

Average qc 

over 2B 

depth 

(MPa) 

Conversion 

Factor CF 

KFCPT 

(kN/m
3
) 

KFSPT 

(kN/m
3
) 

Allowable 

soil 

pressure 

qa (kPa) 

2 2 0.5 327.2 1.58 2.65 18800 7100 163.6 

2 5 0.5 284.5 1.58 2.65 15000 5700 142.25 

2 10 0.5 270.3 1.58 2.64 13800 5200 135.15 

2 15 0.5 265.6 1.58 2.64 13400 5050 132.8 

2 20 0.5 263.2 1.58 2.64 13200 5000 131.6 

3 5 0.5 304.1 1.22 2 12600 6200 152.05 

5 10 0.5 325.4 1.17 1.96 11600 5900 162.7 

10 15 0.5 407.6 1.20* 2 12700 6300 203.8 

10 20 0.5 409.5 1.20* 2 11900 5950 204.75 

*The average qc value to the depth at which the allowable pressure is diminished to 20% of its initial value. 

 

Based on values recommended by Bowles (Bowles, 1997), the subgrade reaction modulus for a foun-

dation on loose sand takes values between 4800 kN/m
3
 and 16000 kN/m

3
. All of the values indicated 

in Table 2 are within this range, except the KFCPT value for the 2 x 2 m pad which is slightly higher. 

All of the KFSPT values are within the lower half and the KFCPT are within the upper half of this range. 

It can be stated that the above values are reasonable for use. Each of the concrete footings is modeled 

in a finite element software, using the thick plate theory with manual meshing of 0.5 m by 0.5 m (Fig-

ure 2). Each footing supports either one or several columns on which a point load is applied. The ap-

plied load on each footing is selected as the load that would generate soil pressure equal to the allowa-

ble soil pressure given by the geotechnical engineer, modified for the shape of the footing analyzed. 

 

Figure 2: Typical footings used in the sensitivity analysis 

For the validity of the footing model with finite elements on springs, the value of which is taken by the 

subgrade reaction modulus, the footing must be classified as flexible. ACI 336 committee report 

defines the flexibility criteria of a foundation by relating the stiffness of the ground beam or a mat 

foundation, with the soil stiffness and the spacing between the columns (ACI 336, 2002). The 

dimensions and column spacing of all the selected footings qualifies as flexible with the exception of 

the 2 x 2 m pad footing which is classified as rigid. The stiffness of superstructure is not modeled here. 

However, for typical structural design applications the superstructure stiffness has to be modelled as it 

modifies the soil deflection and pressure profiles. 

A Winkler foundation is assumed with soil modeled using uncoupled soil springs, the stiffness of 

which is defined by the modulus of subgrade reaction. The value of the modulus is given by the 

geotechnical engineer for the values calculated by CPT and SPT, modified for the footing size. No 

time-dependent characteristic response is included in the modeling, such as consolidation. In the 

computer model, area springs are applied instead of vertical supports, without doubling the perimeter 

and edge spring values. Bowles and ACI 336 committee imply that when modelling foundations on 

sandy soil, in order to achieve the expected soil pressure profile, it is preferred not to double the spring 

stiffness, the opposite of which is preferred for cohesive soils (Bowles, 2002; ACI 336, 2002). 
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According to the ACI 336 committee, the use of a single value of the modulus of subgrade reaction 

when modelling may yield misleading results (ACI 336, 2002). Therefore, a range of values is 

recommended. In practice, when a soil structure interaction analysis is made, it is common for the 

structural engineer to adopt a value of the modulus of subgrade reaction from the range recommended 

by the geotechnical engineer and also test for a range of values in a sensitivity analysis. This range is 

most commonly half and twice the adopted value. At the present sensitivity analysis, two values of the 

modulus of subgrade reaction are used, one derived from CPT and the other one correlated from SPT. 

The CPT derived values, as described above, are upper limit values and it can be observed that are 

close to double the SPT values and therefore not far from the common engineering practice of testing 

for values with a ratio of two. 

3.3 Design criteria for foundation performance 

As the purpose of the sensitivity analysis is to examine the difference in the design that the CPT 

modulus of subgrade reaction values make, typical settlement criteria for the foundations are adopted. 

These are the following:  

• Maximum differential settlement on sand: 25 mm (Bowles, 1997). 

• Maximum total settlement on sand: 50 mm (Bowles, 1997). 

• Internal stress state of the foundation, with particular attention to maximum moment, which in 

turn defines the longitudinal reinforcement requirement. 

4 DISCUSSION OF RESULTS 

The modulus of subgrade reaction values produced from CPT and SPT methods (refer Table 3) for a 

sandy site in Christchurch are within the range proposed by Bowles (Bowles, 1997). The same author 

recommends that the deflection δ in Figure 1 should range between 6 mm and 25.4 mm. The 

deflection δ=10 mm when multiplied by the maximum CF of 2.65 produces a deflection of 26.5 mm, 

which is very near the upper limit proposed by Bowles. Thus the use of CF softens ks and elongates 

the deflection on the x axis to acceptable levels. The results of the sensitivity analysis are presented in 

Table 3. To help better interpret these, the results are split into three groups: pad, strip and mat 

foundations. Discussion on each group follows and an effort to correlate results is made. 

Table 3. Summary of the sensitivity analysis results. 

 

Width       

(m) 

Length        

(m) 

Total 

settlement 

CPT (mm) 

Total 

settlement 

SPT 

(mm) 

Differential 

settlement 

CPT (mm) 

Differential 

settlement 

SPT (mm) 

Max 

bending 

moment 

CPT(kNm) 

Max bending 

moment 

SPT(kNm) 

p
a

d
 

2 2 8.8 23.1 0.2 0.2 127 127 

2 5 9.5 25 1.9 2.1 197 225 

3 5 12.1 24.6 2.4 2.6 222 246 

st
ri

p
 2 10 9.8 26 3.4 5.7 127 180 

2 15 9.7 25.9 4.7 10.7 118 162 

2 20 9.9 26.2 4.5 10.6 124 163 

m
a

t 

5 10 14 27.4 4.7 6.4 171 211 

10 15 16 32.3 9.5 16.1 208 271 

10 20 17.2 34.1 10.5 18.1 212 258 
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4.1 Pad foundations 

The total settlement of the pad footings is directly analogous to the ratio of the two moduli of subgrade 

reaction values used, that is also expressed by CF. The differential settlement is negligible for the 2 x 2 

m pad footing and unaltered for the other two footings, for both values of the modulus of subgrade 

reaction KFCPT and KFSPT. The internal stress state as represented by moment is unaltered for the 2 x 2 

m pad footing and less than 10% for the other two footings for both moduli used. The results for the 2 

x 2 m pad footing are as expected for a rigid foundation. It needs to be mentioned that for rigid 

footings as the soil pressure distribution will be approximately linear, design can be made using 

statics, and hence the use of Winkler type foundation modelling is unnecessary. 

4.2 Strip foundations 

The strip footings are all classified as flexible. The response of flexible foundations combine the effect 

of the soil and footing stiffness, therefore results are less obvious than those of the rigid pad footings. 

All strip footings both for CPT and SPT derived moduli values, are within the allowable total 

settlement limit of 50 mm and the differential settlement limit of 25 mm (Figure 3). The differential 

over total settlement ratio is marginally higher for the CPT values by 5%-13%, which is negligible as a 

difference. The moment demand however, appears to be increased by 12%-27% for the SPT values, 

meaning that the CPT values may result in un-conservative design if used singly (Figure 4).  

 

Figure 3 Strip footing deflections for modulus values from CPT (left) and SPT (right) 

 

Figure 4 Strip footing bending moment demand for modulus values from CPT (left) and SPT (right) 

4.3 Mat foundations 

The mat foundations are also classified as flexible. Results are similar to those of the strip footings as 

described above, with similarly negligible differences in the differential over total settlement ratio, 

which is 9%-12% higher for the CPT values. Again here, mat foundations for both CPT and SPT 

derived moduli values do not exceed the allowable total and deferential deflection limits (Figure 5). 

The difference in moment demand in both directions is less pronounced, increased by 19%-23% for 

the SPT values, leading to the same conclusion that the CPT values may lead to un-conservative 

design (Figure 6). The flexibility of the mat foundations is verified by the results (Figure 5). A dish-

shaped but upside-down (hogging) settlement profile was generated as expected (Barnes, 1995).  

CPT SPT 

CPT SPT 
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Figure 5 Mat foundation deflections for modulus values from CPT (left) and SPT (right) 

 

Figure 6 Mat foundation bending moment demands for modulus values from CPT (left) and SPT (right) 

The sensitivity analysis did not include the superstructure stiffness, the inclusion of which in the 

typical structural engineering practice is likely to produce less pronounced differences of moment 

demands. This is based on the fact that the inclusion of the superstructure stiffness will make the 

system less flexible, and therefore the internal stress state of the foundation will be less affected from 

the selection of the spring value. 

5 CONCLUSIONS 

The modulus of subgrade reaction in common geotechnical engineering practice is correlated by SPT 

results of soil investigations. A proposed methodology by Barounis et al (Barounis, 2013 & 2015) 

provides an alternative method of estimating this modulus from CPT results. The modulus of subgrade 

reaction values produced by both methods for a sandy site in Christchurch are within the range 

proposed by Bowles (Bowles, 1997). A sensitivity analysis was made for a range of concrete footing 

typologies and it was observed that the total and differential settlement of the footings for the values of 

the modulus of subgrade reaction as derived by the proposed CPT and the common SPT correlation 

respectively, were generally within the allowable limits for design. The moment demands for modulus 

values as calculated using the CPT method were un-conservative, giving 12%-27% lower values, 

while the footing thickness would be unaffected, the choice of which is based on punching shear 

considerations. This means that CPT values are in general applicable for use in normal structures of 

Importance Level 2 (NZS1170, 2002) provided that the structural engineer follows the typical practice 

of analysing the structure for a range of modulus of subgrade reaction values from CPT, between half 

and twice the estimated value KFCPT that includes size effects. Further research can be conducted to 

verify the proposed methodology for a wider range of footing typologies and soil types.  
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