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Novel Soil Profile Generation Algorithm 

for Cone Penetration Test Data 

Eshan GANJUa,1, Rodrigo SALGADOa and Monica PREZZIa  
a

 Lyles School of Civil Engineering, Purdue University, USA. 

Abstract. This paper presents an algorithm for soil profile generation using data 
from cone penetration tests CPTs based on Soil Behavior Type (SBT) charts. The 
algorithm handles the occurrence of thin layers by consolidating them within the 
stratigraphic profile according to certain rules. The algorithm also generates a more 
coherent profile by classifying the soil layers using intrinsic descriptors (which 
depend on properties of the soil layer) and state descriptors (which depend on the 
in-situ density of the soil layer). An example is presented comparing the soil profiles 
generated using the conventional SBT chart method and the proposed algorithm. 

Keywords. Cone penetration test, soil profile, thin layers, soil behavior charts, 
intrinsic and state variables. 

1. Introduction 

Over the years, the cone penetration test (CPT) has gained acceptance as a fast, reliable 

and economical tool for soil profile characterization [1-4], foundation design [5-10] and 

liquefaction susceptibility assessment [11, 12]. One of the primary applications of the 

cone penetration test is stratigraphic profiling [3, 4, 14]. Stratigraphic profiling using 

CPT allows the identification of layers within the soil profile with specific types of 

"behavior" and characteristics. This is traditionally achieved by means of soil behavior 

type charts (SBTs), which serve as a simple signal-transfer function, converting CPT 

data (qc and fs) to soil behavior types. In using the CPT for any type of interpretation, it 

is firstly important to distinguish between the soil's intrinsic and state variables [12, 14, 

15]. Intrinsic variables do not depend on the state of the soil, which is defined by density, 

stress state and structure; instead, they relate to soil composition (particle mineralogy, 

size and morphology). The measurements made in a CPT reflect both state and intrinsic 

variables, and so reflect the soil behavior in its totality. In addition to the differentiation 

of state and intrinsic variables it is also important to consider the physical limitation of 

the CPT cone in sensing soil layers thinner than a minimum thickness. Given that the 

cone needs to penetrate a certain length into a layer before it can fully develop the 

penetration resistance of the layer and that the cone should be sufficiently far from the 

boundary of the next layer so as not to be influenced by it [20], soil layers thinner than a 

minimum thickness may not be accurately sense by the cone. This research presents a 

comprehensive algorithm for analysis of CPT data for generation of a soil behavior-based 

stratigraphic profiles that reflects these more recent understandings. 
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2. Soil behavior chart 

While the soil profile generation algorithm proposed here can be used for any SBT chart 

in the literature, the SBT chart by Tumay [1] was modified and used to generate the soil 

behavior profiles. The choice was made based on the familiarity of the engineers with 

this SBT chart and because the chart had certain core features that are required for a 

logical, quantitative algorithm to be used in CPT interpretation [22]. Figure 1 shows the 

modified Tumay chart. The modifications to the chart have been discussed in detail in 

[22-23]. 

 

 

Figure 1. Modified Tumay soil behavior type chart, based on the original Tumay [1] soil behavior type chart 
(after [22, 23]). 

3. Soil profile generation algorithm 

Using the modified Tumay chart as a signal-transfer function, the CPT data can be 

analyzed to obtain the soil behavior profiles at a site. The procedure consists mainly of 

two steps: 1) obtain an initial soil profile by "plotting" the CPT data on the modified SBT 

chart; 2) modify the initial soil profile by consolidating thin layers and similar soil 

behavior type layers to obtain the final soil profile. 

Figure 2 illustrates the steps followed to generate a soil profile using CPT data and 

an SBT chart. The friction ratio FR and cone resistance qc values obtained at each depth 

are first plotted on the selected SBT chart. Then a "primary soil behavior type" is 

assigned to each depth depending on where the point falls on the SBT chart. This process 

is repeated for all depths of the CPT sounding. Subsequently, all adjacent depths with 

the same SBT classification are grouped into initial soil layers, and this produces the 

initial soil profile. After obtaining the initial soil profile, the first step of the procedure is 

to classify soil layers as either thick or thin, and then all the thin layers in the initial soil 

profile are absorbed into thick layers by the soil profile generation algorithm according 

to three different approaches:1) SBT-chart-band approach, 2) Soil-group approach, 3) 

Average-qc approach. 

The initial soil profile consists of layers of various thicknesses. Some layers can be 

quite thin (e.g., only a few centimeters) and cannot be identified by the cone 

penetrometer, which has a minimum resolution for soil layer identification. The reason 
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for this limitation is that the cone needs to penetrate a certain depth into a given layer to 

develop the cone resistance that is representative of that layer. This distance is referred 

to as the development distance [19-21]. In addition, as the cone approaches a layer of 

different stiffness, it will start sensing its presence a few cone diameters ahead of the 

interface between the layers. This distance is referred to as the sensing distance [19-21]. 

These development and sensing distances depend on the relative stiffness of the 

layers traversed by the cone. If both the sensing and development distances are 

considered, then layers thinner than approximately 150-200 mm cannot be properly 

detected by the standard CPT cone, which can result in ambiguity in the assignment of 

soil type to such layers. Accordingly, the algorithm considers a layer having a thickness 

of 150 mm or less (corresponding to about 4.2 standard cone diameters) a thin layer. 

When generating a soil profile, a thin layer can be produced by CPT data plotting 

very close to a boundary line between two soil behavior types in the SBT chart. In such 

cases, thin layers may be consolidated into adjacent layers with similar soil type. 

Consider a soil profile with two layers: one thin layer of type "clean sand or silty sand" 

underlain by a thick layer of type "clayey sand or silt", according to the modified Tumay 

chart. Further assume that the thin layer of "clean sand or silty sand" was produced by 

CPT data falling close to the boundary line between these two soil behavior types in the 

modified Tumay chart, so that it could also be assigned a secondary classification of 

"clayey sand or silt" based on the proximity of the data point to the boundary. The thin 

layer can then potentially be consolidated into the adjacent "clayey sand or silt" layer 

since the secondary soil behavior classification of the thin layer matches the primary soil 

behavior classification of the thick layer.  

 

  

Figure 2. Soil profile generation flowchart (after [22, 23]). 

 

To be able to assign a secondary soil classification to a layer, lines distant by ±15% 

qc from the existing boundary lines between soil behavior types were added to the 

modified Tumay chart. These lines define bands in the SBT charts. Figure 3 shows the 

modified Tumay chart with ±15% qc dashed lines defining these bands. For the two 

vertical lines in the modified Tumay SBT chart (e.g., "clayey silt" and "clayey sand or 

silt), bands were created by adding ±15% of the FR to the boundary lines.  
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There is no fundamental reason for the choice of ±15%; rather, it was found to 

provide a good balance between inability to assign secondary soil types to a qc – FR pair 

and doing so when the soil would be too different from the soil type in the adjacent chart 

region. Note that there is a possibility that the average qc and FR combination of a thin 

layer falls at the intersection of two bands. In such a case, the thin layer is assigned two 

secondary soil classifications. The bands represent, in effect, the uncertainty that there is 

in soil behavior type classification. Figure 4 shows the algorithm developed for merging 

of thin layers using the SBT band approach. As shown in the flow charts, first the thin 

layers identified in the initial soil profile are assigned secondary soil types whenever the 

average qc and FR values fall within the bands of the modified SBT chart selected. 

Secondly, the cone resistance values and soil types are compared to decide whether the 

thin layer can be incorporated into the adjacent layers or not. A thin layer is incorporated 

into the adjacent layer if and only if the average qc of the thin layer is within ±25% of 

the average qc of the adjacent layer. After the soil profile is modified using the band 

approach and same soil layers appearing in sequence are consolidated. Thin layers may 

remain in the soil profile still. 

 

 

Figure 3. Modified Tumay chart with ±15% qc and friction ratio bands(after [22, 23]). 

 

The soil group approach is used to consolidate remaining thin layers. In the soil 

group approach, thin layers are consolidated when they belong to the same soil group. 

Table 1 shows the soil group classification for the modified Tumay chart. The general 

algorithm to consolidate thin soil layers with adjacent layers of the same group is shown 

in Figure 5(a). When thin layers appear in a cluster, the process starts with the thinnest 

layer in the sequence. The consolidated layer always inherits the soil type of the thicker 

of the two layers consolidated.  

The average qc approach is the last approach used to consolidate thin layers 

remaining in a soil profile after the two preceding methods have been attempted. This 

approach consists of consolidating thin layers with the adjacent layer having the closest 

average qc value. In the case of a cluster of thin layers, the modification process starts 

with the thinnest layer in the sequence. If a thin layer is at the very top or at the very 

bottom of the soil profile, then it is discarded from the soil profile (with the top elevation 

of the top layer or bottom elevation of the bottom layer accordingly updated). Figure 5(b) 

shows the algorithm used to consolidate thin layers using the average qc approach. 
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Table 1. Soil group classification for the modified Tumay chart (after [22, 23]). 

Soil Groups Soil Types 

Sand Clean sand or silty sand (very loose to very dense) 

Clay Sensitive clay, Very soft clay, Soft clay, Medium stiff clay, Stiff clay, Very 

stiff clay 

Mixed Soil Clayey silt, Clayey sand or silt, Clayey silty sand, Sandy clay or Silty clay 

 

 

Figure 4. Merging of thin layers using SBT band approach assignment of secondary soil type to thin layers 

and soil profile modified by SBT-chart-band approach (after [22, 23]). 

 

        

                                 (a)                                                    (b)  

Figure 5. Thin layers in soil profile merged following (a) the soil group approach and (b) average qc approach. 

( i

c
q  is the average qc of layer i) (after [22, 23]). 
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4. Soil profile generated from CPT data 

To illustrate the methodology outlined above, soil profiles were generated from cone 

penetration test data (Figure 6(a)) from a test site located in West Lafayette, Indiana. The 

soil profile generated using the proposed algorithm using the modified Tumay chart is 

compared to the soil profile generated using the original Tumay [1] chart as a simple-

signal transfer function. Each qc – FR pair obtained from the CPT data was plotted on 

the original Tumay [1] chart giving the initial profile. Adjacent data points with the same 

classification were merged together to generate the soil profile shown in Figure 6(b). The 

profile in Figure 6(b) shows a cluster of sandy-clay, clayey-sand type of material in the 

upper third of the profile, with thicknesses ranging from 5 cm to 45 cm. The remaining 

part of the profile consists mainly of clusters of dense/cemented sands. The profile 

consists of clusters of layers too small to be detected by the CPT cone, resulting in a 

significantly fragmented profile. The soil profile generated from the algorithm is 

presented in Figure 6(c). From the profile, it can be observed that: (1) the generated 

profile consists of thick layers, with a minimum of 25 cm, well above the sensing and 

development length of the standard CPT cone, and (2) layers belonging to the clean sand 

and silty-sand region of the modified Tumay chart are further classified on the basis of 

their relative density, which allows for a more informative soil profile and also for 

separation of the intrinsic and state based descriptors of the in situ soil[22]. In addition 

to the example presented in the paper, the algorithm has been tested on a wide range of 

soil profiles and proves to be robust in handling thin layers and in generation of coherent 

soil pro-files [22, 23]. 

 
(a) 

Figure 6. Analysis of (a) CPT data from test site results to obtain (b) soil profile generated using Tumay [1] 
chart as a simple signal transfer function and (c) soil profile generated using the proposed algorithm (after [22, 
23]) 
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                                 (b)            (c)

Figure 6. (continued) Analysis of (a) CPT data from test site results to obtain (b) soil profile generated using 
Tumay [1] chart as a simple signal transfer function and (c) soil profile generated using the proposed algorithm 
(after [22, 23]). 

5. Conclusions 

This paper presented an algorithm for the development of stratigraphic profiles using 

CPT data. After identification of the initial soil profile and its thin layers, the soil profile 

is re-analyzed with the goal of merging thin layers into adjacent layers using three main 

approaches: 1) the SBT-band-approach, 2) the soil-group approach, and 3) the average-

qc approach. Upon implementation of the algorithm, the final soil profile does not contain 

layers thinner than 15 cm. This avoids the contamination of computations based on the 

soil profile that would reflect artificial "thin layers" that cannot be identified or 

characterized with the standard cone. The use of the proposed algorithms is demonstrated 

using an example CPT carried out in West Lafayette, Indiana. The ability of the 

algorithm to logically handle thin layers and separate out state parameters from intrinsic 

parameters in the SBT classification is highlighted by means of the presented example. 
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