
ABSTRACT 

PARK, YOUNG JIN. Development of Soft Subgrade Undercut Criteria and Response with 
Stabilization Measures. (Under the direction of Dr. Mohammed A. Gabr, and Dr. Roy H. 
Borden.) 

The stability of subgrade soils is a concern during roadway construction, and as such, 

inappropriate soft subgrade soils often must be replaced by stabilized materials in an 

undercut. Systematic and quantifiable undercut criteria are established based on the strength 

and stiffness parameters of the subgrade soil, and these parameters are based on the loads 

caused by proof roll trailers and other construction vehicles. Once such criteria are 

established, and the state of the subgrade soil is determined, engineers can determine the 

particular situations that require undercutting and stabilization. That is, these criteria provide 

engineers with the required degree of stability and the magnitude of settlement, as 

determined by the stiffness and strength parameters obtained from field and laboratory 

testing. The criteria proposed are a bearing capacity ratio of 2.0 inches and a 1.0-inch 

settlement for pumping and rutting. By investigating the mechanistic behavior of elastic-

perfectly plastic media, the pumping and rutting criteria for soft or stabilized subgrade soils 

can be identified and discussed based on proof rolling test results. Rutting is associated 

mainly with plastic shear deformation within the shallow layers, and excessive pumping is 

mainly a function of the stiffness parameters. 

Out of twenty-two large-scale tests of stabilized subgrade soils, five representative 

tests were selected for inverse analysis of the results of static load testing. The model 



employed uses backcalculated stiffness factors to yield displacements that agree with those 

measured during the tests, although the elastic-perfectly plastic model does not present a 

consistent prediction under external stress. The stabilization methods are investigated for 

field sections where undercutting is typically performed. As the widening embankment fill is 

added, the thickness of the stabilization layer becomes an important factor with regard to 

additional surface displacements. 
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INTRODUCTION 

Subgrade stability affects three significant issues: i) the behavior of a subgrade soil 

under the heavy repeated loading of construction traffic and operations, ii) the future success 

of the placement and compaction of overlying layers, and iii) the long-term performance of 

the pavement subgrade (Thompson, 1979). Correspondingly, unsuitable subgrade soil causes 

excessive settlement, pumping during the construction of roadways, and distress of the 

pavement beneath the sub-base and subgrade layers. According to Yoder (1975), the 

unsuitable soils contain large quantities of mica and/or organic material, which exhibit highly 

elastic behavior and relate to fatigue failure in the pavement. Because undesirable 

consequences can result in terms of unexpected cost overruns and construction schedule 

delays (Wiggins et al., 1978; Gabr and Borden, 2006), stabilization of the soft subgrade layer 

generally is required. Typical stabilization methods consist of the removal of the unsuitable 

subgrade soil and its replacement with select backfill material, such as stiff granular soil, an 

aggregate base course (ABC), lime stabilization material, geosynthetics, or a combination of 

these materials. The stabilization procedure generally is termed undercut or shallow undercut 

in the field. Although undercutting usually is planned in the design stage and performed 

during construction, the stability of the soft subgrade soil is evaluated by subjectively 

observing a proof rolling process and employing some empirical correlations that are based 

on unpaved road design procedures and criteria described in Holtz et al. (1998).  
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The main objectives of this study are to develop a systematic approach for 

determining whether or not undercutting is necessary, and to investigate the adequacy of 

stabilization measures typically employed if undercutting is deemed necessary. This study is 

undertaken to accomplish the following objectives: 

i) Systematic undercut criteria, which specify the situations in which subgrade soil 

should be undercut, will be established based on mechanistic modeling and under 

conditions for typical traffic and proof rolling loads. Dynamic modeling will be 

applied to simulate proof rolling on the subgrade, and an ultimate bearing capacity 

will be implemented to indicate the factor of safety under the applied loads. Pumping 

behavior and the rut depth of the subgrade soil will be evaluated based on the 

developed criteria. Models will be developed and implemented to obtain the curves 

for these criteria, and the mechanistic significance of these curves will be determined. 

ii) Test pits for investigating the behavior of the undercut and stabilized subgrade soil 

will be simulated numerically, and the material properties of the soils will be 

determined by the resultant measurements and inverse analysis. The loads applied at 

the test pits will consist of static, proof roller, and cyclic loads. Of these loads, the 

proof roller and cyclic loads are simulated in the dynamic model.  

iii) Undercut sections that are typical in the field will be simulated numerically, and 

various stabilization methods will be applied to test the sections. From the study of 

these simulated field applications, engineers in the field can decide whether or not to 

undercut, and as a result, the most suitable stabilization method that will be 

advantageous for the specific field condition can be applied. 
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BACKGROUND 

The North Carolina Department of Transportation (NCDOT) initiated a research 

project, “Establishment of Subgrade Undercut Criteria and Performance of Alternative 

Stabilization Measures” (Gabr et al., 2010), to establish the criteria required for making 

appropriate decisions with regard to undercutting and suitable stabilization methods and to 

reduce the amount of undercutting by applying the most suitable select material, ABC, 

geosynthetic reinforcement, and/or lime stabilization method. The tasks undertaken by the 

researchers were designed to: i) review current NCDOT practice, ii) establish factors that 

define the need for undercutting using in situ testing techniques, iii) implement numerical 

modeling of short-term and long-term conditions, and iv) develop guidelines for alternative 

and/or supplemental approaches to undercutting, including the use of geosynthetics and 

chemical stabilization. Undercut criteria based on a mechanistic approach were developed in 

this research, and dynamic and static numerical models were implemented for simulating test 

pits and typical field sections. The task of establishing these undercut criteria and numerical 

models is the primary (or main) focus of this study 

  

PROBLEM STATEMENT 

This study consists of three parts: i) assessment of the stiffness and strength 

parameters of soft subgrade soils and associated stabilization measures using inverse 

analysis, ii) establishment of soft subgrade undercut criteria that consider rutting and 

pumping responses, and iii) the field application of the developed undercut criteria and the 
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impact of the resultant stabilization measures. In brief, the first part is the determination of 

the mechanistic properties of the material used in the simulated test pit. The second part is 

the development of the mechanistic-based undercut criteria. The third part is the application 

of the material in field conditions based on NCDOT practice.  

Figure 1 presents a flow chart for the study that describes the use of various 

stabilization measures that are applied, starting from the soft subgrade soil and moving to the 

numerical evaluation of the reinforced subgrade soil. The mechanistic approach for 

evaluating the soft subgrade soil yields the undercut criteria with respect to loading condition 

and material properties, and the inverse analysis and field application are related to the 

stabilized subgrade soil. Whereas the undercut criteria are used to help make decisions 

regarding suitable undercut applications and help provide information regarding predictive 

deformation under a specific loading condition, the determination of the material properties, 

which is based on inverse analysis and numerical simulation of field conditions, is related to 

the evaluation of the stabilized subgrade soils, as reinforced using various measures. 
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Figure 1. Flow chart of the study and the relationships of the various study components 
 

Assessment of Stiffness and Strength Parameters of Soft Subgrade Soils with 

Stabilization Using Inverse Analysis 

Twenty-two plate load tests under static, proof roller, and cyclic traffic loads were 

performed in a test pit, and each test section consisted of soft subgrade soil and stabilized 

layers. Load cells were embedded, and the stresses mobilized by the external loads were 

measured. The settlement under the loads and the deformation of the subgrade soil also were 

monitored (Gabr et al., 2010). 

The deformation behavior found in the test pit can be predicted via numerical 

simulation using the material properties obtained from small-scale tests, such as triaxial tests, 

resilient modulus tests, and the CBR (California Bearing Ratio) test, etc. However, the 

material properties obtained from these tests, which are the stiffness and strength parameters 
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used in numerical modeling, are dependent upon the degree of compaction for both the 

subgrade and stabilized layers and the water content of the subgrade soil layer. Other issues, 

such as the appropriateness of the use of constitutive models to simulate the plastic behavior 

of the soil, interactions of the multilayered soil layers, and hardening or softening effects 

beyond the onset of the yield point can cause errors in the prediction.  

Nevertheless, it is known that the predictions are in approximate agreement with the 

measurements under a specific condition in which the numerical issues do not occur. Static 

load tests can be regarded as providing this specific condition, and results of such tests 

suggest that the behavior of soil in the test pit is dependent mainly on the variation of the 

material properties. From the measured stress and displacement values obtained from the 

static load tests, the material properties can be backcalculated. By applying inverse analysis 

to the results of the static load test conducted in the test pit, the stiffness and strength 

parameters can be assessed, and the magnitude of the strength for the stabilized soil layer can 

be evaluated. 

Three factors were considered in the inverse analysis: 

i) Assuming the layered large-scale test section to be a homogeneous soil layer can lead 

to finding the equivalent properties and enable the estimation of the magnitude of 

stabilization on the undercut criteria chart. 

ii) According to a combination of data, different material properties can be determined, 

and thus, optimized values can be selected for the numerical simulations.  

iii) By extracting an elastic response from the measurements, the stiffness of the system 

can be assessed separately from the strength parameters.  
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As an appropriate numerical scheme, the finite difference method is used to simulate 

the test pit, and the Levenberg-Marquardt optimization algorithm is adopted in the 

backcalculation process used to obtain the parameters. 

 

Soft Subgrade Undercut Criteria, Including Rutting and Pumping Responses 

The engineering approach taken to ascertain the stability of the subgrade soil is based 

on the estimation of the soil’s strength and stiffness (Thompson, 1979). That is, from a site 

investigation, the strength and stiffness values can be estimated, and engineers can then 

determine whether or not undercutting is needed and the type of stabilization method that is 

required for the subgrade soil. The undercut criteria will address the following issues: 

 

i) Quantifiable criteria must be developed to determine the state of the subgrade soil and 

to aid in making the decision whether or not to undercut and, if undercutting is 

deemed necessary, which stabilization method is most appropriate for the 

circumstance. 

ii) The criteria must be applicable for the external loads that are caused by construction 

vehicles and proof roll trailers. 

iii) The criteria should define the pumping and rutting behavior of soft or stabilized 

subgrade soil, as determined from the proof rolling test. 

iv) The development of a model to establish these criteria will provide engineers with 

magnitude of settlement data, as obtained from the stiffness and strength inputs. 
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Field Applications of the Undercut Criteria and the Impact of the Stabilization 

Measures 

One of the main objectives of conducting the twenty-two tests in the test pit is to 

evaluate each stabilization method in terms of relative effectiveness and appropriateness. The 

numerical computations for these tests were designed to provide mechanistic information 

about the test sections, which can then be extended to the prediction for other factors, such as 

different depths of the undercut and/or a complex geometry in the field. This objective 

consists of two tasks. One is the simulation of tests performed in the test pit, and the other is 

the application of the stabilization method in field cases. Results from the simulations of 

large-scale tests can be extrapolated to the field cases. 

 Out of the twenty-two large-scale tests, five representative stabilization methods 

were selected whereby the stabilization is accomplished using a select fill material, an ABC 

material, geotextile (HP570) with ABC, geogrid (BX1500) with ABC, or lime-stabilized soil. 

Static, proof roller, and cyclic traffic loads were applied on the surface of the test pit using a 

steel plate with a flexible rubber pad to make the loads uniform. Settlement and stress levels 

were measured at load cells embedded in the subgrade soil layer. 

Numerical simulations were performed for the tests under static and proof roller 

loads, and the results were compared with the measurements. The stability of these highway 

structures on unstable soils can be time-dependent and of concern, first during construction 

on the soils, and then on a long-term basis when they may experience significant movement 
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and plastic deformation that can compromise their function. An example of such soils can be 

found within the Triassic basins of North Carolina.  

Four field conditions, under which undercutting generally is necessary, were 

simulated numerically. Schematic drawings of these typical undercut sections, as issued by 

NCDOT engineers, are shown in Figure 2 and represent (a) a fill section, (b) deep subgrade 

soils in a cut section, (c) the widening of an existing embankment, and (d) the widening of a 

median section. 

 

 

Figure 2. Typical field conditions under which undercutting typically occurs 
 

Case 1, shown in Figure 2 (a), represents the at-grade road widening of an existing 

embankment, which is implemented by adding a fill section. Possible problems inherent in 
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this type of section include the presence of shallow groundwater and soft subgrade near the 

embankment as well as the confining effect caused by the existing embankment.  

Case 2, shown in Figure 2 (b), represents the construction of a new alignment in a fill 

situation. The numerical model mesh and construction sequences are almost the same as in 

Case 1, with one difference, which is the absence of an existing embankment. Similarly, a 

high groundwater table condition and soft subgrade suggest that the decision to undercut 

should be made. Further, heavy and repetitive hauling can also cause deterioration of the fill 

section's subgrade stability. Typical sections for Case 1 and Case 2 are found in the R-2510A 

NBL project. 

Case 3, shown in Figure 2 (c), represents a new alignment in a cut situation. A typical 

section for numerical simulation is taken from project U-2524AB, and the depth of the 

undercut is determined by the level of moisture and the depth of the groundwater table. 

Because the soft subgrade soil in this cut section is saturated, lime stabilization is typically 

the type of stabilization method that is implemented.  

Case 4, shown in Figure 2 (d), represents a project in which a highway median is 

widened. The section used for the numerical simulation comes from the plans for NCDOT 

project I-4744. The controlling condition of this section is that the existing road must remain 

in operation while construction proceeds. Surface water that drains from the pavement 

submerges the median area, and typically, the soil in the median area is excavated as a 

shallow cut (under 1.5 ft) and is reinforced using geosynthetics. 
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ORGANIZATION 

The section entitled ‘Assessment of Stiffness and Strength Parameters of Soft 

Subgrade with Stabilization Measures Using Inverse Analysis’ explores the characteristics of 

the material used in the large-scale tests. The material properties used for the numerical 

simulations in this study will be determined by consulting the literature and laboratory test 

results. Triaxial testing will be used to assess the hardening effects for the strength 

parameters. This section also presents the inverse analysis of the test pits that have been 

stabilized using the five undercut methods. The Levenberg-Marquardt algorithm will be 

adapted in this study to minimize the error between the predictions obtained from the model 

and the actual measurements.  

The section entitled ‘Soft Subgrade Undercut Criteria, Including Rutting and 

Pumping Responses’ presents the undercut criteria for design traffic and proof roller loads, 

which are simulated under axisymmetric and plane strain conditions, respectively. Undercut 

criteria consist of bearing capacity curves and deformation curves; the empirical models for 

the deformation curves are developed and their significance discussed in this section. 

Furthermore, this section presents the characterization of pumping and rutting, which is 

implemented based on the criteria, and also presents the applications of the undercut criteria.  

The section entitled ‘Field Applications of the Undercut Criteria and the Impact of the 

Stabilization Measures’ presents preliminary analyses to define the numerical models for 

simulating geosynthetic reinforcement and the reduction factor for simulating an equivalent 

axisymmetric load in the plane strain condition. Furthermore, this section explores several of 
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the most frequently encountered cut-and-fill field configurations that emerge during 

numerical analysis.  
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LITERATURE REVIEW 

A survey of the literature has been undertaken to review the state of practice and 

recent findings for the subject of this study. This section summarizes the stability of subgrade 

soil, which is related to undercutting and stabilization, the characteristics of the subgrade soil 

used in the large-scale testing in terms of engineering properties, the inverse problem that 

exists between the measurements and the predictions, and the application of numerical 

simulations, as found in previous research. 

 

Soft Subgrade Undercut Criteria, Including Rutting and Pumping Responses 

Subgrade soil is considered to be a highly variable material, and aspects of its 

characteristics include strength, drainage, ease of compaction, permanency of compaction, 

and permanency of strength (Yoder, 1975). Early research into subgrade stability examined 

moisture content and degree of saturation of the subgrade soil in association with strength 

and surface deflection (Broms, 1965; Cumberledge, 1974; Thompson, 1979). Thompson 

(1979), in particular, discussed the adequate evaluation of a field soil moisture regime, and 

studied its relationship with subgrade stability in terms of the strength and stiffness of the 

subgrade soil. As a remedial procedure for soft subgrade soil, Thompson (1979) introduced 

the three procedures of undercut, backfill, and admixture stabilization to improve the 
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performance of the completed pavement. These procedures are now commonly referred to as 

undercutting and stabilization. 

For the design or construction process, an empirical design manual for unpaved roads 

has been adopted by engineers to ascertain the depth of the undercut and the appropriate 

stabilization method. Croney (1977) considered the upper 60 cm (2 feet) of the subsurface 

soil matrix as the subgrade layer, and regarded this dimension as a meaningful depth with 

respect to strength. Hammit (1970) developed an empirical formula to present the depth of a 

granular layer by considering the number of traffic passes, the applied load, the tire contact 

area, and the CBR Several empirical formulas have been suggested (Webster and Alford, 

1978; Giroud and Noiray, 1981; Greenstein and Livneh, 1981; Giroud et al., 1984; Powell et 

al., 1984) using strength (CBR or undrained shear strength), number of traffic passes, and 

application of the axle load. These research efforts have led to the determination of the 

appropriate stabilization method for the subgrade soil as well as the depth of the undercut. 

Giroud and Noiray (1981) presented the most well-known design method for 

geotextile-reinforced unpaved roads, which calculates the depth of the granular layer under 

an approximated geometry of stress distribution. Giroud and Han (2004 and 2004b) proposed 

a new empirical design model for geogrid-reinforced unpaved roads, which is calibrated by 

the experimental data and considers the interaction between the geogrid and an ABC, and the 

number of traffic loading cycles. 

Holtz et al. (1998) presented a geosynthetic design and construction guides for 

temporary or permanent roadways. The improvement using geosynthetics implies an increase 

in the bearing capacity of a roadway section as well as the separation and drainage between 



17 

the subgrade and sub-base layers. Several national guidelines and manuals are available for 

the use of geosynthetics for paved roads. The FHWA (Federal Highway Administration) 

specifications by Holtz et al. (1998), the Geosynthetic Materials Association (GMA) White 

Paper II by Berg et al. (2000), and AASHTO PP 46-01 (AASHTO, 2001) also provide 

guidelines for base course reinforcement using geosynthetics. 

Berg et al. (2000) considered three design factors – Base Course Reduction (BCR), 

Traffic Benefit Ratio (TBR), and Layer Coefficient Ratio (LCR) – for the geosynthetic 

reinforcement of a base course. The BCR indicates the percentage of reduction in the 

thickness of the base layer that is caused by the reinforcement, the TBR is used to define the 

magnitude of improvement of the reinforcement in terms of the number of load cycles, and 

the LCR is used to compare the reinforced versus unreinforced cross-section performance by 

modifying the base course portion of the AASHTO structural number equation. These 

factors, however, do not have a mechanistic basis, and must be defined by laboratory tests 

that have been correlated to a field section for a particular reinforcement (Gabr et al., 2010). 

The use of geosynthetic reinforcement to improve the stability of unpaved roads also 

has been examined in terms of bearing capacity. Tingle and Webster (2003) backcalculated 

bearing capacity factors using results from four geotextile- and geogrid-reinforced test 

sections, and specified design procedures for subgrade and unpaved road stabilization. Leng 

and Gabr (2005) introduced a design model that considers the subgrade bearing capacity as a 

function of rutting and the relative ABC-to-subgrade modulus ratio.  
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Assessment of Stiffness and Strength Parameters of Soft Subgrade with Stabilization 

Measures Using Inverse Analysis 

Backcalculation and inverse analysis have been improved with the development of 

nondestructive deflection testing (NDT) and the optimization method. The observed data 

from various transducers reveal the response of a medium to an external factor, and the 

model that simulates the medium can be optimized by inverse analysis. Thompson (1992) 

categorized the backcalculation according to NDT measures and suggests backcalculation 

procedures as follows:  

i) identify the relationship between the modulus of the subgrade reaction modulus 

(typically designated by K) and the elastic modulus,  

ii) establish a database and employ iterative procedures to predict the deflection using 

the assigned layer modulus values,  

iii) employ the spectral analysis of surface waves (SASW) technique to identify the 

material properties and the thickness of the layers, and  

iv) initiate an expert system as a backcalculation procedure.  

The iterative procedure and the techniques for minimizing the error that may arise in 

the process have been developed in the area of NDT and/or field scale tests. 

If the physical properties of a system are known, and the deterministic model to 

analyze the system is also available, then the problem is referred to as a forward problem. As 

a counterpart to the forward problem, an inverse problem is solved using an assumed 

theoretical model, and plausible parameters of the model can then be estimated using the 

observed data (Oliver et al., 2008). According to Oliver et al. (2008), forward problems are 
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so-called well posed in that the problem has a solution, and the solution is unique and is a 

continuous function of the problem data (Hadamard, 1902; Oliver et al., 2008). On the other 

hand, some problems that naturally occur are not well posed, and therefore are said to be ill 

posed. These ill-posed problems refer to inverse problems. Kubo (1992) classified the inverse 

problems related to field problems and their solutions. 

Field Applications of the Undercut Criteria and the Impact of Stabilization Measures 

Numerical analysis is a technique used to calculate the mechanical behavior of 

roadway components using the required material properties and constitutive models. In 

contrast to design methodologies that are based on empirical relationships, numerical 

methods have the advantage of being able to incorporate various loading configurations, 

environmental conditions, and complicated nonlinear models (Masad and Scarpas, 2007).  

With the development of numerical methods, many researchers in the pavement field 

have applied numerical techniques to simulate pavement systems that consist of flexible 

pavements, ABCs, and subgrade soil layers (Huang and Wang; 1974; Doddihal & Pandey, 

1984; Ioannides et al., 1984; Tutumluer and Barksdale, 1998). Finite element or difference 

techniques have solved various types of geotechnical structural problems that have 

complicated geometries and external loads. Whereas some computational improvements have 

focused on three-dimensional geometry, the achievements in pavement and subgrade soils 

are related to constitutive models with respect to viscoelastic and/or plastic materials and the 

behavior under cyclic loading due to relatively simple geometry. Some researchers have 

developed models under axisymmetric and cyclic loading conditions, and some have used 
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commercial programs such as ABAQUS and FLAC to simulate field conditions. The 

following portion of the literature review focuses on the previous numerical approaches and 

their simulation of roadway cross-sections. 

Schwartz (2002) categorized the numerical methods for determining the stresses, 

strains, and deformations in flexible pavement systems. Schwartz (2002) considered three 

aspects to determine an appropriate pavement structural response model: 1) material 

nonlinearity for simulating viscoelastic materials for the asphalt concrete layer, 2) analysis 

dimensionality for rigorously analyzing in situ composite pavement and loading conditions, 

and 3) the computational practicality of performing a complicated three-dimensional finite 

element model. 

For flexible pavement systems, it can be assumed that in situ pavements have been 

constructed under various mechanical and environmental conditions. So, many researchers 

have tried to simulate the behavior of such pavement systems using their own constitutive 

model. Recently, Desai (2007) suggested the disturbed state concept (DSC), which provides 

a modeling approach that includes various responses, such as elastic, plastic, creep, 

microcracking and fracture, softening, and healing under mechanical and environmental 

(thermal, moisture, etc.) conditions within a single unified and coupled framework. 

For the dimensionality problem, a two-dimensional axisymmetric approach is 

generally regarded as a representative pavement model under an ESWL (Equivalent Single-

Wheel Load) with a circular shape (Ayres, 1997; Chen et al., 1995). Because most flexible 

and composite pavement cases are inherently three-dimensional, in recent years many 

researchers have applied three-dimensional commercial programs or their own programs 
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developed using specific constitutive models. The advantages of a three-dimensional 

approach include the ability to consider multiple wheel loads as well as to estimate the 

moving and flexible behavior of actual wheel loads (Zaghloul and White, 1993; Mallela and 

George, 1994; Gunaratne and Sanders, 1996; Blab and Harvey, 2002). However, 

axisymmetric models are still reliable for analyzing the mechanical behavior of ESWLs 

under laboratory conditions, and as part of NDT; e.g., the falling weight deflectometer 

(FWD) (Al-Khoury, 2007). Using a three-dimensional finite element program (ABAQUS), 

Zaghloul and White (1993) simulated the dynamic behavior of multilayered pavements under 

traffic loading, and compared the results with those of an elastic multilayer analysis program 

called Bitumen Structures Analysis in Roads (BISAR). 

For analyzing large-scale test results, the stress distribution beneath circular loading 

on an elastic half-space has been examined. Utilizing a homogeneous half-space is generally 

considered the simplest method to characterize the behavior of a flexible pavement under 

wheel loads (Huang, 2004). According to the original Boussinesq (1885) theory, the stress 

distribution under a circular load area on an elastic half-space can be obtained from 

integrating the point loads. However, because the elastic modulus is dependent on the 

vertical stress, various analytical and numerical solutions for non-homogeneous materials are 

suggested. 



22 

REFERENCES 

AASHTO. (2001). “Geosynthetic Reinforcement of the Aggregate Base Course for Flexible 

Pavement Structures.” AASHTO Provisional Standards, PP 46-01. American Association of 

State Highway and Transportation Officials, Washington, D.C. 

 

Al-Khoury, R., Scarpas, A., Kasbergen, C., and Blaauwendraad, J. (2007). “Nonhomogeneous 

Spectral Element for Wave Motion in Multilayer Systems.” International Journal of 

Geomechanics, 7 (5), pp. 362-370. 

 

Ayres, M. (1997). “Development of a Rational Probabilistic Approach for Flexible Pavement 

Analysis.” Ph.D. dissertation, University of Maryland, College Park, MD. 

 

Berg, R. R., Christopher, B. R., and Perkins, S. (2000). “Geosynthetic Reinforcement of the 

Aggregate Base/Subbase Courses of Pavement Structures.” Geosynthetics Materials 

Association. Roseville, MN.  http://www.gmanow.com/pdf/WPIIFINALGMA.pdf . 

 

Blab, R. and Harvey, J. T. (2002). “Modeling Measured 3D Tire Contact Stresses in a 

Viscoelastic FE Pavement Model.” International Journal of Geomechanics, 2 (3), pp. 271-

290. 

 



23 

Boussinesq, J. (1885). “Application des Potentiels a L’etude de L’equilibre et du Mouvement 

des Solids Elastiques.” Gauthier-Villars, Paris. 

 

Broms, B. B. (1965). “Effect of Degree of Saturation on Bearing Capacity of Flexible 

Pavements.” Highway Research Record 71, pp. 1-14. 

 

Chen, D. H., Zaman, M., Laguros, J., and Soltani, A. (1995). “Assessment of Computer 

Programs for Analysis of Flexible Pavement Structures.” Transportation Research Record 

1482, Transportation Research Board, National Research Council, Washington, D.C., pp. 

123–133. 

 

Croney, D. (1977). “The Design and Performance of Road Pavements.” Her Majesty’s 

Stationery Office, London. 

 

Cumberledge, G., Hoffman, G. L., Bhajandas, A. C., and Cominsky, R. J. (1974). “Moisture 

Variation in Highway Subgrades and the Associated Change in Surface Deflections.” 

Transportation Research Record 497, Transportation Research Board, National Research 

Council, Washington, D.C., pp. 40-49. 

 

Desai, C. S. (2007). "Unified DSC Constitutive Model for Pavement Materials with 

Numerical Implementation." International Journal of Geomechanics, 7 (2), pp. 83-101. 

 



24 

Doddihal, S. R. and Pandey, B. B. (1984). “Stresses in Full-Depth Granular Pavements.” 

Transportation Research Record 954, Transportation Research Board, National Research 

Council, Washington, D.C., pp. 94-100. 

 

Gabr, M. A., Borden, R. H., Robinson, B. R., Cote, B. M., Park, Y. J., and Pyo, S. (2010). 

“Establishment of Subgrade Undercut Criteria and Performance of Alternative Stabilization 

Measures.” Department of Civil, Construction, and Environmental Engineering, North 

Carolina State University, in cooperation with the North Carolina Department of 

Transportation. North Carolina State University, Raleigh, NC (March). 

 

Giroud, J. P. and Noiray, L. (1981). “Geotextiles-Reinforced Unpaved Road Design.” ASCE, 

Journal of Geotechnical Engineering, 107 (9), pp. 1233-1253. 

 

Giroud, J. P., Ah-Line, C., and Bonaparte, R. (1984). “Design of Unpaved Roads and 

Trafficked Areas with Geogrids.” Proceedings of the Conference on Polymer Grid 

Reinforcement. London, U.K. (March 23-24), pp. 116-127. 

 

Giroud, J. P., Bonaparte, R., Beech, J. F., and Gross, B. A. (1990). “Design of Soil Layer 

Geosynthetic Systems Overlying Voids.” Geotextiles and Geomembranes, 9 (1), pp. 11-50. 

 



25 

Giroud, J. P. and Han, J. (2004a). “Design Method for Geogrid-Reinforced Unpaved Roads –

Part I: Theoretical Development.” ASCE Journal of Geotechnical and Geoenvironmental 

Engineering, 130 (8), pp. 776-786. 

 

Giroud, J. P. and Han, J. (2004b). “Design Method for Geogrid-Reinforced Unpaved Roads –

Part II: Calibration and Verification.” ASCE Journal of Geotechnical and Geoenvironmental 

Engineering, 130 (8), pp. 787-797. 

 

Greenstein, J. and Livneh, M. (1981). “Pavement Design of Unsurfaced Roads.” 

Transportation Research Record 827, Transportation Research Board, National Research 

Council, Washington, D.C., pp. 21-26. 

 

Gunaratne, M. and Sanders, O., III. (1996). “Response of a Layered Elastic Medium to a 

Moving Strip Load,” International Journal for Numerical and Analytical Methods in 

Geomechanics., 20 (3), pp. 191 – 208. 

 

Hammit, G. M. (1970). “Thickness Requirements for Unsurfaced Roads and Airfields: Bare 

Base Support: Project 3782-65.” US Army Corps of Engineers, Technical Report S-70-5, 

Waterways Experiment Station, Vicksburg, MS. 

 

Hadamard, J. (1902). “Sur les Probléms aux Dérivées Partielles et leur Signification 

Physique.” Princeton University Bulletin, 13, pp. 49-52. 



26 

 

Holtz, R. D., Christopher, B. R., and Berg, R. R.  (1998). “Geosynthetic Design and 

Construction Guidelines.” FHWA Publication No. HI-95-038. Federal Highway 

Administration, Washington, D.C., 459 pages. 

 

Huang, Y. H. (2004). “Pavement Analysis and Design.” (2nd edition). Englewood Cliffs, NJ: 

Prentice-Hall. 

 

Huang, Y. H., and Wang, S. T. (1974). “Finite-Element Analysis of Rigid Pavements with 

Partial Subgrade Contact.” Transportation Research Record 485, Transportation Research 

Board, National Research Council, Washington, D.C., pp. 39-54. 

 

Ioannides, A. M., Barenberg, E. J., and Thompson, M. R. (1984). “Finite-Element Model 

with Stress-Dependent Support.” Transportation Research Record 954, Transportation 

Research Board, National Research Council, Washington, D.C., pp. 10-16. 

 

Kubo, S. (1992). “Classification of Inverse Problems Arising in Field Problems and Their 

Treatments” in H. D. Bui and M. Tanaka, Editors, Inverse Problems in Engineering 

Mechanics. IUTAM Symposium, Tokyo, pp. 51–60. 

 

Leng, J. and Gabr, M. A. (2005). “Numerical Analysis of Stress-Deformation Response in 

Reinforced Unpaved Road Sections.” Geosynthetics International, 12 (2), pp. 111-119. 



27 

 

Mallela, J. and George, K. P. (1994). “Three-Dimensional Dynamic Response Model for 

Rigid Pavements.” Transportation Research Record 1448, Transportation Research Board, 

National Research Council, Washington, D.C., pp. 92-99. 

 

Masad, E. and Scarpas, A. (2007). “Towards a Mechanistic Approach for the Analysis and 

Design of Asphalt Pavements.” International Journal of Geomechanics, 7 (2), American 

Society of Civil Engineering, pp. 81-82. 

 

Oliver, D. S., Reynolds, A. C., and Liu, N. (2008). “Inverse Theory for Petroleum Reservoir 

Characterization and History Matching.” New York: Cambridge University Press. 

 

Powell, W. D., Potter, J. F., Mayhew, H. C., and Nunn, M. E. (1984). “The Structural Design 

of Bituminous Roads.” Transport and Road Research Laboratory (TRRL) Report LR 1132. 

Crowthorne, U.K. 

 

Schwartz, C. W. (2002). “Effect of Stress-Dependent Base Layer on the Superposition of 

Flexible Pavement Solutions.” International Journal of Geomechanics, 2 (3), pp. 331-352. 

 

Thompson, M. (1979). “Subgrade Stability.” Transportation Research Record No. 705, 

Subdrainage and Soil Moisture, Transportation Research Board, National Research Council, 

Washington, D.C., pp. 32-41. 



28 

 

Thompson, M. R. (1992). “Report of the Discussion Group on Backcalculation Limitations 

and Future Improvements.” Transportation Research Record 1377, Transportation Research 

Board, National Research Council, Washington, D.C., pp. 3-4. 

 

Tingle, J. S. and Webster, S. L. (2003). “Review of Corps of Engineers Design of 

Geosynthetic Reinforced Unpaved Roads.” Presentation and CD-ROM publication at the 

Transportation Research Board 82nd Annual Meeting, Washington, D.C., p. 24. 

 

Tutumluer, E. and Barksdale, R. D. (1998). "Analysis of Granular Bases Using Discrete 

Deformable Blocks." Journal of Transportation Engineering, ASCE, 124 (6), 

(November/December), pp. 573-581. 

 

Webster, S. L. and Alford, S. J. (1978). “Investigation of Construction Concepts for 

Pavements across Soft Ground.” Technical Report S-78-6, US Army Corps of Engineers, 

Waterways Experiment Station, Vicksburg, MS. 

 

Yoder, E. J. and Witczak, M. W. (1975). “Principles of Pavement Design.” John Wiley & 

Sons, Inc. 

 



29 

Zaghloul, S. M. and White, T. D. (1993). “Use of a Three-Dimensional, Dynamic Finite 

Element Program for Analysis of Flexible Pavement.” Transportation Research Record 1388, 

Transportation Research Board, National Research Council, Washington, D.C., pp. 60-69. 



30 

ASSESSMENT OF THE STIFFNESS AND STRENGTH PARAMETERS 

OF SOFT SUBGRADE WITH STABILIZATION MEASURES USING 

INVERSE ANALYSIS 

INTRODUCTION 

This study is designed to determine the mechanistic characteristics of subgrade soil, 

select fill, an aggregate base course (ABC), and lime-stabilized soil used in large-scale 

testing. The shear strength parameters and elastic modulus values that constitute these 

mechanistic characteristics are investigated based primarily on laboratory test results and 

relevant literature. In addition, strain hardening effects for these materials under cyclic 

loading will be determined from triaxial test results. 

Material properties determined from small-scale testing can be variable, depending on 

the degree of compaction for both the subgrade and stabilized layers, the water content of the 

subgrade soil, and the scale effects between the laboratory tests and the field performance. 

Therefore, for this study, once the properties are determined using conventional 

methodology, inverse analysis, which is based on the minimization technique of the 

Levenberg-Marquardt algorithm, will be conducted for five large-scale tests. Static plate load 

tests have been selected for this analysis due to the minimization of the plastic behavior 

found in the observed data. Errors that occur in the simulations can be minimized by 

adjusting the material properties according to the Levenberg-Marquardt algorithm. The 
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sources of the observation data are the deflections and stress levels measured in the subgrade 

soil, and the forward models are classified under either a single-layer or multilayer system, 

and either a linear elastic or elastic-perfectly plastic constitutive law.  

 

The following three factors are considered in the inverse analysis: 

 

i) The assumption that two systems are used for the test pit modeling: a single-layer 

system (homogeneous soil mass) and a multilayer system; 

ii) The combination of observed data that consider: a) deflection only and b) stresses 

measured in the subgrade soil layer as well as deflection; and  

iii) The constitutive laws of the linear elastic and elastic-perfectly plastic (Mohr-

Coulomb) models. The elastic modulus values are determined using the linear elastic 

model, and the strength parameters are determined using the elastic-perfectly plastic 

model.  

 

For the numerical scheme, the finite difference method is used to simulate the test pit, 

and the Levenberg-Marquardt algorithm is adapted for backcalculation to obtain the 

optimized parameters. 
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CHARACTERIZATION OF MATERIALS 

Candidate subgrade soils and materials to be used as the stabilization measures for the 

large-scale tests will be characterized by their geological features and index properties 

obtained from laboratory tests. The index properties consist of particle size distribution, 

Atterberg’s limit, specific gravity, and maximum dry density at an optimal moisture content. 

The main materials tested in the large-scale tests are the subgrade, ABC, select fill, and lime-

treated subgrade soil. 

 

Subgrade soil 

The subgrade soils used in this research are from two different NCDOT undercut 

project areas and were provided by the NCDOT. One of the projects is located in southern 

Greensboro within the piedmont physiographic province, and the other project is north of 

Greenville, North Carolina within the coastal plain physiographic province. Thus, in this 

research, these two soils are referred to as piedmont soil and coastal plain soil.  

The piedmont physiographic province extends from Pennsylvania southwest into 

Alabama. The residual soil in this region is geologically underlain by metamorphosed granite 

rock in the Carolina slate belt. The subgrade soil in the coastal plain physiographic province, 

which extends from Virginia into Georgia along the East coast, can be characterized by 

alluvial deposition and the weathering of existing formational material (Gabr et al., 2010; 

Sowers and Richardson, 1983). The primary soil used in the large-scale testing program is 

Coastal Plain Soil 4, as shown in Table 1. It is classified as A-6 (6) according to the 
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AASHTO engineering soil classification system, and as CL according to the Unified Soil 

Classification System. The maximum dry unit weight of Soil 4 is 113.2 pcf at an optimal 

moisture content of 15.3%; these measurements were obtained from compaction testing. 

California Bearing Ratio (CBR) test results indicate that the sample from Coastal 

Plain Soil 4, as shown in Table 1, yields a CBR of 2% when prepared at a water content of 

18.8% (at 0.1 in. penetration) or 19.5% (at 0.2 in. penetration). The obtained resilient 

modulus value is 4,929 psi under test pit conditions, assuming that the soil undergoes 2 psi 

confining pressure and 5.4 psi deviatoric stress (Gabr et al., 2010). 

 

Materials for Stabilization 

Materials that are used to stabilize subgrade soil include an ABC, select fill, and lime 

mixed with the subgrade soil. The index properties for the subgrade soil, ABC, and select fill 

used in this research are presented in Table 1.  

The ABC is the layer that lies below the pavement and assumes the role of pavement 

in an unpaved road. An ABC with geosynthetic reinforcement is a typical method for 

stabilization, and therefore, the ABC is considered to be a basic material for stabilization in 

the large-scale tests as well as for the surface material that is used to prevent local failure at 

the surface. Engineering properties related to granular materials, such as particle size 

distribution, particle shape, relative density, internal friction, and cohesion, are the main 

factors that determine the stability of an ABC (Yoder, 1975). For this research, the ABC 

materials used in the large-scale tests were delivered from a local quarry and are the same as 

those used by the NCDOT. Laboratory tests were performed to define the index properties of 
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these ABC materials, which are presented in Table 1 with other materials. The ABC soil is 

classified as A-1-a in accordance with the AASHTO engineering soil classification system. 

 

Table 1. Index Properties for Subgrade Soil and Stabilization Measures (Gabr et al., 2010) 

Soil Sample LL PL PI Gs 

Maximum dry 
unit weight, 
γdmax (pcf) 

Optimal 
moisture 

content (%) 

Classification 

USCS AASHTO 

Piedmont  
soil 

44 32 12 2.69 115.7 14.7 ML A-6(5) 

Coastal 
plain soil 1 

20 16 4 2.63 121.6 10.9 CL-ML A-4 

Coastal 
plain soil 2 

29 18 11 2.66 115.1 14.6 CL A-6(3) 

Coastal 
plain soil 3 

36 18 18 - 109.5 15.9 CL A-6(8) 

Coastal 
plain soil 4 

33 17 16 2.70 113.2 15.6 CL A-6(6) 

Coastal 
plain soil 5 

28 15 13 2.65 113.0 15.5 CL A-6(8) 

Select fill - - NP 2.64 - - SP A-1-b 

ABC 1 20 - NP - 137.4 6.4 
GW-
GM 

A-1-a 

ABC 2 22 - NP - 138.5 5.8 
GW-
GM 

A-1-a 

 

The select fill material is a granular material without crushed stone, unlike the ABC, 

and was delivered from a coastal plain borrow site used by the NCDOT. The select fill 

material is classified as A-1-b in accordance with the AASHTO classification system.  

Lime stabilization is a form of admixture stabilization and generally serves to 

decrease soil density, change the plasticity properties of the soil, and increase soil strength 

(Yoder, 1975). These changes are caused by an alteration in the water film that surrounds the 
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clay minerals and by the flocculation of the soil particles. Standard Proctor compaction tests 

and unconfined compressive strength tests were performed for the lime-stabilized soil in 

order to satisfy quality control requirements.   

 

Determination of the Stiffness and Strength Parameters 

The material properties required for simulation in the large-scale tests initially were 

determined from the literature review, and then modified by small-scale laboratory tests, and 

inverse analysis. The properties to be simulated are density, stiffness, and strength 

parameters, such as cohesion (c) and friction (). The density () or unit weight () of each 

layer was obtained from the measurement of test pit samples using a nuclear gauge and sand 

cone device. The stiffness parameters are the elastic modulus (E) and Poisson’s ratio, and the 

Mohr-Coulomb strength parameters are cohesion and the friction angle. These values are 

required for the elastic – perfectly plastic model (the Mohr-Coulomb model) that is used in 

the simulation. Dilation is not considered in this study. 

The geosynthetic reinforcements were simulated using interface elements between the 

geosynthetics and ABC / subgrade soil layers. The spring coefficients for normal and shear 

forces and the strength of the springs are required for the interface elements. 

 

Shear Strength Parameters 

The Mechanistic-Empirical Pavement Design Guide (MEPDG) (NCHRP, 2004) 

introduced typical strength parameters for various subgrade materials, as shown in Table 2. 



36 

The subgrade soil used in the test pit is classified as silty clay, so the friction angle can be 

regarded initially as 19 degrees based on these values. 

 

Table 2. Typical Effective Angle of Internal Friction for Unbound Granular and Subgrade 
Materials (NCHRP, 2004) 

Layers Material Description ’ (deg.) 

Subgrade 

Fine sandy silt, nonplastic silt 17 – 19 

Very stiff and hard residual clay 22 – 26 

Medium stiff and stiff clay and silty clay 19 

ABC & 
Sand 

Clean gravel, gravel-sand mixtures, and coarse sand 29 – 31 

Clean fine to medium sand, silty medium to coarse sand, 
silty or clayey gravel 

24 – 29 

Clean fine sand, silty or clayey fine to medium sand 19 – 24 

 

Several triaxial tests for the piedmont soft subgrade soil were conducted by the 

NCDOT, and the results have been provided to the project team for use in the numerical 

analyses, as shown in Table 3. Table 3 includes the shear strength parameters obtained from 

the triaxial testing. The ‘c’ and ‘GS’ in Table 3 refer to undrained shear strength and specific 

gravity, respectively.  

Table 4 presents basic statistics for the strength parameters of the piedmont residual 

soil, and the average values for the friction angle are 18 degrees and 2.3 psi for cohesion. 
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Table 3. Results of Triaxial Tests for Piedmont Residual Soil (NCDOT) 

Sample 
No. 

Classificatio
n 

LL PI (deg) ' 
(deg) 

c in psi (kPa) GS 

RT-1 (00) A-7-5(47) 75 44 18 29.7 0.73(5) 2.70 

RT-2 (00) A-7-6(18) 52 24 15 29.1 2.90(20) 2.84 

RT-3 (00) A-7-5(16) 58 16 16 30.7 2.61(18) 2.76 

RT-4 (01) A-7-6(10) 44 18 26 30.3 1.74 (12) 2.74 

ST-1 (00) A-6(5) 39 14 17 31.4 2.18 (15) 2.74 

ST-2 (00) A-4(1) 34 5 18 32 1.74 (12) 2.81 

ST-10 (01) A-7-5(12) 53 13 19 39.6 1.45 (10) 2.81 

ST-2 (06) A-7-5(7) 43 11 12 - 4.93 (34) 2.76 

 

Table 4. Basic Statistics of Results of Triaxial Tests for Subgrade Soil 

Statistics LL PI  (deg) ' (deg) c in psi (kPa) GS 

Min 34 5 12.0 29.1 0.725 (5.0) 2.70 

Max 75 44 26.0 39.6 4.93 (34.0) 2.84 

Mean () 50 18 17.6 31.8 2.28 (15.75) 2.77 

St dev () 12.9 11.8 4.03 3.56 1.27 (8.73) 0.046 

 

The shear strength parameters also can be determined via empirical correlations using 

index properties, such as the liquidity limit (LL) or plasticity index (PI). Figure 3 shows the 

NCDOT-measured friction angles versus the PI using the empirical correlation presented by 

Mitchell (1976), which is shown in Eq. (1).  

 

)ln(094.08.0sin PIp 
 

(1)
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Figure 3. Comparison of effective friction angles predicted by PI values (Mitchell, 1976) and 
obtained from triaxial tests 

 

As shown in Figure 3, the range of the effective friction angles predicted by the PI 

values is 26 to 35 degrees, and the friction angles obtained from the triaxial tests vary from 

29 to 39 degrees. If the highest and lowest values are excluded, the effective friction angles 

plotted in the range of PI = 14 to 24 are from 29 to 32 degrees, which agrees with the 

empirical correlations of Mitchell (1976). 

Table 5 presents the strength parameters obtained from the triaxial tests for the 

coastal plain soil and mixed coastal plain soil used in the test pit. The effective friction angle 

is about 34 degrees, and the average values of the total strength parameters are 18 degrees for 

the friction angle and 4.8 psi for cohesion.  



39 

Table 5. Results of Triaxial Tests for Coastal Plain Soil 
Sample No. Soil (deg) '(deg) c in psi w (%) 

1 Coastal Plain 16.5 33.5 2 - 

2 

Mixed Coastal Plain 

20.5 34.5 9.4 15.6 

3 19.0 34.5 5.7 18.8 

4 16.5 33.5 2 20.7 

 

Stiffness Parameters: Elastic Modulus 

For the subgrade soil and ABC layers, the elastic properties shown in Table 6 are 

considered as a baseline reference. In general, the material properties presented in Table 7 

and Table 8 have been used for numerical analyses of pavement systems (Huang, 2004). 

Typical values for the stiffness moduli reported by Brunton et al. (1992), CROW (1998) and 

Evdorides and Snaith (1996) are also included, as shown in Tables 7 and 8. 
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Table 6. Elastic Modulus Values and Poisson’s Ratios, as Found in the Literature 

Literature Material 
Elastic Modulus (psi) 

Range (Typical) 
Poisson’s Ratio 
Range (Typical) 

Cho (1996) Subgrade 15,000 0.4 

Blab & Harvey (2002) ABC 21,800 0.35 

Leonard (2002) 
Base 

Sub-base 
72,500 
29,000 

0.5 
0.5 

Shoukry et al. (1999) 

Gravel 
Sand Soil 

Base 
Subgrade 

2,990 
11,900 
34,800 
9,950 

0.4 
0.3 
0.4 
0.45 

Davies & Mamlouk 
(1985) 

Base 
Sub-base 
Subgrade 

50,000 – 200,000 (100,000) 
10,000 – 40,000 (20,000) 
4,000 – 16,000 (8,000) 

0.4 
0.4 
0.45 

Al-Khoury et al. (2007) 
Base 

Subgrade 
29,000 

3,600 – 14,500 (9,000) 
0.35 
0.35 

Kwon et al. (2005) 
Base 

Subgrade 
30,000 
4,100 

0.4 
0.45 

 

The values of the elastic moduli obtained from four references, i.e., Huang (2004), 

Brunton et al. (1992), CROW (1998), and Evdorides & Snaith (1996) (designated as E& S) 

were selected for this study, as shown in Table 7. The range of elastic modulus values for 

typical subgrade soils and ABCs is presented in Figure 4. For some preliminary analyses, the 

elastic modulus values for the subgrade and ABC layers have been selected from the 

literature. The elastic modulus value of 12,000 psi for the subgrade soil was determined from 

the range for medium clay shown in Table 7, and the modulus value of 24,000 psi for the 

ABC is taken from Brunton et al. (1992), CROW (1998), and Evdorides & Snaith (1996).  
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Table 7. Elastic Modulus Values for Various Soil Types, as Found in the Literature 

Layer Material Range (in psi) Typical (in psi) Ref. 

Subgrade 

Stiff clay 7,600 – 17,000 12,000 

 
Huang (2004) 

Medium clay 4,700 – 12,300 8,000 

Soft clay 1,800 – 7,700 5,000 

Very soft clay 1,000 – 5,700 3,000 

Clay subgrade 4400 – 21800 13100 
Brunton et al. 

(1992) 

Clay 2900 –11600 7300 CROW (1998) 

Clay, very soft 300 –2200 1300 

Evdorides & 
Snaith (1996) 

(E & S) 

Clay, soft 700 –3600 2200 

Clay, medium 2200 –7300 4800 

Clay, hard 7300 –14500 10900 

Clay, sandy 3600 –36300 20000 

ABC 

Granular sub-
base 

7300 – 29000 18200 
Brunton et al. 

(1992) 

Sand and gravel 10200 – 43500 26900 CROW (1998) 

Granular base 7300 – 43500 25400 E & S (1996) 

Select Fill & 
Base Sand 

Sand 
7300 – 43500 25400 CROW (1998) 

4400 – 21800 13100 E & S (1996) 

Lime 

Lime/fly ash 
materials 

500,000 – 
2,500,000 

1,000,000 Huang (2004) 

Fly ash/cement 
217,600 – 
870,000 

544,000 
Brunton et al. 

(1992) 
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Figure 4. Range of elastic modulus values found in the literature (Huang, 2004; Brunton et 
al., 1992; CROW, 1998; Evdorides & Snaith, 1996): (a) subgrade soil layer, and (b) ABC 

layer 
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Table 8. Poisson’s Ratios for Various Soil Types, as Found in the Literature  

Layer Material Range Typical Reference 

Subgrade 

Stiff clay 0.40 – 0.50 0.45 Huang (2004) 

Clay subgrade - 0.4 
Brunton et al. 

(1992) 

Clay - 0.4 CROW (1998) 

Clay, very soft - 0.5 

Evdorides & Snaith 
(1996) 

Clay, soft - 0.45 

Clay, medium - 0.35 

Clay, hard - 0.1 

Clay, sandy - 0.2 

ABC 

Untreated granular 
materials 

0.30 – 0.40 0.35 Huang (2004) 

Granular sub-base - 0.3 
Brunton et al. 

(1992) 

Granular base - 0.35 E & S (1996) 

Select Fill & 
Base Sand 

Sand 

0.30 – 0.45 0.35 Huang (2004) 

- 0.35 CROW (1998) 

- 0.15 E & S (1996) 

Lime 

Lime-stabilized 
materials 

0.10 – 0.25 0.20 Huang (2004) 

Fly ash/cement - 0.25 
Brunton et al. 

(1992) 

 

The initial modulus values for the subgrade soil can be obtained from the stress and 

strain behavior of the samples used in the triaxial testing. Figure 5 (a) shows stress and strain 

curves for the U-2524AB (RT-1) piedmont subgrade soil sample. The initial modulus values 

were obtained from the regression scheme suggested by the hyperbolic model (Duncan & 

Chang, 1970). The secant modulus at 50% of the failure strain also can be determined. As 

shown in Figure 5 (b), the determined modulus values are plotted as a function of confined 
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stress. The range of the initial modulus values under the design stress of 70 psi for proof 

rolling is determined to be from 1000 to 1500 psi. 

 

  

Figure 5. Determination of initial elastic modulus values from hyperbolic curves: (a) initial 
tangential modulus and secant modulus, and (b) relation to confining stress 
 

Interface Properties 

Interface elements were used to simulate the interaction between the geosynthetic 

reinforcements and the soil media. Interface material properties include normal stiffness, 

shear stiffness, and shear strength properties, such as cohesion and the friction angle. An 

interface element consists of two springs: a normal spring and a shear spring, each having a 

spring stiffness, Kn and Kst, respectively. The interface material representation and properties 

were developed from the suggestions of Clough and Duncan (1969) and Gabr and Hunter 

(1994), as follows: 
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Kn=knw (kPa/m) (2)
 

Kst=ksw(n/Pa)
n (kPa/m) (3)

 

where a normal spring coefficient is kn = 100,000, and the parameter (n) is assumed as 0.5. 

Based on data from pullout tests, Bauer et al. (1991) and Gabr and Hunter (1994) suggest a 

shear spring coefficient (ks) of 4,000 for the TN1500 geogrid (which is the same as UX1500). 

In this analysis, the shear spring coefficient (ks) is assumed to be the same value, i.e., 4,000. 

 

Lime-Stabilized Soil 

Standard Proctor compaction tests and unconfined compressive strength tests were 

performed for the lime-stabilized soil in order to satisfy quality control requirements. 

According to the compaction test procedure, an optimal moisture content of 16% and three 

days of mellowing time were applied for the coastal plain mixture, and the undrained shear 

strength of 50 psi was adopted for the numerical simulation.  

 

Summary of Material Properties 

The characteristics for the subgrade soil, select fill, ABC, and lime-stabilized soil 

used in the large-scale tests have been studied. Laboratory tests were performed to define the 

index properties and strength for each material, and conventional values were researched 

through a review of the literature. The material properties used in the linear elastic model and 
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elastic-perfectly plastic model were determined based on this investigation, and are presented 

in Table 9. 

The material properties of the soils used in the large-scale tests will be used to 

implement the numerical simulations using the properties obtained from inverse analysis. 

 
Table 9. Stiffness and Strength Parameters Used in the Analysis 

 

The elastic modulus value for the select fill was assumed as 7,300 psi which was the 

lowest value of the range suggested by CROW (1998), and lime-stabilized soil were assumed 

as 500,000 psi of the range suggested by Huang (2004). For the bottom sand, the elastic 

modulus value was determined to be 21,000 psi, which is the highest value in the range 

suggested by Evdorides and Snaith (1996). 

Of these material properties, the stiffness and strength parameters of the ABC, 

subgrade, select fill, and lime-stabilized soil affect the deformable behavior of the soft 

subgrade as well as the stabilized soil. Therefore, the parameters are investigated and 

Material t, (lb/ft3) E (psi)  c, psi (kPa)  (deg) Sources 

ABC 120 10,000 0.35 1~5 35 CROW (1998) 

Subgrade 114 550 ~ 1,500 0.40 5.7 19 
Evdorides & 
Snaith (1996) 

Select Fill 107 7,300 0.35 2.45 34 CROW (1998) 

LSS 128 500,000 0.2 50 0 Huang (2004) 

Bottom Sand 112 21,000 0.15 0 38 
Evdorides & 
Snaith (1996) 

BX1500 - 20,320 0.2 - - Tencate Co. 

HP570 - 12,277 0.2 - - Tensar Intl. Co. 
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backcalculated by inverse analysis based on a mechanistic model and the measurements of 

the tests performed in the test pit. 
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INVERSE ANALYSIS 

Stabilization materials typically considered for undercutting in soft subgrade soil 

include an ABC, select fill, lime-stabilized soil, geosynthetic reinforcements, and a 

combination of these materials. Except for the geosynthetic reinforcements, which are 

commercial products, the materials are affected by compaction energy and geological and 

geotechnical characteristics. It is assumed that the strength and stiffness of the test materials 

used in the test pit are also dependent on compaction energy and water content. By applying 

inverse analysis to the results of static load tests conducted in the test pit, the stiffness and 

strength parameters can be assessed, and the magnitude of those parameters for the stabilized 

soil layer can be evaluated. 

Three factors are considered for the inverse analysis employed in this study: i) 

observation of the soil behavior, that is, the displacement and pressure measured in the 

subgrade soil, which are represented by the population data used in the inverse analysis 

algorithm;  ii) the soil system in the test pit, that is, either a layered soil system or simplified 

homogeneous soil system; and iii) a mechanistic perspective for the simulation of the soil 

matrix, which is related to a constitutive model. Depending on the various combinations of 

these factors, the parameters (material properties) obtained from the inverse analysis will 

vary. For the numerical scheme, the finite difference method is used to simulate the test pit, 

and the Levenberg-Marquardt algorithm is adopted for backcalculation to obtain the 

optimized parameters. 
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Forward and Inverse Problems 

If the physical properties of the soil system are known, and the deterministic model 

needed to analyze the system is also available, then the investigation can be referred to as a 

forward problem. As a counterpart to the forward problem, an inverse problem is solved 

using an assumed theoretical model that determines plausible parameters of the model using 

the observed data (Oliver et al., 2008). According to Oliver et al. (2008), a forward problem 

is considered to be well posed in that the problem has a solution, and that solution is unique 

and is a continuous function of the problem data (Hadamard, 1902; Oliver et al., 2008). On 

the other hand, some problems that arise in nature are not well posed, and are said to be ill 

posed. The ill posed problems refer to inverse problems.  

Kubo (1992) classified the inverse problems related to field problems and their 

treatments. According to Kubo (1992), the governing equation in the physical domain (Ω) 

can be expressed as  

 

 (4)
 

where L denotes an operator, and  represents the variation in the field quantity. In Eq. (4), k 

and f denote the material properties and forces that act on the domain (Ω), respectively. 

Inverse problems are related to the physical factors attending the equation. The types of 

inverse problems are as follows: 

 

i) Determination of the domain (Ω) and boundary of the domain, 
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ii) The theoretical or mathematical model (L), 

iii) The boundary and initial conditions of the model (), 

iv) The external force acting on the domain (f), and 

v) Determination of the material properties (k).  

 

The inverse analyses performed for the tests in this study are related directly to the 

determination of the material properties (k); thus, some geometrical boundary conditions and 

mathematical models are assumed in the study. The only deterministic factor is the external 

force (f) acting on the surface of the test pit (Ω). 

 

Inverse Analysis of the Tests 

In the geotechnical and pavement fields, the deformable behavior of a single-layer or 

multilayer system is commonly assessed by a mathematical model based on continuum 

mechanics, which is known as the finite difference method, or finite element method. The 

model works in a forward direction using deterministic parameters, and is used by many 

geotechnical engineers to predict the deformation of subsurface structures.  

The inverse analysis in this study includes the forward model, because the main part 

of the analysis comprises the responses of the forward model for the input parameters, 

comparison with the observed data, and minimizing the error of the model prediction. This 

inverse analysis scheme (Ahn et al., 2009; Wang and Lytton, 1993) is shown in Figure 6.  
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Figure 6. Inverse analysis scheme (after Ahn, 2009; Wang and Lytton, 1992) 
 

As shown in Figure 6, the differences between the responses of the unknown system 

and its forward model are eliminated iteratively until the tolerance and convergence 

conditions are satisfied, and then the parameters are finally obtained. A nonlinear square 

method, which is called the Levenberg-Marquardt (LM) algorithm (Levenberg, 1944 and 

Marquardt, 1963), is implemented as the algorithm for error minimization and as a parameter 

adjustment technique. This algorithm has been adopted in various research efforts related to 

optimization and inverse problems (Rus and Gallego, 2002; Supranata, 2006; Ahn et al., 

2009). In particular, the stiffness of the subgrade, as evident in the resilient modulus and 

subgrade modulus, has been evaluated through backcalculation and inverse analysis studies 

(Harichandran et al., 1993; Noureldin, 1993), because those parameters are the main factors 

in nondestructive tests (NDT), which are backcalculated and associated with the elastic 

behavior of pavement. 
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Nonlinear Least Square Minimization: Levenberg-Marquardt Algorithm 

The Levenberg-Marquardt algorithm is regarded as the standard method for nonlinear 

least-square minimization, and is applied for many inverse problems in practice (Press et al., 

1992). The algorithm is defined as “the Gauss-Newton method modified by the model trust 

region approach” (Rus and Gallego, 2002) and is classified as a gradient method in 

unconstrained minimization methods (Supranata, 2006).  

The nonlinear least-square problem is expressed as Eq. (5). 

 

min
R

;  
1
2

1
2
RT R  (5)

 

where R(x) is a nonlinear residual function and is defined in the domain from Rn to Rm (Rus 

and Gallegro, 2002). ri(x) is the n components of R(x), and commonly m≥n is assumed. The f 

is called a minimizer or objectives, and Marquardt (1963) used the Greek letter Φ for f.   

Following a gradient descent method, the adjustment parameters (xi+1) can be 

obtained by Eq. (6). 

 

 (6)
 

where 2f and f  are defined as follows: 

 

 (7)
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 (8)

 

J in the above equations denotes the Jacobian of r, and is defined as   ⁄ . 

The Lagrange multiplier, , can be solved by the equation, , where 

 is the trust region radius.  

The convergence criterion of the Levenberg-Marquardt algorithm is the minimizing 

error with an increasing or decreasing  by a factor of 10 as the error increases or decreases, 

respectively. The error is defined as Eq. (9). 

 

∑
∑

 (9)

 

where Ec is the maximum cumulative error, Ym represents the observation data, and Yp 

represents the predicted data. The adjusted parameters become the elastic modulus values for 

the elastic model and the strength parameters for the plastic model. 

 

Forward Models and Types of Inverse Analyses 

The material properties of the soils in the five test pits were investigated and 

backcalculated via inverse analysis. Each test represents a stabilization method or 

combination of an ABC, geosynthetic reinforcements, select fill material, and lime 
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stabilization, which are common stabilization methods used by the NCDOT when the soft 

subgrade soil is undercut.  

Before the forward models for the tests could be implemented, some conditions that 

appeared due to the characteristics of the mathematical models needed to be taken into 

account. These considerations are as follows:  

 

i) The domain in the mathematical models is related to the geometric characteristics of 

each test pit, such as the thickness of each stabilized layer, axisymmetric mechanistic 

geometry, and interactions in the multilayered systems. 

ii) Two types of observation data are used for the inverse analysis: vertical 

displacements under four static load pressures and settlement at the surface of the test 

pit. Other observation data include the combination of the pressure measured in the 

subgrade soil and the vertical displacements. 

iii) The models can be described simply as an elastic or plastic constitutive model. The 

elastic model is a common linear elastic model in a numerical study, whereas the 

plastic model denotes an elastic-perfectly plastic model, which is the Mohr-Coulomb 

model found in the built-in constitutive models of FLAC Version 4.0. Because the 

undercut criteria are based on this constitutive law and input parameters, inverse 

analysis consistently uses the same model. The unknown parameters are determined 

from the constitutive models. For example, only the elastic modulus for each layer is 

considered as the unknown parameter in the linear elastic model, whereas the strength 

parameters are determined in the plastic model. 
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 Geometrical Characteristics of the Domain 

Five representative tests, one for each stabilization measure, were chosen out of 

twenty-two tests. The five representative tests are Tests 9, 15, 16, 17, and 20, as numbered in 

the original twenty-two tests. The five stabilization measures are based on the current 

NCDOT practice for undercutting. Each test represents one of the five stabilization systems, 

and therefore reflects the inherent differences of the materials and layer thicknesses among 

those systems. The finite difference models used in the inverse analyses are presented in 

Figure 7. Brief descriptions of the five representative tests are as follows: 

 

i) Test 9 utilizes a select fill material that is 1.55 ft thick, and an ABC that is 0.2 ft 

thick, which serves to avoid surface collapse. 

ii) Test 15 utilizes an ABC that is 1.5 ft thick. 

iii) Tests 16 and 17 utilize geosynthetic reinforcements. Test 16 employs a geotextile 

(Mirafi® HP570, a product of the TENCATE Co.) with an ultimate tensile strength of 

4,800 lbs/ft, and Test 17 employs a geogrid (BX1500, a product of Tensar Earth 

Technologies, Inc.) with the tensile strength at 5% strain of 1,200 lbs/ft. Both tests 

also use an ABC layer that is about 1.0 ft thick. 

iv) Test 20 utilizes lime stabilization, and employs both a lime-stabilized soil layer and 

ABC that are 0.78 ft and 0.37 ft thick, respectively. 
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Using these test models, the homogeneous soil layer is postulated to reduce the 

uncertain parameters involving the domain, and the parameters are backcalculated in the 

displacement-based inverse analysis. As shown in Figure 7 (a), the homogeneous soil model 

has the same radius (3 ft) as the layered system models, and the height of the model is 

assumed to be the same height (6.25 ft) as for Test 9. The radius for all the models is 3 feet, 

which is the same as that of the test pit. Because the test pit is surrounded by a reinforced 

concrete wall, the lateral displacement of the side nodes is fixed in the x direction, and the 

vertical displacement of the nodes at the bottom of the test pit is fixed in the y direction. The 

elements of the finite difference model under the applied load are 1.5 in. wide and 1.0 to 1.5 

in. high.  
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                      (a) Homogeneous soil mesh                    (b) Test 9                   (c) Test 15 

 

                          (d) Tests 16 and 17                                                   (e) Test 20 

Figure 7. Forward models of the test pits used for inverse analysis 
 

Observation of Unknown System 

The vertical displacements were measured at the surface of the test pit, and the 

stresses were measured at various points in the subgrade soil matrix. The data are classified 

into two groups: one is the group of sequential vertical displacements under 10 to 40 psi 
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pressure in 10 psi intervals, and the other group constitutes the pressure levels measured at 

three points in the subgrade soil. Inverse analysis was performed for these two groups.  

The elastic vertical displacements were extracted from the pressure vs. settlement 

curves, which are shown in Figure 8. For the repetitive static loading, from 10 to 40 psi, the 

curves that developed in the initial loading stage are close to each other, which is indicative 

of the elastic behavior found in the static load test. The elastic displacements were used for 

backcalculating the elastic modulus through inverse analysis in a linear elastic forward 

model. The final displacements at each applied static pressure, which include both the elastic 

and plastic displacements, are used for the plastic forward model. The plastic model 

backcalculates the mobilized strength parameters, which are optimized for vertical 

displacement under the loading stages and optimized for permanent displacement under the 

unloading stages. 

The stress levels measured at the three different depths of the subgrade soil were used 

for inverse analysis with settlement variations in the loadings. For these cases, because the 

stresses were measured only at the subgrade layer, the material properties of the stabilized 

layer were mainly backcalculated. Details about the transducers for measuring the stresses 

are provided in the following sections. 

  

Elastic-Perfectly Plastic Constitutive Law 

Two constitutive laws are adopted for the forward model. The linear elastic model 

provides an elastic modulus value in the inverse analysis, and the elastic-perfectly plastic 

model, which is the Mohr-Coulomb model in FLAC, provides the strength parameters of 
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cohesion and friction angle. Because inverse analysis is dependent on the homogeneity of the 

models, the constitutive law of the models (elastic and elastic-perfectly plastic) and the type 

of observation data (settlement and settlement with pressure), various combinations of factors 

can be taken into account. These analysis cases are presented in Table 10, where settlement 

refers to the sequential settlement for loading cases of 10, 20, 30, and 40 psi; and pressure in 

the term settlement and pressure refers to the stress levels measured at the three transducers, 

which are located at depths of 3 inches (Ch3:3V 1000: transducer channel number), 12 

inches (Ch7: 12V400), and 24 inches (Ch8: 24V250) below the surface of the subgrade layer, 

as shown in Figure 11.  

The determination parameter for the homogeneous and linear elastic forward models 

is the elastic modulus (stiffness factor, Es), and the parameters for the homogeneous and 

elastic-perfectly plastic models are the strength parameters of cohesion and friction angle. 

The same analyses are performed as for the layered systems, and the parameters for each 

layer are backcalculated. For the cases in which settlement and pressure are used as 

observation data, the elastic modulus value and strength parameters are backcalculated for 

only the stabilized layer, which is select fill or the ABC in a layered model. The measured 

pressures were not used for Cases 1 through 4 in Table 10, and the mobilized strength 

parameters and stiffness values for the stabilized layer were investigated.  
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Table 10. Combinations of Categories of Inverse Analysis 
Cases Observation Homogeneity Forward Model Parameters 

1 

Settlement 

Homogeneous 
Linear Elastic Elastic Modulus 

2 
Elastic-Perfectly 

Plastic 
Strength 

Parameters 

3 
Layered System 

Linear Elastic Elastic Modulus 

4 
Elastic-Perfectly 

Plastic 
Strength 

Parameters 

5 
Settlement and 

Pressure 
Layered System 

Elastic-Perfectly 
Plastic 

Elastic Modulus 
and Strength 
Parameters 

 

Results of Large-Scale Tests 

Displacements 

The pressure and settlement graphs of the static load test results for the five 

representative tests are presented in Figure 8 (a) through (e). Figure 8 (f) shows the 

conceptual graph to obtain the elastic and plastic components from the static load tests. Static 

pressure was applied gradually to the stabilized soil from 10 to 40 psi, and elastic 

displacement occurred within 1.0 second of applying static pressure for five minutes.  
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                                  (a) Test  9                                                   (b) Test  15 

 

                                 (c) Test 16                                                    (d) Test 17 

 

                                (e) Test 20                               (f) Simplifying the results of test 17 
Figure 8. Pressure and vertical displacement plots for static load tests in the test pit 
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The elastic portions were extracted from the pressure and deformation graphs, and 

linear regression was applied for those portions, as shown in Figure 9 (a). The average slope 

of four lines, determined from linear regression, was adopted for the elastic model. Figure 9 

(b) shows the procedure for extracting the elastic portions in Test 9.  

 

 

Figure 9. Extraction of elastic portions from the pressure and displacement curves (test 9): (a) 
linear regression of each loading step, and (b) final input after calibration 

 

Table 11 presents the subgrade response modulus value, designated as ‘K,’ as 

obtained from the calibration procedure, as well as the elastic settlements for each pressure, 

ranging from 10 to 40 psi in 10 psi increments. 
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Table 11. Subgrade Response Modulus (K) and Displacement at Each Loading Step 
Obtained from the Tests 

Tests Test 9 Test 15 Test 16 Test 17 Test 20 

K (psi/in) 476.05 529.09 511.68 620.42 1389.31 


(inch) 

P=10 psi 0.0210 0.0203 0.0195 0.0161 0.0072 

P=20 psi 0.0420 0.0407 0.0391 0.0322 0.0144 

P=30 psi 0.0630 0.0610 0.0586 0.0484 0.0216 

P=40 psi 0.0840 0.0814 0.0782 0.0645 0.0288 

 

Table 12 presents the vertical displacements (settlements) for each loading stage, 

including the unloading step, and Figure 10 shows the displacements with applied pressure 

for the five tests. 

 

Table 12. Total Displacement of Each Loading Stage for the Elastic-Perfectly Plastic Model 

Pressure (psi) 
Vertical Displacement,  (inches) 

Test-9 Test-15 Test-16 Test-17 Test-20 

10 0.0280 0.0369 0.0220 0.0369 0.0174 

0 0.0132 0.0189 0.0071 0.0276 0.0074 

20 0.0668 0.1079 0.0724 0.0968 0.0388 

0 0.0364 0.0749 0.0411 0.0658 0.0237 

30 0.1036 0.1749 0.1433 0.1739 0.0555 

0 0.0611 0.1289 0.0940 0.1212 0.0337 

40 0.1413 0.2469 0.2431 0.2666 0.0763 

0 0.0865 0.1859 0.1757 0.1879 0.0468 
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Figure 10. Loading and unloading curves obtained from the static load test results: (a) test 9 
and test 20, and (b) test 15, test 16, and test 17 

 
 

Pressure Condition 

Load cells installed in the subgrade soil of the test pit were used to measure the 

vertical and horizontal pressure as static pressure was applied. The graphs for the pressure 

and settlement on the surface of a stabilized layer are plotted in Figure 11 (b) for the three 

load cells, which are designated as Ch3: 3V1000, Ch7: 12V400, and Ch8: 24V250. For the 

settlement, the measured pressure can be adopted for the observation data in the inverse 

analysis, and the material properties can be obtained as a result. Incremental pressure applied 

during the loading and unloading sequence, as shown in Figure 11 (b), was employed in the 

analysis to avoid some measurement errors that occurred in the initial stages of testing. 
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Figure 11. Pressure vs. vertical displacement for the measurements: (a) locations of load cells 
used in analysis, and (b) pressures measured in test 9 

 

Figure 12 (a) to (e) show the stress distributions for Tests 9, 15, 16, 17, and 20, 

respectively. Each line on the graphs represents the stress profile under loading conditions of 

10, 20, 30, and 40 psi.  
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                                 (a) Test 9                                                       (b) Test 15 

 
                                (c) Test 16                                                       (d) Test 17 

 
                                (e) Test 20                              (f) Stress profiles under 40 psi load 

Figure 12. Stress distributions with depth for static load tests 
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The differences found in the stress distributions for each test are due to i) the 

thickness of the stabilized layer, meaning that the load cells for each test were installed at 

different depths, and ii) the difference in stiffness of the stabilized layers. 

 

Results of Inverse Analysis for a Single-Layer System 

The following sections present the results for tests of the homogeneous soils and the 

determination of the unknown factors. The unknown factors are the elastic modulus value for 

the elastic soil media and the strength parameters for the plastic soil media. Because the 

homogeneous soil model is not the same as that of the test pit, the results obtained in these 

analyses are regarded as equivalent soil parameters. 

 

Elastic Soil Model 

The homogeneous elastic medium in this analysis follows the linear elastic model, 

and the stress state is simply a function of the state of deformation, which is recoverable, and 

no permanent strain exists. Table 13 shows the elastic modulus values for the five 

representative tests, as obtained via inverse analysis for a homogenous linear elastic soil 

model. In Table 13, the unit of the subgrade response modulus value (K) is ‘pci’, which 

stands for lb/in3. The elastic modulus values vary from 4,500 to 5,900 psi, except for Test 20. 

The stabilization measure used for Test 20 is lime, which is relatively stiffer than the other 

stabilization materials.  
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Table 13. Input Subgrade Response Modulus Value (K) and Elastic Modulus Value (E) 
Determined from Backcalculation for Homogeneous Elastic Media for Each Test  

Test 9 Test 15 Test 16 Test 17 Test 20 

K (pci) E (psi) K (pci) E (psi) K (pci) E (psi) K (pci) E (psi) K (pci) E (psi) 

476.1 4538.3 529.1 5044.0 511.7 4878.0 620.4 5914.7 1389.3 13244.8

 

In the model, the range of elastic modulus values can be found at the bottom of 

typical ABC soil (which is introduced in the next section), and the typical values range from 

7,500 to 42,500 psi (Huang, 2002; Bruton et al., 2000; CROW, 1998; Evdorides and Snaith, 

1996). These low values indicate indisputably that the stiffness of the subgrade soil affects 

the equivalent modulus values. The subgrade response modulus, which are obtained from the 

elastic portions of the settlement and pressure graphs, are presented with the elastic modulus 

values in Table 13. Based on the results for the linear elastic model, the subgrade response 

modulus relates linearly to the elastic modulus values.  

 

 Table 14. Results of Observed and Predicted Settlements in Homogeneous Elastic Material 

load (psi) 
Test 9 Test 15 Test 16 Test 17 Test 20 

Measured Predicted Observed Predicted Observed Predicted Observed Predicted Observed Predicted

10 0.021006 0.021006 0.018900 0.018900 0.019543 0.019543 0.016118 0.016118 0.007200 0.007198

20 0.042012 0.042012 0.037801 0.037801 0.039087 0.039087 0.032236 0.032236 0.014400 0.014396

30 0.063018 0.063018 0.056701 0.056701 0.058630 0.058630 0.048355 0.048353 0.021590 0.021593

40 0.084024 0.084024 0.075599 0.075600 0.078173 0.078173 0.064473 0.064471 0.028790 0.028791
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Figure 13. Results of inverse analysis based on settlements in homogeneous elastic model: 
(a) relationship of E and K, and (b) load vs. displacement plots 

 

The relationship between these two parameters is presented in Figure 13 (a). The 

coefficient of determination, the R-square value, indicates that the two values correlate 

exactly within significant figures. Predictions based on the elastic modulus values obtained 

from the inverse analysis are shown in Table 14. It seems that the linear elastic model with 

the elastic modulus values represents the elastic behavior of each test pit soil. These results 

are plotted in the load and displacement graphs, as shown in Figure 13 (b). 

 

Elastic-Perfectly Plastic (Plastic) Soil Model 

The elastic-perfectly plastic soil model was applied for the strength parameters. 

Unlike the elastic model, the error in the inverse analysis of the plastic model is irregular due 

to the nonlinear behavior mobilized by the plastic flow rule, which makes convergence in the 

analysis difficult. As the other optimization method, the Levenberg-Marquardt algorithm also 
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determines the adjustment factor that corresponds to the responses of the forward model. 

However, because deformation does not occur linearly in the plastic model, occasionally the 

optimization does not converge in the process of adjusting the parameters. During the 

configuration of the Jacobian matrix in the Levenberg-Marquardt algorithm, the 

displacement increases significantly after the model fails, and the excessive displacement 

interrupts the convergence of the model. For example, the friction angle for the ABC in Test 

20 changes. The settlements at each loading step are plotted on the loading steps, as shown in 

Figure 14 (a). The predicted settlement under 40 psi loading for the friction angle of 30 

degrees is 0.081 in., which is about 6% higher than that of the measured settlement (0.076 

in.). If the friction angle is increased by 1.0%, the settlement of the plastic model decreases 

about 10% (0.07 in.). In contrast, if the friction angle decreases by 1.0%, the settlement of the 

plastic model increases by approximately 140%, which is almost 15 times greater than that 

for the friction angle of 30.3 degrees, as shown in Figure 14 (b). 

 

     
Figure 14. Excessive plastic displacement in the inverse analysis: (a) load and displacement, 

and (b) displacement as friction angle increases 
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For the homogeneous plastic soil model, the elastic modulus values and strength 

parameters are incorporated in the inverse analysis as control factors. The results are shown 

in Table 15. 

 

Table 15. Stiffness and Strength Parameters Determined in Inverse Analysis for a Single 
Layer 

Parameters Test 9 Test 15 Test 16 Test 17 Test 20 

E (psi) 5218.99 3741.16 4112.10 3534.41 7005.51 

c (psi) 0.92 0.88 0.89 0.86 1.09 

 (deg.) 27.56 27.39 27.34 27.66 30.99 

R2 0.97 0.92 0.98 0.97 0.94 

 

 

Figure 15. Elastic modulus values and strength parameters backcalculated based on 
displacements in the homogeneous plastic model: (a) comparison of elastic and plastic 
models, and (b) strength parameters obtained from inverse analysis 
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The stiffness factors of the plastic models vary from 53% to 84% of those of the 

elastic models for Tests 15, 16, 17, and 20, which is shown in Figure 15 (a). For the case of 

Test 9, the elastic modulus value (Eeq = 5,219 psi for the plastic model) increases by 15% as 

compared to that of the elastic model (Eeq = 4,538 psi). As shown in Figure 8 (a), the elastic 

displacement reaches 90% of the total displacement. The fact that most of the load settlement 

curve represents elastic displacement is a reason that the plastic displacement in the plastic 

model is cancelled by the high elastic modulus value. Based on this result, it can be said that 

as the plastic displacement mobilizes, the reduction in equivalent stiffness of the 

homogeneous soil medium occurs at the same time.  

Figure 15 (b) shows the strength parameters of the cohesion and friction angles 

determined in the inverse analysis. As inferred from the measured settlements in the tests, the 

parameters for Test 20 with lime stabilization are placed at the highest point of the elastic 

modulus values, and the parameters for the other four tests have similar values. 
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                                    (a) Test 9                                                      (b) Test 15 

 
                                    (c) Test 16                                                  (d) Test 17 

 
        (e) Test 20 

Figure 16. Displacement in the forward models with parameters backcalculated based on 
displacements in the homogeneous plastic model for test cases 
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Figure 16 (a) to (e) show the differences between the predicted and observed 

displacements on the load and vertical displacement plots. Overall, the predicted 

displacement can be evaluated as having good agreement with the observed values, but the 

settlements for the Tests 15 and 17 were under-estimated.  

 

Results of Inverse Analysis in Multilayer Models 

A stabilized soil layer is mechanistically different from soft subgrade soil, so the 

model for inverse analysis should be considered as a nonhomogeneous layered system. The 

models for the five tests, as shown in Figure 7 (b) to (e), were investigated by the inverse 

analysis, and then the elastic modulus values for the elastic soil media and the strength 

parameters for the plastic media could be obtained like those of the homogeneous cases. 

 

Linear Elastic Model 

All of the tests in this study employ an ABC and subgrade soil, except Tests 9 and 20, 

which employ a select fill layer and lime stabilization layer, respectively. The elastic 

modulus values for each layer for the tests are presented in Table 16, as well as the ratios of 

the ABC to the subgrade layer. The stiffness values of the ABCs vary from 6,200 to 11,500 

psi, which is a reasonable range according to typical values reported in the literature (Hwang, 

2002; CROW, 1998; Evdorides & Snaith, 1996). 
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Table 16. Elastic Modulus Values Backcalculated for Layered Linear Elastic Models 

Material Test 9 Test 15 Test 16 Test 17 Test 20 

E for ABC (psi) 19256.3 6254.6 9442.2 11474.4 15670.0 

E for Subgrade (psi) 1508.35 1273.3 549.8 699.8 2157.5 

E for Select Fill (psi) 3231.5 - - - - 

E for Lime (psi) - - - - 28729.0 

EABC/ESG 12.8 4.91 17.17 16.40 7.26 

 

Table 17. Settlements for the Five Tests Using the Elastic Modulus Values in Table 16 

Pressure 
(psi) 

Test 9 Test 15 Test 16 Test 17 Test 20 

M. B. M. B. M. B. M. B. M. B. 

10 0.021006 0.021006 0.018901 0.018900 0.019543 0.019544 0.016118 0.016118 0.007198 0.007198

20 0.042012 0.042012 0.037801 0.037801 0.039087 0.039087 0.032236 0.032236 0.014396 0.014396

30 0.063018 0.063018 0.056702 0.056701 0.058630 0.058630 0.048355 0.048352 0.021594 0.021592

40 0.084024 0.084024 0.075602 0.075599 0.078173 0.078172 0.064473 0.064469 0.028791 0.028792

* M.: Measured; B.: Backcalculated 

        

Figure 17. (a) Pressure vs. displacement plots for comparing forward models with parameters 
backcalculated in the layered elastic models, and (b) ratio of elastic modulus values for each 
layer 
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The predicted settlements using the elastic modulus values obtained from the inverse 

analysis in the layered linearly elastic model are the same as the observed values, as shown in 

Table 17. Like the homogeneous soil model, the settlements are considered to be the same 

within significant figures.  

Figure 17 (a) shows the loading pressure and displacement plots for the tests, and 

Figure 17 (b) presents a comparison between the stiffness values of the subgrade and ABC 

layers. Because the select fill and lime stabilization layer for Tests 9 and 20 are excluded, the 

estimation of the ratios shown in Figure 17 (b) and any relationship between the 

homogeneous and layered models are not observed (see Figure 18 (a)); therefore, an 

equivalent elastic modulus value is defined by considering the thickness of each stabilized 

layer, as shown in Eq. (10). 

 

   

   
 (10)

 

where t is the thickness of the layer that the superscript indicates. The equivalent elastic 

modulus values of the stabilized layers for the tests are presented in Table 18. The equivalent 

elastic modulus value can be correlated with the representative elastic modulus value 

obtained in the homogeneous soil media, as shown in Figure 18. From the correlations, it can 

be said that the elastic modulus value for a homogeneous medium is 50 % of the value for 

that of the layered system, as shown in Figure 18 (b). Figure 18 shows that the difference 

between Tests 9 and 15 and Tests 16 and 17, which is indicated by the dashed line, is due to 

the effect of interface elements that simulate the geogrid and geotextile reinforcements.  
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Using the equivalent elastic modulus values, the ratios of the elastic modulus values 

for the stabilized and subgrade soil layers are also determined, as shown in Table 18. The 

ratios for Test 9 are reduced to about 50% of the ratios with the ABC, and for Test 20 are 

increased to 157% due to the lime-stabilized layer. 

 

Table 18. Equivalent Elastic Modulus Values for Stabilized Layers and the Ratio of the 
Modulus to the Subgrade Layer 

Tests 
E of Homo. 
Model (psi) 

E of 
ABC 
(psi) 

E of 
Select Fill 
or Lime 

E of  
SG 

tABC  
(in.) 

tSF or 
tLime 
(in.) 

Equiv. E of 
Stabilizer 

Layer (psi) 
E1/E2 

9 4,538 19,256 3,231.5 1,508 3 36 4,464.2 2.96 

15 5,044 6,255 - 1,273 18 - 6,255 4.9 

16 4,878 9,442 - 550 13 - 9,442 17.2 

17 5,915 11,474 - 700 11 - 11,474 16.4 

20 13,245 15,670 28,730 2,158 4 9 24,711 11.5 
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Figure 18. Correlation of elastic modulus values for stabilized layers using a homogeneous 
model: (a) elastic modulus values with ABC, and (b) elastic modulus values with stabilized 

layer 
 

Elastic-Perfectly Plastic Model 

The strength parameters, i.e., the cohesion and friction angle, were determined for the 

layered elastic-perfectly plastic model, and the results are shown in Table 19. In this table, 

SG, SF, and Lime in the sub-index refer to subgrade, select fill, and lime-stabilized, 

respectively. For cases where stabilization material was not used, N/A (not applicable) is 

assigned. The strength parameters for the subgrade soil layers in Tests 9 and 20 were not 

determined (marked as a dash in Table 19), because they do not affect the backcalculation, 

which means that the initial values were not changed during the inverse analysis.  
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Table 19. Strength Parameters Backcalculated for Layered Plastic Models 
 Parameters Test 9 Test 15 Test 16 Test 17 Test 20 

cABC (psi) 0.78 0.50 2.28 1.10 0.65 

cSG (psi) - 5.70 2.32 2.41 - 

cSF (psi) 1.11 N/A N/A N/A  N/A  

cLIME (psi) N/A  N/A N/A  N/A  50.0 

ABC (deg.)  31.9 33.06 29.30 30.11 30.03 

SG (deg.)  - 19.00 16.00 15.60 - 

SF (deg.)  26.0 N/A  N/A  N/A  N/A  

R2 0.96 0.87 0.97 0.996 0.94 
 

For the case of Test 9, where most of the load dissipates in the select fill and the 

ABC, which are 3.25 ft thick, the strength parameters do not need to be included in the 

backcalculation. For the case of Test 20, although the stabilized layer is not particularly thick 

(1.15 feet), the parameters of the subgrade soil do not affect the deformable behavior because 

the elastic modulus values and strength parameters are relatively high. 

Displacements for the strength parameters obtained from the backcalculation are 

presented in Figure 19 (a) to (d). The coefficient of determination, R2, for Test 15 has the 

lowest value of 0.87. 
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Table 20. Settlements Observed in the Test Pit and Predicted in the Elastic-Perfectly Plastic 
Model 

Pressure 
(psi) 

Test 9 Test 15 Test 16 Test 17 Test 20 

M. B. M. B. M. B. M. B. M. B. 

10 0.028 0.019 0.037 0.025 0.022 0.025 0.037 0.022 0.017 0.010 

0 0.013 0.005 0.019 0.002 0.007 0.009 0.028 0.010 0.007 0.006 

20 0.067 0.049 0.108 0.081 0.072 0.057 0.097 0.098 0.039 0.026 

0 0.036 0.017 0.075 0.034 0.041 0.022 0.066 0.063 0.024 0.014 

30 0.104 0.098 0.175 0.149 0.143 0.121 0.174 0.185 0.056 0.044 

0 0.061 0.046 0.129 0.069 0.094 0.062 0.121 0.120 0.034 0.023 

40 0.141 0.171 0.247 0.257 0.243 0.218 0.267 0.313 0.076 0.080 

0 0.087 0.098 0.186 0.100 0.176 0.126 0.188 0.196 0.047 0.048 

 * M.: Measured; B.: Backcalculated 

 



81 

 
                                 (a) Test 9                                                        (b) Test 15 

 
                      (c) Test 16 and Test 17                                          (d) Test 20 

Figure 19. Displacements of forward model with backcalculated parameters  

 

Results of Inverse Analysis Based on Pressure and Settlement in the Elastic-Perfectly 

Plastic Model 

 
Based on the measurements of both pressure and settlement, inverse analyses were 

applied for each loading step, and the elastic modulus values and strength parameters were 

backcalculated, as shown in Table 21. Only the elastic-perfectly plastic model was used for 
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this analysis. Analysis was not performed for the 10 psi load in Test 16 due to the loss of the 

pressure measurements. No significant trend with respect to applied pressures was found for 

the elastic modulus values and friction angles. As shown in Table 21 and Figure 20, the 

elastic modulus values on average vary from 7,300 to 12,000 psi, and the friction angles vary 

from 28 to35 degrees.  

 

Table 21. Stiffness and Strength Parameters Backcalculated in Each Loading Step for Test 
Cases 

Parameters Tests 10 psi 20 psi 30 psi 40 psi Average 

E (psi) 

Test 9 10,627 9,981 11,922 11,999 11,132 

Test 15 8,957 8,478 8,371 8,962 8,692 

Test 16  - 11,960 12,037 11,999.7 11,999 

Test 17 6,078 8,041 7,989 7,203 7,328 

Test 20 9,789 10,000 11,134 11,710 1,0658 

c (psi) 

Test 9 2.61 2.50 2.53 2.53 2.53 

Test 15 0.31 0.49 1.84 1.99 1.2 

Test 16  - 0.97 1.50 2.01 1.5 

Test 17 1.72 2.04 2.00 2.88 2.2 

Test 20 0.38 0.58 0.90 1.01 0.7 

 (deg.) 

Test 9 33.1 35.4 34.8 34.8 34.5 

Test 15 25.40 30.07 26.69 30.49 28 

Test 16  - 35.23 35.04 35.01 35 

Test 17 38.52 29.99 30.30 35.68 34 

Test 20 20.15 25.30 30.88 35.83 28 
 

However, the cohesion increased in accordance with the applied load. Because the 

strength of the aggregate material used in the tests was sufficient to support the static load of 

40 psi, the plastic deformation was limited, and most of the deformation was recovered. 

Hence, as the static load increases, it seems that the required strength would also increase to 
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avoid an excessive plastic deformation in the model. In addition, the contribution of the 

friction angle to the strength is less than that of the cohesion at a shallow depth. Therefore, 

the cohesion values determined via inverse analysis exhibit a trend of a gradual increase, as 

shown in the hollow symbols in the graphs shown in Figure 20 (b).  

 

  

Figure 20. Backcalculated elastic modulus values and strength parameters in the ABC: (a) 
elastic modulus, and (b) strength parameters  

 

Based on the stiffness and strength parameters, the pressure levels at the same depths 

were predicted in the forward model, and are shown in Table 22 through Table 26. The 

measured and predicted pressures are plotted for the depth at which the load cells are 

embedded. Figure 21 shows the profiles of pressure for measured, predicted, and elastic 

solutions.  

The pressure profiles based on the Boussinesq solution are plotted on the same graph 

to show the difference in the homogeneous semi-finite medium from the elastic solution. 

Although Boussinesq is an elastic solution and not applicable to a layered system and soft 
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subgrade soil material with significant plasticity, it nonetheless can be used to show the 

difference in the stress profiles that are depending on the mechanistic characteristics of each 

test. The measured pressures for Test 9 were 150% to 200% bigger than those obtained from 

the Boussinesq solution, and for the other tests the values were 91% to 156%, except for Test 

20. In the case of Test 20 that uses the lime stabilization method, the strength of the lime-

stabilized soil is much greater than that of the subgrade soil layer, which causes the stress 

level in the subgrade soil to decrease more than in the elastic solution (63% decrease at the 

most shallow depth), as shown in Figure 21 (d). Although the predictions differ from the 

measurements in some instances, the predictions based on the backcalculated properties are 

in agreement within approximately 90% to 110%.    

  

Table 22. Measured and Predicted Pressure Levels in Three Load Cells for Test 9 

Depth 
(ft) 

Measured Pressure (psi) Pressure of Forward Model (psi) 

10 psi 20 psi 30 psi 40 psi 10 psi 20 psi 30 psi 40 psi 

0.25 0.911 2.599 4.604 6.904 0.725 2.614 3.547 5.841 

1 0.411 1.144 2.032 3.053 0.365 1.133 1.464 2.111 

2 0.268 0.671 1.116 1.569 0.217 0.538 0.761 1.032 
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Table 23. Measured and Backcalculated Pressure Levels in Three Load Cells for Test 15 

Depth 
(ft) 

Measured Pressure (psi) Pressure of Forward Model (psi) 

10 psi 20 psi 30 psi 40 psi 10 psi 20 psi 30 psi 40 psi 

0.25 1.522 2.944 4.096 5.253 1.540 3.619 3.339 5.407 

1 0.881 1.823 2.687 3.564 0.530 1.392 1.322 2.113 

2 0.275 0.531 0.787 1.089 0.237 0.593 0.678 1.013 

 

Table 24. Measured and Backcalculated Pressure Levels in Three Load Cells for Test 16 

Depth 
(ft) 

Measured Pressure (psi) Pressure of Forward Model (psi) 

10 psi 20 psi 30 psi 40 psi 10 psi 20 psi 30 psi 40 psi 

0.25 - 5.201 7.745 10.077 1.540 4.837 7.361 9.899 

1 - 1.157 2.416 3.877 0.530 2.012 3.162 4.318 

2 - 0.059 0.613 1.381 0.237 0.960 1.303 1.795 

 

Table 25. Measured and Backcalculated Pressure Levels in Three Load Cells for Test 17 

Depth 
(ft) 

Measured Pressure (psi) Pressure of Forward Model (psi) 

10 psi 20 psi 30 psi 40 psi 10 psi 20 psi 30 psi 40 psi 

0.25 1.8391 3.2083 4.6326 6.1613 1.0982 2.3668 5.8151 6.2195 

1 0.7821 1.7845 2.8045 4.0309 0.5729 1.2037 2.6239 3.0693 

2 0.3837 0.7425 1.1719 1.7332 0.3094 0.63016 1.1867 1.5127 

 

Table 26. Measured and Backcalculated Pressure Levels in Three Load Cells for Test 20 

Depth 
(ft) 

Measured Pressure (psi) Pressure of Forward Model (psi) 

10 psi 20 psi 30 psi 40 psi 10 psi 20 psi 30 psi 40 psi 

0.25 0.6178 1.3083 1.8681 2.4396 0.95427 2.0875 3.1638 4.2469

1 0.3921 0.8621 1.3042 1.7788 0.45686 1.0232 1.5901 2.2098

2 0.2582 0.5715 0.8725 1.1799 0.25326 0.55857 0.87362 1.2194
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                 (a) Pressure profile for test 9                          (b) Pressure profile for test 15 

  

   (c) Pressure profile for test 16 and test 17             (d) Pressure profile for test 20 

Figure 21. Pressure profiles of forward model with the parameters backcalculated based on 
pressure and displacement in the layered model 

 

Vertical displacements for each static load using the backcalculated properties are 

compared with the measured displacements in Table 27 and Figure 22. The rates of predicted 

displacements over measured displacements are 1.01, 1.17, and 1.03 for Test 9, Test 16, and 
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Test 20, whereas the values are 1.27 and 0.63 for Test 16 and Test 17, respectively. For Test 

17, especially, the predicted displacement of 0.14 inch at a load of 40 psi occurred when the 

measured displacement was 0.27 inch. This result constitutes about 50 % of the 

measurements.  

 

Table 27. Measured and Backcalculated Displacements on the Surface for Test Cases 
Tests d (inch) 10 psi 20 psi 30 psi 40 psi 

Test 9 
Measured 0.015 0.030 0.043 0.055 

Backcalculated 0.014 0.031 0.035 0.069 

Test 15 
Measured 0.018 0.033 0.046 0.061 

Backcalculated 0.017 0.040 0.058 0.079 

Test 16 
Measured 0.015 0.031 0.049 0.067 

Backcalculated 0.017 0.041 0.063 0.092 

Test 17 
Measured 0.037 0.097 0.174 0.267 

Backcalculated 0.028 0.054 0.119 0.136 

Test 20 
Measured 0.017 0.025 0.032 0.043 

Backcalculated 0.015 0.026 0.035 0.046 
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                    (a) Displacements for test 9                          (b) Displacements for test 15 

 
        (c) Displacements for test 16 and test 17                (d) Displacements for test 20  

Figure 22. Displacements of forward model with the parameters backcalculated based on 
pressure and displacement in the layered model 

 

For Test 16 and Test 17 that employ geosynthetic reinforcements, the prediction error 

is relatively higher than for the other tests, and it can be seen that the errors increase as the 

load increases. It seems that the results are affected by the inherent behavior of the 

geosynthetics, which is not considered as a variable parameter.  
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Final Properties and Error Analysis 

The material properties backcalculated via inverse analysis are presented in Table 28 

for the different circumstances.  

 

Table 28. Summary of Material Properties Evaluated by Inverse Analysis 
Measurements Model Parameters Test 9 Test 15 Test 16 Test 17 Test 20 

Disp. 

Elastic E (psi) 4538 5044 4878 5915 13245 

Plastic 

E (psi) 5219 3741 4112 3534 7006 

c (psi) 0.92 0.88 0.89 0.86 1.09 

 (deg) 27.6 27.4 27.3 27.7 31.0 

Elastic E (psi) 

ABC 9742 6255 9442 11474 15670 

SG 800 1273 550 700 2157 

SF 4867 - - - - 

Lime - - - - 28729 

Plastic 

c (psi) 

ABC 5.9 0.5 2.3 1.1 0.6 

SG 0.1 5.7 2.3 2.4 2.3 

SF 2.4 - - - - 

Lime - - - - 50.0 

 (deg)

ABC 23.8 33.1 29.3 30.1 30.0 

SG 3.0 19.0 16.0 15.6 - 

SF 33.9 - - - - 

Lime - - - - 0.0 

Disp./Stresses Plastic 

E (psi) 

ABC 

9461.9 8691.9 11998.7 7327.8 10658.3

c (psi) 2.06 1.99 2.01 2.88 1.01 

 (deg) 29.0 28.2 35.1 33.6 28.0 
 

The errors found in the inverse analysis for each case are presented in Table 29. As 

mentioned earlier, the predicted displacements for the elastic models of both the 
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homogeneous and multilayered systems are practically the same, as can be seen in that the 

error value is zero within significant figures. This finding indicates that the elastic modulus 

value is equal to the value that corresponds to the elastic behavior of the model. Hence, the 

equivalent elastic modulus value for a single-layer (homogeneous) system can be used to 

evaluate the stiffness of the stabilization method, and the elastic modulus values for each 

material in a multilayer system can be used for simulations under different loadings. 

 
Table 29. Errors in the Inverse Analysis 
Observation System Model Outputs Test 9 Test 15 Test 16 Test 17 Test 20 Error 

Displ.* 

Single 
Layer 

Elastic E (psi) 1.698E-11 9.332E-11 2.662E-11 7.717E-10 2.013E-08

Displ. 
Plastic c (psi),  5.34% 5.71% 1.63% 3.33% 5.45% 

Multi-
layer 

Elastic E (psi) 1.696E-11 1.038E-09 1.769E-10 2.749E-09 1.809E-09

Plastic c (spi),  2.18% 8.91% 4.10% 1.73% 3.91% 

Displ. 
/Stresses 

Multi-
layer 

Plastic E, c,   
for ABC

3.41% 6.07% 2.67% 7.09% 26.18% Stress 

4.15% 6.80% 10.73% 19.53% 0.87% Displ. 

 * Displ.: displacement 

 

For the case of the plastic (elastic-perfectly plastic) soil model in the single-layer 

system, the predictions and measurements differ by 4.3%, and for the layered soil model, the 

prediction error is 4.2%. If Test 15 is excluded, the error is reduced to 3%. Except for those 

of the elastic models, the error values are presented in a bar chart in Figure 23. 
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Figure 23. Errors for each test according to the plastic models in inverse analysis 
 

Application of the Material Properties for Undercut Criteria 

The backcalculated material properties of a homogeneous soil medium can be used to 

evaluate the extent of improvements in terms of the undercut criteria. The friction angles 

determined in the inverse analysis vary from 27 to 30 degrees, but may be considered to be 

30 degrees; thus, the undercut criteria chart contains a friction angle of 30 degrees to be used 

for the evaluation. In order to apply the backcalculated properties, the elastic modulus and 

cohesion values are normalized by atmospheric pressure (14.7 psi), as presented in Table 30. 

 

Table 30. Normalized Elastic Modulus and Cohesion Values Determined from a Single-
Layer System 

Parameters Test 9 Test 15 Test 16 Test 17 Test 20 

E/pa 355.03 254.50 279.73 240.44 476.57 

c/pa 0.0625 0.0601 0.0603 0.0585 0.0739 
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The points in Figure 24 (a) are placed on the unstable side (the factors of safety for 

those points are even less than 1.0), and indicate which stabilization methods would not be 

appropriate for the tests. However, the stabilized test sections show successful performance 

under proof roller and cyclic loading, and the maximum settlement under the first cycle of 

proof roller loading is only about 0.1 inch.  

  

 

Figure 24. (a) Displacements on undercut criteria chart, and (b) bearing capacity for c/pa = 
0.1 in. and c/pa = 0.3 in. 

 

The mobilized strength parameters obtained from the inverse analysis cannot be 

regarded as the strength parameters, because the mobilized strength parameters correspond to 

each stress level in the static load test. It is observed that the deformable behavior for both 

high- and low-strength materials is not dependent on the strength of the material, but on its 

stiffness. The pressure graphs for the displacements (called bearing capacity plots in the 

undercut criteria presented in Gabr et al., 2010) for the single-layer system where E/pa = 300, 
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= 30 degrees, and c/pa = 0.1 and 0.3 in. are presented in Figure 24 (b). The results of the 

static load test, including the maximum displacement under the first cycle of proof roller 

loading (70 psi), are plotted in this chart. The results of proof roller loading can be assumed 

to apply to the results of the static cases, because it is known that the soil medium under 

proof roller loading with 1 Hz frequency shows the same behavior as the medium under 

static loading (Ahn, 2007). As shown in Figure 24 (b), the strength measurement will be 

close to the case of the model with c/pa = 0.1, if only the static load test (with 10 to 40 psi) is 

considered. However, if the results of proof roller loading are considered, the strength of the 

soil medium will be placed between 0.1 and 0.3 of the normalized cohesion (c/pa).  

Further inverse analysis was performed to consider the case of 70 psi (of proof roller 

loading) in the single-layer system and elastic-perfectly plastic model. The maximum 

displacements from proof roller loading during the first cycle are presented in Table 31, and 

the input values are presented in Table 32. Because the unloading interrupted the 

convergence in the inverse model, five loads, in increments from 10 to 70 psi (10, 20, 30, 40, 

70 psi), were used. The predicted displacements for the measurements are presented in Table 

32 and Figure 25 (a) through (e). In Figure 25 (b), the predicted displacements, based on the 

properties obtained from inverse analysis, are plotted for the measurements that have the 

same scale and ideal prediction line. 

 

Table 31. Displacements of Proof Roller Loading at Loading Time of 1.0 second 

Tests Test 9 Test 15 Test 16 Test 17 Test 20 

Max. (inch) in Proof Roller 0.087 0.109 0.205 0.160 0.066 
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Table 32. Observed and Predicted Displacements (inch) 

Pressure 
(psi) 

Test 9 Test 15 Test 16 Test 17 Test 20 

Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. Obs. Pred. 

10 0.028 0.033 0.037 0.059 0.022 0.060 0.037 0.061 0.017 0.020 

20 0.067 0.067 0.108 0.119 0.072 0.119 0.097 0.122 0.039 0.040 

30 0.104 0.100 0.175 0.179 0.143 0.179 0.174 0.182 0.056 0.059 

40 0.141 0.133 0.247 0.238 0.243 0.238 0.267 0.243 0.076 0.079 

70 0.228 0.234 0.356 0.417 0.448 0.417 0.427 0.426 0.143 0.139 
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                                 (a) Test 9                                                          (b) Test 15 

   
                               (c) Test 16                                                          (d) Test 17 

   
                                (e) Test 20                    (f) Comparison of predictions and measurements 

Figure 25. Load vs. displacement curves for proof rolling data 
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Inverse analysis was performed on the model with a friction angle equal to zero to 

reduce the parameters and simplify the problem. The backcalculated material properties are 

presented in Table 33. Because the inputs for displacement and pressure are close to those for 

elastic behavior, the strength (cohesion) was not changed, but the elastic modulus was 

adjusted only to minimize the differences. Based on the backcalculated elastic modulus and 

cohesion values, the magnitude of the stabilization for the tests can be determined from the 

undercut criteria chart. As shown in Figure 20, the test results are placed in the stable zone. 

 

Table 33. Backcalculated Parameters  
Parameters Test 9 Test 15 Test 16 Test 17 Test 20 

E (psi) 2871.63 1608.16 1607.87 1574.74 4834.38 

Cohesion (psi) 26.00 35.00 35.00 35.00 35.00 

E/pa 195.35 109.40 109.38 107.13 328.87 

c/pa 1.77 2.38 2.38 2.38 2.38 

R2 0.99 0.97 0.98 0.99 1.00 
 

 
Figure 26. Application of undercut criteria to the properties obtained from inverse analysis of 
a single layer 
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SUMMARY AND CONCLUSIONS 

The characteristics of subgrade soil, select fill, ABC, and lime-stabilized soil used in 

the large-scale tests selected for this study have been investigated based on laboratory test 

results and information found in the relevant literature in order to determine the material 

properties required for numerical modeling.  

Inverse analyses, based on the minimization technique found in the Levenberg-

Marquardt algorithm, were performed for five large-scale tests. Each test examines a method 

for stabilizing soft subgrade soil; these methods are: select fill (Test 9), an ABC (Test 15), 

geotextile reinforcement (Test 16), geogrid reinforcement (Test 17), and lime-stabilized soil 

(Test 20). The sources of the observation data are displacements and stresses measured in the 

subgrade soil. The forward models are classified by two factors: 1) a single-layer versus 

multilayer system and 2) elastic versus elastic-perfectly plastic constitutive law. The 

combinations of these various test factors (backcalculated parameters, layer system, and 

constitutive model) are as follows: 

 

i) The large-scale tests assume a single-layer system (homogeneous soil mass), and 

equivalent elastic modulus values were backcalculated in the linear elastic 

constitutive model. 

ii) For the same single-layer system, an elastic-perfectly plastic model was applied, and 

equivalent strength parameters were determined via backcalculation. 
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iii) The large-scale tests assume a multilayer system, and the elastic modulus values for 

each layer were backcalculated in the linear elastic constitutive model. 

iv) For the same multilayer system, an elastic-perfectly plastic model was applied, and 

the strength parameters were backcalculated for a stabilized layer and soft subgrade 

soil. 

v) The stress levels measured by load transducers, which were embedded in the 

subgrade soil, were used as the observation data in the inverse analysis. The 

multilayer system model was used for this approach, and the stiffness and strength 

parameters for the stabilized layers were backcalculated. 

 

1. The soft subgrade soil selected for the large-scale testing is classified as A-6 (6), 

according to the AASHTO system, and approximately 56% of this soil passes the No. 

200 sieve. The plasticity index (PI) is 16%, and the maximum dry unit weight is 

113.2 pcf at an optimal moisture content of 15.3 percent. A CBR of 2% was measured 

at a water content of approximately 19%. The resilient modulus value was measured 

at 4,929 psi at 2 psi confining pressure and 5.4 psi deviatoric stress. 

2. For the lime-stabilized soil, the optimal moisture content of 16% and three days of 

mellowing time, in accordance with compaction testing, were applied for a coastal 

plain mixture, and the undrained shear strength of 50 psi was adopted for the 

numerical simulation. 

3. Inverse analysis was applied successively to the linear elastic model for both the 

single-layer and multilayer systems. The equivalent elastic modulus values 
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determined in the forward calculation for the single-layer system were correlated by E 

= 9.53k (k is the subgrade response modulus in the pci unit). The elastic modulus 

values for each stabilized layer and subgrade soil in the multilayer system are 

approximately 6,300 to 16,000 psi for the ABC, 700 to 2,200 psi for the subgrade 

soil, 4,900 psi for select fill, and 29,000 psi for the lime-stabilized soil layer. 

4. The ratios of the elastic modulus values of the ABC to the subgrade soil for the five 

tests were determined as 4.9 for Test 15 (ABC of 18 in. and 4 ft subgrade soil) and 

17.2 and 16.4 for Tests 16 and 17, respectively. It seems that the differences in elastic 

modulus values between the ABC and subgrade layers are caused by the geosynthetic 

reinforcements, because the modulus values found for Test 15 and for Tests 16 and 

17 are too different, even if the depth of the ABC used in Test 15 is 50% deeper than 

the depth of the ABC used in Test 16 and 17.  

5. The equivalent stiffness and strength parameters for a single-layer system were 

evaluated, and the elastic modulus values were 77% lower than those obtained from 

the elastic single-layer model. The equivalent strength parameters were predicted 

with errors of 1.6% to 5.7%. 

6. For the elastic-perfectly plastic model in the multilayer system, the cohesion values of 

0.01 to 5.7 psi for the subgrade layer and friction angles of 24.0 to 33.1 degrees for 

the ABC were backcalculated with errors of 1.7 to 8.9%. 

7. Using the stress measurements as the observation data, the stiffness and strength 

parameters for the ABC were determined to be elastic modulus values of 7,300 to 
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10,700 psi, cohesion values of 1.0 to 2.9 psi, and friction angles of 28.0 to 35.1 

degrees. 

8. Undercut criteria were applied for the case of a single-layer system, because the 

equivalent parameters were regarded as stemming from the effect of the geosynthetic 

reinforcements. By using a deflection of 70 psi loading (proof roll loading), the 

elastic modulus and cohesion values were recalculated, and the revised values 

determined that the stabilized subgrade soils can be plotted in a stable zone. 
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SOFT SUBGRADE UNDERCUT CRITERIA, INCLUDING RUTTING 

AND PUMPING RESPONSES 

INTRODUCTION 

The stability of subgrade soil is quantified in this study with the aim of developing 

undercut design criteria whereby soft soils are assessed for their suitability for excavation 

and replacement. The possible need to undercut soft soils may be considered during the 

design stage or in the field during the process of road construction. Therefore, various factors 

must be considered for the undercut design criteria for subgrade soils and for determining the 

effectiveness of the appropriate stabilization measure. These factors include total and 

permanent settlement (reflecting pumping and rutting modes, respectively) and the 

appearance of tension cracks after proof rolling.  

Expedient testing devices, such as the dynamic cone penetrometer (DCP), are 

sometimes employed to discern the strength profile of the subgrade soil. From an engineering 

perspective, the ability of the soil to function as a competent subgrade is affected by its 

stiffness and strength characteristics and loading shape, and by the magnitude and duration of 

the applied loading. Accordingly, the undercut design criteria should be considered in light of 

a combination of these factors in order to assess the stability of a given subgrade soil and to 

determine whether undercutting the field soil is necessary for the construction of an 

adequately supported road. 
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This paper describes the development of undercut criteria via extensive numerical 

modeling. A homogenous soil medium based on continuum mechanics has been developed 

as a model to represent the subgrade soil. This model is developed using the finite difference 

platform. Static and proof roller loading modes are applied to the modeled soil medium in the 

plane strain and axisymmetric modes. During construction, proof roller testing is often used 

by engineers to determine the field stability of a subgrade soil. Because a proof roller has 

several wheels per axle, the load applied on a soil medium can be idealized in the plane strain 

condition, especially when considering the impact of the load on the deep layers of the 

profile. In contrast, a typical trailer or construction vehicle can be assumed to be under the 

axisymmetric loading condition, which provides impact on the shallow layers of the profile. 

It is likely that pumping in the field is associated with the plane strain type of loading that 

affects the deep layers, and that rutting is associated with plastic deformation within the 

shallow layers. For both cases of axisymmetric and plane strain conditions in the numerical 

model, loading is applied as a uniform pressure to represent the tires of a vehicle or proof 

roller trailer as a flexible load. The dimensions and magnitude of loading for static analysis 

are determined using the equivalent contact area and pressure of a single axle with dual tires 

typical of a semitrailer (Huang, 2004). After each loading sequence, the settlement under the 

loaded area and the maximum shear strain at the boundary of the loaded area are calculated. 

In this study, this analysis was performed for a wide range of material strength and stiffness 

properties for the modeled subgrade soil. The rebounding behavior, referred to as pumping, 

was also considered in the development of criteria appropriate to both pumping and rutting 

(permanent deformation). 
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LITERATURE REVIEW 

Subgrade soil is considered to be a highly variable material, and its characteristics 

include strength, drainage, ease of compaction, permanence of compaction, and permanence 

of strength (Yoder, 1975). In early studies of subgrade stability, the moisture content and 

degree of saturation of subgrade soils were associated with strength and surface deflection 

(Broms, 1965; Cumberledge, 1974; Thompson, 1979). Thompson (1979), in particular, 

examined determinants for an adequate evaluation of a field soil moisture regime, and 

studied subgrade stability in terms of its relationship to the strength and stiffness of the 

subgrade soil. As remedial procedures to improve soft subgrade soil, Thompson (1979) 

suggested undercutting, backfill, and admixture stabilization to heighten the performance of 

the completed pavement; these enhancements are now commonly referred to as 

undercut(ting) and stabilization. 

Design and/or construction engineers have determined the depth needed for the 

undercut or stabilization method based on information found in a standard empirical design 

manual for unpaved roads. Croney (1977) considered a surface layer of 60 cm (2 feet) of the 

ground as the subgrade layer, and regarded this depth as appropriate for adequate strength. 

Hammit (1970) developed an empirical formula to derive the depth of the granular layer 

based on the number of traffic passes, applied load, tire contact area, and the California 

Bearing Ratio (CBR). Several empirical formulas have been suggested (Webster and Alford, 

1978; Giroud and Noiray, 1981; Greenstein and Livneh, 1981; Giroud et al., 1984; Powell et 
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al., 1984) using strength values (the CBR or undrained shear strength values), number of 

traffic passes, and applied axle load. These research efforts have led to appropriate 

stabilization methods for subgrade soil as well as appropriate depths for undercutting.  

Subgrade stability has been discussed recently in association with the usage of 

geosynthetic reinforcements in paved and unpaved road sections. Holtz et al. (1998) 

presented geosynthetic design and construction guidelines for temporary and permanent 

roadways. Improvement from geosynthetics implies an increase in the bearing capacity of 

roadway sections as well as the separation and drainage between the subgrade and sub-base 

layers. Several national guidelines and manuals are available for the use of geosynthetics in 

paved roads. The Federal Highway Administration (FHWA) report by Holtz et al. (1998), the 

Geosynthetic Materials Association (GMA) White Paper II by Berg et al. (2000), and the 

AASHTO PP 46-01 report (AASHTO, 2001) provide guidelines for base course 

reinforcement using geosynthetic materials.  

Lastly, Tingle and Jersey (2003) backcalculated bearing capacity factors obtained 

from four geotextile- and geogrid-reinforced test sections, and specified design procedures 

for subgrade and unpaved road stabilization.  

 

NUMERICAL MODELING 

The FLAC computer program version 4.0 (Itasca, 1999) is used in the modeling for 

this study. The program is based on the finite difference method and provides for plane strain 
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and axisymmetric stress representations, interface elements to simulate geosynthetic 

reinforcements, and a variety of soil constitutive laws. 

 

Model Description 

The model in the axisymmetric mode has a radius of 3 feet and a height of 4 feet, as 

shown in Figure 27 (a). The mesh, shown in Figure 27 (b), consists of 48 horizontal elements 

and 66 vertical elements. In order to minimize the effects of fixed or rigid boundaries in the 

model, an analysis of the boundary effects was performed. First, a numerical model height of 

10 feet was established and then reduced incrementally to investigate the boundary effects on 

stresses and displacements. Based on the analysis results, a height of 4 feet was ultimately 

chosen for the model domain (Gabr et al., 2010). 

 

   

Figure 27. Finite difference model: (a) three-dimensional shape of the simulated model, and 
(b) FLAC mesh 
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The three-dimensional cylindrical shape of the model, illustrated Figure 28 (a), shows 

the geometrical dimensions and loading area for a 1-foot diameter load contact area. The 

width of the minimum element, which is placed at the bottom of the loaded area, is 0.5 

inches. For the plane strain condition, the numerical mesh is the same as for the 

axisymmetric case, but the loading is continuous uniform pressure over the 1-foot width. 

 

Axisymmetric Model 

The axisymmetric stress condition represents the stress distributions in cylindrical 

bodies that are symmetrical about their center; thus, a cylindrical coordinate system is used in 

FLAC. The out-of-plane coordinate, i.e., the z direction in this case, is the circumferential 

coordinate, and the x direction is designated as the radial coordinate, as shown in Figure 28 

(a). The attributed stresses used in the axisymmetric analysis are presented in Figure 28 (b). 

 

          

Figure 28. Axisymmetric model: (a) three-dimensional axisymmetric condition, and (b) stress 
condition 
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Constitutive Soil Model 

The numerical model is simulated by implementing an elastic-perfectly plastic soil 

model (the Mohr-Coulomb model). This model requires elastic properties, that is, the elastic 

modulus and Poisson’s ratio, and shear strength parameters, that is, cohesion and friction 

angle. Figure 29 shows a general stress-strain relationship for the elastic-perfectly plastic 

model. The required model properties were obtained from various laboratory and field testing 

programs. For example, the shear strength parameters were obtained from triaxial and DCP 

test results, and the stiffness parameters were obtained from resilient modulus test results. 

Studies in the literature concerning shear strength and stiffness model parameters and 

empirical correlations were also used as sources to characterize the model parameters. 

 

 

Figure 29. Stress-strain relationship of elastic-perfectly plastic model 
 

Material Properties 

As previously mentioned, the material properties required for an elastic-perfectly 

plastic model are the elastic modulus, Poisson’s ratio, cohesion, and friction angle. Undercut 

criteria may be developed for subgrade soils with a wide range of strength and stiffness 
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properties. So, in order to focus on the effects of various strength and stiffness values, the 

density and Poisson’s ratio of the soil medium were assumed to be constant. Density values 

were obtained from measurements taken in the test pit, as presented in Cote (2009), and 

Poisson’s ratio was estimated from information found in the literature. The range of 

properties used in the modeling is presented in Table 34. Details of the elastic modulus and 

strength values are given in ‘Simulation Cases’ (found in the following section, Simulation 

Modes) and in Table 35. 

 
Table 34. Material Properties Used in the Design Criteria Analysis 

Items 
Unit Weight in 
kN/m3 (lbs/ft3) 

Normalized Elastic 
Modulus Value, E/pa

Poisson’s 
Ratio,  

Normalized 
Cohesion, c/pa 

Friction 
Angle (o) 

Values 20.2 (128.6) 
25/50/100/500/ 

1000/2000 
0.4 0.7 ~ 2.0 

0, 10, 20, 
and 30 

 

In addition to static model parameters, dynamic properties are required for the 

analysis under proof roller loading. To avoid oscillation of the model indefinitely, the FLAC 

program provides Rayleigh damping as a dynamic algorithm (Itasca, 1999). The properties 

required for the Rayleigh damping algorithm are a mass-proportional damping constant () 

and a stiffness-proportional damping constant (), as shown in Eq. (11). Both constants are 

defined in Eq. (12), and the Rayleigh damping constants are specified as the minimum 

critical damping ratio and the minimum frequency (fmin=min/2) in the FLAC program. For 

geological materials, the critical damping ratio ( min) is commonly in the range of 2% to 5% 

(Itasca, 1999; After Biggs, 1964). It is known that mass-proportional damping is dominant at 

low frequencies, whereas stiffness-proportional damping dominates at high frequencies 
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(Itasca, 1999). Hence, under the low frequency loading condition of 1.0 Hz, such as used for 

proof roller loading, the dynamic behavior is not affected significantly by the stiffness 

damping constants. The minimum frequency can be obtained from the primary wave velocity 

and the dimension of the model with one end as a fixed boundary condition. 

 

 (11)
 

where C is the damping matrix, M is the mass matrix, and K is the stiffness matrix. 

 

 α ξ ω  , β ξ /ω (12)
 

where ω  is the minimum angular frequency, and ξ  is the minimum critical damping 
ratio. 
 

SIMULATION MODES 

The numerical simulations include the assessment of bearing capacity under static 

loads by applying pressures incrementally on the loaded area. The pressure that corresponds 

to the bearing capacity failure is determined through deformation-controlled analysis. The 

analysis was performed also in the plane strain mode for proof roller loading, and in 

axisymmetric for static loading. The plane strain mode is assumed to simulate proof roller 

loading and provide information about potential rutting and excessive pumping. The 

axisymmetric mode provides a similar type of information but is used mainly to simulate the 

effects of construction traffic (or a single wheel) rather than a series of loaded axles that are 
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closely spaced, as found in the proof roller. It is postulated that rutting is associated mainly 

with plastic shear deformation within the shallow layers, and can be considered as a function 

of the shear strength parameters. Excessive pumping, on the other hand, is mainly a function 

of the stiffness parameters, and is affected by the response of shallow as well as deep layers 

of the profile. 

 

Simulated Field Loading 

Two loading cases are investigated in this study. First, a static pressure of 70 psi, 

assumed to be the maximum proof roller pressure (designated as ‘static design load’), was 

applied. Second, proof roller loading in two-second durations and with a haversine pulse 

function shape was applied, as shown in Figure 30 (a). This loading function is based on 

measured field responses of construction trucks, as presented in Gabr et al. (2010). Figure 30 

(b) presents a typical displacement response in accordance with the applied pulse loading.  

The numerical analysis of the proof roller loading was performed using a dynamic analysis 

scheme provided by FLAC. The maximum displacement at one-second intervals and the 

permanent displacement at two–second intervals were estimated from the analysis. 

Permanent displacement is caused by the plastic deformation of the subgrade soil under the 

given loading condition, and resilient displacement is equal to the amount of maximum 

displacement subtracted from the permanent displacement. 
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Figure 30. Loading function and displacement response: (a) haversine load function of proof 
roller, and (b) typical displacement plot on time 

 

Simulation Cases 

The material properties used in the simulations are shown in Table 35. Six normalized 

elastic modulus values (E/pa) of 25, 50, 100, 500, 1,000, and 2,000 were considered. The 

normalized factor, pa, is the atmospheric pressure, which is 14.7 psi in the English unit 

system and 101.325 kPa in the SI unit system. Hence, the six normalized elastic modulus 

values are 380, 735, 1,470, 7,350, 14,700, and 29,400 psi, respectively, which are within the 

range of typical elastic modulus values for clayey and silty subgrade soils reported in the 

literature. 

Four friction angles of 0, 10, 20 and 30 degrees with a range of normalized cohesion 

values were considered for this study, as shown in Table 35. As with the elastic modulus 

values, the cohesion values were normalized by applying atmospheric pressure. The range of 

cohesion values were specified after determining the ultimate bearing capacity ratio. For the 

case of the soft soils (for example, soil with a cohesion of 10 psi, c/pa = 0.7, and a friction 
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angle of zero), a numerical solution is not possible because the model collapses, and plastic 

deformation is excessive. Given the range of parameters for each loading condition, 246 total 

cases for the six elastic modulus values were simulated. 

 

Table 35. Number of Cases According to Strength Parameters  
Normalized Elastic 

Modulus Values 
Friction Angle (o) Normalized Cohesion No. of Cases 

25, 50, 100, 500, 
1000, and 2000 

(6 cases) 

0 0.7 to 2.0 (step 0.1) 14 

10 0.4 to 1.3 (step 0.1) 10 

20 0.2 to 1.0 (step 0.1) 9 

30 0.05 and 0.1 to 0.7 (step 0.1) 8 

 

Proof Roller Loading 

A proof roller trailer has several wheels, each with an external diameter of five to six 

feet. Typical traffic vehicles considered as design loads have more widely spaced, smaller 

wheels than a proof roller trailer. For proof roller trailers, the ratio of the length to the width 

of the contact area is close to 10, because a contact width is usually less than 10 inches (the 

contact area is also dependent on the stiffness of the subgrade soil). Accordingly, in addition 

to the axisymmetric mode, the analysis of the proof roller loading includes the plane strain 

condition in order to investigate the possibility of excessive pumping, as the deep layers of 

the soft subgrade profile are impacted by surface stresses. 

Figure 31 (a) shows a picture of a typical proof roller trailer used in the field, and 

Figure 5 (b) shows the dimensions of a proof roller wheel and a footprint of all four wheels. 

In the axisymmetric model, the loading area is postulated equivalently as a circular shape. 
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The increase in both deformation and stress is therefore less than that found in the plane 

strain condition. 

 

Figure 31. Proof roller trailer: (a) typical proof roller used by the NCDOT, and (b) 
dimensions of wheel and tires applied on subgrade soil 

 

Flexibility of Loading 

The loading used in all the analyses is uniform pressure that simulates pressure from 

the flexible tires of construction vehicles or a proof roller. The difference between rigid and 

flexible loading conditions was examined by Hambleton and Drescher (2008). A proof roller 

trailer tire in the field transfers a uniform pressure, causing not only a depression in the 

subgrade soil but also deformation of the tire itself, as shown in Figure 32 (a). Hambleton 

and Drescher (2008) assessed the relative deformation between the tire and the subgrade 

using three-dimensional finite element modeling. They denoted the deformed shape of the 

tire with a flexibility parameter, λ. The relationship of the equivalent wheel diameter, de, 

which represents the radius of the part of the tire that is deformed (as shown in Figure 32 

(a)), the applied load (Q), and the flexibility parameter (λ) are expressed by Hambleton and 

Drescher (2008) as: 
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de = d + Q (13)
 

where d = the diameter of the tire used in the analysis. 

The flexibility parameters used in the design criteria analysis were estimated for two 

conditions of cohesion equal to 2 psi and 20 psi, as shown in Figure 32 (b). The elastic 

modulus used in the analysis is equal to 2,500 psi, and the friction angle was set to 30 

degrees. For the soft subgrade with cohesion, c = 2 psi, the flexibility parameter, λ, is 

0.0001362 ft/lbf (= 0.0093 m/kN) for 0.5-foot radius of pressure area, as shown in Figure 32 

(b). This parameter is similar to the value estimated by Hambleton and Drescher (2008), 

which is 0.0001449 ft/lbf (= 0.01 m/kN). 

 

 

Figure 32. (a) Deformed wheel configuration, and (b) distribution of flexibility factor, , for 
the different strengths 
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RESULTS OF NUMERICAL SIMULATION 

Bearing Capacity Analysis 

The bearing capacity of the modeled subgrade was estimated initially by applying a 

uniform displacement on a 1-foot diameter area. Because strength is an unknown value in the 

bearing capacity analysis, estimating the mobilized stress that corresponds to the uniform 

applied displacement (a deformation-controlled method) is numerically simpler than 

employing a pressure-controlled method. Figure 33 (a) shows the deformed shape of the 

model and the vertical displacement contours at the applied displacement of 0.07 inch. Figure 

33 (b) shows the bearing capacity (defined as the point at which a limiting pressure is 

reached with increasing displacements) for three different elastic modulus values.  

 

 

Figure 33. (a) Deformed model and contours of vertical displacement, and (b) estimation of 
bearing capacity in deformation-controlled method 
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However, the deformation-controlled method is applicable for a rigid load, as found 

in a shallow foundation, and the mobilized stresses are not uniform in the surface elements, 

whereas the pressure transmitted by a pneumatic tire of a typical proof roller is considered to 

be uniform pressure. Hence, the pressure-controlled method is reasonable for estimating the 

bearing capacity of the subgrade soil under construction vehicles and proof roller trailers. 

Similarly, Figure 34 (a) shows the deformed shape of the model and vertical 

displacement contours that indicate the magnitude of deformation caused by uniform applied 

pressure. The displacement used in the estimation of the bearing capacity was obtained at the 

center of the loading area. Figure 34 (b) shows the applied pressure and displacement plots 

for three different elastic modulus values. For comparison, bearing capacity values obtained 

using an analytical solution based on Prantdl’s wedge theory (Terzaghi and Peck, 1967) are 

also shown.  

 

  

Figure 34. (a) Deformed model and contours of vertical displacement, and (b) estimation of 
bearing capacity in pressure-controlled method 
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For the case of a cohesive soil with a friction angle of zero, the ultimate capacity is 

theoretically equal to 5.14 times the assumed undrained shear strength. For example, a model 

with a cohesion value of 15 psi has a bearing capacity of 60 psi, which is 5.8 times the 

undrained shear strength. Thus, the pressure-controlled numerical approach provides a 

bearing capacity that is 113% of the value obtained from the analytical solution, whereas the 

displacement-controlled method gives 120%. Because the soil is simulated as an elastic-

perfectly plastic medium, the mobilized pressure converges to the bearing capacity value at 

displacements as large as 6 to 8 inches, as shown in Figure 34 (b). When the pressure curve 

converges to a specific pressure value, the value is the bearing capacity of the soil medium. 

However, because the pressure-controlled approach applies the same increments of pressure, 

the magnitude of the bearing capacity cannot be predicted. In order to solve this problem, the 

reduced pressure, which was reduced by the rate of increased displacement, is applied for 

each loading step. Eq. (14) presents a sequence of the nth and n + 1st loading step, where the 

derivative of the displacement is based on the iterative function: 

 

∆

∆
 (14)

 

where qn and qn+1 are the applied pressures at the nth and n+1st loading step, respectively; i is 

the initial displacement at the first loading step; and qn/n are the derivatives of the nth 

loading step. 

As shown in Figure 34 (b), if the applied pressure approaches the bearing capacity of 

the soil medium, the unbalanced forces of the finite difference scheme do not converge 
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within the maximum iteration steps (which is set to 100,000 steps). If the solution is reached 

under this condition, then the additional load can be regarded as a bearing capacity, and an 

additional iteration is unnecessary. When using FISH (a built-in programming language in 

FLAC), the solution process is stopped when convergence does not occur.  

Bearing capacity ratios were obtained for a wide range of strength parameters and 

were correlated using settlement analysis. Typical results of this bearing capacity analysis are 

presented in Figure 35 (a) and (b), respectively. The results shown in Figure 35 (a) are for 

various cohesion values with an assumed elastic modulus value (the normalized elastic 

modulus value is 25), and Figure 35 (b) shows the bearing capacity curves that are dependent 

on the elastic modulus values. The last pressure value in a curve is regarded as the yielding 

point at which the curves converge; this last pressure value is defined as the ultimate bearing 

capacity. 

As shown in Figure 35 (a) for the case of the normalized elastic modulus value of 25, 

the onset of yielding occurs at a displacement of approximately 2 to 3 inches (designated as 

yielding displacement), and then plastic deformation leads to failure. For the case of the 

model where the normalized cohesion value (c/pa) is 1.6, the yield displacement is 

approximately 10 inches. Because a settlement of 10 inches is excessive, the bearing capacity 

at this value is not acceptable for the subgrade soil. According to Holtz et al. (1998), the 

allowable rut depth for unpaved roads is 150 to 200 mm (6 to 8 inches). Therefore, the 

bearing capacity for this case is estimated at the settlement of 6 inches. For example, the 

bearing capacity for the model with a normalized cohesion value of = 1.6 and normalized 
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elastic modulus value of = 25 (marked by an asterisk in Figure 35 (a)) is not 137 psi, but 128 

psi.  

 

  

Figure 35. Pressure and displacement plots dependent on strength and stiffness: (a) E/pa = 25, 
and (b) c/pa = 0.7 

 

However, regardless of the yield displacement shown in the Figure 35 charts, two 

subgrade soils with different stiffness values (see the curves for E/pa = 50 and E/pa = 100 in 

Figure 35 (b)) but the same cohesion values have the same bearing capacity. The bearing 

resistance beyond the yield displacements is dependent on the cohesion of the material, and 

mainly independent of the stiffness. 

For each curve shown in Figure 35, the bearing capacities were divided by a pressure 

of 70 psi, which is assumed to be the maximum applied pressure for both static and proof 

roller loading. A value denoted as the bearing capacity ratio, ξ, and defined by the ratio of the 

estimated bearing capacity to the field pressure load, is presented as Eq. (15). 
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 Table 36. Classification of Numerical Simulations for Design Criteria 
Geometric 
Condition 

Type of Analysis Estimation 

Axisymmetric 

Bearing Capacity Bearing Capacity (qu/70 psi) 

Static Loading Settlement / Strain 

Proof 
Rolling 

Maximum 
(Pumping) 

Settlement 

Permanent 
(Rutting) 

Settlement 

Plane Strain 

Bearing Capacity Bearing Capacity (qu/70 psi) 

Static Loading Settlement / Strain 

Proof 
Rolling 

Maximum (Pump) Settlement 

Permanent (Rut) Settlement 

 

The results of the numerical simulation are classified into three categories: (1) bearing 

capacity under uniform pressure, (2) deformation behavior under a static pressure of 70 psi, 

and (3) permanent displacement (rut depth) and maximum displacement (pumping) under 

proof roller loading. The rutting and pumping simulations were performed for axisymmetric 

and plane strain modes, respectively, as outlined in Table 36. 

As mentioned earlier, the plane strain mode can simulate proof roller loading and 

provide information about potential rutting and excessive pumping. The axisymmetric mode 

provides similar information but is used mainly to simulate the effects of construction traffic 

(or a single wheel) rather than a series of loaded axles that are closely spaced. 
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Strength and Stability 

The definition of unstable subgrade soil strength is discussed in relation to 

deformable behavior. In evaluating the suitability of soils to provide adequate subgrade 

support, unstable behavior can be assessed in terms of plastic shear deformation that leads to 

rutting, or elastic deformation that indicates excessive pumping. Plastic shear deformation is 

mainly a function of the shear strength, whereas elastic deformation is dependent on the 

elastic modulus. In performing the numerical analysis, the minimum cohesion values are 

those required to prevent the model’s collapse under applied stress, whereas threshold values 

are those required for a specific safety level (such as a safety factor of two with respect to an 

applied tire pressure of 70 psi). For example, in the case where the friction angle is zero, the 

minimum undrained shear strength value of 12 for the axisymmetric condition and 14 psi for 

the plane strain condition are the lowest values allowable for the model not to collapse.  
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Table 37. Minimum Cohesion Threshold Values (assuming bearing capacity ratio = 2) 

No. Geometry 
Design Chart 

Types 
Friction 
(deg.) 

Cohesion (psi) 

Minimum Threshold 

c (psi) c/pa c (psi) c/pa 

1 

Axisymmetric 

Pumping 
(Maximum) 

0 12 0.82 30 2.04 

2 10 7 0.48 20 1.36 

3 20 4 0.27 15 1.02 

4 30 2 0.14 10 0.68 

5 

Rutting 
(Permanent) 

0 12 0.82 22 1.50 

6 10 7 0.48 17 1.16 

7 20 4 0.27 12 0.82 

8 30 2 0.14 10 0.68 

9 

Plane Strain 

Pumping 
(Maximum) 

0 14 0.95 24 1.63 

10 10 9 0.61 16 1.09 

11 20 5 0.34 13 0.88 

12 30 3 0.20 10 0.68 

13 

Rutting 
(Permanent) 

0 14 0.95 24 1.63 

14 10 9 0.61 19 1.29 

15 20 5 0.34 15 1.02 

16 30 3 0.20 10 0.68 
 

Traylor and Thompson (1977) studied the behavior of construction vehicles on soft 

subgrade soils and concluded that undrained shear strength values of 13.5 to 16.8 psi are 

required to minimize the vehicles sinking into the subgrade soil. Recently, Hambleton and 

Drescher (2008) presented penetration depth and strength charts obtained from analytical 

solutions that address rutting issues in the field. A cohesion value of 17.4 psi was used in the 

Hambleton and Drescher (2008) solution for model integrity. The minimum cohesion and 

threshold values for the two behaviors, pumping and rutting, are presented in Table 37. 
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Axisymmetric Loading Condition 

Bearing Capacity 

Bearing capacity plots for four friction angles and a normalized elastic modulus value 

of 25 are presented in Figure 36 (a) to (d). The complete results for all material properties 

used in the analyses are presented in the Appendix A. Figure 36 shows that the bearing 

capacity increases in accordance with the shear strength of the subgrade soil.  

 

              (a)  = 0 degree                                                (b)  = 10 degrees 

 

              (c)  = 20 degrees                                           (d)  = 30 degrees 

Figure 36. Bearing capacity plots for E/pa = 50 
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For example, as presented in Figure 36 (a), the bearing capacity for c/pa = 0.7 and  = 

0 degree is approximately 60 psi, whereas the capacity for c/pa = 1.4 and  = 0 degree is 120 

psi. In order to obtain the rut depth criterion of 6 inches, the bearing capacity curves are 

plotted on the displacement curve from 0 to 6 inches. The capacity ratios (defined as bearing 

capacity normalized with respect to a tire pressure of 70 psi) are plotted versus the 

normalized cohesion value in Figure 37. The capacity ratios correlate linearly with the 

strength values for the elastic modulus values used in this study, except for the cases where 

the normalized elastic modulus values are 25 and 50. These cases of high cohesion and low 

modulus values yield a nonlinear variation of the capacity factor with increasing cohesion. 

This phenomenon is due to the fact that the deformation threshold of 6 inches (Holtz et al., 

1998) was reached prior to the complete failure of the subgrade in terms of shear zones under 

the applied stress. For example, an undrained shear strength of 30 psi (c/pa = 2) and elastic 

modulus of 370 psi (E/pa = 25) for cohesive soils give the ratio of stiffness to strength as 12; 

usually, this ratio of the undrained elastic modulus and shear strength, Eu/Su, is within 150 to 

300. Accordingly, excessive deformation due to low stiffness induces local plastic 

deformation around the loading plate, and the rate of increase in the capacity ratios slows as 

the strength increases, as shown in the curves for an elastic modulus value (E/pa) of 25 and of 

25/50, as presented in Figure 37 (a) and (b), respectively. 
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Figure 37. Capacity ratios according to elastic modulus values: (a)  = 0, and (b)  = 20 
degrees 

 

Bearing Capacity by Limit Equilibrium for Axisymmetric Condition 

The bearing capacities obtained from the numerical approach are compared against 

the general approaches taken by the Terzaghi and Vesic methods. These general approaches 

are independent of stiffness factors, so they can estimate the ultimate bearing capacities for a 

wide range of strength factors. Table 38 presents the results, assuming a normalized cohesion 

value of 1.0. Figure 38 shows the capacity ratio (which is the ratio of the bearing capacity 

normalized with respect to a tire pressure of 70 psi) for all cases of friction angles equal to 0, 

10, 20, and 30 degrees, and assuming the axisymmetric condition. As shown in Figure 38, the 

bearing capacities obtained from the numerical simulations are consistent with those obtained 

using the well-documented general approaches. For the cases of cohesive soil (friction angle 

= 0), the undrained shear strengths vary from 12 to 50 psi, which are from 0.8 to 3.4 for the 

normalized cohesion (c/pa) axis, and the corresponding bearing capacity values obtained 

from the Vesic method vary from 74 to 307 psi for the axisymmetric condition. The 



133 

corresponding capacity ratios vary from 1.0 to 4.4 for the axisymmetric condition. For the 

case of cohesive soils with a friction angle of zero, the Vesic solution gives better agreement 

with the FLAC numerical solution than the Terzaghi solution. 

 

Table 38. Estimation of Ultimate Bearing Capacity by Terzaghi and Vesic Methods(c/pa = 
1.0) 

Mechanical 
Condition 

 
(deg) 

Terzaghi Vesic 

Nc Nq N qult (psi)  Nc Nq N qult (psi) 

Axi-
symmetric 

0 5.7 1.0 0.0 111.2 1.6 5.1 1.0 0.0 92.1 1.3 

10 9.6 2.7 1.0 187.6 2.7 8.3 2.5 1.2 162.6 2.3 

20 17.7 7.4 4.4 346.1 4.9 14.8 6.4 5.4 320.0 4.6 

30 37.2 22.5 20.1 730.1 10.4 30.1 18.4 22.4 734.1 10.5 
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                            (a)  = 0 degree                                              (b)  = 10 degrees 

  

                         (c)  = 20 degrees                                             (d)  = 30 degrees 

Figure 38. Normalized cohesion vs. factor of safety for axisymmetric condition 
 

Design Criteria Chart Based on Maximum Shear Strain 

The first method explored in this study for assessing the suitability of a subgrade for 

roadway application is to estimate the maximum shear strain under the design load.  
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Figure 39. Design criteria charts based on the maximum shear strain at the boundary of the 
loading plate: (a) = 0 degree, and (b)  = 20 degrees 

 

The maximum shear strain is correlated with the tension cracking that occurs at the 

boundary of the loading zone. Figure 39 shows the maximum shear strain for a wide range of 

cohesion values for two cases of friction angle, i.e., 0 and 20 degrees. The horizontal trend 

observed in the right half of the graphs in Figure 39 indicates that the subgrade soil behaves 

elastically and that settlement is independent of the strength parameters. The nonlinear 

portion on the left side of the graphs indicates that the subgrade soil is in a plastic state. The 

models with lower strength parameters (far left side of the curves) collapsed under the design 

and/or proof roller loading. This behavior (presented in terms of the magnitude of the shear 

strain) confirms the notion that rutting is mainly a function of shear strength, whereas 

excessive pumping is a function of soil stiffness. This distinction can explain, for example, a 

proof roller on a relatively thin lime-stabilized soil layer over soft subgrade where pumping 

is observed but rutting is minimal. 
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Model Development for the Axisymmetric Mode 

Deformation curves indicate the settlement of the subgrade soil with specific strength 

values under a design load of 70 psi. The curves are dependent on the elastic modulus of the 

subgrade soil such that each curve represents the case of a specific modulus value. As shown 

in Figure 40 for typical undercut criteria, the lower cohesion values in the nonlinear portion 

indicate that the model is in a plastic state, whereas the horizontal linear portion of the 

deformation curves indicates that the model is in an elastic state. The nonlinear portion of the 

deformation curves can be developed using a mathematical model. In order to find the most 

feasible such model, four objective functions, i.e., polynomial, exponential, logarithmic, and 

a power function, were tested, as shown in Table 39. The Levenberg-Marquardt algorithm 

was applied to optimize the model used in the prediction, and of these types of functions, the 

power function was determined to be the best fit, according to the test results.  

 

Table 39. Four Functions Tested for Model Development  

No. Functions Type 
Unknown 

Coefficients 
No. of 

Coefficients 

1 Polynomial (6th)  a0 to a6 7 

2 Exponential ·  a0 to a2 3 

3 Logarithmic · log  a0 and a1 2 

4 Power  a0 to a2 3 

 

The data used to determine the best fit model are the test results for the friction angle 

of 10 degrees in the axisymmetric condition, as shown in Table 40. The results for the four 
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models are presented in Table 41 with the coefficient of determination (R2), and the best fit 

graphs are plotted in Figure 40. 

 

Table 40. Data Used in Model Fitness Tests 

c/pa 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 

/L 0.3158 0.2119 0.1763 0.1577 0.1473 0.1423 0.1405 0.1403 0.1403 

 

Table 41. Results of Model Fitness Tests 

No. Function Type Formula R² 

1 Polynomial /L = 14.88(c/pa)
6 - 86.57(c/pa)

5 + 207.73(c/pa)
4 - 

263.36(c/pa)
3 + 186.49(c/pa)

2 - 70.26(c/pa) + 11.23 
0.999957 

2 Exponential /L = 0.14+11.4×e-8.36(c/pa) 0.99855 

3 Logarithmic /L = 0.15-0.1541×log(c/pa) 0.74011 

4 Power /L = 0.14+0.007×(c/pa)
-4.65 0.99949 

 

 

Figure 40. Model testing for deformation curve 
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The coefficient of determination (R2) is shown to the sixth digit of significant value, 

and the polynomial function of the sixth order provides the best fit curve of the methods. 

However, the prediction of the polynomial function is not acceptable beyond the cohesion 

factor (c/pa) of 1.3; therefore, the model based on the power function is selected. 

The formula used in the model development of the deformation curves is shown in 

Eq. (16).  

 

 (16)

 

where a0, a1, and a2 are the coefficients of the power function, and L is the diameter (12 

inches) or width of the loading area. The coefficients of the model are shown in Table 42 for 

the axisymmetric mode. The model parameters for the deformation curves can be correlated 

with the elastic modulus ratio, as shown in Figure 41 and Figure 42. Figure 41 is for the 

axisymmetric condition.  

 



139 

Table 42. Coefficients of Model for Axisymmetric Condition 

 (deg.) Coeff. E/pa = 25 E/pa = 50 E/pa = 100 E/pa = 500 E/pa = 1000 E/pa = 2000

0 

a0 0.138 0.069 0.035 0.007 0.003 0.002 

a1 5.91×10-2 2.94×10-2 1.47×10-2 3.11×10-3 1.51×10-3 7.73×10-4 

a2 -7.575 -7.584 -7.712 -7.289 -7.637 -7.468 

10 

a0 0.137 0.068 0.034 0.007 0.003 0.002 

a1 7.11×10-3 3.56×10-3 2.13×10-3 3.24×10-4 1.65×10-4 9.62×10-5 

a2 -4.65 -4.64 -4.30 -4.82 -4.80 -4.47 

20 

a0 0.135 0.067 0.033 0.007 0.003 0.002 

a1 3.34E-03 1.68E-03 9.71E-04 1.64E-04 8.67E-05 4.22E-05 

a2 -2.95 -2.95 -2.81 -2.98 -2.92 -2.95 

30 

a0 0.130 0.065 0.032 0.006 0.003 0.002 

a1 4.15E-03 2.31E-03 1.21E-03 2.57E-04 1.31E-04 6.95E-05 

a2 -1.76 -1.71 -1.70 -1.67 -1.67 -1.63 
 

 
Figure 41. Relationship of (a) coefficients a0, and (b) a1 correlated with elastic modulus 

values 
 

The first coefficient, a0, has a type of fractional function, which is shown in Table 43 

with the coefficient, a1, for the axisymmetric condition. The second coefficient, a1, is linearly 
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correlated with the elastic modulus in a log-log plot so that the equation of regression can be 

represented by the type of power function. 

 

Table 43. Coefficients (a0, a1, and a2) of the Model for the Deformation Curves 
Friction 
Angle 
(deg.) 

Coefficients 

a0 a1 a2 

= 0 

2.13 10 3.61
.

 

1.408
.

 -7.544 

= 10 0.191
.

 -4.615 

= 20 0.088
.

 -2.925 

= 30 0.090
.

 -1.690 

 

The third coefficient of the deformation curves, a2, is independent of the elastic 

modulus ratio, as shown in Figure 42 and Table 43. 

 

 

Figure 42. The third coefficient, a2, of the model for the axisymmetric condition 
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For further study to obtain a full equation for the deformation curves, the second and 

third coefficients (a1 and a2) are formulated by curve fitting. The third coefficient (a2) can be 

regarded as the function of the friction angle, as shown in Figure 43 (b). The formula of the 

third coefficient is shown in Eq. (17). 

 

0.22 7.75e .  (17)
 

where  is the friction angle. 

The formulae for the second coefficients presented in Table 43 have two coefficients, 

which are designated as b1 and b2. The second coefficient, b2, is a nearly constant value, -1.0, 

and the first coefficient, a1, can be formulated by the exponential function, as shown in 

Figure 43 (a). Hence, after curve fitting, the equation for coefficient a1 can be determined, as 

presented in Eq. (18). Therefore, the full equation for the deformation curves can be 

determined, as presented in Eq. (19). 

 

0.085 1.32e . E
p

.

 (18)

 

δ
L

‐2.13 10‐6 3.61
E
pa

‐1

0.085 1.32 e‐0.25
E
pa

‐1.0 c
pa

0.22‐7.75e‐0.046

(19)

 

where /L, E/pa, and c/pa are the normalized settlement, elastic modulus value, and cohesion 

of the soil medium, respectively. 
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Figure 43. (a) The coefficients, a1 and (b) a2, of the model for the axisymmetric condition 

 

Eq. (19) formulates the deformation curves using the elastic modulus value and 

strength parameters, and enables the prediction of settlement for the elastic-perfectly plastic 

medium under the load of 70 psi. A single formulation, such as Eq. (19), simplifies the 

deformation curves and makes the application easier, whereas the prediction can derive a 

different value due to cumulative errors in the development of the model. Hence, the 

precision of the model is assessed by the numerical results, which are the raw data of the 

model. Using Eq. (19), the prediction based on the model presented in Table 43 also can be 

estimated. 

Figure 44 (a) and (b) present the predicted normalized settlements using the models 

presented in Eq. (19) and Table 43, respectively. It can be seen that both models are close to 

the perfect prediction, and the settlements predicted by the models are slightly higher (5 to 
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6%) than those of the numerical analysis. The coefficients of determination values (R2) are 

0.9994 and 0.9996 for Eq. (19) and Table 43, respectively. 

 

     

Figure 44. Estimation of the model prediction for the deformation curves in the axisymmetric 
condition: (a) using Eq. (19), and (b) using Table 43 

 

Undercut Criteria: Static Loading 

Figure 45 (a) to (d) present the undercut design criteria charts for friction angles of 0, 

10, 20, and 30 degrees, respectively. These charts are for static loading. Results for friction 

angles that lie between those values can be obtained via interpolation.  

An acceptable rut is defined as less than a 1.0-inch displacement, and the acceptable 

capacity factor is set to 2.0. These values can change according to engineering practice or 

desired levels of conservatism. As shown in Figure 45 (a) to (d), the acceptance areas are 

indicated by ‘Stable Area’; these areas do not require undercutting for the subgrade soil. If 

these criteria (i.e., the capacity factor is 2.0 and the settlement is less than 1 inch) are applied 
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to the soils modeled in Figure 45 (b) to (d), the acceptance lines are located partially in the 

zone of plastic deformation, which means that some plastic displacement is acceptable for 

those frictional soils. 

 

 

                           (a)  = 0 degree                                                  (b)  = 10 degrees 

 

               (c)  = 20 degrees                                              (d)  = 30 degrees 

Figure 45. Design criteria charts for the axisymmetric condition 
 



145 

As shown in the undercut design charts, the settlement curve for soils with an elastic 

modulus of 500 psi is always outside the acceptable one-inch displacement zone, implying 

that the elastic modulus value of the stabilized soil should be higher than 500 psi. 

 

Undercut Criteria: Proof Roller Loading 

Figure 46 (a) and (b) show the maximum settlement estimated at the peak of the load 

pulse and the permanent settlement that corresponds to the plastic deformation after the 

applied load has passed, respectively. 

 

 

Figure 46. Design charts for proof roller loading: (a) pumping (maximum settlement), and (b) 
rutting (permanent settlement) 

 

The difference between the maximum (i.e., under maximum loading) and permanent 

displacements (after unloading), which can be designated as resilient displacement, is 

regarded as directly related to the pumping behavior during proof roller testing. As shown in 

Figure 46 (a), the maximum settlement design charts are similar to the static load cases, but 
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with a minor difference in the plastic area. In Figure 46 (a), the results from the static load 

cases are plotted using dashed lines. It seems that the similarity of maximum displacement to 

static loading is caused by the low frequency (0.5 Hz) of the proof roller load. Such a loading 

frequency is not sufficient to cause a significant difference due to dynamic effects. Therefore, 

the design charts for the maximum displacement of the proof roller load can be replaced by 

those for the static load cases. 
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                           (a)  = 0 degree                                                (b)  = 10 degrees 

 

                          (c)  = 20 degrees                                            (d)  = 30 degrees  

Figure 47. Design charts for rutting (permanent settlement) with proof roller loading 
 

Figure 47 (a) to (d) present the design charts for permanent displacements under 

proof roller loading; these are separated into four charts according to the value of the friction 

angle (as was done for the static load cases). In these cases, the permanent displacement 

values are below the 1.0-inch settlement criterion. Accordingly, the acceptance lines do not 
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relate to the amount of settlement, but are dependent on the capacity of the subgrade soil for 

soils with friction angles of 0 and 10 degrees, as shown in Figure 47 (a) and (b). When the 

cases for friction angles of 20 and 30 degrees are considered, a permanent settlement over 0.1 

inch can be regarded as excessive plastic deformation and in the failure state, based on 

correlations with data from the field modeling and observations from the laboratory studies. 

 

Plane Strain Condition 

In parallel to the cases that assume the axisymmetric condition, bearing capacity and 

deformation analyses under static and proof roller loading were performed assuming a plane 

strain condition. Because most proof roller trailers used in the field cannot be regarded as a 

single-axle vehicle, it seems reasonable that the required design values are based on the plane 

strain condition. A plane strain load makes a deep impact on the soil profile, and it is these 

deep, weak layers that lead to pumping as a result of the use of a proof roller. At similar 

deformation levels, the values for bearing capacity are lower than those for the axisymmetric 

condition; so consequentially, the shear strength values needed to obtain the same 

displacement values are higher than those obtained for the plane strain case. 

 

Bearing Capacity 

Bearing capacity plots for the four friction angles and the normalized elastic modulus 

value of 50 psi are presented in Figure 48 (a) to (d). Results for all material properties used in 

the analysis are found in the Appendix A. 



149 

 

 

                            (a)  = 0 degree                                              (b)  = 10 degrees 

 

                         (c)  = 20 degrees                                             (d)  = 30 degrees 

Figure 48. Bearing capacity plots for the case of E/pa = 50 
 

The bearing capacity factors are plotted against the cohesion values using various 

elastic modulus values, as shown in Figure 49 for friction angles of 0 and 20 degrees, 

respectively. The remaining capacity factor plots are presented in the Appendix B.  
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Figure 49. Capacity factors according to elastic modulus values: (a)  = 0, and (b)  = 20 
degrees 

 

Compared with the same plots in the axisymmetric condition, the capacity ratios 

range from 0.8 to 3.6 for a friction angle of zero, and from 1.0 to 8.0 for a friction angle of 20 

degrees. These results are 60 to 80% less than those computed assuming the axisymmetric 

condition. The results show that if a capacity safety factor of 2.0 or higher is set as the 

acceptance criterion, an undrained shear strength value over 30 psi is required.  

 

Bearing Capacity by Limit Equilibrium for Plane Strain Condition 

The bearing capacities obtained from the numerical approach taken for the plane 

strain mode are compared with the general approaches taken by Terzaghi and Vesic, in the 

same manner as was performed for the axisymmetric condition. Table 44 presents the results, 

assuming a normalized cohesion value of 1.0. Figure 50 shows the bearing capacity ratios for 

all of the friction angles, i.e., 0, 10, 20, and 30 degrees. For the cohesive soil cases (friction 

angle = 0 degree), the undrained shear strengths vary from 12 to 50 psi (c/pa = 0.8 to 3.4), 
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and the corresponding bearing capacity values obtained by the Vesic method vary from 62 to 

257 psi for the plane strain condition.  

 

Table 44. Estimation of Ultimate Bearing Capacity by Terzaghi and Vesic Methods 
(c/pa=1.02) 

Mechanical 
Condition 

 
(deg) 

Terzaghi Vesic 

Nc Nq Nr qult (psi)  Nc Nq Nr qult (psi) 

Plane Strain 

0 5.7 1.0 0.0 85.5 1.2 5.1 1.0 0.0 77.1 1.1 

10 9.6 2.7 1.0 144.5 2.1 8.3 2.5 1.2 131.7 1.9 

20 17.7 7.4 4.4 267.3 3.8 14.8 6.4 5.4 251.4 3.2 

30 37.2 22.5 20.1 566.4 8.1 30.1 18.4 22.4 462.1 6.6 
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                            (a)  = 0 degree                                               (b)  = 10 degrees 

 

                          (c)  = 20 degrees                                            (d)  = 30 degrees 

Figure 50. Normalized cohesion vs. factor of safety for plane strain condition 
 

The corresponding capacity ratios vary from 0.9 to 3.7. Similar to the results for the 

axisymmetric condition, the Vesic solution is nearly the same as the FLAC numerical 

solution, as shown in Figure 50 (a) to (d).  
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Model Development for Plane Strain Mode 

As for the axisymmetric condition, the models of the deformation curves for the plane 

strain mode are developed using a power function. The parameters of the model are 

presented in Table 45 for the plane strain condition. 

 

Table 45. Coefficients of Power Function Model for Plane Strain Condition 

 
(deg.) 

Coeff. E/pa = 25 E/pa = 50 E/pa = 100 E/pa = 500 
E/pa = 
1,000 

E/pa = 
2,000 

0 

a0 0.215 0.108 0.053 0.011 0.005 0.003 

a1 2.25×10-1 1.13×10-1 5.23×10-2 1.10×10-2 5.36×10-3 2.76×10-3 

a2 -6.711 -6.848 -5.794 -6.438 -6.325 -6.318 

10 

a0 0.209 0.105 0.052 0.010 0.005 0.003 

a1 3.40×10-2 1.70×10-2 8.64×10-3 1.79×10-3 7.69×10-4 4.74×10-4 

a2 -3.88 -3.88 -3.82 -3.76 -4.14 -3.68 

20 

a0 0.204 0.102 0.051 0.010 0.005 0.003 

a1 1.70×10-2 8.82×10-3 4.25×10-3 8.02×10-4 4.51×10-4 2.15×10-4 

a2 -2.38 -2.34 -2.38 -2.43 -2.32 -2.38 

30 

a0 0.185 0.089 0.045 0.009 0.005 0.002 

a1 2.45×10-2 1.52×10-2 6.78×10-3 1.49×10-3 6.34×10-4 3.30×10-4 

a2 -1.18 -1.05 -1.14 -1.09 -1.16 -1.13 
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Figure 51. (a) Coefficient, a0, and (b) a1 for the plane strain condition 
 

 

Figure 52. The coefficient, a2, of the model 
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Table 46. Coefficients (a0, a1, and a2) of the Model for the Deformation Curves under the 
Plane Strain Condition 

Friction 
Angle 
(deg.) 

Parameters 

A0 a1 a2 

= 0 

1.89 10 5.267
.

 

5.621
.

 -6.405 

= 10 0.826
.

 -3.862 

= 20 0.427
.

 -2.373 

= 30 0.687
.

 -1.127 

 

Figure 51 shows the parameters, a0 and a1, for the plane strain condition, which are 

used for the undercut criteria under proof roller loading. The third parameter of the 

deformation curves, a2, is also shown in Figure 52. The average values of the coefficients are 

presented in Table 46. 

In the same manner as was followed for the axisymmetric condition, the second and 

third coefficients (a1 and a2) are formulated by curve fitting. The third coefficient (a2) can be 

regarded as the function of the friction angle, as shown in Figure 53 (b). The formula for the 

third coefficient is shown in Eq. (20). 

 

1.13 7.52e .  (20)
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The formulae for the second coefficients presented in Table 46 have two coefficients 

(b1 and b2). The second coefficient, b2, is a nearly constant value, which is -1.0, and the first 

coefficient, a1, can be formulated by the exponential function, as shown in Figure 53 (a). 

Hence, after curve fitting, the equation of coefficient a1 is presented as Eq. (21). Finally, the 

full equation of the deformation curves can be presented as Eq. (22). 

 

0.56 5.06e . E
p

.

 (21)

 

δ
L

‐1.89 10‐4 5.27
E
pa

‐1

0.56 5.06 e‐0.3
E
pa

‐1.0 c
pa

1.13‐7.52e‐0.04

 (22)

 

where /L, E/pa, and c/pa are the normalized settlement, elastic modulus value, and cohesion 

of the soil medium, respectively. 

 

 

Figure 53. (a) Coefficient, a1 and (b) a2, of the model for the plane strain condition 
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Eq. (22) formulates the deformation curves using the elastic modulus values and 

strength parameters and enables the prediction of the settlement for the plane strain 

condition. A single formulation, as seen in Eq. (22), simplifies the deformation curves and 

makes the application easier, whereas the prediction can give a different value due to 

cumulative errors in the development of the model. Hence, the precision of the model is 

assessed using the numerical results. Using Eq. (22), the prediction based on the models 

presented in Table 46 also may be estimated. 

Figure 54 (a) and (b) present the predicted normalized settlements using the models 

presented in Eq. (22) and Table 46, respectively. It can be seen that both models are close to 

the perfect prediction, and the settlements predicted by the models are almost the same as 

those obtained from the numerical analysis. The coefficients of the determination value (R2) 

are 0.99952 and 0.99949 for Eq. (22) and Table 46, respectively. 

 

  

Figure 54. Estimation of the model prediction for the deformation curves under the 
axisymmetric condition: (a) using Eq. (22), and (b) using Table 46 
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Design Criteria: Static Loading 

Undercut criteria charts based on displacement plots are presented in Figure 55 (a) to 

(d) for friction angles of 0, 10, 20, and 30 degrees, respectively. The acceptable deformation 

is defined as 1.0 inch, and the acceptable capacity factor is set to 2.0, but can be changed at 

the discretion of design and field engineers. The acceptable areas, i.e., where undercutting is 

not recommended, are presented in Figure 55 (a) to (d). Whereas the cases with normalized 

elastic modulus values equal to 50 are in the acceptable area for the axisymmetric condition, 

the same cases under the plane strain condition yield a deformation close to the 1.0-inch 

displacement limit, or at times outside the acceptable area. This finding highlights the 

difference between the axisymmetric and plane strain conditions, and perhaps highlights one 

of the reasons that the proof rolling approach provides acceptable results in the field.  
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                           (a)  = 0 degree                                                (b)  = 10 degrees 

 

                         (c)  = 20 degrees                                          (d)  = 30 degrees 

Figure 55. Design criteria charts for plane strain condition 
 

Undercut Criteria: Proof Roller Loading 

The deformation plots for proof roller loading consist of the maximum and permanent 

displacements, as shown in Figure 56 (a) and (b), respectively. 
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Figure 56. Undercut charts for proof roller loading for the plane strain condition: (a) pumping 
(maximum settlement), and (b) rutting (permanent settlement) 

 

Figure 56 (b) shows the maximum and permanent settlement curves on the same plot, 

where the differences indicate the resilient displacements. When compared to the 

axisymmetric condition (Figure 46 (b)), it can be seen that the maximum settlements 

increase, whereas the permanent settlements decrease or stay nearly the same. The difference 

between the two values, however, indicates pumping in the field. 

Within the elastic range of the response, where the deformation is mainly a function 

of soil stiffness, the permanent deformation is relatively small, on the order of 0.0001 inch. 

Figure 57 shows the difference between the maximum and permanent deformations for both 

axisymmetric and plane strain modes of loading. For example, the maximum settlement for 

the case of the normalized elastic modulus value of 50 and under the plane strain condition is 

1.35 inches (/L = 0.113), and within the elastic state (the part of the curve where the 

computed settlement is independent of the shear strength), the value for the axisymmetric 

condition is 0.84 inch (/L=0.07). On the other hand, the permanent settlement for the plane 
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strain condition is 4.0 × 10-4 inch, and the value for the axisymmetric condition is 5.0 × 10-4 

inch. As mentioned earlier, the difference found between the maximum and permanent 

displacements is indicative of pumping behavior.  

 

 

Figure 57. Comparison of maximum and permanent displacements for the axisymmetric and 
plane strain condition 

 

Figure 58 (a) to (d) present the design charts for permanent displacement due to proof 

roller loading, and are separated into four charts according to friction angle. Similar to the 

axisymmetric case, the acceptance lines are not related to the amount of settlement, but are 

dependent on the capacity of the subgrade soil for soils with friction angles of 0 and 10 

degrees. 
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                              (a)  = 0 degree                                               (b)  = 10 degrees 

 

                            (c)  = 20 degrees                                            (d)  = 30 degrees  

Figure 58. Design charts for rutting (permanent settlement) in the proof roller loading 
 

Pumping Deformation 

Resilient displacement, which is the difference between the maximum and permanent 

deformations, as related to pumping behavior, can be obtained from the simulation of proof 
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roller loading. In this section, deformation is referred to as pumping deformation, and is 

highly correlated with the stiffness of the subgrade soil.  

In Figure 60 (a) to (d), the resilient displacements, designated as pumping 

deformations, are plotted. The rebounded displacement is regarded as a positive value (that 

is, maximum displacement minus permanent displacement), so that the negative values of the 

pumping deformations indicate that the displacement is conversely increased, in spite of 

unloading, as shown in Figure 59 (a). The negative displacement occurs when the model 

collapses.  

 

 

Figure 59. Resilient displacement for plane strain condition: (a) time-dependent displacement 
plot, and (b) normalized displacement plot on cohesion axis 

 
 

Figure 59 (a) shows the time-dependent displacement plots for the model with an 

elastic modulus value of 25 (E/pa = 25) and cohesion value of 0.7/1.0/2.0 under the plane 

strain condition. (Note: pumping deformation is defined only in the plane strain condition). 
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Because the strength of the model with the normalized cohesion value of 0.7 is not enough to 

support the proof roller load of 70 psi, plastic flow occurs, and the model finally collapses. 

Numerically, 7 feet of deformation occurs. 

 

 

                             (a)  = 0 degree                                              (b)  = 10 degrees 

 

                          (c)  = 20 degrees                                             (d)  = 30 degrees 

Figure 60.  Normalized pumping deformation curves under proof roller loading 
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The normalized pumping deformations are plotted on the normalized cohesion curves for 

each friction angle, as shown in Figure 60 (a) to (d). The pumping behavior is related to the 

horizontal portion of the lines, which are plotted on the higher strength areas shown on the 

graphs, and the pumping deformations are obtained from the converged values.  

Table 47 presents the pumping deformation normalized by 12 inches. The normalized 

pumping deformations on each row (for = 0 to 30 degrees) in Table 47 are the same 

regardless of friction angle, which means that the deformation values are independent of the 

strength of the subgrade soil and are affected only by stiffness (the values are plotted in 

Figure 61 (a)). Because the model shows the elastic behavior as the strength increases, the 

pumping deformation can be predicted by an elastic solution at the corner of a rectangular 

loaded area, as shown in Eq. (23) (A = 1.49 for the case of the rectangular load with the 

shape factor, width/length, of 1:20). 

 

L
, 0@ 0  (23)

 
 

where /L is the normalized pumping deformation (L = 12 inches of width of the loading 

area); q is the maximum proof roller load of 70 psi; E is the stiffness or elastic modulus value 

of the model; and  is Poisson’s ratio.  
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Table 47. Normalized Pumping Deformation Values for Each Friction Angle 

E/pa 
/L (L = 12 inches) 

= 0 deg. 
= 10 
deg. 

= 20 
deg. 

= 30 
deg. 

Average 
Elastic 

Solution 
avg/elastic 

(%) 
25 0.2253 0.2253 0.2253 0.2253 0.2253 0.2264 99.5% 

50 0.1126 0.1126 0.1126 0.1126 0.1126 0.1132 99.5% 

100 0.0563 0.0563 0.0563 0.0563 0.0563 0.0566 99.5% 

500 0.0113 0.0113 0.0113 0.0113 0.0113 0.01132 99.4% 

1,000 0.0056 0.0056 0.0056 0.0056 0.0056 0.00566 99.4% 

2,000 0.0028 0.0028 0.0028 0.0028 0.0028 0.00283 99.4% 
 

The pumping deformations obtained using the elastic solution also are presented in 

Table 47, and the deformations from the undercut criteria are 99.5% of the elastic solution. 

The relationship of the normalized pumping deformation and elastic modulus value 

follows a power regression function, as shown in Figure 61 (b) where it can be seen that the 

elastic solution also is plotted following the trend line. 

 

 

Figure 61. Pumping deformation plots for plane strain condition: (a) for friction angles, and 
(b) trend line and elastic solution plot 
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APPLICATION OF UNDERCUT CRITERIA 

Laboratory Testing 

For this study, undercut criteria were applied to discern the suitability of the subgrade 

soil and stabilization measures used for large-scale testing. The predicted settlements 

obtained as a result from this application of the criteria were compared with the 

measurements. The results of the consolidated undrained (CU) triaxial tests for the coastal 

plain mixed soil were used to obtain the stiffness and strength parameters. Table 48 shows 

the strength and stiffness parameters obtained from the results of CU triaxial testing at strains 

of 1% and 5%. Table 48 also presents the settlements for three coastal plain mixed soils. The 

subgrade soil was tested in the test pit under static (maximum pressure of 40 psi) and proof 

roller-simulated loading, and the maximum settlement after proof rolling was measured as 

1.776 inches. The subgrade soil tested in the test pit is also the soil with the water content of 

18.8 %, according to the measurements taken in the test pit (Gabr et al., 2010). 

In Figure 62, the hollow symbols represent the stability of each subgrade soil. Based 

on the acceptance line in the chart, the soils with water contents of 18.8% and 20.7% do not 

satisfy the criteria, and will show both rutting in terms of shear failure and excessive 

displacement.  
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Table 48. Results of CU Triaxial Testing for Mixed Coastal Plain Subgrade Soil and 
Predicted Settlements 

Soils S-1 S-2 S-3 

Water Content (%) 15.6 18.8 20.7 
Elastic Modulus 

Values 
(secant; psi) 

 = 1% 2,349 2,379 2,104 

 = 5% 797 639 539 

E/pa 
 = 1% 159.8 161.8 143.1 

 = 5% 54.2 43.5 36.7 

Cohesion (psi) 9.4 5.7 2 

c/pa 0.64 0.39 0.14 

Friction Angle (o) 20.5 19 16.5 

Predicted /L 0.07 0.095 Over 0.2 

Predicted Settlement (in.) 0.84 1.14 Over 2.4 
 

The subgrade at 15.6% moisture content is plotted in a zone on the chart that indicates 

the unlikely occurrence of significant shear failure, but excessive displacement and pumping. 

The results of five large-scale tests on stabilized subgrade soils are presented in the same 

chart. The test components are 36 inches of select fill material (Test 9), 18 inches of an 

aggregate base course (ABC) (Test 15), Geotextile HP570 and 12 inches of ABC (Test 16), 

Geogrid HP 570 and 11 inches of ABC (Test 17), and 9 inches of lime stabilization and 4 

inches of ABC (Test 20). The deformation magnitudes, which were measured at the 

maximum amount of proof roller loading, are within 0.1 to 0.26 inch. In this case, the five 

stabilization approaches led to acceptable construction on the soft subgrade. 
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Figure 62. Application of undercut criteria for the subgrade soil and stabilization 
 

Application to Field Data 

The application of the proposed undercut criteria is demonstrated in field cases where 

Dynamic Cone Penetration Index (DCPI) values are available. The DCPI values were 

obtained from the field measurements presented in Gabr et al. (2010) and are summarized in 

Table 49. The DCPI values were obtained during field work in High Point, North Carolina 

(located mostly in Guilford County) and Wake County sites, also in North Carolina. Each of 

these sites includes both soft and stiff subgrade soils.  

In order to apply DCPI values to the undercut criteria, undrained shear strength and 

elastic modulus values were estimated using the correlations presented in Figure 63 (a) and 

(b). The wave equation model results were used to obtain the undrained shear strength values 

from the DCPI (Gabr et al., 2010). In the case of the elastic modulus, the resilient modulus 



170 

values and DCPI correlations (Mohammad et al., 2007), presented in Figure 63 (b), were 

used.  

  

 

Figure 63. Empirical correlation of DCPI vs. undrained shear strength and resilient modulus 
values: (a) undrained shear strength (Gabr et al., 2010), and (b) resilient modulus 
(Mohammad et al., 2007) 
 

The DCPI values obtained from the city of High Point and Wake County sites are 

shown in Table 49, and the undrained shear strength and elastic modulus (resilient modulus) 

values that correspond to the DCPI values were estimated using the empirical models 

presented in Figure 63. The estimated ratios of the undrained elastic modulus values and 

undrained shear strengths (Eu/Su) vary from 80 to 150. 
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Table 49. DCPI Values and Correlated Parameters: Demonstration of Undercut Criteria 
Using Field Data 

Site Soil Term 
DCPI 

(mm/blow) 
Elastic Modulus, E Cohesion, Su 

Eu/Su
(MPa) E/pa (kPa) c/pa 

High Point, 
NC 

Stiff H1 13.6 104.8 1034 707.9 2.8 148 

Soft H2 40.6 17.6 174 169.6 1.0 104 

Wake 
County, 

NC 

Stiff W1 27 30.0 296 246.6 1.6 122 

Soft W2 53 10.9 107 132.9 0.7 82 

 

The maximum settlement, factor of safety, and ultimately whether or not undercutting 

is required, can all be estimated using these values. The charts used in this example are for 

maximum settlement under axisymmetric and plane strain conditions for the case of a friction 

angle of zero, as presented in Figure 45 (a) and Figure 55 (a), respectively. The field data, as 

plotted on the undercut criteria charts, are presented in Figure 64. 

 

 

Figure 64. Samples located in undercut design chart: (a) axisymmetric condition, and (b) 
plane strain condition 
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The field data for the soft subgrade cases, designated as H2 and W2, do not pass the 

proposed undercut criteria for the plane strain mode. For the axisymmetric mode, as shown in 

Figure 64 (a), H2 is plotted within the acceptable margin, which may indicate that a level of 

rutting should be expected on soils with profiles similar to those of H2 (which is a soft 

subgrade soil with a California bearing ratio (CBR) of less than 8%). 

 

SUMMARY AND CONCLUSIONS 

Undercut design criteria have been developed using numerical analyses for static and 

proof roller loading. Two modes of modeling were considered, i.e., the plane strain and 

axisymmetric conditions. The plane strain mode is assumed to simulate proof roller loading 

and provide information about potential rutting and excessive pumping. The axisymmetric 

mode provides a similar type of information, but can be used to simulate the effects of 

construction traffic (or a single wheel) rather than a series of axle loads that are closely 

spaced. When considering the subgrade to be used for roadway construction support, two 

failure mechanisms that may occur during proof rolling must be avoided: excessive rutting 

and pumping. It is postulated that rutting is associated mainly with plastic shear deformation 

within the shallow layers and can be considered to be a function of the shear strength 

parameters. Excessive pumping, on the other hand, is mainly a function of stiffness 

parameters, and is affected by the response of shallow as well as deep layers of the soil 

profile. It is possible to have pumping without rutting. An example that illustrates such an 

occurrence is the case of a relatively thin chemically-stabilized subgrade layer over a deep 
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layer of soft soil. The shear strength of the top layer may be enough to prevent plastic shear 

failure, yet the soil mass that is affected by the surface stresses can have a low stiffness value 

that leads to excessive pumping. 

Results of the numerical analysis were used to establish undercut criteria for both the 

axisymmetric and plane strain modes. The bearing capacity and deformation of the modeled 

cases were estimated for a wide range of stiffness and strength parameters. The strength and 

elastic parameters can be obtained from DCPI values in the field and triaxial and resilient 

modulus testing in the laboratory. The proposed undercut design criteria are based on the 

suitability of bearing capacity ratios to minimize the potential for rutting, and the definition 

of a limit displacement value to minimize the potential for excessive pumping. The proposed 

criteria determined from this study are 2.0 for the bearing capacity ratio and 1.0 inch of 

settlement for pumping. The proposed undercut criteria were applied for laboratory and field 

data, and the applicability was validated through the data. The validation results show that 

the proposed criteria are reasonable and provide an indication of the suitability of subgrade 

soils for the support of roadways. 

 

1. The undercut design criteria encompass two modes of loading: axisymmetric and 

plane strain. The plane strain mode is assumed to simulate proof roller loading and 

provide information about potential rutting and excessive pumping. The axisymmetric 

mode provides similar information, but is thought to simulate mainly the effects of 

construction traffic (or a single wheel) rather than a series of loads that are closely 

spaced on an axle. 
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2. It is postulated that rutting is associated mainly with plastic shear deformation within 

the shallow layers, and thus can be considered as a function of the shear strength 

parameters. Excessive pumping is mainly a function of the stiffness parameters and is 

affected by the response of shallow as well as deep layers of the profile. 

3. It is possible to have pumping without rutting. An example is the case of a relatively 

thin chemically-stabilized subgrade layer over a deep layer of soft soil. The shear 

strength of the top layer may be enough to prevent plastic shear failure, yet the soil 

mass affected by the surface stress has a low stiffness that leads to excessive 

pumping. 

4. The proposed undercut design criteria are based on the ability of the bearing capacity 

ratio to minimize the potential for rutting, and are based also on the definition of a 

limit displacement value to minimize the potential for excessive pumping. The 

proposed criteria used in this study are 2.0 for the bearing capacity ratio and a 1.0-

inch settlement for pumping. The validation results show that the proposed criteria 

are reasonable and provide an indication of the extent to which specific subgrade soils 

are suitable for the support of roadways.  
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FIELD APPLICATIONS FOR UNDERCUT CRITERIA AND THE 

IMPACT OF STABILIZATION MEASURES 

INTRODUCTION 

Numerical modeling using the finite difference method was used for the analysis of 

the prototype test results and simulations of the field applications of the selected stabilization 

methods. Five prototype tests using the different stabilization methods were selected and 

simulated for the backcalculation of the relevant modeling parameters of the soil materials. 

The model calibration utilized the results from two testing schemes: static loading and proof 

roller loading. The computed settlements were compared to the measured values obtained 

from the two testing schemes using the various stabilization methods. The results of these 

simulations are used later for the study of various conditions in the field.   

 

LITERATURE REVIEW 

Numerical analysis is a technique that is used to calculate the mechanical behavior of 

roadway components using the required material properties and constitutive models. In 

contrast to design methodologies that are based on empirical relationships, numerical 

methods have the advantage of being able to incorporate various loading configurations, 

environmental conditions, and complicated nonlinear models (Masad and Scarpas, 2007).  
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With the development of numerical methods, many researchers in the pavement field 

have applied numerical techniques to simulate pavement systems that consist of flexible 

pavements, an aggregate base course (ABC), and subgrade soil layers (Huang and Wang; 

1974; Doddihal and Pandey, 1984; Ioannides et al., 1984; Tutumluer and Barksdale, 1998). 

The finite element or difference technique has been used to investigate various types of 

geotechnical structures with complicated geometries and external loads. Whereas some 

computational improvements have concentrated on three-dimensional geometry, the 

achievements in pavement and subgrade soil are related to constitutive models with respect 

to viscoelastic and/or plastic material and behavior under cyclic loading. Some researchers 

have developed models under axisymmetric and cyclic loading conditions, and some have 

used commercial programs such as ABAQUS and FLAC to simulate field conditions. This 

portion of the literature review focuses on previous numerical approaches and their 

simulation of roadway cross-sections. 

Schwartz (2002) categorized the available numerical methods for determining stress, 

strain, and deformation in flexible pavement systems, as follows: 

 

1. Analytical method (e.g., the Burmister solution) 

2. Multilayer elastic theory 

a. Rate-independent (e.g., BISAR, CHEVRON) 

b. Viscoelastic (e.g., VESYS) 

3. Finite difference method (e.g., FLAC) 

4. Finite element method 
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a. General purpose 

b. Pavement-specific (e.g., ILLI-SLAB, ILLI-PAVE, and MICH-PAVE) 

5. Boundary element method (e.g., BEASY) 

6. Hybrid methods 

 

Schwartz (2002) considered three aspects in determining an appropriate pavement 

structural response model: 1) material nonlinearity for simulating viscoelastic materials for 

an asphalt concrete layer, 2) analysis dimensionality for rigorously analyzing in situ 

composite pavement and loading conditions, and 3) computational practicality for 

performing a complicated three-dimensional finite element model. Representative programs 

used to simulate the mechanical behavior of pavement systems are presented in Table 50. 
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Table 50. Previous Research Using Numerical Programs 

Program Analysis Method Source 

JULEA 2D axisymmetric multilayer elastic (MLE) Ayres (1997) 

ILLI-SLAB 
2D linear finite element 
2.5D nonlinear finite element 

Schwartz (2002) 

ILLI-PAVE 2D nonlinear axisymmetric finite element Chen et al. (1995) 

ABAQUS 2D and 3D finite element (commercial programs) 

Hammons (1998) 
Hibbitt (1998) 

Schwartz (2002) 
Cho et al. (1996) 

Yen and Lee (2007) 

EVERFE 
3D linear finite element with layer separation and 
contact element for rigid pavement 

Davids (1998) 

FLAC 2D and 3D finite difference (commercial program) 

Wallace and 
Sapkota (1994) 
Haque (1998) 

Sun et al. (2006) 

NIKE3D 3D nonlinear finite element for airport pavement 
Brill et al. (1997) 
Brill and Parsons 

(2001) 

GEOSYS 3D nonlinear finite element 
Ioannides and 

Donnelly (1988) 

FEAP 3D finite element program 
Blab and Harvey 

(2002) 

INSAP 3D finite element program Erkens (2002) 

SYSTUS 3D finite element program (commercial) 
Leonard et al. 

(2002) 

MARC 3D finite element program (commercial) Dong et al. (2001) 

 

For flexible pavement systems, it can be assumed that an in situ pavement has been 

placed under various mechanical and environmental conditions. So, many researchers have 

tried to simulate the behavior of a pavement system using their own constitutive model. 
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Recently, Desai (2007) suggested a so-called disturbed state concept (DSC) that provides a 

modeling approach that includes various responses, such as elastic, plastic, creep, 

microcracking and fracture, and softening and healing under mechanical and environmental 

(thermal, moisture, etc.) conditions within a single unified and coupled framework. 

For the dimensionality problem, a two-dimensional axisymmetric approach is generally 

regarded as a representative pavement model under equivalent single wheel loads (ESWLs) 

that have a circular shape (Ayres, 1997; Chen et al., 1995). Because most flexible and 

composite pavement cases are inherently three-dimensional, in recent years many researchers 

have applied three-dimensional commercial programs or their own programs that incorporate 

specific constitutive models. The advantages of a three-dimensional approach include 

considering multiple wheel loads as well as estimating the moving and flexible behavior of 

real wheel loads (Zaghloul and White, 1993; Mallela and George, 1994; Gunaratne and 

Sanders, 1996; Blab and Harvey, 2002). However, axisymmetric models are still reliable for 

analyzing the mechanical behavior of ESWLs under laboratory conditions and nondestructive 

testing (NDT, e.g., falling weight deflectometer, or FWD, testing) (Al-Khoury, 2007). 

Using the three-dimensional finite element program, ABAQUS, Zaghloul and White 

(1993) simulated the dynamic behavior of multilayered pavement under traffic loading, and 

compared the results with an elastic multilayer analysis program called Bitumen Structures 

Analysis in Roads (BISAR). 

For analyzing large-scale test results, the stress distribution under circular loading on 

an elastic half-space has been studied. A homogeneous half-space is generally considered as 

the simplest factor for characterizing the behavior of a flexible pavement under wheel loads 
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(Huang, 2004). According to the original Boussinesq (1885) theory, the stress distribution 

under a circular loaded area on an elastic half-space can be obtained from integrating point 

loads. 
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NUMERICAL SIMULATION OF TEST PITS 

Loading Conditions 

Two types of loading, static and proof roller, were used for the large-scale tests. Static 

loads of 10 to 40 psi in stress increments of 10 psi, and repetitive loading and unloading were 

applied. Static loads were applied at the beginning of the tests from 10 psi to 40 psi. The 

loading and unloading were repeated sequentially, as shown in Figure 65 (a). For the 

dynamic cases of proof roller loading, it was assumed that the loads follow a haversine 

function, as shown in Figure 65 (b). 

  

 

Figure 65. (a) Static load sequences, and (b) one cycle of proof roller loading 
 

Model Configurations 

The model was set in axisymmetrical mode using the finite difference method. The 

two loading types, static and proof roller, were applied on a plate 1 foot in diameter. The 

computed settlements were compared to the measured values using the results from the 
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various stabilization method tests. The results of the numerical simulations are comprised of 

preliminary analyses, simulations in the test pit, and estimations of the performance of the 

stabilization methods under field conditions. The modeling method used for the two 

geosynthetic reinforcements was studied for the preliminary analysis. 

Five representative tests, one for each stabilization measure, were chosen out of a 

total of twenty-two tests. The five representative tests are Tests 9, 15, 16, 17, and 20, as 

numbered in the original twenty-two tests. Each test represents one of the five stabilization 

systems, and therefore reflects the inherent differences of the materials and layer thicknesses 

among those systems. The finite difference models of the tests are presented in Figure 66. 

Brief descriptions of the five representative tests are as follows: 

 

i) Test 9 utilizes a select fill material that is 1.55 ft thick, and an ABC that is 0.2 ft 

thick, which serves to avoid surface collapse (designated as ‘Select fill 36 in.’). 

ii) Test 15 utilizes an ABC that is 1.5 ft thick (designated as ‘ABC 18 in.’). 

iii) Tests 16 and 17 utilize geosynthetic reinforcements. Test 16 employs a geotextile 

(Mirafi® HP570, a product of the TENCATE Co.) with an ultimate tensile strength of 

4,800 lbs/ft, and Test 17 employs a geogrid (BX1500, a product of Tensar Earth 

Technologies, Inc.) with the tensile strength at 5% strain of 1,200 lbs/ft. Both tests 

also use an ABC layer that is about 1.0 ft thick (designated as ‘ABC 12 in.+HP570’ 

for Test 16, and ‘ABC 12 in.+BX1500’ for Test 17). 

iv) Test 20 utilizes lime stabilization, and employs both a lime-stabilized soil layer and 

ABC that are 0.78 ft and 0.37 ft thick, respectively (designated as ‘Lime’). 
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       (a) Test 9                       (b) Test 15               (c) Tests 16 and 17              (d) Test 20 

Figure 66. Numerical models of the test pits used for the simulations 
 

Material Properties 

The material properties used for the simulations in the test pits, as shown in Table 51, 

were obtained from laboratory strength tests, relevant literature, and inverse analysis, as 

presented in the first paper, ‘Assessment of the Stiffness and Strength Parameters of Soft 

Subgrade Soil with Stabilization Measures Using Inverse Analysis.’ The dry unit weights and 

water contents of the subgrade soil were measured using a nuclear density gauge, sand cone, 

and rubber balloon in the test pit (Cote, 2009). The elastic modulus values were obtained 

from the inverse analysis for the multilayered model in the elastic medium, and the elastic 

modulus values for the subgrade and ABC were averaged from the five representative test 

results. Each elastic modulus value determined from the inverse analysis was also applied for 

the simulation of the static load tests. The elastic modulus values for the five tests are shown 

in Table 52.  



189 

The Poisson’s ratios were determined from the literature, and the determined values 

are 0.4 for the subgrade soil (Brunton et al., 1992; CROW, 1998; Cho, 1996), 0.35 for the 

ABC (Huang, 2004; Evdorides and Snaith, 1996), 0.2 for the lime-stabilized soil (Huang, 

2004), and 0.35 for the select fill sand (Huang, 2004; CROW, 1998). 

The strength parameters were obtained from the laboratory test results and the 

literature. Because the subgrade soil used in the test pits was a mixed coastal plain soil, the 

cohesion value and friction angle were determined by taking averages from the triaxial test 

results, which were 5.7 psi for cohesion, and 19 degrees for the friction angle, as shown in 

the first paper. The friction angle of the ABC was determined from the inverse analysis and 

literature to be 2 psi for cohesion and 35 degrees for the friction angle. The strength 

parameters for the select fill material were determined as 2.45 psi for cohesion and 34 

degrees for the friction angle, as obtained from the triaxial test results.    

 

Table 51. Input Parameters Used in the Analysis 

Materials t (lb/ft3) E (psi)  c (psi)  (deg.) 

ABC 135.7 12,420 0.35 2.0 35 

Subgrade 128.6 1,238 0.40 5.7 19 

Select Fill 107.5 3,232 0.35 2.45 34 

Lime 127.7 28,730 0.20 50.0 0 

Base Sand 112.0 21,000 0.15 0.0 38 
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Table 52. Elastic Modulus Values Used in the Simulations for the Static Load Tests in the 
Test Pit 

Materials Select Fill 36 in. ABC 18 in. ABC 3 in.+Geotextile ABC 3 in.+Geogrid Lime  

Subgrade 1,508 1,273 550 700 2,158 

ABC 19,256 6,255 9,442 11,474 15,670 
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PRELIMINARY ANALYSIS  

Determination of Elements for Modeling Geosynthetic Materials 

Geosynthetic materials can be simulated using thin solid elements (Han and Gabr, 

2002) or structural elements (tensional or flexible beams). FLAC recommends a flexible 

beam element with a moment of inertia equal to zero as the geosynthetic element (Itasca, 

2000). However, because the FLAC program does not provide the structural element in an 

axisymmetric stress condition, a solid element with interfaces between the geosynthetic 

element and the pavement system is an alternative approach. Thus, the suitability of elements 

for geosynthetic reinforcement based on mechanical behavior was investigated as a part of 

this study. 

As shown in Figure 67, three models were simulated: 1) a solid element without 

interface elements, 2) a solid element with interface elements, and 3) a flexible beam element 

with interface elements. In addition, the soil matrix without geosynthetics was simulated as a 

reference model, and then the settlement at the center of the model was compared with the 

reinforced cases. The properties used in this phase of modeling are shown in Table 53. The 

material properties were simplified and determined as typical values for the subgrade soil and 

ABC.  
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Figure 67. Three different models 
 

Table 53. Material Properties for Modeling Geosynthetics and Interface Materials 

Materials 
Elastic 

Modulus, 
psi (kPa)* 

Poisson's 
ratio 

Cohesion 
psi (kPa) 

 
(deg.) 

Thickness,
in. (mm) 

Kn, 
×108 lbf/ft3* 

(×108kPa/m) 

Ks, 
×107 lbf/ft3

(×106 
kPa/m) 

ABC 
10,000 

(68,948) 
0.35 

3.0 
(20.7) 

35 - - - 

Subgrade 
1,000 

(6,895) 
0.4 

2.32 
(16.0) 

18 - - - 

Solid 
Geotextile 

20,320 
(140,102) 

0 - - 0.2 (5) - - 

Beam 
Geotextile 

20,320 
(140,102) 

- - - 0.2 (5) - - 

Interface - - - - - 
155.5 

(24.426) 
2.61 
(4.1) 

* Conversion factors: 1 psi = 6.89 kPa; 1 kPa/m = 6.36 pcf (lb/ft3) 

 

The elastic modulus values for the geosynthetic elements were obtained from 

converting the tensile stiffness (2,400 lb/ft. at 5% strain for HP570) to the elastic modulus 

with a layer thickness of 5 mm. The coefficients of the normal and shear stiffness values (Kn, 

Ks) of the interfaces were obtained from Kwon et al. (2005). 
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Figure 68. Simulated models with various thicknesses 
 

The effect of reinforcements was examined in terms of the thickness (3, 6, 9, 12, 15, 

and 18 inches) of the ABC, as shown in Figure 68. In order to estimate the effects of 

reinforcement and eliminate other complicating factors, these simplified models consist only 

of the ABC and subgrade soil. 

This analysis includes estimating the bearing capacity and deformable behavior under 

design stress. The procedure is as follows. First, apply uniform displacement to the model at 

surface nodes that represent the loading areas, and then assess the pressure as it corresponds 

to the bearing capacity of the system. Second, for the same model, estimate the settlement 

under static wheel loading. The bearing capacity and settlement for each reinforcement 

model and the thickness of the ABC are divided by the same values obtained for the non-

reinforced model, and are designated as the ‘ratio of bearing capacity’ and ‘ratio of 

displacement’, respectively. The ratios of bearing capacity and displacement are presented in 

terms of the thickness of the ABC, as shown in Figure 69. 
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Figure 69. Comparison of three modeling methods: (a) ratio of bearing capacity, and (b) ratio 

of displacement 

 

Figure 69 (a) shows that the bearing capacity of the model with geosynthetic 

reinforcement elements is approximately 40% greater than the model without reinforcement 

elements (i.e., the reference model). For cases with more than 15 inches of ABC, however, 

the bearing capacity ratio is close to the same as for the non-reinforced model. This finding is 

due to the thickness of the ABC in relation to the size of the loaded area (a ratio of 1.5). The 

effect of reinforcement is shown more clearly in Figure 69 (b). For the 9-inch thick ABC 

case, the settlement is reduced to 35% of the value of the non-reinforced model. The ratio of 

displacement for the 3- and 6-inch ABC cases are not presented in Figure 69 (b) because the 

model collapsed under the applied surface load for these two cases. 

Figure 70 shows the profiles of the vertical displacement for the models with a 9-inch 

thick ABC. For the vertical displacement for each reinforcement method, the profile of the 
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non-reinforced ABC model shows the settlement at the top to be over 4 inches, whereas that 

of the reinforced ABC models is about 1.5 inches. It can be seen that the slope of the profiles 

in the ABC for all cases is the same, but the slope of the non-reinforced model flattens 

considerably at the top of the subgrade soil layer, which means that most of the displacement 

of the non-reinforced model (about 70% of the total displacement of 4 inches) occurs at a 

depth of 6 inches from the surface of the subgrade soil. 

 

 

Figure 70. Vertical displacement profiles of the model with 9-inch ABC: thickness for each 
reinforcement method 

 

From this analysis, it can be determined that solid elements yield results similar to 

those of flexible beam elements. In the axisymmetric model, therefore, both solid and 

interface models are utilized for the geosynthetic reinforcements. 
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Equivalent Loading Conditions 

The loading conditions are static and proof roller loading. The load pulse for proof 

roller loading is the same as was used for prototype experimental testing. The field loading 

configuration was implemented assuming the plane strain condition. Loading in the plane 

strain mode means a continuous loading in a ‘third dimension’ on an indicated two-

dimensional cross-section, whereas loading in the axisymmetric mode means that the width 

of the applied stress is the diameter of the loaded area. At a shallow depth, the pressure 

applied on the subgrade soil underneath the tire contact area is close to that in the 

axisymmetric condition. To approximate such a loading condition in plane strain mode, an 

equivalent pressure that corresponds to the same displacement level obtained under the 

axisymmetric condition is used in the plane strain analysis. The ratio of the mobilized 

pressure in the plane strain mode to that under axisymmetric conditions for the same 

displacement is shown in Figure 71 as a function of the modulus (E). 

 



197 

 

                        (a) Friction angle = 0                               (b) Friction angle = 10 degrees 

 

                (c) Friction angle = 20 degrees                       (d) Friction angle = 30 degrees 

Figure 71. Ratio of mobilized pressures assuming axisymmetric versus plane strain 
conditions at a uniform displacement 

 

The ratios of the pressures in the two different analysis modes vary from 0.4 to 0.9, 

depending on the shear strength and modulus parameters. The ratio for the equivalent 

pressure used in this study is approximately 0.85, on average, assuming a friction angle of 

zero, as shown in Figure 71 (a). This case is used because it represents soft subgrade soil. 

Accordingly, an equivalent pressure of 60 psi is applied in plane strain mode for static 
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loading (to represent 70 psi in the axisymmetric mode). For proof roller loading, a maximum 

pressure of 70 psi is applied in plane strain mode, because the wheel configuration of a proof 

roller can be regarded as being in the plane strain mode of loading. 
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RESULTS OF NUMERICAL SIMULATIONS 

Results of Static Load Conditions 

Figure 72 shows the applied stresses and displacements obtained from the numerical 

simulations compared with the measured responses from the five prototype test results. The 

second loading of 20 psi is regarded as the first loading to account for any seating errors in 

the initial 10 psi load steps. The settlements for the cases that use averaged elastic modulus 

values were underestimated compared to the cases that use the different elastic modulus 

values, as indicated in the legends for the Figure 72 figures as ‘Computation (Avg. E)’ and 

‘Computation (Diff. E)’. For the simulations of the static loads, the strength parameters are 

not the same as those used in the inverse analysis, so prediction errors increased, even though 

the backcalculated elastic modulus values were used.  

The computed initial settlements for Tests 9 and 15 are close to those of the measured 

settlements when the backcalculated elastic modulus values are used, as shown in Figure 72 

(a) and (b), respectively. For Tests 16 and 17, the computed initial settlements are 0.023 in. 

and 0.038 in., and the measured value is 0.053 in., which is about half as small as the 

computed values. Three reasons may explain the difference between the computed and 

measured settlements for Tests 16 and 17 (ABC): 1) over-estimation of the elastic modulus 

value of the ABC, 2) the degree of compaction on the ABC, and 3) the uneven distribution of 

the elastic modulus in the layer. Of these, the over-estimation of the elastic modulus value of 

the ABC is the most likely reason, because this value is regarded as a constant in inverse 

analysis despite the possibility of exhibiting nonlinear behavior. However, for most of the 
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prototype tests, it seems that the assumed elastic modulus value of 10,000 psi is appropriate 

for the ABC layer. The prediction errors for all loading cases are below 0.02 in., which is 

about 20% of the measurement, except for Test 15 (ABC). Based on these results, and for the 

static loading condition, it seems that the modulus values used in the analysis are appropriate. 
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                         (a)  Test 9:  select fill                                     (b) Test 15:  ABC 

 

                            (c) Test 16:  HP570                                    (d) Test 17:  BX1500 

 

(e) Test 20:  lime-stabilized 

Figure 72. Applying pressure and displacement plots for large-scale tests 
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Proof Roller Case 

To obtain results for the proof roller sequence of loading, the settlements at the center 

of the model were plotted sequentially on the time axis and compared with the measurements 

(Figure 73). 

The plots shown in Figure 73 show the difference between the initial settlements and 

the plastic settlements after unloading for cyclic loads of two pulses. As shown in Figure 73 

(a) to (e), the computed settlements are consistent with the measurements, and especially for 

Test 15, the initial settlement values are similar to the measured values. The differences 

between the measured and computed values are plotted on the time sequences, as shown in 

Figure 73 (f). The difference in most of the cases is less than 0.05 in., except for Test 16. 

 



203 

 
                           (a)  Test 9:  select fill                                   (b) Test 15:  ABC 

 
                           (c) Test 16:  HP570                                        (d) Test 17: BX1500   

 
(e) Test 20:  lime-stabilized 

Figure 73. Displacement results of the cases of proof roller testing 
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SIMULATION OF FIELD CASES 

The determination of the responses of the field sections using construction sequences 

and geometrical characteristics is important in understanding the effectiveness of the 

stabilization measures included in this study. Thus, this study recognizes that the stress state 

in the subgrade soil layer is affected by the construction sequence and geometric conditions 

as well as the strength of the materials. Work in this chapter explores the response of the 

subgrade soil for four field configurations subjected to proof roller loading and construction 

traffic loading. The four field cases are taken from three projects related to undercutting. The 

model considers the five stabilization methods included in this study. Input properties for the 

four field models are estimated from small- and large-scale testing, as previously described. 

 

Study Cases  

Based on information provided by the North Carolina Department of Transportation 

(NCDOT), Case 1 represents the at-grade road widening of an existing roadway by adding a 

fill section where the embankment is less than 4 ft high. Case 2 represents the construction of 

a new alignment in a fill situation where the thickness of the fill is typically less than 6 ft. 

Case 3 represents a new alignment in a cut situation; typically in such a case, 3 ft of undercut 

is implemented in areas where the subgrade fails during proof rolling. Case 4 represents the 

widening of a highway median. 

In all four cases, the thickness of the soft subgrade layer is assumed to be 

approximately 7 ft to provide an adequate depth for estimating the stress distribution without 
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being affected by boundary effects. Construction traffic is one of the loading conditions. 

Prior to the construction of an embankment or the addition of fill, static and proof roller loads 

are applied on the surface of the subgrade soil for both stabilized and unstabilized cases. 

After the construction of the embankment or the addition of fill for Cases 1 and 2, static and 

proof roller loads are applied. Cases 3 and 4 do not have additional construction stages 

beyond preparation of the subgrade. For all cases, the response of the unstabilized subgrade 

is computed and used as the reference soil. Information regarding the configuration of each 

field case and the reference are presented in Table 54. 

 

Table 54. Typical Sections of Field Cases 

Case Category Project Station No. 

Case 1 Widening: Existing Road (<4 ft.) R-2510A NBL 224+50 

Case 2 New Alignment: Fill (< 6 ft.) R-2510A NBL 57+50 

Case 3 New Alignment: Cut U-2524AB 54+20 

Case 4 Median Widening I-4744 - 

  

Case 1 

The modeled sections for Cases 1 and 2 were obtained from project R-2510A NBL 

and are presented graphically in Figure 74 (a) and (b). Project R-2510A NBL consists of 

numerous undercut sections; some relate to widening the existing roadway, and others relate 

to new alignment fill. The section selected for numerical analysis is constructed with a slight 

geometry simplification from the real section, as shown in Figure 74. A fill section was 

selected for modeling Case 2, as shown in Figure 74 (b). The height of the embankment is 

approximately 4.6 ft at the center for both Cases 1 and 2. 
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(a) Case 1 (R-2510A NBL: 224+50) 

 

(b) Case 2 (R-2510A NBL: 57+50) 

Figure 74. Project section and corresponding idealization for numerical model: cases 1 and 2 
 

Figure 75 and Figure 76 show the numerical discretization of the domain and the 

mesh layers for Case 1 and Case 2, respectively. For Case 1, the existing embankment 

section with the subgrade layer is simulated as an initial condition, as shown in Figure 75. 

The road widening fill is then constructed in layers. The thickness of each lift is assumed to 

be 1.1 ft, and four layers are simulated. It is assumed also that the left boundary of the initial 

ground and the right boundary of the embankment fill are five to six times the height of the 

embankment. The depth of the undercut section is simulated as 4 ft due to the thickness of 
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the soft soil. Simulated static, proof roller, and dynamic loading are applied in two 

construction stages, before and after embankment construction. 

 

 

Figure 75. Dimensions, construction sequences, and numerical mesh: case 1 

Case 2 

Case 2 represents the construction of a new alignment in a fill situation. The 

numerical model mesh and construction sequence are almost the same as for Case 1, with one 

difference being the absence of an existing embankment. The initial state in the model is 

assumed prior to constructing the embankment, and then, the embankment is constructed in 

lifts to a height of 4.0 ft. The thickness of each lift is approximately 1.0 ft, and the depth of 

the undercut layer is 3.5 ft. After the construction of the embankment, two pressure areas, 1.0 

ft wide and 6.0 ft apart, are modeled, as shown in Figure 76. 
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Figure 76. Dimensions, construction sequences, and numerical mesh: case 2 

 

The numerical model of Case 2 is considered to be a symmetrical section, as shown in 

Figure 76.  Both the right margin and the height of the model are 25 ft, which is six times the 

embankment height at the center. 

 

Case 3 

Case 3 represents a new alignment in a cut situation. A typical section for the 

numerical simulation was taken from project U-2524AB, as shown in Figure 77 (a). Before 

applying the surface stress, excavation is simulated through four stages, as shown as the 

‘excavation area’ in Figure 77 (b). The surface stresses are applied on the left lane of the 

section, as shown in Figure 77 (c), because the settlement of the subgrade soil might also be 

affected by the loading due to the cut slope on the right side of the model. 
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(a) Section of U-2524AB (STA. 19+20) 

 

(b) Numerical model mesh for simulation of excavation area 

 

(c) Numerical model mesh after excavation and loading 

Figure 77. Modeled sections of case 3 
 

Case 4 

Case 4 represents a project in which a highway median is widened. The section used 

for the numerical simulation comes from the plans for NCDOT project I-4744. The 

controlling condition of this section is that the existing road must remain in operation while 

construction proceeds. The section for Case 4 does not have additional construction layers, 
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such as cut or back fill. An idealized section is shown in Figure 78 (a), and the numerical 

model mesh is shown in Figure 78 (b). 

 

 

(a) Dimensions for numerical simulation of case 4 

 

(b) Numerical model mesh of case 4 

Figure 78. Numerical mesh for case 4 section 
 

Stabilization Measures 

Analysis was performed using the profile configuration of Case 1 for the five 

stabilization cases: i.e., the use of select fill, an ABC, a geotextile-ABC layer, a geogrid-ABC 
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layer, and a lime-stabilized soil layer. Figure 79 schematically shows each construction 

sequence and an ‘evaluation point’ at which the displacement is tracked in order to 

demonstrate comparative performance. The area of the soft subgrade shown in gray in Figure 

79 is the soil to be replaced by one of the five stabilization measures, as shown in Figure 80 

(b) through (f). Similar to the scheme employed for the development of the undercut criteria, 

a displacement controlled loading is applied by inducing displacement at a uniform velocity 

to nodes that represent a loaded area. The mobilized force at key nodes is then determined 

and plotted versus the displacement to establish rutting levels. 

 

 
Figure 79. Simulated models according to construction sequence 
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                    (a)  No stabilization case                    (b) 36 in. select fill and 3 in. ABC 

 
                  (c) 18 in. ABC stabilization                  (d) 12 in. ABC and geotextile HP570 

 
            (e) 12 in. ABC and geogrid BX1500       (f) 3 in. ABC and 8 in. lime stabilization 

Figure 80. Modeling of stabilization for case 1 
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Input Material Properties 

Similar to the discussion regarding model calibration, the model layers (consisting of 

an embankment, soft soil, and stabilizing layers) were simulated based on an elastic-perfectly 

plastic constitutive law. The input parameters for the field case models are presented in Table 

55. For the stiff base soil layer underneath the subgrade soil, the elastic modulus value was 

assumed as 25,000 psi, which is the typical value for a range of ABC or sand layers 

(‘granular base’ layer in Evdorides and Snaith, 1996; ‘sand’ layer in CROW, 1998), and the 

cohesion value and friction angle were assumed to be 100 psi and 35 degrees, respectively, as 

shown in Table 55. The elastic modulus values of the soft soil layer, lime-stabilized soil, and 

ABC were determined as 1,238, 28,730, and 12,420 psi, respectively, based on inverse 

analysis. These values were obtained from the averaged values for the multilayer medium of 

the inverse analysis. Because the subgrade soil used in the test pits was a mixed coastal plain 

soil, the cohesion value and friction angle were determined by taking the averaged values 

from the triaxial test results, which were 5.7 psi for cohesion, and 19 degrees for the friction 

angle.  

The strength parameters of the ABC were determined from inverse analysis and 

relevant literature as 2 psi for cohesion and 35 degrees for the friction angle. The strength 

parameters for the select fill material were determined as 2.45 psi for cohesion and 34 

degrees for the friction angle, as obtained from the triaxial test. The strength parameters 

obtained from the triaxial test are not the same as the strength values found in the plane strain 

condition. Generally, the strength parameters obtained from the plane strain condition are 

two-thirds of the value obtained from the axisymmetric condition, which is the mechanistic 
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condition for triaxial testing. However, because the simulation of the field condition is 

somewhat comparable to the study of the stabilization measures under typical geometric 

conditions, the strength parameters of the materials used in the simulations are the same as 

the values in the simulations in the test pits. The pavement and stiff subgrade soil material 

properties presented in Table 55 are typical values (Huang, 2004), and were used only for the 

Case 4 model. 

 

Table 55. Input Parameters Used in the Analysis 

 

 

Material t, (lb/ft3) E (psi)  c (psi)  (deg.)

Stiff Layer (Base) 135.7 25,000 0.15 100 35 

Soft Subgrade Soil 128.6 1,238 0.4 5.7 19 

Embankment 128.6 15,000 0.35 5 35 

Select Fill 107.5 3,232 0.35 2.45 34 

ABC 135.7 12,420 0.35 2 35 

Lime-Stabilized Soil 127.7 28,730 0.2 50 0 

Pavement (Case 4) 143.5 300,000 0.15 100 30 

Stiff Subgrade (Case 4) 128.6 5,000 0.35 20 30 
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RESULTS OF NUMERICAL SIMULATION 

Bearing Capacity  

The capacity of the subgrade with and without stabilization is estimated by applying 

uniform displacement to node locations that represent the contact width of the tires. As 

shown in Figure 81, the computed stress mobilized within the loading area by uniform 

displacement is in close agreement with the capacity calculated by Prandtl’s wedge solution, 

as given by Terzaghi and Peck (1967). Figure 81 (a) shows a comparison of the computed 

bearing capacity using both approaches. Figure 81 (b) shows the magnified mesh plot of the 

bearing capacity analysis for Case 1 and shows the soil mass that is affected by the loading 

scheme. 

 

 

Figure 81. Bearing capacity analysis: (a) comparison with Prandtl’s solution, and (b) 
displacement plot with magnified mesh 

 

Figure 82 shows the mobilized pressure for the various stabilization methods, 

including the unstabilized case. The converging pressure values shown on the graphs indicate 
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the bearing capacity of the profile, or magnitude of pressure, that may cause rutting. The 

bearing capacity, which is the converging pressure or the pressure at 8 in. displacement, is 

presented in Figure 83 for the various stabilization methods and field cases. A bearing 

capacity of 93 psi for Case 4 is the lowest value for all the field conditions. This result should 

be viewed in conjunction with the fact that Case 4 represents a median already under traffic 

loading and near the location of additional stress over soft subgrade. The bearing capacity of 

Case 1 is approximately 97 psi, and for Case 2 is 96 psi for the unstabilized condition. 

 



217 

 

                       (a) Soft subgrade soil                            (b) Stabilized by select fill material 

 

                       (c) Stabilized by ABC                            (d) Stabilized by geotextile HP570 

  

               (e) Stabilized by geogrid BX1500                            (f) Stabilized by lime 

Figure 82. Displacement and mobilized pressure curves 
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.   

 

Figure 83. Bearing capacity for the cases 
 

As stabilization measures are implemented, an increase in bearing capacity is 

observed. The highest bearing capacities are for the profile with lime stabilization, and they 

range from 204 psi for Case 3 to approximately 249 psi for Case 1. With the introduction of 

the asymmetrical loading of Case 4, a moment is introduced into the system that leads to the 

generation of non-uniform stress. The introduction of soil elements with significant cohesion 

(such as lime-stabilized soil) provides the ability to lessen the stress that is transferred to the 

soft subgrade layer, which results, therefore, to the high bearing resistance observed in the 

simulations. The ratios for bearing capacity of the stabilization methods to the non-

stabilization method are shown for each case in Figure 84. 
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Figure 84. Ratios of the bearing capacity of the stabilization methods to the non-stabilization 
method 

 

Deformation Responses:  Static Loading 

Deformation responses for the four case studies using the various stabilization 

measures are shown in Figure 85. For all the field cases, the settlements of the unstabilized 

subgrade are over one inch. Results suggest that for Case 1, the use of lime-stabilized soil, an 

ABC, and select fill as stabilization measures lead to satisfactory performance, if the one-

inch criterion is applied. Using the same criterion for Cases 2, 3 and 4, the use of lime-

stabilized soil, an ABC, and select fill provides an acceptable performance, and the 

effectiveness of the HP570 geosynthetic reinforcement is marginal. 

In general, when lime stabilization is used, deformation is reduced by approximately 

30% of the value estimated for the unstabilized case. For the cases stabilized using geogrid 

reinforcement (BX1500), the settlements for the four field cases range from 1.2 to 1.4 inches. 

These results are dependent, however, on the choice of the interface element properties that 

are used in the numerical simulations. This finding is the subject of current research that 
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investigates the possible inclusion of geosynthetics in the mechanistic-empirical approach for 

pavement design, so the results of the numerical analysis should be viewed in conjunction 

with the assumed properties of the interface elements. 

 

 

Figure 85. Settlements of each stabilization method for all field conditions 
 

Data presented in Figure 85 also show that settlement magnitudes decrease with the 

introduction of stabilization measures. As a means of providing comparative performance 

information, the effectiveness of the stabilization measures is estimated by the ratio of 

displacement of the unstabilized to the stabilized response, as shown in Figure 86. It is shown 

that lime stabilization and the use of an ABC and select fill are the most effective 

stabilization measures for the four field cases. 
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Figure 86. Effectiveness of the stabilization methods 
 

Deformation Response:  Proof Roller Loading 

Figure 87 (a) to (d) show two cycles of simulated proof roller loading and the 

sequential settlement magnitudes plotted with time for Cases 1 to 4, respectively. Similar to 

the analysis for the static loading condition, the settlement magnitudes under proof roller 

loading are dependent on the strength and modulus of the subgrade soil. The deformation of 

the unstabilized subgrade soil for the four field case configurations ranges from 1.5 to 3.1 

inches. In comparing maximum and minimum deformation as indicators for potential 

pumping, the difference between the two modes exceeds 1 in. for the unstabilized subgrade 

but is generally on the order of 1 in. or less for the five stabilization measures. In Case 3, 

which models the cut section with fill placed over four simulated lifts, the select fill 

stabilization approach shown in Figure 87 (c) indicates the greatest potential for the most 

pumping. This result is perhaps due to the assumed properties of the select fill where its 

cohesion is less than half of the cohesion value assumed for the ABC. 
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                                   (a) Case 1                                                       (b) Case 2 

 

                                    (c) Case 3                                                       (d) Case 4 

Figure 87. Settlement at the center of proof roller according to time sequence 
 

Permanent settlement is an indicator of whether or not the subgrade or stabilized 

subgrade soil is in the failure state as well as an indicator of the potential for rutting and 

pumping. As shown in Figure 88, the permanent settlement of the unstabilized subgrade soil 
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is in the range of 2.0 to 2.5 in. for Cases 1, 2 and 3. Based on these results, it seems that other 

than the select fill stabilization approach for Case 3, the stabilization methods are generally 

suitable for the four cases. 

 

 

Figure 88. Permanent settlements for proof roller loading 
 

Figure 89 shows the first maximum settlements using the various stabilization 

measures. The responses are shown for two cycles of loading and according to stabilization 

method. In terms of pumping, some of the cases show a maximum settlement of less than 1 

in. when lime-stabilized soil and ABC measures are used. The responses of the four cases for 

the remaining stabilization measures exceed the one-inch limit, which may indicate excessive 

pumping in the field. 
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Figure 89. Maximum displacement for proof roller loading 

 

ASPECTS OF RESPONSES 

Stress Contours and Strain Distribution of Geosynthetics 

The contours for the stress and displacement of the numerical simulations are shown 

in Appendix C, and the effects of the asymmetrical geometric configurations and strain 

distributions of the geosynthetics are investigated. 

 

Asymmetrical Geometry 

Cases 1 and 4 have asymmetrical geometric configurations that lead to non-uniform 

stress in the system. A stiff element, such as a lime-stabilized layer with relatively high 

cohesion and tensile strength, albeit small in magnitude, provides resistance to the non-

uniform stress applied to the section. This phenomenon is illustrated in Figure 90 where the 

computed displacement and displacement vectors for the case with lime stabilization are 

nearly one order of magnitude smaller than for the case with geotextile stabilization. 
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Figure 90. Vertical displacement contours and vectors of case 1 model: (a) stabilized by 
geotextile (HP570), and (b) stabilization by lime  

 

Axial Strain Distribution of Geosynthetics 

For comparison, the responses of a flexible stabilization system that incorporates 

geotextiles are shown in Figure 91 (a) to (d). In these cases, the axial strains of the interface 

elements (representing the geosynthetics) are shown for the four field cases. It can be seen 

that the highest magnitudes of axial strain are estimated for Case 1 and Case 4 where the 

field geometry and sequence of construction lead to asymmetrical configurations. 
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                                (a) Case 1                                                         (b) Case  2 

 
                                (c) Case 3                                                         (d) Case 4 

Figure 91. Strain distribution of geotextile (HP570) for each stabilization method 

 

Impacts of the Embankment  

The construction of an embankment or adding fill in lifts in order to achieve the final 

grade for placement of a pavement layer may have an impact on the response of the 

stabilized section. As such, and from a long-term perspective, the extent to which a given 

stabilization measure affects the magnitude of stress imposed on the soft subgrade layer may 
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change, and therefore, the magnitude of deformation may change also. Case 1 represents 

widening a road section, and Case 2 is a typical fill section in a new alignment. Both cases 

serve to illustrate this possible circumstance. A stress magnitude of 60 psi, regarded as an 

equivalent load using the maximum pressure of the proof roller, is applied to the lane closest 

to the existing embankment in Case 1 and close to the slope of the fill section for Case 2, as 

presented earlier in Figure 75 and Figure 76. 

 

 

Figure 92. Y-direction displacement profiles for each stabilized method of case 1: (a) before 
adding fill, and (b) after adding fill 

 
 

Figure 92 shows the vertical displacement distribution in terms of depth. Two 

scenarios are compared: loading applied to the subgrade, and then loading applied to the 

completed embankment. The displacement estimated after applying the load to the subgrade 

is set to zero prior to the embankment loading. The vertical displacement profile is shown in 
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Figure 92 for Case 1 before and after the addition of the embankment fill. A zero depth 

indicates the top surface after the embankment fill is added (in four lifts). 

Results indicate that before adding the fill (stage 0), the trend of displacement for 

each stabilization method is similar to that observed from the test pit experimental results. 

The displacement level of the unstabilized soft subgrade soil yields approximately 2.2 in. 

versus approximately 0.6 in. for the case with lime stabilization. The stabilization with 3 ft of 

select fill yields approximately 1.0 inch. However, as the widening embankment fill is added, 

the thickness of the stabilization layer becomes an important factor with regard to additional 

surface displacement. As shown in Figure 92 (b), the least ‘additional’ settlement magnitude 

profile is obtained for the case with select fill as the stabilization measure. This additional 

settlement magnitude is obtained by adding the fourth embankment lift and then 60 psi of 

pressure on the surface. The additional settlement magnitude can be considered to reflect 

additional deformation under construction traffic for the top pavement surface. 

The reason for this behavior is that, within a similar profile, a greater depth of the soft 

subgrade profile is replaced with select fill as the stabilization measure. The select fill has a 

higher modulus value and higher strength properties than the soft subgrade soils. As shown 

in Figure 93, the stress increase with depth is relatively similar for all the stabilization 

measures at a depth of 7 feet. The depth of 7 ft in the case where select fill is used 

corresponds to a thickness of 4 ft for the road widening embankment and a depth of 3 ft of 

select fill with engineered strength and modulus properties. A relatively low stress increase is 

applied to the soft subgrade, which leads, therefore, to a lower additional settlement 
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magnitude. It should be noted that the stress increase with depth noted in Figure 93 is due to 

having two adjacent loaded areas on the surface of the embankment, as shown in Figure 75. 

The discussion can be formalized by introducing a factor obtained by multiplying an 

elastic modulus value and the thickness of the stabilized layer that represents an overall 

stiffness factor of the subgrade layer. The factor is designated as a stabilization factor, η, as: 

 

Stabilization factor (lb/in), η = Ei·hi = elastic modulus (E) × thickness (h) (24)
 

 

Figure 93. Stress increase with depth for various stabilization measures (case 1): loading 
imposed by the fourth lift and 60 psi surface pressure 
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Table 56. Stabilization Factors in Case 1   

Methods E0
* E1 E2 

Case 1 
h0 (in.) h1 (in.) h2 (in.) ** stage 0 stage 4 

NS*** 1,238 0 0 86.8 0 0 107,409 Failed 0.40 

SF 1,238 3,232 12,420 45.6 36 3 210,065 0.82 0.30 

ABC 1,238 0 12,420 66.6 0 18 306,011 1.13 0.32 

HP570 1,238 0 12,420 72.6 0 12 238,919 1.23 0.35 

BX1500 1,238 0 12,420 72.6 0 12 238,919 1.35 0.35 

LSS 1,238 28,730 12,420 73.6 8 3 359,316 0.49 0.30 

* E0, E1, and E2 are the elastic modulus values (ksi), and h0, h1, and h2 are thicknesses (ft) of 

the base layer of the soft subgrade, stabilization measure, and confining layer (such as an 

ABC on the top of select fill), respectively.   

** η is the stabilization factor (lb/in.); and δ is the settlement at the final stage of adding fill 

(in.). 

*** NS is non-stabilized; SF is select fill; ABC is aggregate base course; HP570 is geotextile 

reinforcement (HP570) and ABC; BX1500 is geogrid reinforcement (BX1500) and ABC; 

and LSS is lime-stabilized soil cases. 

 

The stabilization factors for Case 1 are presented in Table 56 for each stabilization 

measure. As shown in Table 56, the highest η value (i.e., the stabilization factor) is for the 

case of select fill stabilization, which reflects the trend observed from the additional 

settlement values shown in Figure 92 (b). 

Figure 94 shows the displacement before the construction of the widening 

embankment, the additional displacement with the construction of the fourth lift, and the 



231 

application of 60 psi of surface pressure, as a function of stabilization. It is not surprising that 

the displacement magnitude generally decreases with increasing η values.  

However, the R-square values indicate that the correlation of displacement level to 

stabilization factor is 0.92 after the placement of the embankment, but is 0.29 for stage 0 

prior to the construction of the embankment. It may be concluded then that the surface 

settlement is affected more by the reduction of the stress level imposed on the unstabilized 

subgrade than by the strength of the stabilization layer. Therefore, it is important to consider 

not only the modulus and strength values of the stabilization layer, but also its stiffness, as 

manifested by the modulus value and thickness. Based on the results of these analyses, this 

consideration is applicable when the soft subgrade is at a depth equal to or exceeding four 

times the width of the loaded area. 

 

 

Figure 94. Relationship of stabilization factor with settlement: case 1 
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SUMMARY AND CONCLUSIONS 

Four field case studies that examine undercut possibilities for a soft subgrade profile 

were carried out using numerical analysis. The soft subgrade soil was stabilized using five 

representative stabilization methods that were tested as part of the large-scale experimental 

program. The numerical approach was implemented using the computer program, FLAC, and 

employed an elastic-perfectly plastic constitutive soil model. Case 1 represents the at-grade 

road widening of an existing roadway by adding a fill section. Case 2 represents the 

construction of a new alignment in a fill situation where the thickness of the fill is typically 

less than six feet. Case 3 represents a new alignment in a cut situation; typically, 3 ft of 

undercut is implemented in areas where the subgrade fails during proof rolling. Case 4 

represents the widening of a highway median. 

Rutting and pumping were studied during various stages of construction. Two load 

configurations were simulated in plane strain mode: static under 60 psi pressure and proof 

rolling under 70 psi pressure. Based on the analysis results, the following conclusions can be 

drawn: 

1. For the test pit and four field cases, the five stabilization measures provide 

an adequate response in terms of less rutting and pumping compared to 

that of the unstabilized subgrade profile. 

2. The literature contains a number of numerical approaches to modeling 

layered pavement systems. Typically, axisymmetric models are applied, 

with a circular footing used to model the wheel load application. Other 
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approaches use axisymmetric plane strain models or full three-dimensional 

models. 

3. In terms of the response of the stabilized subgrade, the lime stabilization 

approach provides the least potential for rutting and pumping. However, as 

the widening embankment fill is added, the thickness of the stabilization 

layer becomes an important factor with regard to additional surface 

displacements. The least ‘additional’ settlement magnitude profile is 

obtained for the case with select fill as the stabilization measure.  

4. A reason for this behavior is the fact that, within a similar profile, a greater 

depth of the soft subgrade profile is replaced with select fill as a 

stabilization measure, which leads to a relatively low stress increase 

applied to the soft subgrade and, therefore, the lower additional settlement 

magnitude.  

5. Asymmetrical geometry and/or load configuration (such as loading near 

an existing embankment slope) affect the response of the stabilized 

subgrade. With the introduction of non-uniform stress, the stiffer the 

stabilization measure, the less the potential for rutting and pumping. For 

example, under proof roller loading, the select fill shows a higher 

deformation response than the other four stabilization measures. 

6. A stabilization factor, termed η, is introduced to aid in comparing the 

effectiveness of the various stabilization measures in cases where the soft 

subgrade is at a depth equal to or exceeding four times the width of the 



234 

loaded area. The η factor is the product of the modulus value and the 

thickness of the stabilization layer and can be viewed as analogous to the 

“EI” or stiffness parameter commonly used for beams. Following this 

approach, the select fill shows the potential to provide the least rutting and 

pumping response. 
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OVERALL SUMMARY AND CONCLUSIONS 

SUMMARY 

A study of soft subgrade undercut criteria and the accompanying numerical 

estimation for stabilization measures has been conducted, and is summarized as follows. 

In the paper entitled, ‘Assessment of the Stiffness and Strength Parameters of Soft Subgrade 

with Stabilization Measures Using Inverse Analysis,’ the characteristics of subgrade soil, 

select fill, ABC, and lime-stabilized soil used in large-scale testing are investigated based on 

laboratory tests and relevant literature in order to determine the material properties for 

numerical models. Once these properties are obtained using conventional methodology, 

inverse analyses based on the minimization technique of the Levenberg-Marquardt algorithm 

are conducted for five large-scale tests. The results for the static plate load tests are selected 

due to the minimization of the plastic behavior in the observed data. Errors that occur in the 

simulations are minimized by adjusting the material properties according to the Levenberg-

Marquardt algorithm. The sources of the observation data include the deflections and stresses 

measured in the subgrade soil. The forward models are classified according to a single-layer 

system or a multilayer system and according to either linear elastic or elastic-perfectly plastic 

constitutive law. 

In the paper entitled, ‘Soft Subgrade Undercut Criteria Including Rutting and 

Pumping Responses,’ soft subgrade undercut criteria are developed based on the mechanistic 

behavior of static and proof roller loading. According to the type of load, axisymmetric and 

plane strain modes are considered. The plane strain mode is assumed to simulate proof roller 
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loading and provide information about potential rutting and excessive pumping, whereas the 

axisymmetric mode provides information regarding the effects of construction traffic. The 

stability of the subgrade is examined in terms of two failure mechanisms, excessive rutting 

and pumping, which could be observed during proof rolling. The results of the numerical 

analyses are used to establish undercut criteria for both axisymmetric and plane strain modes. 

The bearing capacity and deformation of the modeled cases are estimated for a wide range of 

stiffness and strength parameters. The strength and elastic parameters are obtained from the 

DCPI in the field, and from triaxial and resilient modulus testing in the laboratory. The 

proposed undercut design criteria are based on the acceptability of the bearing capacity ratio 

to minimize the potential for rutting, and the definition of a limit displacement value to 

minimize the potential for excessive pumping. The proposed undercut criteria are validated 

through data from the laboratory and field testing. The validation results show that the 

proposed criteria are reasonable and provide an indication of the extent to which subgrade 

soils are suitable for the support of roadways. 

In the paper entitled, ‘Field Applications of Undercut Criteria and the Impact of 

Stabilization Measures,’ the five stabilization measures are shown to provide adequate 

responses in terms of less rutting and pumping as compared to the case of the unstabilized 

subgrade profile. Four field case studies of undercutting in a soft subgrade profile are 

examined using numerical analyses. The soft subgrade is stabilized using five representative 

stabilization methods that are tested during the large-scale experimental program. Case 1 

represents the at-grade road widening of an existing roadway by adding a fill section. Case 2 

represents the construction of a new alignment in a fill situation where the thickness of the 
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fill is typically less than six feet. Case 3 represents a new alignment in a cut situation; 

typically, three feet of undercut is implemented in areas where the subgrade fails proof 

rolling. Case 4 represents the widening of a highway median. This third paper also studies 

rutting and pumping during various stages of construction under three different loading 

configurations. 

Based on the results presented in these three papers, the following conclusions are 

advanced: 

 

Assessment of the Stiffness and Strength Parameters of Soft Subgrade with 

Stabilization Measures Using Inverse Analysis 

1. The soft subgrade soil selected for use in large-scale testing is classified as A-

6 (6) according to the AASHTO system, and approximately 56% passes the 

No. 200 sieve. The plasticity index (PI) value is 16%, and the maximum dry 

unit weight is 113.2 pcf at an optimal moisture content of 15.3 percent. A 

California bearing ratio (CBR) of 2% was measured at a water content of 

approximately 19 percent. The resilient modulus value was measured at 4,929 

psi at 2 psi confining pressure and 5.4 psi deviatoric stress. 

2. For the lime-stabilized soil, an optimal moisture content of 16% and three 

days of mellowing time, in accordance with compaction testing, were applied 

for the coastal plain mixture, and the undrained shear strength of 50 psi was 

adopted for the numerical simulation. 
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3. Inverse analysis was applied successively for the linear elastic model for both 

a single-layer and multilayer system. The equivalent elastic modulus values 

estimated in the forward calculation for the single-layer system were 

correlated by E = 9.53 K (K is the subgrade response modulus in pci unit). 

The elastic modulus values for each stabilized layer and subgrade soil in the 

multilayer system are approximately 6,300 to 19,250 psi for the ABC, 700 to 

2,160 psi for the subgrade soil, 3,230 psi for select fill, and 28,730 psi for the 

lime-stabilized soil layer. 

4. The ratios of the elastic modulus values of the ABC to the subgrade soil were 

estimated, and the values are 4.9 for Test 15 (ABC of 18 in. and 4 ft of 

subgrade soil), and the values are 17.2 and 16.4 for Test 16 and Test 17, 

respectively. It seems that the difference in the elastic modulus values 

between the ABC and subgrade layer is due to the geosynthetic 

reinforcements, because the modulus values between Test 15 and Tests 16 and 

17 are too different, even if the depth of the ABC in Test 15 is 50% deeper 

than in Tests 16 and 17. 

5. Equivalent stiffness and strength parameters for a single-layer system were 

evaluated, and the elastic modulus values were found to be 77% less than 

those obtained from the elastic single-layer model. The equivalent strength 

parameters were predicted using errors of 1.6 to 5.7 percent. 

6. For the elastic-perfectly plastic model in a multilayer system, the cohesion 

values of 0.01 to 5.7 psi for the subgrade layer and friction angles of 24.0 to 
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33.1 degrees for the ABC layer were backcalculated with errors of 1.7 to 8.9 

percent. 

7. Using the stress measurements, stiffness and strength parameters for ABC 

were estimated to the elastic moduli of 7,300 to 10,700 psi, the cohesion of 

1.0 to 2.9 psi, and the friction angles of 28.0 to 35.1 degrees. 

8. Undercut criteria were applied for the case of a single-layer system, because 

the equivalent parameters can be regarded as the effects of the reinforcements. 

By using the deflection of 70 psi loading (proof roller loading), the elastic 

moduli and cohesion values were recalculated, and the revised values show 

that the stabilized subgrade soils were placed within a stable area. 

9. The elastic modulus values obtained from the linear elastic model can predict 

the elastic displacement that occurs in the large-scale testing, whereas the 

strength parameters provide prediction errors within 1 to 20% in the elastic-

perfectly plastic model. 

 

Soft Subgrade Undercut Criteria, Including Rutting and Pumping Responses 

10. The undercut design criteria encompass two modes of loading, plane strain 

and axisymmetric conditions. The plane strain mode is assumed to simulate 

proof roller loading and provide information about potential rutting and 

excessive pumping. The axisymmetric mode provides similar information, but 
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is thought to simulate the effect of construction traffic (or a single wheel) 

rather than a series of loads that are closely spaced on an axle.  

11. It is postulated that rutting is associated mainly with plastic shear deformation 

within the shallow layers and can be considered to be a function of the shear 

strength parameters. In contrast, excessive pumping is mainly a function of 

the stiffness parameters and is affected by the response of shallow as well as 

deep layers of the profile.  

12. It is possible to have pumping without rutting. An example that illustrates 

such an occurrence is the case of a relatively thin chemically-stabilized 

subgrade layer over a deep layer of soft soil. The shear strength of the top 

layer may be sufficient to prevent plastic shear failure, yet the soil mass that is 

affected by the surface stress has a low stiffness that leads to excessive 

pumping.  

13. The proposed undercut design criteria are based on the acceptability of the 

bearing capacity ratio to minimize the potential for rutting, and the definition 

of a limit displacement value to minimize the potential for excessive pumping. 

The proposed criteria used in this study are 2.0 for the bearing capacity ratio 

and a 1 in. settlement for pumping. 

14. Based on the study of deformable behavior over a wide range of strength and 

stiffness parameters, it can be concluded that rutting is associated mainly with 

plastic shear deformation within the shallow layers, and can be considered to 

be a function of the shear strength parameters. In contrast, excessive pumping 
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is mainly a function of the stiffness parameters, and is affected by the 

response of shallow as well as deep layers of the profile. Thus, it is possible to 

have pumping without rutting. 

 

Field Applications of the Developed Undercut Criteria and the Impact of the 

Stabilization Measures 

15. The literature contains a number of numerical approaches to modeling layered 

pavement systems. Typically, axisymmetric models are applied, with a 

circular footing used to model the wheel load application. Other approaches 

use axisymmetric plane strain models or full three-dimensional models. 

16. For the four field cases examined in this study, the five stabilization measures 

provide adequate responses in terms of less rutting and pumping as compared 

to the case of the unstabilized subgrade profile. 

17. In terms of the response of the stabilized subgrade, the lime stabilization 

approach provides the least potential for rutting and pumping. However, as the 

widening embankment fill is added, the thickness of the stabilization layer 

becomes an important factor with regard to additional surface displacements. 

The least ‘additional’ settlement magnitude profile is obtained for the case 

with select fill as the stabilization measure.  

18. A reason for this behavior is the fact that within a similar profile, a greater 

depth of the soft subgrade profile is replaced with the use of the select fill as a 
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stabilization measure, which leads to a relatively low stress increase applied to 

the soft subgrade and, therefore, the lower additional settlement magnitude.  

19. Asymmetrical geometry and/or load configuration (such as loading near an 

existing embankment slope) affect the response of the stabilized subgrade. 

With the introduction of non-uniform stress, the stiffer the stabilization 

measure, the less the potential for rutting and pumping. For example, under 

proof roller loading the select fill shows a higher deformation response than 

the other four stabilization measures. 

20. A stabilization factor, termed η, is introduced to aid in comparing the 

effectiveness of the various stabilization measures in cases where the soft 

subgrade is at a depth equal to or exceeding four times the width of the loaded 

area. The η factor is the product of the modulus value and the thickness of the 

stabilization layer and can be viewed as analogous to the “EI” or stiffness 

parameter commonly used for beams. Following this approach, the select fill 

shows the potential to provide the least rutting and pumping response. 
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APPENDIX A 

A-1. Bearing Capacity Plots of Axi-Symmetric Model 

1) Friction Angle = 0 degree 
E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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2) Friction Angle = 10 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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3) Friction Angle = 20 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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4) Friction Angle = 30 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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A-2. Bearing Capacity Plots of Plane Strain Model 
1) Friction Angle = 0 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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2) Friction Angle = 10 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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3) Friction Angle = 20 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 0.5 in. 

 
* The scale of x axis: from 0 to 0.5 in. 
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4) Friction Angle = 30 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

 
 

 
* The scale of x axis: from 0 to 1.0 in. 

E/pa = 1000 E/pa = 2000 

 
* The scale of x axis: from 0 to 1.0 in. 

 
* The scale of x axis: from 0 to 1.0 in. 
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APPENDIX B 

B-1. Regression for Factor of Safety Curves for Axi-Symmetric Model 

1) Friction Angle = 0 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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2) Friction Angle = 10 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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3) Friction Angle = 20 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 

y = 0.26737x - 0.02883
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4) Friction Angle = 30 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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B-2. Regression for Factor of Safety Curves for Plane Strain Model 
1) Friction Angle = 0 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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2) Friction Angle = 10 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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3) Friction Angle = 20 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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4) Friction Angle = 30 degree 

E/pa = 25 E/pa = 50 

E/pa = 100 E/pa = 500 

E/pa = 1000 E/pa = 2000 
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APPENDIX C 

C-1. TEST PITS: STATIC LOAD TESTS 

1) 36 inches select fill (Test 9) 

Vertical Stress Contours, (y) (unit: psf) 

 
Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 18 inches ABC (Test 15) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 12 inches ABC and geotextile (HP570) (Test 16) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geogrid (BX1500) (Test 17) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 3 inches ABC and lime stabilization (Test 20) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-2. TEST PITS: PROOF ROLLER LOAD TEST 

1) 36 inches select fill (Test 9) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 18 inches ABC (Test 15) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 12 inches ABC and geotextile (HP570) (Test 16) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geogrid (BX1500) (Test 17) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 3 inches ABC and lime stabilization (Test 20) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 

 

 



285 

Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-3. FIELD APPLICATION (STATIC LOAD): CASE 1 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 

 

 



291 

Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-4. FIELD APPLICATION (STATIC LOAD): CASE 2 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-5. FIELD APPLICATION (STATIC LOAD): CASE 3 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 

 



314 

3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-6. FIELD APPLICATION (STATIC LOAD): CASE 4 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 

 



330 

5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-7. FIELD APPLICATION (PROOF ROLLER LOAD): CASE 1 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-8. FIELD APPLICATION (PROOF ROLLER LOAD): CASE 2 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-9. FIELD APPLICATION (PROOF ROLLER LOAD): CASE 3 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 

 



360 

2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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C-10. FIELD APPLICATION (PROOF ROLLER LOAD): CASE 4 

1) Soft subgrade soil (no reinforced) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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2) 36 inches select fill 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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3) 18 inches ABC 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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4) 12 inches ABC and geotextile (HP570) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 
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5) 12 inches ABC and geogrid (BX1500) 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 

 



380 

6) 3 inches ABC and lime stabilization 

Vertical Stress Contours, (y) (unit: psf) 

Horizontal Stress Contours, (x) (unit: psf) 
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Shear Stress Contours, (xy) (unit: psf) 

Vertical Displacement Contours, (y) (unit: ft) 

 


