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ABSTRACT 

The Deep Mixing Method (DMM) is an ever-growing ground improvement technique used 

worldwide to improve in-situ soils using cementitious binders and/or other types of admixtures 

to either increase the strength and/or decrease the permeability of soils for various types of civil 

and/or environmental engineering applications.  The process involves using specialized high 

torques drilling equipment with specially design augers or cutters that allow for the injection of 

flowable grout (suspension) through the auger or cutter to liquify the soil in-situ while blending 

in the cementitious suspension.  When the suspension and soil mixture solidify, the designed 

engineering material properties are achieved.  This study investigates the curing conditions in 

which in-situ materials are exposed to and how these conditions influence the strength of the 

deep mixed materials.   The findings of this study reveal that the curing conditions for in-situ 

materials, particularly the applied stresses and temperatures, differ significantly from the 

conditions under which typical quality control specimens are cured. Consequently, these 

conditions can lead to a significant underestimation of the strength of the in-situ materials if 

curing conditions are not considered.      

This study incorporates field and laboratory data collected from various studies that directly or 

indirectly studied the influences of curing stresses on deep mixed material’s mechanical 

properties.   The data compiled for this investigation included strength and temperature data 

derived from specially designed laboratory bench test studies, field conducted modified 

oedometer tests, in-situ instrumentation tests from deep mixed columns, and a review of 

independent coring data results from datasets collected from deep mixed project across north 

America.   Upon reviewing these collective studies, it becomes evident that there exists a 

correlation between curing stress and unconfined compressive strength (UCS). The observed rate 

of strength gains follows a linear pattern and is influenced by the type of soil being treated. 

Notably, fine-grain soils exhibit a higher rate of strength gain when subjected to in-situ curing 

stress (with depth) in comparison to granular soils. Additionally, this study puts forth several 

hypothesized physio-chemical mechanisms that could potentially explain the varying strength 

gains observed based the influence of the treated soil’s particle size. 
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CHAPTER 1          

INTRODUCTION 

The deep mixing method (DMM) is a soil treatment technique that involves blending soil with 

cementitious grout to create "soil cement" with enhanced mechanical properties. It finds various 

applications in modern civil engineering, including ground improvement, excavation support, 

groundwater containment, dam reinforcement, and environmental protection. However, 

accurately measuring the performance of these materials in their in-situ conditions poses 

challenges. 

Current quality control (QC) testing methods for soil-cement materials produced by deep 

mixing rely on wet grab samples or direct coring. However, both methods have limitations. 

Coring can lead to micro-fracturing or damage to specimens, particularly if the treated soil 

contains gravel, cobbles, or shell fragments. Wet grab samples, although easier to obtain, may be 

inadvertently screened during retrieval, potentially altering the specimen's composition (FHWA, 

2013). Additionally, wet grab specimens are prepared and cured at surface conditions, which 

differ from in-situ conditions involving overburden stress and elevated temperatures.  In practice, 

the influence of in-situ curing conditions on the material strength is typically overlooked, which 

leads to an underestimation of actual in-situ strengths of the treated soils.  This oversight can 

have significant monetary consequences on a project. It can lead to expensive rework of ground 

improvement, based on compromised or lower than expected QC results.  Additionally, it can 

result in unnecessary expenditures associated with excessive use of binder/admixture materials 

on a project.   

To initiate the study aimed at comprehending and quantifying the impact of total overburden 

stresses on strength development throughout the curing process, it is essential for the 

investigation to first grasp the nature of internal stresses during curing and their potential 

influence on drainage, consolidation, soil structure reorientation, and cement chemical bonding 

process.  Additionally, by quantifying the impact of curing conditions on the strength of soil-

cement materials, engineers are provided with an additional tool to enhance their ability to assess 

quality control data within a project. 
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1.1 Research Objectives and Questions 

The primary aim of this project was to investigate with the purpose of gaining a deeper 

understanding of the total internal stress present within a freshly mixed column, and to explore 

how these stresses, specifically the total overburden stress, influence the in-situ strength of a 

cement-treated soils.  A brief background explaining the nuances associated with these 

objectives is presented in this chapter.  Following the background, are questions that were 

developed to address the objectives of this research.    

The study of deep mixed materials poses numerous challenges because of the diverse array of 

factors that can influence material properties. These factors encompass a wide range, from the 

heterogeneous characteristics of ground conditions to deliberate or unintentional variations in 

binder proportions. The extent of these variations can be considerable, spanning across an entire 

site or even within a single deep mixed component.  Understanding the challenges surrounding 

the study of deep mixed materials is crucial due to the significant impact that confounding 

variables can have on material properties. Confounding variables play a critical role in this 

research as they can introduce bias and impact the validity of experimental results and influence 

the relationship between the independent and dependent variables. Recognizing these challenges 

is essential to try and capture the fundamental nature and behavior of these materials.  

The following questions were developed to address the objectives of this research:  

1. What are the internal total and effective stresses within a deep mixed column and how do 

they change throughout the curing process?  Given the loose unconsolidated state of the 

material once freshly mixed with grout, it is hypothesized that internal drainage and 

consolidation occurs until the cement hydration process stiffens the bonds between soil 

particles to a point that this process finally ceases.  For a more comprehensive 

comprehension of this process, an assessment of in-situ stresses is undertaken through 

instrumentation measurements taken from freshly mixed columns. Additionally, a study 

conducted by Hayashi et al. (2005), which delves into the consolidation characteristics of 

cement-treated soil in its initial state, is reviewed. 

2. What influence does curing stress have on the strength of deep mixed materials?  Based 

on a literature search, limited research has been conducted on studying the influence of 
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curing stresses on the properties of deep mixed materials. The primary reason for this 

scarcity is the requirement for specialized testing equipment that can simulate in-situ 

conditions while allowing the specimen to maintain its shape during the curing process.  

A triaxial loading apparatus would be capable of applying an appropriate load; however, 

the flexible membrane used in this apparatus tends to deform the specimen as 

confinement stresses are applied. Alternatively, a standard oedometer cell is rigid enough 

but generally not designed to contain a wet consistency material and too small in 

dimensions to make a direct comparison against typical formed concrete test cylinders.   

Onorato and Bonita (2020) addressed this issue by developing a modified oedometer cell 

specifically tailored to handle wet soil-cement materials. This apparatus enabled the 

molding of specimens that match the dimensions of a standard 3-inch by 6-inch test 

cylinder. Furthermore, the modified oedometer cell allows for specimen consolidation 

and drainage under an applied axial dead load.  This apparatus was key for developing 

experiments to study the influence that curing stresses on cement-treated soils strength.   

Onorato and Bonita (2023) summarized the results of several controlled bench tests and 

field tests using the modified oedometer that have been evaluated for this project to help 

draw a conclusion to this question.         

3. Under curing stress, does grain size and plasticity of the treated soil affect the strength of 

the deep mixed material?  To investigate the influence of grain size and plasticity on the 

strength of cement-treated soil under curing stresses, data from various sources were 

reviewed and organized based on soil type using USCS classifications. Subsequently, the 

sorted data was evaluated to identify unique strength trends.      

4. What are the hydration temperatures within a deep mixed columns and do they differ 

from specimens cured within a typical QC test cylinder?  Curing temperature is 

recognized as a significant factor that impacts the strength of cement-treated soil. 

Numerous researchers have reported an increase in unconfined compressive strength 

(UCS) with higher curing temperatures (Bruce et al., 2013; Hirabayashi et al., 2009; 

Zhang et al., 2014).  To investigate the differences in curing temperature, a review of 

temperature measurements collected from in-situ deep mixed columns is compared 
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against heat of hydration temperature readings from a controlled laboratory bench test 

where cement-treated soil specimens were cured under typical laboratory settings.     

  

1.2 Thesis Overview and Organization 

This study aims to investigate and understand the behavior and properties of deep mixed 

materials, specifically focusing on the influence of curing stresses. The research adopts a 

systematic approach by comprehensively reviewing diverse sets of data from various sources. 

These sources encompass controlled laboratory bench studies, field-cured experiments using a 

modified oedometer, field in-situ instrumentation tests, and data obtained from deep mixed 

projects through random coring tests. 

To ensure the accuracy and reliability of the findings, the approach involves carefully 

examining all the data sources. This includes identifying and eliminating confounding variables 

that are inherent to deep mixed materials. By addressing these variables, the study aims to isolate 

and highlight the genuine correlations and trends that are consistent across different data sources. 

Through this analysis, the research strives to identify common patterns and associations among 

the data sources. This approach allows for the identification of meaningful relationships and 

trends that transcend individual studies or experiments. By considering a broad range of data and 

systematically removing confounding variables, the research aims to provide a comprehensive 

understanding of the strength gaining behavior of deep mixed materials that are cured in-situ 

under overburden stresses. 

Firstly, in Chapter 2 a comprehensive literature search is conducted to gather existing 

knowledge and identify any gaps in the understanding of deep mixed materials under curing 

stresses. This provides a foundation for the study and helps establish the research context. 

Chapter 3 provides a summary of the data reviewed for this research that includes data derived 

from the modified oedometer cell to simulate in-situ conditions during the curing process. This 

apparatus enables the examination of the material's response and properties under controlled 

curing stresses.  The modified oedometer was used to generate critical data for laboratory bench 

tests as well as field tests from active sites across the country.  In addition, this Chapter also 
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summarizes results from in-situ instrumentation tests as well as the downsized coring data. 

Chapter 4 summarizes the data validation criteria and the statistical tools used to assess the 

quality of the data included in this study. 

Chapter 5 discusses the results of the study and is divided into five subsection that include a 

discussion on the influence of curing stress on UCS values, a comparison of in-situ versus 

laboratory test cylinder temperature evolution, a review of an analysis of the effects of the water 

to cement ratio on UCS in consolidated samples, and influence of consolidation on strength.   

Chapter 6 presents conclusions obtained from a review of the data and analysis, and finally, 

Chapter 7 discusses recommendations for future research.   

Appendices A.1 includes Coauthor’s Permission and A.2 includes permissions to use figures, 

tables, and data from other publications.   
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CHAPTER 2    

LITERATURE REVIEW 

This chapter provides a comprehensive literature review of key components relevant to the 

present research. The review focuses on several important topics that have a direct bearing on the 

study's objectives. These main topics include the effects of confinement stress during curing and 

consolidation behavior of cement-treated soils in their fresh state is also examined. This aspect 

explores how the material undergoes consolidation during the curing phase, which provides 

insight into the strength gaining behavior. Finally, this literature review includes some 

information on the topic of in-situ curing temperatures in deep mixed columns.  While curing 

temperatures is not a primary objective of this thesis, it is a relevant curing condition and helps to 

provide essential context for evaluating instrumentation temperature data.  

 

2.1 Effects of Curing Stress on UCS 

In the past decades, substantial research has been devoted to understanding soil mixed 

material properties, as evidenced by studies conducted by Filz et al. (2005), Bruce et al. (2013), 

Kitazume et al. (2013), Suzuki et. al. (2014), Nevarez-Garibaldi et al. (2018), and many others; 

however, until recently there has been relatively limited research surrounding the understanding 

of the effect of curing stress (i.e., overburden stress) on cement-treated soil’s mechanical 

properties.  In the few studies that were conducted, the studies were relatively small in scope 

with respect to the range of overburden stresses evaluated and typically performed using only 

one soil type.  These limitations overlook important trends that exist across different soil types 

and under variable field conditions. Onorato and Bonita (2020) pioneered an approach to study 

this the influence of curing stressed by conducted a comprehensive study that presented 

preliminary data on the influence of curing stresses over multiple soil types and included data 

from both field and laboratory conditions.  This data showed a strong linear relationship between 

overburden stress and UCS values between all data sources evaluated from both the laboratory 

and field.  The conclusions drawn in Onorato and Bonita’s (2020) report implied a relationship 

between the rate of strength gain (∆qu) and the treated soil types, in which they present data that 
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suggested that cement-treated fine-grain soils showed greater strength gains than granular soils.   

A brief background on the conclusions of these studies is discussed below.        

One of the earliest studies on the influence of curing stresses on the strength of cement-treated 

sands was conducted by Yamamoto et al. (2002).  The paper was written in Japanese; however, 

the results of their study were published by Kitazume and Terashi (2013) in a book titled “Deep 

Mixing Method”.   Their results show that the strength increased almost linearly with overburden 

stress irrespective of the type and amount of binder used.   Figure 2.1 shows the relationship of 

overburden stress to UCS values on cement-treated sandy soils.  The figure also shows the 

strength of the stabilized sands having different initial water content.   

Figure 2.1 Relationship between unconfined compressive strength, qu and overburden stress, σ’v 
(Yamamoto et al., 2002)      

 
 
In a related study, Rabbi et al. (2011) conducted experiments using a poorly graded sand (SP) 

as a base soil type and concluded that the addition of confining stress during curing had an 

increasing effect on the peak strength, stiffness Young’s Modulus (Ev) and Shear Modulus (Gvh), 

and in the post peak properties of the material.  Rabbi et al. also concluded that typical testing 

techniques used to evaluate cement-treated soil provided an underestimation of stress-stain 

behavior of cement-treated sand. These results were also concurred by Taher et al. (2011) in a 

related study.   

As  part of a master’s thesis, Starcher (2013) conducted experiments evaluating the effect of 

vertical stress during curing for a soil-cement mixture that included a laboratory fabricated soil 
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of kaolin (CL) and fine Nevada sand (SW) mixed at a 1:1 ratio, thus classifying the base soil 

type as a sandy lean clay (SC) using United Soil Classification System.  The study involved a 

series of consolidation tests and unconfined compression tests, with special attention paid to the 

effects of curing time and vertical curing stress.  Starcher (2013) concluded that unconfined 

compressive strength of the soil-cement mixture increased with curing time and with vertical 

confining stress. In addition, Starcher also reported that an increase in elastic moduli (Ev) of 100 

to 1,000 percent was observed when compared to specimens tested without curing stresses.    

Suzuki, et al. (2014) also published results of peak and residual strength characteristics of 

cement-treated soil cured under different consolidation conditions.  While their study specifically 

focused on undrained shear strength under different loading conditions (isotropic and one-

dimensional consolidation), they did present results for unconfined compressive strength versus 

applied curing stress which was reported in their paper.  Based on the published grain size 

distribution data, it appears that Suzuki et al. used a mixture of granular and fine grain soil (SC-

CL) from Yamaguchi City as a base soil type.  The prepared soil-cement mixture utilized a 

standard Portland Cement at a 50 kg/m3 binder rate with a water to cement ratio of 1.6. and cured 

their specimens using applied curing stresses ranging between 7- and 21-pound per square inch 

(psi).   Their results showed a clear increase in both shear and compressive strength with applied 

curing stress for both isotropic and one-dimensional loading and concluded that tests conducted 

without consideration for in-situ stress would underestimate undrained shear strength in the field.      

In the broadest study conducted until this point, Onorato and Bonita (2020) published 

preliminary results of their observations on the influence of curing stresses on cement-treated 

soil unconfined compressive strength for different treated soil types by collecting data across 

several sources including both laboratory and field study sources. The primary unit of 

measurement introduced by this study to evaluate the change in unconfined compressive strength 

(qu) as a function of overburden curing stress (σz) was defined as the rate of strength change 

(∆qu) and is described as Equation 2.1.   

∆𝑞𝑞𝑢𝑢 = (𝑞𝑞𝑢𝑢,𝑧𝑧 −𝑞𝑞𝑢𝑢,0)
𝑞𝑞𝑢𝑢,0

                (2.1) 



 

9 

Where, ∆qu is the rate of strength change and qu,0 is the measured unconfined compressive 

strength cured with no overburden stress, and qu,z is the unconfined compressive strength at depth 

(z) confinement stress.   It was also suggested in their study that the applied confinement stress 

(σz) during curing is equal to the total vertical overburden stress (σv) at depth (z) within a deep 

mixed column: therefore, Onorato and Bonita (2020) defined curing stress as the unit weight of 

the wet mixed material times the overburden depth, as shown in Equation 2.2. 

(2.2) 

Where, σz is equal to vertical overburden pressure (curing stress), σv at depth z, γsat,mix is the 

saturated unit weight of the wet mixed soil-cement material, and z is the depth.  To show the 

relationship between overburden stress, σz and the rate of change in unconfined compressive 

strength (∆qu), a controlled laboratory bench test (BT-1) was conducted by preparing a soil-

cement mixture that used well graded sand (SW) as the base treated soil.  Four specimens were 

formed from the same soil-cement mixture, and each were cured under different confinement 

stresses using a specially designed modified oedometer cell.  The results correlated well with the 

findings presented by Yamamoto et al. (2002) showing a near perfect linear relationship in both 

unconfined compressive strengths to overburden curing pressure (Figure 2.2a) and the rate of 

strength change (gain) to the overburden curing pressure (Figure 2.2b).    

Figure 2.2 Relationships between overburden pressure and UCS (a) and overburden pressure and 
rates of change in UCS (b).   

𝜎𝜎𝑧𝑧(z) = 𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠,𝑚𝑚𝑚𝑚𝑚𝑚(𝑧𝑧) 
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Onorato and Bonita (2020) also showed in their initial study that soil types (grain sizes) had 

an influence on the rate of which strength is gained (Δqu).  This dependence on soil type was 

observed through the collection of a broad set of field-derived data that evaluated strength data 

over several different soil types.  This data included both field-stressed results obtained through a 

modified oedometer apparatus at four different deep mixed sites across US and Canada, and core 

run strength data obtained from an additional four deep mixed sites.  In both data sets, a 

relationship between σv and ∆qu’s dependence on soil type was also observed.  In the case of the 

oedometer field-stress data, simulated overburden pressures were applied consistent with 

Equation 2.2, and in the case of the core run data, recovered core materials were cured in-situ 

under natural overburden stresses.     

Figure 2.3a shows the relationships of applied curing stresses (overburden stress) to the rate of 

strength gains shown with the best least-squared fit lines and R2 value for the field-stressed data, 

sorted by soil types; and Figure 2.3b presents the same results for the coring sites evaluated.    

Figure 2.3 Relationship between curing stress and rate of strength gain for different soil types for 
(a) oedometer field-stresses data and (b) core run data.    

 

Figures 2.3a and 2.3b demonstrate clear and significant correlations between soil types, as 

shown by the linear regressions of the strength gain data.  In both datasets evaluated, finer grain 

soils exhibited a much greater rate of strength gains than granular soils. 
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2.2 Comparison of Research Data 

  Figure 2.4 shows the relationships between curing stresses and the rate of strength gains, ∆qu 

for different base soil types that were treated in each of the published research discussed in 

Section 2.1.    In summary, Yamamoto et al. (2002) used mainly a granular well graded sand 

with some clay (SW-SC), Starcher (2013) used a 1:1 mixture of sand and clay (SC), Suzuki 

(2014) used mainly fine grain clayey sand with some lean clay (SC-CL), and Onorato and Bonita 

used a granular well graded sand (SW) for their study.  Equation 2.1 was used to normalize the 

unconfined compressive strength results to compare the rate of strength gains in each of these 

studies.       

Figure 2.4 Relationship between curing stress and rate of strength gain for different soil types for 
published research. 

 

 A comparison of published research is consistent with the results presented by Onorato and 

Bonita (2020) showing a clear relationship that the treatment using finer grain soils exhibit 

greater rates of strength gains than cement-treated granular soils. The rate of strength gains 
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appears to be subtly increasing depending on the amount of fines present in the mixture, 

implying a direct relationship with grain-size surface area and distribution.   

       

2.3 Consolidation Behavior of Cement-treated Soils 

Hayashi et al. (2002) conducted a study that centered around the consolidation behavior of 

cement-treated soils in their fresh state. It is hypothesized that the consolidation and drainage 

process during the initial stages of treatment enables the mechanisms responsible for the 

observed strength gains.   Figure 2.5 shows how Hayashi et al. (2002) conceptualization the 

changes in effective overburden stress (σ′v) and void ratio (e) changes with curing term.   

Figure 2.5 Effective overburden stress and void ratio changes during curing (Hayashi et al., 

2002)  

 

 Hayashi et al. (2002) assumed that cement treatment initiates at point A and proposed that the 

consolidation yield stress (in-situ) follows a path from point A to point F, indicating a delay in 

the transfer of yield stress to the soil particles. The study suggested that this delay is influenced 
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by the hydraulic conductivity properties of the treated soil types and the distance of the drainage 

path of the specimen. As a result, it was concluded that in the case of thick layers of high 

plasticity clays, consolidation in the fresh state may be disregarded when applying cement 

treatment, as the drainage process would be too slow to effectively consolidate the cement-

treated materials in-situ before the cement reaction solidifies the material. 

 

2.4 Effect of Curing Temperatures on UCS 

There have been many studies on the influence of curing temperature on concrete strength, 

both in the general industry and for deep mixed soils treated with cement. Hirabayashi et al. 

(2009) and others have shown that high curing temperatures for deep mixed soils can accelerate 

the hydration reactions, thereby producing higher UCS values. However, an increase in strength 

seems to be apparent only at short-term curing times and less apparent at longer curing times 

(Kim et al., 1998). Filz et al. (2018) also suggested that curing temperatures of cement-treated 

soil are affected by the temperatures of the surrounding ground, which can retain heat in situ 

with temperatures over 100°C for up to two months after the deep mixed column is created. 

While the scope of this study does not necessarily evaluate the effect of temperature on UCS 

values, this topic does represent a significant difference in curing conditions between deep mixed 

materials cured in-situ versus specimens cured in a laboratory and therefore should at discussed.   

This report presents temperature data that compares the differences in curing temperatures from 

deep mixed materials cured both in the ground and specimens cured within typical concrete test 

cylinders.  As part of this study, a simple look at the differences in temperature readings will be 

evaluated from data obtained between these two curing conditions.        
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CHAPTER 3 

DATA COLLECTION PROGRAM 

 Contents of this chapter are published in the Deep Foundations Institute (DFI) Technical 

Committee Project Reports, authored by Onorato and Bonita (2020/2023).  The objective of the 

data collection program was to gather a diverse range of results, including laboratory studies and 

field-derived data, covering various soil types. This approach aimed to achieve a better 

understanding of the influences under different conditions. By incorporating a broad spectrum of 

data, we can obtain a comprehensive perspective on the impact of curing stress in real field 

conditions.  

Data collection for this study comprised datasets from four main sources. Firstly, laboratory 

bench tests were conducted with measured and well understood physical properties, stresses, and 

composition of the cement-treated soil mixtures. Secondly, field-stressed data was obtained 

using modified oedometer cells, where the physical properties of the soils being treated and the 

composition of the soil-cement mixtures were approximate, but the stresses were known. To 

facilitate the study on these two data sources, a modified field oedometer cell was specially 

fabricated for this study as to allow for the application of specific overburden pressures onto 

freshly mixed cement-soil mixtures while the mixtures cured.  Details of the design and 

utilization of this apparatus are described in Section 3.1.   

In addition, field post-construction core run strength data was collected to serve as a 

comparative data source. Although the coring datasets provide only approximate information on 

soil properties and composition of the mixtures at recovery depths, they represent in-situ 

materials cured under overburden stresses. Therefore, analyzing trends in the strength data from 

the core samples proves valuable for comparison with the other datasets. 

Lastly, in-situ instrumentation data was gathered from freshly mixed columns, recording in-

situ stresses and temperatures during the curing process of soil-mixed columns. The collection of 

all four datasets is described in the following section. 
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3.1 Modified Field Oedometer 

Onorato and Bonita (2020) introduced specialized modified oedometer cells that were 

specifically designed for studying the influence of curing stresses on cement-treated soils under 

varying overburden stress conditions. These cells could be utilized either in a laboratory or in the 

field, as they were designed to be easily set up at any field trailer on an active deep mixing 

project, making it convenient for on-site study using field-produced materials. 

The equipment played a crucial role in subjecting a freshly mixed soil-cement specimen to an 

overburden stress, replicating the conditions experienced in the field.  By applying a static axial 

load, the specimen could cure under these simulated in-situ conditions. This apparatus proved to 

be an essential tool for analyzing the effects of curing stresses on cement-treated soils and 

gaining valuable insights into their consolidation behavior while the specimens cured under a 

load. 

The apparatus consists of a thin-walled clear confining chamber placed within a thick-walled 

outer restraining cradle, providing support to the confining chamber. A plunger head containing 

a coarse porous stone underneath is positioned within the chamber against the top of the 

specimen, allowing the porous stone to move in conjunction with the consolidation of the 

specimen.  Another porous stone is placed beneath the wet specimen allowing drainage from 

both the top and bottom of the specimen.   To load the test specimen, axial pressure is applied 

externally using a level arm and weights so that the total load to piston shaft can be adjusted at a 

specified overburden pressure.  

The cell chamber is designed to allow free drainage of excess fluid pressure while the 

specimen consolidates and cures. The cell chamber is transparent, enabling direct monitoring of 

height changes as the specimen undergoes consolidation. The time-rate of consolidation can be 

monitored manually using vertical graduated scale, enabling measurement of changes in 

specimen height at 0.1-inch increments within the cell chamber. Differences in specimen height 

is logged manually while the consolidation occurs. Typically, specimens are monitored for at 

least five hours after a load is placed.  After five hours, consolidation of the specimen is usually 
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complete.  Figure 3.1 shows a schematic diagram depicting the apparatus and its various 

components. 

Figure 3.1 Cross-Section of modified oedometer cell (Onorato and Bonita, 2020) 

 

3.2 Laboratory Bench Test Data 

Bench tests on soil-cement materials have proven to be an important tool for evaluating the 

influence of curing conditions on the material strength. These laboratory tests allow for the 

accurate measurements and assessment of material behavior and engineering properties under 

relatively controlled conditions. The empirical relationships derived from this data serve as an 

index for estimating the expected material properties and behavior when treating specific soil 

types under certain field conditions. 

An initial bench study was conducted using a well graded sand (SW), in which the strength 

results were normalized for a rate of strength using Equation 2.1 to compare against data of 
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different mixes and strengths.  It was through this evaluation that it was found that soil type had 

a significant influence on the rate at which UCS increases in-situ due to curing stresses.    

A total of three laboratory bench tests were conducted: one using a SW type soil as a base soil 

as part of a 2020 DFI research study, and two additional bench tests conducted in 2022/2023 in a 

subsequent study for DFI that included one using a high plasticity clay (CH) as the base soil and 

another study using a low plasticity silt (ML) as the base.   Each of these bench studies were 

carried out using similar testing parameters that included classifying soil properties using Unified 

Soil Classification System (ASTM D 2487), preparation of soil-cement mixes in accordance with 

FHWA deep mixing manual (2013), assigning a binder factor and water-cement ratio (w:c) 

appropriate for the soil types being treated.   

Bench test mix designs for each of these three bench studies included selection of a cement 

factor (α) and w:c ratio would typically be used in the field to treat these types of base soils.  The 

cement factor is defined as the weight of the cement divided by the volume of the mixture 

(FHWA Manual, 2013).  Typically, higher binder factors are required to treat finer grain soils.   

The binder type used for all these studies included standard Type I/II Portland cement.   

Municipal tap water was used as makeup water to prepare the mixes.   

The values of the water-to-cement (w:c) ratio used in these bench studies ranged from 1.5 to 

3.0. The w:c ratio plays a crucial role as a design parameter for deep mixing, as it not only 

influences the strength of the material but also determines the feasibility of treating a soil in the 

field. On a single project, the w:c ratio of a mix varies multiple times depending on the 

encountered soil conditions.  In industry, a w:c ratio of less than 2.0 is generally preferred, as it 

helps mitigate the potential negative impact of excess water on material strength. However, when 

dealing with high plasticity clays, a w:c ratio greater than 2.0 is typically required to facilitate the 

mixing process. 

The curing conditions selected for the bench tests are intended to simulate overburden 

pressures that a deep mixed materials would be subjected to in-situ.  To evaluate the influence 

that curing stresses have on strength, specimens of the same batch must be subjected to a 

different curing stress.  The testing framework reportedly used for the bench tests included 

preparing four test specimens of the same batch and subjecting each to a different curing stress 
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and then testing for unconfined compressive strength after about 28 days of curing.   Of the four 

specimens prepared; one specimen in each bench test was not subjected to an overburden 

pressure (σz = 0 psi) and was cured in a standard 3-inch by 6-inch plastic concrete test cylinder.  

The other three specimens were subjected to three increasingly higher stresses ranging from 6.0 

to 8.8 psi, 12.0 to 17.7 psi, and 18.0 to 26.5 psi.  Axial stresses are applied to the specimens 

using the modified field oedometer discussed in Section 3.1.   Table 3.1 provides a summary of 

the testing parameters used in all three bench studies.  

Once cured for about 28 days, unconfined compressive strength tests were then conducted on 

all four specimens in accordance with ASTM D 2166, Standard Test Method for Unconfined 

Compressive Strength of Cohesive Soil. 

Table 3.1 Summary of Bench Test Parameters 

Test 
Description 

Base Soil 
Type 

(USCS) 

Moisture 
Content 

(%) 

Binder Rate 
a 

kg/m3 (lbs./ft3) 
w:c ratio Binder 

Type 

Applied Curing 
Stress 

σz 
kPa (psi) 

BT-1 SW 8 216.24 (13.5) 1.5 
Type I/II 
Portland 
cement 

0.0 (0.0) 
60.7 (8.8) 

122.0 (17.7) 
182.7 (26.5) 

BT-2 CH 58 291.47 (18.2) 3.0 
Type I/II 
Portland 
cement 

0.0 (0.0) 
58.6 (8.5) 

87.6 (12.7) 
150.3 (21.8) 

BT-3 ML 9.7 277.43 (17.32) 1.5 
Type I/II 
Portland 
cement 

0.0 (0.0) 
41.4 (6) 

82.7 (12) 
124.1 (18) 

 

Figures 3.2 and Figures 3.3 present the relationship of UCS values and overburden stress 

obtained for bench tests BT-2 and BT-3, respectively.   Results for bench test BT-1 are shown in 

Figures 2.2 in Chapter 2.  
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Figure 3.2 BT-2 (fat clay, CH) relationships between applied curing stress and UCS.   

Figure 3.3 BT-2 (low plasticity silt, ML) relationships between applied curing stress and UCS 

 

3.3 Bench Test Hydration Temperature Measurements  

As part of the bench test 3 study, heat of hydration temperatures was also recorded from each 

of the test specimens prepared and cured in the laboratory.  Temperatures were recorded by 

inserting insulated thermocouples through the bottom and into the center of each test specimen 

recording changes in temperature onto a datalogger while the specimens cured.  Temperature 

recordings were continuous from the time the specimens were prepared up to the point that the 

specimens were taken down from the modified oedometer cells (21 days).    Figure 3.4 shows a 

schematic of the testing setup. 
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Figure 3.4 Schematic of BT-3 temperature recording setup. 

Temperature data from this experiment was reportedly recorded for 496 hours, with a 

temperature reading being recorded every minute, totaling 26,769 temperature reading collected 

for each test specimen.  Figure 3.5 shows the entire temperature data stream for all four 

specimens recorded.  It's important to note that temperature oscillations observed beyond 

approximately 24 hours tend to exhibit a diurnal pattern due to changes in ambient temperatures 

in the laboratory. 

Figure 3.5 Hydration temperature data readings collected during curing of BT-3 test specimens. 

 



 

21 
 

3.4 Field Modified Oedometer Data 

The approach of using field derived oedometer tests from active sites to study the influence of 

overburden stress during curing on cement-treated soil strength was pioneered by Onorato and 

Bonita with the objective of observing a broad range of soil types and mixing conditions from 

actual deep mixed sites so that in influence of overburden stress could be better quantified 

compared to data derived only through a laboratory study.   To facilitate this approach, the 

modified oedometer apparatus (as described in Section 3.1) was set up at different field projects 

across the United Stated and Canada.   It was only through the collaboration of several soil 

mixing contractors that valuable field data was able to be collected from a total of seven different 

projects.   

The procedure for conducting the field modified oedometer test from an active field site was 

relatively consistent across all sites tested. The testing process involved first obtaining a bulk wet 

grab sample, weighing about 6 kilograms (kg), from a freshly mixed deep mixed column. This 

bulk sample is typically provided by the contractor as part of their quality control sampling 

program. 

After collecting the bulk sample, four test specimens are prepared from it. These specimens 

consist of one that is molded within a typical 3-inch by 6-inch test cylinder and cured without 

any curing stress, and the other three specimens are loaded within the modified oedometers. The 

latter are cured under incremental increasing stresses, representing overburden pressures at 

various depths. 

For each bulk sample data set, curing stresses generally range from 0 psi, 6 to 8 psi, 12 to 15 

psi, and 20 to 30 psi. These applied curing stresses were kept relatively consistent across all sites 

tested. In addition, the procedures also record deformation and consolidation information during 

the curing period.  All test specimens per data set are cured to the same during period, typically 

about 28 days before being tested for unconfined compressive strength using ASTM method 

2166.   
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Preparations of the specimens were conducted in accordance with the specimen preparation 

procedures developed by Onorato and Bonita (2020), based on parametric study of different 

curing conditions. Figure 3.6 presents a photograph of a typical loaded field oedometer 

apparatus.  

Figure 3.6 Loaded modified oedometer cell. 

The field oedometer testing program collected data that included cement-treated soils with a 

range of well-graded sand and clayey sand (SW-SC), clayey-sand and low plasticity clay (SC-

CL), clayey sand (SC), low plasticity clay (CL), and low plasticity silt and clay (CL-ML). This 

comprehensive dataset provided a broad range of grain size distributions, allowing for 

meaningful comparisons of strength data. 

The data shown on Table 3.1 represent the data sets arranged only by the soil type that were, 

not by project site locations.  The linear least squared value (R2) of the raw data is also shown to 

present the linear correlation found within each dataset tested.   The confidence levels of the 

linear fit correlations are indicated using the following guidance. 

Very strong correlation (R2 > 0.75) 

Good to Strong correlation (R2 0.5 < 0.75) 

Poor correlation (R2 < 0.5) 

Due to the high variability of cement-treated natural soils, there are many non-confounding 

variables that could impact the correlations of these field results.  To address this, a set of data 
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validation criteria was established, and all datasets were required to meet these criteria before the 

results could be subjected to analysis.  In general, validation of the data included screening out 

covariant, faulty tests, or incomplete datasets that could inadvertently cause a bias or could 

potentially skew or show a coincidence rather than a correlation within the datasets.   

As a result of this validation standard, a considerable amount of acquired data was removed 

for not meeting the established validation criteria.  See Section 4.0 Data Validation Criteria for 

more details regarding data validation criteria used for this study.  The compiled list of validated 

data group collected from the field laboratory testing is presented in Table 3.2, which includes 

the soil type listed by the USCS classifications, the dry unit weight of the cured soil-cement 

material, γdry (lbs./ft3) the void ratio recorded at the time of UCS testing, e, the unconfined 

compressive strength, qu (lbs./in2), the overburden curing stress, σv (lbs./in2), and the R2 value for 

the raw data set.   

 

Table 3.2 Validated1 Field Oedometer Data 

USCS 
γdry 

(lbs./ft3) 
e 

qu 

(lbs./in2) 

Curing stress 

σv 

(lbs./in2) 

∆qu 

Linear least 

squared fit of raw 

data (R2) 

SC-CL 106 0.50 185 0 0 R2 = 0.80 
 

108 0.46 309 9.0 0.7 
  

 
123 0.17 305 18.0 0.7 

  

 
116 0.39 652 27.0 2.5 

  

        

SC-CL 82.8 1.01 219 0 0 R2 = 0.82 
 

91.6 0.82 495 8.6 1.3 
  

 
93.7 0.79 518 17.3 1.4 

  

 
96.3 0.72 596 25.9 1.7 

  

        

SC-CL 80.4 0.96 273 0 0 R2 = 0.89 

 
 

1 Validated data indicates that the data met all the validation criteria described in Section 4.0 
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Table 3.2 Continued 

USCS 
γdry 

(lbs./ft3) 
e 

qu 

(lbs./in2) 

Curing stress 

σv 

(lbs./in2) 

∆qu 

Linear least 

squared fit of raw 

data (R2) 
 

99.2 0.67 288 4.7 0.1 
  

 
91.1 0.79 574 10.9 1.1 

  

 
92.1 0.75 584 14.0 1.1 

  

        

SC-CL 83.4 0.99 262 0 0 R2 = 0.63 
 

95.3 0.72 535 8.7 1.0 
  

 
99.6 0.67 559 17.5 1.1 

  

 
102.0 0.59 549 26.2 1.1 

  

        

SW-SC 80.7 1.06 259 0 0 R2 = 0.95 
 

93.2 0.78 400 11.7 0.5 
  

 
99.1 0.67 541 23.4 1.1 

  

 
99.6 0.66 580 35.0 1.2 

  

        

SC 87.5 0.91 296 0 0 R2 = 0.62 
 

96.6 0.73 427 12.3 0.4 
  

 
101.7 0.64 510 24.6 0.7 

  

 
104.5 0.57 453 36.8 0.5 

  

        

SC 79 0.89 160 0 0 R2 = 0.95 
 

88 0.88 254 9.0 0.6 
  

 
89 0.83 316 14.2 1.0 

  

 
91 0.90 360 24.1 1.3 

  

        

SC 85 0.90 277 0.0 0 R2 = 0.92 
 

100 0.76 428 9.0 0.5 
  

 
97 0.82 428 14.2 0.5 
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Table 3.2 Continued 

USCS 
γdry 

(lbs./ft3) 
e 

qu 

(lbs./in2) 

Curing stress 

σv 

(lbs./in2) 

∆qu 

Linear least 

squared fit of raw 

data (R2) 
 

98 0.89 518 24.1 0.9 
  

        

SC 76 0.91 167 0 0 R2 = 0.94 
 

86 0.92 292 8.99 0.8 
  

 
88 1.03 303 14.15 0.8 

  

 
87 0.89 380 24.05 1.3 

  

        

SC 79 0.92 126 0 0 R2 = 0.84 
 

84 0.83 241 9.0 0.9 
  

 
83 0.89 213 14.2 0.7 

  

 
86 0.82 294 24.1 1.3 

  

        

SC 77 0.92 170 0 0 R2 = 0.77 
 

86 0.96 326 9.0 0.9 
  

 
89 0.89 296 14.2 0.7 

  

 
89 0.89 361 24.1 1.1 

  

        

SC 74 0.93 173 0 0 R2 = 0.64 
 

85 0.80 264 9.0 0.5 
  

 
83 0.82 226 14.2 0.3 

  

 
84 0.89 273 24.1 0.6 

  

        

SC 75 0.92 212 0 0 R2 = 0.88 
 

84 0.90 348 9.0 0.6 
  

 
84 0.93 355 14.2 0.7 

  

 
85 0.98 410 24.05 0.9 
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Table 3.2 Continued 

USCS 
γdry 

(lbs./ft3) 
e 

qu 

(lbs./in2) 

Curing stress 

σv 

(lbs./in2) 

∆qu 

Linear least 

squared fit of raw 

data (R2) 

CL 76.3 1.15 208 0 0 R2 = 0.53 
 

87.5 0.88 481 4.4 1.3 
  

 
93.0 0.78 542 10.9 1.6 

  

 
90.8 0.83 454 14.0 1.2 

  

        

CL-ML 84.1 0.93 156 0 0 R2 = 0.97 
 

93.6 0.73 409 6.0 1.6 
  

 
97.7 0.63 503 12.0 2.2 

  

 
100.0 0.61 699 18.0 3.5 

  

        

CL-ML 92 0.74 91 0 0 R2 = 0.86 
 

93 0.75 106 9.0 0.2 
  

 
102 0.63 404 18.0 3.4 

  

 
100 0.74 439 27.0 3.8 

  

        
CL 81 0.91 213 0 0 R2 = 0.91 

 
92 0.89 505 9.0 1.4 

  

 
93 0.98 624 14.2 1.9 

  

 
96 1.06 706 24.1 2.3 

  

        

SW-SC 102 0.67 590 0 0 R2 = 0.94 

 105 0.51 740 8.99 0.3   

 108 0.45 793 14.15 0.3   

 107 0.47 856 24.05 0.5   
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3.5 In-situ Stress and Temperature Measurements 

To investigate the internal stresses within a freshly mixed deep mixed column, an in-situ field 

instrumentation testing program was initiated that measures total lateral stress using push-in 

pressure cells installed vertically near the center of a deep mixed column. A distinct vibrating 

wire piezometer was necessary for measuring pore pressures. Unfortunately, due to time 

limitations on the project, the instrument could not be installed.  

The main objective of the in-situ instrumentation program was to observe changes in in-situ 

total and effective lateral stresses and curing temperatures shortly after the deep mixed column 

was created.  The in-situ testing program mainly focused on stresses and temperature changes 

within the first 24 hours of being mixed, however, data was available up to about 68 hours 

providing valuable insight on changes that occur within this curing period.   The collection of 

this data included utilization of a vibrating wire push-in pressure cell (model 4830-1-350KPA) 

manufactured by GEOKON that was provided specifically for the DFI research.  

Figure 3.7 depicts a photograph of the pressure cell instrumentation employed. It's worth 

noting that the pressure cell records stresses that are perpendicular to the flat surface. 

Consequently, when the pressure cell is installed vertically, it measures horizontal stresses.  

Figure 3.7 GEOKON Model 4830 Push-in Pressure Cell 
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The initial field project from which in-situ measurements were collected was a ground 

improvement endeavor situated in the coastal region of Southern Louisiana.  Soil’s being treated 

for this site primarily consisted of low plasticity clay and silt (CL-ML), and the method of deep 

mixing was a specialized mixing tool known as cutter soil mixing (CSM). Unlike traditional 

deep mixed cylindrical columns, the CSM creates a rectangular shaped panel that measures about 

1 meter in width by 2.8 meter in length.        

The instrumentation test was conducted in late 2019.   The pressure cell instrumentation 

started recording stresses and temperature readings approximately 90 minutes after the CSM 

panel was created and continued for 20.3 hours.   The pressure cell was installed about 16.95 feet 

into the CSM panel, and data began recording as soon as the instrumentation was installed. The 

water table at the site was approximately 3 feet below ground surface.  Both horizontal stress 

(Ph) and temperature (T) data were recorded at 15 second intervals.  The Ph data is shown in 

pound per square foot (lbs./ft2).  The temperature was recorded directly in degree Celsius.  Figure 

3.8 shows Ph-data and T-data versus time post mixing collected during the event. 

Figure 3.8 Site 1 in-situ lateral stresses (Ph-data) and temperature readings versus time post 
mixing. 

 

In-situ instrumentation data was also collected at a second site located in central Colorado in 

mid-2020, following a similar methodology as the first site. The soils treated at this second site 
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primarily consisted of silty and clayey sand (SC-SM), and the deep mixing method was 

performed using a traditional 8-foot diameter auger. 

The same type of push-in pressure cell instrument (model 4830-1-350KPA manufactured by 

GEOKON) was used to collect data and it was reported that data began approximately 48 

minutes after the deep mixed column was mixed and the data continued for 67.9 hours post 

mixing.  Ph-data and temperature readings were recorded every 15 seconds.  The push-in 

pressure cell was installed about 16 feet into the deep mixed column. The water table at the site 

was reported to be about 7.5 feet below ground surface.  

Figure 3.9 shows the Ph-data (horizontal stress) and temperature versus time, t post mixing 

recorded during the test event.  For comparison, only the first 20 hours of the data stream are 

shown in the figure. 

Figure 3.9 Site 2 in-situ lateral stresses (Ph-data) and temperature readings versus time post 
mixing. 

 

3.6 Deep Mixed Core Run Strength Data   

The core run data obtained from a selection of deep mixed projects was used to compare 

against the empirical data derived from bench tests and field oedometer test results. Core run 

testing at deep mixed sites is a commonly employed method for quality control in various 
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cement-treated soil applications. The process of coring a deep mixed soil-cement column 

resembles coring drilling in weak bedrock for geotechnical assessments. While this data typically 

provides satisfactory results, it is crucial to recognize that, in certain cases and ground 

conditions, the drilling process can damage the specimens, potentially leading to a 

misrepresentation of their actual in-situ strength. Therefore, when using core data for research 

purposes, these potential flaws must be addressed. 

Furthermore, there are several factors to consider regarding deep mixed materials that affect 

the core run results. Factors such as variations in material consistency, soil types, and installation 

deviations can affect the results. As a result, core run data from deep mixed sites may not serve 

as an ideal analog from a material mechanics perspective when compared to materials tested 

from the same batch mix. However, despite possible inconsistencies within the datasets, it is 

believed that general strength-gaining behavior trends may still exist, allowing for comparisons 

with laboratory and field oedometer data. 

To address the potential issues with the coring data, a data validation process described in 

Section 4.0 was employed to screen out non-conforming conditions, making the coring data 

reasonably comparable to the data presented in this study. 

Various sources of variability need to be considered when utilizing coring data for this study. 

These include geologic variability within the deep mixed column, operational variability, such as 

differences in deep mixed injection parameters (e.g., binder rates and water-to-cement ratios), 

and specimen quality variability. Specimen quality variability can involve the presence of 

unmixed clods, voids within the specimens, the presence of aggregates/shells, or damages to the 

specimens that may have occurred during drilling, as discussed in this section.  

Using the data validation criteria described in Section 4.0, data sets which contained non-

representative conditions were removed from the final core data group.  Details regarding the 

tools and data validation criteria used in this program are described in Section 4.0 Data 

Validation Criteria. 

Table 3.3 presents the entire validated coring dataset identified by the USCS soil type that was 

treated, the calculated overburden stresses, σv and the rate of stress change, ∆qu at each stress 
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interval. Due to confidentiality agreements with the collaborators that provided the coring data, 

actual unconfined compressive strength, qu values are omitted. The linear squared fit value (R2) 

of the raw data is also shown to present the natural correlation found between material strength 

(UCS) and overburden stress within each dataset.   The strengths of the correlations between 

curing stress and material strength exhibited within this data group are represented using the 

following guidance shown below.  

Very strong correlation (R2 > 0.75) 

Good to Strong correlation (R2 0.5 < 0.75) 

Poor correlation (R2 < 0.5) 

 
 
Table 3.3 Validated Core Data Group 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data2 (R2) 

SC-CL 0 0 R2 =  0.89 
 

5.7 0.4 
  

 
11.4 0.7 

  

 
19.4 1.9 

  

 
27.3 1.8 

  

 
31.8 2.2 

  

     

CL-ML 0 0 R2 =  0.92 
 

6.9 1.2 
  

 
13.9 1.6 

  

 
21.5 3.3 

  

 
29.8 7.3 

  

 
32.3 7.1 

  

     

 

 
2 Raw Data Fit is defined as the unnormalized correlation between actual UCS values and overburden stress.     
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Table 3.3 Continued 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data (R2) 

CL-ML 0 0 R2 =  0.97 
 

7.6 0.4 
  

 
12.2 1.2 

  

 
18.4 2.6 

  

 
25.2 3.2 

  

 34.3 6.2   

    

CL-ML 0 0 R2 =  0.96 
 

7.3 1.0 
  

 
15.3 1.5 

  

 
22.6 3.0 

  

 
28.6 4.4 

  

 
34.4 4.9 

  

     

SC 0 0 R2 =  0.82 
 

3.8 0.3 
  

 
8.2 0.1 

  

 
9.2 0.3 

  

 
14.2 0.3 

  

 
19.0 0.6 

  

 
27.6 1.2 

  

     

SC-CL 0.0 0 R2 =  0.98 
 

4.6 0.3 
  

 
8.6 0.4 
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Table 3.3 Continued 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data (R2) 

 
14.7 0.9 

  

 
27.9 2.0 

  

     

SC-CL 0 0 R2 =  0.46 
 

2.7 0.1 
  

 
7.2 1.1 

  

 
15.9 1.4 

  

 
21.3 1.2 

  

 
31.4 1.2 

  

     

CL 0 0 R2 =  0.62 
 

6.3 0.7 
  

 
14.5 0.3 

  

 
18.8 0.9 

  

 
26.8 4.6 

  

 
32.3 3.1 

  

     

CL-ML 0 0 R2 =  0.90 
 

16.7 0.2 
  

 
20.6 -0.2 

  

 
26.0 2.2 

  

 
30.9 4.0 

  

 
34.5 7.0 

  

     

SC 0 0 R2 =  0.74 
 

3.8 0.2 
  

 
11.5 0.2 
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Table 3.3 Continued 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data (R2) 

 
18.1 0.2 

  

 
30.0 2.0 

  

     

CL 0 0 R2 =  0.52 
 

3.2 0.8 
  

 
7.6 0.6 

  

 
9.1 0.9 

  

 
11.7 1.4 

  

 
12.4 1.2 

  

     

CL 0 0 R2 =  0.75 
 

12.9 1.1 
  

 
16.4 1.3 

  

 
17.0 1.1 

  

 
24.5 1.5 

  

 
32.1 2.6 

  

 
32.8 2.0 

  

 
37.8 4.3 

  

          
     

CL-ML 0 0 R2 =  0.92 
 

6.4 0.1 
  

 
12.8 1.7 

  

 
15.2 3.1 

  

 
19.2 3.3 

  

     

CL-ML 0 0 R2 =  0.44 
 

12.8 0.7 
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Table 3.3 Continued 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data (R2) 

 
15.2 4.2 

  

 
17.6 3.8 

  

 
19.2 3.4 

  

     

SC 0 0 R2 =  0.59 
 

11.9 0.3   
 

14.8 0.3 
  

 
18.2 0.3 

  

 
25.2 0.9 

  

 
28.3 0.1 

  

 
33.8 1.5 

  

 
37.5 3.0 

  

     

SC 0 0 R2 =  0.69 
 

16.4 0.7   
 

21.3 0.8 
  

 
25.4 0.6 

  

 
29.1 1.0 

  

 
32.8 2.4 

  

 
36.9 2.6 

  

     

CL 0 0 R2 =  0.79 
 

14.1 1.5   
 

18.9 2.1 
  

 
22.5 1.7 

  

 
26.2 2.4 

  

 
31.1 3.9 

  

 
35.2 6.3 
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Table 3.3 Continued 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data (R2) 

CL 0 0 R2 =  0.89 
 

10.2 0.4   
 

15.1 1.9 
  

 
19.6 1.3 

  

 
23.6 2.6 

  

 
27.6 3.3 

  

 
31.7 3.2 

  

 
35.8 4.9 

  

     

SW-SC 0 0.0 
  

 
8.6 0.0 R2 =  0.68 

 
12.7 -0.1 

  

 
16.8 0.2 

  

 
20.9 0.1 

  

 
25.0 0.4 

  

 
29.1 0.3 

  

 
33.2 0.9 

  

 
44.7 0.7 

  

     
     

SC 0 0.0 R2 =  0.76 
 

12.7 0.4 
  

 
16.8 0.3 

  

 
20.9 0.6 

  

 
29.1 1.1 

  

 
33.2 0.8 

  

 
37.3 1.8 
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Table 3.3 Continued 

USCS 

Curing stress 

σv 

(lbs./in2) 

∆qu 
Linear least squared 

fit of raw data (R2) 

SC-CL 0 0 R2 =  0.86 
 

7.7 0.2 
  

 
11.4 0.9 

  

 
15.0 1.3 

  

 
15.9 0.6 

  

 
22.8 1.5 

  

 
28.4 2.6 
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CHAPTER 4 

DATA VALIDATION CRITERIA 

The data validation program had a primary objective of verifying the alignment of values in 

each dataset with acceptable criteria from a material consistency standpoint. Additionally, it 

aimed to ensure that the independent variables covered a wide range and sufficient quantity to 

minimize the likelihood of coincidental correlations within the dataset, emphasizing meaningful 

connections. The ultimate aim of data validation was to ensure a certain level of quality for the 

comprehensive database. 

This data validation program was built upon a decisional procedure consisting of meticulously 

crafted rules, designed to identify nonconformities like defects, sampling errors, or testing 

inaccuracies. These nonconformities could potentially influence material properties leading to 

inconclusive correlations. The groundwork for this validation framework was laid by Daas et al. 

(2011), who formulated rules based on statistical consistency and the impact of specific variables 

on the overall results. These rules were then applied to the data to determine its eligibility for 

inclusion in the dataset. Data satisfying these rules was considered valid and eligible for further 

analysis. 

A strict data validation program was absolutely critical for this project, given the inherent 

variability present in deep mixed materials from one location to another. Ground conditions, 

operational deviations during production, and material inclusions like unmixed clay, rocks, or 

shells significantly impacted strength values. Due to these complexities, most academic research 

on deep mixed materials was conducted on laboratory-prepared materials with known soil and 

admixture properties rather than taking into consideration the variability of actual field 

conditions. While this information could be valuable for understanding general engineering 

properties and behavior under specific conditions, it might not always be directly applicable to 

real-world scenarios.        
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4.1 Validation Rules 

A comprehensive system was derived comprising of three distinct levels of validation rules, 

each tailored to the specific tier or analysis being conducted. The purpose of these validation 

levels and rules was to identify and filter out erroneous, inconsistent, or non-representative data 

from the datasets. The assignment of validation levels was based on the influence that each 

variable could exert within the data group. 

In the data validation program a multi-tiered approach was employed to scrutinize the dataset 

thoroughly. At level 0, a comprehensive assessment was conducted to ensure the dataset's overall 

consistency and integrity. This initial stage aimed to identify any potential anomalies or 

discrepancies that could impact the entire dataset. 

Subsequently, the analysis progressed to levels 1 and 2, where a more granular examination 

took place, focusing on specific subsets of data. Here, the goal was to explore the consistency of 

individual components within these subsets and investigate their interrelationships. This deeper 

level of scrutiny aimed to uncover any localized variations or irregularities that might not be 

apparent at the higher level of analysis. 

By adopting this tiered approach, the system aimed to enhance the reliability and accuracy of 

the data. The process involved filtering out any data points that exhibited inconsistencies or 

appeared to deviate significantly from the expected patterns, thus minimizing the potential for 

distorting the overall analysis and ensuring the dataset's robustness for further research and 

conclusions.  Level 0 validation rules apply to all acquired datasets.  Level 1 validation rules 

apply to data that have met all the level 0 validation rules but are datasets used for trend analysis.  

Level 2 validation rules apply only to the extrapolation of specific data points required for 

analysis; and only applies to datasets that have met all the criteria of Level 0.   

The primary purpose of the first level of validations (Level 0) is to eliminate any conditions 

that could lead to unrepresentative values in the dataset. It also ensures that the sample size is 

sufficiently large to reduce the likelihood of coincidental occurrences within the data. By 

performing these checks, the validation process aims to establish a more accurate and reliable 

representation of the underlying data. Level 0 rules include are described in Table 4.1. 
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Table 4.1 Level 0 Validation Criteria 

Rule 
number Level 0 Rules Description 

1 Minimum 
Dataset Size 

A complete dataset must include at least four consecutive 
data points. 

2 Overburden 
Stress Range 

The minimum range between the first and last data value 
must represent a depth range of at least 10 feet (or 7 psi). 

3 Outlier 
Removal Outliers may be removed if criteria (1) and (2) are met. 

4 Exclusion 
Criteria 

Data from test specimens with recorded unmixed clods, 
voids, or shells are excluded. 

5 Binder Rate 
Consistency 

The binder rate and water-to-cement ratio must be consistent 
within the entire dataset. 

6 Soil Type 
Consistency 

The soil type must be relatively consistent within the entire 
dataset. 

    

At the Level 1 data validation stage, the objective is to enhance the precision of data trends 

without introducing substantial alterations to the overall results. This refinement process involves 

cross-referencing the observed strength gain for specific soil types with data obtained from two 

additional sources: the bench test and the laboratory field oedometer data, and/or coring testing 

results data.   

By selectively removing lower fit datasets, the goal is to "tighten" the range of data points, 

resulting in a more precise correlation. Table 4.2 outlines the level 1 validation criteria that must 

be met before data is evaluated.  This step contributes to improving the reliability and accuracy 

of the findings without significantly influencing the overall outcome of the analysis. It allows for 

a more nuanced understanding of the strength gain patterns and the interrelationships between 

different soil types, enhancing the validity of the conclusions drawn from the research.  Before 

Level 1 rules are applied to any dataset, Level 0 criteria must be met.     
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Table 4.2 Level 1 Validation Criteria  

Rule 
number 

Level 1 
Rules Description 

1 Qualified 
Dataset Data must meet all Level 0 validation criteria 

2 Correlation 
strength 

Raw or un-normalized dataset must have minimum least 
squared linear fit (R2) of 0.80 of higher. 

3 Dataset 
correlation 

Raw or un-normalized dataset trends must not contain any 
extrapolated or data fitted points.  

   

At Level 2 data validation, the focus is solely on core run datasets that lack unconfined 

compressive strength data for a specific condition where no overburden stress was tested. In such 

cases, this datapoint is used solely to extend the linear correlation line to predict strength without 

the influence of overburden stress. 

The primary goal here is to ensure that the inclusion of this datapoint does not have a 

significant impact on the slope of the strength gained when including the fitted value. By 

carefully considering this extension, the hopes were to maintain the integrity of the strength gain 

data trend while accounting for the absence of overburden stress data to develop an empirical 

relationship from that point. This validation process is essential to avoid any distortion in the 

overall correlation and to ensure the accurate representation of strength gained in the absence of 

relevant testing conditions.        
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Table 4.3 Level 2 Validation Criteria 

Rule 
number 

Level 1 
Rules 

Description 

1 Qualified 
Dataset Data must meet all Level 0 validation criteria 

2 Qualified 
Data Points 

When fitted values are used to complete a coring dataset, 
the UCS value with no overburden stress must be within 
one standard deviation of the average wet grab UCS 
strength for that entire dataset, if available. 

3 
Qualified 

correlation 
guideline 

The best linear square fit (R2) for a dataset using a fitted 
data point cannot be higher than the unnormalized linear fit 
without the fitted data point.    

 

4.2 Data Fitting 

Data fitting serves as a valuable tool to refine correlations within specific datasets, enabling 

the combination of research data from various sources into a unified model. In this study, data 

fitting is employed solely to extrapolate an estimated unconfined compressive strength value at a 

curing stress of zero (qu,0). This application is particularly relevant to the collected coring run 

data, where strength values were provided at specific depths within the column, but UCS values 

for specimens cured without confinement are typically missing. 

To be considered for inclusion, all fitted datasets must meet the stringent data validation 

criteria for Level 0 without any fitted data being incorporated initially. Any dataset failing to 

satisfy the Level 0 data validation requirements was excluded from the entire data group. 

To accomplish the fitting of qu,0, a residual sum of squares (RSS) method with the objective of 

establishing the best linear fit between the dataset with the predicted qu,0 data point and the 

dataset without this datapoint. The fit is further assessed using the RSS, R2 value, and slope of 

the regression lines. Equation 4.1 represents the RSS calculation:  

 

                              (4.1) 𝑅𝑅𝑅𝑅𝑅𝑅 =  ��𝑞𝑞𝑢𝑢,𝑧𝑧 − 𝛽𝛽𝑜𝑜� − 𝛽𝛽1�𝜎𝜎𝑧𝑧�
2

𝑛𝑛

𝑧𝑧=1
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Where,  𝛽𝛽0� is the estimated qu,0 value (psi) and 𝛽𝛽1� is the slope of regression line of the 

unnormalized dataset, σz is the confinement stress at a depth z (psi), and qu,z is the measured 

UCS value from the coring data at depth z (psi).  

This approach allows for the estimation of qu,0 values, enhancing the completeness and 

applicability of the dataset for further analysis and modeling.     
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter evaluates the data and discusses the influence of overburden curing stress on the 

strength of deep soil mix materials. The initial section discusses the parameter (Δqu) defined by 

Equation 2.1 used to normalize the datasets, allowing for an equal comparison of the influence of 

overburden stress across all data sources. Next, the results of the data are evaluated from the 

three primary sources, each of which is discussed in the following order: laboratory prepared 

bench tests, field oedometer testing using materials from a deep mixed site, and strength data 

obtained from soil mix cores conducted on active deep soil mix projects. 

After the main body of data and analyses, the subsequent section evaluates the results of two 

in-situ pressure cell tests conducted at active deep mixed sites. Furthermore, the last two sections 

present and discuss related analyses that compare the recorded heat of hydration from the in-situ 

tests with the heat of hydration collected from bench test specimens cured at ambient laboratory 

temperatures. 

Concluding this chapter, a desktop evaluation examines the effects of water-to-cement ratio 

on UCS (unconfined compressive strength) results, both from actual data and empirical 

relationships. Additionally, it includes a comparison of the rate of strength change (Δqu) 

observed from the effective water-to-cement differences calculated within the consolidated 

specimens presented alongside the bench studies conducted as part of this study.       

         

5.1 Rate of Strength Change (∆qu) 

The parameter of rate of change, Δqu (Equation 2.1) is a crucial measure used to assess the 

influence of overburden stress on deep soil mix material strength across different soil types and 

different binder rates.  It represents the change in unconfined compressive strength (UCS) under 

different curing stresses.  It is further theorized that the slope of this rate of strength change is 

influenced by the specific base soil types that are being treated.  The parameter ∆qu has been 
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instrumental at identifying the key dependent variables that influence strength gains of cement-

treated soils produced via deep mixing.    

The meaning of Δqu as it related to this study lies in its ability to quantify the relative strength 

difference across the different data sources reviewed for this study.  By comparing the slope of 

UCS rate of change under various curing conditions and across different data sources, this data 

reveals insights into how both overburden stresses and different soil types influence in-situ 

strength. 

The purpose of Δqu is comprehensive, and include: 

Evaluating the Influence of Curing Stress: Δqu allows assessment of how overburden curing 

stress influences the strength properties of deep soil mix materials in-situ. It helps to identify 

whether material properties significantly affect the changes in strength when subjected to varying 

degrees of in-situ confinement, providing insights into material behavior under different 

conditions. 

Normalization and Comparison: By normalizing the datasets using Δqu, Onorato and Bonita 

standardized the comparison of UCS values from different sources. It ensures a fair comparison 

between laboratory prepared bench tests, field oedometer testing, and strength data obtained 

from soil mix cores, enabling a comprehensive analysis across various data sets. 

Evaluating Material Performance: The rate of change parameter is an essential tool to assess 

the expected performance and suitability of deep soil mix materials for specific engineering 

applications. It aids in identifying the ideal conditions for optimal material strength, which can 

inform design considerations for ground improvement applications. 

Empirical estimations of in-situ strengths: The parameter of Δqu also facilitates an empirical 

relationship between overburden curing stress and soil types so that a UCS value could be 

estimated based only on a wet grab specimen that was cured without overburden stress.  

Overall, Δqu is an integral parameter in deep soil mix research, offering valuable insights into 

the material's strength characteristics under varying curing conditions. It enables engineers to 

make informed decisions regarding the estimated in-situ strength when actual strength data is not 
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readily available or easily obtained.  Having insight into the empirical estimated of in-situ 

strength also assists engineers with the evaluation of quality control data on a project. 

 

5.2 Laboratory Bench Testing Results 

This section discussed the relationships uncovered from the results of several bench tests 

conducted as part of the study.   The first bench test was conducted using a well graded sand 

(SW) as a base soil which showed a relatively modest strength gain relationship.  Having only 

limited information, this result only demonstrated that curing stress indeed had an influence on 

the strength of the mix.  It wasn’t until a broader range of data was evaluated using a variety of 

soil types that it became apparent that soil type or more specifically grain size may also have an 

influence on the rate of which strength gains in-situ.      

Using other data sources including field oedometer testing and core run data, it was concluded 

semi-quantitatively that the treatment fine-grans soils demonstrated higher strength gains than 

granular soil.   It is recognized, however, that the relationship of strength gains and soil types 

were based solely on just observations of all normalized field data, which could present some 

degree of inconsistency due to material variances of this type of unvalidated field data.    

To better measure these observations, two additional controlled laboratory bench tests used 

fine grain soils to quantify the preliminary findings.  A controlled bench study eliminates the 

many inconsistencies that would normally be present in actual field work.   The second bench 

study conducted in 2020 consisted of a high plasticity clay (CH) at the base soil type; this bench 

test was referred to as “BT-2”.    

Reports during the testing process provided valuable insight into the behavior of cement-

treated mix that included high plasticity clay as curing loading was applied.  It was reported that 

during the loading of the oedometer cell, consolidation of the specimens ceased within a few 

minutes, and that both the upper and lower porous stones had clogged, thereby ceasing drainage 

out of the specimens.  This information provided important insight into the limitations that high 

plastic clays have in short-term consolidation and helped to understand the role that drainage and 
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consolidation have on strength gain. Table 5.1 presents important parameters, strength changes, 

and volumetric information from BT-2 that is considered for evaluation of the bench test.  

Table 5.1 Summary of BT-2 strength, density, and volumetric data 

Dry Density 
kN/m3 (lbs./ft3) 

Void ratio*  
e 

UCS 
qu 

kPa (lbs./in2) 

Applied 
Curing 
Stress 

σv 
kPa (lbs./in2) 

Rate of 
Change 

∆qu 

Height of 
specimen, 

H  
cm (in) 

9.0 (57.4) 1.88 464 (67.4) 0 (0.0) 0.01 15.19 (5.98) 

8.4 (53.3) 2.10 530 (76.9) 59 (8.5) 0.14 14.10 (5.55) 

8.6 (54.8) 2.02 345 (50.0) 88 (12.7) -0.26 14.91 (5.87) 

8.0 (50.8) 2.26 595 (86.4) 183 (26.5) 0.28 14.96 (5.89) 

*Void ratios were estimated using Equation 5.1 (Das, B., 1941) 

                              

(5.1) 

  

Where, Gs is the specific gravity of the base soil (2.65), γdry is the dry unit weight of the soil-

cement specimen, and γw is the unit weight of water (62.4 lbs./ft3).   

The results in Table 5.1 show that consolidation of the specimens ceased very early on the 

loading process and that material properties were irregular.  Consequently, the strength results 

show no significant correlation with either applied curing stress, and interestingly nor was there a 

relationship between strength and the amount of consolidation (height of the specimens) as well.   

This appears to be an indication that the material is not draining; therefore, not consolidating.   

𝑒𝑒 =
𝐺𝐺𝑠𝑠𝛾𝛾𝑤𝑤
𝛾𝛾𝑑𝑑𝑑𝑑𝑑𝑑

− 1 
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Figure 5.1 shows the relationship of overburden curing stress (σv) to the rate of strength increase 

(∆qu), again showing no significant correlation.        

Figure 5.1  BT-2 relationship of applied curing stress, σv to the rate of change in unconfined 
compressive strength, ∆qu   

     

The bench test results are interesting, showing similarities with most evaluated coring sample 

runs involving high plasticity clays treatment. The linear square fit for this dataset has a low R2 

value of less than 0.20, indicating limited confidence in strength dependence on confinement 

stress during curing.  

Poor-quality intermixing of grout within the soil matrix contributes to lower and less 

predictable strength gains. Despite efforts to achieve thorough mixing, hydrophobic properties of 

plasticity clays hinder complete intermixing, resulting in a heterogeneous composition.  Figure 

5.2 shows a conceptual illustration of a typical high plastic clay-cement material composition.    
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Figure 5.2 Illustration of a typical mix heterogeneousness with highly plastic clays. 

 

As illustrated in Figure 5.2, soil-cement mixtures commonly exhibit a heterogeneous 

composition when mixing plastic clays, resulting in the presence of unmixed clods seen both in 

wet grab samples and within core run specimens.  Moreover, the composition of the material 

may contain aggregates, voids, or pockets of porewater, all of which can influence the 

unconfined compressive strength (UCS) values of tested specimens. This condition presents 

great challenges to engineers attempting to evaluate the strength and mechanical properties of 

these materials in-situ.   

Another significant factor contributing to the limited strength gains in this scenario is the low 

permeability of plastic clay. During the early stages of curing, drainage and consolidation are 

hindered, limiting interparticle contact (adhesion). Consequently, the material's ability to gain 

strength with confinement pressure during curing is restricted. These combined factors 

underscore the challenges in achieving substantial strength improvements for soil-cement 

mixtures involving plastic clays. 

To gain a better understanding of the strength gain behavior of cement-treated fine-grain soils, 

particular to the observations seen within the field oedometer and core run data, a third 

controlled laboratory bench test using a low plasticity fine-grain (ML) soil as the base soil type. 

This specific bench test was referenced as BT-3. 

The purpose of BT-3 was to provide additional insights into the strength development of 

cement-treated fine-grain soils and to complement the findings from the other data sources. By 

Soil-cement mixture 

Unmixed clay clods 

Pockets or lenses of 
pure grout 
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conducting a controlled laboratory test, the aimed was to compare the results against the 

observed strength behaviors seen in the field oedometer and core run data. 

Upon analyzing the results of BT-3, a linear strength gain was observed. This data aligned 

with the other observed data sources, reinforcing the reliability and consistency of the overall 

findings. 

Table 5.2 presents key information, including the rate of strength changes, density 

measurements, and volumetric data obtained from BT-3. These parameters provide valuable 

insights into the strength development mechanisms that are occurring during the curing process 

under stress. 

By combining the results from the field oedometer, core run data, and the bench test BT-3, the 

study gains a more comprehensive understanding of how cement-treated fine-grain soils respond 

to various curing stresses.  

Table 5.2 Summary of BT-3 strength, density, and volumetric data 

Dry Density 
kN/m3 (lbs./ft3) 

Void ratio*  
e 

UCS 
qu 

MPa (lbs./in2) 

Applied 
Curing Stress 

σz 
kPa (lbs./in2) 

Rate of 
Change 

∆qu 

Height of 
specimen, 

H  
cm (in) 

15.7 (100.1) 0.65 4.58 (665) 0 (0) 0 15.09 (5.94) 

16.9 (107.3) 0.54 9.74 (1,415) 41 (6) 1.13 14.12 (5.56) 

17.4 (110.5) 0.50 12.23 (1,775) 83 (12) 1.67 13.92 (5.48) 

17.6 (112.2) 0.47 13.53 (1,965) 124 (18) 1.95 13.18 (5.19) 

*Void ratios were estimated using Equation 5.1. 

 

Figure 5.3 shows a key relationship between applied overburden stress (σz) to the rate of 

strength increase (∆qu) for the low plasticity clay soils, which are dramatically different than the 

results using high plastic clays.  The results show a consistent trend in density increases and void 

ratio reduction as would be expected with consolidation.   
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Figure 5.3 BT-3 relationship of applied curing stress, σv to the rate of change in unconfined 
compressive strength, ∆qu. 

 

A comparison of the laboratory bench test results shows that strength gains were influenced 

by curing stresses and soil type (or more specifically grain sizes) have an influence on the rate at 

which strength is gained.  The results showed that fine grain soils had a greater rate of strength 

gain than granular soil.  An exception to these trends in strength gain being observed appears to 

be with high plasticity clays which do not appear to show strength gain. This is likely due to the 

low permeability of the clay and the lack of drainage and consolidation.   Figure 5.4 presents a 

comparison of the rate of strength gains, ∆qu for both the granular bench test (BT-1) and the fine 

grain soil bench test (BT-3).   
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Figure 5.4 Comparison of ∆qu for BT-1 (SW) and BT-3 (ML) 

 

The comparison of volumetric changes in specimen height (Δh) to the applied curing stress 

between BT-1 and BT-3 offers valuable insights into the drainage and consolidation behavior 

during the curing process when a curing stress is applied.  Figure 5.5 shows the relationship of 

∆h and applied stresses during the curing process.    

Figure 5.5 Relationship between ∆h and applied curing stress for SW and ML soil types.   
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By comparing these results, the specimen with finer grain particles (ML) exhibits greater 

volume change per applied curing pressure, which is expected given that a greater void ratio was 

reported within the ML treated specimens.  It’s important to point out that the ∆h changes that 

are reported are for different cured specimens and not the deformation that occurs during the 

curing process.  In both cases, the stress to volume change appears to be roughly linear.   

Figure 5.6 presents a different look at the volume changes between the two bench tests by 

examining the changes in void ratios recorded between the cured specimens.  

Figure 5.6 e log σv relationship between cured specimens for each treated soil type.        

 

Based on the changes in void ratio between these two bench tests, consolidation of the SW 

specimens appears to be reaching a maximum, whereas the ML specimens were continuing to 

decrease.   It can be theorized that hydraulic conductivity, k of the treated soil has significant a 

role in the amount of consolidation that can take place as the treated material cures, as the time at 

which consolidation can occur is limited by the cement hydration bonding taking place.   Treated 
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materials with greater permeability such as sands, can reach a denser state; however, this this 

does not necessarily correlate to higher strengths of the material, which is evident by the 

unconfined compressive strength results.    Figure 5.7 shows the relationship between dry density 

of the specimens and curing stresses applied.           

 

Figure 5.7 Relationship between dry density, γdry and applied curing stress, σv for SW and ML 
soils. 

 

The information provided in Figure 5.7 shows that the granular soil reaches its point of 

maximum density at a much lower curing pressure compared to the fine-grained soil throughout 

the curing process. One possible explanation for this observation is the faster drainage of the 

specimens. On the other hand, for non-granular soils, such as cohesive soils (e.g., clayey soils), 

the drainage of water is slower due to smaller capillaries and attractive forces between the 

particles. Consequently, achieving the point of maximum density may require a higher curing 

pressure and a longer consolidation time. While this process seems to follow typical 

consolidation theory, it does not alone directly explain the mechanisms that are driving the 

greater rate of strength gains observed in fine-grained soils compared to granular soils.    
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5.3 Evaluation of Field Oedometer Data 

It was found that approximately 80 percent of field oedometer exhibited a very strong 

correlation, with a linear squared regression (R2) value of 0.75 or greater, indicating that the 

observed strength gains during testing were significantly influenced by the applied overburden 

curing stress. About 20 percent of the datasets showed R2 values slightly below 0.75, and none of 

the validated datasets had an R2 value of less than 0.5.  

A total of 13 datasets met the Level 1 data validation rules established by the validation 

program.    For comparison, the datasets were combined by specific soil types into a single linear 

regression model, this data is shown on Figure 5.8.  Soil types include clayey sand (SC), clayey 

sand to lean clay (SC-ML), and lean clay/silt (CL-ML), and well graded sand and sandy-clay/silt 

(SW-SM).   The best linear regression lines are shown on the figure for each of the combined 

soil type datasets.   Linear regression fits for each of these datasets show very strong correlations 

that the rate of strength gains was influenced by curing pressures having R2 values of 0.94 for the 

SC group, 0.92 for the SC-ML group, 0.91 for the CL-ML group, and 0.97 for the SW-SC group.    

Figure 5.8 shows the relationships between the rate of strength gains to the applied curing 

stress for the four different soil group types.  Slope equations for each of the datasets are also 

shown on the figure, showing slope coefficient that influences the rate of strength gain for each 

of these soil types.   Each soil group represents slightly different gradation distributions from a 

blend of more granular soil (SW-SC) to primarily fine grain soil (ML-CL). For comparison, the 

data from the two bench tests are also shown on Figure 5.8 to compare bench test results against 

the broader field oedometer data.  It’s important to note that none of the soil groups contained 

highly plastic clay soils.  
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Figure 5.8 Comparison of the influence of soil type on the rate of strength gains, ∆qu from the 
field oedometer datasets  

 

Based on a comparison of these results, the influence of soil type or more specifically grain 

size can be seen on the rate of strength gains.  Cement treated soil with greater amounts of fine 

grain particles exhibit a higher rate of strength gained when cured under overburden stresses.  As 

shown on Figure 5.8, the field oedometer results show a strong correlation with rate of strength 

gain relationship observed within the bench studies.    

The relationships shown in Figure 5.8 allow for engineers to make reasonable empirical 

estimations of in-situ unconfined compressive strength based on a typical QC wet grab specimen 

cured at ambient atmospheric conditions, the treated soil type, and a depth of interest.    

Equation 5.2 was derived to approximate a UCS value (qu) at a certain depth based on a UCS 

value qu,0, depth z, and the soil type being treated.  To estimate a UCS value at depth, a 

dimensionless coefficient (α) can be used for the treated soil type.  Table 5.3 provided a 

suggested α for soils that classify as SP, SW-SC, SC, SC-CL, and CL. 
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                              (5.2) 

Where, qu, predicted is the estimated UCS value at depth z, qu,o is the UCS value of a soil-cement 

specimen cured with no overburden pressure, α is the strength gain coefficient based on soil type 

(see table 5.3), and σv is the estimated overburden pressure at depth z (feet or meter).  Curing 

pressure during the freshly mixed stage of deep mixed column is assumed to be hydrostatic, 

which can be estimated using Equation 5.3.  

                             (5.3) 

Where, γsc,wet is the unit weight of freshly mixed (wet) soil-cement material, z is the depth of 

interest within the deep mixed column.  Table 5.3 provides the range values of α, based on the soil 

type being treated.  Predicted coefficient α represent a range of about +/- 20 percent in rate of 

strength gain within each soil type.             

Table 5.3  Predicted Strength Gain Coefficient α 
Soil Type α 

SP >70 

SW-SC 27 - 70 

SC 16 - 27 

SC-CL 11.5 - 16 

CL 7 - 11.5 

CL-ML  ≤ 7 
 

5.4 Comparison of Core Data to Predicted ∆qu  

Coring data for this study is used as an independent verification.  The objective is to confirm 

the findings of a study by collecting uncontrolled data from non-research specific sources.  

Independent verification is crucial to ensure the reliability and credibility of research outcomes, 

as it helps to determine if the observed effects are consistent with actual field conditions.  The 

goal is to ensure that the findings are not simply the result of chance or bias and can be replicated 

or supported by other independent investigations.  Independent verification provides an 

𝑞𝑞𝑢𝑢,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑞𝑞𝑢𝑢,0 +  
𝑞𝑞𝑢𝑢,0(𝜎𝜎𝑧𝑧)

α
 

𝜎𝜎𝑧𝑧(𝑧𝑧) = 𝛾𝛾𝑠𝑠𝑠𝑠, 𝑤𝑤𝑤𝑤𝑤𝑤(𝑧𝑧) 



 

58 
 

important means of assessing the robustness and accuracy of research findings and increasing 

confidence in the results. 

As explained in Section 3.6, the imperative necessity of corroborating the coring data cannot 

be overstated, as it is paramount to ensure its portrayal of a nearly homogenous material. Failure 

to do so may lead to substantial distortion in the research outcomes.   

The core datasets comprised of 21 core runs that satisfied the Level 0 data validation criteria 

described in Section 4. Among these datasets, approximately 62 percent of the unnormalized 

data exhibited a highly robust correlation (R2 greater than 0.75) signifying a dependency of 

strength gain on overburden pressure during curing. Additionally, about 29 percent of the 

validated datasets demonstrated a good to strong correlation (R2 between 0.5 and 0.75) as 

determined by the best linear square regression of the data. However, it is important to note that 

10 percent of the data group exhibited an R2 value lower than 0.5, indicating lower confidence in 

the correlation observed in these cases. 

The presence of slightly lower R2 values in the parametric regression analysis of the core data 

group was expected, considering the potential existence of confounding variables within the 

datasets, which might not have been identified during the Level 0 data validation review. These 

confounders could encompass unaccounted variations in additive binder rates between 

specimens, diverse soil conditions, or the influence of damage or inclusions in the tested coring 

specimens, all of which could impact the recorded strength values. 

Despite these potential confounding factors, it is noteworthy that 90 percent of the overall data 

group still exhibited a significant and favorable correlation between confinement stress during 

curing and the strength values. Moreover, a substantial majority of the datasets included more 

than five individual depth variables, which considerably diminishes the likelihood of 

coincidental correlations. This strengthens the credibility of the observed relationships between 

confinement stress and strength values in the research findings. 

To enhance the comprehension of the correlation, a non-parametric analysis using Spearman's 

rank correlation was conducted. This method is well-suited for assessing the strength of a 

relationship between two variables, particularly when dealing with monotonic functions, as 



 

59 
 

observed in this study. The results of the analysis revealed a significant outcome, indicating that 

there is a high level of confidence (95.2 percent) in the existence of a very strong correlation 

between curing stress and the unconfined compressive strength values within the coring data 

group. This finding further reinforces and solidifies the relationship observed between these 

variables and bolsters the validity of the research conclusions. 

Figure 5.9 presents this data graphically, while Table 5.4 provides a comparison of α 

coefficients calculated from the inverse of the slope of the linear regression lines for each soil 

type.  

Figure 5.9 Estimated coefficient α values for soil types based on independent core run strength 
data. 

 

 These results show a strong correlation between the laboratory bench tests and the field 

oedometer strength gains for similar soil types.  Table 5.4 presents a table that compares the 

estimated α values from the core data to the predicted range of α values.     
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Table 5.4 Comparison of coring data α to predicted α coefficients.  

Soil Type α  
(predicted) 

α 
(Core data) 

SW-SC 27 - 70 - 

SC 16 - 27 28.9 

SC-CL 11.5 - 16 13.9 

CL 7 - 11.5 7.9 

CL-ML ≥ 7 7.0 
 

The coring group data showed excellent agreement to the predicted strength gains, with the 

slight exception of the SC dataset.  In general, these results do confirm that in-situ strength gains 

in the field under uncontrolled conditions do exhibit the predicted strength gains in the field 

under the right conditions.        

 

5.5 BT-3 Heat of Hydration Measurements 

A preliminary assessment of the heat of hydration temperatures measured during the BT-3 

bench test was compared against the measurements of the in-situ tests. The objective of this 

assessment was to determine if notable variations in curing conditions are present. 

After analyzing the temperature ranges measured during the BT-3 study, it became evident 

that the data comprehensively captured the entire heat of hydration cycle for the reaction.  Most 

of the heat generated during the hydration process seemed to be completed within about 24 

hours. Subsequent temperature fluctuations seemed to be influenced by variations in atmospheric 

temperature within the laboratory environment. This influence was particularly notable in the 

consolidated cell specimens, which were more exposed to the daily temperature changes 

occurring within the laboratory.  The unconsolidated specimen (cured under no stress), on the 

other hand, did not display these temperature fluctuations as the specimen was placed within a 

cooler, shielding it from direct exposure to changes in surface air temperatures. 
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By averaging the daily fluctuations between night and day, the ambient air temperature in the 

laboratory was estimated to be around 22.5 °C (72.5 °F) after about 36 hours. This temperature 

was considered as the concrete temperature at the start of the experiment (t0 = 22.50 °C) and was 

used to compare the total heat generated during the cement reactions in-situ.  

The temperature data records an initial rise in temperature changes then a steady drop until the 

concrete reaches’ ambient laboratory room temperatures. The changes in temperatures can be 

directly attributed to the concrete hydration process that undergoes five recognized stages of 

cement hydration (Mehta, P.K., and Monteiro, P.J.M., 2014).  The five stages of cement 

hydration include: 

Stage I: Pre-induction period - This initial stage involves the period of initial heat release as 

the cement comes into contact with water, initiating the hydration process. 

Stage II: Induction/Dormant period - During this stage, there is a temporary abatement or 

decrease in temperature, which can be observed after the initial heat release. It is also referred to 

as the dormant period. 

Stage III: Acceleration period - This stage is characterized by a significant increase in 

temperature and is considered the strength-gaining phase of the hydration reaction. During this 

phase, the hydration process is in full swing, and the concrete gains strength rapidly. 

Stage IV: Deceleration period - In this stage, the Calcium-Silicate-Hydrate (C-S-H) reaction 

has largely run its course, and temperatures start to decrease. This decrease in temperature is due 

to a reduction in ionic diffusion and is not a result of the C-S-H reaction itself. 

Stage V: Steady-state period - This final stage marks the point where the rate of heat flow 

becomes relatively constant and complete. At this stage, the hydration process has reached a 

stable state. 
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The curing temperatures and stages of hydration are annotated in Figure 5.10 below shown for 

the first 24 hours of the experiment. 

Figure 5.10 BT-3 Specimen curing temperatures and stages of hydration, first 24 hours. 

 

Clear distinctions in hydration temperature are evident due to the varying levels of 

confinement pressure applied. Although these differences are subtle, Figure 5.10 demonstrates a 

discernible correlation between confinement stress and the heat of hydration. The specimens 

subjected to no confinement stress exhibited the lowest maximum temperature (25.41 °C), while 

the specimen under the greatest applied stress showed the highest maximum temperature (26.55 

°C). Correspondingly, different confinement stresses led to distinct maximum temperature gains. 

This correlation is particularly noticeable during Stage 3, the acceleration period, which 

represents the strength gain phase of the hydration process. 

 

In general, the temperature versus time sequence follows a somewhat typical pattern for 

concrete hydration, with maximum temperature ranges shown at about 5 hours after mixing.  

Further comparisons of these readings with in-situ temperature data collected from the field 

within an actual deep mixed column are provided in Section 5.7 below.   
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5.6 In-situ Stresses During Curing  

As part of this study, the results of in-situ pressure cell measurements obtained from within 

two distinct deep mixed columns were analyzed. The primary objective was to gain valuable 

insights into the magnitudes and variations of internal lateral stresses occurring during the curing 

process. By analyzing these measurements, the author aimed to gain an understanding of the 

magnitude and changes in horizontal stresses that are occurring within the soil-concrete mass. 

The goal was to gain insight into the internal stresses that may be driving consolidation which is 

theorized may be responsible for the observed strength gains observed.   

As detailed in Section 3, measurements of in-situ horizontal stresses commenced around the 

time when the deep mixed columns were freshly mixed. The timing of the data stream in relation 

to the curing phases of the material holds significant importance as it provides context due to the 

evolving phases of hydration occurring within the initial hours. 

By initiating the stress measurements near the time of mixing, the study aimed to capture the 

dynamic changes in stress distribution and development during the early stages of curing. This 

period is critical as the cementitious material undergoes rapid hydration, transitioning from the 

plastic to the hardened state. Understanding the stress variations during this crucial time frame 

helps to characterize the consolidation processes within the deep mixed columns. These insights 

are essential for interpreting the mechanical behavior that could shed light on the strength 

gaining mechanisms that take place within the material during the early curing phases. 

Figure 5.11 shows the changes internal horizontal stress (Ph data) for the first 22-hours post 

mixing for Site 1.  Ph-data was converted into feet by dividing the wet unit weight of the soil-

mixed material (𝑃𝑃 𝛾𝛾𝑠𝑠𝑠𝑠,𝑤𝑤𝑤𝑤𝑤𝑤� ).   By converting into feet, the stresses can be viewed relative to 

ground surface.  For site 1, the pressure cell was installed at a depth of 16.95 feet and 

groundwater was estimated to be about 3 feet below ground surface.  By interpreting Ph/γsc,wet (in 

feet), it can be observed that stresses at the pressure cell depth reached the total horizontal stress 
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(σh) based on the wet unit weight of the deep mixed material; thus, confirming an important 

assumption made in Equation 5.2.    

Figure 5.11 Site 1 Relationship between in-situ P/γsc,wet data, total, and effective in-situ stresses 
versus time (t) post mixing – first 24 hours. 

 

Considering Figure 5.11, it proves challenging to identify all the specific stresses that 

contribute to shaping the observed profile.  Nonetheless, the measurements from both sites 

produced similar shapes.  It can be reasonable assumed that when the probe is first inserted, the 

soil-cement column, in the fresh state, exhibits little to no shear strength, thus vertical and 

horizontal stresses are likely the same (hydrostatic).  As the soil-cement mixture undergoes the 

hardening process, its shear strength progressively increases. Consequently, it can be inferred 

that horizontal stresses should likely be decreasing concurrently.  The observed decrease in 

horizontal stress may be evidence of this process. It appears that horizonal stresses then reach a 

point of some state of effective horizontal stress before stresses start to increase again.  The latter 

observation of increasing horizonal stresses is difficult to understand with additional information.  

However, it's conceivable to hypothesize that the soil-cement mixture might still be in a 

relatively plastic state, exhibiting behavior akin to that of an over-consolidated clay. In such a 

scenario, the coefficient of horizontal stress (Ko) could be on the rise, possibly reaching values of 

1 or even greater. This hypothesis could potentially offer an explanation for the observed 

elevation in horizontal stress.  Eventually once the soil-cement column completes its hardening 
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process, it can be anticipated that the horizontal stresses within the mass will ultimately approach 

zero. 

Figure 5.12 shows a similar horizontal stress pattern for Site 2.  For this site, the pressure cell 

was installed to a depth of 16 feet, and the groundwater water was reported to be about 7.5 feet 

below ground surface.  Total stresses were calculated based on an average unit weight of 105 

lbs./ft3 the wet deep mixed material.      

Figure 5.12 Site 2 Relationship between in-situ P/γsc,wet data, total, and effective in-situ stresses 
versus time (t) post mixing – first 24 hours. 

 

The pressure cell data from Site 2 reveals a notable similar pattern in changes in horizontal 

stresses. During this time, factors like consolidation and dissipation of excess pore pressures may 

also be factors affecting these stress changes.  

The observed changes in internal horizontal stresses reflect a complex interplay of possibly 

drainage, consolidation, hydration reaction, drying, and soil structure reorganization.   

 

5.7 Comparison of In-situ Heat of Hydration Temperatures to Bench Test Specimens’ 
Temperatures. 

Temperature measurements obtained from in-situ tests conducted at Sites 1 and 2 revealed 

surprising similarities, but they were notably different from the temperature profile recorded 
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during Bench Test 3 (BT-3). It is essential to acknowledge that the treated soil types at Sites 1 

and 2, as well as those used for BT-3, were coincidentally similar (classified as CL-ML). 

Furthermore, the binding rates and water-to-cement (w/c) ratios were also relatively similar. The 

similarities in binder content and w/c ratio are crucial factors to consider when evaluating the 

heat generated during the hydration processes, as they influence the activation energy (Ea) 

driving the heat released in the cement reaction. In general, higher binder rates would be 

expected to yield higher temperatures.  The activation energy (Ea) is a parameter used to describe 

the temperature dependence of the rate of a chemical reaction.  It is typically represented by the 

Arrhenius equation, shown as Equation 5.4: 

                               (5.4) 

Where k is the rate constant of the reaction, A is the pre-exponential factor (also known as the 

frequency factor), which represents the reaction rate at an absolute temperature of 0 K, Ea is the 

activation energy, which is the minimum energy required for the reaction to occur, e is the base 

of the natural logarithm (approximately 2.71828), R is the universal gas constant (8.314 

J/(mol*K)), and T is the absolute temperature (in Kelvin) at which the reaction is taking place. 

The Arrhenius equation is widely used in engineering to describe the temperature dependence 

of reaction rates. For the context of heat of hydration in soil-cement materials, the activation 

energy (Ea) plays a crucial role in quantifying how temperature affects the rate of strength 

development in the cementitious reaction. 

Indeed, while a comprehensive isothermal calorimetric analysis falls beyond the scope of this 

study, the observation of temperature differences provides valuable insights into the variations in 

curing conditions. These differences shed light on how the curing environment may influence the 

strength development of materials. A comparison between materials cured within a controlled 

test cylinder setting and those cured in-situ helps identify the potential effects of different curing 

conditions on the final strength of the soil-cement mixture. 

By examining the temperature discrepancies, a preliminary understanding of the heat of 

hydration contributes to the overall knowledge of how the cementitious reaction progresses in 

different curing settings and how the resultant strength may differ between laboratory-controlled 

𝑘𝑘 = 𝐴𝐴𝑒𝑒−𝐸𝐸𝑎𝑎/𝑅𝑅𝑅𝑅 
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conditions and actual field conditions.  To compare the differences of generated heat of 

hydration at least broadly between these specimens, a look at only the change in temperature 

(∆T) is needed.   ∆T is defined by Equation 5.5.  

                      (5.5) 

Where, ∆T is the change in Temperature (°C), Tt is the temperature of soil-cement at time t 

(°C), T0 is the temperature of soil-cement at the start of the test (°C).  Figure 5.13 presents the 

temperature differences (∆T) for both the in-situ tests (Sites 1 and 2) and BT-3.   The time scales 

for the in-situ tests have been adjusted on the figure to reflect the same curing phase post mixing.  

Figure 5.13 Comparison of ∆T between in-situ columns versus BT-3 specimen.  

Based on a review of the temperature data, the heat generated during the bench study 

exhibited a typical chemical hydration pattern, while the heat recorded during both in-situ tests 

displayed significantly different patterns. At the most activated phase of hydration, observed at 

approximately T4.5 hours, the in-situ temperature differences (ΔT) were 1.8 times higher for Site 

1 and about 2.3 times higher for Site 2 compared to the standard concrete test cylinder. 

The recorded temperature differences within the standard concrete test cylinder gradually 

decreased back to the initial temperature (T0) as the deceleration and steady state phases were 

initiated. However, both in-situ temperature measurements showed a steady increase in 

∆𝑇𝑇 = 𝑇𝑇𝑡𝑡 − 𝑇𝑇0 
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temperatures beyond 24 hours, with temperatures continuing to rise for the entire duration of the 

tests.  Åhnberg and Holm (1984) also reported in-situ temperatures with a lime and cement 

treated soil columns reaching temperature of about a hundred degree Celsius or more in the 

middle of the lime-treated soil column after installation and reported that temperatures in 

cement-treated columns continued for a longer period.     

The effect of curing temperature on the strength of stabilized soil is not as straight forward as 

just a calorimetric quantification of activation energy, but rather varies with the type of soil that 

are treated (Åhnberg and Holm,1989).   Åhnberg and Holm (1989) also suggested that the exact 

prediction of shear strength in-situ cannot be expected from unconfined compressive tests on 

samples stabilized in the laboratory because curing temperature would be significantly different. 

According to their study, a relatively good estimate of strength increase at varying curing 

temperatures can also be made by using the maturity number Mt.  The equation for Mt is shown 

as Equation 5.6 (Åhnberg and Holm, 1984).              

(5.6) 

Where, T is the curing temperature, °C, t is the time after stabilization, days, and K is a factor 

varying with the type of additive, soil, and temperature.  Empirical values of K were suggested to 

be about 0.5 at temperatures higher than 20°C and 0-0.5 at temperatures from 8 °C up to 20°C.    

Åhnberg and Holm (1989) suggested that material strength can be estimated by plotting shear 

strength versus Mt to obtain strength with time after stabilization.  While the method seems 

reasonable, it requires a lot of upfront testing and may not be accurate if site soil types vary in 

the field.   

 

5.8 Comparative Analysis of the Effects of w:c Ratio on ∆qu 

Authors of this study frequently receive comments regarding the field-induced stresses on 

specimens using the modified oedometer cells, particularly concerning whether the consolidation 

imposed by the apparatus may artificially reduce the effective water-to-cement (w/c) ratio and 

subsequently increase the strength of the specimens. In Section 5.7, it was inferred that 

consolidation of the deep mixed materials does occur during curing. However, the exact extent to 

𝑀𝑀𝑡𝑡 = (20 + (𝑇𝑇 − 20)𝐾𝐾 )2√𝑡𝑡 
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which changes in the total water-to-cement (wt:c) ratio alone contribute to the observed strength 

gains remains not fully understood. 

The total water-to-cement ratio is defined as the sum of the weight of the water in the soil plus 

the weight of the water in the grout, divided by the weight of the cement in the grout. Although 

this research did not specifically address this topic with a dedicated laboratory program, this 

section introduces an analytical approach using empirical relationships developed by previous 

researchers to address this inquiry. 

The central inquiry being addressed is whether the reduction in the water-to-cement ratio 

resulting from consolidation can account for the observed strength gains, or if there are other 

interparticle mechanisms at play that contribute to the increase in strength. 

Drawing from a literature review, several studies conducted by Miura et al. (2001), Jacobson 

et al. (2003), Hodges et al. (2008), Filz et al. (2018), and Wei et al. (2018) have consistently 

demonstrated a positive correlation between unconfined compressive strength (UCS) and a 

decrease in the water-to-cement (wT:c) ratio. Filz et al. (2018) have further proposed an 

empirical approximation for UCS using a power function based on the total water-to-cement 

ratio in the grout, as expressed in Equation 5.7. 

 

                            (5.7) 

Where, UCS28 days is the estimated unconfined compressive strength (UCS) at 28 days, wt:c is 

the total water-to-cement ratio, pa is atmospheric pressure, and a3 and a4 are dimensionless 

coefficients.   

Through supplementary laboratory experiments conducted on specimens containing silt (ML-

CL) as the base soil type, Filz et al. (2018) determined specific coefficients, namely a3 and a4, to 

be 2,000 and -1.55, respectively. These coefficients led to the derivation of Equation 5.8, which 

enables the estimation of unconfined compressive strength (UCS) at 28 days based on varying 

water-to-cement (wt:c) ratios.    

𝑈𝑈𝑈𝑈𝑈𝑈28 𝑑𝑑𝑑𝑑𝑑𝑑

𝑝𝑝𝑎𝑎
= 𝑎𝑎3(𝑤𝑤𝑡𝑡: 𝑐𝑐)𝑎𝑎4  
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                             (5.8) 

In a related research study by Wei et al. (2018), a comparable exponential function for 

estimating UCS, as depicted in Equation 5.8, was presented. This function is applicable when 

considering a constant void ratio and binder content. It was clarified in the report that in Wei et 

al.'s work, the term "w:c" is equivalent to "wt:c." To maintain consistency in the report, Equation 

5.9 (Wei et al., 2018) was accordingly modified to represent the term as the "total water-to-

cement content."      

                               (5.9) 

Where, quc is the unconfined compressive strength, CC is the cement content (%), and A, n1, 

n2, and n3 are all fitting parameters.  Fitting parameters used for this evaluation are shown in 

Table 5.5. 

Table 5.5 Fitting Parameters (Wei et al., 2018) 

A n1 n2 n3 Void Ratio 
e 

Cement Contant, 
CC (%) 

130 2.84 1.06 0.66 0.557 20 
 

In addition to the empirical correlations from Filz et al. (2018) and Wei et al. (2018), a third 

set of comparative data was incorporated into the study. This dataset comprises actual laboratory 

measured UCS values obtained from specimens mixed and tested with various water-to-cement 

(w:c) ratios. The data was obtained from an unrelated deep mix project mix design study and was 

donated for the purpose of this research. Coincidentally, the w:c ratios, cement content, and soil 

type used in this donated dataset align with the general range of the BT-3 study conducted with 

CL-ML soil.  A binder factor of 115 kg/m3 (7.18 lbs./ft3) was used in the mix.   Table 5.6 

presents the measured 14-day UCS values for different w:c ratios used in the study.  

 

 

𝑈𝑈𝑈𝑈𝑈𝑈28 𝑑𝑑𝑑𝑑𝑑𝑑 = 2,000 (𝑤𝑤𝑡𝑡: 𝑐𝑐)−1.55 

𝑞𝑞𝑢𝑢𝑢𝑢 = 𝐴𝐴 ∙ 𝑒𝑒−𝑛𝑛1 ∙ 𝑐𝑐𝑐𝑐𝑛𝑛2 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒−𝑛𝑛3(𝑤𝑤𝑡𝑡:𝑐𝑐) 
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Table 5.6 Relationship between w:c ratio versus measured UCS14 days  
w:c γdry (lbs./ft3) UCS14 days (lbs./ft2) 

2.0 121.4 172.8 

1.7 121.9 210.0 

1.5 121.0 219.0 
 

5.9 Estimation of Effective wt:c Ratio from BT-3 Consolidation Data 

The calculation of effective water-to-cement (wt:c) ratios from the recorded consolidation data 

involves several key parameters and assumptions. These include: 

Recorded Volumetric Changes: The volumetric changes of the specimens during 

consolidation are recorded and utilized in the calculations. 

Mix Design w:c Ratio: The initial water-to-cement (w:c) ratio in the slurry used for mixing 

the specimens is considered. 

Initial Water Content: The initial water content of the soil is taken into account in the 

calculations. 

Specimen Saturation: The assumption is made that the wet mixed specimens are 100 percent 

saturated throughout the consolidation process. 

Based on these parameters and assumptions, Table 5.7 presents the relevant data used to 

estimate the wt:c ratios for each specimen consolidated at different confinement stresses. The 

wt:c calculations are based on a total mass of binder in each specimen, which was fixed at 173.2 

grams.  
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Table 5.7 Calculated changes in effective wt:c ratios due to specimen consolidation 
Applied 
Curing 

Pressure 
σv  

(lbs./ft2) 

Height of 
Specimen 

h  
(in) 

Volume 
of 

Specimen 
V  

(in3) 

Change 
in 

Volume 
∆V (in3) 

Change in 
water 

weight  
∆Ww  
(g) 

Total weight 
of water in 
specimen 

Wwt  
(g) 

Calculated 
effective 

wt;c 

0 5.94 41.99 - - 343.79 1.99 

6 5.56 39.30 -2.69 -44.06 299.73 1.73 

12 5.48 38.74 -3.25 -53.23 290.56 1.68 

18 5.19 36.69 -5.30 -86.81 256.98 1.48 
 

Table 5.8 shows the values of applied curing pressures, calculated effective wt:c ratios, and 

the measured UCS values from BT-3 study.  It should be noted that the relationships between the 

three variables, namely overburden curing stress (σv), effective water-to-cement ratio (wt:c), and 

unconfined compressive strength, are not fully understood and are somewhat complex.  For 

example, σv and wt:c: Changes in overburden curing stress (σv) can influence both the effective 

water-to-cement ratio and the unconfined compressive strength (UCS), but not necessarily by the 

same geo-mechanical mechanisms.   As the overburden curing stress increases, consolidation 

affects movement of water within the specimen, this affecting the wt:c ratio; however, changes in 

overburden curing stress (σv) cause densification and rearrangement of soil particles, leading to 

increased inter-particle bonding and, consequently, higher UCS values.  Therefore, the 

relationship between the effective wt:c and unconfined compressive strength is not as 

straightforward. While lower wt:c ratios are often associated with higher UCS values due to 

reduced water content and improved cement hydration, this relationship is not universally linear. 

Other factors, such as the soil’s specific surface area, curing conditions also influence UCS 

independently of the wt:c ratio. 

In summary, while overburden curing stress (σv) can affect both wt:c and UCS, the 

relationship between wt:c and UCS is more complex, and changes in the wt:c ratio may not 

always result in proportional changes in UCS. Other factors and mechanisms are likely 

contributing to the observed changes in unconfined compressive strength. 
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Table 5.8 Summary of parameters and effective wt:c calculated for BT-3 
Applied Curing Stress 

σv  
(lbs./ft2) 

Calculated 
effective  

wt;c 

Measured 
UCS 

(lbs./ft2) 

0 1.99 665 

6 1.73 1,415 

12 1.68 1,775 

18 1.48 1,965 
 

To evaluate these relationships, a plot of the effective water-to-cement ratios against the 

measured and empirical unconfined compressive strength values is made. The empirical 

equations 5.8 and 5.9 were used to estimate UCS based on the estimated wt:c ratio calculated for 

the BT-3 consolidation data.  The UCS values for the laboratory dataset, where specimens were 

mixed and tested with different water-to-cement ratios are also plotted against their 

corresponding effective wt:c ratios. This enabled a fair comparison of UCS values cured without 

stress against the UCS values of the specimen cured with stress.   

In the analysis, the UCS values were normalized using Equation 2.1 (Δqu). This normalization 

was done to express the rate of strength gain for each dataset, utilizing the same effective water-

to-cement ratios as calculated for the BT-3 study. The effective wt:c ratios used for normalization 

were 1.99, 1.73, 1.86, and 1.48, representing different points within the range of interest. This 

normalization allowed for a direct comparison of the strength gain rates among the datasets while 

considering the variations in the effective wt:c ratios. Figure 5.14 shows the relationship between 

wt:c ratio and the empirical and measured rate of strength increase (∆qu) between both 

unconsolidated specimens and consolidated specimens.      
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Figure 5.14 Relationship between changes in wt:c ratio and ∆qu for specimens cured with and 
without overburden stress for ML type soil. 

 

The results of the analysis reveal a significant difference in the rate of strength gain observed 

for the BT-3 dataset, which was cured under overburden curing stress, compared to the strength 

gains obtained from the comparative datasets representing specimens cured without curing 

stresses.  Specifically, the empirical equations (5.8 and 5.9) and the measured UCS dataset all 

exhibited consistent agreement with each other concerning the effect of the wt:c ratio on the rate 

of strength gains. 

In Section 5.2, it was shown that the Δqu value for BT-3 falls within the typical range of 

strength gains predicted for low plasticity fine grain soils, as observed throughout the study. 

However, it is important to emphasize that the strength gains observed in the BT-3 dataset, 

representative of low plasticity fine grain soils cured under confining stress, cannot solely be 

attributed to changes in the wt:c ratio. Other contributing factors beyond the changes in the wt:c 

ratio must be considered to explain the observed strength gains. 
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CHAPTER 6 

CONCLUSIONS  

Based on a review of the results, observations, and analyses conducted in presented in Chapter 

5, the following key conclusions and answers to the research questions are discussed:  

6.1 Influence of Internal Curing Stresses on the Strength of Cement-treated Soil 

1. What are the internal stresses within a deep mixed column and how do they change from 

the point that soils are first treated throughout the curing process and does this process 

influence material strength?   

 

Internal stresses within a deep mixed column appear to involve a complex interplay of 

hydration reactions, drying, and soil structure reorganization as the soil-cement materials 

consolidates, resulting in changes to the soil's mechanical properties.  In-situ horizontal stress 

data appear to reveal a period when vertical and horizontal stresses may be hydrostatic in its 

initial fresh state, however, as the stabilizing agents harden, changes in horizontal stresses are 

decreasing until reaching a state of minimum effective horizontal stress. The actual 

contribution to this minimum effective stress is difficult to discern based only on the Ph - 

data.      

 

2. What influence does curing stress have on the strength of deep mixed materials?   

 

Curing stress in deep mixed materials promotes essential chemical and physical 

processes, including hydration, particle bonding, and consolidation. These processes work 

together to develop stronger interparticle bonds, leading to an increase in the material's 

overall strength as the material cures. As the curing process progresses, the cementitious 

binder grows (formation of calcium silicate hydrate crystals) and binds the soil particles 

together, creating interparticle bonds. This interlocking of particles enhances the cohesion 

and internal friction within the mixture, resulting in increased strength. 
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3. Under curing stress, does grain size and plasticity of the treated soil affect the strength of 

the deep mixed material?   

 

Grain size, or more specifically, particle surface area, appears to play a significant role 

in influencing stronger cement bonding in a deep mixed soil-cement column. The surface 

area of the soil particles directly affects the amount of contact available for interaction with 

the cementitious binder. A higher particle surface area results in more available sites for 

cement particles to adhere to and form chemical bonds. This phenomenon is enhanced by the 

application of curing stresses which drives consolidation of the soil particles; thus, increasing 

the contact points.  This increased contact enhances the opportunities for cement particles to 

attach to the soil particles, promoting better bonding.  In addition, the increased surface area 

of smaller soil particles allows for more efficient water-cement interaction during the 

hydration process. This means that a higher proportion of cement particles can undergo 

hydration, leading to the formation of more cementitious compounds that contribute to 

bonding.  In fact, the empirically derived coefficient α appears to provide a reasonably 

quantification of the contribution of grain sizes on strength.  It should be noted that the 

limitations of applying the strength gain coefficient, α is limited to about 30 psi.   

 

These conclusions are reinforced by the parametric analysis examining the influence of 

wt:c on the rate of strength gain. The analysis demonstrated that the rate of strength increase 

observed in the treatment of low plasticity clays far exceeded what would be expected solely 

from changes in the wt:c ratio. These findings strongly suggest that confinement stress during 

curing triggers other interparticle mechanism(s) that play a significant role in driving the 

observed strength gains. 

 

The parametric analysis provides compelling evidence that factors beyond changes in 

the wt:c ratio are at work in strengthening soils with different grain size distributions. The 

presence of confinement stress during curing appears to activate additional mechanisms that 

contribute substantially to the observed increase in strength based on the soil type. These 

findings shed light on the complexities of deep mixing and emphasize the importance of 

considering multiple factors in understanding the strength development of treated soils. 
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This study also reveals that fine-grain soils with high plasticity exhibit a limiting or 

counteracting effect on the role that curing stresses have in promoting interparticle bonding. 

The high plasticity clays hinder rapid drainage, leading to a lack of consolidation and, 

consequently, preventing closer bonding of the soil particles. As a result, the expected 

strength gains are not achieved. 

 

Moreover, mixing high plasticity clays presents challenges, leading to a non-uniform 

and heterogeneous composition of the material. This non-uniformity results in more erratic 

and highly variable strength outcomes, further complicating the prediction of material 

performance. 

 

In summary, the presence of high plasticity clays in fine-grain soils hinders the 

beneficial effects of curing stresses on interparticle bonding, leading to limited strength 

gains. The difficulties in mixing such clays add to the variability of strength results, making 

the behavior of these soils more unpredictable and challenging for ground improvement 

applications. 

 

6.2 Influence of Hydration Temperatures on the Strength of Cement-treated Soil 

4. What are the hydration temperatures within a deep mixed columns and do they differ 

from specimens cured within a typical QC test cylinder?   

 

A direct comparison between the liberation of heat during hydration for soil-cement 

materials cured in situ and those cured within a typical concrete test mold. The results 

showed a striking difference in heat profiles between these two conditions. In-situ soil mixed 

columns exhibited significantly higher temperatures that extended far beyond 24 hours post-

mixing, while specimens cured in the laboratory reached their maximum temperature at 

around 5 hours post-mixing. 

The elevated temperatures observed in the in-situ conditions are attributed to the 

retention of heat from the hydration process of adjacent deep mixed columns and the thermal 
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insulation provided by the surrounding ground. However, the implications of these higher 

ground temperatures on the overall strength development remain unclear. It is uncertain 

whether the typical in-situ curing process significantly influences greater strengths overall. 

Based on a review of published literature, higher temperatures during hydration could 

potentially induce an acceleration effect on the early strength development of the material 

(Carino et al., 2001). Nevertheless, further research is required to confirm and better 

understand the impact of elevated temperatures in the ground on the strength development of 

soil-cement materials. 
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CHAPTER 7 

RECOMMENDATIONS FOR FUTURE RESEARCH 

This chapter presents recommendations for future research based on the conclusions made in 

this report: (1) effects of hydration and environmental temperatures on UCS long-term and short-

term strength; and (2) future research to quantify the contribution of soil’s specific surface area 

to the observed strength gains.    

 

7.1 Effects of Hydration and Environmental Temperatures on UCS Long-term and 
Short-term Strength 

This research superficially uncovers the disparity between in-situ and laboratory curing 

temperatures in deep mixed materials. The study compares the curing conditions experienced on 

construction sites (in-situ) with the controlled conditions in a laboratory setting where typical 

concrete test cylinders are cured. The study highlights the significant disparity in curing 

temperatures and explores their effects on the material's strength. Due to the limited 

understanding of the influence that temperature has on short-term and long-term Unconfined 

Compressive Strength values, the author recommends further field and laboratory studies with a 

focus on the effects of environmental curing temperatures on material strength.  The study 

should include both short-term UCS values and the correlation with curing temperatures and 

long-term strength development and temperature influence, along with a study of the 

microstructure changes and their implications on material strength under both short- and long-

term conditions.  Once better understood, the research suggests the potential application of UCS 

correction factors for wet grab quality control samples.   

 

7.2 Quantify the Contribution of Soil’s Specific Surface Area to the Observed Strength 
Gains. 

The research uncovered a compelling phenomenon, which involves the relationship 

between curing stress and soil specific surface area (SSA) in deep mixed materials. This 
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relationship significantly influences the rate of strength gains within a deep mixed column. The 

phenomenon arises from a complex interplay of cement chemical bonding and interparticle 

deformation behavior, making it challenging to fully understand. 

The hypothesis proposes that during the consolidation of cement-treated soils in their fresh 

state, silt and clay particles may align perpendicular to the normal load, leading to an increase in 

surface area (or contact points). This increased surface area promotes stronger cement bonding, 

driving the observed rate of strength gains in the material. 

To quantify the effects of specific surface area on strength during consolidation of cement-

treated soils, a multifaceted investigation, including several testing methods, can be employed. 

The recommended testing program would include X-ray Diffraction (XRD) analysis to identify 

the mineralogical composition of the cement-treated soil samples. This analysis will help 

understand the orientation and arrangement of clay minerals cured at different stresses and 

quantify their potential influence on cement bonding. Additionally, Scanning Electron 

Microscopy (SEM) can be used for observing the microstructures within the cement-treated soil 

samples, providing insight into particle alignment, surface textures, and the distribution of 

cementitious materials. 

For further validation, it is suggested that the research program includes Mercury Intrusion 

Porosimetry (MIP) or similar methods to measure the pore size distribution and specific surface 

area of the cement-treated soil samples. This data can support the theory of increased surface 

area and stronger cement bonding. Moreover, combining MIP analysis with additional 

Unconfined Compressive Strength (UCS) testing using the modified oedometer apparatus at 

various curing stress levels will help quantify the relationship between curing stress, specific 

surface area, and the rate of strength gains. 

The integration of these testing methods can effectively validate the theory and establish a 

better understanding of the complex interplay between cement chemical bonding, interparticle 

deformation behavior, curing stress, and specific surface area in deep mixed materials. Such 

insights will contribute significantly to the understanding of the behavior of cement-treated soils 

and provide better predictability of their engineering properties. 
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7.3 Coauthor Contributions 

Giovanni Bonita, Ph.D., P.E., P.G. of GEI Consultants provided technical reviews for the 

referenced DFI Research Reports mentioned in several sections of this report.   
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APPENDIX A 

PERMISSIONS FOR MATERIAL USE 

A.1 Coauthor Permission 
Coauthor permission to include Figures, Table, and data reproduced from other published 

sources is included below.  

1) Coauthor permission to use figure, tables, and data used in previous publications.  
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A.2 Copyright and Contributor Permissions 
Permission to include previously published material in this thesis is below. 

1) Permission to use Figure 2.1 by Kitazume, M (2022). 
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2) Permission to use coring data provided by Treviicos.  

 

3) Permission to use coring and field data provided by Bauer foundations. 



 

87 
 

4) Permission to use coring and field data provided by Kiewit. 

 

5) Permission to use published figures, tables, and data from the Deep Foundations Institute.  
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