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Abstract 

Using Coefficient of Consolidation to Assess Response Time and Reading 

Accuracy of Piezometers in Grouted Boreholes in Fat Clays 

 

 

Alexander C. Brewster, M.S.E 

The University of Texas at Austin, 2015 

 

Supervisors: Chadi El Mohtar and Robert Gilbert 

 

Reading error of a piezometer in a fully grouted borehole has typically been assessed by 

comparing the hydraulic conductivity of the grout [Kgrout] to the hydraulic conductivity of the 

surrounding soil [Ksoil]. The field conditions of interest to this study represent the case where a 

relatively high K cement-bentonite grout [the fill material of choice for borehole applications] is 

installed in a relatively low K fat clay. The soil and grout are assumed to be incompressible and 

fully saturated with an incompressible fluid. Using a steady state approach, error has been 

defined for a given Kgrout/Ksoil ratio. Each of the three existing studies that utilize the Kgrout/Ksoil 

theory propose a significantly different failure criterion for assessing reading error.  

An experimental program was developed, with the critical area of focus being on the 

highly inconsistent Kgrout/Ksoil criteria. This study investigated the merits of coefficient of 

consolidation [cv] theory in predicted such errors. It was discovered that pressure pulses [like 

those experienced within a grouted borehole] migrate through a specimen under a different 

gradient than those experienced in a typical consolidation environment. This discovery extends 

beyond existing literature, which makes no distinction between consolidation and pressure 

propagation. As such, a new term has been coined: the coefficient of pore pressure propagation 
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[cp]. cp was found to be characterized as a single-valued function of cv, making it a particularly 

useful term [i.e. calculating cv allows for cp to be accurately predicted].   

The testing program consisted of CRS and triaxial approaches that measured the K, cp 

[attained from pulse tests], and cv [attained from conventional consolidation tests] as a function 

of consolidation pressure and volumetric water content. These parameters were successfully 

measured for sands, sand-bentonite mixtures (SBM), and fire clay specimens.  

It was discovered that a cp framework is better suited to assess reading error than the 

prevailing K theory. Experimental data demonstrates that pressure equalization rates within the 

grout are highly dependent on stiffness and degree of saturation, neither of which are adequately 

characterized with the K data. Furthermore, relying on K theory led to widely varying 

predictions of response time that were experimentally determined to be inaccurate.  

Finally, a numerical model was developed using the cp theory. Even in a reasonably 

conservative state, the model predicts that no currently-available cement-bentonite grouts are 

suitable for use in a fat clay installation. If future studies fail to identify a more suitable grout, the 

fully grouted method may need to be abandoned altogether for installations in fat clays. 
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CHAPTER 1: INTRODUCTION 
 

1.1 RESEARCH SIGNIFICANCE 

A standard for pore pressure observation has been to use piezometers embedded in a 

grouted borehole. Piezometer data is often relied upon to supplement design and post-

construction monitoring programs for a variety of sites, including embankments, landfills, 

industrial foundations, and landslide hazard zones. The breadth of use alone provides strong 

motivation to ensure that piezometer readings remain as robust as possible. To gather reliable 

data, two conditions must be met; 

1. There must be an acceptably small lag between the time at which in-situ pore pressures 

change and the time at which the piezometer fully responds to the change. 

2. The piezometer must read pore pressures of the correct magnitude. 

In traditional installations, a standpipe piezometer is placed within a sand pack and 

capped with a bentonite seal. The remaining portion of the borehole is typically filled with a 

cement bentonite grout. Design parameters for traditional installations are well-established for 

most in-situ conditions. Response time can be minimized by increasing the area of the sand pack, 

which enlarges the zone of seepage; numerous design criteria exist to manipulate sand pack 

geometries with acceptable constraints. According to existing literature, reading accuracy is 

ensured by using a bentonite seal with a hydraulic conductivity less than or equal to the 

surrounding soil. The seal isolates the piezometer so it is only influenced by pore pressure 

changes at the elevation of interest. If hydraulic conductivity, or even stiffness, of the bentonite 

seal becomes higher than that of the in-situ soil, the piezometer reading can become biased by 

flow originating from other elevations in the borehole. 

With the implementation of diaphragm piezometers, a new installation method has gained 

popularity over the last 20 years: the fully-grouted method. A fully grouted installation omits the 

sand pack and bentonite seal; the diaphragm piezometer is embedded in a borehole filled entirely 

with a cement bentonite grout identical to the fill material used in traditional installations. 

Removing the sand pack and bentonite seal can reduce construction cost, installation failure rate, 

and construction time, providing powerful incentives to investigate the fully grouted method.  
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Following those incentives, multiple studies have been conducted in attempts to establish 

the fully grouted method’s validity. Unlike the standpipe piezometer, a diaphragm piezometer 

requires a small amount of water intake to register a change in pore pressure. The small 

equalization volume makes it possible to remove the sand pack and still maintain a fast response 

time, even though flow must now travel through the low-hydraulic conductivity cement 

bentonite grout. Similarly, many studies propose that the cement bentonite grout itself acts as a 

sufficient hydraulic isolator in place of the bentonite seal because it is also a low-hydraulic 

conductivity material.  

According to existing literature, an ideal cement bentonite grout should mimic the 

hydraulic conductivity traits of the surrounding soil, creating a seamless path for pore pressures 

to propagate along. If grout stiffness or grout hydraulic conductivity become higher than those of 

surrounding soils, reading accuracy will be compromised. If those same grout properties 

decrease relative to the soil properties, response time can become a concern. Matching grout 

properties with in-situ soil properties can be difficult or altogether impossible. It becomes crucial 

to investigate how much the grout properties can deviate from the soil properties before reading 

accuracy or response time become problematic.  

Response time and reading accuracy are especially concerning for sites with low-

hydraulic conductivity clays. In such instances, the cement bentonite grouts can have higher 

hydraulic conductivities than the in-situ clays; even the bentonite seals of conventional 

installations [which are well-established in practice] may lead to reading errors. To validate the 

widespread use of piezometers as a monitoring tool [specifically for low hydraulic conductivity 

clayey sites], the hydraulic conductivity and stiffness characteristics of the cement bentonite 

grouts must be thoroughly explored. By extension, there is a need to investigate if other materials 

might be better-suited as the borehole fill material. 

 

1.2 RESEARCH OBJECTIVES 

This research has three objectives: 

1. To better understand the properties that effect response time and reading accuracy of 

grouts used for piezometer applications in fat clays.  
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2. To better understand how much these properties can differ relative to the in-situ soil 

properties before response time or reading accuracy surpass acceptable constraints 

[particularly for the fully-grouted method].  

3. To determine if currently-used grouts can provide a sufficient response time and 

reading accuracy when installed in fat clays. 

In order to achieve these goals, an experimental program is conducted that encompasses the 

following: 

1. A double-cell flexible wall permeameter test with two specimens in parallel, to be 

used as a proof of concept for how pressures propagate through two media with 

differing hydraulic conductivities. 

2. Single-cell flexible wall permeameter tests that will measure hydraulic conductivity, 

coefficient of consolidation, and response time as a function of consolidation pressure 

and volumetric water content. Clean sand, sand-bentonite, and fire clay specimens 

will be considered to account for a large range of conditions. 

3. Single-cell rigid wall, one-dimensional consolidation-type tests that will measure the 

parameters discussed in 2. Additionally, the data will be used to determine the 

influence of 3-D effects existing in the flexible wall experiments. 

4. Reproduced trials from 2 and 3 to establish the statistical validity of correlations 

observed during testing. 

Several complementary research objectives can be completed during testing that may serve to 

refine future experimental programs: 

1. Improving sample preparation techniques for both fire clay and sand-bentonite 

mixtures. 

2. Optimizing the back pressure testing phase. 

3. Selecting transducers, data reading schedules, and data acquisition systems that 

maximize data processing robustness.  

4. Determining the benefits and drawbacks of using a rigid wall setup compared to a 

flexible wall setup for the desired testing program. 
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1.3 SCOPE OF THESIS 

This thesis is composed of six chapters: 

 Chapter 1 provides an overview of the research objectives and the scope of the thesis.  

 Chapter 2 provides a literature review of piezometers installed in grouted boreholes. The 

lit review is intended not only to preface the research conducted in this study, but also to 

identify areas that are most critical to address in future studies. The literature review 

contains 5 sections: Introduction, Types of Monitoring Equipment and Installation 

Methods, Properties of CB Grouts and Other Borehole Fill Materials, Performance 

Parameters and Field Data, and Areas of Focus for Future Studies.  

 Chapter 3 describes the experimental program used for this study. Specifically, the 

chapter overviews test setups, equipment, procedures, and specimen preparation 

techniques. 

 Chapter 4 presents the theory, assumptions, and computational methodology developed 

for the data analysis of this study.  

 Chapter 5 presents the data collected from the experimental program and the 

accompanying analysis. This chapter also discusses the results of the data analysis as they 

apply to the state of research for grouted piezometers. 

 Chapter 6 presents an overview of the most critical conclusions derived in chapter 5. 

Additionally, the chapter provides recommendations for designing grouted piezometers.   
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CHAPTER 2: LITERATURE REVIEW 
 

2.1 INTRODUCTION 

Pore pressure monitoring has historically been achieved using a standpipe piezometer 

installed with a bentonite plug and sand pack in a grouted borehole. More recently, diaphragm 

piezometers have been employed. Much of the pertinent research suggests that the sand pack and 

plug can be omitted, allowing for the piezometer to be fully grouted within the borehole. This 

literature review initially discusses how this fully grouted method was conceived and why it has 

been the focus of the literature for over 20 years. Next, the material properties of cement 

bentonite grouts are investigated, with the focus being on hydraulic conductivity and stiffness. 

Finally, this literature review discusses the theory, field data, and experimental studies that have 

been explored to estimate the response time and reading accuracy of a piezometer inside of a 

fully grouted borehole. 

 

2.2 TYPES OF MONITORING EQUIPMENT AND INSTALLATION METHODS 

This section focuses on three installation methods commonly used for in-situ pore-

pressure monitoring. In all methods, a borehole is initially drilled to a depth at which pore 

pressure monitoring is desired. The material used to fill the borehole and the type of piezometer 

inserted are what vary among methods. The oldest technique employs a standpipe piezometer 

that is surrounded with a zone of sand and enclosed with a bentonite seal. The remainder of the 

borehole is typically filled with a cement bentonite [CB] grout. Another method uses the same 

fill materials but replaces the standpipe piezometer with a diaphragm piezometer. These 

techniques may be referred to as sand pack methods. More recently, the bentonite seal and sand 

zone have been abandoned altogether when using diaphragm piezometers. This technique is 

frequently referred to as the fully-grouted method. In this installation, the borehole is filled 

entirely using a CB grout. Figure 1 provides a visualization of these techniques. 

When using diaphragm piezometers, there is overwhelming support in the literature for 

the fully grouted method (Contreras et al., 2013; Contreras, 2008; McKenna, 1995; Mikkelsen & 

Green, 2003; Simeoni, 2012; Simeoni & Polo, 2011; Vaughan, 1969). The fully grouted method 

is the most economical of all grouting methods and gaining popularity in the geotechnical 

community. Installation cost and construction time are greatly reduced by omitting the sand zone 
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and bentonite seal. This omission also minimizes the risk of a failed installation (Contreras et al., 

2013) and allows for smaller diameter boreholes to be constructed (Vaughan, 1969). The 

borehole itself is the highest costing element of instrumentation. Using a single fill material 

allows for simple installation of multiple piezometers in a single borehole [referred to as nested 

piezometers]. For the same reason, other borehole instruments can be installed with relative ease 

(Mikkelsen & Green, 2003). It is these economic advantages that have made the fully grouted 

method, and the CB grouts it utilizes, a research focus within the literature. 

A fourth approach common in practice is the pushed-in method. A diaphragm piezometer 

is pushed into the soil formation to the depth of interest using a hand-driven pipe or small drill 

rig. Due to remolding and smearing in low-hydraulic conductivity clay, pushed-in methods are 

not considered viable for the soils of interest in this study. 

 

 

Figure 1: (a) Traditional Standpipe Piezometer with Sand Pack, (b): Diaphragm Piezometer 

with Sand Pack, (c): Fully-Grouted Piezometer (Contreras, 2008) 

2.2.1 Standpipe Piezometers 

In a conventional standpipe piezometer, water enters through an intake zone at the base 

of the pipe and forms a column of water. Eventually, the water column raises to the point where 

head within the column is equivalent to the pore water pressure at the intake zone. The standpipe 

diameter must be sufficiently small and the sand intake zone must be sufficiently large or the 
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water column within the standpipe will not raise at a reasonable rate. As a result, there will be a 

lag time for all standpipe measurements. Because the standpipes require such a large volume of 

water displacement to function, a sand pack suggested (Hvorslev, 1951). Specifications for 

maximum allowable standpipe radius and minimum allowable area of sand intake zone are 

closely related to hydraulic conductivity of soil surrounding the borehole. The sand intake zone 

should ideally be completely saturated. Any under-saturated zones, particularly at the interface 

between sand and surrounding soil, will reduce the area of surrounding soil that is hydraulically 

connected to the standpipe intake zone and nullify the purpose of the sand pack. 

2.2.2 Diaphragm Piezometers 

 In a diaphragm piezometer, water enters into a steel diaphragm that expands or contracts 

with changes in water pressure. The most common diaphragm piezometers in practice are 

pneumatic and vibrating wire. For a vibrating wire piezometer, a wire attached to the diaphragm 

will tighten or loosen as the diaphragm expands or contracts; the tightness of the wire alters its 

natural frequency. A coil strikes the wire and another coil transmits the frequency of vibration as 

an electrical signal, where the square of the frequency is directly proportional to the applied 

pressure (Geokon, 2011). The signal is transmitted via a wire attached to the diaphragm that runs 

through the grouted borehole to a data collection system at the surface. In a pneumatic 

piezometer, water enters into a steel diaphragm and applies pressure to a diaphragm wall. Gas 

pressure is increased on the opposing side of the wall until equilibration is reached, sending an 

electrical signal that is directly translated into a pressure. The signal is transmitted using similar 

methods to those of a vibrating wire piezometer (Roctest Limited, 2003). The key advantage of 

diaphragm piezometers is that they require as little as 10-2 to 10-5 cm3 of water displacement to 

accurately register a pressure change (McKenna, 1995). It is suggested that vibrating wire 

piezometers typically have a smaller equalization volume than pneumatic piezometers, resulting 

in faster reading times (Mikkelsen & Green, 2003). However, none of the pertinent studies 

actively compare the two. 

2.2.3 Pushed-In Methods 

In a pushed-in method, only diaphragm piezometers are practical. The accuracy of 

measurements for pushed-in diaphragms is often brought into question; the act of pushing the 

diaphragm can remold and smear the soil, creating a zone of lower hydraulic conductivity 
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(Chennai, 1974). This effect is particularly pronounced in soft soils. Piezometers can be pushed 

from the surface to the depth of interest, but this is typically problematic; the severity of 

smearing increases as a function of the distance the piezometer is pushed (Wilkes, 1970). 

Smearing effects may be minimized by drilling a borehole to a depth slightly above zone of 

interest and pushing the piezometer the rest of the way, as shown in Figure 2.  Afterward, the 

borehole is filled with a CB grout.  

Despite concerns of smearing effects, many modern piezometers claim to be designed for 

pushing into relatively soft formations (Geokon, 2011; Roctest Limited, 2003). However, there is 

ultimately a need to explore the effectiveness of pushed-in diaphragm transducers in soft 

formations. The entire scope of this study is to assess the required specifications of the CB grout 

surrounding and overlying the piezometer in all other installation methods.  If a separate research 

program establishes a pushed-in method free of significant smearing effects, the issues of 

assessing the CB grout in this research program could be sidestepped. In a recent editor’s note to 

Contreras, et al. (2013), Dunnicliff mentions the potential effectiveness of the pushed-in method 

[particularly in highly compressible formations]. Note that Dunnicliff’s work, specifically 

(Dunnicliff, 1988, 1993), is among the first to advocate the fully-grouted method.  

The field of geotechnical monitoring requires a more scientific understanding of both 

pushed-in and traditional grouting methods. However, the high plasticity clays, or fat clays, of 

interest to this study are highly susceptible to smearing effects. Focusing on traditional grouted 

installation methods is therefore considered a more effective use of research efforts for this 

study. The pushed-in method is not discussed beyond this section.   
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Figure 2: Typical Installation Method Procedure for the Pushed-In Method (Geokon, 2011) 

2.2.4 Sand Pack Methods 

To obtain accurate pore pressure measurements for a given depth, a standpipe intake 

region must be sufficiently isolated to a small range of elevations within the borehole. This 

isolation is commonly achieved with a bentonite seal. A properly placed and hydrated chip seal 

can have a hydraulic conductivity as low as 10-9 cm/s (Filho, 1976 in McKenna, 1995), which is 

often lower than the hydraulic conductivity of the surrounding soil. In a sufficient seal, the 

hydraulic conductivity must be low enough that pore pressures above the seal do not influence 

pore pressures at the standpipe intake zone. To achieve this, the hydraulic conductivity of the 

seal should ideally be equal to or less than that of the surrounding soil. A bentonite seal must 

also be seamlessly set around the piezometer and borehole wall, such that the seal-piezometer 

and seal-borehole interfaces don’t create high hydraulic conductivity flow channels. Special care 

must be taken to create a good seal; when pouring bentonite into a borehole, any water it comes 

into contact with will clod the bentonite. This clodding can create flow channels above the sand 

pack and around the piezometer or simply create blockage higher in the borehole; the bentonite 
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must be removed and replaced in either case (Mikkelsen & Green, 2003). This is particularly 

problematic in deeper boreholes.  

A CB grout is used in practice to fill the remainder of the borehole. Firstly, the CB grout 

prevents preferential flow paths that would allow surface water to infiltrate into any region above 

the chip seal. Secondly, the grout is used to stabilize the borehole. This is preferably done with a 

grout of similar stiffness to the surrounding soil so that the grouted column has minimal 

influence on piezometer readings. The sand pack method was developed for standpipes in 

saturated soils [before diaphragm piezometers were even implemented]. However, identical 

installation methods to those discussed in this section have been employed when using 

diaphragm piezometers (Dunnicliff, 1988, 1993 in Mikkelsen & Green, 2003).  

Sand pack methods provide two advantages. Firstly, bentonite seals typically have 

hydraulic conductivities cited lower than CB grouts, making them a theoretically better hydraulic 

isolator. If pore pressures are highly variable due to heterogeneity of the soil, a sand pack also 

provides the means of monitoring average pressures. This averaging effect can be especially 

useful if fissured soils are a concern (Simeoni & Polo, 2011). 

2.2.5 Fully Grouted Method 

The usefulness of diaphragm piezometers was explored as early as 50 years ago. In 1961, 

Penman pushed diaphragm piezometers into a London Clay with a hydraulic conductivity of 

roughly 3.4x10-8 cm/s. He found that diaphragm piezometers fully responded to a pressure 

change in a matter of minutes (Penman, 1961 in Mikkelsen & Green, 2003). The short response 

time is due to diaphragm piezometers requiring between 10-2 and 10-5 cm3 of water displacement 

to register a pressure change (McKenna, 1995). Mikkelsen and Green apply Penman’s findings, 

proposing that a sensor will respond in a reasonable time if the hydraulic conductivity of the 

grout is similar to that of the surrounding soil. This short response time would be achieved even 

in low hydraulic conductivity formations like the London Clay, making the construction of the 

sand pack a largely unnecessary procedure (McKenna, 1995; Mikkelsen & Green, 2003). This 

approach was suggested as early as 1969 by Vaughan, who proposed that the nature of 

diaphragm piezometers would make the sand pack unimportant. Recall that the theory behind the 

sand pack is to account for the large volumes of water intake required for a standpipe piezometer 

to equilibrate.  
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Mikkelsen and Green propose that the CB grout can act as a sufficient hydraulic isolator 

if the hydraulic conductivity is, ideally, less than or equal to that of the surrounding soil. In this 

case, the bentonite chip seal is unnecessary (Mikkelsen & Green, 2003). CB grouts can have 

hydraulic conductivities cited as low as 1.3x10-8 cm/s (Lucia Simeoni & Polo, 2011). Note that 

this value is discussed in detail in later sections; most papers and research studies cite CB grouts 

as having hydraulic conductivities that never reduce below 10-6 or even 10-5 cm/s. Regardless, 

this range of hydraulic conductivity cited is often similar to the hydraulic conductivity of 

surrounding soils. In this case, there is little reason for the chip seal; the CB grout itself is acting 

as a suitable hydraulic isolator (McKenna, 1995). Reports such as Mikkelsen & Green (2003) 

even suggest that the CB grout is always a sufficient isolator and the bentonite seal should 

always be omitted. One perceived advantage of the seal is that it is believed to ensure that the 

grout doesn’t permeate into the sand pack and compromise its performance. However, grouts 

commonly used to fill boreholes have been shown to not permeate into the sand intake by more 

than a few inches (Mikkelsen & Green, 2003).  

If a grout is chosen that is sufficiently similar to the surrounding soil, neither the chip seal 

nor the sand pack is required, greatly minimizing construction concerns. In addition to hydraulic 

conductivity, a grout must have similar stiffness and strength characteristics the surrounding 

formation. A discussion of the necessity and approach for achieving this similarity is discussed 

with detail in section 2.3. It must also be ensured that the CB grout is properly set around the 

piezometer diaphragm, the piezometer wire, and the borehole wall to ensure that no high 

hydraulic conductivity channels develop. 

 

2.3 PROPERTIES OF CB GROUTS AND OTHER BOREHOLE FILL MATERIALS 

 This section discusses the physical properties of materials commonly used in boreholes. 

CB grouts are used in virtually all sand pack and fully grouted methods, making them the focus 

of discussion. This prevalence of use calls for a detailed understanding of how the bentonite and 

cement portions influence strength, stiffness, and hydraulic conductivity. The section also 

discusses the bentonite seal used in sand pack installations, as well as poorly understood 

alternatives that show promise to make good fill materials. 
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2.3.1 Bentonite  

Bentonite is used in every fill material, excluding the sand pack. Bentonite is highly 

hydrophilic; particles carry a dense negative charge with a specific surface area that can exceed 

800 m2/g. This absorptive potential allows bentonite to swell and create low hydraulic 

conductivity barriers. The hydraulic conductivity typically decreases as a function of swelling 

time. As previously stated, bentonite chip seals have hydraulic conductivities cited as low as 10-9 

cm/s (Filho, 1976 in McKenna, 1995). In literature, typical lab results range from 10-7 to 10-9 

cm/s (Baroid in Mikkelsen, 2002; Sällfors & Öberg-Högsta, 2002). It should be noted that this 

range is largely influenced by the void ratio at which specimens were reported, which is not 

always available for comparison. Under large confinements [greater than 160 kPa], hydraulic 

conductivities are cited as low as 5x10-10 cm/s. Due to the consistently low hydraulic 

conductivity, it has been a choice material for boreholes, cutoff walls, and geo-environmental 

liners.  

For a given void ratio, sodium bentonites have hydraulic conductivities that are often an 

order of magnitude less than those of a calcium bentonites. When sodium is the primary 

exchangeable ion during hydration, the bentonite will absorb up to five times its weight in water. 

Upon reaching full saturation, the volume of the mixture can increase 12 to 15 times the dry 

volume of the material (Papp, 1996 in Mikkelsen, 2002). This expansive nature gives sodium 

bentonite a highly economical yield and makes it easier to achieve a proper seal in the borehole. 

Sodium bentonite is also particularly plentiful in North America and commonly carried by 

drilling contractors capable of creating test borings (Mikkelsen, 2002).  

Commercial bentonite comes in forms such as chips, balls, dusts, and pellets. The time 

required for adequate swelling and hydration varies for each form. All forms are susceptible to 

clodding, which may create a bad seal or clog the borehole; either case requires that the bentonite 

is removed and replaced. As the size of the bentonite pieces increase, the network will typically 

be easier to place, take longer to hydrate, and have a reduced chance of forming a proper seal. 

Experience shows that bentonite chips find the best balance in terms of placement and making a 

good seal. (Mikkelsen, 2002) 

For a more detailed understanding of bentonite and the effect of swelling on hydraulic 

conductivity, please refer to section 2.4 of (Spears, 2014) and section 2.3.3 of (Hwang, 2010).  
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2.3.2 CB Grouts: Prevalence and Advantages  

It is standard practice to use a CB grout as the fill material, regardless of installation 

method (Simeoni, 2012). CB grouts possess several advantages over other mixtures. A pure 

bentonite mixture will have a low conductivity, but is not volumetrically stable as a fill material. 

Swelling and desiccation cycles within the bentonite can locally alter pore pressures and 

influence piezometer readings. Such cycles also make it difficult to monitor displacements 

within the borehole. Furthermore, it can be difficult to successfully place a pure bentonite fill 

(Mikkelsen, 2002).  

Adding even a small amount of cement greatly increases the volumetric stability and 

workability of the mixture. The water/cement ratio is also easily manipulated to make grout 

strength more similar to that of surrounding soils (Mikkelsen, 2002). On the extreme, Simeoni 

reports hydraulic conductivity value of 1.3x10-8 cm/s for a falling head lab test where the 

specimen was lined with silicon grease to prevent side seepage. However, CB grouts are 

typically reported with hydraulic conductivities between 10-4 and 10-7 cm/s (Contreras, 2008; 

Mikkelsen & Green, 2003; TRI/Environmental Inc., 2012). This illustrates the importance of 

conducting more lab tests that account for radial flow; high – hydraulic conductivity zones can 

develop between the membrane – soil interface. Regardless, many sites that would be of interest 

for piezometer monitoring have a hydraulic conductivity within the typically cited range. 

Furthermore, cement bentonite mixtures are well researched for borehole applications, especially 

compared to fly ash bentonite and sand bentonite mixtures. 

On the other extreme, pure cement fills are also inapt compared to CB grouts. Neat 

cement grouts have hydraulic conductivities between 10-5 and 10-7 cm/s. However, neat cements 

are prone to cracking and shrinkage, leaving high hydraulic conductivity interfaces; either case 

can cause hydraulic conductivity to increase by several orders of magnitude (Kurt and Johnson, 

1982 in McKenna, 1995). In a site investigation of an overburden slop by McKenna, piezometer 

data was demonstrated to be reasonable for all CB-grouted boreholes. The piezometer data for 

the single pure cement borehole, however, showed a strong indication of hydraulic connectivity 

due cracking or shrinkage (McKenna, 1995). A pure cement grout is also substantially stiffer 

than most soils, leading to unreasonable displacement measurements. 
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2.3.4 CB Grouts: Shortcomings 

CB mixtures are the only commonly available grouts that are volumetrically stable, 

resistant to cracking or shrinkage, and relatively well-researched for borehole applications. They 

are a preferred choice as the borehole fill but have several shortcomings that require 

consideration. Firstly, adding even small amounts of cement make CB grouts stiffer than 

normally consolidated soils, even if the strengths are comparable. Any difference between soil 

and grout stiffness will create errors in axial or lateral deformation measurements. Due to the 

aspect ratio of boreholes, this is most problematic for axial measurements (Mikkelsen, 2002). If 

it is desired to install inclinometers or extensometers in addition to the piezometers, the 

deformations may be highly inaccurate.  

High plasticity clays may have a hydraulic conductivity of 10-9 or even 10-10 cm/s, which 

is orders of magnitude lower than values typically reported for CB grouts. Recall that Mikkelsen 

and Green proposed that the ideal grout should have an identical hydraulic conductivity to the 

surrounding soil. For highly plastic soils, currently available CB grouts don’t meet the hydraulic 

conductivity or compressibility requirements to be considered ideal. This could be especially 

problematic for the fully grouted method, which omits the bentonite seals cited to have lower 

hydraulic conductivities.  

2.3.5 Poorly Understood Alternatives 

 Fly ash has smaller amounts of cementing components than Portland cement. Replacing 

cement with fly ash shows potential to reduce stiffness, making the grout modulus more 

comparable to the modulus of a typical normally consolidated soil, although this comparison 

would be highly dependent on the depth [or overburden pressure] in a normally consolidated 

soil.  However, more research needs to be conducted before this can be proven effective 

(Mikkelsen, 2002). 

 Sand bentonite [SB] grouts show similar promise. A sand skeleton would be expected to 

have a lower modulus than a cement based mixture. Similarly, the sand skeleton makes the SB 

grout more volumetrically stable than a pure bentonite. If properly hydrated, sand bentonite 

mixtures have been shown to have hydraulic conductivities very close to those of pure 

bentonites; values are cited as low as 10-9 cm/s (Hwang, 2010) even for mixtures with somewhat 

low bentonite contents. It should be noted that subsequent departmental research programs report 
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values that typically range from 10-4
 to 10-7 cm/s for bentonite contents between 3% to 8%. 

(Shirazi, et al., 2010) reports hydraulic conductivities between 10-9 to 10-12
, with bentonite 

contents ranging between 20% to 80% Much research has gone into determining properties of 

SB mixtures for levees (Spears, 2014) and geoenvironmental liners (Kenney, et al., 1991; 

Sällfors & Öberg-Högsta, 2002). Despite the promising research for SB grouts as hydraulic 

barriers, they have been virtually unexplored for grouted piezometer applications.  

2.3.6 CB Grouts: Mix Design 

Preparation of CB grouts is typically done in a barrel or tub using a drill-rig pump. A 

batch of grout ranges from 50 to 200 gallons, making it necessary to have a simple mixing 

procedure. Refer to Table 1; Mikkelsen provides a mix procedure that is commonly used to 

prepare CB grouts. It is recommended that the water and cement are mixed first. Afterward, the 

bentonite powder should be gradually mixed in near the jetting area such that the bentonite 

doesn’t clump. This mixing order allows for the greatest control of the w/c ratio and, therefore, 

the modulus and strength of the mixture. Grouts with water and bentonite mixed first tend to be 

more thixotropic and depend on industrial mixing plants for quality control. It is also difficult to 

control the modulus and strength of the grout when adding cement powder to an already 

hydrated bentonite material (Mikkelsen & Green, 2003).  

The actual quantity of bentonite the mix requires will vary from Table 1 as a function of 

water pH, temperature, and mixing effort. Mixing the water and cement first, as recommended, 

usually requires that more bentonite powder be added than if the water and bentonite were mixed 

first. Mikkelson suggests that this is another reason to mix the water and cement first. If the mix 

requires more bentonite, it will be denser and have a lower hydraulic conductivity. However, no 

data is available to demonstrate this. 

CB grouts are typically much stiffer than normally consolidated soils; in most cases, the 

stiffnesses cannot be matched. However, manipulating the water/cement ratio can vary the 

unconfined compressive strength from 27 kPa to 760 kPa. Consequently, it is typically 

achievable to match soil strength to grout strength. While the influence of high grout stiffness is 

unavoidable, it can be reduced by minimizing the borehole radius (Mikkelsen & Green, 2003). 

To the author’s knowledge, the Mikkelson mix design is the only one established in 

pertinent literature. Contreras’ 2008 lab study on the hydraulic conductivity of CB grouts is 



16 
 

based on the Mikkelson mix procedure. Simeoni’s 2011 and 2012 lab studies on the time-lag of 

piezometers in CB grouts also follow Mikkelson’s recommendations. Even Geokon has adopted 

the procedure for use with their 4500 series Vibrating Wire Piezometer.  

For a more detailed understanding of the mix design, refer to (Mikkelsen, 2002) and 

(Mikkelsen & Green, 2003). 

Table 1: Mix Design for CB Grouts (Mikkelsen & Green, 2003) 

 

2.3.7 CB Grouts: Factors Influencing Hydraulic conductivity  

Several variables influence the hydraulic conductivity of CB grouts in a manner that is 

expected from most soils. The largest influence is void ratio, which can alter hydraulic 

conductivity by several orders of magnitude depending on the minimum and maximum void 

ratio of a given grout. Void ratio is primarily controlled by the water/cement ratio. This is 

fortunate, as the water/cement ratio is the most readily manipulatable parameter of a mix 

(Contreras, 2008). Void ratio is also a function of confining pressure during permeation, but the 

effect is small considering the high stiffness of CB grouts. Refer to Figure 3; Contreras 

performed hydraulic conductivity tests on similarly prepared CB grouts with different water-

cement ratios. The data presented was collected 7 days after preparing the grouts. The 

water/cement ratio, and its affiliated void ratio, is strongly correlated with and highly influential 

to hydraulic conductivity. Although the effect is comparatively small, there is also a strong 

correlation between confining pressure during testing and hydraulic conductivity.  
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Figure 3: Hydraulic conductivity vs Void Ratio and Confining Pressure for Similarly Prepared 

CB Grouts (Contreras, 2008) 

It is also well established that hydraulic conductivity decreases with time during curing. 

Data presented in (Contreras, 2008; TRI/Environmental Inc., 2012) show fairly consistent 

decreases in hydraulic conductivity between the 7 and 28 day tests performed. Hydraulic 

conductivity decreases by as much as  half an order of magnitude between the 7 and 28 day tests 

(Contreras, 2008). Two phenomena explain the hydraulic conductivity decrease. Firstly, the 

curing of the cement with time is believed to have an effect (Contreras, 2008). Secondly, 

hydraulic conductivity of bentonite is known to decrease as hydration and swelling occur. A 

properly mixed pure bentonite can hydrate in a matter of days. While little data exists for CB 

grouts, it is reported that sand bentonite grouts can take several days to fully hydrate. Even a 5 

cm sand bentonite column under a gradient of 5 may take up to 7 days to hydrate, having a 

significant impact on hydraulic conductivity with time (Sällfors & Öberg-Högsta, 2002). Other 

studies, in contrast, find that hydraulic conductivity is not significantly altered due to hydration 

time (Spears, 2014). If any of these findings are applicable to CB grouts, there is no easy to way 
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determine the contribution of bentonite swelling compared to the contribution of cement curing 

in the reduction of hydraulic conductivity. This may be of little practical concern, however, 

because the combined magnitude of hydraulic conductivity decrease is still easily measured. 

Figure 4 shows Contreras’ hydraulic conductivity data for a test at the 7 and 28 day mark. Note 

that time is strongly correlated to hydraulic conductivity but substantially less influential than 

void ratio. 

 

Figure 4: Hydraulic conductivity vs Void Ratio and Curing Time for a CB grout (Contreras, 

2008) 

2.3.8 CB Grouts: Poorly Understood Factors Influencing Hydraulic conductivity  

One concern with Contreras’ data is that confining pressure during curing is not 

accounted for [note that on Figure 3, the initial confining stress increases as water-cement ratio 

decreases]. For a pure cement, confining pressure during curing is known to have a large effect 

on hydraulic conductivity (Honda et al., 1988 in McKenna, 1995). Before curing, the cement 

skeleton is non-rigid and highly susceptible to void ratio changes imposed by confining pressure. 

After curing, the cement skeleton becomes rigid and is no longer highly susceptible to such 

changes. If this theory is applicable to CB grouts as it is to cements, CB grouts should be 
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expected to have hydraulic conductivities more dependent on confining pressure during curing 

than confining pressure during testing. Unfortunately, the author is unaware of literature that 

explores confining pressure during curing for CB grouts. 

As Mikkelsen suggested, adding bentonite to a grout can create a theoretically denser 

mixture with little change to the water-cement ratio. Bentonite is also lower in hydraulic 

conductivity than cement. Bentonite content should therefore be expected to have some influence 

on hydraulic conductivity and void ratio. However, the influence is small, especially compared to 

the water-cement ratio as suggested from Contreras and his hydraulic conductivity tests 

(Contreras, 2008).  Unfortunately, there is little data available that explores the sensitivity of CB 

grout hydraulic conductivity to the amount of bentonite added. (Owaidat, Andromalos, & Sisley, 

1998) offers data for the 7, 14, and 28 day hydraulic conductivities of trial mixes, but alters both 

the cement and bentonite content for each mix. Two mixes do have the same cement content, but 

show no definitive trend as a function of bentonite content. It should be also be noted that 

Mikkelsen and Green state that bentonite content has the largest influence on hydraulic 

conductivity, although no rationale is provided as to why that is (Mikkelsen & Green, 2003). 

This inconsistency illustrates the importance of collecting data with bentonite content as the 

isolated variable.  

Hydraulic conductivity of cements is known to be largely effected by the chemistry of the 

permeating fluid (Coiffi et al., 1989 in McKenna, 1995). This effect is well established for pure 

bentonites and even sand bentonites as well. In fact, the fluid used to hydrate the bentonite plays 

an even more substantial influence on hydraulic conductivity. As concentration and covalence of 

ions in the pore fluid increases, the negatively charged surfaces on clay particles become more 

likely to bond to those ions over the water molecules themselves. This translates into a loss of 

swelling potential and an increase to hydraulic conductivity (Spears, 2014). A sufficiently high 

ionic strength of the hydrating fluid may interrupt the bentonite swelling altogether (Yamagouchi 

et al., 2006 in Spears, 2014). In extreme instances, such as using tap water opposed to distilled 

water, hydraulic conductivity may be increase by several orders of magnitude (Spears, 2014). 

This is of concern because ionic strength and ionic concentration vary greatly based on regional 

geology. The impact of fluid chemistry on hydraulic conductivity is well established for both 

cements and bentonites. It is therefore reasonable to assume CB grout hydraulic conductivity is 
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also affected by fluid chemistry. The influence is largely overlooked in the CB grout literature 

and there is little consistency. For example, Contreras ran hydraulic conductivity lab tests with 

Edina City tap water (Contreras, 2008). Simeoni, in contrast,  ran hydraulic lag lab tests using 

CB mixtures prepared with distilled water (Simeoni, 2012).  

2.3.9 CB Grouts: Factors Influencing Strength, Stiffness, and Stability  

Strength is primarily influenced by water-cement ratio. Figure 5 shows 28 day strength 

data of similarly prepared mixes as a function of water-cement ratio. The data, from (Contreras, 

2008), contains six mixes that were compared to data points compiled by Mikkelson; the two are 

in reasonable agreement. As expected from a cement mixture, strength is also effected by curing 

time. Using the same six specimens, Contreras performed unconfined compression tests at 7, 14 

and 28 days. From the 7 to 28 day mark, strength typically increased by 50 %, regardless of 

water-cement ratio. Strength can also be reduced as bentonite content increases, but the effect 

appears to be quite small (Contreras, 2008). 

 

Figure 5: Unconfined Compression Strength vs Water-Cement Ratio in Similarly Prepared CB 

Grouts (Contreras, 2008) 
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 There is little discussion available in the literature about the factors influencing stiffness 

of CB grouts. Recall that even a small amount of added cement can make a CB grout 

significantly stiffer than a normally consolidated soil. (Mikkelsen & Green, 2003) suggests that 

the influence of high grout stiffness can be reduced by minimizing borehole radius, but little 

information is presented beyond that. Having a deeper understanding of CB grout stiffness may 

be essential, specifically because of the reasons discussed in 2.4.5.  

Regarding physical stability, adding even a small amount of cement to a  bentonite will 

greatly increase volumetric stability (Mikkelsen & Green, 2003). Inversely, adding even a small 

amount of bentonite to a cement grout greatly reduces the potential for cracking and creating a 

good seal (McKenna, 1995). Adding bentonite also reduces the amount of water bleeding that 

occurs during curing. However, the discussion for both mixing proportions is qualitative in 

nature; there is no data that explores the sensitivity of stability parameters to the amount of 

cement or bentonite added. A qualitative approach isn’t necessarily problematic; there is no 

indication in the pertinent literature of commonly prepared grouts being unstable.   

 

2.4 PERFORMANCE PARAMETERS AND FIELD DATA 

 An ideal grout should have identical stiffness and hydraulic conductivity to the 

surrounding soil. This is a concern, specifically for the fully grouted method which has been the 

focus of research. High plasticity soils, namely those of interest to this study, are likely to be 

considerably less stiff and lower in hydraulic conductivity than the CB grouts used in common 

practice, even in the extreme case of having the least stiff and least permeable CB grout 

achievable from common mixing techniques. However, much theory has been developed to 

demonstrate that grout and soil properties do not need to be completely identical to ensure 

accurate pore pressure readings.  

 Pertinent literature defines the success of a grouted piezometer primarily using two 

parameters: response time and relative hydraulic conductivity. Response time refers to the 

amount of time required for a pressure change to propagate from the outer radius of a grout to the 

piezometer intake region and be fully detected by the piezometer. Relative hydraulic 

conductivity, Kgrout/Ksoil, is defined as; 
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Kgrout

Ksoil
=

saturated permeability ofgrout

saturated permeability of surrounding soil
  (1) 

It should be noted that degree of saturation is assumed to be 100% for most of the derivations in 

the pertinent literature. However, this is rarely the case in actual field conditions, which can lead 

to considerable reductions in hydraulic conductivity. 

For a grouted installation to accurately monitor pore pressures, a piezometer must 

respond to pressure changes quickly. Based on the timespan over which readings must be taken 

[years for a soft clay or possibly months for a higher-hydraulic conductivity media], a full 

response should ideally be attained in a matter of hours or even minutes. The registered response 

must also be accurate. As Kgrout/Ksoil exceeds 1, the registered pore pressure will be different 

from the actual pressure transmitted by the soil. Consider three extreme cases to illustrate these 

concerns: 

 Case 1- The grout is highly permeable compared to the soil: The saturated grout will 

behave as a standing column of water compared to the soil and the piezometer will only register 

hydrostatic pressure. Any pore pressure propagating through the soil will quickly dissipate upon 

entering the highly permeable grout. 

Case 2- The grout is highly impermeable compared to the soil: Pressures propagating 

through the soil will have a greatly increased travel time when entering the low hydraulic 

conductivity grout. The piezometer will not register a pressure change until long after it has 

traveled through the soil. The actual time rates of pressure propagation would be almost 

impossible to back calculate. 

Case 3- The grout and soil have identical properties: The grout and the surrounding soil 

behave as a homogenous medium. This is equivalent to a piezometer that has been seamlessly 

wished into place at the soil depth of interest, removing all concerns about relative hydraulic 

conductivity. The hydraulic lag is now entirely dependent on the 10-2 to 10-5 cm/s (McKenna, 

1995) intake volume required to register a change in a diaphragm piezometer, which results in a 

negligible response time for any soil. 

This section reviews experimental and analytical studies that examine how much error is 

introduced to pore pressure readings as Case 3 strays toward Case 1 or Case 2. These parameters 
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are then investigated as they apply to nested piezometers. Finally, field studies are presented that 

supplement the experimental and analytical data.  

2.4.1 Relative Hydraulic Conductivity: Background 

Again, the hydraulic conductivities of available CB grouts are higher than those of highly 

plastic clays. This calls the viability of the fully grouted method into question. Several studies 

find that Kgrout/Ksoil can be 10, 100, or even 1000 before substantial errors occur, although no two 

studies reach the same conclusion. 

Vaughan first proposed the fully grouted method in 1969 after deriving a series of steady 

state flow approximations for a standpipe with a standard sand pack installation. Vaughan uses a 

basic Darcian approach, assuming that the permeating fluid and all porous media are 

incompressible. The following expressions were derived to calculate the error for a standpipe in 

a homogenous medium: 

 A=
2π

log 
Do

Ds
  

 
K

a1Kg
  (2) 

 B = F  
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 =

2πHs
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 εo =
tanh  AH 

 A+B×tanh  AH 
 (4) 

Where: Do diameter around the borehole over which pressures are assumed to be  

  out of balance (m)  

  Ds diameter of the sand pack (m) 

  K hydraulic conductivity of surrounding soil (m/s) 

  a1 area of the bentonite plug (m2) 

  Kg hydraulic conductivity of the grout (m/s) 

  F Hvorslev’s 1951 intake factor (m) 

  Hs height of the sand pack (m) 

  H height of the borehole (m) 

  εo error of the piezometer reading (m) 
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The error equation relies on several key assumptions: 

1) Flow traveling in the interface between bentonite plug and surrounding soil is ignored. 

2) At the location where the sand pack and plug meet, there is a horizontal impermeable 

plane. 

3) Flow below this plane moving into the borehole is radial. 

4) Flow within the borehole is vertical. 

The intake factor is meant to account for the aspect ratios of the sand pack (Hvorslev, 1951). 

Note that as many as seven alternative factors have been derived using numerical models. These 

factors differ from the original Hvorslev intake parameter by up to 100% (Chapuis, 1989). For a 

more detailed understanding of the intake factor, refer to (Chapuis, 1989; Hvorslev, 1951). For 

the complete derivation of the error term, refer to (Vaughan, 1969).  

The equations demonstrate that for kgrout/ksoil less than or equal to 1, there will be no error 

in measurement. For small [6”] diameter boreholes, Vaughan found that kgrout could be one or 

even two orders of magnitude higher than ksoil before reading errors became too severe for 

geotechnical application. The exact allowable kgrout/ksoil varies based on borehole and sand pack 

geometries. While referenced in later works by Contreras, Mikkelsen and Green, and Simeoni, 

the original error expression is never reused in this form. Noting that the expression was derived 

before computers were readily available, there are several functions not present in the analysis. 

Visualizing borehole radius, length of sand pack, and borehole height as a function of error 

would be beneficial. Despite inaccuracies imposed by the assumptions listed, as well as those 

attributed to the Hvorslev parameter, revisiting the analysis may provide a better qualitative 

understanding of the error term. The approximations and geometrical parameters could also be 

adjusted to attain an error term for diaphragm piezometers. 

Considering Vaughan’s analysis, Mikkelsen and Green note that radial pressure gradients 

can be one to several orders of magnitude larger than vertical pressure gradients for a typical 

borehole. The viability of the fully grouted method is largely dependent on this difference. 

Mikkelsen and Green consider an idealized example of a perched water table above a silty clay. 

Refer to   
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Figure 6: Nested Installation in a Perched Water Table (Mikkelsen & Green, 2003); the 

distance between the sensor and borehole wall, Rd, is small relative to the distance between the 

two nested piezometer, Ld; Sensor A will accurately record the pore pressures of the low 

hydraulic conductivity silty clay while Sensor B accurately records pore pressure in the high 

hydraulic conductivity silty sand.  

  

Figure 6: Nested Installation in a Perched Water Table (Mikkelsen & Green, 2003) 

 Vaughan used the closed form error solution, along with a similarly derived expression 

for time lag, to demonstrate the potential of the fully grouted method. However, his expressions 

were derived for a standpipe in a sand pack installation and only consider hydrostatic pressure. In 

2008, Contreras developed a three-dimensional numerical analysis to better understand relative 

hydraulic conductivity for a diaphragm piezometer in a fully grouted borehole. He used 

SEEP/W, a finite element software that analyzes pore pressure migrations in porous media 

(Contreras, 2008). Refer to Figure 7; the model considers a 7 cm radius, 27.5 m deep borehole in 

a homogenous soil layer 33 m deep with a radius of 60 m beneath the homogenous soil is a layer 

of sand included to manipulate lower boundary flow conditions.  
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Figure 7: Geometries Used in Contreras’ SEEP/W Analysis (Contreras, 2008) 

The analysis was run with total imposed heads of 10 and 20 m for both upward and 

downward flow. The imposed heads induce flow under steady state conditions, although it isn’t 

explicitly stated how and where these heads are applied within the model. Kgrout/Ksoil was varied 

from 1 to 106. Figure 8 shows the results of the analysis as a function of normalized error = (Usoil 

– Ugrout)/Usoil. For the given configuration, Kgrout/Ksoil can be up to 1000 before substantial errors 

occur. This is one to two orders of magnitude higher than the allowable Kgrout/Ksoil proposed by 

Vaughan. The analysis also demonstrates that error is influenced by the magnitude of imposed 

head. When the normalized error function is normalized again by the imposed head, the 10 and 

20 m conditions are equal [i.e. imposed head is the only variable in the analysis causing the error 

difference between the 10 and 20 m conditions].  

Ugrout Usoil
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Figure 8: Results of Contreras’ SEEP/W Analysis (I. Contreras, 2008) 

Contreras’ analysis has some limitations. Contreras compares the acceptable Kgrout/Ksoil of 

1000 he determined to the Kgrout/Ksoil of 10 to 100 reported by Vaughan. However, Contreras 

analyzed a borehole that was roughly 0.5 inches narrower and up to four times deeper than the 

boreholes used in Vaughan’s study. Contreras investigates error as a function of imposed head, 

which provides a useful visualization that is missing in Vaughan’s analysis. However, error as a 

function of borehole radius and borehole height are still not present. Finally, the analysis only 

assesses a steady state condition, even though SEEP/W would allow for modeling of both soil 

and grout compressibility using the coefficient of volume compressibility, mv (GEO-SLOPE 

International Ltd., 2013). Contreras later supplemented his analysis with field data, which is 

discussed in section 2.4.6. 

 Until very recently, (Vaughan, 1969) and (Contreras, 2008) were the only papers that 

develop approaches to determining an acceptable kgrout/ksoil. Vaughan’s derivation requires 

several assumptions and relies on Hvorslev’s intake factor; it was also developed for a standpipe 

piezometers. While using diaphragm piezometers, the details of Contreras’ SEEP/W analysis are 

unclear. Also, neither approach fully explores error as a function of borehole geometry. Despite 
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these shortcomings, the methods developed for relative hydraulic conductivity demonstrate the 

follow concepts: 

1) As kgrout/ksoil increases, reading error increases. 

2) The acceptable kgrout/ksoil is dependent on borehole geometry (Mikkelsen & Green, 2003; 

Vaughan, 1969). 

3) For kgrout/ksoil ≤ 1, there will be no reading error (Vaughan, 1969). 

4) Error is dependent on the magnitude of imposed gradient (Contreras, 2008). 

2.4.2 Relative Hydraulic Conductivity: Recent Advancements in Theory 

 Marefat et al. (2014) makes some significant additions to the relative hydraulic 

conductivity theory developed by Contreras and Vaughan. This study considers a clay aquitard 

overlain by an unconfined aquifer and underlain by a confined aquifer; see Figure 9. Marefat  

derives an analytical expression for error in a fully grouted setup using a similar approach as 

Vaughan. The solution incorporates Hvorslev’s intake factor, but modifies it based on 

suggestions from Chapuis (1999): 

 hp =
 1+

K2
Kg

 
4

5 

L2

D2 
b−L

b
 α1  

 1+
K2
Kg

 
4 L2

5 D2 α1+
8

πD
 

L

b−L
 α2  

 h1 (5) 

Where: hp measured hydraulic head (m) 

  K2 hydraulic conductivity of surrounding soil (m/s) 

  Kg hydraulic conductivity of grout (m/s) 

  L length of the borehole (m) 

  D diameter of the borehole (m) 

  b thickness of the clay aquitard (m) 

  α1 fitting parameter (#) 

  α2 fitting parameter (#) 

  h1 imposed head (m) 
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Figure 9: Geometries used in (Marefat et al., 2014) 

 Using the same geometry shown in Figure 9, Marefat ran a SEEP/W finite element 

analysis similar to the one conducted by Contreras. The numerical results calculated error by 

varying Kgrout/Ksoil from 1 to 10000, imposed gradient [ i ] from 0.1 to 1, and L/b ] borehole 

length / aquitard thickness] from 0.2 to 0.9; this creates more than 150 simulation combinations. 

The numerical model was then fitted to the analytical equation by manipulating α1 and α2.  

The Marefat analysis verifies the same trends demonstrated by Vaughan and Contreras. 

Refer to Figure 10; it is clear that error increases as Kgrout/Ksoil increases, and that no error exists 

for Kgrout/Ksoil ≤ 1. It is also apparent that error increases as the gradient increases. Beyond the 

previous analyses, Marefat shows how dependent error is on the imposed gradient. Recall the 

acceptable Kgrout/Ksoil ≤ 1000 proposed by Contreras and the Kgrout/Ksoil ≤ 10 to 100 proposed by 

Vaughan. The Marefat analysis suggests Kgrout/Ksoil ≤ 100 as the criteria, but only for gradients 

less than 0.1. For a gradient closer to 0.5, 1, or even higher, Kgrout/Ksoil ≤ 10 should be the criteria.  
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Figure 10: Results of the (Marefat et al., 2014) Analysis 

The other key advantage of the Marefat is the assessment of error as a function of borehole 

length [normalized as L/b]. For Kgrout/Ksoil < 10, error is virtually independent of borehole length. 

For large Kgrout/Ksoil values, error increases substantially as borehole length increases. Similar to 

the Contreras analysis, there are two limitations to consider. Firstly, error as a function of radius 

is not investigated. Secondly, compressibility wasn’t accounted for [i.e. hydraulic conductivity is 

the only physical property assigned to the soil and borehole media]. 

2.4.3 Response Time: Background 

Response time has been extensively explored in the literature. For a standpipe 

piezometer, response time is dependent on the size and geometry of the sand zone, among other 

things (Hvorslev, 1951). Without the sand zone, standpipes may not respond quickly in low 

hydraulic conductivity materials. However, recall that diaphragm piezometers are fundamentally 

different. In 1961, Penman showed that a diaphragm piezometer inserted directly into London 

Clay [with a hydraulic conductivity of 3.4x10-8 cm/s] would respond in a matter of minutes. 

Successive studies have expanded on Penman’s finding, proving that response time continues to 

be reasonable even when the piezometer is fully grouted with a CB grout.  
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By assuming incompressibility in the soil and borehole, Hvorslev derived a Darcian 

steady state flow equation to approximate response time of a standpipe in a sand pack 

installation. 

 ϵ = e−4𝜋akt A  (6) 

Where: ϵ normalized difference between piezometer reading and actual pressure (#) 

  a radius of a circular sand pack (m) 

  k hydraulic conductivity of surrounding soil (m/s) 

  t time (s) 

  A cross-sectional area of the standpipe (m2) 

 

In 1969, Vaughan derived an expression for a fully grouted standpipe using the same theory. See 

Figure 11; Vaughan calculates response time of the fully grouted standpipe for varying borehole 

radii, rg, and varying borehole hydraulic conductivities, Kg. The linear plot on Figure 11 was 

generated using the Hvorslev method for conventional sand pack installations. Vaughan made 

several conclusions from this plot: 

1) For kgrout/ksoil < 1/100, the response time is entirely controlled by grout hydraulic 

conductivity. 

2) Omitting the sand pack increases response time, particularly when kgrout/ksoil > 1. 

3) Response time is reasonable for both installations, even in low hydraulic conductivity 

media. 

Even for the standpipe installation, response times calculated by Vaughan were reasonable. 

Vaughan also notes the rapid response time of diaphragm piezometers demonstrated by Penman, 

concluding that a fully grouted diaphragm piezometer should function without significant time 

lag.  
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Figure 11: Response Time of Sand Pack Standpipe vs Response of Time Fully Grouted Standpipe 

(Vaughan, 1969) 

 Numerous response tests have validated Vaughan’s findings: 

1) (McKenna, 1995):  A vibrating wire tip was placed in a PVC pipe and covered with 

191 cm of CB grout. After allowing the pipe to set for 4.5 hours, a constant head was 

imposed by pouring water into the top of the pipe. The piezometer registered a full 

response in 6 hours. In a borehole, the piezometer would have a travel path of a few 

centimeters and the response time would be reasonable. McKenna approximated the 

hydraulic conductivity to be 10-10 cm/s based on the lag time, although this disagrees 

considerably with all other reported values. 

2) (Mikkelsen and Slope Indicator Co., 2000 in Mikkelsen & Green, 2003):  A 

vibrating wire piezometer was embedded in 20 cm of CB grout. Pressure was applied 

above the CB grout layer and the piezometer fully responded within 0.5 to 3.5 minutes; 

see Figure 12. The results demonstrate that response time increases with curing time. 
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Additionally, the time required to register xx % of the applied pressure [Txx], increases 

exponentially [e.g. at 30 days, 95 % of the applied pressure is read in 1 minute, while 

99.9 % of the applied pressure is read in 2.5 minutes]. 

 

Figure 12: Response Test vs Curing Time in (Mikkelsen and Slope Indicator Co., 2000 in 

Mikkelsen & Green, 2003) 

3) (Simeoni, 2012; Simeoni & Polo, 2011):  CB grout specimens of varying 

heights were placed in a flexible wall permeameter. Electronic diaphragm piezometers 

were placed on the top and bottom of the cell to record pressure changes. A total of eight 

specimens were prepared following the Mikkelsen mix procedure and given 28 days to 

cure prior to testing. Even for the 8 cm height sample [the highest specimen], T95 never 

exceeded 7.5 minutes. On average, T95 was roughly 2 minutes.   

4) (Contreras et al., 2013): A vibrating wire tip was placed within a 20 cm height, 10 

cm diameter CB grout prepared following the Mikkelsen mix procedure. The specimen 

was then placed in a triaxial cell and tested in a manner similar to (Simeoni, 2012; 

Simeoni & Polo, 2011) after 28 days of curing. Although only one specimen was tested, 

it responded in less than 2 minutes for each of the 3 pressure increases applied.  

Multiple laboratory programs have found that CB grouts for borehole applications 

register a full response in 6 minutes or less, which is acceptable for most geotechnical 

applications (Simeoni, 2012). However, recall the 10-4 and 10-7 cm/s hydraulic conductivity range 

typically cited for CB grouts. If a fill material was implemented with a lower hydraulic 

conductivity, the response time would need to be reevaluated. Due to the large variability of 
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reported CB values, it would be advisable to retest a fill material near the lower limit [10-7 cm/s] 

as well. Additionally, consider that CB grout is the only material extensively used for testing. 

2.4.4 Response Time: Overlooked Theory 

Response times in CB grouts are believed to be most heavily influenced by grout hydraulic 

conductivity, soil hydraulic conductivity, and intake equalization volume of the piezometer as 

demonstrated by Vaughan (1969) and Penman (1961). Laboratory programs have verified the 

fast response times of diaphragm piezometers in CB grouts, but little has been done to advance 

the original theory of Vaughan and Penman. Additionally, some theory has gone largely 

overlooked in the pertinent grouted piezometer literature. 

If soil, grout, and water are completely incompressible, response time will only depend the 

time required to transport enough flow for the piezometer diaphragm chamber to equilibrate. 

However, it was demonstrated as early as 1963 that response time of an open standpipe 

piezometer increased as compressibility of the soil increased under the assumption that the 

system was fully saturated (Gibson, 1963).  

In 1953, Josselin de Jong used Biot’s 1941 three-dimensional consolidation theory to 

demonstrate that substantial error can occur in predicting response time when assuming 

incompressibility, particularly in clays. This was also demonstrated experimentally by Penman in 

1961. The piezometer and surrounding material behave as a closed system. After a pore pressure 

increase, a soil skeleton must strain volumetrically to equalize with the decrease in effective 

stress. As stiffness decreases, the strain equalization volume increases [i.e. more flow must enter 

the system to reach equilibrium and response time increases] (Gibson, 1963). 

Gibson derives expressions for response time as a function of stiffness. Firstly, recall the 

Hvorslev derivation for time lag in a standpipe, shown in equation 7. Gibson’s expression is 

nearly identical, but includes a nondimensional stiffness term, µ, [this accounts for the 

compressibility coefficient of the soil skeleton, m, and the soil geometry] and the coefficient of 

consolidation, cv. Figure 13 demonstrates how increasing µ decreases response time for a given 

level of error, ϵ. The derivation is for a standpipe with a circular sand pack, but still has 

qualitative relevance for a diaphragm piezometer.  
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Figure 13: Stiffness vs Response Time for a Standpipe (Gibson, 1963) 

Gibson derived a similar expression for measuring time lag in triaxial cell readings. 

Opposed to the sand pack derivation, the triaxial cell derivation accounts for compressibility of 

the apparatus. However, this derivation assumes the pore fluid is incompressible relative to the 

soil skeleton, which is likely to be invalid under realistic conditions [this is concern with the 

Marefat, Vaughan, and Contreras derivations as well]. The relationship between stiffness and 

response time is similar to the standpipe derivation shown in Figure 13; 

 ϵ = 2 1 + η  
exp −αn

2cvt h2  

αn
2+η+η2

∞
n=1  (8) 

                   where αn are posative roots of:              α cot α = −η  

 η =
Ah𝑚

λ
 (9) 

Where: ϵ normalized difference between piezometer reading and actual pressure (#) 

  cv coefficient of consolidation (m2/s) 
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t time (s) 

h specimen height (m) 

  A cross-sectional sample area (m2) 

  m coefficient of compressibility (Pa-1) 

  λ volume change of the measuring system per unit pressure change (m3/Pa) 

Much of this theory was overlooked because response time of stiff porous media, such as 

sands, is insensitive to assuming incompressibility (Hvorslev, 1951). It is demonstrable that the 

cement structure of CB grouts is very stiff  (Mikkelsen & Green, 2003). However, the bentonites 

used for seals in conventional sand pack installations are highly compressible. Additionally, little 

research has been done to investigate how the bentonite portion of CB grouts behaves. 

2.4.5 Response Time: Recent Advancements to theory 

Most of the historical literature relies on the assumption that the soil is completely 

saturated and the pore fluid is incompressible relative to the soil skeleton, which has limited 

value when modeling realistic conditions. In 2011, Simeoni expanded on Vaughan and Gibson 

by testing CB grout samples of varying height using a flexible wall permeameter setup. A 

pressure was imposed on one end of the similarly prepared specimens and the pressure read by 

the electronic diaphragm sensor on the opposite side was recorded as a function of time. This 

data was collected to determine t95 for both upward [uw] and downward [dw] imposed pressures 

of varying magnitudes; see Figure 14. In contrast to Darcian assumption, t95 shows a 

considerable decrease as the imposed pressure increases.  
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Figure 14: Time Lag vs Imposed Pressure (Simeoni, 2012; Simeoni & Polo, 2011) 

 Assuming Darcy’s law is valid, Simeoni derives a steady state flow solution to find t95 for 

the triaxial setup used in the test. This derivation considers a pressure imposed on the bottom of 

the specimen, where the objective is to calculate the time as which the same pressure is read by 

the top sensor. He makes the assumption that equalization volume of the diaphragm increases 

linearly with pressure; 

 t95 = 3
Hb

AKgs
 (10) 

Where: t95 time required for 95 % of imposed pressure to be registered (s) 

  H height of the specimen (m) 

b coefficient to describe the assumed linear relationship of volume 

equalization and pressure change 

  A cross-sectional area of the specimen (m2) 

  Kgs saturated hydraulic conductivity of grout (m/s) 
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 For the Darcian expression, t95 is dependent on specimen height, which agrees with data 

in Figure 14. However, the expression is free of any term that suggest magnitude of pressure 

should effect t95, demonstrating the inconsistency with the data in Figure 14. Although 28 days 

of curing time was allowed, it is suggested that the decrease is due to the grout being quasi-

saturated. Response time would consequently vary as a function of imposed pressure relating to 

the grout compressibility. Note that t95 becomes reasonably constant at larger pore pressures, 

suggesting that full saturation is achieved around 250 kPa. Simeoni modifies his Darcian time lag 

equation to account degree of saturation and soil compressibility, creating a differential equation. 

To simplify the expression, hydraulic conductivity at a given water content and change in water 

content with pressure are assumed constant for a given imposed water pressure; the resulting 

expression is similar to Terzaghi’s 1923 solution for 1-D consolidation. Simioni makes two 

assumptions to solve for boundary conditions: 

1) At t = 0 seconds, a pressure applied on the bottom of the specimen results in no pressure 

change at the top of the specimen.  

2) Throughout the test, the pressure at the bottom of the specimen is equal to the applied 

pressure. 

Using the two boundary assumptions and introducing coefficient of consolidation, cv, the 

following expression is derived: 

 Utop,t = 1 −
Uetop,t

Uetop,0
= 1 −  

2

M
e−M

2υ Cvt H2  ∞
n=0 × sin M   

                                                                                                      , with  M =
2n+1

2
π (11) 

Where: Utop,t degree of pressure equalization (#) 

  Uetop,t excess water pressure at time t (Pa) 

Uetop,o initial excess water pressure (Pa) 

n number of iterations (#) 

υ volumetric water content (#) 

cv coefficient of consolidation (m/s2) 

t time (s) 

H Length of the drainage path [equal to specimen length for this case] 
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Equation 12 is fit to the pressure-time lab data, calculating the cv that minimizes the sum 

of the squared differences. Figure 15 is generated by repeating this process for each test. The plot 

demonstrates that cv increases substantially as confining pressure increases [i.e. hydraulic 

conductivity and time lag properties are heavily influenced by degree of saturation and stiffness]. 

In an earlier study, for comparison, it was found that silty soils had hydraulic conductivities that 

increased by an order of magnitude as degree of saturation increased from 0.9 to 1. More 

crucially, the soils only reached complete saturation under positive pore pressure  (Bicalho 1999 

in Simeoni, 2012). 

 
Figure 15: Coefficient of Consolidation vs Applied Pressure (Simeoni, 2012; Simeoni & Polo, 

2011) 

The coefficient of consolidation  also appears to be influenced by specimen height, which 

is not accounted for in any of the theory. Simeoni inputs the test setup into a SEEP/W model, 

assuming a hydraulic conductivity - pressure and volumetric water content – pressure 

relationship typical of a clay. By varying the imposed pore pressures from 50 to 300 kPa, it is 
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apparent that cv changes at lower pressure steps as seen in the experimental data; the same is not 

true for specimen height, however. Simeoni suggest that, because the CB grout is rougher than 

the test membrane, a flux of water at the membrane-grout interface is possible. By including this 

high hydraulic conductivity interface, cv becomes affected by specimen height.  

Simeoni presents strong evidence that response time is effected by degree of saturation, 

stiffness, and hydraulic conductivity of the grout. However, the study has a few limitations. 

Although it is clear that water content influences response time, the response test data is never 

presented as a direct function of water content. There is also no experimental or field verification 

that saturated media of different stiffnesses will have different response times, although the 

theory implies this to be the case. Additionally, much of the analysis relies on the assumption 

equalization volume of the diaphragm increases linearly with pressure, but there is little 

discussion on the validity of this assumption. For example, the reduction to response time as 

applied pressure increases may be partially explained by the diaphragm having a nonlinear 

volume equalization - pressure relationship. 

The final limitation is that influence of compressibility is only discussed in regards to 

time lag. To minimize time lag, a grout should have a high conductivity and be infinitely stiff. 

However, these same parameters will be a detriment when trying to minimize reading errors. 

Much of the stiffness theory developed by Simeoni conflicts with the incompressible framework 

used to define relative hydraulic conductivity. Considering how significantly stiffness and degree 

of saturation appear to influence time lag, the relative hydraulic conductivity models may lead to 

substantial error.  

2.4.6 Nested Piezometers 

 One of the primary drives to use the fully grouted method is how much it simplifies the 

installation method, particularly when installing multiple piezometers in a single borehole. In a 

sand pack installation, placing multiple sand packs and bentonite seals can be cumbersome and 

costly (Contreras, 2008). Diaphragm piezometers are typically preferred for ease of installation, 

but even sufficiently small diameter standpipes can be installed in a nested formation (Vaughan, 

1969).  
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When nesting piezometers, care must be taken to ensure that the diaphragm sensor wires 

are not in contact. Otherwise, high hydraulic conductivity channels may develop and invalidate 

pore pressure readings. In practice, up to four piezometers have been successfully placed in a 

single borehole. As the number of piezometers increases, the borehole radius must increase to 

ensure no wires are in contact (Contreras, 2008). 

There is virtually no experimental data or theory developed for nested piezometers. 

Consequently, the pertinent literature only offers field data and contractor experience 

[specifically in ( Contreras et al., 2013; Contreras, 2008; Mikkelsen & Green, 2003)]. Section 

2.4.7 describes the available field data. It is suggested as a rule-of-thumb to space piezometers 

apart by at least 10 to 20 feet (Mikkelsen & Green, 2003), but the author is unaware of any 

formal criterion for determining the acceptable spacing or quantity of piezometers placed in a 

borehole.  

2.4.7 Field Data 

The following list presents field cases used to explore the theory and experimental data 

developed for relative hydraulic conductivity, installation method, and response time. These 

cases also form the basis of practice for nesting piezometers, as little theory and experimental 

data are available on the subject.  

Case 1: (McKenna, 1995) [Relative hydraulic conductivity, Nesting, Installation 

Method]: In the Athabasca oil sand formation in Canada, K ranges from 10-7 to 10-8 

cm/s, with some thin clay layers ranging between 10-8 to 10-10 cm/s. Tips were installed in 

boreholes with slotted pvc pipes; a total of 200 boreholes up to 15 m in depth were 

drilled. Installation sites included overburden slopes, artesian wells, and isolated regions 

designated specifically to compare installation methods. Results were reasonable for most 

installations. Overburden slopes showed pore pressure dissipations in line with 

predictions. Nested piezometer showed no indication of being hydraulically connected. 

Fully grouted piezometers outputted pressure-time data that usually differed by less than 

1.5 m, noting that slight differences in the location of each borehole attribute to some of 

the difference. For one case of a sand pack and fully grouted piezometer on the same 

overburden slope, pressure-time data is nearly identical. 
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One concerning case is reported in which two fully grouted piezometers were 

installed in a single borehole. The lower piezometer was located within an artesian well, 

while the higher piezometer was located near the surface in a clay layer believed to have 

negligible pore pressures. Initially, the lower piezometer read artesian pressures and the 

higher piezometer read pressures close to zero as expected. After some time, pore 

pressure readings in the upper piezometer increased to an amount only possible via 

interference from the artesian zone. McKenna believes that the error was caused by grout 

hydraulic conductivity somehow increasing above the hydraulic conductivity of the 

lagoonal mud forming confining layer of the artesian zone. A similar piezometer was 

installed in a borehole that did not penetrate into the artesian zone and the pore pressure 

readings remained close to zero.   

Case 2: (Contreras, 2008) [Relative Hydraulic conductivity, Nesting]: Contreras 

considers three separate field examples. In the first, a fully grouted piezometer is installed 

with four nested piezometers. Four other boreholes are installed with single piezometers, 

such that all five installations are spaced 7.5 m apart in plan view. The elevation - pore 

pressure data is plotted for all sensors, with the nested borehole showing agreement with 

the combined data of the single boreholes [pore pressure profiles never differ by more 

than 15 kPa over the 18 m depth of monitoring]. Note that a lot of this difference is 

attributable to the physical borehole locations being 7.5 m apart. No information is 

provided about the stratigraphy of this site, however.  

The second example considers a vibrating wire piezometer installed in the Hout 

Formation [Crookston, MN] in an upward seepage condition. The site contained a 

homogenous clay with a hydraulic conductivity of 1.2x10-8 to 1.9x10-8 cm/s, while the CB 

grout had a measured hydraulic conductivity of 2.0x10-6 cm/s. The measured depth - pore 

water pressure data plots slightly above hydrostatic conditions, as would be expected for 

an upward flow condition. The third case examines a downward flow site with three 

strata of hydraulic conductivities ranging from 1.0x10-3 to 9.5x10-7 cm/s with a CB grout 

of 1x10-6. No further information is provided on the stratigraphy of the formation. The 

measured depth – pore water pressure profile plots below the hydrostatic line, as 

anticipated for a downward flow condition. 
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Case 3: (Simeoni & Polo, 2011) [Response Time, Installation Method]: Piezometers of 

varying elevations were installed along an embankment of the Adige River in Egna, 

Northern Italy. The upper strata is a sandy silt with horizontal hydraulic conductivity of 

10-3 cm/s, while the deeper strata is a silty sand with gravel with horizontal hydraulic 

conductivity of 10-2 cm/s. The grout was assessed with a falling head test in which the 

specimen was surrounded by silicon grease to prevent side seepage; hydraulic 

conductivity was determined to be 1.3x10-8 cm/s. A piezometer was installed in each 

strata using a gravel pack and bentonite seal. Similar piezometers were installed, each 

about 4 m away, using the fully grouted method. All piezometers responded quickly 

enough to measure daily changes in river elevation. This is particularly promising as the 

1.3x10-8 cm/s measured hydraulic conductivity is the lowest reported in literature. It is 6 

to 7 orders of magnitude lower than hydraulic conductivity of surrounding soil, 

suggesting that response time is entirely controlled by the grout in this case.  The fully 

grouted and gravel pack installations report similar pore pressure – time profiles. Small 

differences exist, but are likely accounted for by the 4 m spacing between installations 

Case 4: (Contreras et al., 2013) [Relative Hydraulic conductivity, Installation 

Method]: Contreras performed an extensive monitoring program including multiple sites. 

Table 2 provides total head data recorded for fully grouted vibrating wire piezometers 

[VW] and standpipes with sand packs [SP] installed in adjacent locations. The fully 

grouted and sand pack installations are in considerable agreement for a wide range of 

relative hydraulic conductivities. Contreras assumes that the standpipe measurements 

represent the true total head. He then plots the relative hydraulic conductivity data for 

each site over the SEEP/W model from (Contreras, 2008); see Figure 16. 
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Table 2: Site Data for Total Head in Fully Grouted and Sand Pack Installations (Contreras 

et al., 2013) 

 

Figure 16: Relative Hydraulic conductivity Site Data Fitted to the 2008 SEEP/W Model 

(Contreras et al., 2013) 

 Mckenna, Simeoni & Polo, and Contreras all present promising data that fully grouted 

piezometers measure similar values to sand pack installed piezometers. This suggests that the CB 
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grout itself is acting as a similar hydraulic isolator to the bentonite seal, even though bentonite is 

more compressible and usually cited as having lower hydraulic conductivities. However, the 

minimum hydraulic conductivity of the soil considered in all studies was 1.12x10-8 cm/s. It 

would be ideal to collect data on both installation methods in lower hydraulic conductivity 

media. Doing so could determine if there is a point at which the CB grouts and bentonite seals do 

start to differ in terms of being an effective hydraulic isolator.  

 Simeoni presents the only field data that assesses response time, although the data is 

heavily complimented by lab data from various studies. Even for the low hydraulic conductivity 

[1.3x10-8 cm/s] grout in Simeoni’s study, the piezometer was able to respond to daily fluctuations 

in river elevation. For currently available grouts, it is reasonable to assume that response time 

will not be an issue. However, recall that the strata in Simeoni’s study had hydraulic 

conductivities of 10-3 cm/s or higher. It would be ideal collect data in lower hydraulic 

conductivity formations to determine if there is a practical point at which geometry of the 

borehole and hydraulic conductivity of the surrounding soil start to control response time.  

Both Contreras and Mckenna present field examples for nested piezometers working. As 

many as four piezometers have been successfully placed without showing signs of being 

hydraulically connected. Only two parameters are discussed for ensuring the success of a nested 

parameter: the borehole must be sufficiently wide to ensure that no wires intersect, and as a rule-

of-thumb piezometers should be nested more than 10 to 20 feet apart. It would be ideal to 

develop theory and design guidelines for nesting piezometers beyond the site testimonies 

currently available.  

Data for relative hydraulic conductivity available from Mckenna and Contreras verifies 

anticipated qualitative trends, but is quite limited otherwise. In Contreras’ 2008 and Mckenna’s 

1995 study, pressure – time and pressure – depth profiles all follow qualitative trends anticipated 

for each respective porous media [e.g. Contreras’ pressure - depth data for a borehole in an 

upward flow condition plots slightly above the hydrostatic line]. This is further validated by the 

nested piezometers that also show anticipated trends. However, little is done to investigate how 

accurate the magnitude of pore pressures are, which is more difficult.  
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Contreras’ 2013 study offers a more quantitative approach by testing a range of relative 

hydraulic conductivities. However, Contreras relies on the assumption that the standpipe data in 

Table 2 represents the true total head. There is little evidence to refute the considerable 

possibility that the bentonite seal and CB grout are behaving as similar, yet insufficient hydraulic 

isolators [i.e. the standpipe and fully grouted readings are both incorrect by a similar magnitude 

of error]. With the current analysis, there is no way to verify if the standpipe readings are correct; 

the data overlay in Figure 16 has no points that test the practical extents of Contreras’ 2008 

SEEP/W predictions.  

It is also of concern that the in-situ gradients aren’t discussed at great length for any 

study. Recall the Marefat 2014 analysis in which it was demonstrated that error is strongly 

related to the imposed gradient. This is potentially verified by the special case discussed by 

Mckenna in which the borehole penetrating into the high pressure artesian well showed a clear 

influence on a nested piezometer located at a much higher strata. Unfortunately, the Marefat 

analysis itself offers no field data. It would be ideal to test a site with a well-documented flow 

regime to find gradients and relative hydraulic conductivities that better explore the available 

relative theory and modeling.  

 

2.5 AREAS OF FOCUS FOR FUTURE STUDIES  

This section lists potential limitations of the literature that need attention in future studies. The 

bracketed number indicates the section of the literature review in which each topic is discussed. 

Concerns with Installation and Equipment  

 No studies compare the response time between pneumatic and vibrating wire piezometers 

[2.2.2] 

 Pushed-in piezometers show some promise, but their susceptibility to smearing effects is 

largely unexplored [2.2.3] 

Concerns with Material Properties  

 When using a gel to reduce the potential for radial seepage in a permeameter setup, Simeoni 

reported a CB grout hydraulic conductivity one to four orders of magnitude lower than the 
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typically reported range. Simeoni’s 2011 report is only study in pertinent literature to 

account for this. [2.3.3] 

 Fly ash and sand bentonite grouts show promise, but haven’t been explored for borehole 

applications [2.3.5] 

 Mikkelson suggests that adding bentonite last to a CB grout requires more bentonite than 

adding the cement last, lowering the hydraulic conductivity. There is currently no data to 

explore this [2.3.6]. 

 The Mikkelson mix design is the only design commonly referenced in literature [2.3.5]. 

 Water / cement ratio is thought to control void ratio and ultimately hydraulic conductivity of 

CB grouts, but only (Contreras, 2008) has data to explore this [2.3.8]. 

 Confining pressure during curing is known to effect hydraulic conductivity of media similar 

to CB grouts, although it is virtually uninvestigated for CB grouts [2.3.8]. 

 There is little data exploring the sensitivity of CB hydraulic conductivity to the amount of 

bentonite added [2.3.8]. 

 Chemistry of the permeating fluid is known to affect hydraulic conductivity in media similar 

to CB grouts, but is virtually unexplored for CB grouts [2.3.8]. 

 There is little discussion of factors that influence CB grout stiffness; it is only said that the 

effect of high grout stiffness is minimized by reducing borehole diameter [2.3.9]. 

 There is no data or theory to explore how sensitive the volumetric stability of a bentonite is 

to the amount of cement added. Inversely, there is also no data or theory to explore how 

sensitive the cracking potential of a cement is to the amount of bentonite added [2.3.9]. 

Concerns with Performance Parameters and Field Data 

 Three studies have investigated relative hydraulic conductivity, all of which arrive at 

different conclusions about acceptable kgrout/ksoil criteria [2.4.1, 2.4.2]. 

 The three studies investigating relative hydraulic conductivity assume incompressibility of 

soil and permeating fluid [2.4.1, 2.4.2]. 

 None of the three studies discuss how borehole radius may effect kgrout/ksoil criteria [2.4.1, 

2.4.2]. 
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 Response time is extensively explored for CB grouts using analytical and experimental 

means. It is virtually unexplored in all other media that may be of interest for borehole 

applications [2.4.3]. 

 (Lucia Simeoni, 2011) is the only study to consider the effects of compressibility and 

unsaturated conditions [2.4.4]. 

 (Lucia Simeoni, 2011) back-calculates coefficient of consolidation from the response tests, 

but never compares the back-calculated coefficient to one attained from a conventional 

consolidation test [2.4.4]. 

 SIMIONI 2011 demonstrates that response time is heavily influenced by compressibility 

and degree of saturation of the CB grout, conflicting with the incompressible framework 

developed for the kgrout/ksoil theory [2.4.4]. 

 No experimental data or theory has been developed for nested piezometers [2.4.6]. 

 No field data exists with small enough kgrout/ksoil ratios to determine if there is a point at 

which CB grouts and bentonite seals start to differ in terms of being an effective hydraulic 

isolator [2.4.7]. 

 No field data exists with small enough kgrout/ksoil ratios to determine the point at which 

borehole geometry and soil hydraulic conductivity start to control response time [2.4.7]. 

 Field data used to supplement the developed kgrout/ksoil theory only provides a qualitative 

check that the piezometers are accurately recording data. In effect, there is no way to 

determine if the in-situ pore pressures are recording the correct magnitude of pressure 

[2.4.7]. 

 The newest and most refined of the kgrout/ksoil studies, (Marefat et al., 2014), has not yet been 

supplemented with field data [2.4.7]. 
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CHAPTER 3: EXPERIMENTAL PROGRAM 

 

3.1 INTRODUCTION 

In order to study the variables affecting the performance of grouted piezometers, an 

experimental program was developed using ASTM 5084: a flexible wall permeameter method to 

test the hydraulic conductivity and response time of sand-bentonite, fire clay, and sand 

specimens. This section provides the rationale behind and introduction to this testing program.  

The following criteria were considered when designing the testing program: 

1) Criticality of Research Area:  Some literary shortcomings are inherently more concerning 

than others and should ideally be addressed first. For example, a grouted piezometer’s 

success depends on the disagreeing criteria developed for Kgrout/Ksoil. Attaining data on 

Kgrout/Ksoil  would therefore be of high importance. 

2) Ease of Testing: Some factors naturally require more resources to test. For example, 

collecting data on the lower end of the Kgrout/Ksoil ratio requires careful instrumentation and 

lengthy data collection periods. Although such Kgrout/Ksoil data would provide important 

results, the difficulty of attaining data reduces efficiency. Note that certain factors can be 

tested together. For example, a triaxial cell could be used to obtain hydraulic conductivity 

and stiffness data within the same test. The more factors a procedure can accommodate, the 

more preferential it becomes. Also, tests more closely related to pore fluid properties of sand 

mixtures would require the least setup time and equipment procurement. 

Following these criteria, a procedure was modified from ASTM 5084, for measuring 

hydraulic conductivity using a flexible wall permeameter  (ASTM International, 2011). To 

account for a large range of compressibilities and hydraulic conductivities, sand-bentonite, fire 

clay, and sand specimens are tested. Aside from capturing a large range of material properties, 

these three media have been studied extensively within the UT Geotechnical department; 

virtually no equipment procurement or outside consultation is required. 

The procedure calls for a specimen prepared in a triaxial cell. The hydraulic conductivity 

of the specimen is determined by imposing a gradient through water-filled lines connected to the 

cell and measuring water volume migration with time. In addition to hydraulic conductivity, a 
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triaxial cell – based procedure enables convenient testing of response time and coefficient of 

consolidation. To ensure saturated conditions specified in ASTM 5084, back pressure saturation 

is applied. During these back pressure increments, pressure – time data can be collected with 

diaphragm sensors to determine response time as a function of degree of saturation. After the 

specimen is saturated, consolidation properties are obtained by increasing cell pressure and 

measuring the volume of water outflowing from the specimen with time. In between 

consolidation phases, additional backpressure steps are applied to measure response time as a 

function of consolidation pressure. 

 Initially, two specimens with a small Kgrout/Ksoil ratio were tested in parallel to visualize 

Kgrout/Ksoil and response time properties as a proof-of-concept. The test verified anticipated trends 

for a pressure wave propagating through two media of different hydraulic conductivities 

simultaneously. After verifying anticipated trends, the testing procedure focuses on data 

acquisition from isolated samples. 

 This modified approach to a flexible wall permeameter test has several aims; 

1) Supplementing existing Kgrout/Ksoil theory: By testing the flow properties of three 

different media, the disagreement between the existing Kgrout/Ksoil criteria can be assessed.  

2) Assessing the incompressible framework of the kgrout/ksoil theory:  By testing response 

time and hydraulic conductivity of three different media, it can be determined if 

coefficient of consolidation is a necessary parameter to consider when discussing the 

accuracy of piezometer readings, or if the incompressible framework assumed for kgrout/k-

soil. 

3) Exploring alternatives to conventional CB grouts: Sand bentonite grouts show promise 

to be good borehole fill materials. Response and hydraulic conductivity tests should 

provide some insight into their usefulness as fill materials when compared to CB grouts. 

4) Verifying the influence of compressibility and under-saturation on response time:  

(Simeoni, 2011) is the only study that explores the effects of compressibility and degree 

of saturation on response time. The response tests outlined in this study provide a direct 

means to supplement this data. 

5) Exploring the effect of degree of saturation: No existing research provides data for 

response time and kgrout/ksoil criteria as a direct function of degree of saturation. Collecting 
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such data would provide a powerful means for evaluating in-situ piezometer 

specifications. 

Sections 3.2 to 3.5 discuss the materials, testing apparatuses, and methods used to 

perform these modified ASTM 5084 experiments. 

During testing, it became a concern that the three-dimensional effects of the flexible wall 

tests would not provide an accurate fit to the one-dimensional theory typically used for time rate 

of consolidation and hydraulic conductivity. To investigate the potential effects of these three-

dimensional effects, as well as expedite testing procedures, a rigid wall setup was eventually 

implemented that is nearly identical to the flexible wall setup. This alternative setup is discussed 

in section 3.6. 

 

3.2 MATERIALS 

The three media selected for testing encompass a large range of material properties. Fire 

clays tend to be highly impermeable and highly compressible. In contrast, pure sands tend to be 

highly permeable and highly incompressible. Sand-bentonites are an intermediate material. Such 

mixtures retain the rigidity of a sand skeleton, but have pores sealed with swollen bentonite; the 

mixtures tend to be highly impermeable and highly rigid [however, the pore spaces of swollen 

bentonite are comparatively compressible].  

The sand, bentonite, and fire clay used for this study have been assessed extensively in 

previous studies in the UT Geotechnical Department. Material properties for the sand and 

bentonite are cited from the departmental findings of (Hwang, 2010) and (Spears, 2014). 

3.2.1 Sand 

For the pure sand and sand-bentonite tests, Ottawa sand from U.S. Silica was used. The 

sand is taken from the St. Peter Sandstone deposits in Ottawa, Illinois and meets the ASTM C-

779 regulations for hydraulic conductivity testing. Earlier tests conducted at the UT Geotechnical 

department have already measured most relevant material parameters. The sand is poorly graded 

with tan, rounded grains. Figure 17 shows the grain size distribution determined by U.S. Silica 

and (Hwang, 2010). Table 3 provides specific gravity, minimum and maximum void ratio, 10 
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and 50 percent passing, coefficient of uniformity, coefficient of curvature, and USCS 

classification of the Ottawa sand as presented in (Hwang, 2010). 

 

Figure 17: Grain Size Distribution of Ottawa Sand (Hwang, 2010) 

Table 3: Properties of Ottawa Sand (Hwang, 2010) 

 

Hwang, 2010 
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3.2.2 Bentonite 

 In addition to the Ottawa sand, the sand-bentonite mixtures prepared in this study use a 

Volclay manufactured Wyoming bentonite [commercially sold as Volclay CP-200]. The 

bentonite is classified as a soil sealant and meets American Petroleum Institute Specification 

13A for Drilling Fluid Materials. The moisture content of the bentonite was experimentally 

determined to be 6.7 % (Spears, 2014). The manufacturer states the lower bound for free swell as 

8 ml per gram of water added (CETCO, 2009 in Spears, 2014). In this study, note that all 

bentonite is sieved through a #200 mesh before testing; this removes impurities and makes the 

results more standardized for cross-study comparison. 

3.2.3 Fire Clay 

Fire clay is a refractory material with a reported liquid limit of 59. For all tests in this 

study, the initial water content is assumed to be zero. Prior to testing, all fire clay is sieved 

through a #40 mesh with the intention of removing large diameter particles that would swell at 

an unreasonably slow rate. The fire clay was ultimately selected for its high-compressibility, 

low-hydraulic conductivity nature [both of which were experimentally verified, as shown in 

section 5.1] 

3.3 TRIAXIAL CELL TEST SETUP 

This section describes the sensors, data collection tools, and test frames implemented to 

create the modified permeameter setup. Figure 19 provides a schematic of the test setup. The 

selected triaxial cell [a flexible-wall type apparatus] is mounted with a 2.5 inch base plate and 

can accommodate specimens up to roughly 7 inches in height. The cell has a total of 6 

connection points: 2 cell pressure valve [leading to the cell chamber surrounding the specimen], 

2 pore inflow valve [leading to the bottom of the specimen], and 2 pore outflow valves [leading 

to the top of the specimen]. A Trautwein pressure panel is used to generate all imposed 

pressures. Water lines are connected from the pressure panel burettes to one cell, one inflow, and 

one outflow valve.  

Two Validyne differential transducers [DT] are utilized for a test. A 2 psi range DT is 

connected to the remaining inflow and outflow valves; this sensor records the pressure difference 

between the top and bottom of the specimen and is used to perform response time tests. A similar 

0.3 psi range DT is connected to the top and bottom of the pore inflow burettes; this transducer 
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measures changes to head in the water column inside the burette, which can be used to calculate 

volume changes in the pore space of the specimen. Each sensor is attached to a Validyne 

demodulator and uses a data acquisition module to send digital signals to a computer. The signals 

are then processed using LabView software.  

 Two Geotac high capacity transducers [HCT] are also utilized. A 100 psi HCT is 

connected to the same inflow valve as the water line; this sensor measures the magnitude of pore 

pressure. An identical 100 psi HCT is connected to the remaining cell valve, which measure the 

magnitude of cell pressure. The two sensors are connected to an Adio-4 module. The Adio-4 

module is connected to a DC-powered network module, which sends a digital signal to the same 

computer used for the Validyne DT sensor data collection. To process these signals, TestNet 

Software is used. Figure 18 shows the combined TestNet [left] and LabView [right] interfaces 

used for data acquisition. 

 

Figure 18: Flexible Wall Permeameter Software Setup 
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  The DT setup is well suited to take high frequency readings [30 hz or more] making it 

ideal for the extremely sensitive response time curves. The TestNet used in the HCT system 

provides a user-friendly display of data, making it ideal for monitoring pore and cell pressure 

[which must be done instantaneously, and therefore manually]. Using a single data collection 

system has many advantages in regards to setup time and ease of installation. However, it was 

desired to have two tests running concurrently and limited Validyne and Geotac sensors were 

available. Also, using both Validyne and Geotac sensors with a single data collection system is 

ill-advised. This method was explored, but quickly abandoned. The Validyne DTs have a 10 V 

output, while the Geotac HCTs have a 0.1 V output; the resulting electrical interference created 

an unacceptable level of noise.  
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Figure 19: Flexible Wall Permeameter Test Setup 
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3.3.1 Geotac HCT Setup and Calibration 

 Geotac, part of the Trautwein Soil Testing Equipment company, creates data acquisition 

systems specifically designed for geotechnical testing. The HCT setup uses Geotac equipment all 

suited for triaxial testing. The HCT has a single water intake zone and emits a continuous 

voltage, where the magnitude is a function of the imposed pressure.  The analog HCT output is 

converted into a digital signal via network module, where it can be processed by the TestNet 

software. TestNet uses Distributed Data Acquisition and Control, allowing the analog signal to 

be transmitted using a single network cable (Spears, 2014).  

The Adio-4 connector can accommodate up to 4 HCTs at once, allowing for two tests to 

be ran simultaneously with a single setup. TestNet has several programs, most of which are set 

up to visually display the pore pressure, cell pressure, lateral displacement, and imposed loading 

on a single specimen. Because displacement and load readings were not required for this testing 

program, a program called Sigma 1-CU [designed for consolidated-undrained traixial tests] could 

be modified to create a visual display of the cell and pore pressure readings for two concurrent 

tests.  

The HCT setup has proven to be incredibly reliable. Even over the duration of an entire 

test, which can last up a month, the sensors remain virtually free of drift. At most, the sensors 

drift by up to 0.3 kPa over their 560 kPa calibrated range over a week-long period. For the 

purposes of measuring pore and cell pressure, this drift is tolerably small. The sensors are best 

calibrated with a high-range analogue panel; the UT geotechnical lab uses an analogue panel 

with a 700 kPa range that are able to reliably record pressures to the nearest 1.4 kPa. After being 

calibrated, the HCTs provide outputs that appears stable to the nearest 0.01 to 0.1 kPa [small 

differences do exist as a result of age, installation and manufacturing defects, and wear]. This 

accuracy was verified by attaching the sensors directly to a Trautwein pressure panel burette, 

where the water column height in the burette is taken to be the true pressure. Regardless, this 

level of accuracy is perfectly suited for the range of testing pressures. The intrinsic calibration 

factor seems very stable as well [i.e. extended use of the HCTs seems to have minimal impact on 

the voltage output - pressure relationship].  

To calibrate the sensors, they are attached to the high-range analogue panel. In 70 kPa 

increments, panel pressure is increased and the HCT output voltage is recorded via TestNet. 
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After reaching 560 kPa, the pressure is reduced in 70 kPa increments and similar TestNet data is 

recorded. Plotting panel pressure as a function of voltage should yield an ideally linear trend. 

The linear trend should be identical for both the pressure increase and pressure decrease phases; 

a discrepancy between the two may indicate a defect or malfunction in either the transducer or 

the setup. The R2 value for all four transducers in this study is greater than 0.9999, indicating that 

they are functioning correctly. 

For additional information on Geotac or TestNet, refer to section 3.3 of (Spears, 2014).  

3.3.2 Validyne DT Setup and Calibration 

The Validyne DTs function similarly to the HCT, but have two zones for water intake on 

either side of a membrane. Differences in pressure bend the membrane, which is translated into a 

voltage. The outputted voltage is transmitted to a Validyne Model CD15 Carrier Demodulator. 

The CD15 uses integrated circuits to demodulate and amplify the DT output, where it is sent to a 

National Instruments NI USB-6210 data acquisition module that is compatible with LabView. 

The Labview software then records the processed digital signal from the module. Labview is not 

as user-friendly as TestNet, but can collect data at a high rate [30 hz or more] and is very 

modular.  

The NI USB-6210 can support up to 8 channels, where each transducer requires its own 

demodulator. Up to 4 tests can be ran using this setup, making the 2 test limitation of the Geotac 

HDC setup [as well as other time and equipment constraints] the bottleneck of the testing 

program. The modular nature of Labview feasibly accommodates data collection for two 

simultaneous tests. 

The Validyne DT setup has proved to be comparatively unreliable to the HCT setup. The 

2 psi range DT connected to the top and bottom of the specimen was calibrated for a 14 kPa 

range. The 0.3 psi range DT connected to the pore pressure inflow burette was calibrated for the 

full range [2.2 kPa], which translates to a water pressure in centimeters of water nearly as tall as 

the burette. This makes it simple to use the actual height of the water column to verify sensor 

accuracy. Over a 24 hour period, the top – bottom transducers drift by up to 0.4 kPa over their 14 

kPa range.  
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The drift raises concerns for the response time tests. To perform a response test, the top – 

bottom DT sensor must be shut off from the pressure panel. At this point, changing the physical 

water volume in the burette is the only accurate way to impose a pressure. The burette can only 

impose around 2.2 kPa using water elevation, which provides an unacceptable error level over 

the potential 0.4 kPa drift. To impose a larger pressure, the pressure gauge must be increased 

manually and estimated via the panel gauge, with can differ from actual imposed pressure by up 

to 1.5 kPa [this could be problematic due to the influence of pressure magnitude on response 

time demonstrated by (Simeoni, 2011). Additionally, larger pressures raise concerns about radial 

strains that may conflict with the one-dimensional Terzaghian theory proposed for the initial 

response time analysis.  

In addition to drift, the sensor calibration factors appear to change regularly. The thin 

membranes are very sensitive to overloading and aging. Sensors should ideally be new and 

special care should be taken not to overload them. Secondly, there appeared to be an issue with 

the setup that would cause the DT voltage outputs to shift by a constant amount. The new 

readings would have the incorrect magnitude, but have a reliably linear voltage – pressure 

response; it would differ by up to 100 % from the original calibrated values. 

To account for the extreme drift and signal magnitude issues, it is important to perform 

spot recalibrations whenever possible and make careful documentation of sensor drift. The 

response tests are typically short enough that drift and signal issues are not a problem, provided 

that the sensors are recalibrated in between every test phase. For hydraulic conductivity tests, 

sensor data is usable if it is supplemented with manual readings. Unfortunately, consolidation 

data required a level of precision and time that made the DT data completely unusable. 

Consequently, consolidation data was collected with manual readings. Using differential sensors 

to obtain consolidation and hydraulic conductivity data remains a promising technique, but may 

require high quality equipment that was not available during the time of testing.  

3.3.3 Miscellaneous Equipment 

 All water used in the setup is drawn from a Humboldt deaerator. The deaerator is placed 

under a vacuum, where a spinning disk creates a jet to ensure that all entrapped air is removed 

via the vacuum. To standardize the results for cross-study comparison, only distilled water is fed 

into the deaerator. 
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 The Trautwein panel itself is used throughout most test phases. A standard panel houses 

up to six burettes. Each burette has a valve to increase pressure in addition to the pressure 

increase available from the height of the water column inside the burette. The burettes can be 

bridged to apply identical pressures across burettes, making it simple to maintain high a back 

pressure while creating a gradient using water elevations. The panel had to be modified by the 

UT Geotech Department to include the DT inflow devices, as shown in Figure 20.  

 

Figure 20: Pressure Panel with Installed Differential Transducers 

 

3.4 SAMPLE PREPARATION 

 All samples are initially prepared by placing a metallic mold around the 2.5 inch base 

plate of the triaxial cell. A membrane is stretched around the inner diameter of the mold and held 

in place with a vacuum, applied from the pressure panel. All other steps vary for fire clays and 

sand-bentonites, which are outlined in this section. Note that pure sand specimens call for a 

simplified version of the sand-bentonite procedure and require no special considerations. 
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3.4.1 Sand-Bentonite Preparation 

 The actual sand and bentonite are weighed out in dry quantities. Having a higher 

bentonite to total weight ratio, or bentonite content, helps to ensure a lower hydraulic 

conductivity specimen. To ensure that specimens in this study stay reliably low, bentonite 

contents of 5% and 7% were used in this study. The dry sand and bentonite are placed in an 

airtight container and shaken forcefully for several minutes to ensure that the bentonite is evenly 

distributed within the sand pores [this is referred to as a dry mix or shake mix]. The mixture is 

then poured into the vacuum-held membrane of the triaxial mold. All lines of the triaxial line are 

dry, and must remain so until the flushing phase. A funnel is used such that the mixture does not 

have a high drop height, which could cause the bentonite particles to separate from the sand upon 

impact. A stirring rod is also used to further mix sand and bentonite after being poured. A 

uniform mixture is important to the success of a sand-bentonite mixture. If a continuous zone 

exists where the bentonite is removed from the sand, the hydraulic conductivity of the mixture 

will be close to that of a pure sand and ultimately unusable. The side mold is lightly tapped 

occasionally to densify the sand, which is repeated until the mold is filled.  

 After pouring, the top platen of the cell is attached. A vacuum is applied to one of the 

inflow lines, creating a negative pore pressure capable of holding the sample in place [the 

vacuum should ideally be less than the planned initial confining pressure, which was 50 kPa for 

this study]. The inflow valve is then closed, using the Geotac HCT to monitor the vacuum 

magnitude; any rapid decrease indicates either a hole in the membrane or an issue with the 

traixial cell.  

The vacuumed mold is then removed and the cell chamber is assembled around the 

specimen and filled with water. A cell pressure is applied at the same rate the vacuum is removed 

[ideally, effective stress should remain at 50 kPa at all times]. This is accomplished by slowly 

increasing the cell pressure as the pore pressure valve is slowly opened. Afterward, the specimen 

is flushed with CO2 for 20 to 30 minutes [CO2 dissolves in water more easily than air, making 

back pressure saturation more achievable]. The line of outflowing gas is submerged in water to 

monitor the rate of CO2 entering the system to monitor flushing rate [a high rate of flushing may 

compromise the specimen’s structure]. Finally, water is flushed from the bottom to the top of the 

specimen, slowly replacing CO2 with water. An outflow line is submerged in water, with 



62 
 

flushing continuing until gas bubbles no longer exit the specimen. At this point, the mixture is at 

the most saturated state achievable prior to swelling and back pressure saturation and is ready for 

testing. Water lines can now be attached to the specimen using the diagram shown in Figure 19. 

For additional information on sand-bentonite preparation techniques, refer to (Hwang, 

2010) and (Spears, 2014). 

3.4.2 Fire Clay Preparation 

Unlike the sand bentonite mixtures, fire clays are not suitable for a dry mixing approach; 

a wet mixing approach typical for triaxial clay tests is necessary. The fire clay powder is 

weighed out with an assumed moisture content of 0. Water is then mixed into the specimen using 

a bowl and spatula until the desired moisture content is reached. A moisture content of 50 was 

determined ideal for the available fire clay, which was the most saturated a specimen could be 

without substantial slumping occurring prior to the confining pressure phase. After the water is 

uniformly mixed into the clay, a spatula is used to transfer the mixture to the vacuum-held 

membrane of the triaxial cell. Note that all lines of the triaxial cell should be saturated. Special 

care is taken to gently vibrate the mixture into place using the spatula, such that no air pockets 

form.  

After pouring, the top platen of the cell is attached and the mold is removed. If prepared 

at an appropriate moisture content, the plasticity of the clay should cause the specimen to retain 

its shape even after the mold removal. The cell is assembled and a cell pressure of 50 kPa is 

applied as quickly as possible, noting that the specimen will bulge the longer it is in an 

unconfined state. The specimen is now ready for testing; water lines are attached to the specimen 

using the diagram shown in Figure 19. 

 

3.5 TESTING PROCEDURE 

This section lists steps of every testing phase needed to perform a complete sand-

bentonite or fire clay test. Note that the pure sand procedure is identical to the sand-bentonite 

procedure. 
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3.5.1 Sand-Bentonite Procedure 

Step 1) Preparation: After forming the specimen, calipers and pi tape are used to 

determine total volume. Sand and bentonite weight, sand and bentonite specific gravity, 

and total volume are used to determine initial bulk and skeletal void ratio. (Sections 3.4.1 

details the specimen preparation process) 

Step 2) Swelling: After specimen placement and water flushing, pore volume 

changes are recorded for 48 hours by monitoring burette water level. Burette water level 

increases are associated with bentonite swelling and consolidation, while any decreases 

are associated with hydration [note that only the net magnitude of these three phenomena 

is observable].  

Step 3) Back Pressure Saturation: Cell and back pressure are increased in 10 kPa 

increments. After every few increases, inflow and outflow valves are closed to perform a  

B-value check. Afterward, a pulse test* is performed to measure response time. 

Throughout the back pressure phase, careful record is kept of the burette water volumes. 

All changes to burette volumes are assumed to represent changes in degree of saturation, 

allowing for response time to be measured as a function of water content. This process is 

repeated until an acceptable B-value is reached [typically 0.95 for this study]. The highest 

attained B-value is assumed to represent saturated conditions, and all water contents 

throughout the back pressure phase are back calculated from this value. Finally, the 

response time determined from the pulse test is expressed as a function of water content. 

Step 4) Hydraulic conductivity: A falling head, rising tail test is conducted 

following ASTM 5084 specifications. Data relies on manual burette readings 

supplemented with data from the inflow DT attached to the actual burette. When three 

successive tests yield hydraulic conductivities within 25 % of each other, the phase is 

considered complete. All changes in burette levels are assumed to represent Darcian 

water flow. 

Step 5) Consolidation: Inflow and outflow valves are closed and cell pressure is 

increases by 50 kPa. The inflow valve then is opened, and changes to burette level are 

recorded with time. This data is also supplemented using the inflow DT. Readings are 

continually taken for approximately 24 hours. All changes in burette levels are assumed 

to represent consolidation. 
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Step 6) Repeat Phases: After monitoring verifies that primary consolidation has 

ended, the data acquisition is repeated for the new consolidation increment. Step 4 is 

repeated and another pulse test* is run, followed by Step 5. This allows for response time, 

hydraulic conductivity, and coefficient of consolidation to be recorded as a function of 

consolidation pressures. The phases are repeated until an upper bound of cell pressure is 

reached. Due to safety and equipment concerns, consolidation phases were typically 

limited to cell pressures of 550 kPa. 

* Pulse tests are used throughout the procedure to measure response times by performing the 

following steps: closing inflow and outflow valves, increasing pressure in the inflow burette, 

and finally opening the inflow burette, using the top bottom DT to record pressure 

equalization as a function of time [i.e. response time]. Note that response time can be used to 

estimate the required waiting time in between back pressure increments. Ideally, pore 

pressure should be completely equilibrated before applying another 10 kPa back pressure 

increase. Otherwise, the center of the specimen will experience effective pressure increases 

higher than 10 kPa and consolidation tests will be biased.  

3.5.2 Fire Clay Procedure 

The fire clay procedure is nearly identical to the sand-bentonite procedure. The following 

steps outline the key differences. 

Step 1) Preparation: Sections 3.5.1 detail the specimen preparation process. 

Step 2) Swelling: Swelling can take up to 1 week, opposed to 48 hours. In such 

cases, step 3 is often initiated before swelling completes.  

Step 3) Back Pressure Saturation: A B-value of 0.98 is considered ideal for the back 

pressure saturation phase. Even in the case of overlapping step 3 with the swelling phase, 

reliable response time – water content data can be collected as long as swelling subsides 

before the final back pressure increase. The water added during specimen preparation is 

taken to be the initial water content; all water contents throughout the back pressure 

phase are based on this initial value. Note that if step 3 is overlapped with the swelling 

phase, reliable water content data cannot be obtained (the changes to burette readings are 

both due to swelling and fluctuation of water content).   

Step 4) Hydraulic conductivity: Identical to the sand-bentonite procedure. 
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Step 5) Consolidation: Identical to the sand-bentonite procedure. 

Step 6) Repeat Phases: Identical to the sand-bentonite procedure. 

 

3.6 CRS CELL TEST SETUP 

Several CRS cell [rigid-wall type] tests were performed to better-understand the potential 

three-dimensional influence on measured properties such as hydraulic conductivity and response 

time. See Figure 21. The rigid wall tests are advantageous in that it takes less time to complete an 

entire test and they better conform to one-dimensional consolidation theory. However, the soil – 

wall interface may increase the potential for radial flow, which is a concern even in the flexible 

wall setup. The rigid wall test is nearly identical to the flexible wall procedure, but makes the 

following alterations: 

Setup 

1) A Constant Rate of Strain (CRS) cell replaces the traixial cell.  

2) Two sensors are added to the setup: a lateral displacement sensor (DCDT), and a Load 

Sensor (LS).  

3) The HCT used to measure cell pressures is repurposed to measure outflow pore pressures. 

(Note that the other HCT is still used to measure inflow pore pressures) 

4) The burette and line used to apply cell pressures are removed. Instead, a load frame is 

used to apply forces via the piston on the CRS cell. 

Sample Preparation 

1) A mold is no longer needed to hold the specimen in place; the rigid wall acts as its own 

mold. 

2) Fire clay specimens can no longer slump. This allows fire clays to be prepared at the 

liquid limit (60, for the clay used in this study), which can reduce hydration time 

drastically.  

Testing Procedure 

1) Confining pressure is no longer applied using the pressure burette. Instead, the loading 

frame piston is used to apply confining pressure, σ1, where; 
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σ1 = (applied load – uplift compensation load) / (piston area) 

2) During consolidation phases, consolidation can now be measured using the LVDT, 

opposed to relying on burette inflow and outflow volumes.  

3) The rigid setup allows for two response time readings to be performed simultaneously; 

one with the combined HCT readings and the other using DT1.  

 

Figure 21: Rigid Wall Setup 
 

3.7 COMPARISON OF THE TRIAXIAL AND CRS SETUPS 

Throughout the testing and data analysis phases, it became clear that the flexible and 

rigid setups each had their advantages and disadvantages. Both tests provided comparable results 

(as shown in section 5.1), making the expeditious CRS tests the generally favorable option. With 
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samples that are typically 1.25 cm, even test phases on very low cv materials can be completed in 

a matter of days or even hours. In addition to expediting test duration, the CRS specimens are 

less likely to fail during preparation. Furthermore, the CRS cells are more theoretically 

applicable to the pulse and consolidation tests performed to collect cv data, which are currently 

interpreted using one-dimensional theory. For these reasons, the CRS setup is probably ideal for 

testing the low cv clays surrounding a prospective borehole. 

There are several notable situations where the triaxial setup is preferred. Most 

importantly, the use of a flexible membrane prevents the effects of side-wall leakage that could 

be prevalent in a rigid-wall setup. Specimens are larger and therefore less sensitive to localized 

heterogeneities developed during the mixing and pouring phases. The specimens also require less 

sensitive measurements and results tend to be more consistent. Flexible wall tests are also 

required to perform strength and compressibility tests, which may be of considerable value in 

future studies. Finally, the triaxial setups are well-suited for B-value checks, which provides a 

simple indicator for degree of saturation. For these reasons, the triaxial setup is probably ideal 

for testing the borehole grouts. 
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CHAPTER 4: THEORY UTILIZED IN THIS STUDY 

 

4.1 INTRODUCTION 

 The experimental program outlined in chapter 3 was used to measure response time, 

coefficient of consolidation, and hydraulic conductivity as a function of volumetric water content 

and degree of saturation. This procedure was accomplished using both CRS [rigid-wall] and 

triaxial [flexible-wall] cell approaches to test sand, sand-bentonite, and fire clay specimens. This 

chapter presents the relevant theory used to generate the data in this study. Additionally, this 

chapter describes a numerical model developed to supplement the generated data. 

 

4.2 INITIAL VOLUMETRIC PROPERTIES 

Volumetric properties, such as void ratio, are important when comparing specimens. In 

this study, useful volumetric properties are recorded throughout testing to gain a better 

understand of how properties of the pore space may affect coefficient of consolidation, response 

time, and hydraulic conductivity. The following equations are used to calculate the initial 

properties of sand-bentonite specimens: 

 Vt = At × Ht (13) 

 Vsoil =
msoil

Gsoil×ρwater
 (14) 

 BC =
mb−dry

msoil
 (15) 

 mb−add = msoil × BC ×  1 + ωbent  (16) 

 Gs,eq =
Gbent×Gsoil× 1+BC 

BC×Gsoil+Gbent
 (17) 

 Vsolids =
msoil+mbent

Gs,eq×ρwater
 (18) 

 esk =
 Vt−Vsoil 

Vsoil
 (19) 

 Drsk =
 emax−esk 

 emax−emin 
× 100 (20) 
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 eb =
 Vt−Vsolids 

Vsolids
 (21) 

 Drb =
 emax−eb 

 emax−emin 
× 100 (22) 

Where:  

 (12) Vt initial total volume of the specimen (m3) 

At initial total area of the specimen, determined by pi tape for triaxial 

specimens and taken to be a static 3167 mm2 in 2.5” CRS cells (m2) 

Ht initial total height of the specimen, determined by caliper measurements 

(m) 

 (14) Vsoil volume of the sand in the specimen mold (m3) 

  msoil mass of the sand poured into the specimen mold (kg) 

  Gsoil specific gravity of the sand, determined to be 2.65* (#) 

(15) BC desired bentonite content; as the portion of bentonite increases,  

hydraulic conductivity typically decreases (up to a practical limit). 

Bentonite contents of 5% and 7% were used in this study, which have 

been demonstrated in previous studies to be sufficient for minimizing 

hydraulic conductivity. Refer to (Spears, 2014) and chapters 2.3.8 and 

2.3.9 of this thesis for a detailed exposition of bentonite content. (#) 

  mb-dry desired mass of dry bentonite added into the specimen mold (kg) 

(16) mb-add mass of moist bentonite added to reach desired mb-dry (kg) 

 ωbent natural moisture content of the bentonite, determined to be 0.067* (#) 

 (17) Gs,eq equivalent specific gravity of the sand-bentonite mixture (#) 

Gbent specific gravity of the bentonite, determined to be 2.70* (#) 

 (18) Vsolids combined volume occupied by the sand and bentonite (m3) 

 (19) esk skeletal void ratio (#) 

 (20) Drsk relative density, skeletal (%)  

emax maximum void ratio, determined to be 0.79* (#)   

emax minimum void ratio, determined to be 0.49* (#) 

 (21) eb bulk void ratio (#) 
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 (22) Drb relative density, bulk (%) 

 

Note*:  Quantities marked with * were determined experimentally in earlier departmental 

studies. 

 

Pure sand and fire clay specimens are single-media materials, simplifying procedures. 

For either media, ignore equations 3,4,5,8, and 9. In this case, Vsoil = Vsolids and Gsoil = Gs,eq. Vsoil 

is calculated the same way for pure sands. Fire clays are wet-mixed and require an additional 

consideration; 

 mwater = msoil ×
ωclay

100
 (23) 

Where: mwater mass of water to be added to the specimen (kg) 

ωclay desired moisture content of the specimen; refer to section 3.4.3 for 

discussion on the ideal moisture content to use (%) 

 

4.3 HYDRAULIC CONDUCTIVITY, K 

Current studies typically assess a grout using the Kgrout/Ksoil ratio [or relative hydraulic 

conductivity ratio]. To better understand how suitable this K framework is for predicting the 

accuracy and response time of grouted piezometers, several hydraulic conductivity 

measurements are made throughout the test. As a minimum, one K measurement is made for 

every consolidation increment of a test. For a select number of tests, hydraulic conductivity 

measurements were also taken as degree of saturation increased, prior to the consolidation 

phases. 

Hydraulic conductivity measurements were made using ASTM D5084: Measurement of 

Hydraulic Conductivity of Saturated Porous Materials Using a Flexible Wall Permeameter. A 

falling head, rising tailwater approach was selected, as it proved to be the most efficient for use 

with the triaxial setup (see section 3.3) and rigid wall setup (see section 3.6) used in the study. 

To standardize test results, only deaired and distilled water is used to permeate and saturate the 

specimens. 

The following equation is used to calculate hydraulic conductivity: 

 K =
Ab×Ht

2×At×Δt
× ln  

hi

hf
  (24) 
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Where: K hydraulic conductivity of the media (m/s) 

Ab area of the burette; valid only if inflow and outflow burette areas are 

identical (m2) 

Ht total height of the specimen. This value will decrease as the specimen 

consolidates; see section 4.4 for details. (m) 

At total area of the specimen. This value will decrease as the specimen 

consolidates for triaxial tests; see section 4.4 for details. (m2) 

Δt the change in time between initial and final total head readings (s) 

hi initial total head 

hf final total head 

 

4.3.1 Triaxial Testing of Hydraulic conductivity 

All specimens and measurements used ASTM D5084 as a guideline. Following the 

standard was usually achieved for the triaxial tests, described as follows: 

1)  It is ideal to run K tests with gradients similar to in-situ conditions. For the low-k media 

in this study, using in-situ gradients isn’t practical due to time constraints. Section 9.5.1 

of ASTM D5084 was followed to ensure gradients didn’t exceed recommended values; 

see Table 4.  

Table 4: Allowable Maximum Gradient (ASTM International, 2011) 

 
2) The length of diameter of a specimen must not vary by more than ±5%, and must be 

measured to three significant digits. This was usually achieved. However, height and 

diameter for the fire clay specimens had to be estimated. Due to the slumping nature of 

the material, time could not be spared to record height and diameter). While the ±5% 

aspect variance was not exceeded, the aspects could only be measured to two significant 

figures. 
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3) Triaxial specimen aspects adhered to D5084 criteria for aspect to particle size ratios. 

4) During permeation, applied head losses never decreased below 75% of the initial head 

loss. Additionally, only readings with inflow/outflow ratios between 0.8 and 1.2 were 

considered. 

5) It is recommended to run K trials until four successive trials have a K value within ±25% 

of the average last four trials. Due to the low-K nature of the materials in this study, it 

was frequently viable to only run three trials in a reasonable time frame. The trials were 

always within the ±25% constraint, baring the K measurements made for Fire Clay 3. 

6) Flexible membrane, burette reading resolution, and cell setup specifications all adhere to 

D5084. 

4.3.2 CRS Testing of Hydraulic conductivity 

Being a rigid wall cell, the CRS tests do not conform to ASTM D5084. However, no 

hydraulic conductivity standard is available for specifically for CRS cells. Consequently, ASTM 

D5084 is followed with discretionary advice being taken from ASTM D 5856: Measurement of 

Hydraulic Conductivity of Porous Material Using a Rigid-Wall, Compaction-Mold Permeameter. 

D5856 is nearly identical to D5084, but offers a few guidelines specific to rigid-wall tests. 

Specifically, it is noted that only expansive, clayey media should be tested. Any non-cohesive, 

granular material is liable to form a high-hydraulic conductivity zone inside the cell 

circumference. This is not an issue for the fire clays. Additionally, the bentonite inside of pores 

of the SBMs is highly expansive, and should remove the potential for a high-hydraulic 

conductivity radial interface. However, further investigation should be done to verify if SBMs 

have any indication of forming such interfaces. Sand specimens were not considered viable for 

CRS cells, nor was additional sand data needed.  

Specimens and measurements typically conformed to ASTM D5084, despite being a 

rigid-wall test. Following the standard was usually achieved, described as follows: 

1) Section 9.5.1 of ASTM D5084 was difficult to follow to ensure that gradients didn’t 

exceed recommended values; see Table 4. The radius of the burette used to monitor 

inflow and outflow was large compared to the short specimen height of the CRS 

specimens. Consequently, high gradients had to be used just to ensure that enough flow 

transmitted for high-resolution readings. In the case of fire clays, gradients of up to 43.3 
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were used, opposed to the maximum recommended gradient of 30. Even in this case, 

achieving a reasonable volume of permeation took 24 hours of more. For SBMs, 

gradients of up to 17 were used, opposed to the maximum recommended 2. It should be 

noted that gradients reached as low as 3 by the end of the test, with K values remaining 

acceptably similar throughout permeation.  

2) The length of diameter of a specimen must not vary by more than ±5%, and must be 

measured to three significant digits. Measuring to three significant digits was always 

achieved. However, the ±5% aspect variance was often exceeded. Due to the small 

specimen heights, up to ±10% variance was common. 

3) CRS specimen aspects adhered to D5084 criteria for aspect to particle size ratios. 

4) During permeation, applied head losses decreased below 75% of the initial head loss for 

SBM specimens. However, only readings with inflow/outflow ratios between 0.8 and 1.2 

were considered and K remained constant even as head loss decreased below 75% the 

initial value. 

5) It is recommended to run K trials until 4 successive trials have a K value within ±25% of 

the average last 4 trials. Due to the low-k nature of the fire clay, it was frequently viable 

to only run 2 or 3 trials in a reasonable timeframe. The trials were always within the 

±25% constraint for the SBM specimens. This was generally true for the fire clay 

specimens as well, although some data did have to be removed. 

6) Burette reading resolution, and cell setup specifications all adhere to D5084. Note that 

burette resolutions was maintained at the cost of using higher gradients.  

In future studies, it would be highly recommended to use smaller-diameter burettes. This would 

allow for acceptable gradients to be used. 

4.4 ONE-DIMENSIONAL CONSOLIDATION  

Consolidating the specimen allows for several important factors to be measured as a 

function of consolidation pressure. In the process, the coefficient of consolidation, cv, can be 

obtained. One-dimensional consolidation theory is well-established within the geotechnical 

community, and serves as the bases for consolidation measurements in this study.  

Determining response time is similar to a consolidation problem. Following the theory 

developed in section 2.2.2 for diaphragm piezometers, it can be reasonably assumed that the 
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small equalization volumes required for such piezometers to respond would mean that response 

time was dictated by soil parameters in the majority of instances. When piezometer equalization 

time is negligible, the response time is dictated entirely by the coefficient of consolidation. Using 

differential diaphragm piezometers, c can be back-calculated using a one-dimensional 

consolidation model.  

It should be noted that c was determined to be substantially different when comparing 

pulse-derived c values (obtained from a response test) and traditionally-obtained c values 

(obtained from a consolidation test). This is discussed extensively in section 5.1.1. A new term 

was coined to account for this difference: coefficient of pore pressure propagation [cp]. From 

henceforth, the pulse-derived c values are distinguished as cp, while all c values obtained from 

conventional consolidation tests are distinguished as cv. This section describes the theory used to 

calculate c using both conventional consolidation measurements and differential diaphragm 

measurements. 

4.4.1 Coefficient of Consolidation, cv 

For triaxial tests, consolidation is achieved by increasing cell pressure in 50 kPa 

increments. All consolidation increments in this testing program follow ASTM D5084 

specifications. As the specimen contracts, the associated water outflow volume is recorded as a 

function of time. All water outflow is assumed to be caused by a reduction to total specimen 

volume (i.e. all volume changes are caused by consolidation). To ensure that specimens were 

saturated, consolidation phases were only initiated B-value reached 0.98 (for fire clays) or 0.95 

(for pure sands and SBMs). The following equations are used to approximate consolidation for 

the triaxial procedure: 

Recall,             eb =
 Vt−Vsolids 

Vsolids
 (25) 

 Vt
′ = Vt − ΔVw (26) 

 eb
′ =

 Vt
′−Vsolids 

Vsolids
 (27) 

 εv =
 Vt−Vt

′ 

Vt
 (28) 
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 At
′ = At −

2

3
× At × εv (29) 

 Ht
′ =

Vt
′

At
′ (30) 

Where: 

(26) Vt
’ new total specimen volume (m3) 

 ΔVw amount of water outflow (m3) 

(27) eb
’ new void ratio, bulk (#) 

(28) εv volumetric strain (#) 

(29) At
’ new total specimen area (m2) 

(30) Ht
’ new total specimen height (m) 

 

For CRS tests, consolidation is achieved by increasing piston load, such that the 

incremental load divided by the specimen cross-sectional area is equal to 50 kPa. Note that the 

piston load must be increased by an additional 2.5 kN per 50 kPa of applied back-pressure as an 

uplift compensation force. This value was determined experimentally by increasing back-

pressure and monitoring the applied piston load. As the specimen consolidates, the change in 

specimen height is recorded as a function of time via an LVDT. All changes to specimen height 

were assumed to be a result of consolidation. B-value checks cannot be reliably performed in a 

CRS cell; experience gained during the triaxial cell testing phase was used to determine the point 

of saturation by monitoring outflow water fluctuations with time. The following equations are 

used to approximate consolidation for the CRS procedure: 

Recall,             eb =
 Vt−Vsolids 

Vsolids
 (31) 

 Vt
′ = Vt − ΔH × At (32) 

 eb
′ =

 Vt
′−Vsolids 

Vsolids
 (33) 

 At
′ = At

′        for rigid wall cells (34) 

 Ht
′ = Ht − ΔH (35) 
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Where: 

(32) Vt
’ new total specimen volume (m3) 

 ΔH chance in specimen height, as recorded from an LVDT (m) 

(33) eb
’ new void ratio, bulk (#) 

(34) At
’ new total specimen area; unchanging for rigid cells (m2) 

(35) Ht
’ new total specimen height (m) 

 

Note that changes in height and area during consolidation affect hydraulic conductivity [see 

section 4.3], response time [see section 4.4], and volumetric water content [see section 4.5]. 

Once end-of-primary consolidation has been verified, relevant parameters can be calculated 

[accounting for height and area changes calculated measured after end-of-primary 

consolidation]. 

Consolidation curves are plotted incrementally on an eh’ vs time semi-log plot. For the 

triaxial data, the root time method provided a better fit for the data; see Figure 22. The root time 

method is used to determine the time at which 90% consolidation has occurred, T90. For the CRS 

data, the log time method provided a better fit to the data; see Figure 23. The log time method is 

used to determine the time at which 50% consolidation has occurred, although it also offers 

insight about the times at which primary consolidation started and ended. The following equation 

is used to calculate cv using either method: 

 cv =
Hdr

2×Txx

txx
 (36) 

Where: cv coefficient of consolidation (m2/s) 

Hdr drainage height; typically equal to Ht’ for triaxial tests [single drainage] 

and equal to Ht’/2 for CRS tests [double drainage] (m) 

Txx
 time factor; equal to 0.197 for T50 [log time method] and equal to 0.848 for 

T50 [root time method] (#) 

txx time at which 50% [log time method] or 90% [root time method] 

consolidation is achieved (s) 
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Figure 22: Example of Root Time Method Used for Triaxial Tests 

 
Figure 23: Example of Log Time Method Used for CRS Tests 

4.4.2 Coefficient of Pore Pressure Propagation, cp 

Using the theory described in section 4.4.1, response time can be calculated for a given 

experimentally-derived cp. Using differential transducers (discussed in chapter 3), response time 

can is measured directly and cp can then be back-calculated. This technique is similar to the 

response tests conducted in (Simeoni, 2012). A pulse is applied to one side of the specimen and 
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the pressure equalization is measured as a function of time. A full response is assumed when 

degree of equilibrium reaches 100%. A time-rate of consolidation model using 1-dimensional 

theory is then fit to the pressure – time function, using the following equations: 

 Mi =
π 2i+1 

2
 (37) 

 T =
cp×t

Ht
′2

 (38) 

 u i =
2ui×sin M ×e−M2T

M
 (39) 

 Ut =  u i
i
0  (40) 

 εtc,90 =  Ut − Ua,t 
2 (41) 

 Е90 =  εt,90
t=tc
t=0  (42) 

Where: 

(37) Mi iterative modeling parameter (#) 

i number of iterations; 38 iterations were used for all data fitting, and 

usually resulted in complete convergence (#) 

(38) T time factor, as defined in 1-dimensional consolidation theory (#) 

cp
 coefficient of pore pressure propegation; this parameter is manipulated to 

obtain a fit to experimental data (m2/s) 

 t time at which the degree of equilization will be calculated (s) 

Ht
’ total specimen height, accounting for changes due to consolidation (m) 

(39) �̅�𝒊 pore pressure of the ith iteration (Pa) 

ui initial pore pressure; this value is determined based on the maximum 

 pressure recorded by a differential sensor for the given increment (Pa) 

(40) Ut total pore pressure at time t (Pa) 

(41) 𝜺𝐭,𝟗𝟎 error between model-generated and actual pore pressure at a time t (#) 

 Ua,t actual pore pressure read by the differential sensor at time t (Pa) 

(42) E90 Total error between model-generated and actual pore pressure prior to to tc  

(#) 



79 
 

  tc time at which 90% of the actual pore pressure has dissipated (s) 

 

E90 is minimized by adjusting cp using Excel’s solver. For the sake of consistency, only 

the first 90% of the pressure dissipation curve is used for data fitting. In some cases with 

uncharacteristic pressure – dissipation curves, experience gained during the data processing 

phase had to be used to visually determine the cp that created the best fit. In other cases, data was 

not taken long enough to reach 90% pressure dissipation [it often took the fire clays 24 hours to 

reach 30% dissipation]. In such cases, all available data was used in the error expression and it 

was ensured that at least 30% dissipation occurred for every test. Figure 24 shows a typical curve 

fit for an SBM specimen. Figure 25 shows a typical curve fit for a Fire Clay specimen. 

 

 
Figure 24: Typical Example of Data Fitting for a Pulse Test; SBM Specimen 
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Figure 25: Typical Example of Data Fitting for a Pulse Test; Fire Clay Specimen 

4.4.3 Three-Dimensional Effects 

Along with shortening test times, the main original incentive for performing CRS tests 

was to determine how three-dimensional consolidation and equilibration may be influencing 

triaxial testing. In the early phase of testing, it became a concern that radial strains and radial 

seepage may compromise the applicability of the one-dimensional consolidation theory 

discussed in 4.4.2 and 4.4.3.  

It should be noted that conventional consolidation tests in the study yield fairly 

characteristic void ratio – time curves. Similarly, the one-dimensional function typically match 

well to differential transducer pore pressure – time data. However, some discrepancies could be 

attributed to using one-dimensional models on radially unconfined specimens. 

Multiple options exist to efficiently correct for three-dimensional effects on total 

consolidation. Unfortunately, few simple options are available to correct for three-dimensional 

effects on time-rate of consolidation. From an theoretical perspective, (Biot, 1941) was 

considered. Biot derives an analytical equation very similar to the theory developed in 4.4.2 and 

4.4.3 but accounts for three dimensional effects using a compressibility term. However, the 

function would need to be attained experimentally for multiple confining pressures to be of any 
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practical use. From a numerical angle, several models exist, but generally require a substantial 

amount of time investment.  

With the three-dimensional data agreeing reasonably with the one-dimensional models, 

all of the previously mentioned approaches were ignored. For an added layer of safety against the 

influence of three-dimensional effects, applied pulses were kept below 2.20 kPa during response 

tests. 

 

4.5 VOLUMETRIC WATER CONTENT, θ 

The properties discussed in sections 4.3 and 4.4 are easier to interpret when plotted as a 

function of volumetric water content, θ, and consolidation pressure. Plotting as a function of 

consolidation pressure is straightforward, as nothing needs to be calculated. However, plotting as 

a function of θ requires that several considerations be made in order to obtain accurate results. 

During the back – pressure saturation phases, water content typically increases as the gas zones 

in the specimen are replaced with water. During consolidation phases, water content typically 

decreases due to reductions in total volume.  

4.5.1 Calculating θ for SBMs and Sands 

Because SBMs and sands are dry-mixed and rely on a flushing phase, it is difficult to 

calculate the initial volume of water in the specimen. The following approach is used for 

calculating θ of sands and SBMs for both the CRS and Triaxial setup: 

 θ =
 𝐕𝐭−𝚫𝐕𝐜 −𝐕𝐬𝐨𝐥𝐢𝐝𝐬+𝚫𝐕𝐰

 𝐕𝐭−𝚫𝐕𝐜 
  (43) 

Where: θ volumetric water content (#) 

 Vt initial total volume of the specimen [calculated in section 4.2] (m3) 

ΔVc change in total volume due to consolidation; calculated by monitoring 

water burette inflow and outflow in the triaxial setup or using LVDT data 

in the CRS setup (m3) 

Vsolids initial total volume of the sand and bentonite within the specimen 

[calculated in section 4.2] (m3) 

ΔVw pre-saturation change in water volume, calculated by monitoring water 

burette in both the Triaxial and CRS setups. (m3) 
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Assumptions:  

1. Prior to saturation, ΔVc = 0; all changes to volume are assumed to be represented by 

ΔVw. Consequently, all pre-saturation calculations are made by monitoring burette inflow 

and outflow (for both setups). Due to the rigid nature of sand skeletons, changes to the 

skeletal volume are negligible compared to changes in water volume. For some SBM 

tests, a small amount of outflow was observed in the first 24 to 48 hours, which has been 

shown in previous departmental studies to be a result of bentonite swelling. However, it 

isn’t feasible to measure outflow caused by swelling and inflow caused by saturation 

separately. Generally, changes in volume due to saturation appeared to be the dominating 

phenomenon, especially considering that swelling is typically expected to subside after 

24 to 48 hours. As a result, Vsolids is assumed to remain constant throughout all testing. 

2. At the point of saturation, before consolidation takes place, ΔVw =  𝚫𝐕𝐜 = 0. All pre-

saturation values of θ are back-calculated with this point as the reference.  

3. After consolidation takes place, ΔVw = 0; all changes to volume are assumed to be 

represented by ΔVc. The specimen is now saturated. For the Triaxial approach, outflow 

burette volumes are measured to determine ΔVc. For the CRS approach, LVDT data is 

used to determine ΔVc 

4.5.2 Calculating θ for Fire Clays 

Fire Clays are wet-mixed, creating the potential to calculate θ from initial conditions. 

However, calculating θ for CRS specimens with initial conditions lead to values that didn’t agree 

with θ calculated from a pre-consolidation, post-saturation reference point as used for the SBM 

specimens. It is likely that the CRS chamber wasn’t fully saturated. Using the pre-consolidation, 

post-saturation reference point allows for calculations to rely primarily on the LVDT readings, 

which aren’t heavily biased by air voids in the CRS chamber. Additionally, the CRS specimens 

are significantly smaller, making them more sensitive to localized heterogeneities during mixing 

[providing another incentive to rely on LVDT readings when possible]. An approach similar to 

the SBM method was ultimately selected. The following describes the method used to calculate θ 

for Fire Clay specimens: 

 θ =
 𝐕𝐭−𝚫𝐕𝐜−𝚫𝐕𝐜,𝐢 −𝐕𝐬𝐨𝐥𝐢𝐝𝐬+𝚫𝐕𝐰

 𝐕𝐭−𝚫𝐕𝐜−𝚫𝐕𝐜,𝐢 
  (44) 

Where: θ volumetric water content (#) 
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 Vt initial total volume of the specimen [calculated in section 4.2] (m3) 

ΔVc change in total volume due to consolidation; calculated by monitoring 

water burette intflow and outflow in the triaxial setup or using LVDT data 

in the CRS setup (m3) 

ΔVc,i initial consolidation, prior to back pressure saturation; this value is usually 

quite substantial (m3) 

Vsolids initial total volume of the fire clay within the specimen [calculated in 

section 4.2] (m3) 

ΔVw pre-saturation change in water volume, calculated by monitoring water 

burette in both the Triaxial and CRS setups. (m3) 

 

The only deviation from the SBM calculation is the addition of ΔVc,i. SBMs consolidate 

rapidly and the change in total specimen volume due to consolidation is typically small 

compared to volume changes associated with saturation. In fire clays, the initial consolidation 

due to the 50 kPa confining pressure applied immediately after specimen pouring causes 

substantial changes to the total volume. However, the complex swelling and hydration behavior 

of the SBMs is now less of a concern. Fire Clays take up to 48 hours to reach end-of-primary 

consolidation (occasionally longer for full length triaxial samples). Using burette readings for 

triaxial samples or LVDR readings for CRS samples, these preliminary changes to total volume 

are recorded until it becomes clear that end-of-primary has been reached. During the preliminary 

phase, all changes in volume are assumed to be associated with ΔVc,i. 

4.6 Cp FRAMEWORK 

Recall from chapter 2 that the success of a grouted piezometer has traditionally been 

defined in terms of Kgrout/Ksoil ratio and response time. Several studies have verified that response 

time isn’t much of an issue for currently researched grouts. Also, recall that several studies have 

proposed Kgrout/Ksoil criteria, although no two studies reach the same conclusions; 

• (Vaughan, 1969) proposes Kgrout/Ksoil < 100, using an analytical derivation based on 

Hvorslev’s 1951 time lag theory. 

• (Contreras, 2008) proposes Kgrout/Ksoil < 1,000, using a SEEP/W numerical analysis of 

flow. 
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• (Marefat, 2014) proposes Kgrout/Ksoil < 10, reinvestigating the numerical and analytical 

methods of Contreras and Vaughan. For hydraulic gradients less than 0.1, Kgrout/Ksoil < 

100 is proposed as the criteria. 

• No field data is readily available to test the constraints for any of the proposed Kgrout/Ksoil 

criteria.  

All pertinent studies assume incompressibility of the grout and soil, treating reading 

accuracy as a steady-state flow problem relating to the equalization volume of the diaphragm 

piezometer. It became clear throughout conception of the lit review and experimental procedure 

that a K framework may be insufficient for grouted piezometer characterization. As accounted 

for in basic consolidation theory, compressibility of the grout and soil also influences piezometer 

reading accuracy. This study proposes that coefficient of pore pressure propagation, cp, is a more 

fitting analysis parameter than hydraulic conductivity, K. 

A cp framework has several potential advantages: 

• cp is nearly as simple to attain as K, but accounts for compressibility. 

• cp is able to account for instances where two potential grouts that have similar K values, 

but differing compressibilities. 

• cp is more theoretically sound for pressure propagation modeling 

• cp is a direct function of response time, while K is not. (Simeoni, 2012) has already 

successfully used a cp framework for a response time study. While response time isn’t an 

issue for currently tested grouts, using the proper framework is valuable in moving the 

research forward for prospective grouts. A cp framework could help to accurately guide 

future grout research.  

• Criteria for response time is almost entirely empirical, while criteria for Kgrout/Ksoil is 

almost entirely theoretical. cp is an all-encompassing parameter, providing considerable 

opportunity to assess both response time and reading accuracy using a single approach. 

 

4.6.1 Numerical Model Using the Cp Framework 

A numerical model was developed to assess how grouted piezometers might behave in a 

cp framework. The model considers a grouted piezometer installed near the critical failure surface 

of a slope, shown in Figure 26. 
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Figure 26: Diagram of the Slope Geometry Used to Generate the Numerical Cv Model 

The model relies on the following assumptions: 

1) Equalization time within the piezometer is instantaneous. Several studies, discussed 

in sections 2.2.2 and 2.4, suggest this to be a reasonable assumption. 

2) The piezometer is close to the base of the borehole, such that pressures in contact 

with the base are immediately registered in the piezometer.  

3) The grout and surrounding soil have isotropic properties. 
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4) ΔP is generated instantaneously and is localized to a single element. This is a practical 

and often necessary constraint to keep the number of elements in the model acceptably 

small. 

5) The piezometer is located at the epicenter of ΔP. 

6) Pressures can only propagate vertically, and the horizontal surface is the only 

drainage layer. This assumption may lead to slight under-prediction of error. 

7) ΔP dissipates only as a function of H + H and cv,soil.  

 

The following equations were used to generate the numerical model. To normalize the model, 

assume ΔP = 1. Firstly, all elements of the model incorporate the following: 

 Mi =
π 2i+1 

2
 (45) 

Where:  Mi iterative modeling parameter (#) 

i number of iterations;  

54 iterations were required for the Vertical ΔP Dissipation function 

54 iterations were required for the Horizontal ΔP Propegation function 

18 iterations were required for every Vertical ΔP Propegation function 

 

ΔP Dissipation Function: determines the vertical pore pressure dissipation – time characteristics 

of ΔP. ΔP dissipates as a function of cp,soil and Hs + Hg 

 t = Δt × n (46) 

 TDn
=

cp,soil×t

 Hgrout+Hsoil 
2
 (47) 

 u D,i =
2 sin M ×TDn×e

−M2

M
 (48) 

 UDn
=  u D,i

i=38
i=1  (49) 

Where: 

(46) t time at which the degree of dissipation will be calculated. Note that  

all functions in this model use the same time step (s) 

Δt chosen time step size; the first step in the model is highly sensitive to step 

size. To minimize this effect, the first 28 elements use Δt/10 as the step 

size (s) 
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n element number; a total of 100 elements were used in this model (#) 

 (47) 𝐓𝐃𝐧
 ΔP dissipation time factor at element n (#) 

cp,soil
 coefficient of pore pressure propagation for the fire clay surrounding the 

borehole (m2/s) 

Hgrout
 height from the piezometer to the surface (m) 

Hsoil
 height from ΔP source to the piezometer (m) 

(48) �̅�𝐃,𝐢 ΔP dissipation component of the ith iteration (Pa) 

(49) 𝐔𝐃𝐧
 ΔP dissipation component of total pore pressure at element n (Pa) 

 

Full Soil (Homogenous) Propagation function: determines the pore pressure – time 

characteristics at the piezometer for the case where the grout is identical to the surrounding clay, 

behaving as a perfectly homogenous medium. 

 TFSn = TDn
=

cp,soil×t

 Hgrout+Hsoil 
2 (50) 

 u FS,i =
2×UDn×sin M 

Hsoil
Hgrout+Hsoil

  ×TFSn×e
−M2

M
 (51) 

 UFSn = −UDn
+  u FS,i

i=54
i=1  (52) 

Where: 

(50) 𝐓𝐅𝐒𝐧
 Full Soil Propagation time factor at element n (#) 

(51) �̅�𝐅𝐒,𝐢 Full Soil Propagation component of the ith iteration (Pa) 

(52) 𝐔𝐅𝐒𝐧  Full Soil Propagation component of total pore pressure at element n (Pa) 

 

Soil-Grout (Actual) Propagation function: determines the pore pressure – time characteristics 

at the zone of interest as recorded by the piezometer, accounting for additional pressure 

dissipation occurring when cp,grout > cp,soil. 

 TSGn
=

cp,grout×t

Hgrout
2  (53) 

 ΔUT =  UFSn − UFSn−1
 −  UDn

− UDn−1
  (54) 
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 u SG,i ΔUTn
, TSGn

 =
2 ΔUTn ×sin M × TSGn×e

−M2

M
 (55) 

 USGa
=  u SG,i ΔUT1

, TSGa
 i=18

i=1 +  u SG,i
i=18
i=1  ΔUT2

, TSGa−1
 +

                                            u SG,i
i=18
i=1  ΔUT3

, TSGa−2
 +. . . . + u SG,i

i=18
i=1  ΔUTa

, TSG1  (56) 

Where: 

(53) 𝐓𝐒𝐆𝐧
 Soil-Grout Propagation time factor of the nth element (#) 

(54) 𝚫𝐔𝐓𝐧
 total change in pore pressure from the (n-1)th to the nth element (Pa) 

(55) �̅�𝐒𝐆,𝐢 𝚫𝐔𝐓𝐧
, 𝐓𝐒𝐆𝐧

  Soil-Grout Propagation component of the ith iteration, 

expressed as a triangular function of ΔUTn
 and TSGn

 (Pa) 

(56) 𝐔𝐒𝐆𝐚
 Soil-Grout Propagation component of total pore pressure at element  

n = a (Pa) 

(57) a element number of interest (#) 

 

 

The number of computations required by the model can be expressed with the following 

equation: 

 N = 4n + n 1 + 3iD + n 1 + 3iFS +
n n+1 

2
 4iSG  (57) 

Where: N number of computations (#) 

 n number of elements (#) 

iD number of iterations required for convergence of the D function 

iFS number of iterations required for convergence of the FS function 

iSG number of iterations required for convergence of the SG function 

 

100 elements were used for this model. For a completely converging model, the resulting number 

of computations is 0.66 million. While this is well within the limits of Excel, having a larger 

element pool will quickly require that a more sophisticated modeling approach be adopted. This 

is due primarily to the triangular SG function. Note that if pressure migration was to be predicted 

in continual two-dimensional space, several more square terms and even a cubic term would be 
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contributing to the number of computations. For its intended applications within this study, the 

100 element model proved to be sufficient. 
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CHAPTER 5: DATA AND ANALYSIS 

Following chapters 3 and 4, several tests were successfully conducted. Two sand, three 

fire clay, and four SBM tests were completed using the Triaxial procedure. Additionally, one 

SBM and two fire clay tests were completed using the CRS approach. This chapter presents and 

interprets the experimental data using graphical techniques, comparison to literature, and the 

numerical model developed in 4.6.1.  

The comprehensive set of the experimental data is presented as follows; 

• Table 5: sand and fire clay triaxial data 

• Table 6: SBM triaxial data 

• Table 7: SBM and fire clay CRS data 

 

Where: 

Test   represents the phase at which data was collected for a given specimen 

B-value Skempton’s B-value; for the purposes of this study, saturation was defined 

for B > 0.95 for SBMs and sands or B > 0.98 for fire clays 

Consol. Pressure the consolidation pressure for a given test 

Back Pressure back pressure for a given test  

Applied U  magnitude of the pulse applied for the response test 

TXX from data time at which XX % of the pressure has dissipated, as determined from the 

actual transducer data 

TXX from cv curve time at which XX % of the pressure has dissipated, as determined from the 

curve fitted to the transducer data 

Fitted Uinitial initial magnitude of the pulse used to correctly fit the cv curve to the 

transducer data 

Delay to Umax time difference between the moment at which the pulse was applied and 

the moment at which Umax was registered by the sensor. The CRS setup 

allowed sensors to register pressure changes prior to applying the pulse; as 

a result, no delay was recorded 

cp coefficient of pore pressure propegation, as calculated from a pulse test 
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cv coefficient of consolidation, as calculated from a conventional 

consolidation test 

Change in Water Vol.   volume of water inflow (-) or water outflow (+) observed from 

burette readings  

Vol. Water Content volumetric water content for a given test 

Bulk Void Ratio bulk void ratio for a given test 

kave average hydraulic conductivity across trials k1 through k4, weighted by the 

time elapsed during a given trial 

 

Red entries represent data that was ultimately ignored during the analysis, due to having 

significant inconsistency with the rest of the data base. Voids in the data are a result of the 

following reasons; 

 

B-value for triaxial tests, the specimen already reached saturation. For CRS tests, B 

checks cannot be easily performed. 

Applied U  an issue occurred that prevented the pulse test from taking place 

TXX from data an issue occurred that prevented the pulse test from taking place, or the 

test was not run long enough to reach the desired XX% dissipation 

TXX from cv curve an issue occurred that prevented the pulse test from taking place, or the 

test was not run long enough to reach the desired XX% dissipation 

Fitted Uinitial  an issue occurred that prevented the pulse test from taking place 

Delay to Umax  an issue occurred that prevented the pulse test from taking place 

cp an issue occurred that prevented the consolidation test from taking place 

k pre-saturation K tests were typically not performed, as the data was 

deemed to be a little importance. Post-saturation K tests with voids 
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Table 5: Comprehensive Data Set for Sand and Fire Clay Triaxial Tests 

 

 

 

 

# # (kPa) (kPa) (kPa) T50 T90 T95 T50 T90 T95 (kPa) (s) (cm^2/s) (cm^2/s) ΔVw θ eb (cm/s) (cm/s) (cm/s) (cm/s) (cm/s)

1 0.485 50 0 2.20 0.267 0.567 0.700 0.267 0.667 0.867 0.39 0.213 348.43 - - 0.3759 0.623 - - - - -

1 0.485 50 0 2.20 0.367 0.667 0.767 0.267 0.667 0.900 0.41 0.220 322.00 - 1.00 0.3759 0.623 - - - - -

2 0.377 50 0 2.20 0.333 0.767 0.867 0.333 0.867 1.067 0.48 0.200 278.55 - - 0.3744 0.623 - - - - -

2 0.377 50 0 2.20 0.300 0.733 0.900 0.333 0.867 1.100 0.47 0.257 273.17 - 3.60 0.3744 0.623 - - - - -

3 0.706 50 120 2.20 0.267 0.500 0.567 0.233 0.600 0.767 1.10 0.093 399.00 - 1.87 0.3800 0.623 - - - - -

4 0.939 50 210 2.20 0.200 0.333 0.367 0.200 0.467 0.600 0.35 0.200 500.00 - 0.20 0.3829 0.623 - - - - -

5 0.971 50 210 2.20 0.200 0.333 0.400 0.200 0.467 0.600 0.38 0.180 500.00 - 0.30 0.3833 0.623 - - - - -

6 0.983 50 300 2.20 0.200 0.300 0.333 0.167 0.400 0.500 0.32 0.200 600.00 - satd. 0.3837 0.623 - - - - -

7 - 100 300 - - - - - - - - - - 122.5 satd. 0.3829 0.620 - - - - -

8 - 150 300 2.20 0.100 0.167 0.167 0.133 0.333 0.400 0.30 0.130 740.00 173.3 satd. 0.3823 0.619 - - - - -

9 - 200 300 2.20 0.100 0.167 0.167 0.100 0.267 0.333 0.25 0.133 940.00 357.9 satd. 0.3817 0.617 - - - - -

1 0.586 50 0 2.20 0.200 0.400 0.433 0.200 0.533 0.667 0.59 0.100 470.00 - - 0.3894 0.648 - - - - -

1 0.586 50 0 2.20 0.233 0.400 0.433 0.200 0.533 0.667 0.67 0.167 470.00 - 0.83 0.3894 0.648 - - - - -

2 0.481 50 0 2.20 0.233 0.500 0.567 0.233 0.600 0.767 0.72 0.133 400.00 - - 0.3881 0.648 - - - - -

2 0.481 50 0 2.20 0.233 0.467 0.600 0.233 0.600 0.767 0.76 0.133 400.00 - 1.83 0.3881 0.648 - - - - -

3 0.744 50 120 2.20 0.167 0.300 0.333 0.167 0.400 0.500 0.76 0.100 640.00 - 1.06 0.3910 0.648 - - - - -

4 0.969 50 210 2.20 0.133 0.233 0.267 0.133 0.367 0.433 0.55 0.100 700.00 - 0.11 0.3927 0.648 - - - - -

5 0.968 50 210 2.20 0.167 0.267 0.267 0.167 0.400 0.533 0.44 0.100 600.00 - 0.13 0.3928 0.648 - - - - -

6 0.983 50 300 2.20 0.133 0.200 0.233 0.133 0.367 0.433 0.52 0.180 700.00 - satd. 0.3931 0.648 - - - - -

7 - 100 300 2.20 - - - - - - - - - 108.5 satd. 0.3921 0.645 - - - - -

8 - 150 300 2.20 0.067 0.100 0.133 0.100 0.267 0.333 0.37 0.133 940.00 99.2 satd. 0.3915 0.644 - - - - -

9 - 200 300 2.20 0.067 0.100 0.133 0.100 0.200 0.267 0.25 0.101 1200.00 146.7 satd. 0.3910 0.642 - - - - -

1 0.958 50 200 2.20 - - - - - - 1.48 133 9.00E-02 - 0 0.5157 1.072 - - - - -

2 0.958 50 227 9.53 - - - - - - 7.70 461 4.40E-04 - 0 0.5157 1.072 - - - - -

3 0.969 50 226 9.10 - - - - - - 8.80 3495 5.00E-04 - 0.32 0.5157 1.072 - - - - -

4 0.957 50 235 9.53 - - - - - - 8.93 1339 6.60E-04 - 0.53 0.5164 1.072 - - - - -

5 0.978 50 251 9.68 - - - - - - 8.35 3475 9.00E-04 - satd. 0.5175 1.072 - - - - -

6 0.956 100 251 - - - - - - - - - - 3.17E-04 satd. 0.5175 1.072 - - - - -

1 0.133 50 10 - - - - - - - - - - - 7.70 0.4861 1.075 - - - - -

2 0.246 50 40 - - - - - - - - - - - 1.53 0.5007 1.075 - - - - -

3 0.381 50 81 - - - - - - - - - - - 3.60 0.5036 1.075 - - - - -

4 0.529 50 98 10.04 - - - - - - 5.90 129 1.00E-03 - 0.25 0.5104 1.075 - - - - -

5 0.477 50 140 9.54 62640.87 - - 68632 - - 8.60 1795 1.00E-03 - 0.60 0.5109 1.075 - - - - -

6 0.677 50 200 9.96 43540.33 - - 50839 - - 9.43 6320 1.35E-03 - 0.38 0.5120 1.075 - - - - -

7 0.759 50 260 9.73 74564.53 - - 76263 - - 8.40 1833 9.00E-04 - 2.83 0.5128 1.075 - - - - -

1 0.152 50 10 - - - - - - - - - - - 6.00 0.5003 1.094 - - - - -

2 0.301 50 30 - - - - - - - - - - - 1.35 0.5115 1.094 - - - - -

3 0.605 50 81 - - - - - - - - - - - 2.70 0.5140 1.094 - - - - -

4 0.755 50 98 10.29 - - - - - - 10.40 3890 7.50E-04 - 0.28 0.5190 1.094 - - - - -

5 0.774 50 140 9.96 101879.8 - - 105590 - - 9.90 6740 6.50E-04 - 1.30 0.5195 1.094 - - - - -

6 0.915 50 200 9.69 70241 - - 72241 - - 9.55 8820 9.50E-04 - 0.17 0.5219 1.094 - - - - -

7 0.989 50 260 9.69 0.066667 - - - - - 8.60 7053 8.00E-04 - 0.13 0.5225 1.094 4.6E-08 7.93E-08 4.10E-08 -5.52E-07 -

Sand 2         

(1-21-15)                                                      

S 2

Fire Clay 1        

(12-5-14)                                                       

FC 1

Fire Clay 2        

(2-10-15)                                                             

FC 2

Fire Clay 3       

(2-10-15)                                                                  

FC 3

k1 k2 k3 k4

Sand 1         

(1-21-15)                                         

S 1

Delay to 

Umax

Change in 

Water Vol.
Cp

Vol. Water 

Content

Bulk Void 

Ratio
kave

Applied 

U
TXX from Data (s) TXX from Cv Curve (s)

Fitted 

Uinitial
CvTest B-Value

Consol. 

Pressure

Back 

Pressure



93 
 

Table 6: Comprehensive Data Set for SBM Triaxial Tests 

 

 

 

 

 

# # (kPa) (kPa) (kPa) T50 T90 T95 T50 T90 T95 (kPa) (s) (cm^2/s) (cm^2/s) ΔVw θ eb (cm/s) (cm/s) (cm/s) (cm/s) (cm/s)

1 1.000 50 300 2.20 1.000 4.000 5.767 1.333 3.667 4.667 1.76 0.333 64.72 - satd. 0.3961 0.656 2.3E-06 2.13E-06 2.26E-06 2.48E-06 -

1 1.000 50 300 2.20 1.033 4.500 6.867 1.367 3.733 4.733 1.72 0.267 63.75 - satd. 0.3961 0.656 2.3E-06 2.13E-06 2.26E-06 2.48E-06 -

1 1.000 50 300 2.20 1.033 4.333 6.467 1.333 3.600 4.567 1.70 0.233 66.07 - satd. 0.3961 0.656 2.3E-06 2.13E-06 2.26E-06 2.48E-06 -

2 1.000 100 300 2.20 5.600 24.667 38.000 6.433 17.567 22.367 1.40 0.167 13.45 3.97 satd. 0.3951 0.653 1.8E-06 1.80E-06 1.92E-06 1.79E-06 -

2 1.000 100 300 2.20 3.533 15.300 25.333 4.033 11.033 14.033 1.37 0.133 21.41 3.97 satd. 0.3951 0.653 1.8E-06 1.80E-06 1.92E-06 1.79E-06 -

2 1.000 100 300 2.20 3.500 14.067 21.100 3.933 10.733 13.633 1.34 0.133 22.04 3.97 satd. 0.3951 0.653 1.8E-06 1.80E-06 1.92E-06 1.79E-06 -

3 1.000 150 300 2.20 5.933 23.067 38.067 6.467 17.667 22.467 1.48 0.067 13.38 3.04 satd. 0.3935 0.649 1.5E-06 1.54E-06 1.67E-06 1.44E-06 -

3 1.000 150 300 2.20 6.733 29.067 46.700 7.800 21.333 27.167 1.43 0.133 11.06 3.04 satd. 0.3935 0.649 1.5E-06 1.54E-06 1.67E-06 1.44E-06 -

3 1.000 150 300 2.20 7.867 38.800 57.200 10.300 28.200 35.900 1.38 0.067 8.37 3.04 satd. 0.3935 0.649 1.5E-06 1.54E-06 1.67E-06 1.44E-06 -

4 0.362 150 300 2.20 68.433 188.700 - 71.467 195.633 - 1.59 0.200 1.21 - satd. 0.3902 0.649 5.4E-07 6.58E-07 1.29E-06 6.75E-07 4.43E-07

4 0.362 150 300 2.20 69.033 189.700 218.600 71.333 195.233 248.600 1.58 0.200 1.21 - satd. 0.3902 0.649 5.4E-07 6.58E-07 1.29E-06 6.75E-07 4.43E-07

4 0.362 150 300 2.20 54.067 189.000 219.800 71.167 194.800 0.000 1.56 1.233 1.21 - satd. 0.3902 0.649 5.4E-07 6.58E-07 1.29E-06 6.75E-07 4.43E-07

1 0.380 50 15 10.72 - - - - - - 8.20 14.500 0.15 - 0.45 0.3847 0.656 - - - - -

2 0.479 50 26 9.45 32.901 119.217 237.217 40.901 107.217 137.217 8.80 65.700 0.04 - 0.60 0.3855 0.656 - - - - -

3 0.546 50 35 9.48 33.639 107.223 139.473 43.556 119.139 151.723 8.80 153.400 0.03 - 0.59 0.3864 0.656 - - - - -

4 0.466 50 45 9.24 2.797 22.908 31.674 8.408 23.008 29.291 5.75 10.000 0.17 - 0.40 0.3855 0.656 - - - - -

5 0.502 50 54 10.25 3.656 - - 4.773 - - 8.90 6.640 0.29 - 0.21 0.3861 0.656 - - - - -

6 0.592 50 64 9.68 17.666 65.833 88.999 22.666 61.833 78.749 8.50 50.360 0.06 - peak 0.3865 0.656 - - - - -

7 0.575 50 73 9.61 8.349 70.199 109.533 27.183 74.449 94.783 9.00 14.230 0.05 - - 0.3850 0.656 - - - - -

8 0.496 50 83 9.66 20.467 - - 5409 - - 4.50 100.000 0.02 - - 0.3840 0.656 - - - - -

1 0.373 50 0 2.20 6.600 36.667 74.733 9.967 27.267 34.700 1.44 0.333 8.24 - 4.10 0.3618 0.590 - - - - -

2 0.688 50 50 2.20 1.633 8.300 13.567 3.033 8.233 10.467 1.46 0.167 27.35 - 1.10 0.3684 0.590 - - - - -

3 0.880 50 100 2.20 1.100 5.933 10.333 2.067 5.667 7.200 1.50 0.167 39.85 - 0.25 0.3702 0.590 - - - - -

4 0.930 50 150 2.20 1.500 6.333 12.133 1.833 5.000 6.367 1.40 0.267 45.02 - 0.13 0.3706 0.590 - - - - -

5 0.954 50 200 2.20 1.033 5.333 8.767 1.867 5.100 6.500 1.50 0.167 44.08 - 0.08 0.3708 0.590 - - - - -

6 0.963 50 250 2.20 5.833 33.600 49.033 9.333 25.533 32.533 1.40 0.167 8.80 - satd. 0.3710 0.590 1.85E-05 1.88E-05 1.84E-05 - -

7 0.957 100 250 2.20 2.567 12.400 - 3.867 10.500 13.367 1.16 0.133 20.86 1.49 satd. 0.3694 0.586 2.70E-05 2.73E-05 2.81E-05 2.63E-05 -

8 - 150 250 2.20 3.133 10.167 15.100 3.933 10.733 13.667 1.06 0.133 20.80 2.73 satd. 0.3682 0.583 2.03E-05 2.11E-05 2.05E-05 1.96E-05 -

9 0.800 200 250 2.20 16.633 54.200 70.167 21.733 59.433 - 0.95 0.133 3.73 2.26 satd. 0.3682 0.580 3.00E-06 4.32E-06 3.59E-06 2.63E-06 -

10 0.630 250 250 2.20 - - - - - - - 0.133 - 1.39 satd. 0.3682 0.580 - - - - -

1 0.309 50 0 2.20 - - - 42.600 - - 2.00 0.267 2.00 - 0.07 0.3429 0.531 - - - - -

2 0.650 50 50 2.20 2.733 10.633 15.200 3.733 10.167 12.967 3.63 0.333 22.95 - 5.60 0.3431 0.531 - - - - -

3 0.810 50 100 2.20 1.833 9.000 14.967 2.967 8.100 10.300 4.06 0.200 28.83 - 0.08 0.3520 0.531 - - - - -

4 0.895 50 150 2.20 4.833 20.333 29.067 6.567 17.900 22.800 1.33 0.200 13.03 - 0.52 0.3521 0.531 - - - - -

5 0.950 50 200 2.20 4.867 24.500 - 6.700 18.267 23.267 1.57 0.233 12.77 - 0.17 0.3529 0.531 - - - - -

6 0.976 50 250 2.20 7.633 35.300 - 9.533 26.067 33.167 1.60 0.233 10.70 - satd. 0.3532 0.531 2.22E-05 2.46E-05 2.03E-05 - -

7 0.970 100 250 2.20 2.767 10.133 14.133 3.567 9.767 12.400 1.37 0.167 23.83 7.08 satd. 0.3515 0.527 2.33E-05 2.60E-05 2.37E-05 2.15E-05 -

8 0.960 150 250 2.20 3.700 14.867 - 4.367 11.900 15.167 1.29 0.167 19.37 11.92 satd. 0.3503 0.524 1.67E-05 1.82E-05 1.60E-05 1.61E-05 -

9 0.956 200 250 2.20 3.400 10.500 13.767 3.900 10.667 13.567 1.20 0.167 21.62 3.47 satd. 0.3490 0.521 7.06E-06 9.61E-06 8.19E-06 6.36E-06 -

10 0.956 250 250 2.20 - - - - - - - - - 9.33 satd. 0.3474 0.517 - - - - -
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Table 7: Comprehensive Data Set for CRS Tests 

 

 

 

 

 

 

 

 

 

 

 

# # (kPa) (kPa) (kPa) T50 T90 T95 T50 T90 T95 (kPa) (s) (cm^2/s) (cm^2/s) ΔVw θ eb (cm/s) (cm/s) (cm/s) (cm/s) (cm/s) (mm)

1 - 50 50 2.20 0.233 0.633 0.667 0.300 0.733 0.933 4.15 - 2.25 - 2.74 0.2131 0.425 1.63E-04 1.61E-04 1.73E-04 1.60E-04 - 0.37

2 - 50 50 2.20 0.133 0.267 0.300 0.133 0.300 0.367 4.00 - 6.00 - 0.41 0.2832 0.425 1.53E-04 1.53E-04 1.50E-04 1.52E-04 1.53E-04 0.37

3 - 50 100 2.20 0.067 0.200 0.200 0.067 0.167 0.233 3.38 - 10.00 - 0.14 0.2935 0.425 1.42E-04 1.40E-04 1.43E-04 - - 0.37

4 - 50 150 2.20 0.067 0.167 0.167 0.067 0.167 0.200 3.50 - 11.08 - 0.05 0.2969 0.425 1.36E-04 1.42E-04 1.40E-04 1.41E-04 1.36E-04 0.37

5 - 50 200 2.20 0.067 0.100 0.167 0.067 0.133 0.167 3.78 - 13.33 - satd. 0.2980 0.425 1.38E-04 1.33E-04 1.40E-04 1.41E-04 1.36E-04 0.37

6 - 100 200 2.20 - - - - - - - - - - satd. 0.2966 0.425 - - - - - 0.39

7 - 150 200 2.20 0.067 0.100 0.100 0.067 0.133 0.167 3.35 - 12.81 1.71 satd. 0.2943 0.425 1.26E-04 1.20E-04 1.28E-04 1.28E-04 1.26E-04 0.43

8 - 200 200 2.20 0.100 0.167 0.167 0.067 0.100 0.133 2.51 - 16.00 0.81 satd. 0.2905 0.425 1.26E-04 1.20E-04 1.36E-04 1.30E-04 1.29E-04 0.50

1 - 50 50 2.20 - - - - - - - - - - 1.19 0.4619 1.475 - - - - - 3.37

2 - 50 100 2.20 580 2710 3230 940 2570 3270 1.70 - 2.80E-04 - 1.00 0.4792 1.344 - - - - - 3.82

3 - 50 150 2.20 940 2100 2660 825 2250 2860 2.00 - 3.20E-04 - 1.09 0.4905 1.212 - - - - - 4.26

4 - 50 200 2.20 591 1587 1942 661 1797 2287 1.75 - 4.00E-04 - 0.27 0.5073 1.081 1.18E-09 9.40E-10 1.26E-09 - - 4.71

5 - 100 200 2.20 538 1573 1833 593 1623 2063 1.60 - 3.00E-04 5.88E-06 satd. 0.5085 1.035 9.47E-08 7.71E-09 1.02E-07 - - 4.86

6 - 150 200 2.20 419 1392 1510 571 1562 1988.133 1.20 - 3.00E-04 5.02E-06 satd. 0.4997 0.999 2.95E-09 1.52E-08 2.16E-10 - - 4.98

7 - 200 200 2.20 506 1641 2181 671 1826 2326 1.70 - 2.50E-04 3.83E-06 satd. 0.4928 0.972 2.55E-09 2.55E-09 - - 5.08

8 - 250 200 2.20 580.0333 9422.033 10992.03 670 1826.033 2322.033 1.70 - 2.50E-04 3.70E-06 satd. 0.4833 0.935 1.55E-10 1.38E-10 1.77E-10 1.78E-10 - 5.20

1 - 50 50 2.20 1749 5680 6564 2875 7870.067 10025.07 0.78 - 2.00E-04 - 4.02 0.4186 1.551 - - - - - 4.47

2 - 50 100 2.20 1251 22590 22930 2011 5511 7011 1.05 - 2.60E-04 - 1.46 0.4978 1.432 - - - - - 5.05

3 - 50 150 2.20 1687 7912 8217 1972 5397 6872 1.25 - 2.40E-04 - 1.27 0.5132 1.313 - - - - - 5.62

4 - 50 200 2.20 1403 13043 15573 1853 5068 6453 1.33 - 2.30E-04 - 0.67 0.5245 1.195 1.66E-09 1.33E-09 1.78E-09 1.86E-09 - 6.20

5 - 100 200 2.20 203 4603 5558 1853 5068 6453 0.97 - 2.30E-04 1.86E-05 satd. 0.5345 1.148 3.09E-09 3.09E-09 - - - 6.43

6 - 150 200 2.20 793 4120.133 4269.133 1880 5150.133 6555.133 0.97 - 2.10E-04 1.29E-05 satd. 0.5269 1.114 2.90E-09 3.28E-09 2.80E-09 - - 6.59

7 - 200 200 2.20 581 2886 3181 1541 4216 5366 1.50 - 2.50E-04 1.09E-05 satd. 0.5206 1.086 2.34E-09 2.34E-09 - - - 6.73

8 - 250 200 2.20 6652.033 15538.03 18928.03 6202 16968.03 - 1.58 - 6.00E-05 5.58E+06 satd. 0.5125 1.051 1.59E-09 1.44E-09 2.05E-09 1.41E-09 - 6.90
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5.1 INTERPRETATION OF DATA 

This section presents graphical output generated from the comprehensive data set. 

Additionally, this section discussed relevant conclusions that can be drawn from the visualized 

data. 

5.1.1 Comparing cv and cp  

To the author’s knowledge, this experimental program is the first to compare c values 

using conventional consolidation tests and pulse tests. The pulse-derived c values are higher than 

the consolidation-derived c values across all tests. With two exceptions, even the smallest cp of a 

given media is still larger than the highest value cv of that same media. Figure 27, Figure 30, 

Figure 31, Figure 32, and Figure 36 visualize this trend. 

The consistent difference between cp and cv can be explained by the boundary conditions 

of the pulse and consolidation tests. Consider some arbitrary load that generates a pore pressure, 

[ΔP] applied to a singly-draining porous material. In a consolidation test, ΔP is applied 

universally throughout the media at time = 0. At the moment inflow valves are opened and 

drainage may occur, the same is still theoretically true. In a pulse test, ΔP is not applied at time = 

0. At the moment inflow valves are opened and the pulse is applied, ΔP is only applied to an 

infinitely thin section at the top of the media. Consequently, the gradient applied during a pulse 

test at any given time is different than the gradient applied during a consolidation test. 

As shown in Figure 27, cv and cp are strongly correlated. cv can be converted to cp using 

the following empirically-derived power function: 

 cv = 6.476 cp
0.8715 (58) 

Pressure propagation through a porous media has conventionally been discussed in terms of cv, 

or even K. For assessing response time and reading accuracy for grouted piezometer 

applications, the newly-introduced cp term provides a more theoretically sound characterization 

variable. Because cp is relatable to cv via a single-valued function, most of the theory and 

qualitative understanding of cv is applicable to describing cp. Furthermore, no additional tests are 

needed to attain cv; either a pulse test or a consolidation test provides access to both terms using 

the empirical relationship shown above. In fact, cp can simply be thought of as cv with a 



96 
 

correction factor. However, it would be ideal for future studies to analytically derive a cp – cv 

term as a means of validating this empirically-derived cp – cv term. 

Another possibility for the difference between cv and cp is that the pressure propagation 

pattern becomes altered based on the direction of the pressure change. In a conventional 

consolidation test, pressure at any given point within the specimen decreases with time (-ΔP). In 

the pulse tests, the opposite is true (+ΔP). This potentially explains why the discrepancy appears 

to be larger in the CRS cells; any anisotropy caused by the direction of applied pressure would 

likely be amplified in the CRS tests, which allow for zero radial strain of the soil. Future studies 

could investigate this theory by conducting pulse tests that induce a negative and positive change 

to pressure (+ΔP and -ΔP), which could be easily accomplished. Grouted piezometers must 

respond accurately to both positive and negative changes in pore pressure. If a pulse direction 

was experimentally verified to influence propagation patterns, it would need to be incorporated 

into the grout assessment framework. However, this factor would appear to have a small 

influence on c compared to the difference in gradient based on the data in Figure 27, which 

shows considerable correlation between three media despite the greatly varying stiffnesses.  

 

Figure 27: cv vs cp 



97 
 

 

5.1.2 cv, cp, and K as a Function of Confining Pressure 

Data plotted as a function of confining pressure has limited value in these applications, as 

it provides little insight about the pore space of the specimens. However, such plots are well-

suited for comparing properties across media with a large range of properties. 

Firstly, the data for cv and cp are plotted as a function of confining pressure in Figure 28 

and Figure 29, respectively. The data is plotted for all fire clay, sand, and SBM specimens. At 

this resolution, there are few notable trends as a function of consolidation pressure. However, 

plotting as a function of consolidation pressure provides a clear depiction of how different c is 

for each of the three media. Additionally, there is considerable consistency in c. In fact, the cv for 

fire clay 1 appears to be the only notable data point to deviate substantially from the media 

average.   

Figure 30, Figure 31, and Figure 32 compare cp and cv as a function of consolidation 

pressure for the sand, SBM, and fire clay specimens, respectively. For all sand tests, c increases 

as consolidation pressure increases. Considering the relatively incompressible nature of a sand 

skeleton, it is likely that the increase to rigidity due to consolidation plays a more critical role in 

influencing response time than the decrease in pore space due to consolidation; this would be a 

clear violation to the K framework used throughout the literature. The fire clay specimens 

display the opposite behavior; c either remains constant or decreases with increasing degrees of 

confinement. Because the fire clay is extremely compressible, it seems reasonable that the 

change to pore space properties would have greater influence on c than any changes to stiffness. 

The SBM specimens typically display more complex trends that are not captured when expressed 

as a function of consolidation pressure.  

An alternative or perhaps contributing theory is that the degree of saturation is increasing 

as consolidation pressure increases. (Simeoni, 2012) presents experimental evidence that 

response time is strongly affected by increases in saturation due to back-pressure increases [this 

study presents similar findings, as shown in section 5.1.2]. By extension, it is possible that any 

gas remaining after the back-pressure phase is dissolved during consolidation. (Simeoni, 2012) is 

the only paper in the pertinent literature to consider the effects of compressibility, but it provides 

little commentary on how changes to compressibility induced by consolidation may influence 
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response time. In future studies, it would be useful to test specimens under higher degrees of 

confinement; this may provide insight as to whether changes to compressibility, changes to 

degree of saturation, or a combination of the two are controlling the behavior seen in the sand. 

Testing at higher confining pressures may also help to identify a critical c, at which the specimen 

is so rigid that additional increases in confinement have no further effect on c. 

Finally, Figure 33: K vs Consolidation Pressure visualizes K as a function of 

consolidation pressure for all fire clay and SBM specimens. In conjunction with Figure 28 and 

Figure 29, it is clear that c and K are strongly correlated. For fire clays, K, cv, and cp vary by 2.5, 

1.9, and 0.7 orders of magnitude, respectively. For SBMs, K, cv, and cp vary by 2, 1.2, and 0.9 

orders of magnitude, respectively. The high variability in the K values suggests that K may be 

insufficiently describing the characteristics that would be of concern when defining the success 

of a grout; this is discussed further in 5.1.3. Interestingly, cp also appears to be more consistent 

than cv. In future studies, a pulse approach to obtaining c values is likely to provide more 

consistent results than a traditional consolidation approach.  

 
Figure 28: cp vs Consolidation Pressure 
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Figure 29: cv vs Consolidation Pressure 

 
Figure 30: cv and cp vs Consolidation Pressure (Sand) 
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Figure 31: cv and cp vs Consolidation Pressure (SBM) 

 
Figure 32: cv and cp vs Consolidation Pressure (Fire Clay) 
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Figure 33: K vs Consolidation Pressure 

5.1.3 cv, cp, and K as a Function of θ 

Data plotted as a function of volumetric water content, θ, provides considerable insight as 

to how relevant parameters may vary with changes to pore space and degree of saturation. 

It should be noted that volumetric water content increases as degree of saturation 

increases. Inversely, volumetric water content decreases as consolidation pressure increases; this 

is fairly universal across all tests. Consequently, several trends are visible when plotted in either 

consolidation or volumetric water content space. For example, the increase in cp for sand 

specimens due to consolidation increases can be viewed as a function of consolidation or θ. For 

the sake of organization, the trends that are viewable in either space are all discussed in the 

previous section (5.1.1). This section will focus on trends visible only in volumetric water 

content space.  

c is plotted in Figure 34, Figure 35, and Figure 36 for the sand, fire clay, and SBM 

specimens, respectively. The sand specimens exhibit several notable trends. Firstly, c increases 

as degree of saturation increases as experimentally verified by (Simeoni, 2012). This would also 

be anticipated from semi-saturated theory. Considering that traditional consolidation tests are 
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only performed on saturated specimens, the cp values are showing the same post-back-pressure 

trends as well. The specimens show similar patterns in cv – θ space; it appears that both the initial 

and peak cp values for a given test increase as the initial θ increases. cv values do not display 

much of a trend on this resolution, however. 

The SBMs also show several striking trends. Referring to Figure 36, the peak and initial 

cp values generally increase as initial θ increases for a given test, as seen in the sand specimens. 

Additionally, the difference between peak and initial cp increases as initial θ increases. It is also 

interesting to note that the SBM test with a substantially lower initial θ shows a patterns in cv – θ 

space that are more characteristic of the sand specimens. When the SBMs reach saturation they 

experience a substantial drop in cp. cp shows a slight rebound as consolidation pressure increases 

and eventually reaches a relatively constant, or critical state, value. This behavior potentially 

demonstrates a complex interaction between changes to pore space and changes to stiffness [or 

possibly degree of saturation]. As was the case with the sand specimens, the cv values do not 

display much of a trend but are reasonably consistent. Recall that cp values had a narrower data 

range than cv values, in addition to capturing several interesting trends in cv – θ. This is partially 

because more data points can be collected using a pulse test compared to a consolidation test, as 

the pulse test can be performed before the specimen is actually consolidated. This data resolution 

is another strong incentive to explore the applicability of pulse tests in future studies. 

Trends in c – θ space are not as well defined for the fire clay specimens. Unfortunately, 

several points of data had to be omitted from the fire clay set due to issues with saturation. The cv 

values for fire clays show interesting trends while cp values typically do not. cv tends to increase 

as θ increases; in fact, the CRS data forms an almost perfectly log-linear trend. The point of cp 

data from the triaxial test disagrees with the general magnitudes of the CRS values, however. 

Finally, the point of cv triaxial data fits within the reasonably narrow range of cp values, although 

this is likely a coincidence. 

Finally, Figure 37 and Figure 38 plot K as a function θ for the SBM and fire clay 

specimens, respectively. SBMs generally appear to have an exponential decrease to K as θ 

increases, which conflicts with the anticipated trend of an increase to K as θ increases. Noting 

that the CRS cell provides the outlying data, it is possible that the effects of radial flow 

[discussed in section 3.6] is influencing the results. Unfortunately, there was not enough CRS 
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data collected to verify this. For fire clays, no specific trend is observable and there is a 

significant amount of variance. 

 

Figure 34: cv and cp  vs θ (Sand) 
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Figure 35: cv and cp vs θ (Fire Clay) 

1.00E-06

1.00E-05

1.00E-04

1.00E-03

0.47 0.48 0.49 0.50 0.51 0.52 0.53 0.54

C
 (

cm
2 /

s)

Volumetric Water Content, θ (#)

FC 1 (Cp) FC-CRS 1 (Cp) FC-CRS 2 (Cp) FC 2 (Cp)

FC 1 (Cv) FC-CRS 1 (Cv) FC-CRS 2 (Cv) FC 3 (Cv)



105 
 

 

Figure 36: cv and cp vs θ (SBM) 
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Figure 37: K vs θ (SBM) 

 
Figure 38: K vs θ (Fire Clay) 
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5.1.4 Other Experimental Output 

There are several entries of collected data that do not contribute to the understanding of 

cv and K, but may assist in refining future studies that use a similar experimental approach. 

Figure 39 shows the ratio of the applied pressure during a pulse test to the maximum pressure 

detected by the sensor. The ratio varies wildly, but appears to be slightly correlated with the type 

of test being conducted. However, the general dissipation trends were in agreement with 

consolidation theory and unaffected by Urecorded/Uapplied. A more controlled documentation of 

Urecorded/Uapplied in future studies could isolate which properties of the media are influencing this 

phenomenon. 

Similar data was collected to document the time at which Upeak [the maximum pressure 

registered by the sensor] was recorded. All tests have a lag time between the moment at which a 

pulse is applied and the moment at which Upeak is registered; see Table 8. It is likely that the lag 

time increases as saturation decreases and compressibility increases. This theory is supported by 

the fact that the SBMs and sand specimens have similar lag times. Both specimens have 

considerably different cv values, but both specimens also attain most of their stiffness from a 

sand skeleton. The highly compressible fire clay has highly variable lag times that are three to 

four orders of magnitude higher than the SBMs and fire clays. Note that the water content is 

different for all these tests. Additionally, the distribution of gas voids is practically 

indeterminable using conventional volumetric measurements. This potentially enforces many 

concerns discussed in Simeoni (2012) regarding how sensitive the pressure equalization 

properties of a highly compressible media can be to changes in saturation [and the associated 

distribution of gas voids]. It is important to consider the worst case scenario that a highly 

compressible and even slightly under-saturated media is surrounding a grouted borehole. Such a 

media could have astronomically high equalization times. Regardless of the equalization times, 

the general dissipation trends were in agreement with consolidation theory and fairly consistent, 

as was the case for the Uapplied/Urecorded data. 
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Figure 39: K vs Urecorded/Uapplied  (SBM) 

Table 8: Comparison of Time Delay Prior to a Sensor Registering Upeak 

 

5.1.5 Comparison to Values Reported in Literature 

A summary of typical c and K values for fire clay and SBMs is presented in Table 9. One 

of the primary interests of the study is to assess how currently-available grouts perform in low-

hydraulic conductivity media. Based on the processed data, the fire clay has proven to be 

sufficiently low in hydraulic conductivity. Previous studies conducted at UT reported a range for 

cv between 2.15x10-6 and 5.38x10-6 cm2/s. The data in this study is scattered on both sides of this 

Ave. Min. Max

S 1 0.18 0.09 0.26

S 2 0.12 0.10 0.18

FC 1 1781 133 3495

FC 2 2519 129 6320

FC 3 6626 3890 8820

SBM 1 0.26 0.07 1.23

SBM 2 51.85 6.64 153.40

SBM 3 0.18 0.13 0.33

SBM 4 0.22 0.17 0.33

Time Until Upeak was Recorded 

(s)
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upper bound but still reasonably comparable. Little data is available beyond the reported cv 

range, although this may not be a concern; the media surrounding a borehole is highly site-

specific and the testing program provides consistent results that the fire clay is low in both cv and 

K. To the author’s knowledge, pulse tests have never been previously reported on clay specimens 

of any kind. 

The SBM data is typically in agreement with the literature. Recall from chapter 2 that 

hydraulic conductivity typically ranges from 10-4 to 10-7 for cement bentonite grouts, with the 

same range being commonly reported for SBMs. All tests in this study fall well within the 

typical range. Experimental data for c is somewhat limited for cement bentonite grouts, as their 

viability has historically been discussed in a K framework. (Simeoni, 2012) cites pulse-derived c 

values for cement bentonite grouts that range from 0.04 cm2/s to 1.44 cm2/s. Interestingly, the 

data shows a similar amount of variance but is typically 1 order of magnitude below the data 

reported in this study.  

Table 9: Summary of c and K Values in This Study 

 

5.1.6 Conclusions: Interpretation of Data 

This section presents conclusions based on the interpretation of data [bracketed numbers 

indicate the subsection of the report in which each topic is discussed]: 

1. Coefficient of pore pressure propagation, cp, values are always higher than cv values, as 

explained by the different gradients imposed in a pulse test compared to a consolidation 

test. Coefficient of pore pressure propagation, cp, is an important term to introduce to the 

geotechnical community. Historically, cv has been used to characterize both pore pressure 

propagation and consolidation behavior, but there is now strong experimental evidence to 

suggest this is not appropriate, especially with cp being expressible as a single-valued 

function of cv. [5.1.1] 

low high ave.

2.00E-04 9.00E-04 3.88E-04

3.83E-06 3.17E-04 4.72E-05

1.38E-10 7.93E-08 1.07E-08

8.80 64.85 23.81

0.81 11.92 4.56

1.63E-04 1.54E-06 4.09E-05

Fire clay

SBM

cp (cm2/s):

cv (cm2/s):

k (cm/s):

cp (cm2/s):

cv (cm2/s):

k (cm/s):
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2. Future studies could analytically derive a cp – cv term as a means of validating the 

empirically-derived cp – cv relationship [5.1.1] 

3. Plotting c and K as a function of consolidation pressure is well-suited for comparing the 

sand, SBM, and fire clay specimens concurrently. c values differ by several orders of 

magnitude between media, but are extremely consistent between tests on a given media. 

The same is somewhat true for K, although there is more variability between tests. [5.1.2] 

4. Behavior of the sands and SBMs in c – θ space is strikingly well-defined and consistent, 

specifically for the cp values. cp increases as degree of saturation increases. SBMs exhibit 

a sharp decrease in cp upon reaching saturation and then rebound to an intermediate, 

critical state cp value as consolidation pressure increases. This complex interaction 

between stiffness and void space is completely undetected within the K data. Sands show 

a continual increase to c in c – θ space, which is also unrepresented in the K data. Fire 

clay c values are slightly more variable and display no strong trends. This is especially 

true for the K data. [5.1.3] 

5. cp, as determined from a pulse test, typically showed less variability in the data than cv. 

Additionally, more data can be collected from a pulse test than a consolidation test 

because pulses can be applied without the specimens having to consolidate significantly. 

As a result, more well-defined trends in c – θ can be predicted. From an experimental 

prospective, a cp approach has many advantages of cv approach. [5.1.3] 

6. Discrepancies between applied and recorded pore pressure magnitudes during pulse tests 

support earlier literary findings, specifically from Simeoni (2012), that demonstrate 

response time is highly sensitive to changes in degree of saturation. These discrepancies 

tend to be highly variable, but tend to have a discernable range for a given media. [5.1.4] 

7. c and K of the tested media are typically comparable to the literature, although severely 

limited c data is available for cement bentonite grouts. [5.1.5] 

 

5.2 EXPERIMENTAL ASSESSMENT OF THE Cp FRAMEWORK 

This section intends to assess the K framework in comparison to a cp framework for 

predicting the reading accuracy of a grouted piezometer. (Simeoni, 2012) already implemented a 

cp framework for a response time study. There is strong incentive to use a cp framework to 



111 
 

replace the Kgrout/Ksoil theory as well. For the sand-bentonite grouts tested in this study, cp values 

are relatively consistent, while K are not; see Figure 40, which plots K as a function of cp.  

 

 

Figure 40: K vs cp 

Consider the following derivation, which considers the range of acquired cv and K values; 

cp.min = 8.37
cm

s2
 , cp.max = 23.83

cm

s2
 excluding the potential outlier  or  cv.max = 64.85 

cm

s2
 the potential outlier   

Kmin = 1.54 × 10−6
cm

s
 , Kmax = 1.63 × 10−4

cm

s
 

From consolidation theory, 

Hdr
2 =

tmax×cp.min

T99
    and    Hdr

2
=  

tmin×cp.max

T99
,    where Hdr and T99 are constants 

Recalling that cp and cv are related by a power function,    

 
tmax

tmin
 =

cv.max
cv.min
 =

cp.max
cp.min
 =   

7.75  including potential outlier 
2.85  excluding potential outlier 

 

From flow theory, 

Kmax =
Q×L

A×h×tmin
    and   Kmin =

Q×L

A×h×tmax
,    where Q,  L,  A,  and h are constants 

⇒  
tmax

tmin
 =

Kmax
Kmin
 = 105.84 

This point is either an outlier, or represents a very 

unstable critical state point in which the specimen is 

fully saturated, highly porous, and unconsolidated. 
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Using the K framework to assess the SBM data collected in this study will predict 

maximum travel times that are over 100 times larger than the minimum predicted travel time. 

However, the cp data fit to the actual pressure – time data determines this ratio to be substantially 

lower.  

Furthermore, K is unsuited to reflect changes to stiffness, which is reinforced by the 

following case. Consider SBM 3 and SBM 4; properties of the media are shown in Table 10. 

These two specimens have similar properties (including K) but still have substantially differing 

cp values. At lower confining pressures, response time is highly sensitive to changes in confining 

pressure (and ultimately stiffness). Response time can vary drastically as consolidation pressure 

increases from 50 kPa to 100 kPa, as shown in Figure 41. A K framework is unable to adequately 

capture this phenomenon. 

Table 10: Summary of Properties for SBM 3 and SBM 4 

 

SBM 3 SBM 4 Units

147.95 150.15 mm

4170.8 4149.5 mm2

617054 623038 mm3

2.65 2.65 -

2.70 2.70 -

2.653 2.653 -

0.698 0.662 -

30.65 42.66 %

0.590 0.531 -

66.76 86.24 %

50 100 kPa

0.371 0.351 -

0.590 0.527 -

at σ1XX 66.76 87.60 %

8.80 23.83 cm2/s

1.85E-05 2.33E-05 cm2/s

cp:

K:

Vol. Water Content:

e-bulk:

Dr-bulk:

Gs-sand:

Vtot:

Specimen Area:

Specimen Height:

Dr-bulk:

Gs-equivalent:

Gs-bentonite:

σ1 of interest 

(σ1XX):

initial       

conditions

e-bulk:

Dr-skeletal:

e-skeletal:
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Figure 41: Comparison of Pore Pressure Dissipation vs Time for SBM 3 (at 50 kPa) and SBM 4 

(at 100 kPa) 

The materials tested in this lab procedure provide an excellent opportunity to compare the 

K framework against the newly-proposed cp framework. Consider a best case scenario for the 

tested materials (SBM 1 and Fire Clay 3); 

      cp.grout = 10.94
cm

s2
    and     Kgrout = 1.54 × 10−6 cm

s
 

      cp.soil = 0.0008
cm

s2
    and     Ksoil = 4.57 × 10−8 cm

s
 

⇒
Kgrout

Ksoil
⁄ = 33.7  (this is well within all but the recently proposed kgrout/ksoil < 10 criteria. 

This scenario passes the kgrout/ksoil < 100 rule-of-thumb) 

⇒
cp.grout

cp.soil = 13,675   

Table 11 provides a summary of the properties for the upper bound clay and lower bound SBM. 

As anticipated, the materials are considerably different but have similar dimensions. They are 

fairly representative of typical field conditions that would be of concern to the study. Consider 

Figure 42 and Figure 43, which plot the pressure dissipation curves in linear space and log space, 
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respectively [values are normalized by Upeak for the sake of comparison]. On the time scale of the 

Fire Clay 3 dissipation curve, the SBM 1 response is essentially instantaneous. While these 

media are satisfactory in the current K framework, the actual sensor data [supplemented with a cp 

framework] speaks to the contrary. 

Table 11: Summary of Properties for SBM 1 and Fire Clay 3 

 

SBM 1 Fire Clay 3 Units

151.53 149.38 mm

4107.1 4121.5 mm2

622336 615660 mm3

2.65 - -

2.70 - -

2.653 2.610 -

0.737 1.395 -

17.61 - %

0.656 1.395 -

44.70 - %

150 50 kPa

0.396 0.522 -

0.649 1.094 -

at σ1XX 47.09 - %

10.94 0.0008 cm2/s

1.54E-06 4.57E-08 cm2/s

Specimen Height:

Specimen Area:

Vtot:

Gs-sand:

Gs-bentonite:

Gs-equivalent:

initial       

conditions

e-skeletal:

Dr-skeletal:

e-bulk:

Dr-bulk:
σ1 of interest 

(σ1XX):

Vol. Water Content:

e-bulk:

Dr-bulk:

cp-grout/cv-soil: 13,675

cp:

K:

Kgrout/Ksoil: 33.7
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Figure 42: Comparison of Pore Pressure Dissipation vs Time for SBM 1 and Fire Clay 3 (Linear 

Scale) 

 

Figure 43: Comparison of Pore Pressure Dissipation vs Time for SBM 1 and Fire Clay 3 (Log 

Scale) 
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5.2.1 Conclusions: Experimental Assessment 

Three important conclusions can be made from the experimental assessment: 

1) Analyzing the variability of data in this procedure using a K framework will predict 

upper bound SBM response times that are over 100 times larger than the lower-bound 

value. This same ratio is less than 10 based on the cp values (back-calculated from actual 

response test). 

2) Two SBMs that are otherwise similar in terms of volumetric properties and K will have 

substantially different response times based on differences in consolidation pressure [and 

ultimately stiffness]. 

3) The upper-bound fire clay and lower-bound SBM have a Kgrout/Ksoil ratio that meets most 

criteria proposed in the literature. However, actual equalization times for these materials 

differed substantially, which could be captured using a cp-grout/cp-soil relationship.  

 

5.3 NUMERICAL ASSESSMENT OF THE Cp FRAMEWORK 

The section uses the numerical cp model developed in section 4.6.1 to analyze reading 

error for grouted boreholes, assessing the viability of the cp framework in the process. 

5.3.1 Assessment of Model Output 

Several cases were considered, following the slope configuration used to derive the 

numerical model [refer to Figure 26]. Table 4 provides all relevant data generated by the 

numerical model, along with references to their associated figures. It should be noted that all 

figures are in terms of a normalized pressure [U/U*], where U is the pressure recorded by the 

piezometer at a given moment and U*
 is the initial pressure applied at the shear point [i.e., 

U*=ΔP].   

The success of a piezometer is discussed in terms of “homogenized” and “recorded” 

conditions. Homogenized pore pressures represent the pressure-time behavior predicted at the 

point of the piezometer, but assuming the piezometer and borehole function as part of a 

continuous clay medium (i.e. cp-soil = cp-grout). Recorded pore pressures are those registered by the 

piezometer, after accounting for the influence of the relatively high cp grout. 

The nomenclature developed in section 4.6.1 are used to define Hgrout, Hsoil, cp-soil, cp-grout, 

and Δt. All other terms relevant to the model are described as follows; 
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Upeak-actual    maximum pore pressure read by the piezometer (#) 

Upeak-h  maximum pore pressure experienced at the point of the 

piezometer, assuming the grout and surrounding soil act as 

a homogenous medium. 

t at 10% error the time at which Uactual/Uh at a given time becomes less 

than 0.9 

[Uactual at Upeak-h] / [Upeak-h]  the ratio of the actual pore pressure registered by the 

piezometer at the same time Upeak-h is calculated compared 

to Upeak-h itself. This relationship serves as the critical 

failure criterion. If [Uactual at Upeak-h] / [Upeak-h] < 0.90 for a 

given case, the reading error is considered to be 

unacceptably large. 

[t at 10% error] / [t at Upeak-h] the ratio of t at 10% error to t at which Upeak-h is calculated. 

This relationship serves as a secondary indicator of failure. 

If [t at 10% error] / [t at Upeak-h] ≥ 1, error will be minimal. 

 

A total of 9 cases are considered in the analysis; 

Case 1 (Base): Refer to Figure 44. The base properties considers the upper-bound clay 

and lower bound grout from the experimental data in this study, described in section 5.3. The 

vertical distance of 100 cm was selected to ensure that errors wouldn’t be over-predicted [it 

would be difficult to position a piezometer within 100 cm of the critical failure surface]. A 

borehole height, Hgrout, of 1000 cm was selected, which is very typical of a standard borehole. 

These parameters represent the best-case scenario of the media tested in this study. In this 

example, error is unacceptably high [the sensor is reading less than 7% of what it should be 

reading]. The jagged increase in pore pressure is due to the time step being so large that complete 

dissipation within the grout occurs in less than a single time step. Consequently, the sensor reads 

something even less than 7% at higher resolutions. Recall that kgrout/ksoil for these media is 33.7, 

which is within the tolerable limits for most of the developed K theory. 

Case 2: Refer to Figure 44. cp-grout is modified to represent the best-case  [lower-bound] 

scenario presented from the cement-bentonite experimental findings in (Simeoni, 2012). This 
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provides an excellent boundary check. To the author’s knowledge, this paper is the only 

document within the pertinent literature to report c values for a cement bentonite mixture. 

Furthermore, Simeoni reports some of the lowest K values in the literature [as low as 1.3*10-8 

cm/s, while the typically reported range is 10-4
 to 10-7]. It is likely that Simeoni’s results 

represent a very realistic best-case scenario for a borehole grout. Even so, the numerical model 

still predicts the grout to be insufficient, although it is a substantial improvement over the 

experimental best-case scenario from this study. 

Case 3: Refer to Figure 44. Using [Uactual at Upeak-h] / [Upeak-h] > 0.90 as the success 

criteria, a grout with cp < 0.0014 cm2/s would need to be selected. Although there is little data 

available for cp values of borehole grouts, it is likely that no presently-available grout meets this 

requirement. Considering the typical range k-values for cement bentonite grouts, supplemented 

with the K and cv data from  (Simeoni, 2012) and this study, imply that available cement-

bentonites cannot meet this cv criteria. 

Case 4: Refer to Figure 45 and Figure 46. This case alters Hgrout to determine the point at 

which the the grout from the base case [cp-grout = 10.94 cm2/s] is successful. Using [Uactual at 

Upeak-h] / [Upeak-h] > 0.90 as the success criteria, no practical height exists [recall that both the 

dissipation and propagation terms in the numerical model are influenced by Hgrout]. Note that 

pressure curves for higher values of Hgrout are not continually plotted because the time step 

required for high resolution trends became increasingly small. In this case, the success of a grout 

needs to be discussed in terms of its ability to “snapshot” conditions expected in a continuous 

clay medium. Using the t at 10% error as the parameter of interest, a borehole of roughly 88 m 

in height would be required to read accurate pressures for the first 20 days after ΔP is applied at 

the source. For the base grout, no borehole could be realistically deep enough to allow for 

accurate pressure recordings. 

Case 5:  Refer to Figure 45 and Figure 46. Using [Uactual at Upeak-h] / [Upeak-h] > 0.90 as the 

success criteria, the piezometer would need to be 1 cm [Hclay = 1 cm] away from the shear zone 

for the grouts in this study to be acceptable. It should be noted that the data at this resolution is 

extremely sensitive to the selected Δt at this resolution; the results are best used for strictly 

comparative purposes. As was true for Hgrout in Case 4, it becomes clear that manipulating Hclay 

only provides a snapshot of accuracy, at best. In fact, the data must be plotted on a log scale to 
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be compared with Case 4, as the piezometer now responds in a matter of hours opposed to years. 

Future studies could make use of this principle; long testing times associated with cp-grout >> cp-

soil can be reduced by installing sensors close to the zone of interest, viewing the data as a 

snapshotting tool rather than a means of taking continual measurements. This would be 

especially useful in creating scaled-down models of borehole sites. 

Case 6:  Using [Uactual at Upeak-h] / [Upeak-h] > 0.90 as the success criteria, cp-soil would have 

to increase by nearly 4 orders of magnitude for the sensor to accurately record data. As cp-soil 

increases, the influence of the dissipation function increases, creating a continual feedback. In 

effect, the influence of cp-soil reduces as cp-soil decreases; cp-soil must become practically identical 

to the borehole grout before pressure are recorded accurately. 

Model Check: Cases 1 through 6 demonstrated many qualitative trends that would be 

expected from propagation model [e.g. error consistently decreased as cp-soil decreased]. To 

further validate the model, Figure 48 was generated to visualize the three distinct components of 

the model. When cp-grout = cp-soil, the Full Soil and Soil-Grout functions calculate an identical 

trend, which indicates that boundary conditions are being satisfied. Furthermore, the pressure 

curve at the source of shearing [the Dissipation Function] shows a qualitatively agreeable trend 

just above the other functions. For most time steps, practically identical pressure – time curves 

are calculated, indicating that the model is sufficiently insensitive to time step size as long as no 

single parameter in the model [namely cp-grout, cp-soil, Hgrout, and Hsoil] becomes substantially 

larger than the others. 

Based on the default borehole configuration [case 1,2, and 3], cv-grout/cv-soil < 2 becomes 

the success criterion. Even this criterion is limited, and only applies to relatively deep boreholes 

with a sensor placed 100 cm away from the failure surface. Even under these restrictions, Cases 

1 through 5 illustrate that grouted piezometers are perhaps best thought of as a snapshotting tool; 

pressure will still dissipate and lead to substantial error if given enough time, which is evident in 

nearly every case. 

This analysis raises several concerns for the fully-grouted method, which has been the 

primary focus in the literature. Recall that Simeoni (2012) presents cement bentonite data that is 

beyond the lower bound of the typical K range for cement bentonite mixtures, and is likely on 

the lower bound for cv as well. Future experimental studies should produce more c values for 
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cement bentonites mixtures, as Simeoni provides the only value for c of which this author is 

aware. Both the cement bentonite grouts in Simeoni and the SBMs of this study fail the cp-grout/cp-

soil criterion developed in the numerical model. Assuming the model is sufficiently accurate, it is 

likely that no currently available cement bentonite grout will provide sufficient piezometer 

readings beyond being used for snapshotting purposes.  

Regardless of the assumed Hgrout, Hsoil, cp, and drainage properties, all recorded and actual 

pressure curves have an initial period where actual and recorded pressures are in theoretical 

agreement [demonstrated by the “t at 10% error” term]. Even a high-cp grouted piezometer could 

be used to snapshot behaviors of the actual pressure – time curves for a homogenous clay, 

although it must be considered that increasing cp-grout/cp-soil ratios will require increasing levels of 

extrapolation. However, it is likely that the grouts tested in this study dissipate pore pressures 

too rapidly to have any potential for a successful extrapolation. There is still a potential region 

where a lower-cp grout would not be perfectly accurate over long test durations but still have 

sufficient extrapolative accuracy.  

One potential solution is to supplement high-cv grouts with multiple sensors mapped in 

two or three dimensional space. Using a more sophisticated version of the model developed in 

this study, the pressure curves of the sensor data could be used to triangulate the exact location, 

magnitude, and time history of a change in pore pressure. This would be further supplemented 

with nested piezometers. For example, consider two adjacent boreholes each containing two 

piezometers; this would allow for horizontal and vertical properties of both the grout and soil to 

be measured, providing all of the input required for a high-resolution two-dimensional model. 

When installing in low-cp media, new grouts may need to be explored should future 

studies verify that cp of available cement bentonite mixtures is insufficient. For example, 

(Shirazi, et al., 2010) cites cv values for SBMs between 10-5 and 10-6 cm2/s for bentonite contents 

ranging from 20% to 80% [note that bentonite contents in this study ranged from 5% to 7%], 

with pure bentonites having cv values someone near the lower bound. Such mixtures should be 

explored in future studies. If they are determined insufficient due to reasons concerning strength, 

stability, or cp, the fully grouted method may need to be abandoned altogether when installing in 

low cp media. In such cases, the older methods of borehole installation that use a bentonite seal 

[which has a well-established low c values] may be required. 
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Regardless of the future potential for a cp numerical model of this sort, the current 

analysis demonstrates several concerning trends even within a conservative model. Most notably, 

ΔP is only 1 m away from the piezometer, the upper-bound clay properties are used, and the 

lower-bound fire clay properties are used. A more sophisticated model is liable to reveal even 

more unfavorable conditions. 

Table 12: Compilation of Data from the Numerical Cp Model 

 

 

Hsoil Hgrout cp-soil cp-grout Δt

(cm) (cm) (cm2/s) (cm2/s) (days)

Case 1: 22 100 1000 0.0008 10.94 22.0

Case 2: 22 100 1000 0.0008 0.04 22.0

Case 3: 22 100 1000 0.0008 0.0014 22.0

Case 4: 23, 24 100 8800 0.0008 10.94 22.0

Case 5: 23, 24 1 1000 0.0008 10.94 0.13

Case 6: 25 10 1000 3.8 10.94 0.09

Associated 

Figure

Input

Upeak-actual Upeak-h t at 10% error [Uactual at Upeak-h] / [Upeak-h] [t at 10% error] / [t at Upeak-h]

(#) (#) (days) (#) (#)

Case 1: 0.07 0.80 8.80 0.00 0.01

Case 2: 0.32 0.80 83.57 0.01 0.06

Case 3: 0.75 0.80 1425.00 0.90 1.02

Case 4: 0.16 0.83 19.79 0.00 0.01

Case 5: 0.91 0.98 0.15 0.00 0.02

Case 6: 0.96 0.97 0.16 0.90 1.06

Output Failure Criterion

*Bolded entries represent the parameters that were altered from the base case.
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Figure 44: Numerical Comparison of Pore Pressure vs Time (Cases 1,2,3) 

 
Figure 45: Numerical Comparison of Pore Pressure vs Time (Cases 4,5) [linear scale] 
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Figure 46: Numerical Comparison of Pore Pressure vs Time (Cases 4,5) [log scale] 

 

Figure 47: Numerical Comparison of Pore Pressure vs Time (Case 6) 
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Figure 48: Numerical Comparison of Pore Pressure vs Time (Model Check) 

5.3.2 Future Concerns for the Model 

The current model provides a reasonable approximation for estimating error in grouted 

piezometers. While it offers several advantages over the K models traditionally used to estimate 

piezometer error, there are several shortcomings that should ideally be addressed in future 

studies. Firstly, the model relies on several assumptions. These assumptions are generally 

conservative and the model was used as a comparative tool with reasonable success. To become 

well-suited to predict in-situ pressures, several refinements should be made. An ideal model 

could predict pressure propagation in continual two-dimensional space. The current model 

assumes that pore pressure are instantly registered by the piezometer when they reach the base of 

the borehole, which can be refined. Element number should be increased to avoid losing data 

resolution when one modeling parameter begins to stray away from the others. All changes 

mentioned should be incorporable using currently-available technology. However, accounting 

for degree of saturation could be exceptionally challenging.  

Another important contribution to the analysis, and grouted borehole research in general, 

would be to supplement the model with in-situ data or a scaled-down physical model. Recall that 

the three pertinent studies that assess reading error all arrive at different conclusions regarding an 
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acceptable Kgrout/Ksoil ratio, none of which are supplemented a substantial amount of physical 

data. This model arrives at yet another conclusion for an acceptable criterion but is 

unsubstantiated by any in-situ of physical modeling data. Preparing a scaled model of a grouted 

column surrounded by a low cv soil could be immensely beneficial to grouted piezometer 

research. Multiple sensors could be embedded in both the grout and soil at varying elevations 

and radii away from the borehole center. In-situ data may be just as useful, provided there are a 

few heavily instrumented boreholes in close proximity. Using data from either approach, a map 

of pressure propagation could be generated in three-dimensional space. This could be compared 

to the predictions made by the models using the cv and K frameworks. The data could also 

potentially be used to calibrate to models for future site studies. 

5.2.1 Conclusions: Numerical Assessment 

This section presents conclusions based on the numerical assessment [bracketed numbers 

indicate the subsection of the report in which each topic is discussed]: 

1. The numerical model relies on several approximations, although most lead to under-

prediction in piezometer reading error. The model is advantageous in that it uses a cp 

framework, which removes much of the inconsistency in the K framework (as shown in 

section 5.2). Even in its conservative state, cp-grout/cp-soil < 2 becomes the default success 

criterion. Even this is only applicable if the borehole is deep [> 10 m], the piezometer is 

within 100 cm of the pore pressure origin, and the data is viewed as a snapshotting tool 

(i.e. if enough time elapses, unacceptable reading errors will still develop). [5.3.1] 

2. The effects of unfavorable cp-grout/cp-soil ratios can be partially bypassed by viewing sensor 

data as a snapshot of pore pressure – time behavior in a homogenous clay, noting that 

increasing cp-grout/cp-soil ratios will require increasing levels of extrapolation. For the media 

tested in this study, cp-grout/cp-soil ratios are probably too high to make use of extrapolation. 

[5.3.1] 

3. This cv framework model has not been supplemented with field or physical model data 

[the same is true for the three conflicting K models discussed in the literature]. Attaining 

data from either source is essential in verifying, refining, or even calibrating the 

numerical model. [5.3.1] 

4. One potential option for partially bypassing the effects of poorly performing grouts 

would be to install multiple sensors around several depths and radii of an anticipated 
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failure zone. The resulting data could be used to triangulate the approximate location and 

pressure – time behavior of the failure zone. However, this technique may rely on data 

that is too sensitive to changes in degree of saturation to be of any use. [5.3.1] 

5. Cp for the SBMs in this study typically ranges between 8 to 25 cm2/s using response tests 

and 1 to 12 cm2/s. The numerical model determines this material to be unsuitable when 

used in a low cp media like the fire clay. To the author’s knowledge, (Simeoni, 2012) is 

the only source to provide cv for cement bentonite grouts, reporting a .04 to 1.44 cm2/s 

range. Considering the rest of his response time and K data, these grouts appear to be on 

the lower bound of conditions reported in literature. However, these values still fail to 

meet the previously developed cp-grout/cp-soil criteria. This is troubling, and suggests that no 

currently-available cement bentonite grout it suitable when used in a fully grouted 

arrangement [at least in low cp media like the fire clay]. [5.3.1] 

6. It is probably most urgent to acquire cp values for cement bentonite mixtures, which are 

the borehole fill material of choice. If the tested range is determined to be inadequate, as 

the analysis in this study suggests, other potential grouts need to be explored. In the event 

that no grout meets the stability, strength, and cp requirements, the fully grouted method 

may need to be abandoned altogether for installations in low cp media. In such cases, the 

older method that involved a bentonite cap [with a well-established low cv] could become 

the more efficient choice [5.3.1] 

7. It is well within the limits of currently available technology to refine the numerical 

model, giving it the potential to remove some of the conservatism in favor of a model that 

provides more accurate predictions of true monitoring conditions.  [5.3.2] 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

An experimental program was developed based on the current needs of grouted 

piezometer research, which had three primary objectives. The research program was largely 

successful in meeting these objectives. This chapter presents conclusions as they apply to each of 

the three original research objectives. Several complimentary objectives were completed in the 

process of addressing the primary objectives [conclusions are provided as they relate to these 

objectives as well]:  

Objective 1: To better understand the properties that effect response time and reading accuracy 

of grouts used for piezometer applications in fat clays.  

1. In the pertinent literature, reading accuracy has been assessed by comparing the 

hydraulic conductivity of the grout [Kgrout] to hydraulic conductivity of the 

surrounding soil [Ksoil].The soil and grout are assumed to be incompressible and fully 

saturated with an incompressible fluid. Using a steady state approach, error is defined 

for a given Kgrout/Ksoil ratio. Each of the three studies that utilize the Kgrout/Ksoil theory 

propose a significantly different failure criterion for assessing reading error [2.4]. 

2. This study investigated the merits of consolidation theory in predicted reading errors. 

It was discovered that pressure pulses [like those anticipated within a grouted 

borehole] migrate through a specimen under a different gradient than those 

experienced in a typical consolidation environment. This discovery extends beyond 

existing literature, where no distinction is made between pore pressure propagation 

and conventional consolidation. As such, a new term has been coined called the 

coefficient of pore pressure propagation [cp]. cp was found to have a nearly perfect 

power relationship with cv, making it a particularly useful term [i.e. calculating cv 

allows for cp to be accurately predicted].  [5.1.1] 

3. This study found that a cp-grout/cp-soil criteria is better suited to assess reading error than 

the prevailing K theory. Experimental data collected for cp [using pulse tests] and K 

[using traditional permeameter tests] demonstrates that pressure equalization rates 

within the grout are highly dependent on stiffness and degree of saturation, neither of 

which is adequately captured in the K measurements [5.1]. Relying on K theory can 

lead to widely varying predictions of response time that were experimentally 

determined to be inaccurate [5.2]. 
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4. In the pertinent literature, there is overwhelming agreement that response time will 

not be an issue for currently-available cement-bentonite grouts [e.g. the grout 

typically responds in a matter of minutes for a 6 in. diameter borehole] [2.4]. This 

study reaches the same conclusion. However, the cp term provides a direct and 

theoretically accurate means of predicted response times. In the interest of reliably 

analyzing future grouts that may be of interest, using the cp framework is convenient 

[5.1]. 

Objective 2: To better understand how much soil and grout properties can differ before response 

time or reading accuracy surpass acceptable constraints [particularly for the fully-grouted 

method].  

1. A numerical model was created using the developed cp theory to determine reading 

error within a fully grouted borehole [4.6.1]. The model relies on several conservative 

assumptions, but still establishes cp-grout/cp-soil < 2 as the reading accuracy criterion in a 

typically-sized [6 in. diameter, 30 ft. deep] borehole. Such a cp-grout/cp-soil ratio would 

be required to ensure that piezometer readings never dropped below 90% of readings 

that would be expected if the grouted borehole was behaving identically to the 

surrounding soil [5.3.1]. 

2. The effects of unfavorable cp-grout/cp-soil ratios can be partially bypassed by viewing 

sensor data as a snapshot of pore pressure – time behavior in a homogenous clay, 

noting that increasing cp-grout/cp-soil ratios will require increasing levels of 

extrapolation. The effects of unfavorable cp-grout/cp-soil ratios can also be partially 

bypassed by installing multiple sensors in a site to find the location and magnitude of 

an induced pore pressure [5.3.1] 

Objective 3: To determine if currently-used grouts can provide a sufficient response time and 

reading accuracy when installed in fat clays. 

1. Sands, sand-bentonite mixtures, and fire clays were tested in this study. The experimental 

data, supplemented with values from literature, provided a reasonable range of properties 

that would be anticipated for both cement-bentonite grouts and fat clays [5.1.5]. Even 

when the lower bound grout and upper bound fat clay properties are considered, reading 
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error is too large. This predicted inaccuracy indicates that no currently-available cement-

bentonite grout it suitable for a fully grouted installation in a fat clay [5.3.1]. 

2. Experimental data for coefficient of consolidation of cement-bentonite grouts is 

somewhat limited. Future tests should acquire this data to verify that the true lower bound 

grout properties were considered. If this verification is reached, new grouts should be 

explored for fully grouted installations in fat clays. In the event that no suitable 

alternatives are discovered, the fully grouted method may need to be abandoned 

altogether for installations in fat clays [5.3.1]. 

Knowledge Gained from Complimentary Objectives 

1. Future testing programs are likely to benefit from using both CRS and triaxial cells. The 

fat clays of interest to the study are well-suited to the expeditious CRS tests, which are 

also more theoretically sound in regards to the one-dimensional philosophy used to 

develop the analysis. Triaxial tests are better suited for testing the borehole grouts, as 

they allow for direct testing of strength, stiffness, and stability [which are critical to the 

grout’s performance]. Additionally, a triaxial approach minimizes the potential for radial 

flow along the soil – wall interface [3.7]. 

2. Three-dimensional effects can be accounted for by experimentally defining a 

compressibility function or implementing a numerical model. However, the three-

dimensional effects generally appeared to be minimal in this study [4.4.3]. 

3. The current numerical model provided a satisfactory means of predicted reading error in 

this study. However, the model relies on several assumptions and has not been validated 

with any physical models or site data. Using a more sophisticated model that was 

calibrated with physical data would allow for a more confident assessment of piezometric 

reading error [5.3.2]. 
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