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[bookmark: _Toc193629405]ABSTRACT
[bookmark: _Hlk192442600]Accurately predicting bond strength in grouted soil nails is critical for the design and stability of soil nail earth retention systems in geotechnical engineering. Currently, in the state of practice for designing soil nail walls, the information provided by the Federal Highway Administration helps predict these bond strengths. However, for driven nails, no data regarding bond strength is available. This dissertation investigates provides a comprehensive framework for driven nail bond strength prediction by integrating laboratory testing, field validation, statistical analysis, and numerical modeling.
This research uses linear and multiple linear regression to statistically analyze the ultimate driven nail field tests, as well as and cone penetrometer soundings and cone penetrometer calculated soil properties to provide a reliable method to predict the bond strength of driven nails.
 An emphasis is also placed on utilizing the Stress History and Normalized Soil Engineering Property (SHANSEP) method to derive site-specific undrained shear strength (Su) values for cohesive soils, accounting for stress history and over-consolidation ratio (OCR). These laboratory-derived parameters are incorporated into numerical simulations to model force-displacement behavior and the findings are validated the findings with field pullout test results.
Theis study employs finite difference numerical modeling using FLAC 8.0 to simulate soil-nail interaction under pullout loads, leveraging SHANSEP-predicted depth-dependent variations in Su. The numerical models were validated against field data, demonstrating strong correlations between simulated and observed bond strength and force-displacement behavior. The integration of SHANSEP and numerical modeling complements and enhances traditional empirical approaches, offering a more precise and reliable method for bond strength prediction.
In addition to driven nail bond strength prediction, driven nail displacement behavior was examined by comparing them compared against the skin friction mobilization law developed by Frank and Zhao, 1982 previously for soil nails. The results of this study show that driven nails behave differently than what was initially presented by Frank and Zhao,1982for soil nails.
The results of this research highlight the importance of site-specific soil testing, statistical analysis and numerical techniques in refining driven nail design. Practical recommendations and insights into construction practices are presented for incorporating these methodologies into engineering practice. The dissertation concludes with a discussion of limitations and future research directions.
This study contributes to the advancement of driven nail wall design by providing a strong analytical framework that bridges laboratory, field, and computational approaches, delivering improved safety and efficiency in geotechnical engineering applications.





2

TABLE OF CONTENTS
ABSTRACT	iii
ACKNOWLEDGMENTS	vii
1  INTRODUCTION	1
Literature Review and Previous Research	2
Knowledge Gaps	9
Advancement of Driven Nail Technology	9
Research Objectives	10
Research Tasks	13
2  DRIVEN NAIL AND CONE PENETROMETER FIELD IMPLEMENTATION AND TESTING	16
Driven Nail Installation Development	16
Driven Nail Installation for Testing	18
Ultimate Driven Nail Testing Development	19
Driven Nail Field Testing	21
New Developments Using the Cone Penetrometer	22
Ultimate Driven Nail Testing Results	23
Cone Penetrometer Testing	25
3  MULTIPLE LINEAR REGRESSION	40
Regression Statistics Used in Research	42
Evaluating Cone Penetrometer and Ultimate Driven Nail Test Results	51
Analyzing Data Using Linear Regression	54
Results	59
4  PREDICTING THE SHEAR AND BOND STRENGTH USING LABORATORY TESTING AND NUMERICAL MODELING	73
Laboratory Testing on Soil Samples	75
The Numerical Model	77
Numerical Modeling Sequence	78
Predicted Numerical Model Displacement Curve Example	80
Results	83
5  DRIVEN NAIL BEHAVIOR	89
Skin Friction Mobilization	89
Results	91
6  IMPLEMENTATION OF APPROACH	96
Deseret Peaks Case Study	96
7  RECOMMENDATIONS AND CONCLUSIONS	141
Design Recommendations	141
Practical Implications for Soil Nail Design and Installation	144
Conclusions	144
Future Work	146
Study Limitations	148
A  SOIL BORINGS WITH DRIVEN NAIL TEST LAYERS AND BLOW COUNT PROFILES	153
B  INDIVIDUAL ULTIMATE DRIVEN NAIL TEST RESULTS FROM PROJECT SITES	154
C  SCATTER PLOTS FOR INITIAL STATISTICAL ANAYLISIS	155
D  ONE-DIMESIONAL CONSOLIDATION TESTS WITH PRECONSOLIDATION PRESSURE	156
E  USER IMPLEMENTED FLAC CODE	157
F  FIELD TESTS AND FLAC 8.0 GENERATED LOAD-DISPLACEMENT CURVES	158
G  SKIN FRICTION MOBILIZATION LAW FORCE-DISPLACMENT CURVES	159
REFERENCES	160
ABSTRACT	iii
ACKNOWLEDGMENTS	vii
Chapters
1  INTRODUCTION	1
Literature Review and Previous Research	2
Knowledge Gaps	9
Advancement of Driven Nail Technology	9
Research Objectives	10
Research Tasks	13
2  DRIVEN NAIL AND CONE PENETROMETER FIELD IMPLEMENTATION AND TESTING	16
Driven Nail Installation Development	16
Driven Nail Installation for Testing	18
Ultimate Driven Nail Testing Development	19
Driven Nail Field Testing	21
New Developments Using the Cone Penetrometer	22
Ultimate Driven Nail Testing Results	23
Cone Penetrometer Testing	25
3  MULTIPLE LINEAR REGRESSION	40
Regression Statistics Used in Research	42
Evaluating Cone Penetrometer and Ultimate Driven Nail Test Results	51
Analyzing Data Using Linear Regression	54
Results	59
4  PREDICTING THE SHEAR AND BOND STRENGTH USING LABORATORY TESTING AND NUMERICAL MODELING	73
Laboratory Testing on Soil Samples	75
The Numerical Model	77
Numerical Modeling Sequence	78
Predicted Numerical Model Displacement Curve Example	80
Results	83
5  DRIVEN NAIL BEHAVIOR	89
Skin Friction Mobilization	89
Results	91
6  IMPLEMENTATION OF APPROACH	96
Deseret Peaks Case Study	96
7  RECOMMENDATIONS AND CONCLUSIONS	141
Design Recommendations	141
Practical Implications for Soil Nail Design and Installation	143
Conclusions	144
Future Work	146
Appendices
A  SOIL BORINGS WITH DRIVEN NAIL TEST LAYERS AND BLOW COUNT PROFILES	151
B  INDIVIDUAL ULTIMATE DRIVEN NAIL TEST RESULTS FROM PROJECT SITES	152
C  SCATTER PLOTS FOR INITIAL STATISTICAL ANAYLISIS	153
D  ONE-DIMESIONAL CONSOLIDATION TESTS WITH PRECONSOLIDATION PRESSURE	154
E  USER IMPLEMENTED FLAC CODE	155
F  FIELD TESTS AND FLAC 8.0 GENERATED LOAD-DISPLACEMENT CURVES	156
G  SKIN FRICTION MOBILIZATION LAW FORCE-DISPLACMENT CURVES	157
REFERENCES	158




[bookmark: _Toc193629406]ACKNOWLEDGMENTS
Keller North America, Inc. (Keller) graciously supplied the bulk of the funding for this research by allowing me to utilize project sites to install and test the driven nails.  Keller supplied and financed the materials and equipment for all the tests and the cone penetrometer testing.  Thank you, George Burke, with Keller who agreed in the very beginning when I approached him about doing this to provide funding for my PhD program. Thank you to Art Pengelly with Keller who first suggested the research topic of driven nails. I would especially like to thank Joe Harris and Keller for all their support during this research. Joe was always willing to step up with additional funding when needed.  I appreciate Peter Bowen with ConeTec, Inc. who was so helpful in developing the friction cone that was instrumental in this research.  I am also thankful to Malcolm Drilling Company, Inc. for supplying materials, equipment and personnel to construct a driven nail wall on one of their project sites as part of this research.
I want to thank my dissertation committee, which challenged me where I needed it and was willing to give me their time and advice for my research. Thank you to Dr. Bartlett for your guidance and willingness to help me through the dissertation process. I thank Dr. Lawton who challenged me during my graduate coursework. Dr. Bartlett and Dr. Lawton’s coursework has been instrumental in making me a better engineer. Thank you to my parents who always encouraged me to never give up in my schooling. Finally, thank you Catherine for your patience and support throughout my graduate studies. 


CHAPTER 
[bookmark: _Toc193629407]1

INTRODUCTION

Soil nailing is a ground reinforcement technique used in geotechnical engineering to stabilize slopes, excavations, and retaining walls. This method involves inserting slender, reinforcing elements (soil nails) into the ground at an inclination, and grouting them in place to improve the overall stability of the soil. Originating in the 1960s and gaining widespread adoption in the 1970s, soil nailing has become a preferred earth retention solution due to its cost-effectiveness and adaptability to various soil conditions
The fundamental principle of soil nailing is to increase the shear strength of the soil mass and restrain deformation. The interaction between the soil and the nails, often called bond strength, is critical to the success of this technique. Bond strength depends on various factors, including soil type, soil nail material, and installation methods.  An accurate estimation of the bond strength is essential for designing a safe, efficient, reliable soil nail system.
To design a traditional soil nail wall with shotcrete and grouted nails, most design software (i.e. SNAIL) require three soil property values: soil unit weight (γ), friction angle (θ), and cohesion (c). These programs also require a soil bond strength value.  Usually, the soil unit weight, drained friction angle, and undrained shear are properties that can be determined by geotechnical investigation. The bond strength for grouted nails can be estimated from values provided in tables by the Federal Highway Administration (FHWA) or local experience. Once these four parameters are determined, they are put in the soil nail software to perform a design that can be implemented in the field for construction. During the installation of the “first tier” of the soil nail wall, a series of soil nail tests are conducted to verify the bond strength estimated and used in the design. The wall construction can continue if the soil nail pull-out tests show favorable results. If not, then a new, lower bond strength value is determined from these tests and the nail configuration and wall are redesigned. Also, soil nail testing continues during the wall construction to verify the revised design bond strength.
[bookmark: _Toc193629408]Literature Review and Previous Research
Grouted Soil Nails
A grouted soil nail is a passive reinforcement element drilled and grouted sub-horizontally in the ground to support excavations. The practice of soil nailing originates from techniques developed for rock bolting and reinforced earth techniques. The concept of using passive steel bars as rock bolts in tunneling was expanded to stabilizing excavations in soil. The first known application of soil nails was done in 1972 to stabilize a 60-ft. high excavation in France. After the successful completion of this project, soil nails have become a common practice in Europe.  The use of soil nails was first applied in the United States (U.S.) in 1976 to support a 45-ft. deep excavation. In 1984, the Federal Highway Administration (FHWA) funded a 40-ft. high test wall near Cumberland Gap, Kentucky. Since then, soil nails have been an accepted earth retention practice for private and public projects throughout the U.S.
Grouted soil nails are used in both temporary and permanent applications. For temporary soil nail walls, such as excavation for the basement of a new building, a lower global stability safety factor, typically 1.35, is used in the design compared to higher safety factors used in permanent applications. This safety factor is acceptable because the temporary soil nail wall’s service life is shorter, typically less than 18 months. Permanent grouted soil nail walls are designed with a minimum global stability safety factor of 1.50.  A permanent nail wall is designed to withstand earth pressure for its service life. 
Launched Soil Nails
Launched soil nails are like driven soil nails since grout is not used for the bond capacity. For this technique, steel or fiberglass bars are inserted into the ground using high-pressure air approaching 2,500 psi. As the launched soil nail passes through the soil, the ground around the nail is displaced by the compression of the nail tip. This compression forms an annulus around the nail, reducing the soil drag on the nail. When the nail comes to rest, the soil rebounds around the nail creating a bond between the soil and the nail. According to GeoStabilization International (2018), pullout capacities of launched soil nails are up to ten times higher than those of driven or vibrated soil nails. However, installing launched soil nails is not recommended in very stiff soils or soils with many boulders and cobbles.
Soil Screw® Soil Nails
Screw anchor soil nails are screw anchors which consist of 1.5-inch square solid steel shafts, on which steel bearing plates or helices are welded at regular intervals. The steel used is a high-strength alloy specifically formulated to resist the installation stresses associated with the high torque applied to the anchors during installation. The spacing of the helices is a function of the helix diameter. It is typically about 3.6 times the helix diameter, thus ensuring each helix acts in bearing without affecting adjacent helices. Screw anchor soil nails screw into the soil and obtain their bond with the soil through the bearing of the helices against the soil (Chance ® Soil Screws, 2025).
Driven Nail Technology and Previous Research
Unlike the grouted soil nail described above, a driven soil nail is not grouted. A driven soil nail is a passive reinforcement element that is driven sub-horizontally in the ground to support excavations in soil. In contrast to a grouted soil nail that can be used for both a temporary and permanent application, driven soil nails are only used for temporary walls.
Driven nail systems have two primary advantages over traditional top-down earth retention systems. The first advantage is the speed and efficiency with which a driven soil nail wall can be installed. The construction of a driven soil nail wall advances with the excavation, and therefore, the wall is finished when the bottom of the excavation is reached. According to Subsurface Construction Company (Coonse, 2017), the method in which a driven soil nail wall is constructed is even faster than conventional grouted soil nail and shotcrete walls by as much as 50 percent. The nails are driven using percussion or vibration methods in close spacing, with wire mesh/geotextile used in place of shotcrete. When shotcrete facing is used, there is usually a one-day wait before the excavation can proceed to the next excavated lift. Wire mesh/geotextile facing eliminates this wait time associated with shotcrete cure time, allowing multiple lifts to be constructed in one day.
The second advantage of a driven nail wall is the cost competitiveness of this type of retention system. Driven soil nail systems are installed more rapidly than other earth retention methods. The material used to construct these walls is less expensive than those used for the traditional grouted soil nail wall. Conventional grouted nail wall construction requires limited light equipment, including a drill, grout injection equipment, and a pump for spraying the concrete for the facing.  The construction of a driven soil nail wall would require only a percussion-mounted hammer on a skid steer, mini excavator or traditional soil nail drill rig.  This reduction in the amount of equipment also reduces the overall cost of the wall.  One of the first conventional grouted soil nail walls constructed in the U.S. in 1976 was to support for a 45-ft. deep excavation in Portland, Oregon. It was estimated that this wall was completed at nearly half the time and about 85 percent of the cost of conventional excavation support systems according to FHWA (2015).  The typical square footage of a traditional grouted soil nail wall installed daily is about 250 to 500 square feet.  Subsurface Construction Company (2017) has reported that upward of 1,300 square feet of driven soil nail wall has been installed in a single day. With this increased construction speed and lower material costs, a driven soil nail wall can provide significant cost savings to a project owner.
There are disadvantages and limitations to using a driven soil nail wall. The length of the bar driven into the ground can be limited due to equipment or soil conditions. The height of the constructed driven soil nail wall is limited by the length of the bar that can be installed.  Driven nail walls also have limitations in the soil types in which they can be installed. As recommended by the publication Recommendations Clouterre (1991), driven nail walls should not be constructed in low cohesion soils and soils containing cobbles and boulders.  Also, since driven nail walls are not widely used in the shoring industry, building codes or government agencies could prevent their use. Also, the Federal Highway Administration does not recommend for a minimum global stability safety factor for driven soil nails, and the design engineer would have to decide what minimum safety factor to use. 
The Les Invalides Metro station in Paris, France, was the earliest project that referenced using driven soil nails (Bruce and Jewell, 1987). The earth retention system for this project was constructed entirely of driven nails. Four other driven soil nail projects were discussed as constructed in France in the late 1970’s and early 1980’s. Since that time, driven soil nails have been used on a limited basis in the U.S. by specialty contractors for shoring projects. Driven nails are installed by driving or vibrating a small diameter steel bar into the soil cut vertically or at a slight batter. Each cut is typically around five feet in height. A geocomposite face with a geotextile and wire mesh is installed along the excavated face. One to two rows of driven nails are installed along the excavated face, where a steel plate is placed and secured to the driven nail. Typically, some of the driven nails are proof-tested to verify the bond between the soil and steel bar.
The Hurpin Method (Clouteere, 1991) was developed in France for nails driven into the ground where the horizontal and vertical nail spacing is typically two to three feet. For this method, it is suggested that the nails are relatively short compared to grouted nails with lengths of 0.5H to 0.7H, where H is the height of the wall.  Shorter lengths are recommended because about twice as much nail surface area is provided for bonding with the soil compared to grouted nails (Bruce & Jewell, 1987).  The bar types used for this method are generally steel reinforcing bars driven using percussion or vibratory methods (Clouterre, 1991).  
Some additional guidance for driven soil nails is found in the publications Soil Nailing: Application and Practice – Part 1 & Part 2 (Bruce and Jewell, 1987). This publication references several driven nail projects constructed in Europe during the late 1970’s and early 1980’s. Some information about soil conditions and the wall construction is provided, but no information about the soil nail wall design is provided. This document introduces a strength ratio of grouted and driven nails. The strength ratio is how strong the soil fabric becomes due to the soil nail and soil interaction.  The denser the matrix of nails, the greater the strength ratio, increasing the wall’s strength.  In driven nail walls, the strength ratio is about three times as much as grouted nails due to the increase in the cross-sectional area of steel. Due to the close spacing of driven nails, this effect is caused by the driven nails providing more surface area for bonding.
In Recommendations Clouteere (1991) this study investigated the skin friction of different grouted and driven nails. This report describes how driven nails have been used and references the Hurpin Method. The report gives limited design recommendations for walls using driven soil nails, where a designer would have to make several assumptions when designing and constructing a driven soil nail wall. In addition, most driven nail types used in the Clouterre study were driven steel angle. The Clouterre study found skin friction correlations in sand and gravel from the pressure limit of the Pressuremeter Test. However, these correlations would not be helpful unless a pressuremeter test is conducted at the wall site with the same soil conditions.   
The FHWA Geotechnical Engineering Circular No. 7 publication in (2003) references driven nails, however only a paragraph was dedicated to this topic. It is noted in this publication that driven nails are not currently used in FHWA projects. A few driven soil nail walls have been constructed in the U.S., primarily by specialty contractors. These walls have been built for private owners where strict government guidelines have not been enforced. 
A project referenced by Subsurface Construction Company (2017) describes how a driven soil nail wall was constructed for a private owner. In this case, a strict shoring geotechnical review board in the county where the project was built had to approve the project. The shoring contractor presented a strong case of historical data and research results from previous projects that they had done to this geotechnical review board.  The board monitored the project closely for each nail lift, and in the end, the project was completed ahead of schedule and with significant cost savings for the owner. Historical data and research done by Subsurface Construction Company are not available since they are private companies, and the information is proprietary.
[bookmark: _Toc193629409]Knowledge Gaps
Currently, the practice to predict the bond strength of grouted soil nails is to utilize either tables provided by the Federal Highway Association (FHWA) or local experience of the soils. Table 1 is an example of soil bond strengths for grouted soil nails provided by the FHWA. This table gives reliable nominal bond strengths depending on the soil type and the drilling method used for the soil nail installation.
No such information is available for driven nails. Subsurface Construction Company has designed driven nail walls based on their experience of bond strengths they believe can be used in their designs. However, this information is proprietary and has not been shared publicly.
Therefore, there is a need for a reliable way to predict the bond strength of driven nails that can be used in designing these types of shoring systems. Resolving this information gap is the primary thrust of this research.
[bookmark: _Toc193629410]Advancement of Driven Nail Technology
The findings in this research will advance the design and construction of driven nail walls by improving these systems’ design and evaluation methods.  This research will give the design and construction engineer enhanced confidence in the reliability of the technology. The application of accurately predicting the bond strength of the driven nail will significantly improve the ability to design these walls safely.  These walls can be used to quickly build multiple lifts of a temporary earth retention system in a day compared to traditional soil nail walls where cure times are needed to proceed to the next construction lift. Driven nail walls have limitations in the type of soil they are constructed in.  Appendix A shows that, all the nails used in this study were driven into cohesive soil test layers with blow counts ranging from 0 to 50.  
[bookmark: _Toc193629411]Research Objectives
As previously stated, to design soil nail walls, four design parameters are needed for most soil nail programs. These include the soil unit weight γ, friction angle θ, cohesion c, and bond strength.  The first three of these parameters can usually be determined from the geotechnical investigation issued by a geotechnical engineer. Unlike grouted soil nails, the bond strength for driven nails is not provided in traditional literature or tables provided by the FHWA. Therefore, nothing is known about determining the bond strength of a driven nail that can be used for design purposes.
Therefore, the primary research objectives of this study are:
(1) Perform pull-tests on several projects to develop a high-quality dataset for statistical and numerical evaluations.
(2) Develop an empirical model to evaluate the ultimate bond strength from the field test based on soil properties inputs obtained from CPT testing.
(3) Develop a numerical model that captures soil-nail interaction in a fundamental way to predict the bond strength and force-displacement curves (i.e., skin friction mobilization law) from the pullout tests.
(4) Verify the developed approaches by performing an a priori (before-hand) prediction of the bond strength, verified by subsequent field tests.
The first step for this research will be to conduct pull-tests on driven nails to acquire a reliable data set.  Pull-tests are performed using a hydraulic jack by applying a pull force on the nails while dial gauges monitor the displacement at the head of the nail.  Installation techniques for driving nails will also be done by experimentation since there is no information describing installation methods.  In addition to the nail pull-tests, a cone penetrometer test (CPT) is done at each site to collect the required soil properties. A key property collected from the CPT is the sleeve friction data recorded while the CPT was being installed and withdrawn from the ground.  Measuring sleeve friction while the CPT is being withdrawn from the ground is a method that had to be developed in cooperation with the CPT testing company ConeTec, Inc. Before this research, CPT sleeve friction was only measured as the CPT was pushed.  Sleeve friction data plays a key role in statistical and numerical evaluations.
 Using the data collected from the pull-tests and the CPT data, an empirical model will be developed using a statistical approach to establish correlations between the data to predict the bond strength of driven nails.  The CPT test also produces several soil properties that will be analyzed with the statistical model in conjunction with the pull-out test and CPT data.  The statistical approach will use multiple linear regression to determine the best-fit correlation from this data.
Several design properties will be acquired to develop a reliable numerical model.  The first will be to use the SHANSEP soil properties determined from soil samples collected at each project site.  Shear stiffness and ultimate bond strength values will also be established based on average values derived from the driven nail pull-tests.  Additional soil properties will also be determined from the soil laboratory tests conducted on the soil samples taken at each site.  The same soil properties produced in the laboratory from the soil samples will also be calculated from the CPT data to make comparisons between the two.  The laboratory and CPT soil properties will be placed into separate numerical models, and the results will be analyzed to determine how they correlate.
To verify research objectives two and three, a test program will be conducted in conjunction with constructing a driven nail wall. This test program will first perform CPT and soil testing to collect the required soil properties before driven nail testing.  The CPT test results will be placed into empirical and numerical models developed from this research.  Driven nail field testing will then be performed.  The predicted bond strengths from these models will then be compared to the actual driven nail field tests to determine if these models can reliably predict the bond strength.
This research aims to develop predictive methods for bond strengths based on a comprehensive analysis of soil properties, driven nail field tests, cone penetrometer testing, the SHANSEP method, and empirical and numerical modeling. The empirical data has two purposes: (1) developing best-fit statistical models for simplified approaches, and (2) testing and calibrating numerical models that account for the soil mechanics involved in the nail-soil interaction.  This latter approach is more fundamental and will allow for better prediction than empirical techniques for cases with differing nail and soil properties. 
In addition to predicting bond strength, this research will investigate driven nail behavior during load testing using the skin friction mobilization law (Frank and Zhao, 1982). Guidance will also be given on installing driven nails and conducting ultimate pullout tests to verify the predicted bond strength. Accurate prediction of bond strength is vital for several reasons:
· Safety and Reliability
· Cost-Effectiveness
· Advancement of Geotechnical Engineering 
Ensuring that driven nail systems perform as expected is crucial for the safety of these shoring systems. An improved predictive model will help in the design phase to provide a more reliable driven nail wall and significantly reduce the risk of failure​​​​.
By optimizing the design of soil nail systems, engineers can avoid overdesigning, which often leads to unnecessary costs. A precise prediction model can help specify the appropriate number and length of nails required, thus reducing material, equipment, and labor costs​​.
The development of predictive models contributes to the broader field of geotechnical engineering by providing new insights and tools that can be applied to driven nail projects. This research adds to the body of knowledge and supports advancing innovative engineering solutions​​.
In summary, this study provides a framework for engineers to predict the bond strengths of driven nails with a certain degree of accuracy during the design phase of a driven nail wall.
[bookmark: _Toc193629412]Research Tasks
This research will use two methods to develop a reliable bond strength predictive equation and model. The first method will utilize the data determined from ultimate-driven nail pullout tests and statistically model them against CPT Data to find correlations in the data that can be used to develop an equation that can be used in engineering practice. The second method will utilize laboratory shear strength testing and Fast Lagrangian Analysis of Continua (FLAC) version 8.0 to model the soil-nail interaction and develop a force-deflection pull-out curve. To better predict the results from the FLAC 8.0, Stress History and Normalized Soil Engineering Properties (SHANSEP) soil properties will be determined from Shelby tube soil samples taken at each test site. These SHANSEP undrained shear strength soil properties will be used in the FLAC model to more accurately predict the adhesion or cohesion along the driven nail.  The ultimate bond strength can be evaluated from the FLAC-generated force-displacement curve.


Table 1. Estimated bond strength of soil nails in soil and rock (Source: Elias and Juran, 1991). FHWA Circular No. 7, 2003.[image: A chart with text and numbers
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[bookmark: _Toc193629413]2

DRIVEN NAIL AND CONE PENETROMETER
FIELD IMPLEMENTATION AND TESTING
[bookmark: _Toc193629414]Driven Nail Installation Development
The idea to develop driven nails technology was planned in 2017 with Keller North America, Inc. (Keller) to be more competitive in soil nail projects. Driven nail walls were already being done on the United States East Coast on a limited number of projects.  The thought was to implement these earth retention systems throughout the United States. The use of these walls has been so limited there is no information available on how to design them, especially with the estimation of driven nail bond strength.
Working with Keller, the decision was made to construct a driven nail test wall, develop a method to drive the nails and learn how to design and construct a driven nail wall. Number eight rebar was used as the nail and weld wire mesh would be used as the fascia material. After the third row of nails had been driven, the wall construction was abandoned because the soil was too stiff.  However, from this first attempt, several lessons were learned.
A Klemm 803 drill rig, shown in Figure 1, was used to drive these nails. Since threaded casing or threaded bar is usually attached to the head of this drill, a special bit was fabricated from a Hollow Bar coupler welded to a piece of threaded bar. The threaded bar could then be attached to the drifter head of the Klemm 803. The coupler gave an annulus to receive and hold the rebar while it was being driven. 
Using the Klemm 806, driving a 15 ft. nail into the ground took less than on minute.  However, there were issues with the fabricated bit used on the Klemm 806. The percussion used to drive the nails caused the welds holding the coupler to the threaded bar to fail.  We realized that another type of bit would need to be developed to endure this percussion.
In addition to finding a bit, another issue developed with using the Klemm 806 drill rig. One of the ideas behind a driven nail wall is that it would be a very cost-effective way to construct a temporary shoring wall. Using a large drill rig like the Klemm 806 is expensive to transport.  A mini excavator or skid-steer with a concrete breaker attachment provided the necessary percussion to drive the nails to address this problem. These smaller pieces of equipment can be rented from a local rental company and are much more cost-effective than transporting the larger drill rig.  The breaker’s bit would need to be modified to receive the nails for driving to make the concrete breaker work. A concrete bit was purchased and heat treated so a 1 ½ inch diameter hole could be bored 12 inches into the bit (Figure 2). Figures 3 and 4 show the concrete bit is used with a mini excavator and skid-steer.
This bit was successfully used on several test sites to drive nails. However, midway through the testing program for this research, the rental companies supplying the hydraulic concrete breakers updated their equipment, and the bit that was being used would no longer fit this new equipment. The regular bit with the latest hydraulic concrete breaker was removed exposing a cavity similar to the modified concrete bit to solve this problem.  The nails were inserted into this cavity with the same driving effect as the modified concrete bit. 
Driven nail walls have limitations in the soil type and soil stiffness are constructed in. As mentioned, the soils targeted in this study for driven nail application are cohesive. Scatter plots of the standard penetration testing (SPT) plotted with depth were made to analyze the stiffness of the soils before driving nails to avoid installation issues.  This record was done to document how high the blow counts must become before the nails could no longer be driven into the ground. Appendix A shows all the SPT blow counts plotted with depth at each driven nail site. 
[bookmark: _Toc193629415]Driven Nail Installation for Testing
The 5th East Apartments was the first project in Salt Lake City, Utah where driven soil nails were installed and tested for this research.  The mini excavator shown in Figure 4 was chosen as the method to drive the nails at this site. The mini excavator was initially selected because Keller North America’s Atlanta office had driven a few nails before to this testing program using this driving method. After speaking with that office to get information about what they had done, we decided to try the same driving method. Two test nails were installed at the 5th East Apartments site to a depth of 15 ft., as shown in Figure 5. It is important to note that the two nails were driven into an excavated vertical cut of cohesive soil, because driven nail walls will be constructed in cohesive soils. This method was used because the vertical excavated face required the construction of a driven nail wall, which will need “stand up” time so the mesh fascia and driven nails can be installed without the soil sloughing. As noted, the threaded bar is typically used to construct soil nail walls. Rebar will be used in place of the traditional threaded bar to decrease the costs of the driven nail wall.
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Force-Displacement Curves
The Recommendations Clouterre (1991) study investigated force-displacement curves from nail pull-out tests to determine the skin friction of the soil nails. The maximum pull-out force, TL was determined during a pull-out test, as shown in Figure 6.  The bond stress, qs can then be calculated using the following equation.

where: TL = maximum pull-out force
            p = nail perimeter
            Ls = length of nail in contact with the soil
If a tensile force is applied at the nail head, the nail head moves with respect to the soil and mobilizes the driven nail bond strength (skin friction) which balances the tensile force.  The nail head is located at the face of the wall.  In theory the mobilization of the bond stress is made gradually from the nail head toward the nail tip. The shorter the nail, the more rapidly the bond stress mobilizes. It was found that for shorter nails, the head and the tip of the nail moved simultaneously during loading because of its rigid behavior.
Studies were carried out in Project Clouterre (1991) to investigate the mobilization of bond strength. It was shown that a bilinear law would represent this mobilization of the bond strength called the skin friction mobilization law (Frank and Zhao, 1982) as shown in Figure 7. This law is represented in the plane (τ,y) by a limiting value at qs and two straight lines having slopes in the ratio of 1 to 5 that intersect at a co-ordinate equal to qs/2.  The bond stress can be characterized by two parameters: the slope of the first segment or stiffness of the soil, kB and the ultimate bond stress, qs.  The value qs/2 represents the allowable bond stress.  The portion of the curve from 0 to qs/2 represents the bond stress of the soil nail on the linear part of the curve and where the bond stress has not been mobilized.  The portion of the curve from qs/2 to qs means that the soil nail bond stress has begun to mobilize.  The portion of the curve beyond qs implies that the soil nail bond stress has fully mobilized and reached failure. The skin friction mobilization law also states that if the displacement of the soil nail tip does not reach the residual part (failure) of the skin friction curve there is equilibrium. It was found during the Project Clouterre study that the smoother the walls of the borehole of the soil nail were, the lower the value of qs was. Driven nails have a smooth surface like the smoother borehole walls of drilled soil nails therefore, they would be expected to experience a lower value of qs. For this research, plotting the ultimate driven nail test results against the skin friction mobilization law can identify how these driven nails behave until they reach failure.  Another part of this research will investigate whether driven nails behave differently than traditional grouted soil nails when compared to the skin friction mobilization law.
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The use of rebar posed a problem: a threaded bar is threaded the entire length of the bar allowing a nut to be fitted and tightened to a steel plate.  The nut and steel plate transfer the load from the nail to the wall fascia. The nut and steel plate also gives the hydraulic test jack the required resistance for the jack to push against to pull the bar during the test.  Since the rebar does not have threads, a mechanical rebar coupler was used instead of a nut to provide the required resistance to the steel plate during the test. Figure 8 shows a picture of a driven nail being tested at the 5th East Apartments site.  
An ultimate load test was performed on each driven nail using a 60-ton hydraulic ram. The loads were done in 500-pound increments, and the nails were pulled until they would not hold a load. It should be noted that after the first five sites were tested with the 60-ton hydraulic ram, a 20-ton hydraulic ram was purchased and used to perform the remaining driven nail tests for this research.  The major problem with the 60-ton hydraulic ram is that it is calibrated for testing high loads, making it hard to read to measure the smaller loads produced by the driven nail tests on the pressure gauge attached to the test jack. Therefore, the 500-pound load increment was about the smallest increment that could be read accurately using the 60-ton hydraulic ram. The smaller ram was acquired so smaller load increments could be applied to the driven nails during testing to produce more data points for a more defined force-displacement curve. A 50,000 lb. strain gauge load cell was also acquired to read the loads using a digital readout.  The load increments were reduced from 500 to 200 lbs. using the smaller ram and load cell. This change produces much better force-displacement curves.
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In addition to providing valuable geotechnical data, the cone penetrometer (CPT) device can be considered analogous to the installation of a mini-pile where the measured cone tip stress and sleeve resistance correspond to the pile end bearing and component of side friction (NCHRP, 2007).  Since the CPT probe and the driven nail are both small in diameter, the side friction component of the CPT data proved to be a valuable assessment tool in this research. The CPT data was used to develop a statistical regression analysis to predict the bond strength of driven nails.
In June 2019, ConeTec, Inc. was approached about using the cone penetrometer to record the sleeve friction as the probe is withdrawn from the ground. The sleeve friction is typically measured while the cone penetrometer probe is pushed into the ground.  However, this research focused on measuring the sleeve friction as the CPT probe was withdrawn. This measurement was taken because it more closely simulates the driven nail as it is pulled during the field test. Since ConeTec, Inc. equipment is calibrated only to record the skin friction during pushing they agreed to modify their standard cone penetrometer testing apparatus to record the cone sleeve friction readings as the cone is withdrawn.  In conjunction with modifying their equipment, ConeTec, Inc. suggested that a cone tip be developed with a longer sleeve length that could give better sleeve friction data.  ConeTec, Inc. constructed this new cone tip, called a “friction cone.”  The thought behind the longer sleeve is to see if the additional surface area can provide sleeve friction values that can better simulate the bond strength values from the driven nail pullout tests.  For this research, data was collected from the “standard” cone used to collect data while being pushed and the new friction cone. The results from both cones will be analyzed to see how they correlate to the ultimate-driven nail tests. 
The standard cone penetrometer has a diameter of 43.7 mm and is 178 mm long. The surface area of the standard cone is 244.4 cm2. The new friction cone is the same diameter as the standard cone but has a length of 337 mm. The surface area of the friction cone is 462.7 cm2. Figure 9 provides an image of the standard cone penetrometer and the new friction cone side by side.
The cone penetrometer is instrumented with load cells to measure point stress and friction during the advancement of the cone (NCHRP, 2007). An electrical current is sent through the strain gauges in the tip and sleeve and the voltage change that occurs across the strain gauge is measured as the probe is advanced or withdrawn every 0.082 ft. This voltage change is then converted to a digital signal and recorded in units the user selects. ConeTec, Inc. provides tip and sleeve data in Kilopascals.   
When the cone is advanced into the ground, the readings from the stain gauges are calibrated to be positive. However, when the cone is withdrawn, the readings are negative. ConeTec, Inc. computer software is programmed to assume the area of the Friction Cone is the same as the Standard Cone. However, ConeTec, Inc. manipulates the data after testing to correct the Friction Cone area and negative values due to the direction of the cone movement. 
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Only the results from one of the sites are shown below to avoid being repetitive, the additional plots are shown in Appendix B. The first ultimate driven nail test for this research was done at the 5th East Apartments project; the test results from this project are shown in Figures 10 and 11.
The 5th East Apartments ultimate driven nail Test #1 yielded an ultimate bond strength of 3.18 psi and Test #2 yielded an ultimate bond strength of 3.72 psi. The average bond stress of the two ultimate-driven nail tests is 3.45 psi. The following equation defines bond strength:

The ultimate bond strengths from all eleven project sites are shown in Table 2. Figure 12 shows the force-displacement curves from the 5th East Apartments ultimate driven nail tests #1 and #2. These curves were developed from the data shown in Figures 10 and 11. The driven nail tests conducted at the first five sites were terminated once the nail would no longer hold a load. The driven nail test was performed at the sixth site; the Snow Residence was run beyond the ultimate load. When the driven nail reached a point where it would not hold the load, it was allowed to settle to a lower load that could be maintained. No significant movement was also noticed when the driven nail was decreased to this lower load. This lower load was held constant, and displacement readings were taken every minute for 10 minutes. After the 10-minute hold, another attempt was made to return the load to the ultimate load, but the load could not increase. After this attempt, the load was returned to the previous lower load, and the previous lower load was maintained. All tests conducted at each site after the Snow Residence project were tested this way.  Figure 13 shows all the force-displacement curves done at the Snow Residence project. These curves also show the decreased load, and the displacement associated with the 10-minute hold. 
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ConeTec, Inc. conducted two CPT tests at 5th East Apartments around 40 ft. from the location of the driven nail test. The first test was pushed to twenty-five feet using the standard cone penetrometer.  While the cone was pushed, both tip and sleeve values were recorded. When the standard cone was withdrawn, sleeve friction values were recorded.  After the standard test was completed, the cone rig was moved to another location about 10 feet away and the friction cone was advanced to twenty-five feet.  Both tip and sleeve values were recorded with the friction cone while it was advanced. Upon reaching twenty-five feet, sleeve values were recorded as the friction cone was withdrawn.  Both standard and friction CPT tests were done at each of the eleven project sites. CPT tests at each project site were conducted within a 20 ft. to 50 ft. proximity of the ultimate driven nail tests depending on the site access for the CPT rig.
Cone Penetrometer Data and Analysis
ConeTec, Inc. supplied cone tip resistance, sleeve friction resistance and pore pressure readings in 0.82 ft. increments. From these readings, additional soil properties needed for this research were calculated using equations provided in the NCHRP Synthesis 368 – Cone Penetration Testing Manual and ConeTec, Inc. CPT Design Parameter Manual. 
It was necessary to differentiate between the cohesive and cohesionless soils so the driven nail could be installed into cohesive soils. The site soil borings, CPT soundings, and visual inspection simplified this process. From the NCHRP Synthesis 368 – Cone Penetration Testing Manual, a soil classification index (Ic) value can be calculated and used to determine the soil type from the CPT test data. Figure 14 shows a table with various soil types based on the soil classification index value, Ic. Because cohesive soils are only considered for this study, soil classification index values ranging from 2.4 and higher were used to represent cohesive soils; values below 2.4 were regarded as granular soil. The soil classification index values were calculated at each 0.82 ft increment using an Excel spreadsheet. After determining the soil type, the push and pull sleeve friction values were calculated in these layers. Because the ultimate-driven soil nail tests were done at varying depths at each of the eleven sites, only the sleeve friction values in the cohesive layers corresponding to the depth of the ultimate-driven soil nail test were considered. For example, at the 5th East Apartments site, the ultimate driven soil nail test was done at a depth of around 11 feet below the ground surface. The nail was driven fifteen feet into the ground and installed at a 10-degree angle.  Therefore, CPT sleeve friction values were only used in the cohesive soil layer ranging from 8 ft. to 15 ft as shown in Figure 15. The average standard CPT push and pull sleeve friction values and friction CPT push and pull sleeve friction values are shown in Table 2 for the 5th Street Apartment site. The average ultimate bond stress from the two driven nail tests is also shown in Table 2. Table 3 shows the averaged ultimate strengths from each driven nail test at each project site.
Table 3 shows the average ultimate bond strengths determined from the ultimate-driven nail tests and the average standard cone CPT push and pull bond strengths collected at each project site. These are the average standard cone CPT values taken over their respective soil test layers as described previously. Table 4 shows the ultimate bond strengths and the average friction cone CPT push and pull bond strengths collected at every project site. These CPT values were averaged over the same cohesive soil layer where each ultimate-driven nail test was conducted. The values in Tables 4 and 5 are used in the following chapter to perform statistical evaluations to predict the bond strengths of driven nails.
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Figure 1. The first attempt in the course of this research using a Klemm 803 to drive rebar nails.
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Figure 2. Modified concrete breaker bit.
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Figure 3. Mini excavator with concrete breaker attachment.
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Figure 4. Skid-steer with a concrete breaker attachment.
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Figure 5. Driven nail after installation.
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[bookmark: _Hlk68188052]Figure 6. Failure criteria for pullout tests (Clouterre, 1991).
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[bookmark: _Hlk68188167]Figure 7. Skin friction mobilization law (Frank and Zhao, 1982).
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Figure 8. Testing of driven soil nails with a 60-ton hydraulic ram.
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Figure 9. Standard cone penetrometer (left) and new friction cone penetrometer (right).
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Figure 10. 5th East Apartments ultimate driven soil nail test #1.
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Figure 11. 5th East Apartments ultimate driven soil nail test #2.



Table 2. Results from cone penetrometer tests and ultimate driven nail tests at the 5th East Apartments site.

	Average CPT Standard Push Sleeve Friction Test #1
	3.88 psi

	Average CPT Standard Pull Sleeve Friction Test #2
	2.72 psi

	Average CPT Friction Push Sleeve Friction Test #1
	5.04 psi

	Average CPT Friction Pull Sleeve Friction Test #2
	3.19 psi

	Average Ultimate Bond Stress from Ultimate Driven Nail Field Tests*
	3.37 psi


*Average from the two ultimate driven nail tests
2
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Figure 12. Force-Displacement curves for 5th Street Apartments


Figure 13. Force-Displacement curves for Snow Addition.
[image: A table with numbers and text

Description automatically generated]
Figure 14. NCHRP Synthesis 368 – Cone Penetration Testing Manual Cone soil classification index (Ic) table.
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Figure 15. Soil profile of 5th East Apartments ultimate driven nail test.

Table 3. Average measured ultimate strengths at each project site.
	 
	 

	 
	Avg. Measured Ultimate Bond

	 
	Strength from Driven

	Project Name
	Nail Field Tests

	 
	(psi)

	Cottonwood Broadway
	3.49

	West Quarter
	2.77

	The Exchange A&B
	7.61

	5th East Apartments
	3.37

	Gale Street Apartments
	4.89

	Snow Addition
	3.76

	Crossing at 9th
	3.45

	Whitney Apartments
	5.31

	Brix Apartments
	3.79

	Renaissance Towne Center
	6.80

	144 South Apartments
	4.36



Table 4. Average ultimate driven nail bond strengths and Standard CPT push sleeve friction, fs and Standard CPT pull sleeve friction fp(s).
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Table 5. Average ultimate driven nail bond strengths and Friction CPT push sleeve friction, fs and Friction CPT pull sleeve friction, fp(f).
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CHAPTER 
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MULTIPLE LINEAR REGRESSION
Simple and multiple linear regression (i.e., SLR, MLR) were used to analyze the ultimate driven nail tests, CPT push, CPT pull, and CPT calculated soil properties. A description of the statistical modeling methods are discussed below, and how they were used to examine the data.
SLR is a statistical method used to model the relationship between two variables: one independent variable (the predictor) and one dependent variable (the response or target). The goal is to find a linear relationship between these variables, expressed as an equation of a straight line. In simple linear regression, the relationship between the dependent variable and an independent variable is represented by the equation:
Y = β0 + β1x
Y = Dependent variable (value to be predicted, i.e., the driven nail bond strength)
β0​ = Intercept (coefficient)
β1​ = coefficient of the independent variable x
x = independent variable (the predictor)
The steps in SLR:
Data Collection: Gather data including the independent variable x and the dependent variable y.
Model Fitting: Use statistical methods to find the best-fitting line by minimizing the sum of squared differences between the observed values and the predicted values. This process estimates the values of β0​ (intercept) and β1​ (coefficient).
Prediction: Once the model is trained (i.e., β0 ​ and β1 values are known), the simple linear regression equation can be used to make predictions for y based on new values of x.
The primary assumptions of SLR are:
· Linearity: The relationship between x and y is linear.
· Independence: The data points are independent of each other.
· Homoscedasticity: The variance of the errors is constant across all values of x.
· Normality: The errors (residuals) are normally distributed.
SLR is a powerful tool for making predictions and understanding the relationship between two variables. However, MLR is a statistical technique that models the relationship between one dependent and multiple independent variables. It's an extension of simple linear regression, involving only one independent variable.
The variables and steps used in MRL can be summarized as follows: The dependent variable is outcome desired to be estimated or predicted. In the case of this research the bond strength of driven nails is predicted. The independent variables are the predictor variables or variables that are correlated with the dependent variable.
For this research, the predictors that were analyzed were: CPT pull sleeve resistance, fp, soil index number, Ic, phi angle, θ, at rest earth pressure coefficient, K0, over consolidation ratio, OCR, undrained shear strength, Su, CPT tip resistance, qt, and CPT push sleeve resistance, fs. MLR is used in this research to understand relationships between the variables described above and predict the driven nail bond strength based on those relationships.
In MLR, the relationship between the dependent variable and independent variables is represented by the linear equation:
Y = β0 + β1x1 + β2x2 +⸱⸱⸱+ βnxn
Y = Dependent variable
[bookmark: _Hlk185107403]βo = Intercept (Coefficient)
β1​, β2​,…,βn​ = coefficients of the independent variables x1,x2,……xn.
MLR seeks to estimate the coefficients or partial slopes (i.e., β values) so that the dependent variable’s predicted value is as close as possible to the actual values. This process involves finding the best-fitting line that minimizes the differences between observed and predicted values, often using the least squares method which minimizes the sum of squared residuals for a plane rather than a line.
[bookmark: _Toc193629422]Regression Statistics Used in Research
The following are the regression statistics used to identify the best model to predict the bond strength of driven soil nails. The regression terms, definitions and equations are given below.
Pearson Correlation Coefficient (r) measures the liner relationship between two variables.  It gives a value between -1 and 1. A value of
1.0 indicates a perfect positive linear correlation (as one variable increases, the other increases proportionally.)  Strong positive relationship. A value of
0.0 indicates no linear correlation between the variables (i.e., there is little to no linear relationship or correlation). A value of
-1.0 indicates a perfect negative linear correlation (as one variable increases, the other decreases proportionally.)  Strong negative relationship.
The Pearson Correlation Coefficient is calculated as:

· x and y are the variables being compared,
· n is the number of data points,
· Σxy is the sum of the product of paired scores,
· Σx and Σy are the sums of x and y scores respectively,
· Σx2 and Σy2 are the sums of the squares of x and y.
Each partial slope (i.e., βs) must be tested to see if it is statistically significant. To do this, one hypothesizes that the β value is zero (i.e., unimportant). This hypothesis becomes the null hypothesis, H0. The probability of H0 being true is evaluated using the p-value for each of the βs. A low p-value is generally sought (0.05 or less), suggesting that there is only a 5 percent probability or less of H0 being true. In this case, the null hypothesis is rejected, and the alternative is accepted, meaning the partial slope is not zero (i.e., there is a statistically significant effect). The p-value is obtained by running a z-test, t-test, chi-square test, or ANOVA F-test. Each test has its formula for calculating the p-value based on the corresponding probability distribution.
The F value is a test statistic used in an ANOVA (analysis of variance) and regression analysis to determine whether there is a significant difference between group means or whether a regression model is statistically significant. The F-value is the ratio of two variances, one being the variance between groups and the second the variance within groups. The F-value compares the model’s fit to the data relative to the amount of noise. A higher F-value indicates that the model explains a significant amount of the variation in the data. A lower F-value suggests that the result is not significant.
The F-value for an ANOVA or regression analysis is calculated as:
 
- Mean Square Between (MSB):

- Mean Square Within (MSW):

The F-value is then:

SSB: Sum of squares between groups
SSW: Sum of squares within groups
dfB: Degrees of freedom between groups
dfW: Degrees of freedom within groups
R-squared (R2) a statistical measure that represents the proportion of the variance for a dependent variable explained by an independent variable or a model in regression analysis. R2 is calculated from the Pearson correlation coefficient (r) as:
R2 = r2
The value of R-squared ranges from 0 to 1 where:
· 0: The model explains none of the variability of the dependent variable.
· 1: The model explains all the variability of the dependent variable.
The R-squared(adj) is a modified version of R-squared (R2) that adjusts for the number of predictors (independent variables) in the model.  This statistic is useful when comparing regression models with different numbers of predictors, as it accounts for the possibility of overfitting when adding more variables to a model.
R-squared(adj) is calculated as:

· R2 is the original R-squared value,
· n is the number of observations (data points),
· p is the number of predictors (independent variables)
The R-squared(pred) is a variant of the standard R-squared that estimates how well a regression model generalizes to unseen data.  This statistic is often used in cross-validation to indicate model performance better when applied to new, out-of-sample data.  It is calculated by training the model on the part of the data and then evaluating how well the model predicts the remaining unseen data. It shows how much of the variance in new data will likely be explained by the model, giving a better sense of its generalization capabilities. If R-squared(pred) is close to the regular R2, it means the model generalizes well to unseen data. If R-squared(pred) is significantly lower than regular R2, it suggests overfitting, where the model performs well on the training data but poorly on the unseen test data.
R-squared(pred) is calculated as:

·  is the acutal value of the target variable in the test set,
·  is the predicted value for each yi,		
·  is the mean of the actual target values in the test set.
The PRESS (Prediction Error Sum of Squares) is a measure used to evaluate the predictive performance of a regression model. It is the sum of the squared differences between observed and predicted values when each observation is left out of the model-fitting process. A low PRESS value indicates better predictive performance of the model, as the model can predict left-out data points more accurately. A high PRESS value indicates poor generalization, meaning the model may not perform well on new data. The PRESS statistic is closely related to R-squared(pred) as both are concerned with evaluating a model’s predictive power on unseen data. While R-squared(pred) provides a normalized measure of how much variance in the test data is explained by the model, PRESS gives a raw measure of prediction errors.
PRESS is calculated as:

·  is the actual value of the i-th observation,
·  is the predicted value of  when the model is fit without using the ith data point,
· n is the total number of observations
The Mallows’ Cp is a statistical metric used to assess the fit of regression models, particularly in model selection. It helps to identify models that are not only good at fitting the training data but also generalize well to unseen data but also generalize well to unseen data.  It is instrumental in selecting the best subset of variables in regression analysis.
Mallows’ Cp is calculated as:

· SSEp is the sum of squared errors for the model with p parameters (including the intercept).
·  is an unbiased estimate of the error variance (usually based on the full model (a model with predictors)
· n is the total number of observations,
· p is the number of parameters in the model, including the intercept
A well-fitting model should have Cp close to p, meaning that the model has a good balance between accuracy and simplicity.  Models with a lower Cp value close to p are generally preferred, as they indicate better predictive performance without including unnecessary predictors.
The standard error of the regression, S measures the spread or dispersion of residuals (errors) in a regression model. This statistic indicates how well the model fits or explains the dataset (i.e., it measures how well the predicted values differ from the measured predicted values).
The S-value is calculated as:

SSE is the sum of squared errors or the residual sum of squares

· N is the number of observations
· P is the number of parameters in the model
A smaller S-value indicates that the residuals (errors) are close to zero and that the model’s predictions are generally close to the actual observed data, suggesting a better-fitting model.  A large S-value implies that the residuals are more spread out and the model’s predictions are less accurate. A large S-value indicates a poorer fit.
The Corrected Akaike Information Criterion, AICc, is used for model selection, balancing the model fit and complexity to prevent overfitting. The AICc is a modification of the AIC (Akaike Information Criterion).
AICc is calculated as:

· AIC is equal to the equation -2ln(L)+2p 
L is the likelihood of the model given the data and p is the number of parameters in the model,
· n is the number of data points,
· p is the number of parameters in the model
Low AICc values indicate a good model. Unlike the R-squared or other measures, AICc doesn’t measure how well a model fits the data. Still, it balances it with complexity, helping to avoid choosing overly complex models that may perform poorly on new, unseen data.  The model with the lowest AICc is generally preferred when comparing multiple models, as it achieves the best balance between goodness-of-fit and simplicity.
The Bayesian Information Criterion, BIC, is a statistical model selection criterion used to compare different models and choose the best balance fit and complexity.  BIC is used to compare different models. The one with the lowest BIC is preferred when comparing multiple models, as it indicates the best balance between goodness-of-fit and model complexity. BIC is best used when there are large sample sizes and is commonly used in regression analysis and other statistical modeling techniques to compare different models.
The BIC is calculated as:
BIC = -2ln(L) + p⸱ln(n)
· L is the likelihood of the model given the data,
· p is the number of parameters in the model (including the intercept),
· n is the number of observations in the dataset,
· ln is the natural logarithm
The Condition Number, Cond No., is a measure used to assess the stability and sensitivity of the regression model to small changes in the data.  It is primarily used to detect multicollinearity among the independent variables.  In regression, the condition number quantifies how much the regression output is affected by small changes in the input data.  If the condition number is very large, it suggests the presence of multicollinearity among the predictors.
The Condition Number is calculated as:

·  is the largest singular value of the Matrix of independent variable in regression,
·  is the smallest singular value of the matrix of independent variables in regression.
A Condition Number less than 10 indicates that the independent variables are well-conditioned with no significant multicollinearity. A Condition Number between 10 and 30 indicates moderate multicollinearity. This level might still be acceptable depending on the context, but it could affect the regression coefficients’ stability.  A Condition Number greater than 30 indicates strong multicollinearity.  For this research, the lowest Condition Number will identify the best model.
The SE coefficient (standard error of the coefficient): measures the accuracy or precision of the estimated regression coefficients. It explains how much the estimated coefficient is expected to vary from the true coefficient in the population due to sampling variability.  A smaller SE coefficient indicates that the coefficient estimate is precise and has less variability.  A small standard error suggests that the coefficient is more likely to be close to the true population value.  A large SE indicates that the coefficient estimate is less precise and more variable and that there is uncertainty about the true value of the coefficient.
SE coefficient is calculated as:

·  is the variance of the residuals,
· Sii is the i-th diagonal element of the matris (XTX)-1, where X is the matrix of the independent variables.
The T-value, is a measure used in hypothesis testing to determine if a particular coefficient in a regression model is statistically significant.  It helps assess whether the estimated coefficient is significantly different from a hypothesized value, often zero, which would indicate that the predictor has no effect on the dependent variable. A large T-value (either positive or negative) suggests that the coefficient is significantly different from zero, implying that the corresponding predictor variable has a significant impact on the dependent variable. A small T-value suggests that the coefficient is not significantly different from zero, which implies that the predictor does not have significant effect on the dependent variable.
The T-value is calculated as:

·  is the estimated coefficient for the i-th predictor,
·  is the standard error of the coefficient.
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The soil layer thickness was calculated before the linear regression on the CPT properties at 0.082 ft increment was performed. Then, the CPT values were averaged for the soil layer thickness for each soil layer associated with a soil nail test. The unprocessed cone data provided from the CPT test provides depth, cone measured tip resistance (qc), cone corrected tip resistance (qt), cone (push) sleeve friction (fs) and the pull sleeve friction (fp).  The pull sleeve friction, fp, is the new value designated from the cone sleeve resistance, measured as the cone is withdrawn from the ground. 
From these unprocessed CPT measurements, a variety of other soil properties can be calculated. The soil properties that are calculated for this study are Soil Index (Ic), Phi Angle (θ), At-Rest Earth Pressure Coefficient (Ko), Over Consolidation Ratio (OCR), and Shear Strength (Su). In the NCHRP Synthesis 368 – Cone Penetration Testing manual, these values are used to calculate the skin friction of a pile foundation. Since these values are used to calculate the skin friction of a pile foundation, they were also used to see if any correlations can be made with the ultimately driven nail field tests and sleeve pull friction, fp of the cone penetrometer. These estimated soil properties were calculated using the following equations.
Soil Index Number, Ic:

· F = Friction ratio: F = fs/(qt - σv0)⸱100
· Bq = Normalized porewater pressure parameter:  Bq = (u2-u0)/(qt-σv0)
· Q = Normalized tip resistance parameter:  Q = (qt-σv0)/ σvo’
Phi Angle, θ:
θ’, when Bq > 0.1

θ’, when Bq < 0.1
θ = 17.6˚+11˚•log(qt1)
· qt1 = Normalized tip resistance
· Bq = Normalized porewater pressure parameter:  Bq = (u2-u0)/(qt-σv0)
· Q = Normalized tip resistance parameter:  Q = (qt-σv0)/ σvo’
At-Rest Earth Pressure Coefficient:

Over Consolidation Ratio (Sand):

· qt = Total cone tip resistance
· σv0’ = effective vertical stress
· σatm = atmosphere pressure
Over Consolidation Ratio (Clay):

· k = Range 0.2 to 0.5, 0.33 recommended
· qt = Total cone tip resistance
· σv0 = Vertical stress
· σv0’ = Effective vertical stress
Undrained Shear Strength, Su:
Su = (qt – σvo)/Nkt
· qt = Total cone tip resistance
· σvo = Vertical stress
· Nk = Bearing factor (value of 15 used)
These estimated soil properties were calculated in an Excel spreadsheet for each 0.082 ft. increment with the entire depth of the CPT sounding for each site. One Excel spreadsheet was done to calculate the soil properties for the standard cone and another for the friction cone. (These spreadsheets are provided in individual Excel files on the CD ROM at the end of this dissertation.)  The average of the Soil Index (Ic), Phi Angle (θ), At-Rest Earth Pressure Coefficient (Ko), Over Consolidation Ratio (OCR), and Shear Strength (Su) were then averaged in just the soil layer that the driven nail test was conducted in to give a single value for each one that could be used in a statistical analysis.  This process was done for both the standard CPT and the friction CPT. For example, if a driven nail test was done at a depth of 10 ft in an excavation, then these calculated soil properties in the cohesive soil two to three ft above and below the nail were averaged. These values and the ultimate driven nail test for all eleven project sites are shown in Table 6. Since the friction CPT cone is new, it must to be noted that, unlike the standard CPT cone, the friction cone-sounding data provided during field testing does not comply with the ASTM Standards.  Therefore, the calculated soil properties in the friction CPT cone spreadsheets in the files on the CD ROM and Table 7 differ when compared with values obtained using standard CPT cone results. 
[bookmark: _Toc193629424]Analyzing Data Using Linear Regression
SLR uses one independent variable to explain the variation in the dependent variable or make predictions about the dependent variable.  For MLR, predictive relationships may be obtained by adding independent variables. However, adding more independent variables to a multiple regression procedure does not mean the regression will offer better predictive performance.  For example, random scatter could be fitted (i.e., overfitting the data), which decreases the model’s usefulness and can be misleading. Ideally, the independent variables should be correlated with the dependent variable and not with each other (i.e., not have strong cross-correlation or multicollinearity). 
Scatter plots of the dependent variable versus the independent variables and the independent variable versus other independent variables were developed.  Tables 6 and 7 represent the data from the driven nail tests, standard CPT sleeve friction, friction cone CPT sleeve friction and calculated soil properties from CPT data. Figure 16 shows the combination of scatter plot correlations that need to be analyzed from Tables 6 and 7. The bolded lines show the scatter plots between the dependent and independent variables. The dashed lines show the scatter plot correlations between the independent variables versus the independent variables. Since one dependent variable and eight independent variables exist, Figure 16 shows thirty-six scatter plot correlations that were investigated for the ultimate driven nail test versus the calculated CPT properties. An additional thirty-six scatter plots will be investigated for the ultimate driven nail test versus. the calculated friction cone properties.  These additional scatter plots are found in Appendix C.
Placing a trendline onto the scatter plot allows a good visual inspection of how closely the data is clustered around the trendline shown in Figure 17. If the plotted data is closely clustered to the trendline, then there is most likely a good correlation in the data.  Data scattered sporadically away from the trendline shown in Figure 18 indicates that the data does not correlate well, and potential relations can most likely be ignored. The same scatter plots are made of the independent variable versus the independent variable. If the data in this case plots the same as in Figure 17, then there is a chance that these independent variables pose the problem of multicollinearity. In this case, only the independent variable that is most relevant should be used. Also, for this research, an R-square value above 0.7 was considered a reasonably strong correlation for reviewing the scatter plot results. However, additional analyses were done to determine if stronger correlations exist.
The statistical software Minitab was used to perform the remaining statistical analysis.
The evaluation of the scatter plots showed a strong correlation between the ultimate driven nail tests (dependent variable) versus the friction CPT sleeve pull friction, fp(f) (independent variable). This pairing yielded an R-squared value of 0.945, a strong correlation (Figure 19). Other plots comparing the independent variables to independent variables produced R-squared values between 0.708 and 0.998. However, many of the stronger correlations showed symptoms of multicollinearity and were discarded.
Upon visual inspection of the scatter plots, a correlation analysis of the Pearson Correlation and the P-values was done to identify strong relationships between the dependent and independent variables. These correlations give a better understanding of which independent variables are related to the dependent variable. For this study, a Pearson correlation between 0.7 and 1.0 was considered a strong relationship. In addition to examining the Pearson correlation, the P-value was evaluated in conjunction with the Pearson correlation. A P-value of 0.05 or less will be the range used to indicate that the correlation between values is statistically significant.
Tables 8 through 10 show the Pearson correlation and P-value comparison between the ultimate driven nail test, standard CPT sleeve pull, and calculated standard cone CPT properties, the ultimate driven nail test, friction CPT sleeve pull and calculated standard cone CPT properties and ultimate driven nail test, friction CPT sleeve pull and calculated friction cone CPT properties.  The y value in these tables represents the dependent variable and the x values represent the independent variables.
An assessment of Tables 8 and 9 indicates that the ultimate driven nail test (dependent variable) and the friction CPT sleeve pull (independent variable) CPT correlate is the best relationship. The Pearson correlation between these two variables is 0.972, and the P-value is well below the 0.05 threshold, indicating that these two variables are strongly correlation. Additionally, several independent variables correlate well with each other, indicating multicollinearity. Other independent variables with low correlation values or high p-values indicate that these variables do not correlate and can likely be neglected for future evaluations.
The final statistical evaluation included a “Best Subsets Regression” model in Minitab. A Best Subset Regression is a model selection technique used to find a regression model’s most important predictors (independent variables). The goal was to identify a subset of predictors that best fit the data, without including unnecessary or irrelevant variables. This method helps improve the model’s predictive performance and avoid overfitting. Minitab automates evaluating different combinations of predictors, saving time and effort. The Best Subsets Regression model in Minitab also examines all possible combinations of the variables and lists them from best to worst. The output for the best subset models is shown in Tables 11 through 13. The listed predictors are R-squared, R-squared(adj.), PRESS, R-squared(pred), Mallow Cp, S-value, AICc, BIC and Condition Number.  
The following criteria were used to choose the best model based on the statistics in Tables 11 through 13.
· Highest R-squared, R-squared(adj.) and R-squared(pred) values
· Highest PRESS value
· Mallows Cp value approximately equals the number of predictors
· Lowest S-Value
· Highest AICc & BIC value
· Lowest Condition Number
The Best Subset Regression method considers these criteria. It should be noted that a significant drop-off between the R-square(adj) and the R-square(pred) indicates overfitting, meaning there are too many unneeded variables in the model.
Looking at Table 11, comparing the ultimate field test bond strengths against the standard CPT sleeve pull friction and properties calculated using the standard CPT cone data, one can see that no model is ideal.  Even though the R-square and R-square(adj) values get higher with more variables being added to the models the R-square(pred) values drop off, meaning the overfitting of the data is occurring. Also, the Mallow Cp for every case is too high. The S-values for the first several rows are high, meaning the data points were scattered further from the mean. Also, when the S-values became lower as more variable were added, the R-squared(pred) for each model set dropped to zero, making the model for each row insignificant. 
Therefore, based on the results from comparing the ultimate field test bond strength, standard CPT sleeve pull friction to the calculated standard CPT data, none of the models are desirable and will not be used to predict the ultimate bond strength.
The models in Table 12 compare the ultimate field test bond strength with the friction CPT sleeve pull friction against the properties calculated using the standard CPT cone data. The first row in this table comparing the ultimate field test bond strength vs. the friction CPT sleeve pull friction yields the best results. The R-squared and R-squared(adj) values are both high, and the R-squared(pred) value is the highest of all the models. The fact that the R-squared(pred) value is high (92.9) is a very good indicator that the model in the first line has excellent performance in predicting the ultimate bond strength. Even though the Mallows Cp number is slightly negative which may indicate that this model is too simple, the other predictors all indicated that this model is strong. Also, the S-value is the lowest of all the models in Table 12 which means that the data for this model is more closely clustered around the mean and, therefore, the best fit. All remaining models in Table 12 have relatively poor values of R-squared(pred) results that are significant and hence can be neglected, except the model with fp and qs (line 2). The results in Table 13 suggest a similar conclusion. However, Table 10 shows that fp and qs are highly correlated (Pearson Correlation is 0.502).  Hence, fp was chosen as the best predictive variable based on the most parsimonious statistical model. Also, fp best represents the physical phenomena of pulling a nail from the ground. 
The first row of Table 13 yields the results similar to those of Table 12. Table 13 also compares the ultimate field test bond strength versus the friction CPT sleeve pull fiction as the Best Subset Regression model.
[bookmark: _Toc193629425]Results
The regression model between the ultimate field test bond strength and the friction CPT sleeve pull friction yielded the best results. A SLR regression analysis is all that is needed to reasonably predict the ultimate field test bond strength of a driven soil nail.  The results of this regression analysis are shown in Tables 14 and 15. The coefficients presented in these tables were estimated using the statistical software Minitab. The ultimate predicted bond strength of a driven nail can be determined from:
Y = β0 + β1x1 
Y = Ultimate Predicted Driven Soil Nail Bond Strength (psi)
βo = Constant Coefficient = 0.714
β1​​ = CPT Sleeve Friction Coefficient = 0.833
x1 = Average CPT Sleeve Friction Pull, fp(f) (psi). 

2
The x1 value is this equation represents the average CPT sleeve friction pull data calculated in the soil layer in which the driven nail wall will be constructed.


[bookmark: _Hlk176100016][image: ]Table 6. Ultimate driven nail test results, average Standard CPT provided data values, fp, qt, fs, and average calculated soil properties from cone penetrometer test results in the driven nail test layer.


Table 7. Ultimate driven nail test results, average Friction CPT provided data values, fp, qt, fs, and average calculated soil properties from cone penetrometer test results in the driven nail test layer.
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Figure 16. Linear regression correlations between the dependent variable and independent variables (solid lines) and independent variables versus independent variables (dashed lines). This figure represents thirty-six correlations to be evaluated.


Figure 17. Example scatter plot showing good correlation between the dependent variable and independent variable.


Figure 18. Example scatter plot showing poor correlation between the dependent variable and independent variable.

[bookmark: _Hlk176121211]


Figure 19. Ultimate measured bond Strength vs. friction CPT sleeve friction pull for friction cone data.



[bookmark: _Hlk176468811]Table 8. Ultimate driven nail test, qu, standard CPT sleeve pull, fp(s) and calculated standard cone CPT properties. Comparison of correlation values and P-values.
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Table 9. Ultimate driven nail test, qu, friction CPT sleeve pull, fp(f) and calculated standard cone CPT properties. Comparison of correlation values and P-values.
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Table 10. Ultimate driven nail test, qu, friction CPT sleeve pull, fp(f) and calculated friction cone CPT properties. Comparison of correlation values and P-values.
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[bookmark: _Hlk179136089]Table 11. Best subset regression Minitab analysis between the ultimate field test bond strength vs. standard CPT sleeve pull friction and calculated standard cone CPT data.
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[bookmark: _Hlk179136136][bookmark: _Hlk176938969]Table 12. Best subset regression Minitab analysis between the ultimate field test bond strength vs. friction CPT sleeve pull friction and calculated standard cone CPT data.
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Table 13. Best subset regression Minitab analysis between the ultimate field test bond strength vs. friction CPT sleeve pull friction and calculated friction cone CPT data.
[image: ]

Table 14. Recommended Model Summary
	S-value
	R-squared (R2)
	R-squared(adj)
	R-squared(pred)

	0.421
	94.48%
	93.93%
	92.93%



Table 15. Recommended Coefficients
	Term
	Coefficient
	SE Coef.
	T-Value
	P-Value

	Constant
	0.714
	0.333
	2.15
	0.058

	CPT Sleeve Friction Pull, fp(f)
	0.833
	0.0637
	13.08
	0.000
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PREDICTING THE SHEAR AND BOND STRENGTH USING
LABORATORY TESTING AND NUMERICAL MODELING
The Stress History and Normalized Soil Engineering Property (SHANSEP) method is a widely used approach for characterizing the undrained shear strength of soils. Developed by Charles Ladd in 1974, this method considers the influence of stress history on undrained shear strength and normalizes the strength parameters to account for different stress states. The advantage of using the SHANSEP method for this study is that it provides a reliable approach to evaluate the undrained shear strength in the soil layer where the driven nail is installed and tested.
The SHANSEP method, in conjunction with numerical modeling, was used in this research to more accurately determine the undrained shear strength for overconsolidated soils and apply it to the soil layer where the driven nail is installed.  Subsequently, the estimated undrained shear strength was used in the numerical model to estimate the driven nail’s ultimate bond strength (i.e., capacity).
SHANSEP is a laboratory testing protocol for accurately measuring the material parameters, S and m. The theory behind the SHANSEP method is that “undisturbed” sampling is known to cause disturbance. The SHANSEP method reduces disturbance by consolidating the specimens to a stress greater than the maximum past pressure. In many respects, this consolidation erases the effects of sample disturbance and creates normally consolidated behavior at the increased stress level.
The SHANSEP method is expressed using the following relationship:
Su = S⸱σvo’⸱OCRm
· Su is the undrained shear strength
· S is an empirical constant obtained by conducting undrained shear strength tests on normally consolidated specimens at various consolidation stresses,
· σvo' is the effective vertical stress,
· OCR is the overconsolidation ratio,
· m is an empirical constant that depends on the soil’s characteristics, and the estimate Su is adjusted as determined from the laboratory testing.
The SHANSEP method is particularly applicable for clays and other fine-grained soils that exhibit significant changes in strength with varying stress conditions and histories. This method is often used for soft clays, where soil behavior can be significantly affected by past loading history and the current stress state. By considering stress history and normalization, SHANSEP provides a more reliable method of predicting soil strength in varying conditions.
The key concepts and steps associated with the SHANSEP method are:
1. Stress History: The stress history refers to the past loading conditions the soil has experienced, whether it has been previously compressed and then unloaded (overconsolidated) or remains under its maximum historical stress (normally consolidated). The SHANSEP method considers the stress history of the soil, particularly the overconsolidation ratio (OCR), which is the ratio of the maximum past pressure the soil has experienced to the current effective vertical stress. This parameter is critical in SHANSEP, directly influencing the soil’s undrained shear strength.
2. Normalized Properties: The method normalizes the undrained shear strength of the soil by dividing it by the current effective vertical stress.  This normalization allows for the prediction of soil behavior under different stress states.
3. Empirical Relationships: The SHANSEP method uses empirical relationships to link the normalized undrained shear strength to the overconsolidation ratio. The method assumes that the relationship between normalized shear strength and OCR is linear on a logarithmic scale.
4. Soil Sample Collection: Shelby tubes were used to collect undisturbed soil samples at each test site. These tubes were pushed into the ground at depths corresponding to the driven nail test layers, ensuring that the samples represented the soil influencing nail bond strength.
5. Laboratory Testing: The SHANSEP method requires laboratory tests of the collected soil samples. For this research, one-dimensional consolidation and consolidated undrained direct, simple shear tests were conducted to determine the necessary soil parameters.
[bookmark: _Toc193629427]Laboratory Testing on Soil Samples
Undisturbed soil samples were collected at each test site from 3-inch Shelby tubes that were pushed into the ground. Samples were collected in soil adjacent to each driven soil nail test and at the same depth as the test. After each soil sample was collected, the ends of the Shelby tube were capped with sealing wax to maintain the sample's moisture content and transported to a soil laboratory. IGES, Inc. in Salt Lake City, Utah, did laboratory testing. One-dimensional consolidation (i.e., isotropically consolidated) undrained direct simple shear tests were performed on each sample to determine the SHANSEP material constants S & m. The consolidation test was conducted on each sample to determine the consolidation curve. From this curve, the preconsolidation pressure can be determined. An example of a preconsolidation pressure determined from the consolidation test for the 5th East Apartments project is shown in Figure 20. All vertical strain vs. effective consolidation stress plots showing the preconsolidation pressure for each project site are shown in Appendix D. It should be noted that a Shelby tube soil sample was not taken at the Gale Street Apartments project. Upon determining the preconsolidation pressure, consolidated undrained direct simple shear tests were conducted to determine the undrained shear strength at over-consolidation values of 1, 2, and 4. This test also provided the material constants S and m for the SHANSEP equation. An example of the 5th Street Apartments laboratory results are shown in Figure 21. The SHANSEP equation is used in the FLAC code for this research to predict the force-displacement curve of a driven nail. The material constants S and m determined from laboratory testing from the samples taken at each project site are shown in Table 16. 
The data collected through consolidation and direct shear testing formed the foundation for integrating the SHANSEP method into numerical modeling. By providing site-specific values of S and m, the laboratory results enabled accurate predictions of undrained shear strength along the length of driven nails. These insights were instrumental in understanding the soil-structure interaction and improving the reliability of bond strength estimates.
[bookmark: _Toc193629428]The Numerical Model
Numerical modeling is an essential tool in geotechnical engineering, offering a means to analyze complex soil-structure interactions and predict a model’s behavior under varying conditions. This study used numerical modeling with the undrained shear strength predicted from site-specific SHANSEP parameters to simulate the force-displacement behavior of driven nails and refine predictions of ultimate bond strength.
The primary objectives of this evaluation are to:
Develop a numerical model accurately representing the force-displacement curve, incorporating the SHANSEP undrained shear strength values.
Validate the model approach by comparing simulation results with the ultimate field pullout test data.
Itasca’s FLAC (Fast Lagrangian Analysis of Continua) version 8.0 is a numerical modeling software widely used in geotechnical engineering to analyze the behavior of soil and rock structures. FLAC uses the finite difference method to simulate the mechanical behavior of materials under various loading conditions. 
Integrating SHANSEP-derived shear strength parameters into numerical modeling enhances the accuracy of simulations for predicting the bond strength of driven nails. The developed models are hoped to better represent soil behavior under varying stress conditions, leading to more reliable predictions of ultimate bond strength.
[bookmark: _n0ab79s1hzfc]The first step in numerical modeling involves setting up the model geometry, defining material properties, and applying boundary conditions.
1. Model Geometry: The model geometry includes the overall geometry of the excavated face of the soil and the test-driven nail. Each model reflects the depth at which the test was conducted at the site. The nail geometry includes the angle, length, and spacing. Therefore, geometry is accurately modeled to reflect the field conditions.
2. Material Properties: The material properties of the soil include density, cohesion, friction, tension, at-rest earth pressure, bulk modulus, and shear modulus. The material properties used for the SHANSEP analysis are the over-consolidation ratio and material constants S and m. The material properties of the rebar-driven nails include the elastic modulus, tensile yield strength, compressive strength, radius, interface bond stiffness, interface shear bond, interface friction angle, and interface perimeter.
3. Boundary Conditions: Appropriate boundary conditions are applied to the model to simulate real-world constraints. These include fixed boundaries to prevent displacement and applied loads to simulate external forces.
[bookmark: _awlswa3uc8zb][bookmark: _Toc193629429]Numerical Modeling Sequence
This FLAC model is run in four steps to generate the force-displacement curves. 
1. Initial Model Generation: The code is manually manipulated by assigning the model geometry and material properties. The location and length of the nail are also assigned. The code is then run in FLAC to generate the model with the boundary conditions and material properties.  
2. Add Nails: This code generates the driven nail at the location specified in the initial model generation and assigns the rebar material properties along the length of the nail.
3. SHANSEP Method: This code adjusts the undrained shearing strength of soil as a function of effective vertical stress according to the SHANSEP method. This adjustment is applied to the soil layer where the driven nail is located. This soil layer is defined as one foot above the nail to one foot below the nail.
4. Activate the Pressure-Dependent Bond-Strength Component of FLAC
This cable shear bond algorithm in FLAC increases the bond strength with increasing confining pressure, p', acting on the cable (i.e., nail for this research). A linear law is implemented in FLAC, whereby the shear bond strength is defined as a constant, sbond, plus the effective pressure on the cable multiplied by the nail perimeter, perimeter, times a friction angle, sfriction. This pressure dependence is activated automatically in FLAC by assigning the perimeter and sfriction values. For this case, the input data for sbond must correspond to the shear bond strength in a pull-out test carried out without a confining pressure. Thus, to use this algorithm, an equivalent value of sfriction was estimated for the soil by converting the undrained shear strength from SHANSEP to an equivalent friction angle. Also, because the failure along the soil-nail interface was considered an adhesive failure, the SHANSEP undrained shear strength was multiplied by 0.6 before calculating the equivalent friction angle, sfriction. This adhesion factor is based on the recommendation of Tsubakihara et al., 1993.
[bookmark: _dm8u2tnr84je]5. Apply Incremental Load: This code applies a load to the driven nail in the model in 200-pound increments.  The amount of load increments is defined by the user in this code. The code applies the load to user-assigned nodes along the length of the nail. These nodes are spaced in one-foot increments. The code then tracks the displacement at the nodes as each load increment is applied.
6. Controlled Continuous Velocity: This code is run to apply the load at a continuous velocity at defined displacements. The user in the code specifies the number of displacements to which the code applies.
[bookmark: _Toc193629430]Predicted Numerical Model Displacement Curve Example
[bookmark: _uuugxg1tf2nb]The following is an example of a force-displacement curve generated using FLAC 8.0. Four force-displacement curves were generated from FLAC 8.0 and plotted against the ultimate field-driven nail test. The first two force-displacement curves were modeled using soil properties determined from the cone penetrometer. The first curve modeled the 200-pound load incremental loading, and the second curve modeled the controlled continuous velocity loading. The last two force-displacement curves (3 and 4) were developed using soil properties from SHANSEP laboratory results. The third curve modeled the 200-pound load increment loading, and the fourth curve modeled the controlled continuous velocity loading.
As described above, a model was generated in FLAC 8.0 for the 5th East Apartments project to provide an example of these force-displacement curves. The soil material properties from the cone penetrometer and the laboratory results inserted into this model are listed below. The FLAC model generated the predicted force-displacement curves and plotted against the 5th East Apartments ultimate driven nail field tests. An example of this model geometry is shown in Figure 22, and the plot is shown in Figure 23
Force-displacement curves from each site show the ultimate field-driven nail test plotted against the FLAC 8.0 generated 200-lb. load increment loading and continuous velocity loading are shown in Appendix F.
[bookmark: _Hlk182430431]5th East Apartments FLAC 8.0 input properties calculated from cone penetrometer:
FLAC 8.0 input soil properties
· Density = 3.34 slugs/ft3
· Cohesion = 1,182 psf
· Friction Angle = 32.3°
· Tension = 0
· Bulk Modulus = 66,251 psf
· Shear Modulus = 27,387 psf
· Over Consolidation Ratio = 6.246
· K0 = 0.467
· SHANSEP material constant, m = 0.859 (laboratory value averaged from all sites)
· SHANSEP material constant, S = 0.273 (laboratory value averaged from all sites)
· Stiff = 3,293 lb/ft/ft (shear stiffness)
· Sb = 0 lb/ft (ultimate bond strength)
· sfric = 38° (interface friction angle)

 	      

0.6 = coefficient of friction between cohesive soil and steel (Tsubakihara, Kishida & Nishiyama, 1993)

FLAC 8.0 input of rebar properties:
· E = 4.176E9 psf (rebar modulus of elasticity)
· Yield 8.64E6 psf (rebar tensile yield strength) 
· Compressive = 8.64E6 psf (rebar compressive strength)
· Radius = 0.04167 ft (rebar radius)
· Perimeter = 0.262 ft (interface perimeter)
For the 5th East Apartments FLAC 8.0 input properties from laboratory test results:
· Density = 3.99 slugs/ft3
· Cohesion = 500 psf
· Friction Angle = 22.4°
· Tension = 0
· Bulk Modulus = 70,224 psf
· Shear Modulus = 29,030 psf
· Over Consolidation Ratio = 6.49
· K0 = 0.619
· SHANSEP material constant, m = 0.2806 
· SHANSEP material constant, S = 0.6455 
· Stiff = 3,293 lb/ft/ft (interface bond stiffness)
· Sb = 0 lb/ft (interface shear bond)
· sfric = 29° (interface friction angle) (see discussion below)

FLAC input of rebar properties:
· E = 4.176E9 psf (rebar modulus of elasticity)
· Yield 8.64E6 psf (rebar tensile yield strength) 
· Compressive = 8.64E6 psf (rebar compressive strength)
· Radius = 0.0364 ft (rebar radius)
· Perimeter = 0.23 ft (interface perimeter)
It is important to note that FLAC defines Sb as the interface bond strength at low confinement. This value represents the adhesive bond between the grout and the nail for grouted nails without the effect of confinement. However, for driven nails, this grout-nail adhesive bond does not exist; hence, Sb was set to zero. 
The sfric parameter accounts for the increase in interface strength due to confinement. This parameter would be the interface angle between the soil and the nail for frictional materials. This parameter would be the adhesion between the soil and the nail for cohesive materials. Because SHANSEP provided the cohesive strength of the soil versus depth (i.e., versus the vertical effective stress), it was necessary to calculate an equivalent interface friction angle to represent the shear strength as a function of depth.
	Furthermore, because the interface failure is an adhesive failure and not cohesive, the SHANSEP undrained cohesive strength, Su, was adjusted by 0.6 to account for the adhesion between the soil and the nail. The 0.6 factor was applied to Su, as shown below. Then, sfric was calculated using the arctangent of the adhesive value.


where 0.6 = coefficient of friction between cohesive soil and steel (Tsubakihara, Kishida & Nishiyama, 1993).

Tsubakihara et al. (1993) found that the coefficient of friction between cohesive soil and steel was approximately 0.6. This research found that applying this adhesion factor produced reasonable results for the modeled tests.
[bookmark: _Toc193629431]Results
This chapter demonstrated the application of numerical modeling to simulate and validate the behavior of driven nails under pullout forces. By integrating SHANSEP-derived undrained shear strength values into finite difference simulations, the study achieved a representation of soil-nail interaction and ultimate bond strength.
Based on the force-displacement plot in Figure 23, the 200 lb. incremental load and controlled continuous velocity curves adequately estimate the ultimate load. In the 5th East Apartments project described above, the FLAC generated 200 lbs. increment load curves failed at 2,400 lbs. The two FLAC-generated controlled continuous velocity curves produced ultimate failure at approximately 2,600 lbs. The average of the two driven nail field tests was 2,300 lbs. Similar analyses were performed, and FLAC-generated force-displacement curves were calculated for each site in this study and compared with the driven nail field tests (Appendix F). Generally, the numerical modeling approach using the derived properties produced reasonable results, suggesting that the model approach offers a viable option for predicting the ultimate bond strength of driven nails.
[image: A graph of a stress-free graph

Description automatically generated with medium confidence]σ’c = 8,300 psf

Figure 20. Vertical Strain vs. Effective Consolidation Stress from 5th East Apartments Project.  Preconsolidation pressure, σ’c = 8,300 psf determined from the virgin compression curve.
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Figure 21. 5th East Apartments laboratory test results performed by IGES showing material constants S and m.











Table 16. Preconsolideation pressure, σ’c and material constants S and M from each project site. Preconsolidation pressure, σ’c values determined from the virgin compression curve shown in Appendix D. S and m values were determined by laboratory testing conducted by IGES.
	 
	Preconsolidation 
	SHANSEP
	SHANSEP

	Project Name
	Pressure
	Constant
	Constant

	 
	σ'p (psf)
	S
	m

	Cottonwood Broadway
	8,000
	0.254
	0.736

	West Quarter
	9,000
	0.225
	0.777

	The Exchange A&B
	8,000
	0.340
	0.829

	5th East Apartments
	8,300
	0.281
	0.646

	Snow Addition
	4,400
	0.356
	0.731

	Crossing at 9th
	6,500
	0.264
	1.081

	Whitney Apartments
	4,200
	0.273
	0.905

	Brix Apartments
	5,500
	0.243
	1.055

	Renaissance Towne Center
	9,200
	0.233
	1.081

	144 South Apartments
	16,000
	0.260
	0.754

	Average SHANSEP constants for S & m:
	0.273
	0.859
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Figure 22. FLAC 8.0 model of ultimate driven nail test at 5th East Apartment project site.


[bookmark: _Hlk182512664]Figure 23. 5th East Apartments Force-Displacement curves for field test, FLAC load increment using CPT data, FLAC Velocity Continuous using CPT data, FLAC load increment using laboratory data, FLAC velocity continuous velocity using laboratory data.
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DRIVEN NAIL BEHAVIOR
[bookmark: _Toc193629433]Skin Friction Mobilization
The Recommendations Clouterre 1991 (Soil Nailing) was a significant study initiated in France to design and construct soil nail systems, providing a comprehensive framework for estimating bond strength, specifying construction practices, and ensuring long-term performance. In Recommendations Clouterre 1991 (Soil Nailing), the skin friction mobilization law is a conceptual framework used in soil nailing to estimate the development of skin friction along the length of soil nails in cohesive or granular soils. It is an empirical approach used to calculate the mobilized skin friction along the length of a soil nail. This approach is part of understanding how nails interact with the surrounding soil to transfer forces, contributing to the overall stability of these types of shoring walls. This chapter focuses on the skin friction mobilization findings of Recommendations Clouterre 1991 (Soil Nailing) and how it compares to driven nail bond strength behavior from this research.
The skin friction mobilization law describes the nail's head and tip displacement as they move along the different phases of the skin friction mobilization curve. This law is controlled by:
Shear Stress at the soil-nail interface: This is the force per unit area acting along the nail's surface due to the interaction with the surrounding soil.
Length of the nail: The mobilized skin friction increases with the penetration depth of the nail and the surrounding soil.
The skin friction mobilization law (Figure 24), determined by Frank and Zhao, 1982 for soil nails, describes the displacement behavior along the soil nail as a load is applied. The load applied at the nail head moves the nail with respect to the soil and mobilizes the skin friction to balance the applied load in accordance with the skin friction mobilization law. One aspect of this law states that more displacement is necessary to reach the ultimate bond strength when the nail is longer. However, for the shorter, more rigid nails used in this study, it was found that it takes less displacement for the driven nail to reach the ultimate bond strength compared to that of Frank and Zhao (1982). The skin friction mobilization law was plotted against each driven nail force-displacement test to draw this conclusion.
[bookmark: _Hlk183400037]An example of this is shown in Figure 25. This figure shows the skin friction mobilization law values of y1, y2, qs/2, qs, kβ, and kβ/5 for the 144 South Apartments project. The remaining bond strength-displacement plots showing the skin friction mobilization law for each project site are displayed in Appendix G.
The skin friction mobilization law values are defined as follows:
y1 is the nail displacement at the end of the first linear part of the curve or elastic phase. The displacement y1 to y2 is where the skin friction of the nail is partially mobilized.
y2 is the nail displacement at the end of the second linear part of the curve, where the nail displacement enters the residual part of the curve, and the skin friction is fully mobilized.
· qs/2 is the allowable bond strength of the nail.
· qs is the ultimate bond strength of the nail.
· Kβ is the stiffness of the soil in the first part of the curve or elastic phase.
· Kβ/5 is the stiffness of the soil in the second part of the curve.
The skin friction mobilization section of The Recommendations Clouterre 1991 (Soil Nailing) also provided a theoretical framework for evaluating the theoretical tip displacement of the nail relative to the head displacement. The theoretical tip displacement for short rigid nails was about equal. Using the nail tip displacement equation provided by Clouterre, 1991, the calculated difference between the nail tip and measured nail head displacement ranged from zero to twenty-four hundredths of an inch.  Therefore, the short, rigid nails used in this research performed the same as suggested in the Clouterre study.
[bookmark: _Toc193629434]Results
Table 17 shows the skin friction mobilization law values determined from each site's force-displacement curves. This table also shows the average values of y1, y2, qs/2, qs, kβ, and kβ/5. Based on these averages, the displacement, y2, for a driven nail was less than half what was determined by Frank and Zhao, 1982. Frank and Zhao, 1982 suggested that the allowable bond strength is half of the ultimate bond strength, qs In this research, the allowable bond strength was around two-thirds of the ultimate bond strength, qs. Therefore, it can be determined that when driven nails reach the allowable bond strength shown in this research, the remaining skin friction between the nail and soil in the second phase of the curve is reduced, and the nail reaches the ultimate bond strength sooner compared to the results suggested by Frank and Zhao. It was found that the soil stiffness in the second phase is closer to kβ/3 and not kβ/5, as indicated by Frank and Zhao. It also takes less displacement between y1 and 6y1 for the driven nail to reach the ultimate bond strength in the second part of the curve. For this research, the final determined skin friction mobilization law for driven nails is shown in Figure 26.
[image: A diagram of a function
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Figure 24. Grouted soil nail skin friction mobilization law (Frank and Zhao, 1982).


[bookmark: _Hlk183120185]Figure 25. 144 South Apartments driven nail skin friction mobilization law – Test Nail 1.
Table 17. Skin friction mobilization law values averaged from all the bond strength vs. displacement plots from each project site.
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Figure 26. Skin friction mobilization law for driven soil nails.
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IMPLEMENTATION OF APPROACH
[bookmark: _Toc193629436]Deseret Peaks Case Study
In August of 2024, Malcolm Drilling Company planned to construct a series of traditional grouted soil nail walls for a project near Grantsville, Utah. When I became aware of this project and looked closely at the site condition and soils, I saw that this project presented itself as a good candidate for a driven nail wall and verification of the design and evaluation techniques presented in the dissertation. Therefore, the methods developed in Chapters 2-5 were implemented in this project to evaluate their accuracy and effectiveness.
Field Testing
Before constructing the driven nail wall, cone penetrometer testing was done to identify the CPT sleeve pull friction, fp(f) value. This parameter is required to predict the bond strength of the driven nails used in the design of the wall. As shown in Figure 27, ConeTec mobilized to the project site on September 9, 2024, and pushed a standard cone and friction cone. The standard cone data helped identify the soil properties at the site that will be used in the preliminary wall design. The data from the Friction cone was used to determine the CPT sleeve pull friction fp(f) value and subsequently to estimate the ultimate bond strength of the driven nails.
A Shelby tube was also pushed at the site on September 9, 2024, as shown in Figure 28. The sample was capped top and bottom with sealing wax and transported directly to the IGES soil laboratory in Salt Lake City, Utah. Figure 29 shows the driven nail test layer against the soil borings. IGES of Salt Lake City, Utah, provided this project's soil report and laboratory testing. Figure 30 shows the blow count strength profile with depth. The minimum blow count was zero, and the maximum was nine. Thus, based on these relatively low blow counts, there wasn’t a concern with potential nail issues or damage during installation for this project.
Driven Nail Wall Design
 The statistical regression and numerical FLAC models were used to predict the bond strength. Soil properties from the cone penetrometer soundings are required to complete these evaluations. To calculate the predicted bond strength using the statistical regression model, only the friction CPT sleeve pull friction, fp(f), is needed in the soil layer where the driven nail wall is being constructed. The CPT sleeve pull friction, fp(f) results from the CPT friction cone, were averaged from 2.5 ft. to 20 ft. from the top of the ground surface at the location of the wall. These average results are as follows:
CPT Sleeve Pull Friction, fp(f) = 4.86 psi
This CPT sleeve pull friction, fp(f) was inserted into the Ultimate Predicted Driven Soil Nail Bond Strength, qult equation from Chapter 5.
qult = 0.714 + 0.8333*fp(f) = 0.714 + 0.8333*(4.86 psi) = 4.76 psi
Additional soil properties were calculated using the equations presented in Chapter 2 to predict bond strength using the numerical method. Only the data from the standard cone penetrometer (i.e., push) was used to calculate the soil properties listed in Table 18.
The numerical model also needs additional rebar, SHANSEP parameters, and soil-rebar interaction properties. The SHANSEP parameters listed in Table 19 are average values from all the laboratory testing shown in Table 16. The soil-rebar interaction properties are shown in Table 20. The average shear stiffness (stiff) value was taken from Table 21. The rebar properties are obtained from the bar supplier and are listed in Table 22.
Two numerical analyses were performed. One uses the 200 lb. increment load, and the second is the continuous velocity loading Using these values in the FLAC numerical model. Figure 31 shows that these two curves produce an ultimate bond strength of around 5.2 psi.
The following computer programs, Snail, FLAC 8.0, Snap2, and SlopeW were used to determine the overall global stability of the wall. Once the geometry was built in each program, the moist unit weight, friction angle, cohesion, and bond strength shown above were entered into each soil nail program. The horizontal spacing of the driven nails was 3 ft., and the vertical spacing was 2 ft. 3 inches. The length of each driven nail was 19 ft. (This is because 20 ft. pieces of #8 rebar were used). The rebar was driven into the ground 19 ft., allowing 1 ft. of the rebar to protrude from the wire mesh fascia to affix the nail plate. The minimum safety factor for a temporary soil nail wall, as specified by the Federal Highway Administration Circular 7 (2015), is 1.30. Figures 32 through 35 show each soil nail program’s global stability analysis results. The safety factor for each program’s global stability analysis is shown in Table 23.
Each soil nail program gives a safety factor greater than the minimum required safety factor of 1.30 for a temporary wall. Therefore, the design was adequate, and construction of the wall started. 
Driven Nail Wall Construction
The driven nail wall was constructed in lifts. The excavator typically cut a vertical face about 5 feet high in the soil. A nonwoven geosynthetic fabric was laid against the vertically cut soil face, and #16 penny nails were driven through the fabric into the soil to hold it in place temporarily. Welded wire mesh was then placed against the vertical cut. The nails were driven into the ground using a skid steer with a concrete breaker attachment. On average, each nail took around one minute to install. The fabric and welded wire mesh were installed first to prevent sloughing of the vertical soil face since the driving of the nail creates vibration. Once the driven nails were installed, an 8”x8”x3/4” plywood plate and a 6”x6”x1/8” plate was affixed to the nail and secured against the welded wire mesh. For safety, a rebar cap was placed on the end of each driven nail. This same process was followed for each constructed wall lift until the subgrade was reached. Figures 36 through 41 are photos of the construction sequence of the driven nail wall.
Ultimate Driven Nail Testing
Seven sacrificial nails were tested during the construction of the driven nail wall at various locations along each lift. Figures 42 and 43 show pictures of the driven nail tests conducted at this site. During each driven nail test, the nail was pulled until it would not hold the load, and this was considered the ultimate bond strength, qult. At this point, the load was allowed to settle to a load the nail could maintain without significant nail displacement. This load was held for ten minutes; displacement readings were taken every minute from 1 to 6 minutes and then at 10 minutes. Overall, the driven nails saw very minimal displacement during this ten-minute hold. The ultimate load and bond strength of the seven tests are shown in Table 24, with the average ultimate bond strength of these tests being 5.36 psi.
Table 25 shows the results of the ultimate field test bond strength, the numerical model predicted bond strength, and the regression model predicted bond strength.  The delta between the maximum and minimum of these three values is 0.6 psi, indicating that both predictive models did a good job estimating the bond strength. Figure 44 shows the seven ultimate field tests plotted with the two numerical model bond strength vs. displacement curves. The results of the three bond strengths are superimposed over these curves, showing a good correlation between the bond strength values.
[bookmark: _t7yjgcfi1f6z]Figures 45 through 65 show the results of the ultimate bond strength field test sheets, the force-displacement curves for each of the seven tests, and the skin friction mobilization law for each test superimposed on the bond strength vs. displacement curves. 
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Description automatically generated]Figure 27. ConeTec Cone Penetrometer Rig conducting cone tests on September 9, 2024.
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Figure 28. Capped Shelby Tube soil sample with sealing wax.
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Figure 29. Deseret Peaks soil borings with driven nail test layer shown.


Figure 30. Deseret Peaks blow count soil strength profile.
Table 18. FLAC 8.0 Soil Properties for Deseret Peaks.
	Soil Properties
	Calculated Value

	Soil Moist Unit Weight
	110 pcf

	Soil Density
	3.41 slugs/ft3

	Cohesion
	800 psf

	Friction Angle
	31.3°

	Tension Angle
	0°

	Overconsolidation Ratio, OCR
	9.198

	At-Rest Earth Pressure Coefficient, K0
	0.48

	Bulk Modulus, K
	73,310 psf

	Shear Modulus, G
	29,178 psf



Table 19. FLAC 8.0 SHANSEP constants for Deseret Peaks.
	SHANSEP Constants

	S
	0.273

	 m
	0.859



Table 20. FLAC 8.0 soil-rebar interaction properties.
	Soil-Rebar Interaction Properties

	Bond Strength, Sb
	0 lb./ft

	Average Shear Stiffness
	11,505 lb./ft/ft

	Interface Friction Angle
	47°




Table 21. Average ultimate bond strength, Sb and shear stiffness, stiff values determined from all the test sites. 
[image: ]

Table 22. FLAC 8.0 rebar properties.
	Rebar Properties

	Rebar Elastic Modulus
	4.176E9 psf

	Rebar Tensile Yield Strength
	8.64E6 psf

	Rebar Compressive Strength
	8.64E6 psf

	Rebar Radius
	0.0365 ft

	Bond/Interface Perimeter
	0.229 ft





Figure 31.  Bond Strength vs. displacement curves for the 200 lb. load increment and continuous velocity loads.  Both curves yield an ultimate bond strength of around 5.2 psi.
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Figure 32. Snail Global Stability Analysis, Factor of Safety = 1.37.
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Figure 33. FLAC 8.0 Global Stability Analysis, Factor of Safety = 1.31.
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Figure 34. SlopeW Global Stability Analysis, Factor of Safety = 1.348.
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Figure 35. Snap2 Global Stability Analysis, Factor of Safety = 1.48.

Table 23. Global stability factor of safety results from each soil nail program.
	Soil Nail Program
	Factor of Safety

	Snail
	1.37

	FLAC 8.0
	1.31

	SlopeW
	1.35

	Snap2
	1.48
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Figure 36. The first lift cut made along the driven nail wall alignment to make way for the first lift of driven soil nails.
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Description automatically generated with medium confidence]
Figure 37. First lift of the driven nail wall install.  Longer protruding nail is test nail.
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Figure 38. The second lift of the driven nail wall installed.
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Figure 39. Final lift of driven nail wall being installed.
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Figure 40. Completed driven nail wall.
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Figure 41. Completed driven nail wall.
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Figure 42. The first of three ultimate driven nail test performed on the first tier of the driven nail wall.
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Figure 43. Ultimate driven nail test being performed on the second tier of the driven nail wall.



Table 24. Ultimate driven nail test results.
	Ultimate Driven Nail Test Number
	Ultimate Load (lbs.)
	Ultimate Bond Strength (psi)

	1
	3,000
	5.68

	2
	1,800
	3.41

	3
	2,800
	5.30

	4
	4,000
	7.58

	5
	2,800
	5.30

	6
	2,800
	5.30

	7
	2,600
	4.92

	Average
	2,829
	5.36


 

Table 25. Average ultimate bond strength field tests, regression model and the numerical model bond strength results.
	Ultimate Bond Strength Field Test Results (psi)
	Regression Model Ultimate Bond Strength Results (psi)
	Numerical Model Predicted Ultimate Bond Strength (psi)

	5.36
	4.76
	5.24






Figure 44. Driven nail field test bond strength vs. displacement curves and numerical model curves using CPT data. Superimposed onto the three bond strengths, average ultimate field test, predicted numerical model, and predicted regression model.
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Figure 45. Deseret Peaks Ultimate Driven Nail Test #1.


[bookmark: _Hlk181982199]Figure 46. Deseret Peaks Force-Displacement Curve Ultimate Driven Nail Test #1.


Figure 47 Deseret Peaks driven nail skin friction mobilization law – Test Nail 1.
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Figure 48. Deseret Peaks Ultimate Driven Nail Test #2.


Figure 49. Deseret Peaks Force-Displacement Curve Ultimate Driven Nail Test #2.


Figure 50 Deseret Peaks driven nail skin friction mobilization law – Test Nail 2.

[image: ]
Figure 51. Deseret Peaks Ultimate Driven Nail Test #3.


Figure 52. Deseret Peaks Load-Displacement Curve Ultimate Driven Nail Test #3.


Figure 53. Deseret Peaks driven nail skin friction mobilization law – Test Nail 3.
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Figure 54. Deseret Peaks Ultimate Driven Nail Test #4.


Figure 55. Deseret Peaks Force-Displacement Curve Ultimate Driven Nail Test #4.



Figure 56. Deseret Peaks driven nail skin friction mobilization law – Test Nail 4.
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Figure 57. Deseret Peaks Ultimate Driven Nail Test #5.



Figure 58. Deseret Peaks Force-Displacement Curve Ultimate Driven Nail Test #5.



Figure 59. Deseret Peaks driven nail skin friction mobilization law – Test Nail 5.
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Figure 60. Deseret Peaks Ultimate Driven Nail Test #6.



Figure 61. Deseret Peaks Force-Displacement Curve Ultimate Driven Nail Test #6.



Figure 62. Deseret Peaks driven nail skin friction mobilization law – Test Nail 6.
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Figure 63. Deseret Peaks Ultimate Driven Nail Test #7.



Figure 64. Deseret Peaks Force-Displacement Curve Ultimate Driven Nail Test #7.



Figure 65. Deseret Peaks driven nail skin friction mobilization law – Test Nail 7.

[bookmark: _Hlk192278797]CHAPTER 
[bookmark: _Toc193629437]7

RECOMMENDATIONS AND CONCLUSIONS
[bookmark: _Toc193629438]Design Recommendations
The implementation of driven nail walls in this study has some limitations. These structures should only be constructed in cohesive soils where the excavated vertical face has enough “stand up” time without the soil sloughing during the construction of each lift. Also, the nails in this study were driven in soils with blow counts ranging from 0 to 50. On one of the sites where blow counts were over fifty, the nails were often permanently bent during installation activities. Therefore, if project sites have blow counts over 50, then consideration should be given to whether driven nails would be feasible in this soil. A larger diameter rebar may provide the rigidity needed to prevent the bar from permanently bending during installation. However, it should be noted that this theory was not implemented in this research and may be an area that could be further explored in future studies.
Methods to drive these nails could also be improved upon. For this study, we found that driving the nails using the skid steer with the concrete breaker attachment was the easiest of all the driving methods. This piece of equipment was far easier to control and less cumbersome. All methods posed similar problems with bending the rebar if it was pushed too hard by the rig.
[bookmark: _Hlk193490017]The designer must decide how to determine and implement the predicted ultimate bond strength using the methods developed by this research. This process includes the design safety factor. Traditional temporary soil nail walls are designed with a safety factor of 1.30 to 1.35. Therefore, it is recommended that this safety factor be used in most cases. If deviations are made from this recommendation, poor wall performance may occur (e.g., large lateral deformations in the wall face leading to instability in the reinforced soil mass).
The ultimate bond strength can be predicted using the multiple linear regression equations discussed in Chapter 3. The regression model between the ultimate field test bond strength and the friction CPT sleeve pull friction yielded the best results (See Chapter 3 – Results). For many cases, the regression analysis equation may be all that is needed to reasonably predict the ultimate field test bond strength of a driven soil nail.  
However, if numerical modeling is used (i.e., FLAC), or if it is desired to develop a preliminary design force-displacement curve to predict the ultimate bond strength, then site-specific laboratory soil testing and soil properties estimated from a standard CPT sounding can provide the initial estimates. The required soil properties to support the numerical modeling include soil layering, soil density, cohesion, friction angle, overconsolidation ratio, at-rest earth pressure coefficient, bulk modulus, and shear modulus. In addition, the SHANSEP parameters S & m must determine from laboratory testing or, for an initial estimate, the average values of S & m might be used (Table 16). 
In addition to these soil properties, the inputs for the FLAC modeling include the soil-rebar interaction values of ultimate bond strength, Sb, shear stiffness, stiff, and interface friction angle, sfric. Because part of this research sought to predict the ultimate bond strength, Sb, by generating a force-displacement curve, the FLAC code was implemented so that the ultimate bond strength, Sb, was set equal to zero. As such, the FLAC code then uses the interface friction angle, sfric, estimated from the SHANSEP undrained shear strength and modified for adhesion to estimate the force-displacement curve and its yield point (i.e., the ultimate bond strength) (See Chapter 4).
The shear stiffness is the slope of the force-displacement curve. This value is not essential for predicting the ultimate bond strength; however, it allows for thoroughly evaluating the distance required to mobilize the peak bond strength. In preliminary design, the shear stiffness value is unavailable until after the completion of the field load tests. Hence, the values at the bottom of Table 18 are recommended for preliminary evaluations. This value was determined by averaging all the shear stiffness values from the ultimate-driven nail field tests conducted in this research.
Ultimate-driven nail testing must be conducted at each lift to verify the design values while constructing a driven nail wall. If the ultimate bond strength during testing is lower than expected during the wall's original design, the actual bond strength can be back-calculated from the driven nail tests, and the driven nail wall can be redesigned using the field estimates.
Driving activities of a driven nail inherently caused soil disturbance near the entry point of the vertical face. The vibration of the driven nail enlarges the soil around the nail, creating an area where the soil may not be in contact with the nail. Therefore, it is recommended that the bond strength be neglected at the entry point area. For this study, the first foot of the driven nail at the wall face was neglected.
[bookmark: _Toc193629439]Practical Implications for Soil Nail Design and Installation
The findings of this research have immediate practical implications for the design and installation of driven nail systems. The enhanced predictive models enable geotechnical engineers to make more informed decisions, leading to safer and more cost-effective designs. These models help optimize material usage and reduce construction costs by reliably estimating the bond strength.
Furthermore, the design guidelines developed from this research provide a comprehensive framework for implementing driven nail wall design and construction. These guidelines include site investigation, soil characterization, nail selection, and installation techniques. By following these recommendations, engineers can ensure that soil nail systems are designed and installed to meet the highest safety and performance standards.
[bookmark: _Toc193629440]Conclusions
[bookmark: _54u5oc6rltk6]The research presented in this dissertation represents a comprehensive exploration of the factors influencing the bond strength of driven soil nails. Through a multi-faceted approach involving field data collection, laboratory testing, numerical modeling, and statistical analysis, the study has achieved significant advancements in understanding and predicting driven nail performance, emphasizing the applicability of the Stress History and Normalized Soil Engineering Property (SHANSEP) method. The integration of these methodologies has led to the development of predictive models that contribute to the design of driven nail systems.
[bookmark: _7lqy5fi0sbdl]The empirical data collected from extensive field testing, including Cone Penetration Tests (CPT) and ultimate load tests of driven nails, has provided a valuable dataset that forms the basis for statistical regression models and empirical methods to predict the driven nail bond strength. These models suggest that the CPT friction pull sleeve friction, fp(f) provided the best predictor variable.  Therefore, the equation below predicts the ultimate driven nail bond strength.
	Ultimate Nail Bond Strength, qult = 0.714 + 0.833⸱fp(f) (psi)
Using FLAC 8.0 for numerical modeling has allowed for a method to simulate the force-displacement curve of a driven nail. Applying the SHANSEP parameters to the FLAC nail model allows undrained shear strength to be applied in the soil layer where the driven nail is installed. The generation of a force-displacement curve shows the load at which the driven nail fails. Two different load conditions were applied during the FLAC modeling: a load increment of 200 pounds and a continuous velocity load applied at predetermined displacement values. The constant velocity load analysis produced the most accurate result.
Utilizing the skin friction mobilization law of Frank and Zhao (1982), the bond strength behavior of the driven nails in this study was analyzed. This research found that driven nails in this study perform differently than what was reported by Frank and Zhao. In their study, the allowable bond strength before permanent displacement of the soil nail occurred was half the ultimate bond strength. For the driven nails in this study, the allowable bond strength before permanent mobilization was two-thirds of the ultimate bond strength. This two-thirds (2/3qs) allowable bond strength is higher than the one-half (qs/2) bond strength recommended by Frank and Zhao. Therefore, using half the ultimate bond strength in wall design should keep the wall safe and in a serviceability state where it can perform adequately within its design parameters. 
For the Frank and Zhao study, the displacement at which the ultimate bond strength occurred, and the residual part of the curve was 6y1, where y1 is the displacement of the driven nail at the allowable bond strengthwhere y1 is the displacement of the driven nail at the allowable bond strength. For a driven nail, the displacement in which the ultimate bond strength occurred was half that of a traditional nail, 2.3y1.  Therefore, this research has found that once permanent mobilization of the driven nail has occurred, it reaches its ultimate bond strength more rapidly than the soil nails in the Frank and Zhao study. This effect may be because the rebar is short and rigid, and the entire bar moves as one unit, causing the bond strength to weaken once the bar is permanently mobilized. Therefore, the nail reaches its ultimate bond strength, where it will no longer hold the load. After this point, it was found that when the load to the nail was discontinued and the load was allowed to decrease, the nail would settle to a load and hold without significant displacements. According to the skin friction mobilization law, this is considered residual bond strength. The soil stiffness in the second phase of the skin friction mobilization curve was found to be closer to kβ/3 and not kβ/5 as suggested by Frank and Zhao.
[bookmark: _Toc193629441]Future Work
While this dissertation has addressed aspects of driven nail bond strength prediction, several areas warrant further exploration. Future research should focus on adding to the current ultimate driven nail testing and friction cone pull sleeve friction, fp(f) data set that was started in the study to continually refining the ultimate predicted driven nail bond strength equation presented in Chapter 4. For example, the addition of the ultimate driven nail tests and friction cone pull sleeve friction, fp(f) data from the Deseret Peaks site slightly altered the equation proposed in Chapter 4. When the average ultimate bond strength of 5.36 psi determined from the driven nail tests, and the average value from the friction cone pull sleeve friction, fp(f) 4.86 psi was added to the scatter plot shown in Figure 66, the R-squared value lowered from 0.945 to 0.937. Using the same simple regression analysis described in Chapter 3 the ultimate bond strength prediction equation changed slightly to:
Ultimate Predicted Driven Nail Bond Strength, qult = 0.755 + 0.833⸱fp(f) (psi)
Therefore, as additional testing is done in the future, this equation can possibly be refined.
The skin friction mobilization law data from the Deseret Peaks site was also added to Table 26 to improve upon the modified skin friction mobilization law. Based on the addition of this data, the allowable bond strength stayed the same at 2qs/3. The soil stiffness during the second phase also remained the same at kβ/3. The displacement, 2.4y1 at the end of the second phase of the curve changed slightly to 2.34y1. Figure 67 shows the update to the modified skin friction law for this research with the addition of the Deseret Peaks data.
Monitoring lateral and vertical movements of earth retention systems using survey monuments during the construction phase of a project is a method that allows the design engineer to check for unusual movements. Also, eEven though it was not performed during this study, long-term horizontal and vertical monitoring of driven nail walls could be investigated to validate the performance of these walls. 
Additionally, the possibility of improved driven nail installation techniques should be explored. Even though using a skid steer with a mounted concrete breaker bit provides an inexpensive option to install driven nails, this method has limitations. While driving, the long, narrow piece of rebar can quickly buckle when hard soils are encountered. This situation can cause the bar to be permanently bent and must be replaced with a supplemental nail. Lastly, developing a tool that could contain the rebar while driving and prevent buckling of the bar could prove helpful in future work.
[bookmark: _Toc193629442][bookmark: _GoBack]Study Limitations
This research was conducted in the shallow, recent soil deposits of the Salt Lake and Tooele Valleys in Utah. These shallow soils comprise alluvial, fluvial, and lacustrine sediments. The lacustrine sediments were formed from intermountain freshwater lakes that span much of the Great Basin region. As these lakes receded, these fine-grained lacustrine deposits remained. In addition, streams and rivers from the surrounding mountains deposited alluvial and fluvial sediments like sand and gravel. The driven nail tests conducted for this research were installed in the fine-grained soils found in these deposits.
Since the soil testing and driven nail testing done for this research were performed in these fine-grained, relatively recent sediments, using the results from this research may have limitations in predicting the ultimate bond strength of driven nails in areas outside these geologic depositional environments. 
Recommendations to Overcome Limitations
For sites conducted outside this region, cone penetrometer and driven nail testing should be performed in the fine-grained soils to see how well they correlate with the data presented in this research. For example, a friction cone penetrometer pull test could be conducted before installing and testing a driven nail. The average friction cone penetrometer sleeve pull friction, fp(f) data can be determined in the soil layer where the test nail will be installed. This average friction cone penetrometer sleeve pull friction, fp(f) value, can then be inserted into the simple linear regression equation shown in Chapter 4 of this research to predict the ultimate bond strength. A minimum of two driven nail tests should then be performed, and the result of the ultimate field test loads can be compared to the predicted ultimate bond strength from the regression equation. If these values are closely correlated, then using the regression equation is most likely acceptable for design purposes. If these values are not closely related, it is recommended that two additional ultimate field tests should be performed, and the results from four driven nail tests can then be averaged to establish the ultimate bond strength that can be used for the design.
In addition to the field testing, generating a force-displacement curve using SHANSEP-derived shear strength and the numerical model developed from this research is another option. However, because the average S and m values determined in this study were determined from the Salt Lake Valley fine-grained sediments, it is recommended that a Shelby tube soil sample be collected and the SHANSEP method be used to determine site-specific values of S and m.



Figure 66. Ultimate measured bond strength vs. friction CPT Pull Bond Strength, fp(f) with Deseret Peaks data point added to the original data set.


Table 26. Skin friction mobilization law values averaged from all the bond strength vs. displacement plots from each project site.  The table includes additional data provided from the Deseret Peaks project. 
[image: ]



Figure 67. Modified skin friction mobilization law for this research. Includes the additional data provided from the Deseret Peaks project presented in Table 21.
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Ultimate Driven Nail Test #6 - 16 ft. Bond Zone
Force vs. Displacement
Project: Deseret Peaks

Field Test #6	0	9.9999999999999985E-3	1.9999999999999997E-2	2.9499999999999998E-2	4.0499999999999994E-2	5.3999999999999999E-2	6.7500000000000004E-2	8.1499999999999989E-2	9.5000000000000001E-2	0.11	0.1255	0.14200000000000002	0.158	0.17549999999999999	0.19800000000000001	0.24299999999999999	0.24399999999999999	0.245	0.245	0.245	0.2455	0.2455	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	2600	2800	2400	2400	2400	2400	2400	2400	2400	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks Test #6 - 16 ft. Nail Length

Deseret Peaks Test #6 - 16 ft.	0	9.9999999999999985E-3	1.9999999999999997E-2	2.9499999999999998E-2	4.0499999999999994E-2	5.3999999999999999E-2	6.7500000000000004E-2	8.1499999999999989E-2	9.5000000000000001E-2	0.11	0.1255	0.14200000000000002	0.158	0.17549999999999999	0.19800000000000001	0.24299999999999999	0.24399999999999999	0.245	0.245	0.245	0.2455	0.2455	0.2485	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	4.3307467507998734	4.7638214258798612	5.1968961009598482	5.6299707760398352	6.0630454511198231	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	Displacement (in)


Bond Strength (psi)




Ultimate Driven Nail Test #7 - 16 ft. Bond Zone
Force vs. Displacement
Project: Deseret Peaks

Field Test #7	0	1.2E-2	2.5999999999999999E-2	3.9E-2	5.5E-2	7.0000000000000007E-2	8.7999999999999995E-2	0.107	0.127	0.14599999999999999	0.16500000000000001	0.183	0.2	0.22500000000000001	0.26	0.26	0.26	0.26	0.26	0.26	0.26	0.26	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	2600	2400	2400	2400	2400	2400	2400	2400	2400	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks Test #7 - 16 ft. Nail Length

Deseret Peaks Test #7 - 16 ft.	0	1.2E-2	2.5999999999999999E-2	3.9E-2	5.5E-2	7.0000000000000007E-2	8.7999999999999995E-2	0.107	0.127	0.14599999999999999	0.16500000000000001	0.183	0.2	0.22500000000000001	0.26	0.26	0.26	0.26	0.26	0.26	0.26	0.26	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	4.3307467507998734	4.7638214258798612	5.1968961009598482	5.6299707760398352	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	5.1968961009598482	Displacement (in.)


Bond Strength (psi)




Ultimate Measured Bond Strength vs. Friction CPT Pull Friction Bond Strength


3.14	2.6	7.98	8.19	3.19	4.8	4.1900000000000004	4.41	5.47	3.33	7.49	3.58	4.8600000000000003	3.49	2.77	7.61	7.61	3.37	4.8899999999999997	3.76	3.45	5.31	3.79	6.8	4.3600000000000003	5.3	Friction CPT Pull Friciton Bond Strength, fp(f) (psi)


Ultimate Measured Bond Strength, qult (psi)



Bond Strength vs. Displacement
Skin Friction Mobilization Law

0	0.10246511627906973	0.23893023255813955	0.5	0	661.06608982379669	1000	1000	Displacement (in.)

Bond Strength (psi)


Ultimate Driven Nail Tests
Force vs. Displacement
5th Street Apartments

Test #1	0	0.51200000000000001	0.78900000000000003	1.0449999999999999	1.3134999999999999	0	1000	1500	2000	2500	Test #2	0	0.15049999999999999	0.22649999999999998	0.3155	0	1000	1500	2000	Displacement (in.)


Loads (lbs)




Ultimate Driven Nail Tests
Force vs. Displacement
Project: Snow Addition

Test #1	0	1.9E-2	0.06	0.13700000000000001	0.33999999999999997	0.34399999999999997	0.34450000000000003	0.34499999999999997	0.34699999999999998	0.34699999999999998	0.34699999999999998	0	484	968	1451	968	968	968	968	968	968	968	Test #2	0	2.6000000000000002E-2	4.7E-2	6.2E-2	7.5999999999999998E-2	9.6000000000000002E-2	0.24	0.24299999999999999	0.24299999999999999	0.24299999999999999	0.24399999999999999	0.24399999999999999	0.24399999999999999	0	484	968	1451	1935	2419	1935	1935	1935	1935	1935	1935	1935	Test #3	0	1.7000000000000001E-2	3.95E-2	6.3E-2	0.1295	0.26900000000000002	0.27049999999999996	0.27100000000000002	0.27200000000000002	0.27249999999999996	0.27300000000000002	0.27549999999999997	0	484	968	1451	1935	1451	1451	1451	1451	1451	1451	1451	Test #4	0	2.3E-2	4.8000000000000001E-2	7.1999999999999995E-2	9.4E-2	0.17299999999999999	0.17599999999999999	0.17699999999999999	0.17799999999999999	0.17899999999999999	0.183	0.184	0	484	968	1451	1935	1693	1693	1693	1693	1693	1693	1693	Displacement (in.)


Load (lbs.)




Dependent Variable vs. Independent Variable

3.14	2.6	7.98	8.19	3.19	4.8	4.1900000000000004	4.41	5.47	3.33	7.49	3.58	3.49	2.77	7.61	7.61	3.37	4.8899999999999997	3.76	3.45	5.31	3.79	6.8	4.3600000000000003	Independent Variable

Dependent Variable


Dependent Variable vs. Independent Variable

6.4009999999999998	3.2629999999999999	6.165	7.4509999999999996	6.2460000000000004	7.8129999999999997	9.1010000000000009	12.552	1.786	5.0309999999999997	11.276	25.83	3.49	2.77	7.61	7.61	3.37	4.8899999999999997	3.76	3.45	5.31	3.79	6.8	4.3600000000000003	Independent Variable

Dependent Variable


Ultimate Measured Bond Strength, qu vs. Friction Cone CPT Pull Friction Strength, fp(f)


3.14	2.6	7.98	8.19	3.19	4.8	4.1900000000000004	4.41	5.47	3.33	7.49	3.58	3.49	2.77	7.61	7.61	3.37	4.8899999999999997	3.76	3.45	5.31	3.79	6.8	4.3600000000000003	Friction CPT Sleeve Friction Pull, fp(f) (psi)


Ultimate Measured Bond Strength (psi)



Ultimate Driven Nail Test - 15 ft. Bond Length
Force vs. Displacement
Project: 5th Street Apartments

Field Test #1	0	0.51200000000000001	0.78900000000000003	1.0449999999999999	1.3134999999999999	0	1000	1500	2000	2500	Field Test #2	0	0.15049999999999999	0.22649999999999998	0.3155	0	1000	1500	2000	FLAC Load Inc. CPT	0	5.3440000000000001E-2	0.1069	0.1603	0.21379999999999999	0.26719999999999999	0.32069999999999999	0.37409999999999999	0.42759999999999998	0.48099999999999998	0.53439999999999999	0.58789999999999998	0.64129999999999998	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	FLAC Vel. Cont. CPT	0	1.2E-2	2.4E-2	3.6000000000000004E-2	4.8000000000000001E-2	0.06	7.1999999999999995E-2	8.3999999999999991E-2	9.5999999999999988E-2	0.10799999999999998	0.11999999999999998	0.13199999999999998	0.14399999999999999	0.156	0.16800000000000001	0.18000000000000002	0.19200000000000003	0.20400000000000004	0.21600000000000005	0.22800000000000006	0.24000000000000007	0.25200000000000006	0.26400000000000007	0.27600000000000008	0.28800000000000009	0.3000000000000001	0.31200000000000011	0.32400000000000012	0.33600000000000013	0.34800000000000014	0.36000000000000015	0.37200000000000016	0.38400000000000017	0.39600000000000019	0.4080000000000002	0.42000000000000021	0.43200000000000022	0.44400000000000023	0.45600000000000024	0.46800000000000025	0.48000000000000026	0.49200000000000027	0.50400000000000023	0.51600000000000024	0.52800000000000025	0.54000000000000026	0.55200000000000027	0.56400000000000028	0.57600000000000029	0.5880000000000003	0.60000000000000031	0.61200000000000032	0.62400000000000033	0.63600000000000034	0.64800000000000035	0.66000000000000036	0.67200000000000037	0.68400000000000039	0.6960000000000004	0.70800000000000041	0.72000000000000042	0.73200000000000043	0.74400000000000044	0.75600000000000045	0.76800000000000046	0.78000000000000047	0.79200000000000048	0.80400000000000049	0.8160000000000005	0.82800000000000051	0.84000000000000052	0.85200000000000053	0.86400000000000055	0.87600000000000056	0.88800000000000057	0.90000000000000058	0.91200000000000059	0.9240000000000006	0.93600000000000061	0.94800000000000062	0.96000000000000063	0.97200000000000064	0.98400000000000065	0.99600000000000066	1.0080000000000007	1.0200000000000007	1.0320000000000007	1.0440000000000007	1.0560000000000007	1.0680000000000007	1.0800000000000007	1.0920000000000007	1.1040000000000008	0	256.7	308.89999999999998	300.10000000000002	364.4	317.10000000000002	382.1	470.7	561.1	572.29999999999995	646.9	657.2	731.5	792.9	768.1	824	841.9	848.1	944.1	986.5	1053	1127	1186	1210	1249	1302	1359	1340	1420	1475	1502	1612	1616	1718	1694	1748	1657	1753	1820	1858	1941	1922	2020	2067	2129	2194	2225	2288	2333	2343	2398	2427	2489	2539	2538	2574	2611	2661	2672	2660	2671	2735	2662	2674	2733	2613	2557	2525	2559	2538	2538	2563	2624	2631	2663	2633	2671	2678	2675	2745	2636	2584	2592	2616	2605	2613	2664	2607	2604	2625	2649	2662	2670	FLAC Load Inc. Lab	0	5.33E-2	0.1066	0.15989999999999999	0.2132	0.26650000000000001	0.31979999999999997	0.37309999999999999	0.4264	0.47970000000000002	0.53300000000000003	0.58630000000000004	0.65639999999999998	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	FLAC Vel. Cont. Lab	0	1.2E-2	2.4E-2	3.6000000000000004E-2	4.8000000000000001E-2	0.06	7.1999999999999995E-2	8.3999999999999991E-2	9.5999999999999988E-2	0.10799999999999998	0.11999999999999998	0.13199999999999998	0.14399999999999999	0.156	0.16800000000000001	0.18000000000000002	0.19200000000000003	0.20400000000000004	0.21600000000000005	0.22800000000000006	0.24000000000000007	0.25200000000000006	0.26400000000000007	0.27600000000000008	0.28800000000000009	0.3000000000000001	0.31200000000000011	0.32400000000000012	0.33600000000000013	0.34800000000000014	0.36000000000000015	0.37200000000000016	0.38400000000000017	0.39600000000000019	0.4080000000000002	0.42000000000000021	0.43200000000000022	0.44400000000000023	0.45600000000000024	0.46800000000000025	0.48000000000000026	0.49200000000000027	0.50400000000000023	0.51600000000000024	0.52800000000000025	0.54000000000000026	0.55200000000000027	0.56400000000000028	0.57600000000000029	0.5880000000000003	0.60000000000000031	0.61200000000000032	0.62400000000000033	0.63600000000000034	0.64800000000000035	0.66000000000000036	0.67200000000000037	0.68400000000000039	0.6960000000000004	0.70800000000000041	0.72000000000000042	0.73200000000000043	0.74400000000000044	0.75600000000000045	0.76800000000000046	0.78000000000000047	0.79200000000000048	0.80400000000000049	0.8160000000000005	0.82800000000000051	0.84000000000000052	0.85200000000000053	0.86400000000000055	0.87600000000000056	0.88800000000000057	0.90000000000000058	0.91200000000000059	0.9240000000000006	0.93600000000000061	0.94800000000000062	0.96000000000000063	0.97200000000000064	0.98400000000000065	0.99600000000000066	1.0080000000000007	1.0200000000000007	1.0320000000000007	1.0440000000000007	1.0560000000000007	1.0680000000000007	1.0800000000000007	1.0920000000000007	1.1040000000000008	0	152.80000000000001	164.3	202.1	305	300.5	364.8	447.7	489	528	605.79999999999995	637.29999999999995	714.7	758.4	792.6	818.3	889	926	979.1	982.8	1059	1129	1174	1172	1214	1177	1215	1252	1276	1355	1419	1498	1552	1586	1693	1733	1833	1791	1865	1929	1995	1966	1980	2014	2104	2177	2249	2255	2309	2380	2445	2456	2473	2567	2602	2557	2646	2624	2645	2671	2630	2610	2601	2643	2670	2664	2614	2611	2621	2675	2672	2665	2688	2685	2684	2704	2662	2657	2662	2660	2685	2578	2647	2654	2707	2714	2709	2673	2654	2646	2638	2644	2624	Deflection (in)


Load (lbs)




Bond Strength vs. Displacement
Skin Friction Mobilization Law
144 So. Apts Test 1 - 16 ft

144 So. Apts Test 1 - 16 ft	0	1.0999999999999999E-2	2.0499999999999997E-2	2.9000000000000001E-2	3.6999999999999998E-2	4.3499999999999997E-2	5.1500000000000004E-2	5.9499999999999997E-2	7.0000000000000007E-2	8.4499999999999992E-2	0.11299999999999999	0.13800000000000001	0.17149999999999999	0.28949999999999998	0.29100000000000004	0.29200000000000004	0.29249999999999998	0.29349999999999998	0.29399999999999998	0.29399999999999998	0.29449999999999998	0.29499999999999998	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.3578139179923721	4.2630788328186249	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	Displacement (in.)


Bond Strength (psi)




Bond Strength vs. Displacement
Skin Friction Mobilization Law

0	0.10246511627906973	0.23893023255813955	0.5	0	661.06608982379669	1000	1000	Displacement (in.)

Bond Strength (psi)


B-1	8	1	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	4459	4458	4457	4456	4455	4454	4453	4452	4451	4450	4449	4448	4447	4446	4445	4444	4443	4442	4441	4440	4439	4438	4437	4436	4435	4434	4433	4432	4431	4430	4429	4428	4427	4426	4425	4424	4423	4422	4421	4420	4419	4418	4417	4416	4415	4414	4413	4412	4411	4410	4409	4408	4407	4406	4405	4404	B-2	5	2	2	2	7	13	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	4459	4458	4457	4456	4455	4454	4453	4452	4451	4450	4449	4448	4447	4446	4445	4444	4443	4442	4441	4440	4439	4438	4437	4436	4435	4434	4433	4432	4431	4430	4429	4428	4427	4426	4425	4424	4423	4422	4421	4420	4419	4418	4417	4416	4415	4414	4413	4412	4411	4410	4409	4408	4407	4406	4405	4404	B-3	8	1	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	4459	4458	4457	4456	4455	4454	4453	4452	4451	4450	4449	4448	4447	4446	4445	4444	4443	4442	4441	4440	4439	4438	4437	4436	4435	4434	4433	4432	4431	4430	4429	4428	4427	4426	4425	4424	4423	4422	4421	4420	4419	4418	4417	4416	4415	4414	4413	4412	4411	4410	4409	4408	4407	4406	4405	4404	B-4	3	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	4459	4458	4457	4456	4455	4454	4453	4452	4451	4450	4449	4448	4447	4446	4445	4444	4443	4442	4441	4440	4439	4438	4437	4436	4435	4434	4433	4432	4431	4430	4429	4428	4427	4426	4425	4424	4423	4422	4421	4420	4419	4418	4417	4416	4415	4414	4413	4412	4411	4410	4409	4408	4407	4406	4405	4404	B-5	6	1	2	1	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	B-6	9	1	4	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	B-7	3	2	6	11	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	4459	4458	4457	4456	4455	4454	4453	4452	4451	4450	4449	4448	4447	4446	4445	4444	4443	4442	4441	4440	B-8	5	2	2	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	B-9	5	2	2	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	B-10	5	2	4471	4470	4469	4468	4467	4466	4465	4464	B-11	2	0	4471	4470	4469	4468	4467	4466	4465	4464	B-12	4	1	4471	4470	4469	4468	4467	4466	4465	4464	4463	B-13	5	2	2	0	14	16	4471	4470	4469	4468	4467	4466	4465	4464	4463	4462	4461	4460	4459	4458	4457	4456	4455	4454	4453	4452	4451	4450	4449	4448	4447	4446	4445	4444	4443	4442	4441	B-14	5	2	4471	4470	4469	4468	4467	4466	4465	4464	



FLAC 8.0 Predicted
Bond Strength vs. Displacement
Project: Deseret Peaks

CPT Load Inc.	0	8.7889999999999999E-3	2.2880000000000001E-2	3.814E-2	5.6329999999999998E-2	7.1470000000000006E-2	8.9510000000000006E-2	0.10589999999999999	0.1206	0.13869999999999999	0.15609999999999999	0.1762	0.19089999999999999	0.2069	0.22500000000000001	0.33139999999999997	0.43240000000000001	0	0.37780351967290393	0.69990280926364445	1.1093478473845799	1.5294032150449752	1.8725336935442876	2.2869049560942578	2.6393194729405978	3.0106810068216867	3.4066736628479499	3.8045610205776885	4.1531861340170781	4.5548628951537662	4.9148562188140055	5.297585962915945	5.6386322695414348	6.0630454511198222	CPT Cont. Vel.	0	1.2E-2	2.4E-2	3.5999999999999997E-2	4.8000000000000001E-2	0.06	7.1999999999999995E-2	8.4000000000000005E-2	9.6000000000000002E-2	0.108	0.12	0.13200000000000001	0.14399999999999999	0.156	0.16800000000000001	0.18	0.192	0.20399999999999999	0.216	0.22800000000000001	0.24	0.252	0.26400000000000001	0.27600000000000002	0.28799999999999998	0.3	0.312	0.32400000000000001	0.33600000000000002	0.34799999999999998	0.36	0.372	0.38400000000000001	0.39600000000000002	0.40799999999999997	0	0.49319085341452806	0.5623474655913635	1.1248844013530745	1.2866919268298349	1.6002650587549381	1.8164505231214294	1.9989102971660664	2.37974533956453	2.7264757513004452	2.9311035352757391	3.3100438759707278	3.5506709923120461	3.7192994439213161	3.9921364892217079	4.2157112902317513	4.4885483355321432	4.8239105370472082	5.1270628096032	5.1801144573004985	5.1876932641143982	5.1365363181205748	5.2161137896665224	5.2274819998873721	5.1782197555970235	5.1384310198240497	5.128957511306675	5.2312714032943219	5.2786389458811955	5.1081157925684506	5.0588535482781021	5.1744303521900736	5.2559025254394962	5.0872740738302262	5.1043263891615007	Displacement (in.)


Bond Strength (psi)




Driven Nail Field Tests, Emperical and Numerical Model Results
Bond Strength vs. Displacement Curves
Project: Deseret Peaks

FLAC CPT Load Inc.	0	8.7889999999999999E-3	2.2880000000000001E-2	3.814E-2	5.6329999999999998E-2	7.1470000000000006E-2	8.9510000000000006E-2	0.10589999999999999	0.1206	0.13869999999999999	0.15609999999999999	0.1762	0.19089999999999999	0.2069	0.22500000000000001	0.33139999999999997	0.43240000000000001	0	0.37780351967290393	0.69990280926364445	1.1093478473845799	1.5294032150449752	1.8725336935442876	2.2869049560942578	2.6393194729405978	3.0106810068216867	3.4066736628479499	3.8045610205776885	4.1531861340170781	4.5548628951537662	4.9148562188140055	5.297585962915945	5.6386322695414348	6.0630454511198222	FLAC CPT Cont. Vel.	0	1.2E-2	2.4E-2	3.5999999999999997E-2	4.8000000000000001E-2	0.06	7.1999999999999995E-2	8.4000000000000005E-2	9.6000000000000002E-2	0.108	0.12	0.13200000000000001	0.14399999999999999	0.156	0.16800000000000001	0.18	0.192	0.20399999999999999	0.216	0.22800000000000001	0.24	0.252	0.26400000000000001	0.27600000000000002	0.28799999999999998	0.3	0.312	0.32400000000000001	0.33600000000000002	0.34799999999999998	0.36	0.372	0.38400000000000001	0.39600000000000002	0.40799999999999997	0	0.49319085341452806	0.5623474655913635	1.1248844013530745	1.2866919268298349	1.6002650587549381	1.8164505231214294	1.9989102971660664	2.37974533956453	2.7264757513004452	2.9311035352757391	3.3100438759707278	3.5506709923120461	3.7192994439213161	3.9921364892217079	4.2157112902317513	4.4885483355321432	4.8239105370472082	5.1270628096032	5.1801144573004985	5.1876932641143982	5.1365363181205748	5.2161137896665224	5.2274819998873721	5.1782197555970235	5.1384310198240497	5.128957511306675	5.2312714032943219	5.2786389458811955	5.1081157925684506	5.0588535482781021	5.1744303521900736	5.2559025254394962	5.0872740738302262	5.1043263891615007	Field Test #1	0	6.0000000000000001E-3	1.2999999999999999E-2	2.1000000000000001E-2	0.03	3.9E-2	4.8000000000000001E-2	5.6000000000000001E-2	6.6000000000000003E-2	7.5999999999999998E-2	8.6999999999999994E-2	0.10100000000000001	0.11600000000000001	0.13	0.14499999999999999	0.16300000000000001	0.187	0.187	0.187	0.187	0.187	0.187	0.187	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.9262244290348551	5.3051647697298447	5.6841051104248335	5.4055839600140168	5.4055839600140168	5.4055839600140168	5.4055839600140168	5.4055839600140168	5.4055839600140168	5.4055839600140168	Field Test #2	0	8.0000000000000002E-3	1.6E-2	2.7E-2	3.7999999999999999E-2	5.0999999999999997E-2	6.5000000000000002E-2	8.3000000000000004E-2	0.105	0.14099999999999999	0.17199999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	2.7852115041081684	2.7852115041081684	2.7852115041081684	2.7852115041081684	2.7852115041081684	2.7852115041081684	2.7852115041081684	Field Test #3	0	0.01	0.02	0.03	4.1000000000000002E-2	5.2999999999999999E-2	6.5000000000000002E-2	7.4999999999999997E-2	8.5000000000000006E-2	9.7000000000000003E-2	0.11	0.121	0.13100000000000001	0.14000000000000001	0.16	0.25	0.254	0.254	0.254	0.254	0.254	0.254	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.9262244290348551	5.3051647697298447	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	4.1683437476448777	Field Test #4	0	1.4E-2	2.7E-2	4.1999999999999996E-2	5.7499999999999996E-2	7.4999999999999997E-2	0.09	0.106	0.1225	0.13950000000000001	0.156	0.17149999999999999	0.1875	0.20450000000000002	0.22600000000000001	0.247	0.27200000000000002	0.29399999999999998	0.31950000000000001	0.35	0.38700000000000001	0.41749999999999998	0.41749999999999998	0.41899999999999998	0.42	0.42499999999999999	0.42649999999999999	0.43099999999999999	0.435	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.9262244290348551	5.3051647697298447	5.6841051104248335	6.0630454511198222	6.4419857918148109	6.8209261325097996	7.1998664732047892	7.5788068138997779	7.1998664732047892	7.1998664732047892	7.1998664732047892	7.1998664732047892	7.1998664732047892	7.1998664732047892	7.1998664732047892	7.1998664732047892	Field Test #5	0	8.0000000000000002E-3	1.6E-2	2.5999999999999999E-2	3.9E-2	5.1999999999999998E-2	6.7000000000000004E-2	8.2000000000000003E-2	0.1	0.112	0.125	0.13900000000000001	0.153	0.18	0.23400000000000001	0.27500000000000002	0.27500000000000002	0.27500000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.9262244290348551	5.3051647697298447	4.9262244290348551	4.9262244290348551	4.9262244290348551	4.9262244290348551	4.9262244290348551	4.9262244290348551	4.9262244290348551	4.9262244290348551	Field Test #6	0	9.9999999999999985E-3	1.9999999999999997E-2	2.9499999999999998E-2	4.0499999999999994E-2	5.3999999999999999E-2	6.7500000000000004E-2	8.1499999999999989E-2	9.5000000000000001E-2	0.11	0.1255	0.14200000000000002	0.158	0.17549999999999999	0.19800000000000001	0.24299999999999999	0.24399999999999999	0.245	0.245	0.245	0.2455	0.2455	0.2485	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.9262244290348551	5.3051647697298447	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	Field Test #7	0	1.2E-2	2.5999999999999999E-2	3.9E-2	5.5E-2	7.0000000000000007E-2	8.7999999999999995E-2	0.107	0.127	0.14599999999999999	0.16500000000000001	0.183	0.2	0.22500000000000001	0.26	0.26	0.26	0.26	0.26	0.26	0.26	0.26	0	0.37894034069498889	0.75788068138997777	1.1368210220849666	1.5157613627799555	1.8947017034749445	2.2736420441699332	2.6525823848649224	3.0315227255599111	3.4104630662548998	3.789403406949889	4.1683437476448777	4.5472840883398664	4.9262244290348551	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	4.5472840883398664	Displacement (in.)


Bond Strength (psi)




Ultimate Driven Nail Test #1 - 16 ft. Bond Zone
Force vs. Displacement
Project: Deseret Peaks

Field Test #1	0	6.0000000000000001E-3	1.2999999999999999E-2	2.1000000000000001E-2	0.03	3.9E-2	4.8000000000000001E-2	5.6000000000000001E-2	6.6000000000000003E-2	7.5999999999999998E-2	8.6999999999999994E-2	0.10100000000000001	0.11600000000000001	0.13	0.14499999999999999	0.16300000000000001	0.187	0.187	0.187	0.187	0.187	0.187	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	2600	2800	3000	2853	2853	2853	2853	2853	2853	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks - 16 ft. Nail Length

Deseret Peaks Test #1 - 16 ft.	0	6.0000000000000001E-3	1.2999999999999999E-2	2.1000000000000001E-2	0.03	3.9E-2	4.8000000000000001E-2	5.6000000000000001E-2	6.6000000000000003E-2	7.5999999999999998E-2	8.6999999999999994E-2	0.10100000000000001	0.11600000000000001	0.13	0.14499999999999999	0.16300000000000001	0.187	0.187	0.187	0.187	0.187	0.187	0.187	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	4.3307467507998734	4.7638214258798612	5.1968961009598482	5.6299707760398352	6.0630454511198231	6.4961201261998101	6.1778102400160195	6.1778102400160195	6.1778102400160195	6.1778102400160195	6.1778102400160195	6.1778102400160195	Displacement (in.)


Bond Strength (psi)




Ultimate Driven Nail Test #2 - 16 ft. Bond Zone
Load vs. Displacement
Project: Deseret Peaks

Field Test #2	0	8.0000000000000002E-3	1.6E-2	2.7E-2	3.7999999999999999E-2	5.0999999999999997E-2	6.5000000000000002E-2	8.3000000000000004E-2	0.105	0.14099999999999999	0.17199999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0	200	400	600	800	1000	1200	1400	1600	1800	1470	1470	1470	1470	1470	1470	1470	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks Test #2 - 16 ft. Nail Length

Deseret Peaks Test #2 - 16 ft.	0	8.0000000000000002E-3	1.6E-2	2.7E-2	3.7999999999999999E-2	5.0999999999999997E-2	6.5000000000000002E-2	8.3000000000000004E-2	0.105	0.14099999999999999	0.17199999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0.17799999999999999	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	3.183098861837907	3.183098861837907	3.183098861837907	3.183098861837907	3.183098861837907	3.183098861837907	3.183098861837907	Displacement (in.)


Bond Strength (psi)




Ultimate Driven Nail Test #3 - 16 ft. Bond Zone
Force vs. Displacement
Project: Deseret Peaks

Field Test #3	0	0.01	0.02	0.03	4.1000000000000002E-2	5.2999999999999999E-2	6.5000000000000002E-2	7.4999999999999997E-2	8.5000000000000006E-2	9.7000000000000003E-2	0.11	0.121	0.13100000000000001	0.14000000000000001	0.16	0.25	0.254	0.254	0.254	0.254	0.254	0.254	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	2600	2800	2200	2200	2200	2200	2200	2200	2200	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks Test #3 - 16 ft. Nail Length

Deseret Peaks Test #3 - 16 ft.	0	0.01	0.02	0.03	4.1000000000000002E-2	5.2999999999999999E-2	6.5000000000000002E-2	7.4999999999999997E-2	8.5000000000000006E-2	9.7000000000000003E-2	0.11	0.121	0.13100000000000001	0.14000000000000001	0.16	0.25	0.254	0.254	0.254	0.254	0.254	0.254	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	4.3307467507998734	4.7638214258798612	5.1968961009598482	5.6299707760398352	6.0630454511198231	4.7638214258798612	4.7638214258798612	4.7638214258798612	4.7638214258798612	4.7638214258798612	4.7638214258798612	4.7638214258798612	Displacement (in.)


Bond Strength (psi)




Ultimate Driven Nail Test #4 - 16 ft. Bond Zone
Force vs. Displacement
Project: Deseret Peaks

Field Test #4	0	1.4E-2	2.7E-2	4.1999999999999996E-2	5.7499999999999996E-2	7.4999999999999997E-2	0.09	0.106	0.1225	0.13950000000000001	0.156	0.17149999999999999	0.1875	0.20450000000000002	0.22600000000000001	0.247	0.27200000000000002	0.29399999999999998	0.31950000000000001	0.35	0.38700000000000001	0.41749999999999998	0.41749999999999998	0.41899999999999998	0.42	0.42499999999999999	0.42649999999999999	0.43099999999999999	0.435	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	2600	2800	3000	3200	3400	3600	3800	4000	3800	3800	3800	3800	3800	3800	3800	3800	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks Test #4 -16 ft. Nail Length

Deseret Peaks Test #4 -16 ft.	0	1.4E-2	2.7E-2	4.1999999999999996E-2	5.7499999999999996E-2	7.4999999999999997E-2	0.09	0.106	0.1225	0.13950000000000001	0.156	0.17149999999999999	0.1875	0.20450000000000002	0.22600000000000001	0.247	0.27200000000000002	0.29399999999999998	0.31950000000000001	0.35	0.38700000000000001	0.41749999999999998	0.41749999999999998	0.41899999999999998	0.42	0.42499999999999999	0.42649999999999999	0.43099999999999999	0.435	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	4.3307467507998734	4.7638214258798612	5.1968961009598482	5.6299707760398352	6.0630454511198231	6.4961201261998101	6.9291948012797979	7.3622694763597849	7.7953441514397728	8.2284188265197589	8.6614935015997467	8.2284188265197589	8.2284188265197589	8.2284188265197589	8.2284188265197589	8.2284188265197589	8.2284188265197589	8.2284188265197589	8.2284188265197589	Displacement (in.)


Bond Strength (psi)




Ultimate Driven Nail Test #5 - 16 ft. Bond Zone
Force vs. Displacement
Project: Deseret Peaks

Field Test #5	0	8.0000000000000002E-3	1.6E-2	2.5999999999999999E-2	3.9E-2	5.1999999999999998E-2	6.7000000000000004E-2	8.2000000000000003E-2	0.1	0.112	0.125	0.13900000000000001	0.153	0.18	0.23400000000000001	0.27500000000000002	0.27500000000000002	0.27500000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0	200	400	600	800	1000	1200	1400	1600	1800	2000	2200	2400	2600	2800	2600	2600	2600	2600	2600	2600	2600	2600	



Bond Strength vs. Displacement
Skin Friction Mobilization Law
Deseret Peaks Test #5 - 16 ft. Nail Length

Deseret Peaks Test #5 - 16 ft.	0	8.0000000000000002E-3	1.6E-2	2.5999999999999999E-2	3.9E-2	5.1999999999999998E-2	6.7000000000000004E-2	8.2000000000000003E-2	0.1	0.112	0.125	0.13900000000000001	0.153	0.18	0.23400000000000001	0.27500000000000002	0.27500000000000002	0.27500000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0.27600000000000002	0	0.43307467507998737	0.86614935015997474	1.2992240252399621	1.7322987003199495	2.1653733753999367	2.5984480504799241	3.0315227255599115	3.464597400639899	3.8976720757198864	4.3307467507998734	4.7638214258798612	5.1968961009598482	5.6299707760398352	6.0630454511198231	5.6299707760398352	5.6299707760398352	5.6299707760398352	5.6299707760398352	5.6299707760398352	5.6299707760398352	5.6299707760398352	5.6299707760398352	Displacement (in.)


Bond Strength (psi)




image52.emf
Ultimate Driven Soil Nail Test #7 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000

200 49 0.38 12.5 6.3 0 0.012 0.012

400 98 0.76 25.0 12.5 0 0.026 0.026

600 146 1.14 37.5 18.8 0 0.039 0.039

800 195 1.52 50.0 25.0 0 0.055 0.055

1000 244 1.89 62.5 31.3 0 0.070 0.070

1200 293 2.27 75.0 37.5 0 0.088 0.088

1400 342 2.65 87.5 43.8 0 0.107 0.107

1600 391 3.03 100.0 50.0 0 0.127 0.127

1800 439 3.41 112.5 56.3 0 0.146 0.146

2000 488 3.79 125.0 62.5 0 0.165 0.165

2200 537 4.17 137.5 68.8 0 0.183 0.183

2400 586 4.55 150.0 75.0 0 0.200 0.200

2600 635 4.92 162.5 81.3 0 0.225 0.225

2400 586 4.55 150.0 75.0 0 0.260 0.260

2400 586 4.55 150.0 75.0 1 0.260 0.260

2400 586 4.55 150.0 75.0 2 0.260 0.260

2400 586 4.55 150.0 75.0 3 0.260 0.260

2400 586 4.55 150.0 75.0 4 0.260 0.260

2400 586 4.55 150.0 75.0 5 0.260 0.260

2400 586 4.55 150.0 75.0 6 0.260 0.260

2400 586 4.55 150.0 75.0 10 0.260 0.260

200 49 0.38 12.5 6.3 0 0.031 0.031
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5th East Apts - Test #1 : 4.421 2.741 0.62 0.620 1.310 2.1 4.4 2.4 1.8

5th East Apts - Test #2 : 3.537 2.090 0.59 0.160 0.320 2.0 13.1 9.0 1.4

Brix Apts - Test #1 : 3.410 2.930 0.86 0.080 0.135 1.7 36.6 8.7 4.2

Brix Apts - Test #2 : 4.168 3.080 0.74 0.100 0.244 2.4 30.8 7.6 4.1

Brix Apts - Test #3 : 3.789 3.070 0.81 0.200 0.305 1.5 15.4 6.8 2.2

Crossing @ 9th - Test #1 : 3.032 2.250 0.74 0.040 0.236 5.9 56.3 4.0 14.1

Crossing @ 9th - Test #2 : 2.274 1.770 0.78 0.040 0.083 2.1 44.3 11.7 3.8

Crossing @ 9th - Test #3 : 2.653 1.500 0.57 0.035 0.237 6.8 42.9 5.7 7.5

Crossing @ 9th - Test #4 : 2.084 1.440 0.69 0.110 0.286 2.6 13.1 3.7 3.6

Crossing @ 9th - Test #5 : 7.200 4.200 0.58 0.262 0.567 2.2 16.0 9.8 1.6

Gale St. Apts - Test #1 : 4.889 2.540 0.52 0.018 0.081 4.5 141.1 37.3 3.8

Gale St. Apts - Test #2 : 4.889 2.930 0.60 0.063 0.142 2.3 46.5 24.8 1.9

Gale St. Apts - Test #3 : 4.889 2.250 0.46 0.038 0.130 3.4 59.2 28.7 2.1

Whitney Apts - Test #1 : 6.400 3.520 0.55 0.095 0.214 2.3 37.1 24.2 1.5

Whitney Apts - Test #2 : 10.105 7.000 0.69 0.095 0.211 2.2 73.7 26.8 2.8

Whitney Apts - Test #3 : 4.850 2.430 0.50 0.058 0.140 2.4 41.9 29.5 1.4

Whitney Apts - Test #4 : 5.821 3.380 0.58 0.050 0.110 2.2 67.6 40.7 1.7

Whitney Apts - Test #5 : 5.495 2.750 0.50 0.075 0.350 4.7 36.7 10.0 3.7

Whitney Apts - Test #6 : 6.631 5.240 0.79 0.098 0.257 2.6 53.5 8.7 6.1

144 So. Apts - Test #1 : 4.547 3.320 0.73 0.075 0.172 2.3 44.3 12.6 3.5

144 So. Apts - Test #2 : 1.895 0.760 0.40 0.050 0.246 4.9 15.2 5.8 2.6

144 So. Apts - Test #3 : 4.168 1.710 0.41 0.030 0.198 6.6 57.0 14.6 3.9

Cottonwood Broadway - Test #1 : 4.580 3.660 0.80 0.170 0.260 1.5 21.5 10.2 2.1

Cottonwood Broadway - Test #2 : 2.750 1.710 0.62 0.029 0.056 1.9 59.0 38.5 1.5

Cottonwood Broadway - Test #3 : 2.750 1.800 0.65 0.034 0.058 1.7 52.9 39.6 1.3

Renaissance Apts - Test #1 : 7.280 5.700 0.78 0.051 0.131 2.6 111.8 19.8 5.7

Renaissance Apts - Test #2 : 7.680 6.750 0.88 0.080 0.195 2.4 84.4 8.1 10.4

Renaissance Apts - Test #3 : 5.457 4.650 0.85 0.025 0.125 5.0 186.0 8.1 23.0

Snow Addition - Test #1 : 2.932 2.150 0.73 0.060 0.137 2.3 35.8 10.2 3.5

Snow Addition - Test #2 : 4.890 4.400 0.90 0.069 0.096 1.4 63.8 18.1 3.5

Snow Addition - Test #3 : 3.670 2.760 0.75 0.063 0.130 2.1 43.8 13.6 3.2

Snow Addition - Test #4 : 3.670 2.760 0.75 0.063 0.094 1.5 43.8 29.4 1.5

The Exchange  - Test #1 : 9.726 4.377 0.45 0.075 0.420 5.6 58.4 15.5 3.8

The Exchange  - Test #2 : 8.842 6.100 0.69 0.280 0.480 1.7 21.8 13.7 1.6

The Exchange  - Test #3 : 7.958 6.526 0.82 0.070 0.160 2.3 93.2 15.9 5.9

West Quarter - Test #1 : 2.566 1.540 0.60 0.190 0.450 2.4 8.1 3.9 2.1

Deseret Peaks - Test #1 6.496 4.030 0.62 0.072 0.163 2.3 56.0 27.1 2.1

Deseret Peaks - Test #2 3.898 2.880 0.74 0.060 0.141 2.4 48.0 12.6 3.8

Deseret Peaks - Test #3 6.063 3.300 0.54 0.078 0.160 2.1 42.3 33.7 1.3

Deseret Peaks - Test #4 8.661 6.150 0.71 0.215 0.387 1.8 28.6 14.6 2.0

Deseret Peaks - Test #5 6.063 5.300 0.87 0.153 0.234 1.5 34.6 9.4 3.7

Deseret Peaks - Test #6 6.063 3.500 0.58 0.085 0.198 2.3 41.2 22.7 1.8

Deseret Peaks - Test #7 5.630 3.200 0.57 0.092 0.225 2.4 34.8 18.3 1.9

Maximum Values: 10.105 7.000 0.90 0.620 1.310 6.8 186.0 40.7 23.0

Minimum Values: 1.895 0.760 0.40 0.018 0.056 1.4 4.4 2.4 1.3

Average Values: 5.088 3.399 0.67 0.102 0.239 2.8 49.2 16.7 3.8

Project Name & Test No.
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Materidl | Construction Method |  SollRockType |  Stengih.
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Softdolomite 200 600
Fissured dolonite 00 1000
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Ultimate Driven Soil Nail Test #1

Project: _Goodsell Dissertation 19Mar-19
Location: _Salt Lake Gity, UT Wark Goodsell
Drilled Date: 18- Mar-19
Total Bar Length 15 ft Ultimate Bond strength: psi
Bar Size: _#8 Threadbar GR75 Bond strength per Linear Foot: 50 3
Bar Diameter: 10 Allowable Bond strength: 159 pi
Factor of Safety: 20 Allowable Design Load: 500 Ibs.
Toad
n[Calculated [Calculated| Bond | UIt. Bond] Allow Bond] Elapsed Comments

Pressure | Pressure | load | Stress | Strength | Strength | Time | Gaugel

(psi) (psi) (bs) | (psi) | Ubyft) | (b/ft) |(minutes)| (Gin)
1 100 225 | 040 | 152 75 o 0515 Alignment Load
157 200 50 | 1235 | sa0 | 270 o 078
283 300 1395 | 245 | s25 | 4ss o 1043
68 570 1501 | 318 | 1201 | 600 o 1128

= = 2267 Failed
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Ultimate Driven Soil Nail Test #2

Project: _Goodsell Dissertation TestDate:___19-Mar-19
Location: _Salt Lake Gity, UT Performed by: _ Mark Goodsell
Drilled Date: ___18-Mar19
5 " Ultimate Bond strengt 372 psi
5 Rebar GRG0 Bond strength per Linear For 70 3
Bar Diameter in Allowable Bond strengt 186 pi
Factor of Safety: Allowable Design Load: 1051 Ibs.
Toad Movement
Calibration|Calculated| Applied |Calculated] Bond | UIt. Bond| Allow Bond| Elapsed | Dial Ave. Nai Comments
Load | Pressure | Pressure | Load | Stress | Strength | Strength | Time | Gaugel| Gauge2 | Movement
bs) | (psi) (psi) (bs) | (psi) | (b/ft) | (b/f) |(minutes)| (in) | (in) (in)
1000 1 100 537 | 16 | 625 | 312 o 0189 | 0152 | o151 ‘Alignment Load
1500 157 200 1519 | 265 | 1015 | s06 o 0285 | 0208 | 0227
2000 | 283 300 2102 | 372 | 1e01 | 701 o 032¢ | 0307 | 0316
2500|368 570 2510 FAILED
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SOIL BEHAVIOR TYPE OR ZONE NUMBER FROM CPT
CLASSIFICATION INDEX, *Ic

Soil Classification ZoneNo* ___ Range of CPT Index */, Values
‘Organic Clay Soils 2 1>322

Clays 3 282<1,<322

Silt Mixtures 4 254<1,<282

Sand Mixtures 5 190</,<254

Sands 6 125<1,<190
Gravelly Sands 7 1<125
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image15.png
Avg. Measured Ultimate

Avg. Standard CPT Push
Sleeve Frictionin

Avg. Standard CPT Pull
Sleeve Frictionin

Bond Strength from Cohesive Soils, f Cohesive Soils
Project Name Driven Nail Field Tests (Standard CPT Tip) (Standard CPT Tip)

(psi) (psi) (psi)
Cottonwood Broadway 3.49 3.80 3.14
West Quarter 2.77 1.69 2.60
The Exchange A&B - Test 1 7.61 5.65 7.61
The Exchange A&B - Test 2 7.61 6.48 7.78
5th East Apartments 3.37 3.88 2.72
Gale Street Apartments 4.89 6.19 5.00
Snow Addition 3.76 3.76 6.04
Crossing at 9th 3.45 5.21 3.54
Whitney Apartments 5.31 2.80 0.91
Brix Apartments 3.79 3.54 2.33
Renaissance Towne Center 6.80 9.13 7.85
144 South Apartments 4.36 5.22 2.99
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Avg. Measured Ultimate

Avg. Friction CPT Push
Sleeve Frictionin

Avg. Friction CPT Pull
Sleeve Frictionin

Bond Strength from Cohesive Soils, f Cohesive Soils
Project Name Driven Nail Field Tests (Friction CPT Tip) (Friction CPT Tip)

(psi) (psi) (psi)
Cottonwood Broadway 3.49 2.04 3.14
West Quarter 2.77 3.59 2.60
The Exchange A&B - Test 1 7.61 4.89 7.98
The Exchange A&B - Test 2 7.61 6.48 8.19
5th East Apartments 3.37 5.04 3.19
Gale Street Apartments 4.89 6.37 4.80
Snow Addition 3.76 1.74 4.19
Crossing at 9th 3.45 4.98 4.41
Whitney Apartments 5.31 4.47 5.47
Brix Apartments 3.79 1.42 3.33
Renaissance Towne Center 6.80 5.43 7.49
144 South Apartments 4.36 3.42 3.58
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Standard Ultimate CPT Sleeve At-Rest  Over Shear  CPT tip CPT Sleeve

Cone Penetrometer Driven  Friction Pull Soil Index Phi Angle Earth Pressure Consolidation Strength Resistance Friction Push

Test Nail Test

(f

p

)

Number (θ)

Coefficient  (K

0

)

Ratio (OCR)

(S

u

) (q

t

) (f

s

)

Project Name (psi) (psi)

(I

c

)

(degress) -- -- (psi) (psi) (psi)

Cottonwood Broadway 3.49 3.14 2.59 31.3 0.480 6.401 1906 28.6 3.8

West Quarter 2.77 2.60 2.57 31.9 0.471 3.263 999 20.17 1.69

The Exchange A&B - Test 1 7.61 7.61 2.73 39.0 0.371 6.165 1959 30.88 5.65

The Exchange A&B - Test 2 7.61 7.78 2.74 35.8 0.416 7.451 2029 32.01 6.48

5th East Apartments 3.37 2.72 2.75 32.3 0.467 6.246 1182 20.9 3.88

Gale Street Apartments 4.89 5.00 2.81 30.7 0.490 7.813 1730 27.77 6.19

Snow Addition 3.76 6.04 2.65 30.4 0.493 9.101 1268 19.87 3.76

Crossing at 9th 3.45 3.54 2.82 31.0 0.485 12.552 1147 17.76 5.21

Whitney Apartments 5.31 0.91 3.45 28.0 0.531 1.786 513 9.07 2.8

Brix Apartments 3.79 2.33 3.03 28.7 0.519 5.031 744 12.22 3.54

Renaissance Towne Center 6.80 7.85 2.67 50.7 0.228 11.276 2719 41.8 9.13

144 South Apartments 4.36 2.99 2.47 32.9 0.457 25.830 1317 23.2 5.22
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Friction Ultimate CPT Sleeve At-Rest  Over Shear  CPT tip CPT Sleeve

Cone Penetrometer Driven  Friction Pull Soil Index Phi Angle Earth Pressure Consolidation Strength Resistance Friction Push

Test Nail Test

(f

p

)

Number (θ)

Coefficient  (K

0

)

Ratio (OCR)

(S

u

) (q

t

) (f

s

)

Project Name (psi) (psi)

(I

c

)

(degress) -- -- (psi) (psi) (psi)

Cottonwood Broadway

3.49 3.14 2.26 33.9 0.442 1.825 1358 33.22 2.04

West Quarter

2.77 2.60 3.67 21.2 0.639 1.613 441 7.73 3.59

The Exchange A&B - Test 1

7.61 7.98 2.34 37.7 0.388 1.234 149 48.57 4.89

The Exchange A&B - Test 2

7.61 8.19 2.74 35.8 0.416 6.431 2029 32.01 6.48

5th East Apartments

3.37 3.19 2.11 34.1 0.461 1.086 0 51.39 5.04

Gale Street Apartments

4.89 4.80 2.49 32.9 0.429 0.896 487 42.87 6.37

Snow Addition

3.76 4.19 2.14 31.8 0.473 0.907 0 26.08 1.74

Crossing at 9th

3.45 4.41 1.95 36.2 0.409 1.638 0 57.78 4.98

Whitney Apartments

5.31 5.47 2 34.9 0.428 2.118 1040 75.68 4.47

Brix Apartments

3.79 3.33 2.57 29.3 0.510 5.313 770 14 1.42

Renaissance Towne Center

6.80 7.49 2.26 40.0 0.362 1.451 2393 47.62 5.43

144 South Apartments

4.36 3.58 1.92 35.5 0.420 1.767 0 37.86 3.42
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CPT Pull Sleeve  Soil Index,  Phi Angle,  At-Rest OCR Shear  CPT Tip  Push Sleeve 

Friction, fp Ic θ

K

0

Strength, Su Resistance, qt Friction, fs

x
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Soil Index, I

c

x
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-0.504

0.114

Phi Angle, 

θ

x

3

0.730 -0.382

0.011 0.246

K

0

x

4

-0.749 0.407 -0.999

0.008 0.214 0.000

OCR x

5

0.556 -0.446 0.456 -0.456

0.076 0.169 0.548 0.159

Shear Strength, S

u

x

6

0.834 -0.590 0.831 -0.842 0.545

0.001 0.056 0.002 0.001 0.083

CPT Tip Resistance, q

t

x

7

0.825 -0.635 0.845 -0.857 0.492 0.990

0.002 0.036 0.001 0.001 0.124 0.000

Push Sleeve  x

8

0.786 -0.226 0.801 -0.799 0.696 0.841 0.806

Friction, f

s

0.004 0.504 0.003 0.003 0.017 0.001 0.003

Ultimate Driven  y 0.745 0.094 0.629 -0.640 0.117 0.614 0.595 0.696

Nail Test, q

u

0.009 0.784 0.038 0.034 0.732 0.045 0.054 0.017

Cell Contents:Pearson Correlation

P-Value

Correlation 0 < C < 1 - Positive Correlation (0.7 - 1.0 considered significant for this research)

Correlation 0 - No Correlation - Not Significant

Correlation -1 < C < 0 - Negative Correlation - Not Significant

P-Value < 0.05 - Significant

P-Value > 0.05 - Not Significant

Potential Multicollinearity
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CPT Pull Sleeve Soil Index,  Phi Angle,  At-Rest OCR Shear  CPT Tip  Push Sleeve 

Friction, f

p

I

c

θ
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Friction, f

s

x
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8

Soil Index, I

c

x

2

0.136

0.674

Phi Angle, 

θ

x

3

0.649 -0.342

0.022 0.277

K

0

x

4

-0.657 0.369 -0.999

0.020 0.238 0.000

OCR x

5

-0.055 -0.527 0.193 -0.201

0.866 0.078 0.548 0.531

Shear Strength, S

u

x

6

0.619 -0.519 0.831 -0.841 0.202

0.032 0.084 0.001 0.001 0.529

CPT Tip Resistance, q

t

x

7

0.585 -0.583 0.845 -0.857 0.225 0.988

0.046 0.047 0.001 0.000 0.483 0.000

Push Sleeve  x

8

0.707 -0.235 0.795 -0.795 0.400 0.832 0.802

Friction, f

s

0.010 0.462 0.002 0.002 0.198 0.001 0.002

Ultimate Driven  y 0.972 0.115 0.630 -0.640 -0.009 0.616 0.594 0.687

Nail Test, q

u

0.000 0.723 0.028 0.025 0.978 0.033 0.042 0.014

Cell Contents:Pearson Correlation

P-Value

Correlation 0 < C < 1 - Positive Correlation (0.7 - 1.0 considered significant for this research)

Correlation 0 - No Correlation - Not Significant

Correlation -1 < C < 0 - Negative Correlation - Not Significant

P-Value < 0.05 - Significant

P-Value > 0.05 - Not Significant

Potential Multicollinearity
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CPT Pull Sleeve Soil Index Phi Angle At-Rest OCR Shear CPT Tip Push Sleeve

Friction, f

p
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c

θ K
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Friction, f
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x
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Soil Index, I

c

x

2

-0.103

0.750

Phi Angle, 

θ

x

3

0.656 -0.762

0.020 0.004

K

0

x

4

-0.659 0.756 -0.987

0.020 0.004 0.000

OCR x

5

0.254 0.263 -0.058 0.060

0.426 0.409 0.859 0.853

Shear Strength, S

u

x

6

0.527 0.166 0.298 -0.286 0.472

0.078 0.606 0.348 0.367 0.121

CPT Tip Resistance, q

t

x

7

0.368 -0.700 0.703 -0.694 -0.321 0.012

0.240 0.011 0.011 0.012 0.309 0.970

Push Sleeve  x

8

0.616 0.012 0.429 -0.444 -0.004 0.258 0.502

Friction, f

s

0.033 0.971 0.165 0.148 0.990 0.419 0.097

Ultimate Driven  y 0.972 -0.085 0.636 -0.644 0.298 0.534 0.315 0.576

Nail Test, q

u

0.000 0.794 0.026 0.024 0.347 0.074 0.319 0.050

Cell Contents:Pearson Correlation

P-Value

Correlation 0 < C < 1 - Positive Correlation (0.7 - 1.0 considered significant for this research)

Correlation 0 - No Correlation - Not Significant

Correlation -1 < C < 0 - Negative Correlation - Not Significant

P-Value < 0.05 - Significant

P-Value > 0.05 - Not Significant

Potential Multicollinearity
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Vars

R

2

R

2

 (adj)

PRESS

R

2

 (pred)

Mallows C

p

S AICc BIC Cond. No.

f

p

I

c

θ'

k

0

OCR

S

u

q

t

f

s

1 55.4 50.5 24.2 23.9 172.1 1.25643.455 41.22 1 X

1 48.4 42.7 23.4 26.7 200.4 1.35245.06542.831 1 X

2 84.9 81.1 9.5 70.2 55.9 0.77736.81731.742 3.029 X X

2 74.5 68.1 15.3 52 97.5 1.00842.54837.473 5.573 X X

3 90.5 86.4 5.8 81.6 35.2 0.65739.01629.006 4.616 X X X

3 90.4 86.2 9.1 71.3 35.8 0.66339.19529.185 14.872 X X X

4 95.6 92.6 7.5 76.5 16.7 0.48441.58922.977 18.504 X X X X

4 95.3 92.2 7.5 76.4 17.8 0.49842.21223.599 17.471 X X X X

5 98.5 97.0 96.5 0 7.1 0.31248.22713.679 7135.063 X X X X X

5 97.8 95.5 55.5 0 10 0.378 52.45 17.902 7218.278 X X X X X

6 99.5 98.7 104.5 0 5.1 0.20673.351 4.534 10390.09 X X X X X X

6 99.4 98.6 81.5 0 5.3 0.211 73.89 5.082 10415.83 X X X X X X

7 99.5 98.3 103.2 0 7 0.230182.61 6.193 12733.51 X X X X X X X

7 99.5 98.3 114.3 0 7.1 0.235183.05 6.633 12354.32 X X X X X X X X

8 99.5 97.5 159.0 0 9 0.282 -- 8.559 14981.96 X X X X X X X X
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Vars R

2

R

2

 (adj) PRESS R

2

 (pred)

Mallows C

p

S AICc BIC Cond. No.

f

p

I

c

θ'

k

0

OCR

S

u

q

t

f

s

1 94.5 93.9 2.3 92.9 -1.9 0.42020.08718.541 1 X

1 47.2 41.9 23.1 27.9 50.4 1.30047.18645.641 1 X

2 94.7 93.5 7.5 76.6 -0.1 0.43524.36820.593 1.115 X X

2 94.6 93.4 2.6 92 0.0 0.439 24.58 20.806 3.817 X X

3 95.0 93.2 3.7 88.5 1.5 0.44629.79822.222 225.407 X X X

3 94.8 92.8 14.3 55.4 1.8 0.45630.365 22.79 10.921 X X X

4 95.3 92.7 3.6 88.8 3.2 0.463 37.89 23.999 337.036 X X X X

4 95.3 92.6 3.6 88.8 3.2 0.463 37.92 24.03 325.098 X X X X

5 96.4 93.3 29.3 8.6 4.0 0.44048.06323.457 90.892 X X X X X

5 95.6 91.9 5.4 83.1 4.9 0.48550.39925.793 453.296 X X X X X

6 96.6 92.6 46.5 0 5.7 0.46569.19225.071 420.141 X X X X X X

6 96.5 92.3 33.1 0 5.9 0.47269.56825.447 120.252 X X X X X X

7 97.0 91.9 124.4 0 7.3 0.487111.6125.972 22630.33 X X X X X X X

7 97.0 91.6 46.3 0 7.4 0.493111.9426.304 611.687 X X X X X X X

8 97.3 90.1 120.9 0 9.0 0.538242.5627.407 29052.94 X X X X X X X X
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Vars R

2

R

2

 (adj) PRESS R

2

 (pred)

Mallows C

p

S AICc BIC Cond. No.

f

p

I

c

θ'

k

0

OCR

S

u

q

t

f

s

1 94.5 93.9 2.3 92.9 -4.4 0.42020.08718.541 1 X

1 41.5 35.6 35.0 0 29.8 1.37048.416 46.87 1 X

2 94.8 93.6 2.5 92.3 -2.6 0.43224.175 20.4 1.681 X X

2 94.7 93.5 2.6 91.8 -2.6 0.43524.33420.559 2.162 X X

3 94.9 93.0 3.4 89.5 -0.7 0.45330.166 22.59 10.336 X X X

3 94.8 92.9 3.5 89.2 -0.7 0.45530.30722.732 10.598 X X X

4 95.0 92.2 3.4 89.3 1.2 0.47738.60624.715 44.295 X X X X

4 95.0 92.2 3.7 88.6 1.2 0.47738.64224.752 10.364 X X X X

5 95.2 91.2 3.7 88.5 3.1 0.50651.385 26.78 56.916 X X X X X

5 95.1 91.1 5.9 81.6 3.1 0.51151.60426.999 63.491 X X X X X

6 95.3 89.7 5.0 84.3 5.0 0.54873.09628.976 81.896 X X X X X X

6 95.2 89.5 5.6 82.6 5.1 0.553 73.33 29.209 262.024 X X X X X X

7 95.4 87.2 12.2 62 7.0 0.610117.0231.387 197.535 X X X X X X X

7 95.3 87.1 8.2 74.4 7.0 0.612117.0931.455 279.56 X X X X X X X

8 95.4 83.0 48.8 0 9.0 0.705249.02 33.87 330.059 X X X X X X X X
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Consolidated Undrained Direct Simple Shear Testing for Cohesive Soils
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(psi) (psi) % (in.) (in.) (ratio) (psi/in.) (psi/in.) (ratio)

5th East Apts - Test #1 : 4.421 2.741 0.62 0.620 1.310 2.1 4.4 2.4 1.8

5th East Apts - Test #2 : 3.537 2.090 0.59 0.160 0.320 2.0 13.1 9.0 1.4

Brix Apts - Test #1 : 3.410 2.930 0.86 0.080 0.135 1.7 36.6 8.7 4.2

Brix Apts - Test #2 : 4.168 3.080 0.74 0.100 0.244 2.4 30.8 7.6 4.1

Brix Apts - Test #3 : 3.789 3.070 0.81 0.200 0.305 1.5 15.4 6.8 2.2

Crossing @ 9th - Test #1 : 3.032 2.250 0.74 0.040 0.236 5.9 56.3 4.0 14.1

Crossing @ 9th - Test #2 : 2.274 1.770 0.78 0.040 0.083 2.1 44.3 11.7 3.8

Crossing @ 9th - Test #3 : 2.653 1.500 0.57 0.035 0.237 6.8 42.9 5.7 7.5

Crossing @ 9th - Test #4 : 2.084 1.440 0.69 0.110 0.286 2.6 13.1 3.7 3.6

Crossing @ 9th - Test #5 : 7.200 4.200 0.58 0.262 0.567 2.2 16.0 9.8 1.6

Gale St. Apts - Test #1 : 4.889 2.540 0.52 0.018 0.081 4.5 141.1 37.3 3.8

Gale St. Apts - Test #2 : 4.889 2.930 0.60 0.063 0.142 2.3 46.5 24.8 1.9

Gale St. Apts - Test #3 : 4.889 2.250 0.46 0.038 0.130 3.4 59.2 28.7 2.1

Whitney Apts - Test #1 : 6.400 3.520 0.55 0.095 0.214 2.3 37.1 24.2 1.5

Whitney Apts - Test #2 : 10.105 7.000 0.69 0.095 0.211 2.2 73.7 26.8 2.8

Whitney Apts - Test #3 : 4.850 2.430 0.50 0.058 0.140 2.4 41.9 29.5 1.4

Whitney Apts - Test #4 : 5.821 3.380 0.58 0.050 0.110 2.2 67.6 40.7 1.7

Whitney Apts - Test #5 : 5.495 2.750 0.50 0.075 0.350 4.7 36.7 10.0 3.7

Whitney Apts - Test #6 : 6.631 5.240 0.79 0.098 0.257 2.6 53.5 8.7 6.1

144 So. Apts - Test #1 : 4.547 3.320 0.73 0.075 0.172 2.3 44.3 12.6 3.5

144 So. Apts - Test #2 : 1.895 0.760 0.40 0.050 0.246 4.9 15.2 5.8 2.6

144 So. Apts - Test #3 : 4.168 1.710 0.41 0.030 0.198 6.6 57.0 14.6 3.9

Cottonwood Broadway - Test #1 : 4.580 3.660 0.80 0.170 0.260 1.5 21.5 10.2 2.1

Cottonwood Broadway - Test #2 : 2.750 1.710 0.62 0.029 0.056 1.9 59.0 38.5 1.5

Cottonwood Broadway - Test #3 : 2.750 1.800 0.65 0.034 0.058 1.7 52.9 39.6 1.3

Renaissance Apts - Test #1 : 7.280 5.700 0.78 0.051 0.131 2.6 111.8 19.8 5.7

Renaissance Apts - Test #2 : 7.680 6.750 0.88 0.080 0.195 2.4 84.4 8.1 10.4

Renaissance Apts - Test #3 : 5.457 4.650 0.85 0.025 0.125 5.0 186.0 8.1 23.0

Snow Addition - Test #1 : 2.932 2.150 0.73 0.060 0.137 2.3 35.8 10.2 3.5

Snow Addition - Test #2 : 4.890 4.400 0.90 0.069 0.096 1.4 63.8 18.1 3.5

Snow Addition - Test #3 : 3.670 2.760 0.75 0.063 0.130 2.1 43.8 13.6 3.2

Snow Addition - Test #4 : 3.670 2.760 0.75 0.063 0.094 1.5 43.8 29.4 1.5

The Exchange  - Test #1 : 9.726 4.377 0.45 0.075 0.420 5.6 58.4 15.5 3.8

The Exchange  - Test #2 : 8.842 6.100 0.69 0.280 0.480 1.7 21.8 13.7 1.6

The Exchange  - Test #3 : 7.958 6.526 0.82 0.070 0.160 2.3 93.2 15.9 5.9

West Quarter - Test #1 : 2.566 1.540 0.60 0.190 0.450 2.4 8.1 3.9 2.1

Maximum Values: 10.105 7.000 0.90 0.620 1.310 6.8 186.0 40.7 23.0

Minimum Values: 1.895 0.760 0.40 0.018 0.056 1.4 4.4 2.4 1.3

Average Values: 4.886 3.272 0.67 0.101 0.244 2.9 50.9 16.1 4.1

Project Name & Test No.
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Ultimate Shear

Load Nail Length Bond Strength Stiffness

(lbs) (ft) lb/ft lb/ft/ft

5th East Apts - Test #1 : 2500 15 167 1527

5th East Apts - Test #2 : 2000 15 133 5000

Brix Apts - Test #1 : 1800 16 113 10000

Brix Apts - Test #2 : 2200 16 138 6762

Brix Apts - Test #3 : 2000 16 125 4918

Crossing @ 9th - Test #1 : 800.0 8 100 5085

Crossing @ 9th - Test #2 : 900.0 12 75 10843

Crossing @ 9th - Test #3 : 1050 12 88 4430

Crossing @ 9th - Test #4 : 1100 16 69 2885

Crossing @ 9th - Test #5 : 3800 16 238 5026

Gale St. Apts - Test #1 : 2419 15 161 23891

Gale St. Apts - Test #2 : 2419 15 161 13628

Gale St. Apts - Test #3 : 2419 15 161 14886

Whitney Apts - Test #1 : 1900 9 211 11838

Whitney Apts - Test #2 : 3000 9 333 18957

Whitney Apts - Test #3 : 2000 13 160 13714

Whitney Apts - Test #4 : 2400 13 192 20945

Whitney Apts - Test #5 : 2900 16 181 6214

Whitney Apts - Test #6 : 3500 16 219 10214

144 So. Apts - Test #1 : 2400 16 150 10465

144 So. Apts - Test #2 : 1000 16 63 3049

144 So. Apts - Test #3 : 2200 16 138 8333

Cottonwood Broadway - Test #1 : 2419 16 151 6978

Cottonwood Broadway - Test #2 : 1451 16 91 19433

Cottonwood Broadway - Test #3 : 1451 16 91 18763

Renaissance Apts - Test #1 : 1200 5 240 21985

Renaissance Apts - Test #2 : 3800 15 253 15590

Renaissance Apts - Test #3 : 2700 15 180 17280

Snow Addition - Test #1 : 1451 15 97 8473

Snow Addition - Test #2 : 2419 15 161 20158

Snow Addition - Test #3 : 1935 16 121 11163

Snow Addition - Test #4 : 1935 16 121 15439

The Exchange  - Test #1 : 5500 15 367 10476

The Exchange  - Test #2 : 5000 15 333 8333

The Exchange  - Test #3 : 4500 15 300 22500

West Quarter - Test #1 : 1451 15 97 2580

Maximum Values: 5500 16 367 23891

Minimum Values: 800 5 63 1527

Average Values: 2331 14 169 11505

Project Name & Test No.
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Ultimate Driven Soil Nail Test #1 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000

200 49 0.38 12.5 6.3 0 0.006 0.006

400 98 0.76 25.0 12.5 0 0.013 0.013

600 146 1.14 37.5 18.8 0 0.021 0.021

800 195 1.52 50.0 25.0 0 0.030 0.030

1000 244 1.89 62.5 31.3 0 0.039 0.039

1200 293 2.27 75.0 37.5 0 0.048 0.048

1400 342 2.65 87.5 43.8 0 0.056 0.056

1600 391 3.03 100.0 50.0 0 0.066 0.066

1800 439 3.41 112.5 56.3 0 0.076 0.076

2000 488 3.79 125.0 62.5 0 0.087 0.087

2200 537 4.17 137.5 68.8 0 0.101 0.101

2400 586 4.55 150.0 75.0 0 0.116 0.116

2600 635 4.92 162.5 81.3 0 0.130 0.130

2800 683 5.30 175.0 87.5 0 0.145 0.145

3000 732 5.68 187.5 93.8 0 0.163 0.163

2853 696 5.40 178.3 89.2 0 0.187 0.187

2853 696 5.40 178.3 89.2 1 0.187 0.187

2853 696 5.40 178.3 89.2 2 0.187 0.187

2853 696 5.40 178.3 89.2 3 0.187 0.187

2853 696 5.40 178.3 89.2 4 0.187 0.187

2853 696 5.40 178.3 89.2 5 0.187 0.187

2853 696 5.40 178.3 89.2 6 0.187 0.187

2853 696 5.40 178.3 89.2 10 0.187 0.187

200 49 0.38 12.5 6.3 0 0.125 0.125

Movement

Comments



2.84

1500

Goodsell Dissertation

16

#7 Rebar GR60

0.875

2.0

9/13/2024

9/14/2024

Mark Goodsell



5.68

93.8



Ultimate Load


image47.emf
Ultimate Driven Soil Nail Test #2 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000

200 49 0.38 12.5 6.3 0 0.008 0.008

400 98 0.76 25.0 12.5 0 0.016 0.016

600 146 1.14 37.5 18.8 0 0.027 0.027

800 195 1.52 50.0 25.0 0 0.038 0.038

1000 244 1.89 62.5 31.3 0 0.051 0.051

1200 293 2.27 75.0 37.5 0 0.065 0.065

1400 342 2.65 87.5 43.8 0 0.083 0.083

1600 391 3.03 100.0 50.0 0 0.105 0.105

1800 439 3.41 112.5 56.3 0 0.141 0.141

1470 359 2.78 91.9 45.9 0 0.172 0.172

1470 359 2.78 91.9 45.9 1 0.178 0.178

1470 359 2.78 91.9 45.9 2 0.178 0.178

1470 359 2.78 91.9 45.9 3 0.178 0.178

1470 359 2.78 91.9 45.9 4 0.178 0.178

1470 359 2.78 91.9 45.9 5 0.178 0.178

1470 359 2.78 91.9 45.9 6 0.178 0.178

1470 359 2.78 91.9 45.9 10 0.178 0.178

200 49 0.38 12.5 6.3 2 0.135 0.135

3.41

56.3



9/13/2024

9/14/2024

Mark Goodsell



Ultimate Load



Goodsell Dissertation

16

#7 Rebar GR60

0.875

2.0

Movement

Comments



1.70

900
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Ultimate Driven Soil Nail Test #3 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000

200 49 0.38 12.5 6.3 0 0.01 0.010

400 98 0.76 25.0 12.5 0 0.020 0.020

600 146 1.14 37.5 18.8 0 0.030 0.030

800 195 1.52 50.0 25.0 0 0.041 0.041

1000 244 1.89 62.5 31.3 0 0.053 0.053

1200 293 2.27 75.0 37.5 0 0.065 0.065

1400 342 2.65 87.5 43.8 0 0.075 0.075

1600 391 3.03 100.0 50.0 0 0.085 0.085

1800 439 3.41 112.5 56.3 0 0.097 0.097

2000 488 3.79 125.0 62.5 0 0.110 0.110

2200 537 4.17 137.5 68.8 0 0.121 0.121

2400 586 4.55 150.0 75.0 0 0.131 0.131

2600 635 4.92 162.5 81.3 0 0.140 0.140

2800 683 5.30 175.0 87.5 0 0.160 0.160

2200 537 4.17 137.5 68.8 0 0.250 0.250

2200 537 4.17 137.5 68.8 1 0.253 0.253

2200 537 4.17 137.5 68.8 2 0.254 0.254

2200 537 4.17 137.5 68.8 3 0.254 0.254

2200 537 4.17 137.5 68.8 4 0.254 0.254

2200 537 4.17 137.5 68.8 5 0.254 0.254

2200 537 4.17 137.5 68.8 6 0.254 0.254

2200 537 4.17 137.5 68.8 10 0.254 0.254

200 49 0.38 12.5 6.3 0 0.175 0.175

Movement

Comments



2.65

1400

Goodsell Dissertation

16

#7 Rebar GR60

0.875

2.0

9/13/2024

9/14/2024

Mark Goodsell



5.30

87.5



Ultimate Load
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Ultimate Driven Soil Nail Test #4 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000 0.000

200 49 0.38 12.5 6.3 0 0.012 0.016 0.014

400 98 0.76 25.0 12.5 0 0.026 0.028 0.027

600 146 1.14 37.5 18.8 0 0.041 0.043 0.042

800 195 1.52 50.0 25.0 0 0.055 0.060 0.058

1000 244 1.89 62.5 31.3 0 0.073 0.077 0.075

1200 293 2.27 75.0 37.5 0 0.090 0.090 0.090

1400 342 2.65 87.5 43.8 0 0.104 0.108 0.106

1600 391 3.03 100.0 50.0 0 0.121 0.124 0.123

1800 439 3.41 112.5 56.3 0 0.138 0.141 0.140

2000 488 3.79 125.0 62.5 0 0.152 0.160 0.156

2200 537 4.17 137.5 68.8 0 0.165 0.178 0.172

2400 586 4.55 150.0 75.0 0 0.186 0.189 0.188

2600 635 4.92 162.5 81.3 0 0.203 0.206 0.205

2800 683 5.30 175.0 87.5 0 0.224 0.228 0.226

3000 732 5.68 187.5 93.8 0 0.245 0.249 0.247

3200 781 6.06 200.0 100.0 0 0.271 0.273 0.272

3400 830 6.44 212.5 106.3 0 0.292 0.296 0.294

3600 879 6.82 225.0 112.5 0 0.318 0.321 0.320

3800 928 7.20 237.5 118.8 0 0.348 0.352 0.350

4000 976 7.58 250.0 125.0 0 0.382 0.392 0.387

3800 928 7.20 237.5 118.8 0 0.412 0.423 0.418

3800 928 7.20 237.5 118.8 1 0.412 0.423 0.418

3800 928 7.20 237.5 118.8 2 0.414 0.424 0.419

3800 928 7.20 237.5 118.8 3 0.415 0.425 0.420

3800 928 7.20 237.5 118.8 4 0.421 0.429 0.425

3800 928 7.20 237.5 118.8 5 0.422 0.431 0.427

3800 928 7.20 237.5 118.8 6 0.427 0.435 0.431

3800 928 7.20 237.5 118.8 10 0.431 0.439 0.435

200 49 0.38 12.5 6.3 0 0.127 0.134 0.131

Movement

Comments



3.79

2000

Goodsell Dissertation

16

#7 Rebar GR60

0.875

2.0

9/19/2024

9/19/2024

Mark Goodsell



7.58

125.0



Ultimate Load
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Ultimate Driven Soil Nail Test #5 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000

200 49 0.38 12.5 6.3 0 0.008 0.008

400 98 0.76 25.0 12.5 0 0.016 0.016

600 146 1.14 37.5 18.8 0 0.026 0.026

800 195 1.52 50.0 25.0 0 0.039 0.039

1000 244 1.89 62.5 31.3 0 0.052 0.052

1200 293 2.27 75.0 37.5 0 0.067 0.067

1400 342 2.65 87.5 43.8 0 0.082 0.082

1600 391 3.03 100.0 50.0 0 0.100 0.100

1800 439 3.41 112.5 56.3 0 0.112 0.112

2000 488 3.79 125.0 62.5 0 0.125 0.125

2200 537 4.17 137.5 68.8 0 0.139 0.139

2400 586 4.55 150.0 75.0 0 0.153 0.153

2600 635 4.92 162.5 81.3 0 0.180 0.180

2800 683 5.30 175.0 87.5 0 0.234 0.234

2600 635 4.92 162.5 81.3 0 0.275 0.275

2600 635 4.92 162.5 81.3 1 0.275 0.275

2600 635 4.92 162.5 81.3 2 0.275 0.275

2600 635 4.92 162.5 81.3 3 0.276 0.276

2600 635 4.92 162.5 81.3 4 0.276 0.276

2600 635 4.92 162.5 81.3 5 0.276 0.276

2600 635 4.92 162.5 81.3 6 0.276 0.276

2600 635 4.92 162.5 81.3 10 0.276 0.276

200 49 0.38 12.5 6.3 0 0.160 0.160

Movement

Comments



2.65

1400
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Ultimate Load


image51.emf
Ultimate Driven Soil Nail Test #6 - 16 ft. Bond Zone

Deseret Peaks  Installation Date:

Test Date:

Performed by:

Bond Length: ft Ultimate Bond Stress: psi

Rebar Size: Allowable Bond Strength: lbs/ft

Rebar Dia.: in Allowable Bond Stress: psi

Safety Factor: FS Allowable Design Load: lbs

Load

Calibration Calibration Bond Ult. BondAllow Bond Elapsed Dial Dial Nail

Load Pressure Stress Strength Strength Time Gauge 1 Gauge 2 Movement

(lbs) (psi) (psi) (lb/ft) (lb/ft) (minutes) (in.) (in.) (in.)

0 0 0 0 0 0 0.000 0.000 0.000

200 49 0.38 12.5 6.3 0 0.009 0.011 0.010

400 98 0.76 25.0 12.5 0 0.018 0.022 0.020

600 146 1.14 37.5 18.8 0 0.028 0.031 0.030

800 195 1.52 50.0 25.0 0 0.036 0.045 0.041

1000 244 1.89 62.5 31.3 0 0.047 0.061 0.054

1200 293 2.27 75.0 37.5 0 0.059 0.076 0.068

1400 342 2.65 87.5 43.8 0 0.076 0.087 0.082

1600 391 3.03 100.0 50.0 0 0.088 0.102 0.095

1800 439 3.41 112.5 56.3 0 0.106 0.114 0.110

2000 488 3.79 125.0 62.5 0 0.122 0.129 0.126

2200 537 4.17 137.5 68.8 0 0.140 0.144 0.142

2400 586 4.55 150.0 75.0 0 0.155 0.161 0.158

2600 635 4.92 162.5 81.3 0 0.171 0.180 0.176

2800 683 5.30 175.0 87.5 0 0.193 0.203 0.198

2400 586 4.55 150.0 75.0 0 0.242 0.244 0.243

2400 586 4.55 150.0 75.0 1 0.243 0.245 0.244

2400 586 4.55 150.0 75.0 2 0.245 0.245 0.245

2400 586 4.55 150.0 75.0 3 0.245 0.245 0.245

2400 586 4.55 150.0 75.0 4 0.245 0.245 0.245

2400 586 4.55 150.0 75.0 5 0.245 0.246 0.246

2400 586 4.55 150.0 75.0 6 0.245 0.246 0.246

2400 586 4.55 150.0 75.0 10 0.248 0.249 0.249

200 49 0.38 12.5 6.3 0 0.120 0.083 0.102
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