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Abstract 

 Slope failures are significant hazards to public and private infrastructure, and their 

maintenance and repair is costly.  Stabilization through the installation of micropiles is a relatively 

new technique that has been used successfully in several instances in the U.S. and abroad.  

Uncertainties involving the development of forces within the micropiles and a lack of fundamental 

understanding of the interaction between the soil and micropiles have prevented widespread use 

of the method.  The objective of the research presented is to provide direly needed experimental 

data to improve prediction of limit loads for micropiles in slope stabilization applications. 

 The experimental data is obtained from tests of large-scale physical models of slopes 

stabilized with micropiles.  The experimental apparatus includes a model container, a pore 

pressure control system, soil, model reinforcement, and an instrumentation system.  The 

container accommodates model slopes that are up to 8 ft by 14 ft in plan view with slope heights 

of up to 5 ft.  This scale is large enough to permit construction of model slopes and associated 

stabilization schemes using techniques that closely mimic common field procedures, thereby 

reducing issues with scale effects that are commonly encountered with smaller scale models.  

The reinforcement consisted of 1.5-in. diameter gravity-grouted micropiles reinforced with 0.75-in. 

diameter steel pipe with 0.1-in. wall thickness.  The reinforcement was designed so that its 

flexural stiffness was appropriately scaled down from a common range of flexural stiffness values 

for micropiles.  Instrumentation for the device include tensiometers for monitoring pore water 

pressures (or suctions), wire-line extensometers for monitoring deformation within the model 

slopes, as well as strain gages to monitor loads in the micropiles. 

 The testing program consisted of eight tests divided among three sets of models.  For the 

first set, three tests were performed on models with micropiles installed perpendicular to the slope 

face.  The second testing set consisted of two models with micropiles installed in an A-frame 

arrangement wherein successive members were installed 30 degrees upslope and 30 degrees 

downslope of perpendicular.  For the final set, three tests were performed on models with 

micropiles installed in an A-frame arrangement through a capping beam at the slope surface.  
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Within each set of tests, member spacing was varied to evaluate its effect in addition to that of 

member inclination and end restraint.  Pore pressures, soil movement, and loads in the micropiles 

were monitored and recorded for each test. 

 Soil movement and micropile loading were analyzed using soil-structure interaction 

methods.  Based on measured soil movement profiles, p-y analyses were performed to back-

calculate parameters that would lead to the prediction of the measured bending moments in the 

micropiles.  Similarly, t-z analyses were performed to back-calculate parameters that would lead 

to the prediction of measured axial loads.  The back-calculated parameters were compared with 

values from literature and with one another to evaluate the effect of member spacing, inclination 

and end restraint on load transfer. 

 Results of analysis indicate the use of micropiles installed through a capping beam 

offered the greatest improvement to stability.  Although there was no apparent relationship 

between spacing of the micropiles and performance of the models, closer spacing usually 

reduced loads in the micropiles, which is beneficial for structural design of the micropile.  In 

general, soil-structure interaction methods worked well to predict the loads in micropiles, but 

further testing and analysis is necessary to improve p-y analyses for models with capping beams 

and to explain why the sign of axial loads predicted by the t-z method was often wrong, 

particularly when the members were installed through a capping beam.  Lateral load analyses for 

members that were not installed through a capping beam usually indicated that at failure, the limit 

soil pressure was not mobilized near the top of the reinforcement, contrary to assumptions often 

employed in methods for predicting limit resistance of in-situ reinforcement.  Back-calculated 

values of limit soil pressure were usually between estimates predicted by Ito and Matsui (1975) 

and Broms (1964).  Back-calculated values of limit side shear were most commonly predicted 

using the beta method with β = 5.  Back-calculated values of both limit soil pressure and limit side 

shear tended to increase with spacing, and both were greater for micropiles installed through a 

capping beam. 
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Chapter 1: Introduction 

1.1 Background 
 Slope failures and landslides constitute significant hazards to all types of both public and 

private infrastructure.  Total direct costs for maintenance and repair of landslides involving major 

U.S. highways alone (roughly 20 percent of all U.S. highways and roads) were recently estimated 

to exceed $100 million annually (Transportation Research Board, 1996).  In the same study, 

indirect costs attributed to loss of revenue, use, or access to facilities as a result of landslides 

were conservatively estimated to equal or exceed direct costs.  Costs for maintaining slopes for 

other highways, dams, levees, and railroads maintained by government and private agencies 

significantly increase the total costs for landslide repairs. 

 A relatively new approach for stabilization of slopes is the use of micropiles as small 

diameter in-situ reinforcement as shown in Figure 1.1.  The approach is based on techniques 

developed in the 1950’s for underpinning of historic structures in Europe (Lizzi, 1982).  Micropile 

stabilization schemes (also known as minipiles, pin piles, root piles, pali radice, and a series of 

other names) utilize drilled and grouted members of small diameter (Bruce and Juran, 1997).  

Micropiles may or may not include steel reinforcing bars or pipes and may be installed with 

distributed spacing or in closely spaced groups or networks to form a three-dimensional, 

“reticulated” structure.  The use of micropiles is similar to the practice of “soil doweling” for slope 

stabilization in which large piles or drilled shafts are installed in a single row, or occasionally 

multiple rows, to stabilize a slope (Bruce and Juran, 1997).  However, micropiles differ from soil 

dowels in that they have significantly lower bending resistance and therefore transfer load in a 

combination of tension, bending, and shear (Bruce and Juran, 1997). 
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Figure 1.1.  Schematic of a slope stabilized with micropiles (from FHWA, 2005). 

 Micropiles have been successfully used for stabilization of a number of slopes in the U.S. 

and abroad (e.g. Pearlman et al., 1992; Brown and Wolosick, 1995; Guilloux and Schlosser, 

1982; Turner et al., 1998).  Their usefulness for the purpose of slope stabilization is therefore 

readily apparent.  However, the technique has yet to see widespread use due to: (1) limited 

knowledge and data on the development of forces within reinforcing members and (2) a lack of 

fundamental understanding of the interaction between the soil and reinforcing members (Bruce 

and Juran, 1997).  Designs for existing applications have, thus, generally been very conservative 

out of necessity, as supported by instrumentation measurements taken at several sites.  An 

unfortunate result of this conservatism is that the technique is often rendered uneconomical when 

compared to other potential stabilization measures. 
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 There is widespread agreement in the literature (e.g. Bruce and Juran, 1997; Pearlman et 

al., 1992; Brown and Wolosick, 1995; Chen and Poulos, 1997; Parra et al., 2004) that the current 

state of knowledge in the area of slope stabilization with slender reinforcement is limited by:  

• Lack of knowledge of the limiting soil pressures for slender reinforcing elements; 

• Lack of accurate measurements to determine the mobilization of forces within 

reinforcing elements up to and including failure; 

• Lack of knowledge on optimum geometric arrangements for in-situ reinforcing 

members; and  

• Lack of understanding of interaction among closely spaced reinforcing elements and 

the surrounding soil (i.e. “group” and/or “network” effects). 

Addressing these limitations would presumably make the application of micropiles for slope 

stabilization more economical and frequent. 

1.2 Objective & Methodology 
 The objective of the work presented in this thesis is to provide direly needed experimental 

data to improve prediction of limit loads for micropiles in slope stabilization applications.  This 

includes developing better estimates of limit soil pressure and a better understanding of the load 

transfer process between moving soil and micropiles.  Specifically, a better understanding of the 

load transfer process includes knowledge of the effects of member spacing, inclination, and end 

restraint. 

 The methodology adapted to achieve these objectives is to test large-scale physical 

models of slopes stabilized with micropiles.  The models are built in a large-scale landslide 

simulator that has several distinct advantages over other related techniques such as centrifuge 

modeling and full-scale field testing.  The basic principle behind the device is to induce failure of a 

model slope by incrementally increasing the slope angle to the point of failure.  By doing so, it is 

possible to load the model slope up to and including failure without the consequences and 

complexities present in performing full-scale field tests.  Loading can also be controlled more 

precisely than in field applications and instrumentation can be more reliably monitored and 

maintained in a controlled laboratory environment.  The tilt apparatus is capable of modeling 
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much larger models than is possible with the largest geotechnical centrifuges available at this 

time.  In doing so, difficulties with scaling down soil particles and soil-reinforcement interface 

features are diminished (of particular importance for in-situ reinforcement applications since the 

interaction between the soil and reinforcing elements and among reinforcing elements is likely 

scale dependent).  Preparation of soil "samples" and model reinforcing elements mimic field 

construction processes more closely than is possible with the centrifuge, and the large size of the 

tilt apparatus limits the influence of boundary effects.  While tilt loading does not precisely model 

field conditions (no model test ever does), it enables a large amount of valuable data to be 

obtained at a relatively rapid rate. 

 The large-scale landslide simulator was used to test 8 models for this research.  The first 

three models contained a single row of micropiles installed perpendicular to the slope face near 

the midpoint of the slope.  The next two models contained micropiles installed in an A-frame 

arrangement wherein successive members were inclined 30 degrees downslope and 30 degrees 

upslope of perpendicular.  The final three models contained micropiles in an A-frame 

arrangement installed through a capping beam that fixes the heads of the micropiles to one 

another.  Within each set of tests, member spacing was varied to evaluate its effect.  Each model 

was instrumented to quantify pore pressures, slope movement, and loads induced in the 

micropiles.  Additional instrumentation was used to identify the location of the failure surface and 

to record photographs of the failure process.  After collecting and analyzing the data, p-y and t-z 

analyses were performed to match the load transfer data measured from each test.  The resulting 

“back-calculated” soil parameters for each model were compared with one another to evaluate 

the effects of member spacing, inclination, and end restraint.  They were also compared with 

values reported in literature.  The results of all tests and analyses are reported in this thesis. 

1.3 Organization of Thesis 
 A review of pertinent literature is presented in Chapter 2.  This begins with general 

description of micropiles, followed by a summary of current design methods for slopes with in-situ 

reinforcement and methods for predicting limit soil pressure.  Geotechnical engineering modeling 

topics are then presented, including comparisons of 1-g physical modeling with centrifuge 
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modeling and full-scale field testing.  A discussion of similitude follows.  Lastly, a summary of 

previous work on physical modeling of micropiles is presented.  This includes previous work 

performed using the large-scale landslide simulator. 

 A description of the experimental apparatus is presented in Chapter 3.  The apparatus 

consists of a model container, a pore pressure control system, soil, model reinforcement, and an 

instrumentation system to measure pore pressure, soil movement, and loading of the micropiles.  

Chapter 3 also contains a summary of testing procedures from construction through forensic 

evaluation.  It also presents results of work performed to “calibrate” the apparatus. 

 The testing program is described and experimental results are presented in Chapter 4.  

The description explains how the 8 tests are divided among three groups to vary member 

spacing, inclination, and end restraint.  Results for each test, including details about model 

construction, failure, and instrumentation, records of pore pressure and soil movement, and 

micropile loading, are also presented. 

 Data analysis procedures and results are presented in Chapter 5.  Methods for back-

calculating soil parameters to match the data presented in Chapter 4 are explained before 

presenting results of these analyses for each instrumented micropile.  The back-calculated 

parameters are then compared with values from literature and one another to evaluate load 

transfer to the micropiles.  Finally, a summary of this thesis, conclusions based on the results of 

this work, and recommendations for future work are presented in Chapter 6. 
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Chapter 2: Literature Review 

 In this chapter, the history, applications, and classification of micropiles are explained 

before presenting a summary of design methods related to slopes stabilized with in-situ 

reinforcement, which is followed by a related discussion of limit soil pressure theories.  Next, 1-g 

physical modeling is compared with centrifuge modeling and full-scale field testing for 

geotechnical engineering applications.  An overview of important similitude considerations for 1-g 

physical modeling of geotechnical applications is then presented.  Finally, previous work on 

physical modeling of micropiles is summarized, including tests performed using the apparatus 

used for the work described in this thesis. 

2.1 Micropiles 
 Micropiles are small-diameter piles that are drilled and grouted and typically reinforced 

with steel.  Usually, the diameter of a micropile is less than 12 in. (FHWA, 2005).  Steel 

reinforcement in a micropile often occupies a greater percentage of the shaft volume (up to one 

half) than is common for other cast-in-place piles (FHWA, 2005).  Micropiles can resist axial 

and/or lateral loads.  The ground/grout bond value for micropiles is often high as a result of the 

grouting and installation procedures.  Because of the high friction and small bearing area of a 

micropile, end bearing is often ignored. 

 Micropiles can be installed in any ground condition, requiring only minimal site access 

and headroom.  Also, micropiles are installed with minimal disturbance to surrounding structures.  

These advantages make micropiles particularly well-suited for underpinning existing structures.  

Indeed, this is the historical application that resulted in the development of the micropile by Dr. 

Fernando Lizzi in the early 1950s.  Original use of micropiles, then called pali radice, was limited 

to underpinning historical structures and monuments that had been damaged during World War 

II.  By the late 1950s, reticulated micropile schemes began to be used for slope stabilization and 

earth retention applications.  In a reticulated scheme, multiple inclined micropiles are installed in 

close proximity to form a three-dimensional network.  Although the use of micropiles took off 

quickly in Europe, micropiles were not used in the United States until the 1970s.  Even then, the 
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use of micropiles in America grew slowly due to relatively cheap material costs, relatively 

expensive labor costs, an abundance of infrastructure projects in non-urban settings, and a 

skeptical piling market (Bruce, 1988; FHWA, 2005).  Today, with construction costs similar 

worldwide, growth in the use of micropiles occurs globally and is achieved primarily through 

specialty design-build contractors (FHWA, 2005). 

 The Micropile State-of-the-Practice Report (Bruce and Juran, 1997) classifies micropiles 

according to their philosophy of behavior (design) and method of grouting (construction).  The 

classification system designates a number indicating the philosophy of behavior and a letter 

indicating the method of grouting.  CASE 1 micropiles are loaded directly and act as individual 

micropiles.  Structurally, the load applied to a CASE 1 micropile is resisted by the steel 

reinforcement; geotechnically, the load is resisted by friction in the grout/ground bond zone.  

FHWA (2005) estimates that at least 90 percent of international micropile projects to date have 

involved only CASE 1 micropiles.  CASE 2 micropiles are installed in groups that internally 

reinforce the soil, forming a reticulated network that resists load.  CASE 2 micropiles often are 

reinforced lightly since they are not loaded directly. 

 The second part of the FHWA designation refers to one of four grouting methods, which 

control the grout/ground bond capacity.  Type A micropiles are gravity grouted; the grout is not 

pressurized during installation.  Grout for Type A micropiles can be either a sand-cement mortar 

or a neat (i.e. only cement and water) grout.  Type B micropiles are pressure grouted.  A cased 

hole is filled with neat grout installed through a tremie pipe.  As the casing is removed, additional 

grout is injected under pressures as great as 145 psi.  Type C micropiles are also pressure 

grouted with neat grout.  Fifteen to 25 minutes after filling the hole with grout, more grout is 

injected through a tube (or reinforcing pipe) at pressures of at least 145 psi.  Type C micropiles 

apparently are used only in France (FHWA, 2005).  Type D micropiles, like Type C, are 

postgrouted but with several differences.  There is usually about 2 hours between the initial 

grouting and the first postgrouting, subsequent injections are likely to achieve the desired bond, 

the injection pressures are typically between 300 and 1200 psi, and a packer may be used to 
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treat specific horizons several times (FHWA, 2005).  Type D micropiles are more common 

worldwide (FHWA, 2005). 

2.2 Design for Slopes Stabilized with Micropiles 
 Despite the uncertainties associated with the loads that develop in micropiles or other 

similar structural members used for slope stabilization, design procedures for slopes reinforced 

with such members are available.  Current procedures generally utilize the limit equilibrium 

approach wherein the force mobilized in a reinforcing element is specified a priori.  For this 

approach, the resistance force Fr is assumed known, so it does not change the determinacy of 

the limit equilibrium equations.  Fr is applied to a method of slices approach as shown in Figure 

2.1.  Definitions of the other forces included in the analysis, including the weight of the slice, W, 

the normal force, N, the resisting force provided by the soil shear strength, S, and the interslice 

force, Z, with its inclination from horizontal, θ, are the same as for the case where there is no 

reinforcement. 

W

N

SZ

Z

RF
θ

θ

 

Figure 2.1.  Free body diagram for an individual slice where reinforcement intersects the 
sliding surface.  Note the reinforcement scheme shown is not a typical application of 
micropiles but rather some other type of in-situ reinforcement.  The application of the limit 
equilibrium approach is the same for all types of in-situ reinforcement. 
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 Because the resistance provided by reinforcing members is assumed known from the 

perspective of stability analysis, it is necessary to establish the resistance provided by reinforcing 

members prior to performing stability analysis.  Since this resistance may vary with position along 

the member, it is necessary to define the resistance as a function of position along the member.  

The resistance is generally estimated using a limit state design approach, and is therefore 

referred to as the limit resistance.  Currently, there are several methods for predicting this 

resistance as described in the following sections. 

2.2.1 Loehr and Bowders (2003) 
 Loehr and Bowders (2003) proposed a method for predicting the limit resistance of 

recycled plastic reinforcement for application to stabilization of surficial slides.  In this method, 

which is based on elastic analyses, two general failure mechanisms are considered to determine 

the distribution of limit lateral resistance along the reinforcing members: failure of soil around or 

between reinforcing members and structural failure of the reinforcing member due to mobilized 

forces from the surrounding soil.  The soil failure mechanism can occur within the soil above the 

sliding surface or within the soil below the sliding surface; the structural failure mechanism can 

occur in bending or in shear.  Each of these limit states is calculated as a function of position 

along the member, and the “composite” limit resistance function, which is input into the limit 

equilibrium analysis, is established by taking the least of these at any position.   

 Limit resistance for the soil failure mechanism is calculated assuming the limit soil 

pressure is fully mobilized along the entire length of the member either above or below the sliding 

surface, as shown in Figure 2.2a.  The method also assumes the limit resistance force acts 

perpendicular to the reinforcing member at the sliding surface (Figure 2.2b).  Since the depth of 

the critical sliding surface is unknown, the limit resistance is computed for varying sliding depths 

to establish the limit resistance as a function of position along the length of the reinforcing 

member.  A similar analysis is used to check moment capacity along the length of the member 

based on limit soil pressures and elasticity theory.  The method only considers the lateral 

resistance provided by the reinforcing members; axial contributions are ignored although it is 

clear that axial forces can have an effect on stability. 
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Figure 2.2.  Schematic illustrating calculation of limit resistance force for the method 
proposed by Loehr and Bowders (2003): limit lateral resistance distribution and (b) 
location of equivalent resistance force. 

2.2.2 Reese (1992) 
 Reese (1992) presented a rational method for the analysis of drilled shafts used for slope 

stabilization.  The method assumes a vertical shaft and considers only the horizontal forces 

imposed by the moving soil above the sliding surface.  The method uses the p-y method, based 

on soil-structure interaction principles, to determine the horizontal forces acting on the shaft.  

These forces are applied to the stability analysis in an eight-step procedure: 

1. Perform a stability analysis for the slope in the as-is condition to determine 

the unreinforced factor of safety. 

2. Define the soil and pile properties necessary for the soil-structure interaction 

analyses.  These include p-y curves for the soil, the shaft length, and the 

ultimate bending moment for the shaft, among others. 

3. Select a shaft section.  Using its diameter and bending stiffness, calculate 

the ultimate bending moment. 

4. Assuming the limit soil pressure fully develops along the length of the shaft 

above the critical sliding surface found in Step 1, compute the resulting 

forces acting on the shaft.  Apply the horizontal component of these forces to 

a p-y analysis of the shaft. 

(a) (b) 
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5. Verify that the bending moment resulting from the p-y analysis of Step 4 does 

not exceed the maximum bending moment calculated in Step 3.  If it does, 

select a new shaft section and repeat Step 4.  

6. Apply the resisting shear force and bending moment from the p-y analysis of 

Step 4 in a new stability analysis. 

7. Using the new depth of sliding, repeat Steps 4 through 6 until the computed 

depth of sliding (Step 6) matches the assumed one (Step 4).  Also, adjust the 

shaft section so that the maximum bending moment found in the analysis is 

close to the ultimate value computed in Step 3. 

8. Compare the reinforced and unreinforced factors of safety to determine if the 

level of improvement is adequate. 

 Reese’s (1992) method is similar to that presented by Loehr and Bowders (2003).  Both 

assume full development of the limit soil pressure above the sliding surface.  However, Reese’s 

(1992) method uses soil-structure interaction analysis (the p-y method) to determine the shaft 

response, particularly the maximum bending moment acting on the shaft, whereas Loehr and 

Bowders (2003) used elastic analyses. 

2.2.3 Isenhower (1999) 
 Isenhower (1999) presents a method for predicting loads that develop in piles subjected 

to deep-seated soil movement.  Although the method was not specifically developed for slope 

stabilization applications, it nevertheless provides a framework for predicting forces that can be 

applied to limit equilibrium analyses in a manner similar to that described for other methods.  Like 

Reese’s (1992) method, Isenhower’s (1999) method is based on soil-structure interaction 

analyses.  The first step of Isenhower’s (1999) method is to break the soil deformation vector into 

components along the axial and transverse directions of the pile.  The axial component of 

movement is used to predict the axial load-settlement response of the pile.  The lateral 

component of movement is used to predict the lateral loading response of the pile. 
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 To solve for the lateral response of the pile, a variation of the p-y method is used.  

Isenhower (1999) presents a version of the beam-column equation that governs the p-y method, 

modified to account for the effect of moving soil: 

  ( ) 0x s soilEIy P y E y y W+ + − − ='''' ''  

where the primes indicate differentiation and 
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Isenhower (1999) presents a finite difference solution for the equation.  The lateral load analyses 

presented in Chapter 5 are based on this solution, but they were performed using software (LPile 

4.0M®) that automates the solution. 

 The axial load-settlement response of the pile is computed using a solution procedure 

that breaks the pile into elements and uses t-z and Q-z analyses.  For each element, a t-z curve 

models skin friction, and a Q-z curve models end bearing for the pile tip.  The first step of the 

analysis is to assume a value of pile-tip displacement.  From this value, the relative movement 

between the soil and the pile tip is found using the soil movement profile.  End bearing is then 

computed from the Q-z curve.  The force distribution along the length of the pile is then calculated 

incrementally, working from the pile tip to the pile head.  Equilibrium equations and t-z curves are 

used to solve for forces acting on each element, and elasticity equations and the soil movement 

profile are used to solve for displacements.  The solution procedure is iterative to satisfy 

displacement and force compatibility between successive elements.  The axial load analyses 

presented in Chapter 5 are based on this solution, but the end bearing contribution was ignored. 

2.2.4 FHWA Method 
 Chapter 6 of the Micropile Design and Construction Manual (FHWA, 2005) describes a 

13-step procedure for the design of slopes stabilized with micropiles: 
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1. Evaluate the feasibility of stabilization by micropiles based on the project 

characteristics.  This includes comparison with other stabilization techniques. 

2. Establish the required factor of safety for the slope. 

3. Review available project and geotechnical data. 

4. Compute the factor of safety of the existing slope. 

5. Quantify the additional force needed to stabilize the slope.  This involves 

determining the location within the cross-section of the slope where the 

micropile is most effective and determining the resisting force required to 

provide the minimum factor of safety.  This estimate of the force is 

preliminary, so it is obtained assuming a vertical micropile of sufficient length.  

Also, check stability upslope and downslope of the micropile. 

6. Choose a micropile cross section. 

7. Determine the required micropile length.  This is the length necessary to 

prevent pullout of the micropile below the failure surface from the analysis of 

Step 5.  The length calculation is based on side resistance that develops 

below the sliding surface, which, in turn, is based on grout/ground bond 

values.  FHWA recommends a factor of safety of 2 for the length calculation. 

8. Determine the ultimate bending moment capacity of a single vertical 

micropile.  FHWA recommends determining the moment capacity using a 

soil-structure interaction method (i.e. p-y analyses). 

9. Determine the shear capacity of a single vertical micropile.  This is the force 

applied at the sliding surface that results in development of the ultimate 

bending moment (rather than the force that results in shear failure).  The 

shear capacity is determined using a soil-structure interaction method in 

which the head of the micropile is modeled as free. 

10. Select batter angles for the micropiles, typically one upslope and one 

downslope.  The angle between the axis perpendicular to the sliding surface 

and the micropile, or the inclination angle, is used to determine the lateral 
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resistance provided by each micropile by adding components of the shear 

and axial loads in the micropile that act parallel to the sliding surface.  The 

shear load is determined from Step 9.  The axial load is assumed to be zero 

for inclination angles less than 10 degrees, maximum (Step 5) for inclination 

angles greater than 30 degrees, and interpolated between these two values 

for inclination angles between 10 and 30 degrees.  The sum of the lateral 

resistance for each micropile is used as an input for the stability analysis. 

11. Determine the required micropile spacing.  This is found by dividing the 

group resistance found in Step 9 by the required resistance found in Step 5.  

The method does not account for any effect of spacing on resistance. 

12. Check potential for flow between micropiles according to Ito and Matsui’s 

(1975) theory. 

13. Perform structural design of concrete capping beam. 

In summary, the FHWA method calculates the resistance provided by micropiles assuming the 

limit state is failure of the micropile in bending and subsequently checking the potential for soil 

failure leading to flow of the soil between micropiles.  An important assumption included in Step 9 

is that the axial forces that develop in the micropiles only affect the stability by increasing the 

lateral resistance provided by the micropiles.  The axial components normal to the sliding surface 

are not included explicitly in the stability analysis, so effects such as decreasing the normal force 

on the base of a slice (and thereby potentially decreasing the shear resistance) are ignored. 

2.3 Limit Soil Pressure 
 For of the methods described in Section 2.2, the limit soil pressure is a key parameter for 

predicting the resistance of reinforcing members.  Unfortunately, the limit soil pressure resulting 

from mass movement of soil adjacent to reinforcing members is difficult to predict.  Several 

methods exist to estimate the limit soil pressure, but the limit soil pressures predicted by these 

methods vary greatly. 

 Limit soil pressures for a typical case from three commonly cited methods, by Ito and 

Matsui (1975), Broms (1964), and Poulos and Davis (1980), are plotted in Figure 2.3.  Ito and 
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Matsui’s (1975) method is referred to as the “theory of plastic deformation” since it assumes the 

soil between two piles is in a plastic state according to the Mohr-Coulomb criterion.  Broms’ 

(1964) method assumes the ultimate lateral pressure in a cohesionless soil is equal to three times 

the Rankine passive pressure of the soil.  Poulos and Davis (1980) method is for purely cohesive 

(φ = 0) and c-φ soils.  It assumes the ultimate lateral soil resistance increases from the surface to 

a depth of three pile diameters, below which it is constant.  As can be seen in Figure 2.3, the limit 

soil pressures predicted by these three methods may vary by about an order of magnitude.  One 

of the objectives of the work described in this thesis is to evaluate the appropriateness of these 

methods for predicting the limit soil pressure. 

 

Figure 2.3.  Variation in limit soil pressure predicted by three common methods (from 
Parra, 2004). 

2.4 Effect of Spacing on Resistance 
 Reese et al (2006) compiled data relating soil resistance to pile spacing, shown in Figure 

2.4.  The P-reduction factor is defined as the ratio of the averaged capacity (P) of the individual 

piles in a group to the capacity of a single pile, and the spacing ratio is defined as the ratio of pile 

spacing (S) to pile diameter (b).  The data are based on five experimental studies (Prakash, 1962; 

Cox et al, 1984; Franke, 1991; and Lieng, 1988) that included loading tests on side-by-side piles.  

The curve fit through the data shows some scatter for spacing ratios less than 3, but the data 

strongly suggest there is no reduction in group capacity if the spacing is greater than about four 

times the pile diameter.   



 16

 

Figure 2.4.  Reduction factors for piles in a row (from Reese et al, 2006). 

 The limit soil pressure theory developed by Ito and Matsui (1975) predicts an effect of 

spacing on limit soil pressure, unlike the theories presented by Broms (1964) and Poulos and 

Davis (1980).  If the spacing between members increases, Ito and Matsui’s (1975) method 

predicts the limit soil pressure will decrease, contrary to the experimental results presented by 

Reese et al (2006).  One of the objectives of the work presented in this thesis is to better 

establish the relationship between spacing and resistance for micropiles used in slope 

stabilization. 

2.5 Modeling in Geotechnical Engineering 
 Because soil is a complex material, modeling is commonplace in geotechnical 

engineering practice and research.  Muir Wood (2004) surveys all types of geotechnical models, 

including empirical models, theoretical models, numerical models, and physical models, among 

others.  Empirical models are based on experience and thus have a long tradition in geotechnical 

practice since more complex models tend to develop much more slowly than practice allows (Muir 

Wood, 2004).  Examples of empirical models include the vane shear correction and the 
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pressuremeter test.  Theoretical models involve mathematical solutions and typically significant 

assumptions.  Examples include steady-state seepage and one-dimensional consolidation.  

Numerical models offer an alternative to theoretical models when reality does not conform to the 

ideal situation assumed in theoretical solutions.  Numerical approximations, typically involving the 

finite element or similar methods, differ primarily from theoretical solutions in that they only 

provide solutions at a finite number of points in time and space (Muir Wood, 2004). 

 The primary objective of physical modeling is often to advance understanding and thus 

develop better theoretical models (Muir Wood, 2004).  Such physical modeling experiments can 

be classified in three groups: (1) full-scale physical models, (2) reduced scale physical models, 

and (3) centrifuge models.  Each type offers unique advantages and disadvantages. 

 Full-scale physical models, typically field tests, include all details of a geotechnical 

system (Muir Wood, 2004).  They can be used for verification (e.g. pile load test, test 

embankment) or for research.  The primary advantage of field tests is their unquestionable reality.  

Disadvantages include high costs, difficulties maintaining and monitoring instrumentation, long 

testing periods, and testing conditions that are often impossible to control. 

 Reduced scale physical models are fabricated and tested under controlled conditions, 

which offers several advantages over full-scale models.  The models are necessarily smaller and 

loading can be controlled precisely, so tests are shorter and cheaper and data are more reliable 

than for full-scale models.  Typically, any variable that cannot be controlled can be measured.  

These advantages enable thorough parametric studies to develop better theoretical models.  The 

main concern with reduced-scale physical models is assuring their validity.  Scaling effects must 

be minimized to ensure the behavior observed at a reduced scale can be extrapolated to predict 

full-scale behavior (Muir Wood, 2004). 

 Most aspects of geotechnical behavior, particularly stress and strain, are difficult to model 

at reduced scale, and scaling effects increase as stresses in the model decrease with the model’s 

size.  If the stresses in the model are the same as those in the prototype, most scaling effects can 

be minimized, even for small models.  This is the primary motivation for centrifuge modeling (Muir 

Wood, 2004).  In centrifuge modeling, the model is rotated in a device (a centrifuge) to produce a 
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centripetal acceleration that increases local gravitational forces throughout the model, resulting in 

stresses that would be experienced if the model were the same size as its prototype.  The 

increase is conventionally normalized by the earth’s gravitational acceleration, hence the use of 

‘1-g’ to describe physical models not tested in a centrifuge.  Although centrifuge models minimize 

scaling effects associated with stress and strain, other scaling effects are often introduced as a 

result of using a necessarily small geometric scale.  For such small scale models, soil particle 

size, construction techniques, soil-reinforcement interface features, and reinforcement stiffness 

are difficult to model, despite stress similarity.  The drawbacks of small scale models led Terzaghi 

(1936) to comment on the “utter futility” of tests on “materials with very little if any resemblance to 

real soils.”  Nevertheless, centrifuge modeling has a solid base of support (e.g. Schofield, 1998; 

Muir Wood, 2004), particularly in England and Japan. 

 The work described in this thesis was performed on large-scale 1-g physical models.  

The appeal of centrifuge models (stress similarity) is outweighed by drawbacks that are 

particularly disadvantageous for modeling slopes with in-situ reinforcement.  Construction 

techniques must be modeled appropriately since the grout/ground bond is thought to control 

micropile capacity (FHWA, 2005).  Also, work by Deeken (2005) (Section 2.7.2) showed 

reinforcement stiffness to govern reinforcement behavior, so modeling a stiffness appropriate for 

micropiles is imperative.  At the same time, overall scaling effects associate with reduced-scale 

physical models needed to be avoided.  Thus, the models were constructed in a relatively large 

apparatus to closely mimic geometric and construction features and to reduce stress scaling to 

the extent possible. 

2.6 Geotechnical Similitude in 1-g Physical Models 
 Scaling laws must be followed in physical modeling to ensure validity in extrapolating 

behavior from the models to predict prototype behavior.  When the results of model testing can be 

applied to the prototype, similitude is said to be achieved.  Iai (1989) presented dimensional 

analyses establishing similitude for 1-g models.  His results are summarized in Table 2.1, which 

also includes the calculated scaling parameters used for the work described in this thesis.  Each 
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scaling factor λ is defined as the ratio of the value in the prototype to that in the model, where the 

value of interest is indicated in the subscript. 

Table 2.1.  Similitude for model tests in 1-g gravitational field (after Iai, 1989). 

Symbol Item Scale Factor For this work† 
x Length (geometric scale factor) λ 8 
ρ Density λρ 1 
ε Strain λε 2.8 
σ Total Stress λλρ 8 
σ' Effective Stress λλρ 8 
p Pore Pressure λλρ 8 
u Displacement λλε 22.6 
n Porosity 1 1 
EI Flexural Rigidity λ4λρ/λε 1448 
EA Longitudinal Rigidity λ2λρ/λε 22.6 
M Bending Moment λ3λρ 512 
S Shear Force λ2λρ 64 
F Axial Force λ2λρ 64 

† For the work presented in this research, 8, 1, 2.8ρ ελ λ λ λ= = = =  

 In general, only three independent scale factors must be defined for geotechnical models, 

(Iai, 1989).  According to Iai (1989), the three commonly defined scale factors are the geometric 

scale factor, the soil density scale factor, and the soil strain scale factor.  The geometric scale 

factor, which has no subscript, is easily defined by comparing lengths in the model and prototype 

(e.g. for this research, it is defined as the ratio of the prototype height to that of the model).  Since 

nearly all geotechnical models use real soil, the soil density scale factor is typically 1.  Soil strain 

scale factors are between 1 and λ, the geometric scale factor.  For sands, experimental evidence 

suggests using a soil strain scale factor equal to the square root of the geometric scale factor, 

and for clays, a soil strain scale factor of 1 may be appropriate (Muir Wood, 2004). 

2.7 Physical Modeling of Slopes Stabilized with Micropiles 
 Physical modeling has played a significant role in the development of geotechnical 

theories, as mentioned previously.  However, few tests of physical models of micropiles have 

been reported in literature, and none of these include the slope stabilization application.  

Nevertheless, two bodies of work related to the one presented in this thesis are presented below. 
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2.7.1 French FOREVER Project 
 FOREVER is the name of the French national research project on micropiles that intends 

to promote their use in all applications, including slope stabilization.  The five-year project 

included numerical modeling, 1-g physical modeling, centrifuge modeling, and full-scale field 

tests.  Like the work described in this thesis, one objective of the work was to quantify group and 

network effects.  A report on the project was published in France in 2004, but the English 

translation was not available at the time of publication of this thesis. 

2.7.2 Deeken (2005) 
 The device used to test models for the work described in this thesis was previously used 

to test similar models with stiffer reinforcement (i.e. not micropiles).  Deeken (2005) described the 

results of a series of seven tests performed in the apparatus.  The first four were used to calibrate 

the apparatus and accordingly are described in Chapter 3 with other components of the 

apparatus.  The final three tests evaluated the performance of models with “stiff” reinforcement.  

The reinforcement consisted of two aluminum channels welded together to form a 3-in. by 2-in. 

box section with 0.1-in. wall thickness.  The flexural stiffness (EI) of this section is such that an 

example of an appropriately scaled (Iai, 1989) prototype member is an 8.25-in. square steel pile. 

 A summary of the results of the three reinforced tests is shown in Table 2.2.  A plot of 

computed factor of safety versus inclination for each test is shown in Figure 2.5.  The 

reinforcement spacing ratio, S/D, defined as the ratio of member spacing to member diameter, 

was varied for each test.  The inclination of the slope face at failure for each test and the data 

shown in Figure 2.5 indicate the reinforcement provided mild improvement in stability, and that 

this improvement was slightly better for closer spacing. 

Table 2.2.  Summary of tests on models with stiff reinforcement by Deeken, 2005. 

Test Designation S/D Failure Angle (deg.) 
R1 14 49 
R2 9 50 
R3 7 51 
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Figure 2.5.  Computed factors of safety as a function of slope angle for reinforced models 
(after Deeken, 2005). 

 Deeken (2005) noted that load transfer to the stiff members in the sliding zone was 

different from what is commonly assumed using, for example, the method presented in Section 

2.2.1.  The schematic shown in Figure 2.6 is Deeken’s (2005) interpretation of the lateral 

resistance provided by stiff members.  Because the members had relatively high flexural stiffness, 

they maintained their shape and experienced rigid-body rotation downslope, instead of deforming 

with the sliding soil as one might expect of a more flexible pile.  This behavior caused passive 

failure of the soil downslope of the top of the members.  This type of loading was used to explain 

gaps that frequently formed near the top of the members on the upslope side (Deeken, 2005). 
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Figure 2.6.  Schematic showing idealized lateral loading for stiff piles (from Deeken, 2005). 

2.8 Summary 
 In this chapter, background information regarding a variety of topics related to the work 

presented in this thesis was presented.  Micropiles were defined, and their history and 

classification were explained.  Several methods for evaluating the stability of slopes reinforced 

with micropiles or similar structural members were introduced.  Three methods of predicting limit 

soil pressure were shown to differ by more than an order of magnitude.  Different forms of 

modeling in geotechnical engineering were described, with an emphasis on physical modeling.  

Large-scale physical modeling was presented as an effective method of modeling slopes 

stabilized with micropiles with distinct advantages over smaller scale centrifuge models and full-

scale field testing.  A discussion of similitude in 1-g models followed.  Finally, two related 

modeling projects were presented.  One involved modeling of micropiles, primarily for foundation 

loading, and the other involved modeling slopes with stiff in-situ reinforcement. 
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Chapter 3: Experimental Apparatus & Testing Procedure 

 The unique experimental apparatus used in this work to evaluate load transfer in 

micropiles is described in this chapter.  The apparatus consists of a container in which model 

slopes are built, a lifting mechanism to control the inclination of the models, a water delivery 

system to control pore water pressures, model reinforcement, and an instrumentation system.  

Each of these components is described in this chapter, along with the characteristics of the soil 

used in the testing program.  Construction and testing procedures used for each model test are 

then described.  Finally, the results of a series of tests performed by Deeken (2005) to evaluate 

the apparatus are summarized. 

3.1 Model Container & Lifting Mechanism 
 Models are constructed and tested to failure in a steel container with plan dimensions of 

8 ft. by 14 ft. and a height of 5 ft.  A view of the container is shown in Figure 3.1.  The container is 

mounted on a reaction frame constructed of W10x30 steel beams.  As shown in Figure 3.2, the 

base of the container is lined with steel grating that is filled with clean, well-graded sand prior to 

testing to prevent sliding along the base and to serve as a drainage control layer.  Each side of 

the container is lined with a 0.1-in. thick sheet of Lexan® plastic (Figure 3.1) and two layers of 2-

mil plastic sheeting to reduce friction along the sides to maintain a plane strain condition.  

Additionally, each interface between the sheets of plastic is coated with oil. 
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Figure 3.1.  Photograph of model container showing bottom drainage layer and Lexan® 
sheeting. 

 

Figure 3.2.  Photograph of model container showing bottom grating after cleaning and 
before replacing sand. 
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 A hydraulic system is used to tilt the container.  The hydraulic cylinder is affixed to the 

back of the container to allow a maximum container inclination of 30 degrees.  The hydraulic 

pump is mobile and lifts the container at roughly 1000 psi, which is sufficiently low to tilt the 

container slowly.  Slow tilting allows for precise determination of container inclination and 

prevents dynamic loading of the model during tilting.  Stability braces, shown in Figure 3.3, are 

used to maintain the tilt of the device between tilting events.  The two braces connect the back 

corners of the container to the reaction frame.  Two mounting points on each corner, one near the 

top of the container and one at the bottom, are used to allow extended range and ease of 

operation.  To provide a continuous range of motion, each brace is composed of two telescoping 

box sections with multiple securing locations and the bottom of each brace slides along a 1.5-in. 

diameter, 4-ft. long Acme screw attached to the reaction frame.  The braces can be adjusted to 

any necessary length by extending the telescoping section and/or adjusting the sliding pivot 

connection along the reaction frame. 

 

Figure 3.3.  Bracing system used to support the model container between tilting events. 
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3.2 Pore Pressure Control System 
 The apparatus also includes a pore pressure control system to facilitate maintaining 

appropriate pore pressure conditions within model slopes.  The system consists of a series of 

distribution pipes fitted with 30 misting nozzles distributed above the model slopes as shown in 

Figure 3.4.  Each nozzle is capable of delivering up to 0.9 gallons/hour in a uniform pattern 

across the surface of the model.  To allow continuous cycling, the system is automated with 

solenoid valves controlled by the data acquisition program (Section 3.6) via solid state relays.  

Water that drains from the container, either from surface runoff or from the base drainage layer, 

travels along a gutter at the front (open end) of the container to one of two plastic collection bins, 

where it is pumped to a nearby drain by a 0.5-hp pump controlled by a float switch in the 

collection bin. 

 

Figure 3.4.  Photograph of pore pressure control system. 
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3.3 Soil Properties 
 Soil used for the model slopes is a silty sand dredged from the Missouri River near 

Jefferson City, Missouri.  To characterize the soil, a series of index tests was performed in the 

University of Missouri-Columbia geotechnical engineering lab.  Results of all tests are 

summarized in Table 3.1.  A plot of the grain size distribution is shown in Figure 3.5.  Standard 

and reduced Proctor compaction curves are shown in Figure 3.6.  Results of direct shear tests 

are plotted in Figure 3.7.  To account for the method of compaction used during construction 

(Section 3.7.1), a reduced Proctor test was performed to accompany the standard Proctor test.  

Both tests were performed according to ASTM D698, but the reduced Proctor test used 10 blows 

per lift instead of the specified 25.  The drained direct shear tests were performed on specimens 

compacted using reduced compactive effort and different compaction moisture contents, with one 

specimen compacted at 10% and the other at 18%. 

Table 3.1.  Summary of results of index tests on model soil. 

Parameter Value 
ASTM Classification SM 
Plastic Limit 14 
Liquid Limit 23 
Plasticity Index 9 
Organic Content 1% 
Fines Content (percent passing #200 sieve) 19% 
Maximum Dry Unit Weight, Standard Proctor 120 pcf 
Optimum Water Content, Standard Proctor 11% 
Maximum Dry Unit Weight, Reduced Proctor 115 pcf 
Optimum Water Content. Reduced Proctor 12% 
Drained Angle of Internal Friction, 18% water content 36o 
Drained Angle of Internal Friction, 10% water content 33o 
Effective Stress Cohesion Intercept, 18% water content 70 psf 
Effective Stress Cohesion Intercept, 10% water content 70 psf 
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Figure 3.5.  Grain size distribution for the soil used in model slopes. 
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Figure 3.6.  Proctor curves for the model soil.  For both Proctor tests, specimens were 
constructed in three lifts, and compaction was performed using a 5.5-lb hammer dropped 
from 12 in.  Standard Proctor specimens were compacted with 25 blows per lift.  Reduced 
Proctor specimens were compacted with 10 blows per lift. 
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Figure 3.7.  Effective stress failure envelopes for model soil from direct shear tests. 

3.4 Model Slope Geometry 
 As shown in Figure 3.8, model slopes were typically 5 ft. in height and 14 ft. long at the 

base with an initial inclination of 24 degrees.  Considering a prototype slope that is 40 ft. tall, the 

geometric scale factor is 8.  Based on this factor, the prototype slope is 112 ft. long, measured 

along the base.  The inclination is independent of scale, so the inclination of the prototype slope 

is also 24 degrees.  Because the unit weight of the soil cannot be scaled in a 1-g model, it is 

impossible to scale the stresses that would occur in a 40-ft. tall slope.  However, the geometry 

and flexural rigidity (EI) of the reinforcement can be scaled appropriately, as discussed in Chapter 

2 and below.  This is important since member stiffness is an important variable affecting load 

transfer to the reinforcement. 
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Figure 3.8.  Typical model slope geometries in (a) profile and (b) plan views. 

3.5 Model Reinforcement 
 The reinforcement prototype considered for this work is a 5.9-in. diameter micropile 

reinforced with 5.2-in. diameter steel pipe with 0.3-in. wall thickness.  This prototype is similar to 

that used in previous field installations (Brown and Wolosick, 1995; Brown and Chancellor, 1997).  

The flexural rigidity (EI) of the prototype micropile is 3,200,000 lb-ft2.  For a geometric scale factor 

of 8 (Section 3.4), the appropriate scale factor for flexural rigidity (EI) is 1448 (Iai, 1989).  

Therefore, the model reinforcement should have a flexural rigidity (EI) value of 2250 lb-ft2.  The 

model reinforcement used for all tests is a 1.5-in. nominal diameter drilled and gravity-grouted 

micropile reinforced with a 0.75-in. diameter steel pipe with 0.1-in. wall thickness.  The flexural 

rigidity (EI) of this model section is 2252 lb-ft2, which closely satisfies both dimensional and 

flexural rigidity similitude requirements for the prototype. 

 The model micropile primarily was designed to appropriately model flexural rigidity and 

geometry, but moment capacity of the micropile was considered as well.  The moment capacity of 

the prototype, assuming a steel yield stress of 80 ksi, is between 430,000 and 497,000 lb-in.  The 

upper end of this range is derived from the capacity of the steel (moment when steel first yields) 

as well as the contribution of the grout, which is assumed to remain uncracked at bending 
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stresses below a yield stress of 8 ksi (one tenth that of steel).  The lower end of the range is 

derived from the yield moment of the steel alone.  As discussed in Section 3.6.3, a more 

reasonable lower bound can be derived assuming half the grout cracks (on tension side) while 

the other half remains uncracked.  The moment capacity for this case is 460,000 lb-in.  For a 

geometric scale factor of 8 (Section 3.4), the appropriate scale factor for bending moment (M) is 

512 (Iai, 1989).  Based on this value and a prototype moment capacity between 460,000 and 

497,000 lb-in., the model reinforcement should have a moment capacity between 900 and 970 lb-

in.  Unfortunately, no practical model pile sections could be identified to satisfy similitude of the 

moment capacity, while still maintaining similitude for the flexural rigidity and geometry.  As such, 

the model micropile described above was selected as being most representative of the prototype 

model.  The nominal moment capacity of the model micropile is between 3,000 and 3,840 lb-in., 

which is significantly greater than the value required for similitude.  The practical significance of 

this fact is yielding of the micropiles, and the behavior of the slope beyond this point, cannot be 

accurately modeled in the tests.  However, since the moment capacity of the model piles exceeds 

that required by similitude, it is possible to consider yielding of the micropiles by simply comparing 

the measured moments in the model piles to the desired yield moment from similitude.  Such 

comparisons are made in Chapter 5. 

 The model micropiles are installed by drilling a hole using a 1.5-in diameter helical auger 

and partially filling the hole with a neat cement grout (water/cement ratio of 0.45) using a common 

grout bag.  The steel pipe is then placed within the hole and the remaining volume is filled with 

grout, including the interior of the pipe.  More details about the reinforcing member installation 

process can be found in Section 3.7.2. 

 Selected model micropiles in each test were lined with five pairs of strain gages mounted 

on the outside of the steel pipe.  Several coats of polyurethane and one piece of 2.5-mm thick 

butyl rubber were used to prevent shorting of the gages during and after installation.  More details 

about the strain gages can be found in Section 3.6.3.  The model piles were not reused. 



 32

3.6 Instrumentation System 
 A data acquisition system collects three sets of data: (1) pore pressures at select 

locations to establish the state of effective stress in the soil; (2) slope displacements to 

continuously monitor stability and to define failure surfaces; and (3) strain in the reinforcing 

members to determine load transfer in the members as the test is performed.  In addition, 

marking columns were used to help identify the failure surface during forensic evaluation of the 

model slopes.  The last component of the instrumentation system is an overhead camera that 

provides a photographic record of the failure that also helps identify failure mechanisms.  Each of 

these components is described in detail in the following sections. 

 The data acquisition system consists of three multiplexers and a data acquisition card 

connected to a computer operating data acquisition software.  The relay multiplexers are 

Campbell Scientific® model AM16/32, capable of switching between 16 groups of 4 lines or 32 

groups of 2 lines.  Readings from strain gages for three instrumented reinforcing members are 

transferred across two of the multiplexers, with each gage using 4 lines.  The other multiplexer 

accepts readings from the pore pressure and slope displacement gages, with each gage using 2 

lines.  The data acquisition card is National Instruments® model SCB-68.  Each multiplexer 

connects to a different channel of the card, which has 8 channels.  The card also provides clock 

and reset lines to switch the multiplexers.  The laboratory computer reads values from the data 

acquisition card using a National Instruments® LabView program designed specifically for this 

work.  The program reads data from each multiplexer continuously and records the data at 

intervals specified during testing (typically 20 minutes).  It also manages the pore pressure control 

system (Section 3.2). 

3.6.1 Pore Pressure Measurement 
 Flexible tube tensiometers manufactured by SoilMoisture® were used to monitor pore 

pressures at discrete points throughout the models.  A photograph of a SoilMoisture® tensiometer 

is shown in Figure 3.9.  The operating principle of the tensiometer is that unsaturated soil 

imposes a negative pressure (suction) on the saturated porous ceramic tip.  The suction is 

transferred through the flexible line to a reservoir and pressure gage at the opposite end of the 
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instrument.  As shown in Figure 3.10, the tensiometer gages are mounted atop the container to 

allow positive pore water pressures to be measured in addition to suction.  With this installation, 

the gages are elevated above the tensiometer tips, and the transducers therefore can measure a 

maximum pore pressure equal to the pressure exerted by a column of water as tall as the 

elevation difference.  To prevent trapped air in the line, the outer plastic tube contains an inner 

vent tube that can be used to flush air from the tubes from the gage end of the instrument. 

 The tensiometers are equipped with both electronic pressure transducers and analog 

Bourdon tube gages to allow for visual inspection of pore pressures and to verify output from the 

voltage transducers.  The transducers, also manufactured by SoilMoisture®, are linear and output 

0 to 100 mV for pressures from 0 to -14.5 psi.    Measured pore pressure values were adjusted 

for the elevation difference between the transducer and the tensiometer tip based on the model 

geometry and inclination at each stage of testing.  Typically, 9 or 10 tensiometers were installed 

throughout each model slope as shown in Figure 3.11. 

 

Figure 3.9.  SoilMoisture® tensiometer before installation. 
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Figure 3.10.  Tensiometer reservoirs are mounted on the side of the model container. 

 

Figure 3.11.  Schematic representation of typical distribution of tensiometer tips within 
model slopes. 

3.6.2 Displacement Measurement 
 Slope displacements were measured using wire-line extensometers consisting of small 

anchors attached to monofilament lines placed through the models and attached to rotary 

potentiometers to record movement.  An example anchor, consisting of a 1-in. diameter washer 

secured to an I-hook, is shown in Figure 3.12.  Monofilament line was attached to each anchor 

and run through flexible tubing (to minimize friction) placed through the slope, exiting behind the 

crest to the back of the model container. There, the line was connected to a rotary potentiometer 
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that records movements of the deadman washers.  Nine displacement gages were installed in the 

slope during model construction, typically in the arrangement shown in Figure 3.13. 

 Each rotary potentiometer, as shown in Figure 3.14, is a Micro-Epsilon® Draw-Wire 

Displacement Sensor Series WPS Model MK30.  The resistance of the potentiometer varies 

linearly with the length of string pulled from it, so by placing the potentiometer in a voltage divider 

circuit, the voltage across the potentiometer varies linearly with string movement.  The maximum 

string displacement for the sensors is 30 in.  To protect the sensors from damage, each 

potentiometer was placed in a protective housing, also shown in Figure 3.14.  The housing is 

mounted to the back of the model slope container as described previously. 

 

Figure 3.12.  Deadman washer used to measure soil displacement. 

 

Figure 3.13.  Schematic showing typical distribution of displacement gages within models. 
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Figure 3.14.  String potentiometer in protective housing. 

3.6.3 Strain Measurement & Data Reduction 
 Electrical foil resistance type strain gages (inset of Figure 3.15) were used on select 

members to measure member strain, from which member stresses were determined.  Five pairs 

of gages were attached to the steel pipe used in the model piles (Section 3.5) at equally spaced 

intervals along the length of the micropile that would be installed beneath the model slope face.  

The gages are Vishay Micromeasurements® model EA-06-250BG-120/LE, which are temperature 

compensated for steel and have leads pre-attached.  The resistance of the gages is 120 Ohms ± 

0.3%, and the gage factor at 24 oC is 2.070 ± 0.5%.  The manufacturer’s recommendations were 

followed during application of the gages, shown in Figure 3.15.  To protect the gages from 

shorting out after installation, polyurethane coating and strips of butyl rubber, both also 

manufactured by Vishay Micromeasurements®, were used to cover the gages.  Again, both were 

installed following the manufacturer’s instructions. 

 As mentioned in the description of the data acquisition system (Section 3.6), with three 

multiplexers, there was only capacity for continuous monitoring of three instrumented members.  

For most of the tests, there was fear this would be inadequate, especially in a situation where 

many of the strain gages shorted out.  As a result, a fourth member was generally instrumented 

for each test, but values from the strain gages were read and recorded only once per tilt 

increment. 
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Figure 3.15.  Strain gages are attached to a clean surface using strain gage glue.  Inset 
shows close view of attached strain gage. 

 Four-point bending tests were performed on the instrumented pipes as shown in Figure 

3.16 to calibrate them before installing them into the model slopes.  The calibration procedure 

consists of a series of three four-point bending tests using 5, 10, and 15 lb weights.  Using 

mechanics theory with known properties for the steel, the anticipated bending strain was 

calculated for each load at each gage location, and these strains were plotted against 

corresponding readings for each gage in mV.  A linear regression line, usually with a correlation 

coefficient of 0.99 or better, was created for the strain-mV response of each gage.  This line was 

subsequently used to determine total strain during testing. 
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Figure 3.16.  Four-point bending tests used to calibrate strain gages. 

 Values of total strain obtained in this manner were used to determine axial loads and 

bending moments in the member.  Two analyses were considered as shown in Figure 3.17.  The 

first, or upper bound case was established assuming none of the grout cracks.  The lower bound 

case was established assuming cracking of one half of the grout outside the steel pipe.  The side 

that cracks, either upslope or downslope, was determined by comparing total strain for a pair of 

gages.  If the upslope gage indicated more tension than the downslope gage, the upslope half of 

the grout outside the steel was assumed to be cracked.  If the downslope gage indicated more 

tension, the downslope half of the grout was assumed to be cracked. 
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Figure 3.17.  Analysis conditions for strain gage data: (a) upper bound, (b) lower bound 
with tension upslope, and (c) lower bound with tension downslope. 
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 For the upper bound case, the neutral axis is through the centerline of the member, as 

shown in Figure 3.17a.  By definition, there is no bending at the neutral axis, so the total strain at 

the neutral axis is equal to the axial strain (εaxial).  For the upper bound case, the axial strain for 

any pair of gages can therefore be taken as the average of the total strain (εtotal) for each gage, 

where total strain in each gage is determined from the respective calibration.  The bending strain 

(εbending) at each gage for this case is taken as the difference between total strain and axial strain.  

These relations are shown in Equations 3.1 and 3.2.  Calculating the axial force (Q), as shown in 

Equation 3.3, requires the axial strain, modulus of elasticity (E), and member area (A).  

Calculating the bending moment (M), as shown in Equation 3.4, requires the bending strain, 

modulus of elasticity, moment of inertia (I), and distance between from the neutral axis to the 

gage (x).  The area and moment of inertia for the micropile were calculated using a transformed 

section to account for the difference in modulus of elasticity between the steel and grout. 

, ,

2
total upslope total downslope

axial
ε ε

ε
+

=  (3.1) 

bending total axialε ε ε= −  (3.2) 

axialQ E Aε= ⋅ ⋅  (3.3) 

transformed bendingI E
M

x
ε⋅ ⋅

=  (3.4) 

 A summary of the constant parameters used for all upper bound analyses is presented in 

Table 3.2.  The modulus of elasticity (E) used is the modulus for steel.  The geometric parameters 

presented were determined after transforming the grout into an equivalent area of steel based on 

the difference in modulus of elasticity.  The modulus of elasticity of grout was assumed to be 10% 

of that for steel, so for axial load calculations, the area of grout is reduced to 10% of the actual 

value.  When the strain in the member is compressive, the area used for axial load calculations 

includes the area of steel and 10% of the area of grout (total 0.37 in2).  When the strain in the 

member is tensile, the grout contribution is ignored altogether.  The area for this case is just the 

area of steel (0.20 in2).  For bending moment calculations, the grout area is unaffected in the 

direction perpendicular to the neutral axis but narrowed 10% in the direction parallel to the neutral 
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axis.  The result is an ellipse with a major axis length of 1.5 in. and a minor axis length of 0.15 in.  

The major axis is in the direction perpendicular to the neutral axis.  The moment of inertia for the 

ellipse is 10% of that for the actual section of grout. 

Table 3.2.  Important quantities used to analyze strain gage data for upper bound analyses. 

Quantity Value 
Modulus of Elasticity, E 29,000,000 psi 
Area, A (Compressive Loading) 0.37 in2 
Area, A (Tensile Loading) 0.20 in2 
Moment of Inertia (Steel and Untransformed Grout), I 0.24 in4 
Transformed Moment of Inertia, Itransformed 0.036 in4 

 

 For the lower bound case, the neutral axis is not through the centerline of the member.  

Instead, as shown in Figure 3.17b and Figure 3.17c, the neutral axis moves slightly toward the 

compressive side of the member.  The actual location is calculated as the centroid of a 

transformed section that accounts for the stiffness difference between the steel and grout and 

that discounts the half of the external grout that is in tension.  The transformed section is similar 

to that for the upper bound case, but the half of the grout ellipse on the tensile side of the 

micropile is removed.  Because of the shift in the neutral axis, the gages are not equidistant from 

the neutral axis, and Equation 3.1 does not apply.  Axial strain is still equal to total strain at the 

neutral axis, but the strain at the neutral axis must be interpolated between total strains at the two 

gages, not averaged.  Equations 3.2, 3.3, and 3.4 still apply, but the transformed moment of 

inertia (Itransformed) is reduced as a result of ignoring the cracked section of grout.  Also, it is 

important to define the bending strain in Equations 3.2 and 3.4 on the uncracked (compressive) 

side of the member and to define the distance between the gage and the neutral axis (x) 

accordingly.  A summary of the constant parameters used for all lower bound analyses is 

presented in Table 3.3.  Only the moments of inertia are different from the upper bound analysis. 

Table 3.3.  Important quantities used to analyze strain gage data for lower bound analyses. 

Quantity Value 
Modulus of Elasticity, E 29,000,000 psi 
Area, A (Compressive Loading) 0.37 in2 
Area, A (Tensile Loading) 0.20 in2 
Moment of Inertia (Steel and Untransformed, Uncracked Grout), I 0.13 in4 
Transformed Moment of Inertia, Itransformed 0.029 in4 
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 As it turns out, bending moments calculated for the lower bound are smaller than those 

for the upper bound by a factor equal to the ratio of moments of inertia for the cracked and 

uncracked sections.  For the micropiles described in Section 3.5, this ratio is equal to 0.82, so the 

lower bound moments are about 80 percent of the upper bound moments.  Because of the direct 

relationship between upper and lower bound bending moments, the upper bound formulae can be 

used for a lower bound approach using the cracked moment of inertia, but the strain 

interpretations would be incorrect.  Another implication of this relationship is that bending moment 

profiles with depth for the two analyses are similar in shape but differ in magnitude.  Axial loads 

calculated from the two analyses do not follow the same trend.  Although the load profiles are 

always similar, for some cases, the lower bound analysis produces higher axial loads than the 

upper bound analysis and vice-versa. 

 Another important aspect of reducing the strain gage data involves establishing the point 

during testing where strain is zeroed.  Two approaches were taken.  The first approach zeroes 

strain as soon as the strain gage readings remain relatively constant after installation.  The 

second approach zeroes strain just before the container is tilted for the first time.  Strains 

interpreted using the first approach should include the effects of grout curing, settlement of the 

soil around the members during wetting, and anything else that might transfer load to the 

members during wetting.  Strains interpreted using the second approach are assumed to include 

only the effect of load transfer to the members due to shearing of the soil as the model slope is 

tilted.  Strains from the first approach are useful for determining total loads acting on the member 

and therefore if the member is close to structural limits, but strains from the second approach are 

more useful for analyzing load transfer from the soil.  For both approaches, upper and lower 

bound analyses as described above were performed.  For the second approach, cracking of the 

grout assumed for the lower bound analysis is based on the strains interpreted from the first 

approach. 

3.6.4 Kaolinite Marking Columns 
 After model construction, several 1-in. diameter holes were drilled in the model slopes 

and filled with kaolinite.  The white clay contrasts with the model slope soil to provide a readily 
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identifiable break in the column upon failure.  During forensic evaluation (Section 3.7.4), such 

breaks as shown in Figure 3.18 are noted and interpreted as a realization of the failure surface. 

 

Figure 3.18.  Kaolinite marking column exposed during deconstruction.  Break in the 
column is interpreted as the failure surface. 

3.6.5 Photographic Record of Test Progress 
 During testing, a camera mounted to the model container by a 10-ft pole records still 

photographs of the model slope.  Additionally, the camera posts a streaming image of the model 

slope to a network website that can be monitored remotely.  After testing, photographs from the 

network camera, an example of which is shown in Figure 3.19, were used to create a time-lapse 

video of the failure.  The video provides qualitative data about the nature of the failure.  

Furthermore, markers placed on the surface of the model slope allow quantitative estimates of 

surficial deformation to be made from the photographs. 
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Figure 3.19.  Example photograph recorded by overhead network camera. 

3.7 Testing Procedure 
 The experimental cycle involves constructing the model slope, installing the reinforcing 

members, wetting the model to bring the soil as near saturation as possible, testing the model by 

tilting incrementally until failure, and forensically deconstructing the failed model to determine the 

failure surface.  Typically, the experimental cycle requires at least four weeks.  Each phase of the 

testing procedure is described in more detail in this section. 

3.7.1 Model Slope Construction 
 Models are constructed with the soil near optimum water content (Section 3.3).  

Photographs of model construction are shown in Figure 3.20.  First, the soil is conditioned using a 

mechanical tiller to thoroughly mix it and to produce a consistent moisture content.  Next, the soil 

is placed into the model container by emptying skid loader buckets over the side of the model 
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container.  Enough soil is placed into the container to produce 5-in. thick lifts, which are 

compacted using three passes of a 400-lb smooth drum roller.  A skid loader pulls the drum roller 

up the model slope through a cable-and-pulley system.  The edges of the models where the roller 

cannot reach are then compacted using a 25-lb hand tamp.  A model slope at end-of-construction 

is shown in Figure 3.21. 

 

Figure 3.20.  Photographs of the model construction process: (a) tilling soil, (b) placing 
loose soil, (c) spreading soil into lifts, and (d) compacting soil with smooth drum roller. 
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Figure 3.21.  Model slope at end of construction.  Model shown was built with a capping 
beam, shown in the middle of the slope. 

3.7.2 Reinforcing Member Installation 
 After the model slope is constructed, reinforcing members are installed as described in 

Section 3.5 and shown in Figure 3.22.  A wooden guide is used to align the auger shown in 

Figure 3.23a during drilling to ensure proper hole inclination.  After the hole is drilled, the 

inclination and length of the hole are checked and noted, and grout with a 0.45 water-to-cement 

(w/c) ratio is mixed.  After filling approximately half the hole with grout, the steel member is placed 

in the hole.  In order to remove air voids from the grout, a power sander vibrates the steel pipe as 

the remaining volume, including the interior of the steel pipe, is filled with grout.  Figure 3.23b 

shows a completed model micropile exhumed following one of the tests.  In general, the model 

micropiles closely resemble field scale micropiles in that the pile-soil interface is generally rough 

and often has classical helical grooves created on the wall of the hole by the helical auger. 
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Figure 3.22.  Reinforcing member installation process: (a) drilling hole, (b) checking hole 
inclination and length, (c) partially filling hole with grout, and (d) inserting steel pipe while 
vibrating to remove air voids in grout. 

 

Figure 3.23.  (a) Auger used to install model micropiles.  (b) Photograph of model pile 
exhumed following test completion. 
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3.7.3 Model Slope Testing 
 Following model construction, models are intermittently wetted to produce pore pressures 

that are both reasonably uniform and reasonably close to zero.  Wetting is performed 

intermittently to allow for equilibration of flow conditions and to prevent development of relatively 

high pore pressures near the slope face.  Intermittent wetting is continued throughout the test to 

maintain pore pressure conditions as uniformly as possible. 

 Once the desired pore pressure conditions are established, failure is induced by 

incremental tilting of the model container as shown in Figure 3.24.  Initial tilting increments are 

generally large, perhaps as great as 10º. Subsequent tilting is performed in sequentially smaller 

increments as the model approaches failure and can be as small as 1 degree.  Following each 

load increment, the model is allowed to sit for at least 24 hours or until the pore pressure readings 

are observed to stabilize to ensure that loading occurs under fully-drained conditions. 

 

Figure 3.24.  Photograph of the model container after initial tilting during testing. 

3.7.4 Forensic Evaluation 
 Upon failure, model slopes are carefully deconstructed to reveal the location of the sliding 

surface.  A shovel was used to remove 1- to 2-ft thick vertical slices of the failed slope at a time.  
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The exposed cuts were photographed as shown in Figure 3.25 and examined for any visual 

discontinuities that might indicate the location of the failure surface.  Similarly, a 0.5-in. diameter 

rod was used to penetrate the failed slope at various locations for each cut to identify 

discontinuities in stiffness that might also indicate the failure surface.  Lastly, the kaolinite marking 

columns described in Section 3.6.4 were examined closely to provide another record of the failure 

surface location. 

 

Figure 3.25.  Example of a vertical cut exposed during forensic investigation. 

3.8 Calibration of Experimental Apparatus 
  Four models were constructed and tested by Deeken (2005) without reinforcement to 

both evaluate the performance of the apparatus (e.g. end friction) as compared to limit equilibrium 

models and to establish appropriate testing protocols.  The results of these tests are summarized 

in Table 3.4 and illustrated in Figure 3.26. 
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Table 3.4.  Summary of tests on unreinforced model slopes. 

Initial Slope Angle Initial Slope Height Failure Angle Test Designation 
deg. ft. deg. 

U1 23 4 46 
U2 25 4 43 
U3 24 4 44 
U4 25 5 44 

  

 

Figure 3.26.  Schematic illustrating observed failure surfaces for calibration tests. 

 As shown in Figure 3.26, the observed failure surfaces vary somewhat, but are generally 

consistent with the expected type of failure for drained loading with sliding depths ranging from 

1.2 to 2.1 ft.  The variation in the observed failures is attributed to variations in pore pressure 

conditions within the models that arose as a result of varying wetting procedures.  The values of 

the slope angle at failure are also consistent considering the variations in pore pressures among 

the tests.  These results indicate the apparatus can be used to accurately model the performance 

of actual unreinforced slopes. 

 To further evaluate the apparatus performance and, more specifically, the effects of pore 

pressures and soil strength parameters, limit equilibrium stability analyses were performed for 

conditions both prior to and at failure.  For all analyses, the models were assumed to be 

homogeneous with the distribution of pore pressures assigned using a grid of points 

corresponding to the measured pore pressure readings at the respective stage of the test.  Back-

calculations were performed for each model using the pore pressure measured at failure to 

establish appropriate values of shear strength parameters.  These analyses indicate the failures 
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can be accurately modeled using an effective stress angle of internal friction of 32 degrees. This 

value compares closely with the measured value of 33 degrees, which also suggests boundary 

effects or other factors are not significantly influencing performance.  The critical sliding surfaces 

determined from limit equilibrium analyses were also similar to those observed in the model tests, 

averaging 1.2 ft. below the face of the slope. 

 The results of additional analyses performed for each model at conditions prior to failure 

are shown in Figure 3.27 and Figure 3.28.  Figure 3.27 shows the computed factors of safety 

(using back-calculated strength parameters and measured pore pressures) plotted as a function 

of slope angle; Figure 3.28 shows the same results, but plotted as a function of slope 

deformation.  The convergence of each unreinforced model to a factor of safety of 1.0 near an 

angle of the slope face of 44 degrees indicates the success of calibration and the similarity of the 

tests.  Small discrepancies in factors of safety for lower angles of slope face are attributed to 

differences in pore pressures associated with different wetting schedules.  These differences also 

explain why the “performance function” shown in Figure 3.28 for model U3 indicates that model is 

more tolerant of large displacements; over-wetting of this model during the initial stages of the 

test caused a surficial failure that increased displacement without affecting overall stability.  The 

results and analysis of the calibration models are described in more detail by Deeken (2005). 
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Figure 3.27.  Computed factors of safety using measured pore pressures as a function of 
slope angle for calibration tests (after Deeken, 2005). 
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Figure 3.28.  Computed factors of safety using measured pore pressures as a function of 
slope deformation for calibration tests (after Deeken, 2005). 

3.9 Summary 
 In this chapter, the experimental apparatus developed to model reinforced earth slopes 

was described.  The apparatus includes a model container, a pore pressure control system, soil, 

model reinforcement, and an instrumentation system to measure pore pressure, soil movement, 

and loading of the reinforcing members.  Each component was described in detail.  The testing 

procedure, including model construction, reinforcing member installation, model wetting and 

inclination to failure, and model deconstruction, was also described.  Lastly, the results of a series 

of tests performed to calibrate the apparatus and to show modeling effects such as those from 

side friction are minimal were presented. 
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Chapter 4: Testing Program & Results 

 This chapter presents the results of tests on eight model slopes reinforced with 

micropiles.  After summarizing the testing program, detailed results for each test are presented.  

Data presented include written summaries of testing conditions and accompanying photographs, 

distributions of pore pressure and soil movement in time and space, typical distributions of axial 

force and bending moment along reinforcing members, photographs of the models after failure, 

and schematics showing the estimated failure surfaces. 

4.1 Testing Program 
 The eight tests are organized into three groups based on reinforcement arrangement as 

shown in Figure 4.1.  Tests in Group 1 were performed on models reinforced with members 

installed perpendicular to the slope face.  For Group 2, model reinforcement was installed using 

an “A-frame” arrangement wherein member inclinations alternate between 30 degrees upslope of 

perpendicular and 30 degrees downslope of perpendicular for successive members.  Group 3 

also used an A-frame arrangement, but the reinforcing members were installed through a capping 

beam, or grade beam, at the model slope surface.  The capping beam was fabricated by drilling 

2-in. diameter holes through a 5.5-in. by 5.5-in. timber beam extending across the model.  For all 

eight tests, reinforcing members were installed so that they intersected the slope face along the 

same horizontal line, which was positioned approximately halfway between the crest and the toe 

of the model slopes.  For the third group of tests, this line is the centerline of the capping beam. 

90°
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Figure 4.1.  Schematic drawings showing model reinforcement arrangements: (a) Group 1, 
(b) Group 2, and (c) Group 3.  Drawings are not to scale. 
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 A summary of testing parameters and results is shown in Table 4.1.  Tests are numbered 

according to their group and the order in which they were performed.  Test 3-B, for example, was 

the second test of a model reinforced with a capping beam.  Within each group of tests, the only 

variable intentionally modified was the spacing of the reinforcing members.  This variable is 

quantified by the reinforcement spacing ratio, S/D, which is the ratio of centerline spacing 

between members (S) to the member diameter (D = 1.5 in. for all tests).  Due to the use of 

inconsistent wetting intervals, the range of pore pressures also varied for each test.  The range at 

failure is included in Table 4.1.  The table also lists the angle of the slope face at failure. 

Table 4.1.  Summary of testing parameters and results for each test. 

Test No. Arrangement 
Number of 
Members 

Reinforcement 
Spacing Ratio, 

S/D 

Pore 
Pressures at 

Failure 

Slope Face 
Angle at 
Failure 

    psf Deg. 
1-A Perpendicular 2 30 -100 – +85 40 
1-B Perpendicular 4 15 -150 – +25 45 
1-C Perpendicular 6 10 -200 – 0 45 
2-A A-frame 6 10 -180 – +160 44 
2-B A-frame 12 5 -150 – +150 42 

3-A A-frame with 
Capping Beam 6 10 -150 – +100 44 

3-B A-frame with 
Capping Beam 6 10 -175 – +10 46 

3-C A-frame with 
Capping Beam 12 5 -100 – +100 47 

 

4.2 Results from Tests of Models with Perpendicular Reinforcement 
 Three model slopes were tested with reinforcement perpendicular to the slope face as 

shown in Figure 4.1a.  Two reinforcing members were installed in the first model, resulting in an 

S/D value of 30.  Four members were installed in the second model, resulting in an S/D value of 

15.  The third model was reinforced with six members, resulting in an S/D value of 10. 

4.2.1 Test 1-A 
 The first model, Model 1-A, was constructed in August 2005.  Two reinforcing members 

were installed in the slope, resulting in an S/D value of 30.  A photograph of the model after 

construction is shown in Figure 4.2.  The model inclination history, represented by a plot of slope 

angle versus time, is shown in Figure 4.3.  The model was wetted for 5 days before tilting 10 

degrees to 34 degrees.  The exact wetting schedule for this test was not recorded, but throughout 
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testing the pore pressure control system was set to wet less frequently than for other models.  

After tilting to 34 degrees, the model was tilted once a day.  After 8 days, it was tilted to 40 

degrees, and within 24 hours, the model failed. 

  

Figure 4.2.  Photograph of Model 1-A after construction. 
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Figure 4.3.  Inclination history for Test 1-A. 
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 A series of photographs from the overhead camera summarizing the failure sequence is 

shown in Figure 4.4, and a photograph of the model after failure is shown in Figure 4.5.  The first 

signs of failure were cracks that developed above the reinforcement.  These eventually spread 

across the model to the side walls of the container.  Afterwards, signs of a rotational slide were 

clear as the crack offset vertically (Figure 4.5) and the mass of soil below the crack slid down.  

There was notably less displacement of the slope surface for this test.  The relative infrequency of 

wetting periods compared to other tests likely caused the failure to be more rotational and 

massive than in other tests. 

 Poor records from the forensic evaluation make it difficult to interpret the location of the 

failure surface, but two alternative estimates are shown in Figure 4.6.  The first suggests the 

failure intercepted the bottom of the model container.  Higher bending moments measured near 

the bottom of the reinforcement (presented subsequently) are an indication the micropiles could 

have become caught on the bottom of the container, which might result in a deeper failure 

surface.  Another possibility is that fines from the silty sand slope soil migrated to the underlying 

clean sand drainage layer, preventing it from draining properly and causing a buildup of pore 

pressures along the bottom of the container.  However, no pore pressure sensors were placed in 

this location so this hypothesis cannot be confirmed.  Another possible failure surface is 

shallower.  Soil movement records and axial loads in the reinforcement (both presented 

subsequently) suggest the failure surface was closer to the surface of the slope.  Both potential 

failure surfaces were modeled in the analysis (Chapter 5), and the shallower surface matched 

measured results better.  As a result, the shallower surface analysis is presented in Chapter 5.  

To prevent deep failure surfaces in future tests, micropile drilling was halted about 5 in. before 

reaching the bottom of the container and the sand drainage layer was replaced regularly to 

ensure it remained freely draining. 
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Figure 4.4.  Failure of Model 1-A: (a) crack forms upslope of members, (b) crack extends to 
sides of container, (c) crack widens as model deforms, and (d) crack at failure shows 
evidence of rotational movement. 
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Figure 4.5.  Photograph of Model 1-A after failure. 

 

Figure 4.6.  Observed failure surface for Model 1-A. 
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 Instrumentation for Test 1-A, as indicated in Figure 4.7, included nine wireline 

extensometers, nine tensiometers, and two instrumented reinforcing members.  Data from two of 

the extensometers (1 and 8) are not included in the presentation of data because they indicated 

large negative displacements, perhaps because the string potentiometer disconnected from the 

extensometer.  Also, the reinforcing members were not identified after installation, so there are 

two sets of strain gage data, but no indication which belongs to the right side of the slope and 

which belongs to the left.  In addition, four strain gages shorted out on one of the members 

(compared with zero on the other), so its data are not presented. 

 

Figure 4.7.  Instrumentation scheme for Test 1-A: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers, and centers of 
circles are the intended gage locations. 

 Pore pressure records for Test 1-A are shown in Figure 4.8.  An error in the data 

acquisition program caused it to stop recording data for two periods during testing.  These 

periods are indicated on the graphs as gaps in the records.  The program continued to operate 

the pore pressure control system and read all instruments during these periods, but the values 

measured were not recorded to the hard drive.  Pore pressures during Test 1-A generally ranged 

between -150 and +100 psf.  At each gage location, the records often show relatively large 

fluctuations between successive pore pressure readings.  This could be an indication of the 

precision of the tensiometers, but it is more likely that the wetting cycle and data recording cycle 

were out of phase during these fluctuation periods.  In this case, the fluctuation is a measure of 

how much pore pressures change during one wetting cycle.  Pore pressures were generally 

highest downslope of the reinforcing members and lowest near the crest of the slope. 
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Figure 4.8.  Pore pressure records for Test 1-A: (a) gages 1, 2, and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 
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 Records of total soil movement for Test 1-A are shown in Figure 4.9, and records of soil 

movement after wetting and settlement are shown in Figure 4.10.   The record after wetting and 

settlement was found by zeroing the displacement just before tilting the model.  As described for 

the pore pressure data, the data acquisition program failed to record soil movement data for 

several periods during testing, as indicated on the graphs as gaps in the record.  Settlement 

during the initial wetting period of testing ranged from 0 to 3.5 in.; soil movement following this 

period ranged from 0.5 to 3.0 in.  Movements were relatively small until the slope face angle was 

increased to 38 degrees, when a sharp increase in movement was observed in all operating 

gages except gages 6, 7, and 2.  Movement then leveled off until the slope face angle was 

increased to 40 degrees, which induced failure of the model slope.  At failure, all operating gages 

located near the surface of the slope (gages 2, 3, 5, and 9) displaced several inches while the 

others (gages 4, 6 and 7) remained still.  This contradicts the idea that the failure intercepted the 

bottom of the container. 

 Mobilized axial loads and bending moments in the reinforcing member on which no strain 

gages shorted out are shown in Figure 4.11.  During wetting of the model slope, settlement of the 

slope and/or curing of the grout induced compressive loads near 1000 lb in the bottom half of the 

member.  Movement of the soil during testing induced tensile loads, reducing but not eliminating 

the compressive load in the member.  During wetting, the bending moment profile showed a 

reverse-curvature shape with peak moments between 100 and 200 lb-in.  As the test progressed, 

bending moments in the top half of the member were eliminated while bending moments near 

200 lb-in. developed on the bottom half of the member.  These bending moments induced tension 

on the upslope side of the member.  This is indicative of cantilever type bending in the downslope 

direction. 
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Figure 4.9.  Total soil movement records for Test 1-A. 
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Figure 4.10.  Records of soil movement after wetting for Test 1-A: (a) gages 2 and 3, (b) 
gages 4, 5, and 6, and (c) gage 9. 
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Figure 4.11.  Mobilized loads in the only successfully instrumented member, Test 1-A: (a) 
axial loads from strains zeroed following installation; (b) axial loads from strains zeroed 
prior to first tilt increment; (c) bending moments from strains zeroed following installation; 
and (d) bending moments from strains zeroed prior to first tilt increment. 



 65

4.2.2 Test 1-B 
 The second model, Model 1-B, was constructed in September 2005.  Prior to 

construction, the grating was cleaned and the sand drainage layer was replaced.  Four reinforcing 

members were installed in the model slope, resulting in an S/D value of 15.  A photograph of the 

model during testing is shown in Figure 4.12.  A plot of slope angle versus time is shown in Figure 

4.13.  The model was wetted for 5 days before tilting 6 degrees to 30 degrees.  The wetting cycle, 

which continued throughout testing, was 15 minutes in length and consisted of wetting for 7 

minutes followed by an 8-minute rest period.  After tilting to 30 degrees, the model was tilted two 

degrees once a day for a week.  After some significant soil movement at 44 degrees ceased, the 

model was tilted to 45 degrees, and within 24 hours, the model failed. 

 

Figure 4.12.  Photograph of Model 1-B during testing. 
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Figure 4.13.  Inclination history for model 1-B. 

 A series of photographs from the overhead camera summarizing the failure sequence is 

shown in Figure 4.14, and a photograph of the model after failure is shown in Figure 4.15.  A 

schematic of the failure surface is shown in Figure 4.16.  The first signs of failure were cracks that 

developed just upslope of the reinforcement on the right side (looking at the model).  During a 

period of about 20 hours, the cracks moved progressively back and to the left as soil near the 

surface displaced downslope.  By the end of failure, most of the slope surface below the crest 

had failed, although some soil on the left side remained intact and failure of the toe is uncertain.  

The displaced soil was deposited at the toe of the slope, preventing successful forensic 

evaluation of the toe and perhaps even failure of the toe altogether.  Overall, however, forensic 

evaluation was effective, and its interpretation results in an observed failure surface that is 

circular, about 1.5 ft. below the face of the slope at its deepest, and not extending beyond the 

crest of the slope. 
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Figure 4.14.  Failure of Model 1-B: (a) crack forms just upslope of members on right side of 
model, (b) crack moves toward crest and some surface soil below the crest breaks loose, 
(c) crack continues to move back and to the left and surface soil continues to fail, and (d) 
most of slope surface is failed after failure. 
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Figure 4.15.  Photograph of Model 1-B after failure. 

 

Figure 4.16.  Observed failure surface for Model 1-B. 

 Instrumentation for Test 1-B, as indicated in Figure 4.17, included nine wireline 

extensometers, nine tensiometers, and three instrumented reinforcing members.  There were no 

problems with any of the wireline extensometers, but, as for Model 1-A, the reinforcing members 

were not identified after installation, so there are three sets of strain gage data with no indication 
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of which set belongs to which member.  In addition, two of the members had problems with gages 

shorting out, so only data from one member are presented. 

 

Figure 4.17.  Instrumentation scheme for Test 1-B: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers, and centers of 
circles are the intended gage locations. 

 Pore pressure records for Test 1-B are shown in Figure 4.18.  Pore pressures during Test 

1-B generally ranged between -200 and +100 psf.  Each record shows small “blips” indicating 

variations in pore pressures of about 10 psf that often immediately follow model tilting events.  

The blips therefore could be the actual pore pressure response.  However, the blips also occur 

during the wetting sequence when no tilting occurs so they could be attributed to instrument 

precision, changes in temperature, or power supply voltage variations.  Similar “blips” are noted 

for pore pressure records throughout this chapter.  Overall, pore pressures were relatively 

constant at each gage location except for gages 6 and 9.  Gage 6, located in the middle of the 

slope, showed a gradual decrease in pore pressure from +100 psf during wetting to -150 psf at 

failure.  Such a response is certainly possible but also highly unusual considering other pore 

pressure records from all tests.  It is at least equally likely the data are erroneous.  Gage 9, near 

the toe of the slope, showed a marked increase in pore pressure during the last tilt increment, 

when the slope angle reached 45 degrees.  It is possible this increase was a response to failure 

of the slope, but it is also possible that as the slope failed, the relatively shallow tensiometer tip 

lost contact with the soil, resulting in artificially high readings.  As was observed in Test 1-A, pore 

pressures were generally highest downslope of the reinforcing members and lowest near the 

crest of the slope. 
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Figure 4.18.  Pore pressure records for Test 1-B: (a) gages 1, 2, and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 



 71

 Records of total soil movement for Test 1-B are shown in Figure 4.19, and records of soil 

movement after wetting and settlement are shown in Figure 4.20.  The records after wetting and 

settlement were established by zeroing the displacement just before tilting the model.  The 

records indicate little settlement of the model occurred during the wetting period.  For several of 

the gages, negative values of soil movement were recorded.  This could be a result of the 

extensometer line relaxing as kinks are released during settlement, or it could result from 

slippage between the extensometer line and the potentiometer string at their connection.  Other 

than small amounts of movement at 42 degrees, movement was relatively small until the slope 

face angle was increased to 44 degrees, when gage 7 showed about 2 in. of movement and 

gages 8 and 9 showed approximately 1-in. of movement.  At 45 degrees, the slope failed, and 

gages 5, 6 and 8, all located about 10 in. below the slope surface, showed more than 20 in. of 

movement while the others showed no movement. 

 Mobilized axial loads and bending moments in the successfully instrumented reinforcing 

member are shown in Figure 4.21.  During wetting of the model slope, settlement of the slope 

and/or curing of the grout induced compressive loads near 2500 lb in the middle and near the 

bottom of the member.  Movement of the soil between wetting and failure induced mainly tensile 

loads that reduced but did not eliminate compressive loads along most of the member.  At failure, 

however, compression increased slightly at the bottom of the member; near the top of the 

member, a compressive load near 1250 lb was induced.  This loading resulted in the reversal 

observed near the top of the member in the axial load profile at failure.  During wetting, the 

bending moment profile showed a reverse-curvature shape with peak moments near 300 lb-in.  

As the test progressed, bending moments in the top half of the member were reduced while an 

additional moment of 400 lb-in. was induced in the bottom half of the member, resulting in a total 

moment of 600 lb-in.  This bending moment induced tension on the upslope side of the member. 
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Figure 4.19.  Total soil movement records for Test 1-B. 
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Figure 4.20.  Records of soil movement after wetting for Test 1-B: (a) gages 1, 2, and 3, (b) 
gages 4, 5, and 6, and (c) gages 7, 8, and 9. 
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Figure 4.21.  Mobilized loads in the only successfully instrumented member, Test 1-B: (a) 
axial loads from strains zeroed following installation; (b) axial loads from strains zeroed 
prior to first tilt increment; (c) bending moments from strains zeroed following installation; 
and (d) bending moments from strains zeroed prior to first tilt increment. 
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4.2.3  Test 1-C 
 Model 1-C was constructed in October 2005.  Six reinforcing members were installed in 

the model slope, resulting in an S/D value of 10.  A photograph of the model during testing is 

shown in Figure 4.22.  A plot of slope angle versus time is shown in Figure 4.23.  The model was 

wetted for 5 days before tilting 6 degrees to 30 degrees.  The wetting cycle, which continued 

throughout testing, was 15 minutes in length and consisted of wetting for 7 minutes followed by 

an 8-minute rest period.  After tilting to 30 degrees, the model was tilted two degrees once a day 

for a week.  After some significant soil movement at 44 degrees ceased, the model was tilted to 

45 degrees, and within 12 hours, the model failed. 

 

Figure 4.22.  Photograph of Model 1-C after construction. 
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Figure 4.23.  Inclination history for Test 1-C. 

 A series of photographs from the overhead camera summarizing the failure sequence is 

shown in Figure 4.24, and a photograph of the model after failure is shown in Figure 4.25.  A 

schematic of the failure surface is shown in Figure 4.26.  The failure occurred over a period of just 

8 hours, and it was a typical retrogressive failure wherein loss of support from one slide gives way 

to another slide.  As for the other models in Group 1, cracks first formed just upslope of the 

reinforcement.  These cracks widened as the soil downslope of them displaced.  For the next four 

hours, cracks worked their way back toward the crest as soil downslope of the cracks continued 

to slump off downhill.  The resulting failure surface determined from forensic evaluation following 

the test and confirmed by slope movement records is planar and roughly parallel to the slope 

face.  It starts just behind the crest of the model slope and is about 1.5 ft. deep. 
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Figure 4.24.  Failure of Model 1-C: (a) cracks form just upslope of members in the center of 
the model, (b) cracks widen as downslope soil displaces, (c) more cracks form upslope of 
initial ones as soil continues to slump downslope, and (d) even more cracks form as most 
of the slope face, including the crest, has broken off and translated downslope. 
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Figure 4.25.  Photograph of Model 1-C after failure. 

 

Figure 4.26.  Observed failure surface for Model 1-C. 

 Instrumentation for Test 1-C, as indicated in Figure 4.27, included nine wireline 

extensometers, nine tensiometers, and three instrumented reinforcing members.  Extensometer 5 

indicated large negative movements, perhaps because the string potentiometer disconnected 

from the extensometer, so its data are not presented.  Also, three strain gages on Member 1 

shorted out, so only data from Members 2 and 3 are presented. 
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Figure 4.27.  Instrumentation scheme for Test 1-C: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers or instrumented 
member numbers, and centers of circles are the intended gage locations. 

 Pore pressure records for Test 1-C are shown in Figure 4.28.  Pore pressures during 

Test 1-B generally ranged between -200 and +100 psf.  Pore pressures were relatively constant 

at each gage location except for gages 7 and 8.  Both gages 7 and 8 are located near the surface 

downslope of the reinforcement, and both showed a gradual decrease of about 100 psf between 

wetting and failure.  Also, between days 5 and 8 of testing, when the slope face angle was 

inclined between 30 and 34 degrees, each gage indicated a spike in pore pressure of about 50 

psf.  It is possible this increase actually occurred but equally likely the power supply for the 

pressure transducers had a brief increase in output voltage.  As for other tests in Group 1, pore 

pressures were generally highest downslope of the reinforcing members and lowest near the 

crest. 

 Records of total soil movement for Test 1-C are shown in Figure 4.29, and records of soil 

movement after wetting and settlement are shown in Figure 4.30.  The records after wetting and 

settlement were established by zeroing the displacements just before tilting the model.  The 

records indicate little settlement of the model occurred during the wetting period, except at gage 

6, which was located in the middle of the slope near the surface.  Once the slope face angle was 

inclined 36 degrees, all gages not located near the bottom of the container (i.e. gages 3, 4, 6, 7, 

and 8) began moving a few tenths of an inch with each tilting increment until 44 degrees, when 

these gages recorded as much as 1.5 in. of movement before halting.  At 45 degrees, the slope 

failed, and gages 6 and 8, located near the surface, moved more than 1 ft. 
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Figure 4.28.  Pore pressure records for Test 1-C: (a) gages 1, 2, and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 
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Figure 4.29.  Total soil movement records for Test 1-C. 
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Figure 4.30.  Records of soil movement after wetting for Test 1-C: (a) gages 1, 2, and 3, (b) 
gages 4, 5, and 6, and (c) gages 7, 8, and 9. 
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 Mobilized axial loads and bending moments in reinforcing members are shown in Figure 

4.31 (Member 2) and Figure 4.32 (Member 3).  During wetting of the model slope, settlement of 

the slope and/or curing of the grout induced compressive loads near 1200 lb near the bottom of 

the Member 2.  Movement of the soil during testing induced tensile loads of nearly the same 

magnitude (Figure 4.31d), so total axial loads in Member 2 (Figure 4.31c) were nearly zero at 

failure except near bottom of member.  During wetting, the bending moment profile peaked at 

about 150 lb-in. in the middle of Member 2, inducing tension downslope.  As the test progressed, 

soil movement induced bending moments nearly equal to those induced during wetting but 

opposite in direction.  At failure, as a result of soil movement inducing a moment of about 100 lb-

in. of tension upslope (Figure 4.31d), actual bending moments (Figure 4.31c) in Member 2 were 

nearly zero at failure.  The bending moment profile induced during testing had a single curvature 

shape the peaked near the location of the failure surface interpreted from forensic evaluation. 

 Similar loading behavior was demonstrated in Member 3.  During wetting of the model 

slope, settlement of the slope and/or curing of the grout induced compressive loads that were 

greatest near the ends of the member (maximum 1200 lb) but near zero at the middle of the 

member.  Movement of the soil during testing induced tensile loads that were greatest in the 

middle of the member but near zero at the ends.  The maximum tensile load induced by soil 

movement was about 600 lb, and it was induced at failure near the failure surface location.  

During wetting, the bending moment profile peaked at about 150 lb-in. in the middle of Member 3, 

inducing tension downslope.  As the test progressed, soil movement induced bending moments 

nearly equal to those induced during wetting but opposite in direction and concentrated near the 

bottom of the member.  At failure, soil movement inducing a maximum moment of about 150 lb-in. 

of tension upslope in the bottom half of the member below the interpreted failure surface.  This is 

similar to the trend noted for Member 2, but the maximum bending moment occurs more toward 

the bottom of the member and is accompanied by slight reverse curvature above the failure 

surface.  This suggests the failure surface was slightly higher on the left side of the model. 
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Figure 4.31.  Mobilized loads in Member 2, Test 1-C: (a) axial loads from strains zeroed 
following installation; (b) axial loads from strains zeroed prior to first tilt increment; (c) 
bending moments from strains zeroed following installation; and (d) bending moments 
from strains zeroed prior to first tilt increment. 
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Figure 4.32.  Mobilized loads in Member 3, Test 1-C: (a) axial loads from strains zeroed 
following installation; (b) axial loads from strains zeroed prior to first tilt increment; (c) 
bending moments from strains zeroed following installation; and (d) bending moments 
from strains zeroed prior to first tilt increment. 
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4.3 Tests on Models with A-frame Reinforcement 
 Two model slopes were tested with reinforcement arranged in an A-frame without a 

capping beam as shown in Figure 4.1B.  Six reinforcing members were installed in the first model, 

resulting in an S/D value of 10.  Twelve members were installed in the second model, resulting in 

an S/D value of 5. 

4.3.1 Test 2-A 
 The fourth model, Model 2-A, was constructed in December 2005.  Six reinforcing 

members were installed in the model slope, three battered upslope and three battered downslope 

to form an A-frame arrangement.  The S/D value for the test is 10.  A photograph of the model is 

shown in Figure 4.33.  A plot of slope angle versus time is shown in Figure 4.34.  The model was 

wetted for 3 days before tilting 10 degrees to 34 degrees.  The wetting cycle, which continued 

throughout testing, was 15 minutes in length and consisted of wetting for 7 minutes followed by 

an 8-minute rest period.  After tilting to 34 degrees, the model was tilted two degrees once a day 

for 5 days.  After the model was tilted to 44 degrees, it failed within 12 hours. 

 

Figure 4.33.  Photograph of Model 2-A after the first tilt increment. 
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Figure 4.34.  Inclination history for Test 2-A. 

 A series of photographs from the overhead camera summarizing the failure sequence is 

shown in Figure 4.35, and a photograph of the model after failure is shown in Figure 4.36.  A 

schematic of the failure surface is shown in Figure 4.37.  The failure occurred over a period of 

about 12 hours.  As for other tests, it began with cracks just upslope of the reinforcement.  

Cracking then developed further toward the crest and concentrated on the right side of the slope.  

Cracks widened as large masses of soil broke loose and were displaced downslope.  Before the 

test was concluded, most of the slope surface had failed.  The failure surface interpreted from 

these observations and from forensic evaluation following the test is nearly circular.  It is between 

1.5 and 2 ft. deep, and it begins just behind the crest. 
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Figure 4.35.  Failure of Model 2-A: (a) significant cracks formed just upslope of members 
on the right side of the model and a smaller but longer crack extends along the length of 
the slope near the crest, (b) both sets of cracks widen as soil downslope displaces, (c) 
cracking has transformed into several large soil masses breaking loose, and (d) most of 
the soil near the slope surface has broken loose and moved downslope. 
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Figure 4.36.  Photograph of Model 2-A after failure. 

 

Figure 4.37.  Observed failure surface for Model 2-A. 

 Instrumentation for Test 2-A, as indicated in Figure 4.38, included nine wireline 

extensometers, nine tensiometers, and four instrumented reinforcing members.  There were no 

problems with any of the extensometer records, so data from all gages are presented.  
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Instrumented Members 1 and 3 were inclined downslope, and data from both members are 

presented.  Members 2 and 4 were inclined upslope, but as described in Chapter 3, Member 4 

was monitored manually, with readings taken only just prior to tilt increments.  Since its records 

are not complete and since it was intended mainly as a backup of Member 2, its data are not 

presented. 

 

Figure 4.38.  Instrumentation scheme for Test 2-A: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers or instrumented 
member numbers, and centers of circles are the intended gage locations. 

 Pore pressure records for Test 2-A are shown in Figure 4.39.  Pore pressures during Test 

2-A ranged from -200 to +200 psf.  Each gage recorded relatively constant values of pore 

pressure except for gage 5, located near the surface between the crest and the reinforcement, 

which recorded values of pore pressure that gradually decreased from -25 to -185 psf.  Gage 9, 

placed near the sand drainage layer, recorded the greatest pore pressure values, so the sand 

drainage layer was replaced after Test 2-A. 

 Records of total soil movement for Test 2-A are shown in Figure 4.40, and records of soil 

movement after wetting and settlement are shown in Figure 4.41.  The record after wetting and 

settlement was found by zeroing the displacement just before tilting the model.  Settlement before 

the first tilting increment was generally between 0.5 and 1.5 in.  After wetting, small amounts of 

movement occurred for each tilting increment for all gages except gage 4 and those near the 

bottom of the container (i.e. gages 3, 5, 6, and 7).  When the slope face angle was inclined 44 

degrees, the retrogressive failure sequence described previously began downslope of the 

reinforcement (gage 4), and it extended upslope of the reinforcement (gages 5, 6, and 7) within 

24 hours. 
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Figure 4.39.  Pore pressure records for Test 2-A: (a) gages 1, 2, and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 
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Figure 4.40.  Total soil movement records for Test 2-A. 
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Figure 4.41.  Records of soil movement after wetting for Test 2-A: (a) gages 1, 2, and 3, (b) 
gages 4, 5, and 6, and (c) gages 7, 8, and 9. 
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 Mobilized axial loads and bending moments in reinforcing members are shown in Figure 

4.42 (Member 1), Figure 4.43 (Member 2), and Figure 4.44 (Member 3).  During wetting of the 

model slope, settlement of the slope and/or curing of the grout induced compressive loads that 

increased to nearly 500 lb at the bottom of Member 1, which was battered downslope.  Movement 

of the soil during testing induced tensile loads, particularly at the failure surface interpreted from 

forensic evaluation, which intercepted the member just below its midpoint.  During wetting, the 

bending moment profile peaked at about 150 lb-in. at the bottom of Member 1, inducing tension 

downslope.  As the test progressed, soil movement induced bending moments in the opposite 

direction.  These moments increased as the test progressed and were greatest near the bottom 

of Member 1, just below the interpreted failure surface. 

 During wetting, compressive loads near 2500 lb were induced near the top and bottom of 

Member 2, which was battered upslope.  Tensile loads less than 500 lb were induced in the 

member during testing, but total axial loads in Member 2 remained largely compressive 

throughout the test.  Bending moments as great as 400 lb-in. and causing tension in the 

downslope half of the member developed in Member 2 during wetting.  Soil movement during 

testing induced bending moments in the opposite direction.  These moments were greatest in the 

bottom half of the member below the interpreted failure surface, and they increased throughout 

testing to nearly 700 lb-in. at failure. 

 Loading behavior of Member 3, which was battered downslope, was comparable to that 

for Member 1.  During wetting of the model slope, settlement of the slope and/or curing of the 

grout induced compressive loads that increased to more than 2000 lb at the bottom of Member 3, 

which was also battered downslope.  Movement of the soil during testing induced more 

compression, on the order of 600 lb.  During wetting, the bending moment profile peaked at about 

300 lb-in. at the bottom of Member 3, inducing tension upslope.  As the test progressed, soil 

movement resulted in bending moments as great as 200 lb-in. that also induced tension upslope.  

These moments increased as the test progressed and were greatest near the interpreted failure 

surface, at the bottom of Member 3. 
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Figure 4.42.  Mobilized loads in Member 1, inclined downslope in Model 2-A: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.43.  Mobilized loads in Member 2, inclined upslope in Model 2-A: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.44.  Mobilized loads in Member 3, inclined downslope in Model 2-A: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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4.3.2 Test 2-B 
 The fifth model, Model 2-B, was constructed in January 2006.  Twelve reinforcing 

members were installed in the model slope, resulting in an S/D value of 5.  A photograph of the 

model during wetting is shown in Figure 4.45.  A plot of slope angle versus time is shown in 

Figure 4.46.  The model was wetted for 3 days before tilting 10 degrees to 34 degrees.  The 

wetting cycle, which continued throughout testing, was 15 minutes in length and consisted of 

wetting for 7 minutes followed by an 8-minute rest period.  After tilting to 34 degrees, the model 

was tilted two degrees nearly every day.  After the model was tilted to 42 degrees, it failed within 

24 hours. 

 

Figure 4.45.  Photograph of Model 2-B during wetting. 
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Figure 4.46.  Inclination history for Test 2-B. 

 The overhead camera failed to record photographs during Test 2-B, but a pair of 

photographs taken from in front of the model summarizing the failure sequence is shown in 

Figure 4.47.  A schematic of the failure surface is shown in Figure 4.48.  As for other tests, the 

failure began with cracks just upslope of the reinforcement.  These cracks were concentrated on 

the right side of the model, and they worked their way back toward the crest as masses of soil 

broke loose and were displaced downslope.  Before the test was concluded, most of the slope 

surface had failed.  The failure surface interpreted from forensic evaluation following the test is 

nearly circular.  It is about 1.5 ft. deep, and it begins just below the crest. 
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Figure 4.47.  Failure of Model 2-B: (a) significant cracks form just upslope of members on 
the right side of the model as soil masses begin to break loose and move downslope and 
(b) most of the soil near the slope surface has broken loose and moved downslope. 

 

Figure 4.48.  Observed failure surface for model 2-B. 

 Instrumentation for Test 2-B, as indicated in Figure 4.49, included eight wireline 

extensometers, nine tensiometers, and four instrumented reinforcing members.  As a result of a 

construction oversight, there was no extensometer installed downslope of the reinforcement (i.e. 

where a gage numbered 4 was often installed for other models).  Additionally, gages 1 and 8 
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recorded unreasonably large negative values of soil movement, so their data are not presented.  

Instrumented Members 1 and 3 were inclined downslope, and data from both members are 

presented.  Members 2 and 4 were inclined upslope, but as described in Chapter 3, Member 4 

was monitored manually, with readings taken just prior to tilt increments.  Since its records are 

not complete and since it was intended as a backup of Member 2, its data are not included. 

 

Figure 4.49.  Instrumentation scheme for Test 2-B: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers or instrumented 
member numbers, and centers of circles are the intended gage locations. 

 Pore pressure records for Test 2-B are shown in Figure 4.50.  Pore pressures during Test 

2-B ranged from -100 to +125 psf, a smaller range than observed in most tests.  After the first tilt 

increment, pore pressures at gages 7, 8, and 9, all located downslope of the members, spiked 

about 50 psf.  Pore pressures at gage 2 gradually increased from 0 psf during wetting to +75 psf 

at failure.  When the slope face was inclined 40 degrees, the pore pressure at gage 4 increased 

by about 50 psf.  Otherwise, pore pressures were relatively constant except for the 20-hour 

period noted on the records when the pore pressure control system was accidentally deactivated. 

 Records of total soil movement for Test 2-B are shown in Figure 4.51, and records of soil 

movement after wetting and settlement are shown in Figure 4.52.  The record after wetting and 

settlement was found by zeroing the displacement just before tilting the model.  Settlement before 

the first tilting increment averaged about 0.7 in.  Small amounts of movement (less than 0.5 in.) 

were recorded shortly after the first tilt increment, and the gages indicated virtually no movement 

until the slope face angle was inclined to 42 degrees and the slope failed.  At this point, gage 5 

was the only gage to move more than 2 in.  This indicates only the right side of the slope failed, 

which is consistent with visual observations. 



 102

-150

-100

-50

0

50

100

150

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Elapsed Time (hours)

Po
re

 P
re

ss
ur

e 
(p

sf
)

3
1

2

24 34 36 38 40 42

Sprinklers accidentally turned 
off for 20 hours

Slope Face Angle(a)

-150

-100

-50

0

50

100

150

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Elapsed Time (hours)

Po
re

 P
re

ss
ur

e 
(p

sf
)

4

6

5

24 34 36 38 40 42

Sprinklers accidentally 
turned off for 20 hours

Slope Face Angle(b)

-150

-100

-50

0

50

100

150

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Elapsed Time (hours)

Po
re

 P
re

ss
ur

e 
(p

sf
)

8

7

9
24 34 36 38 40 42

Sprinklers accidentally 
turned off for 20 hrs.

Slope Face Angle(c)

 

Figure 4.50.  Pore pressure records for Test 2-B: (a) gages 1, 2, and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 
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Figure 4.51.  Total soil movement records for Test 2-B.  
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Figure 4.52.  Records of soil movement after wetting for Test 2-B: (a) gages 2 and 3, (b) 
gages 5 and 6, and (c) gages 7 and 9. 



 105

 Mobilized axial loads and bending moments in reinforcing members are shown in Figure 

4.53 (Member 1), Figure 4.54 (Member 2), and Figure 4.55 (Member 3).  During wetting of the 

model slope, settlement of the slope and/or curing of the grout induced compressive loads that 

increased to nearly 2500 lb at the bottom of Member 1, which was battered downslope.  

Movement of the soil during tilting induced tensile loads as great as 400 lb, slightly reducing the 

compression in the bottom half of the member.  At failure, however, the axial load profile induced 

by soil movement was nearly zero.  Axial loads were nearly zero at the location of the failure 

surface interpreted from forensic evaluation.  During wetting, the bending moment profile peaked 

at about 300 lb-in. at the bottom of Member 1, inducing tension upslope.  As the test progressed, 

soil movement induced relatively small bending moments (less than 150 lb-in.) that also induced 

tension upslope.  These moments increased as the test progressed and were also greatest at the 

bottom of Member 1, below the interpreted failure surface. 

 During wetting, axial loads were small along Member 2, which was battered upslope, 

except at the bottom of the member, where compressive loads of about 6000 lb were measured.  

Compressive loads of about 1000 lb were induced at the bottom of the member during tilting.  

Bending moments as great as 1400 lb-in. and causing tension in the upslope half of the member 

developed in Member 2 during wetting.  Soil movement during testing induced bending moments 

that also induced tension upslope.  These moments were greatest in the middle of the member 

below the interpreted failure surface, and they increased throughout testing to nearly 500 lb-in. at 

failure. 

 Loading behavior of Member 3, which was battered downslope, was comparable to that 

for Member 1.  During wetting, the most notable axial loading was compressive loads of about 

1000 lb near the bottom of the member.  Movement of the soil during testing induced only small 

compressive loads measuring less than 300 lb at failure.  During wetting, bending moments along 

the top of the member were small, and bending moments near the bottom of the member were 

between 100 lb-in. inducing tension upslope and 200 lb-in. inducing tension downslope.  Soil 

movement during testing resulted in bending moments inducing tension upslope of about 100 lb-

in.  As noted for Member 1, these were greatest below the interpreted failure surface. 
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Figure 4.53.  Mobilized loads in Member 1, inclined downslope in Model 2-B: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.54.  Mobilized loads in Member 2, inclined upslope in Model 2-B: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.55.  Mobilized loads in Member 3, inclined downslope in Model 2-B: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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4.4 Tests on Models with A-frame Reinforcement and Capping Beam 
 Three model slopes were tested with reinforcement arranged in an A-frame as for Tests 

2-A and 2-B but with a capping beam as shown in Figure 4.1C.  Six reinforcing members were 

installed in the Models 3-A and 3-B, resulting in an S/D value of 10.  Twelve members were 

installed in the Model 3-C, resulting in an S/D value of 5. 

4.4.1 Test 3-A 
 The sixth model, Model 3-A, was constructed in April 2006.  Six reinforcing members 

were installed through a capping beam resting on the surface of the model slope as shown in 

Figure 4.56.  The model had an S/D value of 10.  A plot of slope angle versus time is shown in 

Figure 4.57.  The model was wetted for 2 days before tilting 6 degrees to 30 degrees.  The 

wetting cycle, which continued throughout testing, was 15 minutes in length and consisted of 

wetting for 7 minutes followed by an 8-minute rest period.  After tilting to 30 degrees, the model 

was tilted four degrees nearly every day until the slope angle was 42 degrees.  After one day at 

42 degrees, it was tilted to 44 degrees, and the model failed within 12 hours. 

 

Figure 4.56.  Photograph of Model 3-A after construction. 



 110

20

24

28

32

36

40

44

48

0 24 48 72 96 120 144 168 192
Time (hours)

S
lo

pe
 A

ng
le

 (D
eg

.)

 

Figure 4.57.  Inclination history for Test 3-A. 

 The overhead camera failed to record photographs during Test 3-A, and the failure began 

shortly after midnight and was nearly finished the following morning, so there is no visual record 

of the failure process.  However, a picture of the model after failure is shown in Figure 4.58, and 

the failure surface interpreted from forensic evaluation following the test is shown in Figure 4.59.  

The failure was rather shallow and involved sliding of most of the slope surface, similar to failures 

of Models 1-B, 1-C, 2-A, and 2-B.  The failure likely was retrogressive as were failures for the 

other models.  The failure surface was planar.  It was about 1.0 ft. deep, extending from the top 

back corner of the model slope to the toe. 

 A photograph of an upslope micropile removed from the model after failure is shown in 

Figure 4.60a.  For comparison, a micropile removed from Model 1-B is shown in Figure 4.60b.  

The photographs clearly show micropile grouting was not successful for micropiles inclined 

upslope in Model 3-A.  For the upslope members, the drilled holes exited through the corner of 

the capping beam, making it difficult to keep grout in the hole during installation.  As a result, 

grout did not reach the bottom of the hole.  This almost certainly limited the benefit of the upslope 

micropiles.  For the other models reinforced with a capping beam, the members were shifted so 

that their holes exited through the center of the top of the capping beam.  This helped keep the 

grout from spilling over the edge during installation.  Also, it is worth noting micropile grouting was 

successful for downslope members in Model 3-A, and, with few exceptions, for the micropiles 
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installed in all other models.  Micropiles inclined downslope and micropiles removed from other 

models closely resembled the one shown in Figure 4.60b. 

 

Figure 4.58.  Photograph of Model 3-A after failure. 

 

Figure 4.59.  Observed failure surface for Model 3-A. 
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Figure 4.60.  (a) Upslope micropile removed during forensic evaluation of Model 3-A and 
(b) micropile removed from Model 1-B.  Note the absence of grout on the bottom of the 
micropile in (a). 

 Instrumentation for Test 3-A, as indicated in Figure 4.61, included nine wireline 

extensometers, nine tensiometers, and four instrumented reinforcing members.  Extensometer 8 

recorded unreasonably large negative values of soil movement, so its data are not presented.  

For all instrumented members, strain gages were not installed along the top portion of the 

members.  An unfortunate result of this combined with a relatively shallow failure surface is that 

there is no strain gage data above the failure surface.  As for other A-frame models, instrumented 

Members 1 and 3 were inclined downslope, and data from both members are presented.  

Members 2 and 4 were inclined upslope, but as described in Chapter 3, Member 4 was monitored 

manually, with readings taken just prior to tilt increments.  Since its records are not complete and 

since it was intended mainly as a backup of Member 2, its data are not presented. 
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Figure 4.61.  Instrumentation scheme for Test 3-A: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers or instrumented 
member numbers, and centers of circles are the intended gage locations. 

 Pore pressure records for Test 3-A are shown in Figure 4.62.  Pore pressures during Test 

3-A ranged from -150 to +100 psf.  During testing, pore pressures at gage 3 gradually decreased 

from +100 psf to zero, and pore pressures at gage 8 gradually increased from +50 psf to +100 

psf.  Gage 9 showed sharp increases in pore pressure whenever the model was tilted, but the 

pore pressures subsequently decreased gradually during each tilt increment.  Pore pressures at 

gages 8 and 9 decreased about 50 psf when the slope face inclination was increased to 44 

degrees and failure began.  For the most part, however, pore pressures at each of the gage 

locations were relatively constant. 

 Records of total soil movement for Test 3-A are shown in Figure 4.63, and records of soil 

movement after wetting and settlement are shown in Figure 4.64.  The record after wetting and 

settlement was found by zeroing the displacement just before tilting the model.  Settlement before 

the first tilting increment ranged from 0 to 1.0 in.  Small amounts of movement (less than 0.5 in.) 

were recorded by all gages except those at the back of the container (i.e. by gages 2, 3, 4, 5, 6, 

and 7) for each tilting increment until the slope face inclination was increased to 44 degrees.  At 

this point, the model slope failed and gages 4, 5, and 6, all installed near the slope surface, 

recorded more than 20 in. of movement. 

 Mobilized axial loads and bending moments in reinforcing members are shown in Figure 

4.65 (Member 1), Figure 4.66 (Member 2), and Figure 4.67 (Member 3).  As noted previously, 

there were no gages attached to the top third of any of the members in this model, so it is 

impossible to compare responses above and below the failure surface.  During wetting of the 
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model slope, settlement of the slope and/or curing of the grout induced a compressive load near 

600 lb at the bottom of Member 1, which was battered downslope.  Smaller axial loads developed 

near the middle of the member, both tensile and compressive.  Movement of the soil during 

testing induced tensile loads as great as 900 lb, although these values reduced somewhat 

between 42 and 44 degrees.  During wetting, bending moments near 200 lb-in. developed in the 

bottom half of Member 1, inducing tension downslope.  As the test progressed, soil movement 

induced bending moments that also induced tension downslope.  These moments increased as 

the test progressed, contributing another 200 lb-in at failure. 

 During wetting, axial loads varied between 300 lb tension and 250 lb compression in 

Member 2, which was battered upslope.  Tensile loads as great as 1000 lb were induced in the 

member during testing, and these were greatest near the failure surface.  Bending moments that 

developed in Member 2 during wetting were less than 75 lb-in.  Soil movement during testing 

resulted in a reverse curvature bending moment profile with peak moments near 100 lb-in.  

Moments near the failure surface induced tension on the upslope half of the member and tended 

to increase with increasing soil displacement whereas moments in the lower portion of the 

member induced tension on the downslope side and tended to decrease with soil movement. 

 Loading behavior of Member 3, which was battered downslope, was comparable to that 

for Member 1.  During wetting, the axial load profile in the bottom half of the member was mainly 

compressive with magnitudes nearing 2500 lb.  Movement of the soil during testing resulted in 

axial loads that were relatively small, with movement at failure inducing a maximum tensile load 

of 500 lb.  The axial loads induced by soil movement were relatively constant with depth but a 

slight peak is observed at a depth of approximately 10 in. below the sliding surface (as for 

Member 1).  During wetting, bending moments near 400 lb-in. developed in the bottom half of 

Member 3, inducing tension downslope.  As the test progressed, soil movement induced bending 

moments that also induced tension downslope.  These moments increased as the test 

progressed, contributing another 250 lb-in at failure. 
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Figure 4.62.  Pore pressure records for Test 3-A. 
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Figure 4.63.  Total soil movement records for Test 3-A. 
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Figure 4.64.  Records of soil movement after wetting for Test 3-A: (a) gages 1, 2, and 3, (b) 
gages 4, 5, and 6, and (c) gages 7 and 9. 
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Figure 4.65.  Mobilized loads in Member 1, inclined downslope in Model 3-A: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.66.  Mobilized loads in Member 2, inclined upslope in Model 3-A: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 



 120

 

0

5

10

15

20

25

30

35

40

-2500 -1500 -500 500 1500 2500
Axial Load (lb)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

30
38
42
44

Ground Surface

Failure Surface

(a)

TensionCompression  

0

5

10

15

20

25

30

35

40

-2500 -1250 0 1250 2500
Axial Load (lb)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

nc
he

s 
fro

m
 b

ot
to

m
)

Ground Surface

Failure Surface

(b)

TensionCompression  

0

5

10

15

20

25

30

35

40

-500 -250 0 250 500
Bending Moment (lb-in)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

Ground Surface

Failure Surface

(c)

Tension 
Upslope

Tension 
Downslope  

0

5

10

15

20

25

30

35

40

-500 -250 0 250 500
Bending Moment (lb-in)

 P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

Ground Surface

Failure Surface

(d)

Tension 
Upslope

Tension 
Downslope  

Figure 4.67.  Mobilized loads in Member 3, inclined downslope in Model 3-A: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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4.4.2 Test 3-B 
 The seventh model, Model 3-B, was constructed in May 2006.  A 3-in. deep trench was 

dug in the surface of the slope so that the capping beam would be halfway embedded in the 

slope.  The hole pattern through the capping beam was adjusted from that of Model 3-A to avoid 

grouting problems in the upslope members as described in Section 4.4.1.  Six reinforcing 

members were installed through the beam as shown in Figure 4.68.  The model had an S/D value 

of 10.  A plot of slope angle versus time is shown in Figure 4.69.  The model was wetted for 5 

days before tilting 6 degrees to 30 degrees.  The wetting cycle, which continued throughout 

testing, was 15 minutes in length and consisted of wetting for 7 minutes followed by an 8-minute 

rest period.  After tilting to 30 degrees, the model was tilted daily, first to 34 degrees, then two 

degrees daily until 42 degrees.  After 42 degrees, it was tilted one degree daily until 45 degrees, 

when the slope began to move significantly.  Once the movement stopped, the model was tilted 

to 46 degrees, and it failed within 12 hours. 

 

Figure 4.68.  Photograph of Model 3-B after construction. 
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Figure 4.69.  Inclination history for Test 3-B. 

 A series of photographs from the overhead camera summarizing the failure sequence is 

shown in Figure 4.70, and a photograph of the model after failure is shown in Figure 4.71.  A 

schematic of the failure surface is shown in Figure 4.72.  The failure occurred over a period of 

about 12 hours.  Unlike the models without capping beams, the failure initiated downslope of the 

reinforcement with a slump that involved most of the surficial soil downslope of the beam.  

Cracking then developed in the center of the model above the capping beam, followed by a small 

mass of soil flowing underneath the beam.  The cracks grew, and more soil flowed underneath 

the capping beam until most of the surficial soil had slid downslope.  The failure surface 

interpreted from these observations and from forensic evaluation following the test is planar, 

about 1.0 ft. deep, and extends from the crest of the model to the toe. 
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Figure 4.70.  Failure of Model 3-B: (a) large slump moves most of the soil below the 
capping beam downslope, (b) cracking occurs in the center of the model above the 
reinforcement as a small mass of soil begins to flow underneath the capping beam, (c) 
failed area above the capping beam spreads outward and toward the crest, and (d) most of 
the soil near the slope surface has broken loose and moved downslope. 
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Figure 4.71.  Photograph of Model 3-B after failure. 

 

Figure 4.72.  Observed failure surface for Model 3-B. 

 Instrumentation for Test 3-B, as indicated in Figure 4.73, included nine wireline 

extensometers, nine tensiometers, and four instrumented reinforcing members.  There were no 

problems with any of the extensometers, so data from each are presented.  For all instrumented 

members, strain gages were not installed along the top 10 to 14 in. of the members.  An 
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unfortunate result of this combined with a relatively shallow failure surface is that there is limited 

strain gage data above the failure surface.  As for other A-frame models, instrumented Members 

1 and 3 were inclined downslope, but four strain gages on Member 1 shorted out, so only data 

from Member 3 are presented.  Members 2 and 4 were inclined upslope, but as described in 

Chapter 3, Member 4 was monitored manually, with readings taken just prior to tilt increments.  

Since its records are not complete and since it was intended mainly as a backup of Member 2, its 

data are not presented. 

 

Figure 4.73.  Instrumentation scheme for Test 3-B: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers or instrumented 
member numbers, and centers of circles are the intended gage locations. 

 Pore pressure records for Test 3-B are shown in Figure 4.74.  Pore pressures during Test 

3-B ranged from -175 to +25 psf.  During two periods of the first half of testing, pore pressures at 

gage 3 decreased about 100 psf to -175 psf then rebounded, returning to -75 psf.  Pore pressures 

at gages 4 and 8 gradually decreased about 100 psf during testing, and pore pressures at gage 2 

gradually decreased about 50 psf.  Pore pressures at other gage locations were relatively 

constant.  Pore pressures measured near the toe (gages 7, 8 and 9) were on average about 50 

psf higher than those measured at gages near the crest (gages 1, 2, and 3). 

 Records of total soil movement for Test 3-B are shown in Figure 4.75, and records of soil 

movement after wetting and settlement are shown in Figure 4.76.  The record after wetting and 

settlement was found by zeroing the displacement just before tilting the model.  Settlement before 

the first tilting increment ranged from 0 to 2.5 in.  All gages except 1 and 9, both installed near the 

bottom of the container, recorded small amounts of movement (less than 0.5 in.) for each tilting 

increment until the slope face inclination was increased to 45 degrees.  At this point, gages 4, 5, 
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and 6, all located near the surface of the model slope, moved about 2 in. before halting.  After the 

inclination was increased to 46 degrees, the model slope failed and gage 6 recorded about 6 in. 

of movement while gages 4 and 5 recorded more than 20 in. of movement. 

 Mobilized axial loads and bending moments in reinforcing members are shown in Figure 

4.77 (Member 2) and Figure 4.78 (Member 3).  During wetting of the model slope, settlement of 

the slope and/or curing of the grout induced compressive loads of about 850 lb at the top of 

Member 2, which was battered upslope.  Also during wetting, tensile loads of about 650 lb 

developed near the bottom of the member.  The middle section of the member developed smaller 

axial loads.  Movement of the soil during testing induced compression.  The greatest compressive 

forces developed just below the interpreted sliding surface and increased throughout testing to 

about 2100 lb at failure.  During wetting, bending moments near 800 lb-in. developed near the 

bottom of Member 2, inducing tension downslope.  As the test progressed, soil movement 

induced bending moments in the opposite direction at the bottom of the member.  The greatest of 

these was about 400 lb-in.  Throughout testing, bending moments along the middle of Member 2 

were near zero. 

 A peak compressive load near 2000 lb developed in the bottom of Member 3, which was 

battered downslope, during wetting.  Tensile loads increasing with depth to about 2000 lb were 

induced in the member during testing by movement of the soil.  Bending moments that developed 

in Member 3 during wetting were about 200 lb-in and induced tension in the downslope half of the 

member.  Soil movement during testing induced moments that also induced tension downslope 

and that peaked at about 500 lb-in. near the bottom of the member. 
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Figure 4.74.  Pore pressure records for Test 3-B: (a) gages 1, 2, and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 
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Figure 4.75.  Total soil movement records for Test 3-B. 
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Figure 4.76.  Records of soil movement after wetting for Test 3-B: (a) gages 1, 2, and 3, (b) 
gages 4, 5, and 6, and (c) gages 7, 8, and 9. 
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Figure 4.77.  Mobilized loads in Member 2, inclined upslope in Model 3-B: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.78.  Mobilized loads in Member 3, inclined downslope in Model 3-B: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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4.4.3 Test 3-C 
 The seventh model, Model 3-C, was constructed in June 2006.  A 3-in. deep trench was 

dug in the surface of the slope so that the capping beam would be halfway embedded in the 

slope.  Twelve reinforcing members were installed through the beam as shown in Figure 4.79.  

The model had an S/D value of 5.  A plot of slope angle versus time is shown in Figure 4.80.  The 

model was wetted for 7 days before tilting 6 degrees to 30 degrees.  The wetting cycle, which 

continued throughout testing, was 15 minutes in length and consisted of wetting for 7 minutes 

followed by an 8-minute rest period.  After tilting to 30 degrees, the model was tilted daily, first to 

36 degrees, then two degrees daily until 42 degrees.  After 42 degrees, it was tilted one degree 

daily until 46 degrees, when the slope began to move significantly.  Once the movement stopped, 

the model was tilted to 47 degrees, and it slowly failed over the next 36 hours. 

 

Figure 4.79.  Photograph of Model 3-C during testing from the overhead camera. 
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Figure 4.80.  Inclination history for Test 3-C. 

 A series of photographs from the overhead camera summarizing the failure sequence is 

shown in Figure 4.81, and a photograph of the model after failure is shown in Figure 4.82.  A 

schematic of the failure surface is shown Figure 4.83.  The failure did not initiate until about 12 

hours after the model was tilted to 47 degrees, and then it occurred over a period of about 24 

hours.  As for Model 3-B, the failure initiated downslope of the reinforcement with a slump that 

involved most of the surficial soil downslope of the beam.  Cracking then developed on the right 

side of the model above the capping beam, followed by a small mass of soil flowing underneath 

the beam.  The cracks grew, and more soil flowed underneath the capping beam until most of the 

soil near the surface on the right side of the model had displaced downslope.  The failure surface 

interpreted from these observations and from forensic evaluation following the test is planar.  It is 

about 1.0 ft. deep, starting downslope of the crest of the model slope and extending to the toe. 
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Figure 4.81.  Failure of Model 3-C: (a) large crack forms between the reinforcement and the 
toe on the right side of the model, (b) crack extends and soil downslope of it slumps 
downslope, (c) soil above capping beam on right side of model begins to flow underneath 
the beam, and (d) surficial soil extending back almost to crest on the right side of the 
model has broken loose and displaced downslope. 
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Figure 4.82.  Photograph of Model 3-C after failure. 

 

Figure 4.83.  Observed failure surface for Model 3-C. 

 Instrumentation for Test 3-C, as indicated in Figure 4.84, included nine wireline 

extensometers, nine tensiometers, and four instrumented reinforcing members.  Extensometer 7 

indicated large negative displacements, so its data are not presented.  For all instrumented 

members, strain gages were not installed near the top of the members.  As for other A-frame 

models, instrumented Members 1 and 3 were inclined downslope, and data from both members 

are presented.  Members 2 and 4 were inclined upslope, but as described in Chapter 3, Member 

4 was monitored manually, with readings taken just prior to tilt increments.  Since its records are 

not complete and since it was intended mainly as a backup, its data are not presented. 
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Figure 4.84.  Instrumentation scheme for Test 3-C: (a) wireline extensometers, (b) 
tensiometers, and (c) strain gages.  Numerals indicate gage numbers or instrumented 
member numbers, and centers of circles are the intended gage locations. 

 Pore pressure records for Test 3-C are shown in Figure 4.85.  Pore pressures during 

Test 3-A ranged from -100 to +100 psf.  At each gage location, the records often show relatively 

large fluctuations between successive pore pressure readings.  As noted for Model 1-A, this is 

likely a result of the wetting cycle (15 minutes long) and data recording cycle (20 minutes long) 

being out of phase.  The fluctuation is therefore a measure of how much pore pressures change 

during one wetting cycle.  Gages downslope of the reinforcement (gages 6, 7, 8, and 9) showed a 

gradual increase in pore pressure of about 50 psf during testing, while gages near the crest 

(gages 1, 2, 3, and 4) showed a gradual decrease near 25 psf.  Data from gage 5 were nearly 

constant. 

 Records of total soil movement for Test 3-A are shown in Figure 4.86, and records of soil 

movement after wetting and settlement are shown in Figure 4.87.  Data from gages 1 and 9 

indicated the extensometer line became disconnected from the string potentiometer and are 

therefore not presented.  The record after wetting and settlement was found by zeroing the 

displacement just before tilting the model.  Settlement before the first tilting increment was less 

than 1.0 in.  The gages then indicated little displacement until the slope face angle was increased 

to 46 degrees, when several gages recorded about 0.5 in. movement.  When this ceased, the 

inclination was increased to 47 degrees, and after about 24 hours, the slope failed as gage 4, 

located near the surface downslope of the reinforcement, moved more than 20 in.  

Simultaneously, gages 5 and 6, located near the surface behind the reinforcement, and gage 3, 

located less than 1 ft. below the gages 5 and 6, all recorded at least 1 in. of movement. 
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Figure 4.85.  Pore pressure records for Test 3-C: (a) gages 2 and 3, (b) gages 4, 5, and 6, 
and (c) gages 7, 8, and 9. 
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Figure 4.86.  Total soil movement records for Test 3-C. 
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Figure 4.87.  Records of soil movement after wetting for Test 3-C: (a) gages 1, 2, and 3, (b) 
gages 4, 5, and 6, and (c) gages 8 and 9. 
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 Mobilized axial loads and bending moments in reinforcing members are shown in Figure 

4.88 (Member 1), Figure 4.89 (Member 2), and Figure 4.90 (Member 3).  As noted previously, 

there were no gages attached to the top third of any of the members in this model, so it is 

impossible to compare responses above and below the failure surface.  During wetting of the 

model slope, settlement of the slope and/or curing of the grout induced compressive loads that 

increased to 4000 lb at the bottom of Member 1, which was battered downslope.  Movement of 

the soil during testing did not induce significant axial loads except at the bottom, where tensile 

loads near 4000 lb developed.  During wetting, relatively small bending moments near 300 lb-in. 

developed in the bottom half of Member 1, inducing tension upslope.  As the test progressed, soil 

movement induced bending moments in the opposite direction as great as 1250 lb-in.  These 

moments increased as the test progressed and were greatest at the bottom of the member. 

 During wetting, axial loads near 500 lb, both compressive and tensile, developed along 

Member 2, which was battered upslope.  Tensile loads as great as 1500 lb were induced in the 

member during testing, and these were greatest at the bottom of the member.  Bending moments 

that developed in Member 2 throughout testing were small.  The greatest of these, near 400 lb-

in., developed during wetting in the middle of the member, and it induced tension downslope.  

The greatest moment induced by soil movement during testing was 250 lb-in.  It induced tension 

upslope and occurred on the bottom half of the member. 

 Loading behavior of Member 3, which was battered downslope, was comparable to that 

for Member 1, but not for axial loads.  Tensile loads as great as 2500 lb developed during wetting, 

and soil movement induced compressive loads nearing 7500 lb.  Throughout testing, axial loads 

were greatest at the bottom of the member.  These loads are opposite in direction and greater in 

magnitude than those for Member 1.  The development of bending moments in the bottom half of 

Member 3 was similar to that for Member 1.  During wetting, bending moments near 500 lb-in. 

developed in the bottom half of Member 1, inducing tension upslope.  As the test progressed, 

bending moments in the opposite direction near 1100 lb-in developed.  These moments were 

greatest at the bottom of the member. 



 141

 

0

5

10

15

20

25

30

35

-4000 -2000 0 2000 4000
Axial Load (lb)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

30

40

44

47

Ground Surface

Failure Surface

(a)

TensionCompression  

0

5

10

15

20

25

30

35

-4000 -2000 0 2000 4000
Axial Load (lb)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

Ground Surface

Failure Surface

(b)

TensionCompression  

0

5

10

15

20

25

30

35

-1250 -625 0 625 1250
Bending Moment (lb-in)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

Ground Surface

Failure Surface

(c)

Tension 
Upslope

Tension 
Downslope  

0

5

10

15

20

25

30

35

-1250 -625 0 625 1250
Bending Moment (lb-in)

P
os

iti
on

 A
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

Ground Surface

Failure Surface

(d)

Tension 
Upslope

Tension 
Downslope  

Figure 4.88.  Mobilized loads in Member 1, inclined downslope in Model 3-C: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.89.  Mobilized loads in Member 2, inclined upslope in Model 3-C: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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Figure 4.90.  Mobilized loads in Member 3, inclined downslope in Model 3-C: (a) axial loads 
from strains zeroed following installation; (b) axial loads from strains zeroed prior to first 
tilt increment; (c) bending moments from strains zeroed following installation; and (d) 
bending moments from strains zeroed prior to first tilt increment. 
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4.5 Evaluation of Instrumentation System 
 Records of strain gage, wireline extensometer, and tensiometer data were reviewed to 

evaluate the effectiveness of the instrumentation system as shown in Table 4.2.  The success 

rate for a particular instrument was calculated as the number of gages that recorded valuable 

data divided by the total number of gages installed for all tests.  Strain gage data were considered 

valuable if the gage never shorted out during testing.  Extensometer data were considered 

meaningful if the extensometer recorded realistic (positive) displacements.  All tensiometer data 

recorded throughout the testing program was valuable, so the success rate for tensiometers is 

100 percent.  Additionally, the overhead camera was successful when it recorded photographs 

throughout testing.  Although there were problems with the camera in Tests 2-B and 3-A, the 

replacement camera installed before Test 3-B continues to operate at a success rate of 100 

percent.  The overall success rate for all instruments was 87 percent. 

Table 4.2.  Success rate for various types of instrumentation installed in all models. 

 Total Gages Installed Successful Gages Success Rate 
Strain gages 230 190 83% 
Wireline Extensometers 71 64 90% 
Tensiometers 72 72 100% 
Overhead Camera 8 6 75% 
Total 381 332 87% 
 

4.6 Summary 
 The testing program and its results were presented.  The testing program was divided 

into 3 groups of tests.  The first group contained 3 tests of models with reinforcement 

perpendicular to the slope face.  Its results were presented in Section 4.2.  The second group 

contained 2 tests of models with reinforcement arranged in an A-frame configuration without a 

capping beam.  Its results were presented in Section 4.3.  The third group contained 3 tests of 

models with reinforcement arranged in an A-frame and installed through a capping beam near the 

surface of the slope.  Its results were presented in Section 4.4.  Results presented for each test 

included details about the test construction, failure, and instrumentation, records of pore pressure 

and soil movement, and mobilized loads in the reinforcement. 
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Chapter 5: Analysis 

 The data presented in Chapter 4 were analyzed to determine trends in the lateral and 

axial load transfer between the moving soil and the model micropiles.  p-y analyses were 

performed to examine lateral load transfer, varying soil input parameters to match the measured 

bending moment response for each pile.  Similarly, t-z analyses were performed to examine axial 

load transfer, varying soil input parameters to match the measured axial load response for each 

pile.  After explaining the methods of analysis in more detail, the results of lateral load analysis 

and axial load analysis are presented for each model.  At the end of the chapter, the soil input 

parameters determined from these analyses are compared with values reported in literature and 

with one another to examine the effect of factors such as pile spacing and inclination. 

5.1 Analysis Procedure 
 The basic procedure for the analyses presented in this chapter involved first establishing 

profiles of soil movement from the available data and then inputting these profiles into predictive 

models for comparison and subsequent matching to observed loading behavior.  For lateral 

loading, p-y models were used to predict loads.  For axial loading, t-z models were used to 

predict loads.  Each part of the analysis is described in more detail in this section.  Also, general 

problems encountered during the analysis and their resolutions are described at the end of the 

section. 

5.1.1 Soil Movement 
 The premise of the analyses presented in this chapter is that movement of soil in the 

model slopes transfers lateral and axial loads to the model reinforcement.  Specifically, soil 

movement perpendicular to the reinforcement induces lateral loads, and movement parallel to the 

reinforcement induces axial loads.  The soil movement presented in Chapter 4, measured using 

the wireline extensometers, is assumed to occur parallel to the sliding surface, which is further 

assumed to be parallel to the slope face as shown in Figure 5.1.  Examination of the observed 

sliding surfaces presented in Chapter 4 shows this to be a reasonable assumption at the point 

where the sliding surface crosses the reinforcement.  The soil movement vectors derived from 
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these assumptions are resolved into transverse (δlat.) and longitudinal (δaxial) components with 

respect to the reinforcing members, as shown in Figure 5.1.  Expressions used to compute these 

components based on the total soil movement δ are shown in Table 5.1.  For the models in Group 

1, there is no component of soil movement parallel to the members since the reinforcement is 

perpendicular to the sliding surface.  Soil movement therefore should induce only lateral loading 

in this case, but some axial loading might be expected due to elongation of the reinforcement 

around the sliding surface from lateral loading.  Currently, there is no good method to include this 

effect in the analysis, so only lateral loading is analyzed for Group 1.  For the models in Groups 2 

and 3, it is worth noting that since the upslope and downslope members are symmetric about the 

line perpendicular to the slope face and soil movement is parallel to the slope face, the resolved 

movements inducing axial loads are equal in magnitude and opposite in direction. 

90°
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Figure 5.1.  Schematic showing the resolution of soil movement into components inducing 
lateral (δlat.) and axial (δaxial) loading for tests in (a) Group 1, (b) Group 2, and (c) Group 3.  
Drawings are not to scale. 

Table 5.1.  Expressions used to determine transverse and longitudinal components of soil 
movement based on the total soil movement δ. 

Member Inclination Transverse Soil Movement, δlat Longitudinal Soil Movement, δaxial 
Perpendicular δ 0 
30o Upslope cos30oδ  sin30oδ  
30o Downslope cos30oδ  sin30oδ  
 

 Values of soil movement used in the analyses were taken from the wireline extensometer 

data presented in Chapter 4.  As described in detail in Chapters 3 and 4, two or three gages were 

generally installed between and just behind the members above the sliding surface and two or 

three gages in a similar location below the sliding surface.  The movements recorded by each set 
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of gages just before tilt increments were averaged to produce one set of uniform displacements 

above the sliding surface and one set of uniform displacements below the sliding surface.  

Movement below the sliding surface was assumed to occur in the same direction as that above 

the sliding surface (i.e. parallel to the slope face).  Movement below the sliding surface was 

typically less than one quarter of the movement that occurred above the sliding surface.  Both 

sets of movements were resolved into components perpendicular to the reinforcement for use in 

the lateral load analyses and parallel to the reinforcement for use in the axial load analyses. 

 Some judgment was necessary to establish the location of the sliding surface when data 

regarding its location were conflicting.  For all tests, data from forensic evaluation, displacement 

gages, and strain gages suggested failure surface locations nearby one another; typically, the 

failure surfaces suggested by each method intersected the micropile within some 5 in. of its 

length.  The location of the failure surface is shown in the following sections to be an important 

factor in the shape of the predicted load profiles, particularly for bending moment profiles.  The 

failure surface locations used in load transfer analyses to successfully predict measured loading 

profiles therefore served as additional indications of failure surface location.  These failure 

surface locations helped resolve any uncertainty associated with the other methods. 

5.1.2 Lateral Load Prediction 
 The goal of lateral load analysis for each member was to establish a p-y curve that 

predicts the measured maximum bending moment vs. displacement curve based on individual 

bending moment profiles that match measured ones reasonably well.  To do so, profiles of soil 

movement perpendicular to the member based on actual measured data were used in p-y 

analyses in a procedure similar to that described by Isenhower (1999) as summarized in Chapter 

2.  Multiple analyses were performed for each member with varying parameters (i.e. various p-y 

curves) until the analysis results matched measured data.  The measured data used for 

evaluation of p-y results are the bending moment profiles based on strains that are zeroed prior to 

the first tilt increment (Chapter 4).  The two lateral load responses compared are the individual 

bending moment profiles that develop in a reinforcing member throughout a test and the overall 

maximum bending moment vs. soil movement behavior for the member.  To facilitate direct 
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comparisons with the axial load predictions, the soil movement used for maximum moment vs. 

movement analysis is the total soil movement instead of the component of soil movement 

transverse to the reinforcement.  The p-y analyses were performed for 13 reinforcing members: 

one representative reinforcing member from each test in Group 1 (total of 3), one representative 

upslope reinforcing member and one representative downslope reinforcing member from both 

tests in Group 2 (total of 4), and one representative upslope reinforcing member and one 

representative downslope reinforcing member from each test in Group 3 (total of 6). 

 The p-y method is a numerical model for soil-structure interaction associated with 

laterally loaded piles.  The p-y approach couples beam theory to model the structural response 

with p-y curves to model the soil response.  The parameters p and y are empirically established 

based on the results of instrumented load tests.  These parameters are typically estimated using 

published correlations with soil strength and stiffness.  Use of the p-y method for these analyses 

was atypical in two respects.  First, instead of inputting loads at the pile head, profiles of soil 

movement were input.  Second, instead of attempting to establish p-y curves based on measured 

values of strength and stiffness for the compacted soil, the p-y curves were back-calculated from 

the measured structural response.  The purpose of this approach was to use the resulting p-y 

curves as a measure of load transfer.  Also, since this application of the p-y method is notably 

different from that for which the method was conceived and for which load tests were performed, 

the correlations commonly used to establish p-y curves may not apply.  Nevertheless, the back-

calculated parameters could be evaluated based on these correlations using the measured soil 

properties presented in Chapter 3. 

 Ensoft’s LPile 4.0M® (Reese et al, 2000) was used to perform the p-y analyses.  Each 

analysis consisted of a single reinforcing member in a single layer of soil.  The ground surface 

was assumed to be horizontal.  The reinforcing member length and soil layer thickness were 

established by measuring actual micropile lengths after removal during forensic evaluation 

(Chapter 3).  The reinforcing member was modeled as nominally constructed (i.e. 1.5-in. diameter 

grout shaft with 0.095-in. wall thickness steel pipe), but the inner grout was ignored due to 

software limitations.  The software accounts for non-linearity in flexural rigidity (EI) of the member 



 149

due to the grout.  The soil layer was given a constant unit weight (115 pcf), and the p-y curves 

were input manually (i.e. “used-defined” p-y curves were specified).  The p-y curves used were all 

elastic-perfectly plastic as shown in Figure 5.2.  For a given analysis, the value of yult was 

constant with depth, but pult increased linearly from zero at the pile head to some maximum value 

at the pile tip.  Note pult is equal to the limit soil pressure, the stress at which soil flows around the 

pile (or between piles). 

y

p

y ult

p ult

k
1

 

Figure 5.2.  Elastic-perfectly plastic p-y curve. 

 After setting up each model, soil movement profiles were established from the measured 

data and input as described in Section 5.1.1.  Four profiles corresponding to different times during 

testing were usually established for each reinforcing member.  The analysis procedure for each 

member then consisted of four steps: 

1. Run the analysis for the soil movement profile at failure. 

2. Compare the shape of the measured and computed bending moment profiles.  If 

they differ, change slightly the location of the sliding surface until the general 

shapes of the measured and computed bending moment profiles are consistent. 

3. Compare the magnitudes of the measured and computed bending moment 

profiles.  If the computed maximum bending moment is different from the 

measured maximum, change pult at the pile tip until the computed and measured 

maximum moments are consistent. 
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4. Run the analysis for intermediate soil movement profiles using the same failure 

surface location and the same value of pult.  Change yult to match the measured 

maximum bending moment vs. soil movement response. 

 It is important to emphasize that all models for a given reinforcing member analysis used 

the same p-y curves and the same failure surface location.  The only input that changed was the 

magnitude of soil movement.  The shapes of the computed bending moment profiles from p-y 

analyses did not change for a given reinforcing member as shown in Figure 5.3; as was noted 

throughout discussions of the measured data in Chapter 4, only the magnitude of the moments 

changed as the soil moved.  This observation permits presenting only the bending moment profile 

at failure throughout this chapter for the sake of clarity. 
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Figure 5.3.  Typical progression of bending moments predicted by p-y methods.  Note the 
shapes are all similar; only magnitude changes with slope face inclination. 

 Moment capacity is an important aspect of lateral load analysis that is not included in the 

analyses presented throughout this chapter.  As discussed in Chapter 3, the scaled down 

moment capacity of the prototype micropiles is between 900 and 970 lb-in.  The bending 

moments measured and presented in Chapter 4 were all below this capacity. 
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5.1.3 Axial Load Prediction 
 In a manner similar to that used for analysis of lateral pile response, soil movement 

parallel to the reinforcement was input into t-z analyses to generate axial load responses similar 

to measured data.  The measured data used for comparison are the axial load profiles based on 

strains that are zeroed prior to the first tilt increment (Chapter 4).  The two axial load responses 

compared are the individual axial load profiles that develop in a reinforcing member throughout a 

test and the overall axial load at the sliding surface vs. soil movement behavior for the member.  

To facilitate better comparisons with the lateral load prediction, the soil movement used for axial 

load vs. movement analysis is the total soil movement instead of the component of soil movement 

parallel to the reinforcement.  The t-z analyses were performed for 10 reinforcing members: one 

representative upslope reinforcing member and one representative downslope reinforcing 

member from both tests in Group 2 (total of 4), and one representative upslope reinforcing 

member and one representative downslope reinforcing member from each test in Group 3 (total 

of 6).  As explained in Section 5.1.1, t-z analyses were not performed for tests in Group 1 

because there was assumed to be no component of movement parallel to the reinforcement for 

these tests.  The goal of the analysis for each member was to establish a t-z curve that predicts 

the measured axial load at the sliding surface vs. displacement curve based on individual axial 

load profiles that matched measured ones reasonably well.   

 The t-z method is a numerical model for soil-structure interaction associated with axially 

loaded piles.  As described in Isenhower (1999) and summarized in Chapter 2, the t-z approach 

breaks the pile into elements as shown in Figure 5.4.  For each, one spring, typically linear, is 

used to model the pile stiffness and one nonlinear spring is used to model the pile-soil interface 

stiffness.  The nonlinear soil spring is defined by a t-z curve that represents the development of 

side shear along the pile.  The curve can be established using conventional methods for 

estimating side shear.  Use of the t-z method for these analyses was atypical in two respects.  

First, instead of inputting loads at the pile head, soil movement was input.  Second, instead of 

attempting to establish t-z curves based on measured values of strength and stiffness for the 

compacted soil, the t-z curves were back-calculated from the measured structural response.  The 
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purpose of this approach was to use the resulting t-z curves as a measure of load transfer.  

Nevertheless, the back-calculated t-z parameters could be evaluated based on existing methods 

to predict limit side shear using the measured soil properties presented in Chapter 3. 

 

Figure 5.4.  t-z model for axial load transfer (from Isenhower, 1999). 

 The algorithm described by Isenhower (1999) (Chapter 2) was implemented in 

spreadsheet software to perform the t-z analyses.  Each analysis consisted of a single reinforcing 

member in a single layer of soil.  The reinforcing member length and soil layer thickness were 

established by measuring actual micropile lengths after removal during forensic evaluation 

(Chapter 3).  The reinforcing member was modeled as nominally constructed (i.e. 1.5-in. diameter 

grout shaft with 0.095-in. wall thickness steel pipe) to assign the correct initial axial rigidity (EA), 

but the algorithm does not account for non-linearity in the stiffness of the member due to the 

grout.  The t-z curves used were all elastic-perfectly plastic as shown in Figure 5.5, where fult is 

the limit side shear.  For a given analysis, the value of the quake was constant with depth, but fult 

increased linearly from zero at the pile head (i.e. the ground surface) to some maximum value at 

the pile tip.  The same axial stiffness (EA = 10,800 kips) was used for tension and compression. 
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Figure 5.5.  Elastic-perfectly plastic t-z model. 

 After setting up each model, soil movement profiles as described in Section 5.1.1 were 

input.  Four profiles corresponding to different times during testing were usually established for 

each reinforcing member.  The soil movement profiles are consistent with the ones used for 

lateral load analyses according to the expressions presented in Table 5.1.  The analysis 

procedure for each member then consisted of four steps: 

1. Run the analysis for the soil movement profile at failure. 

2. Compare the shapes of the measured and computed axial load profiles.  If they 

differ, change slightly the location of the sliding surface until the general shapes 

of measured and computed axial load profiles are consistent. 

3. Compare the magnitudes of the measured and computed axial load profiles.  If 

the computed axial load at the failure surface is different from the measured load 

at the failure surface, change fult at the pile tip until the computed load at the 

failure surface is consistent with the measured one. 

4. Run the analysis for intermediate soil movement profiles using the same failure 

surface location and the same value of fult.  Change the quake to match the 

measured axial load at the failure surface vs. soil movement response. 

 It is important to emphasize that all models for a given reinforcing member analysis used 

the same t-z curves and the same failure surface location.  The only input that changed was the 

amount of soil movement.  The shapes of the axial load profiles from t-z analyses did not change 

for a given reinforcing member as shown in Figure 5.6; as often was noted throughout 
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discussions of the measured data in Chapter 4, only magnitude of the axial loads changed as the 

soil moved.  This observation permits for the sake of clarity presenting only the axial load profile 

at failure throughout this chapter. 
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Figure 5.6.  Typical progression of axial loads predicted by t-z methods.  Note the shapes 
are all similar; only magnitude changes with slope face inclination. 

5.1.4 Issues Encountered During Analysis 
 Several problems were encountered during the analysis, especially concerning axial 

loads.  The first issue involved the difference between upper and lower bound interpretations of 

strain gage data.  As described in Chapter 3, these interpretations give bending moment profiles 

that are identical in shape but about 20 percent different in magnitude.  The corresponding axial 

load profiles, however, often take slightly different forms although they are generally similar.  For 

several of the analyses, these differences were notable, with one analysis indicating compression 

at the failure surface while the other indicated tension.  In these circumstances, the interpretation 

that matched t-z reasoning more closely was chosen for analysis. 

 There were also other sets of measured data that t-z reasoning could not explain.  The 

reasoning would suggest that for upslope members, the soil in the failure zone should pull upward 
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on the reinforcement, which is effectively anchored in the soil below the failure zone that showed 

little movement.  This would induce tension in the member.  Similarly, for downslope members, 

the soil in the failure zone should push downward on the reinforcement, which is anchored in the 

soil below the failure zone.  This would induce compression in the member.  For several of the 

tests in Groups 2 and 3, upslope members developed compression or downslope members 

developed tension.  When this happened, a negative value of fult was used.  It is difficult or 

impossible to assign any physical significance to the negative sign, but it was necessary from a 

numerical standpoint to correlate the measured and predicted responses. 

 Also, as noted often in Chapter 4, some of the measured axial load profiles were quite 

erratic and included large and unexpected axial loads near the bottom of the member.  This 

behavior was effectively ignored by performing the t-z analyses based solely on the axial load 

data at the failure surface.  Throughout this chapter, therefore, the ability of the t-z models to 

predict axial load behavior along the rest of the member is observed but not quantified. 

 Another issue that affected analysis of both lateral and axial load data was the limited 

amount of measured data above the failure surface for some of the members from tests in Group 

3.  Unfortunately, the gages for some of the members were not spaced appropriately, leaving the 

top half of the reinforcement uninstrumented in some cases.  For these members, analyses were 

conducted to match bending moment and axial load profiles along the bottom half of the member.  

For lateral load analyses of these members, the maximum bending moment refers to moments in 

the bottom half of the member only, since it would be inappropriate to compare predicted 

maximum moments that occur in the top half of the member with bending moments that were 

measured only in the bottom half of the member. 

 Modeling appropriate boundary conditions was an issue unique to lateral load analysis of 

tests in Group 3, which were installed with a capping beam.  For all other tests, the bending 

moment and shear force at the top of the reinforcement were set to zero.  For tests in Group 3, 

the displacement of the capping beam was estimated from visual records of the failure (Chapter 

3), and the rotation of the capping beam was set to be zero.  These quantities were used as 

boundary conditions for the LPile® analyses.  As explained in the discussion of lateral load 
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transfer in Sections 5.2.6, 5.2.7, and 5.2.8, however, analysis of the upslope members still failed 

to produce reasonable matches with observations. 

5.2 Lateral Load Transfer 
 In this section, results of the analysis described in Section 5.1.2 are presented for each 

model test.  The selection of representative reinforcing members for each test is explained based 

on data from Chapter 4.  After explaining this reasoning and listing the p-y parameters used to 

match measured results, the bending moment profile at failure and maximum bending moment 

vs. soil movement behavior are shown and discussed.  Any difficulties in matching the analysis 

results with measured data are also explained. 

5.2.1 Test 1-A 
 Two reinforcing members were installed perpendicular to the slope face for Model 1-A.  

Both members were instrumented, but four gages shorted out on Member 1 after installation, so 

the results from Member 2 were taken as representative.  Input parameters for the p-y analysis, 

including profiles of soil movement perpendicular to the reinforcement and p-y curves for different 

points along the member, are shown in Figure 5.7.  The p-y curve at the member tip used to 

match the results shown in Figure 5.8 and Figure 5.9 has a pult of 15 lb/in. and a yult of 0.25 in., 

resulting in a value of k equal to 60 psi. 
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Figure 5.7.  Input parameters used in p-y analyses of Member 2, Test 1-A: (a) measured 
soil movement profiles for four inclinations and (b) back-calculated p-y curves for three 
points along the pile. 
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Figure 5.8.  Results of p-y analysis of Member 2, Test 1-A: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.9.  Maximum bending moment vs. total soil movement response for Member 2, 
Test 1-A.  Includes upper and lower bounds of measured data and data from p-y analysis. 

 Figure 5.8a shows bending moment profiles for data computed from p-y analysis and for 

measured data.  The measured bending moment profiles for this plot (and similar ones presented 

subsequently for other tests) are based on strains zeroed after wetting since the p-y analyses did 

not account for loading due to settlement that might occur during wetting.  From Figure 5.8, the 

computed bending moment profile resulting from p-y analyses of Model 1-A has a shape similar 

to that for measured bending moment profiles, but the maximum computed bending moment for 

the p-y analysis is observed slightly higher on the member.  This indicates the sliding surface 

used for the p-y analysis was too high, but shifting the sliding surface any lower than the location 

presented results in a reverse-curvature shape with negative moments in the top half of the 

member as was observed only at small soil movements.  This, in turn, suggests the failure 

surface may have shifted upward as the test progressed.  Alternatively, it could suggest some 

error in the soil stiffness parameters used in the p-y analysis. 

 Figure 5.8b shows the lateral pressure acting on the micropile.  This response can be 

found by taking the second derivative of the bending moment profile, but calculating the second 

derivative based on a curve defined by only five points will rarely yield reliable results.  Instead, 
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the response was found using the computed response from p-y analysis.  This approach was 

used for all lateral load analyses.  The straight-lined section of the lateral pressure profile above 

the failure surface represents the area where the limit soil pressure was mobilized.  For Model 1-

A, the limit soil pressure was fully mobilized above the sliding surface at failure. 

 Figure 5.9 shows the maximum bending moment vs. soil movement response for both 

measured and computed data.  The soil movement used in the plot (and similar ones presented 

subsequently for other tests) is the total soil movement, rather than the lateral component of soil 

movement, to facilitate comparisons with axial load responses presented later in the chapter.  

The computed response from p-y analyses matches the measured response rather well, although 

there is some difference in the shapes of the maximum moment vs. soil movement curves.  This 

is likely a result of assuming an elastic-perfectly plastic p-y curve; in reality, the p-y curve 

probably has some degree of curvature.  Nevertheless, the p-y curve used is a reasonable 

predictor of the measured response. 

5.2.2 Test 1-B 
 Four reinforcing members were installed perpendicular to the slope face for Model 1-A.  

Three members were instrumented, but four gages shorted out on Member 1 after installation, so 

its results were not analyzed.  Member 2 also had gages short out, and its results included a 

bending moment profile very different from those observed in all other members installed 

perpendicular to the slope face, so its results also were not analyzed.  Member 3 had two gages 

short out but only briefly, and its results were similar in form to those for other similar members so 

the p-y analysis was performed attempting to match the data of Member 3.  Input parameters for 

the p-y analysis, including profiles of soil movement perpendicular to the reinforcement and p-y 

curves for different points along the member, are shown in Figure 5.10.  The p-y curve at the 

member tip used to match the results shown in Figure 5.11 and Figure 5.12 has a pult of 22 lb/in. 

and a yult of 0.075 in., resulting in a value of k equal to 290 psi. 
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Figure 5.10.  Input parameters used in p-y analyses of Member 3, Test 1-B: (a) measured 
soil movement profiles for four inclinations and (b) back-calculated p-y curves for three 
points along the pile. 
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Figure 5.11.  Results of p-y analysis of Member 3, Test 1-B: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate differential movement between soil above and below the failure 
surface in inches. 



 161

0

100

200

300

400

500

600

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Total Soil Movement (in.)

M
ax

im
um

 In
du

ce
d 

M
om

en
t (

lb
-in

.)

Test 1-B, Member 3, Upper Bound
Test 1-B, Member 3, Lower Bound
LPile Analysis

 
Figure 5.12.  Maximum bending moment vs. total soil movement response for Member 3, 
Test 1-B.  Includes upper and lower bounds of measured data and data from p-y analysis. 

 From Figure 5.11a, although the measured bending moment profile is not nearly as 

smooth as the profile from p-y analysis of Model 1-B, the general shapes are nevertheless 

similar.  The sliding surface location interpreted from the measured data and used in the p-y 

analysis is, thus, likely correct.  For movements at failure, the measured data does not peak at 

the same location as the p-y data, but a small error in the gage data could explain this difference, 

especially since the rest of the bending moment profiles at failure are in agreement.  From Figure 

5.11b, the p-y analysis indicates the limit soil pressure was fully mobilized at failure above the 

sliding surface, except for the top 5 in. of the micropile.  The interpreted lateral pressure diagram 

resembles that observed by Deeken (2005) for stiff reinforcement (Chapter 2). 

 As shown in Figure 5.12, the computed maximum bending moment vs. soil movement 

response for the p-y analysis matches the measured response well, except for the odd reversal in 

behavior at total soil movements less than 0.5 in. for the measured data.  For Model 1-B, the 

measured maximum bending moment decreases slightly after peaking at total soil movement of 

about 0.2 in.  The elastic-perfectly plastic model used does not account for this response, but it 

still predicts the measured response relatively closely. 
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5.2.3 Test 1-C 
 Six reinforcing members were installed perpendicular to the slope face for Model 1-C.  

Three members were instrumented, but three gages shorted out on Member 1 after installation, 

so its results were not analyzed.  Neither Member 2 nor Member 3 had any gages short out, and 

both produced bending moment profiles that were realistic.  Whereas the sliding surface 

suggested by bending moments in Member 2 was slightly shallow, the failure surface suggested 

by Member 3 was more consistent with other records (forensic evaluation, displacement gages, 

etc.), so the p-y analysis was performed attempting to match the data of Member 3.  Input 

parameters for the p-y analysis, including profiles of soil movement perpendicular to the 

reinforcement and p-y curves for different points along the member, are shown in Figure 5.13.  

The p-y curve at the member tip used to match the results shown in Figure 5.14 and Figure 5.15 

has a pult of 12 lb/in. and a yult of 0.25 in., resulting in a value of k equal to 48 psi. 

0

5

10

15

20

25

30

35

0.0 1.0 2.0 3.0 4.0 5.0
Transverse Soil Movement (in.)

P
os

iti
on

 a
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

30
34
40
45

(a)

0

2

4

6

8

10

12

14

0.0 0.2 0.4 0.6 0.8 1.0
y  (in.)

p
 (l

b/
in

.)

1/3 L (10.7 in.) Below Pile Head
2/3 L (21.3 in.) Below Pile Head
Pile Tip (32 in. Below Pile Head)

(b)

 

Figure 5.13.  Input parameters used in p-y analyses of Member 3, Test 1-C: (a) measured 
soil movement profiles for four inclinations and (b) back-calculated p-y curves for three 
points along the pile. 
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Figure 5.14.  Results of p-y analysis of Member 3, Test 1-C: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.15.  Maximum bending moment vs. total soil movement response for Member 3, 
Test 1-C.  Includes upper and lower bounds of measured data and data from p-y analysis. 
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 The agreement between measured and analytical data for both the bending moment 

profiles (Figure 5.14a) and the maximum bending moment versus displacement responses 

(Figure 5.15) for Model 1-C is the best of any of the models.  The bending moment profiles show 

a slight reverse curvature shape that is consistent from one tilt increment to the next, and the 

magnitude of these profiles increases steadily from one profile to the next.  The interpreted lateral 

pressure diagram at failure (Figure 5.14b) indicates the limit soil pressure was not mobilized for 

the top 10 in. of the micropile; the limit soil pressure was mobilized at failure for less than half of 

the micropile length above the sliding surface, according to the p-y analysis.  The shape of the 

lateral pressure diagram is similar to that observed for stiff reinforcement by Deeken (2005) 

(Chapter 2).  The shape of the maximum bending moment vs. soil movement curve (Figure 5.15) 

is more gradual than most, as indicated by the relatively low value of k, but this response was still 

predicted accurately by the p-y model. 

5.2.4 Test 2-A 
 Six reinforcing members were installed in Model 2-A, three 30 degrees upslope of the line 

perpendicular to the slope face and three 30 degrees downslope of the line perpendicular to the 

slope face, as shown in Figure 5.1b.  Four members, two inclined upslope and two inclined 

downslope, were instrumented, but Member 4, inclined upslope, was only monitored intermittently 

due to limitations of the data acquisition system.  In this respect, Member 4 served as a backup in 

case the gage data from the other member inclined upslope, Member 2, were poor.   

Upslope 

 For Test 2-A, the bending moment data for Member 2 was realistic and consistent with 

that from other similar members, so the p-y analysis for upslope members was performed 

attempting to match the data of Member 2.  Input parameters for the p-y analysis, including 

profiles of soil movement perpendicular to the reinforcement and p-y curves for different points 

along the member, are shown in Figure 5.16.  The p-y curve at the member tip used to match the 

results shown in Figure 5.17 and Figure 5.18 has a pult of 20 lb/in. and a yult of 0.36 in., resulting 

in a value of k equal to 56 psi. 
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Figure 5.16.  Input parameters used in p-y analyses of Member 2, inclined upslope in 
Model 2-A: (a) measured soil movement profiles for four inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.17.  Results of p-y analysis of Member 2, Test 2-A: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.18.  Maximum bending moment vs. total soil movement response for Member 2, 
Test 2-A.  Includes upper and lower bounds of measured data and data from p-y analysis. 

 As shown in Figure 5.17a, the computed bending moment profiles from p-y analyses 

match the measured data closely, indicating a single-curvature shape at failure that indicates 

small bending moments above the failure surface but a peak on the bottom half of the member 

just below the sliding surface.  The computed lateral pressure diagrams (Figure 5.17b) indicate 

that at failure, the limit soil pressure was not mobilized along the top 10 in. of the member.  The 

shape of the lateral pressure profile was similar to that for previous tests (e.g. Test 1-B, Test 1-C).  

From Figure 5.18, at values of soil movement less than about 1 in., measured bending moments 

were very small, but the p-y analysis predicted modest moments.  It is possible the p-y curve was 

misshaped, but at least equally likely that the measured loads were too small or the measured 

displacements too large.  Regardless, the p-y curve used predicted the measured response 

adequately. 

Downslope 

 Members 1 and 3 were inclined downslope, and loads in both were monitored 

continuously during testing.  Although bending moment profiles for both were nearly identical, 

Member 1 had two gages short out during testing while Member 3 had only one gage short out.  
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The p-y analysis for downslope members therefore was performed attempting to match the data 

of Member 3.  Input parameters for the p-y analysis, including profiles of soil movement 

perpendicular to the reinforcement and p-y curves for different points along the member, are 

shown in Figure 5.19.  The p-y curve at the member tip used to match the results shown in Figure 

5.20 and Figure 5.21 has a pult of 20 lb/in. and a yult of 0.36 in., resulting in a value of k equal to 

56 psi.  This is, in fact, the same p-y curve used to model the response of the Member 2, inclined 

upslope, as presented above. 
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Figure 5.19.  Input parameters used in p-y analyses of Member 3, inclined downslope in 
Model 2-A: (a) measured soil movement profiles for four inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.20.  Results of p-y analysis of Member 3, Test 2-A: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.21.  Maximum bending moment vs. total soil movement response for Member 3, 
Test 2-A.  Includes upper and lower bounds of measured data and data from p-y analysis. 
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 From Figure 5.20a, as for Member 2, the computed bending moment profiles from p-y 

analyses match the measured data closely, but for Member 3, a slight reverse in curvature was 

measured and predicted above the failure surface.  Although the magnitude of soil movement 

applied to Member 3 is identical to that applied to Member 2, the failure surface intersects 

Member 3 closer to the bottom of the member.  The relatively deep position of the failure surface 

for Member 3 produces reverse curvature near the top of the member.  Overall, however, the 

shape is similar to that for the upslope member, resulting in a maximum bending moment that 

occurs just below the sliding surface.  The interpreted lateral pressure profile (Figure 5.20b) 

indicates the limit soil pressure was mobilized at failure for only the bottom half of the micropile 

above the sliding surface.  The shape of the lateral pressure profile from the p-y analysis was 

similar to profiles interpreted for previous tests.  For Member 3, the maximum bending moment 

increased steadily with soil movement as shown in Figure 5.21, resulting in a good match of the 

maximum bending moment vs. soil movement response between measured and computed loads. 

 It is important to note the failure surfaces applied to Members 2 and 3 as shown in Figure 

5.17 and Figure 5.20, respectively, are consistent with one another.  Differences in member 

inclination and installation depth cause the failure surface to intersect the members at different 

relative positions, which creates the appearance of a discrepancy between the different soil 

movement profiles.  This observation applies to all pairs of members discussed in this chapter. 

5.2.5 Test 2-B 
 Twelve reinforcing members were installed in Model 2-B, six 30 degrees upslope of the 

line perpendicular to the slope face and six 30 degrees downslope of the line perpendicular to the 

slope face, as shown in Figure 5.1b.  Four members, two inclined upslope and two inclined 

downslope, were instrumented, but as for Test 2-A, Member 4, inclined upslope, served as a 

backup in case the gage data from the other member inclined upslope, Member 2, were poor. 

Upslope 

  For Test 2-B, the bending moment data for Member 2 was realistic and consistent with 

that from other similar members, so the p-y analysis for upslope members was performed 

attempting to match the data of Member 2.  Input parameters for the p-y analysis, including 
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profiles of soil movement perpendicular to the reinforcement and p-y curves for different points 

along the member, are shown in Figure 5.22.  The p-y curve at the member tip used to match the 

results shown in Figure 5.23 and Figure 5.24 has a pult of 14 lb/in. and a yult of 0.08 in., resulting 

in a value of k equal to 175 psi. 
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Figure 5.22.  Input parameters used in p-y analyses of Member 2, inclined upslope in 
Model 2-B: (a) measured soil movement profiles for three inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.23.  Results of p-y analysis of Member 2, Test 2-B: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.24.  Maximum bending moment vs. total soil movement response for Member 2, 
Test 2-B.  Includes upper and lower bounds of measured data and data from p-y analysis. 

 As shown in Figure 5.23a, the computed bending moment profiles from p-y analyses of 

Member 2 match the measured data closely, indicating a single-curvature shape at failure that 

indicates small bending moments above the failure surface but a peak on the bottom half of the 

member just below the sliding surface.  The computed lateral pressure profile of Figure 5.23b 

indicates the limit soil pressure was fully mobilized at failure except for the top 7 in. of the 

member.  The shape of this profile was similar to those interpreted for previous tests.  From 

Figure 5.24, the computed maximum bending moment vs. soil movement response predicted by 

the p-y analysis matches the measured response well, falling between the measured lower and 

upper bound responses.  The maximum bending moment increases with soil movement 

throughout testing until failure. 

Downslope 

 Members 1 and 3 were inclined downslope, and loads in both were monitored 

continuously during testing.  Although both members had just one gage short out and bending 

moment profiles for both were similar, the profile for Member 1 showed sharper curvature that 

was more consistent with the measured and predicted profiles for other similar members.  The p-

y analysis for downslope members therefore was performed attempting to match the data of 

Member 1.  Input parameters for the p-y analysis, including profiles of soil movement 

perpendicular to the reinforcement and p-y curves for different points along the member, are 

shown in Figure 5.25.  The p-y curve at the member tip used to match the results shown in Figure 

5.26 and Figure 5.27 has a pult of 14 lb/in. and a yult of 0.06 in., resulting in a value of k equal to 

233 psi.  This is similar to the p-y curve used to model the response of the Member 2, inclined 

upslope, as presented above. 
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Figure 5.25.  Input parameters used in p-y analyses of Member 1, inclined downslope in 
Model 2-B: (a) measured soil movement profiles for three inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.26.  Results of p-y analysis of Member 1, Test 2-B: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.27.  Maximum bending moment vs. total soil movement response for Member 1, 
Test 2-B.  Includes upper and lower bounds of measured data and data from p-y analysis. 

 From Figure 5.26a, the computed bending moment profiles from p-y analyses of Member 

1 match the measured data closely, indicating a single-curvature shape at failure that indicates 

small bending moments above the failure surface but a peak on the bottom half of the member 

just below the sliding surface.  The computed lateral pressure diagram shown in Figure 5.26b 

indicates the limit soil pressure was fully mobilized at failure except along the top 4 in. of the 

member.  The shape of the lateral soil pressure profile at failure is consistent with others from 

previous tests.  As shown in Figure 5.27, the computed maximum bending moment vs. soil 

movement response predicted by the p-y analysis matches the measured response well, falling 

between the measured lower and upper bound responses.  This maximum bending moment in 

Member 1 levels off at about 1.0 in. of soil movement, whereas the maximum bending moment in 

Member 2, inclined upslope, continued to increase until failure.  This is why the value of yult was 

lower for Member 1. 

5.2.6 Test 3-A 
 For this and other tests in Group 3, the bending moment profiles measured for upslope 

members could not be predicted accurately using the p-y analysis method, although many 
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attempts were made using a variety of boundary conditions to model the effect of the capping 

beam.  Sections 5.2.6, 5.2.7, and 5.2.8 therefore focus on presenting the results of analysis of 

downslope members, for which better matches between measured and predicted responses were 

obtained.  However, the p-y curves determined to match the measured response of the 

downslope members were applied to the upslope members, and the resulting bending moment 

profiles and maximum moment vs. soil movement responses are presented for reference. 

 Six reinforcing members were installed in an A-frame arrangement through a capping 

beam in Model 3-A.  Three were installed 30 degrees upslope of the line perpendicular to the 

slope face, and the remaining three were installed 30 degrees downslope of the line 

perpendicular to the slope face, as shown in Figure 5.1c.  Four members, two upslope and two 

downslope, were instrumented, but as for other tests, Member 4, inclined upslope, served as a 

backup in case the gage data from the other member inclined upslope, Member 2, were poor. 

Downslope 

 Members 1 and 3 both were installed downslope, but two gages on Member 1 shorted 

out compared with none on Member 3.  The p-y analysis for downslope members therefore was 

performed attempting to match the data of Member 3.  Input parameters for the p-y analysis, 

including profiles of soil movement perpendicular to the reinforcement and p-y curves for different 

points along the member, are shown in Figure 5.28.  The p-y curve at the member tip used to 

match the results shown in Figure 5.29 and Figure 5.30 has a pult of 18 lb/in. and a yult of 0.08 in., 

resulting in a value of k equal to 225 psi. 
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Figure 5.28.  Input parameters used in p-y analyses of Member 3, inclined downslope in 
Model 3-A: (a) measured soil movement profiles for four inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.29.  Results of p-y analysis of Member 3, Test 3-A: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.30.  Maximum bending moment vs. total soil movement response for Member 3, 
Test 3-A.  Includes upper and lower bounds of measured data and data from p-y analysis. 

 From Figure 5.29a, the computed bending moment profiles predicted by p-y analysis 

match the measured profiles reasonably well for the bottom half of Member 3.  The largest 

moments, however, occur near the capping beam and without any gages in this part of the 

member, it is impossible to know whether the p-y analysis reasonably predicts the measured 

response in the upper portion of the members.  Nevertheless, the measured and predicted 

responses below the failure surface are similar both in terms of the shape of the profile and the 

maximum bending moment vs. soil movement behavior (Figure 5.30). 

 The lateral pressure profiles interpreted from p-y analyses shown in Figure 5.29b are 

notably different from those presented for previous tests.  They indicate the limit soil pressure 

was fully mobilized above the failure surface, and that resistance was mobilized even below the 

sliding surface.  Presumably, the restriction of pile head rotation introduces an external force at 

the top of the member that enables the additional resistance compared to that observed for tests 

without the capping beam. 
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Upslope 

 The p-y curve used to generate the prediction for downslope members was applied to the 

displacement profiles established for the upslope members.  Since there were no significant 

problems with gages shorting on Member 2, the results of p-y analysis based on input parameters 

shown in Figure 5.31 are plotted in Figure 5.32 and Figure 5.33 with the measured response from 

Member 2 rather than using Member 4 (the “backup”).  Clearly, the predicted response does not 

match the measured profiles.  The measured bending moments are generally near zero along the 

member, suggesting most of the load transferred to this member was axial. 
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Figure 5.31.  Input parameters used in p-y analyses of Member 2, inclined upslope in 
Model 3-A: (a) measured soil movement profiles for four inclinations and (b) p-y curves for 
three points along the pile.  Because of difficulties matching measured data, the p-y 
curves used are the ones back-calculated for Member 3. 
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Figure 5.32.  Results of p-y analysis of Member 2, Test 3-A: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.33.  Maximum bending moment vs. total soil movement response for Member 2, 
Test 3-A.  Includes upper and lower bounds of measured data and data from p-y analysis. 
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5.2.7 Test 3-B 
 Six reinforcing members were installed in an A-frame arrangement through a partially 

embedded capping beam in Model 3-B.  Three were installed 30 degrees upslope of the line 

perpendicular to the slope face, and the remaining three were installed 30 degrees downslope of 

the line perpendicular to the slope face, as shown in Figure 5.1c.  Four members, two upslope 

and two downslope, were instrumented, but as for other tests, Member 4, inclined upslope, 

served as a backup in case data from the other member inclined upslope, Member 2, were poor. 

Downslope 

 Members 1 and 3 both were installed downslope, but three gages on Member 1 shorted 

out and another two were questionable compared with two shorted gages on Member 3.  The p-y 

analysis for downslope members therefore was performed attempting to match the data of 

Member 3.  Input parameters for the p-y analysis, including profiles of soil movement 

perpendicular to the members and p-y curves for three points along the member, are shown in 

Figure 5.34.  The p-y curve at the member tip used to match the results shown in Figure 5.35 and 

Figure 5.36 has a pult of 28 lb/in. and a yult of 0.03 in., resulting in a value of k equal to 930 psi. 
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Figure 5.34.  Input parameters used in p-y analyses of Member 3, inclined downslope in 
Model 3-B: (a) measured soil movement profiles for four inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.35.  Results of p-y analysis of Member 3, Test 3-B: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 

0

100

200

300

400

500

600

700

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50

Total Soil Movement (in.)

M
ax

im
um

 In
du

ce
d 

M
om

en
t (

lb
-in

.)

Test 3-B, Member 3, Upper Bound
Test 3-B, Member 3, Lower Bound
LPile Analysis

 
Figure 5.36.  Maximum bending moment vs. total soil movement response for Member 3, 
Test 3-B.  Includes upper and lower bounds of measured data and data from p-y analysis. 
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 From Figure 5.35a, the measured and predicted bending moment profiles show poor 

agreement.  Both indicate negative moments near the bottom of the member that turn toward 

positive moments moving toward the capping beam, but this transition occurs much deeper for 

the measured response.  Also, the measured response turns back toward zero moving toward the 

capping beam, but this could be a product of the shorted gages above the failure surface.  The 

computed lateral pressure profiles shown in Figure 5.35b are similar to those interpreted for Test 

3-A, indicating full mobilization of the limit soil pressure above the sliding surface with additional 

resistance mobilized below the sliding surface.  If only the response below the failure surface is 

considered, the computed maximum bending moment vs. soil movement response predicted by 

the p-y model as shown in Figure 5.36 matches the measured response relatively well. 

Upslope 

 The p-y curve used to generate the prediction for downslope members was applied to the 

displacement profiles established for the upslope members.  Since there were no significant 

problems with gages shorting on Member 2, the results of p-y analysis based on input parameters 

shown in Figure 5.37 are plotted in Figure 5.38 and Figure 5.39 with the measured response from 

Member 2 rather than using Member 4 (the “backup”).  Clearly, the predicted response does not 

match the measured profiles.  As for Test 3-A, the measured bending moments are generally 

small along the member, suggesting most of the load transferred to this member was axial. 
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Figure 5.37.  Input parameters used in p-y analyses of Member 2, inclined upslope in 
Model 3-B: (a) measured soil movement profiles for four inclinations and (b) p-y curves for 
three points along the pile.  Because of difficulties matching measured data, the p-y 
curves used are the ones back-calculated for Member 3. 
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Figure 5.38.  Results of p-y analysis of Member 2, Test 3-B: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.39.  Maximum bending moment vs. total soil movement response for Member 2, 
Test 3-B.  Includes upper and lower bounds of measured data and data from p-y analysis. 

5.2.8 Test 3-C 
 Twelve reinforcing members were installed in an A-frame arrangement through a partially 

embedded capping beam in Model 3-C.  Six were installed 30 degrees upslope of the line 

perpendicular to the slope face, and the remaining six were installed 30 degrees downslope of 

the line perpendicular to the slope face, as shown in Figure 5.1c.  Four members, two upslope 

and two downslope, were instrumented, but as for other tests, Member 4, inclined upslope, 

served as a backup in case data from the other member inclined upslope, Member 2, were poor. 

Downslope 

 Members 1 and 3 both were installed downslope, and both experienced moderate 

problems with gages shorting out, but the bending moment profiles for Member 1 are more 

consistent with those from other similar members.  The p-y analysis for downslope members was 

therefore performed attempting to match the data of Member 1.  However, the bottom pair of 

strain gages indicated unreasonably large bending moments that were inconsistent with those 

measured in other similar members, so these moments were disregarded and the analysis was 

performed to match data for the top four pairs of gages only.  Input parameters for the p-y 



 185

analysis, including profiles of soil movement perpendicular to the members and p-y curves for 

three points along the member, are shown in Figure 5.40.  The p-y curve at the member tip used 

to match the results shown in Figure 5.41 and Figure 5.42 has a pult of 30 lb/in. and a yult of 0.06 

in., resulting in a value of k equal to 500 psi. 
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Figure 5.40.  Input parameters used in p-y analyses of Member 1, inclined downslope in 
Model 3-C: (a) measured soil movement profiles for four inclinations and (b) back-
calculated p-y curves for three points along the pile. 
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Figure 5.41.  Results of p-y analysis of Member 1, Test 3-C: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.42.  Maximum bending moment vs. total soil movement response for Member 1, 
Test 3-C.  Includes upper and lower bounds of measured data and data from p-y analysis. 
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 From Figure 5.41a, the shape of the computed bending moment profile from the p-y 

analysis is similar to that for other downslope members in models with a capping beam (e.g. 

Figure 5.29, Figure 5.35).  The computed bending moment profile matches the measured one 

below and just above the failure surface, indicating bending moments of about 600 lb-in. near the 

sliding surface at failure.  These moments induce tension downslope.  Above the instrumented 

portion of the bar, the analysis predicted bending moments of about 1800 lb-in. near the capping 

beam at failure.  These moments induce tension upslope.  As shown in Figure 5.42, the 

maximum bending moment vs. soil movement response predicted by the p-y model matches the 

measured response relatively well although it is slightly steeper than the measured response for 

values of soil movement less than 0.3 in. 

 The lateral pressure profiles interpreted from p-y analyses shown in Figure 5.41b are also 

similar to those from other members installed downslope through a capping beam.  The analyses 

indicate the limit soil pressure is fully mobilized above the sliding surface at failure.  The analyses 

also indicate additional resistance is mobilized several inches below the sliding surface at failure. 

Upslope 

 The p-y curve used to generate the prediction for downslope members was applied to the 

displacement profiles established for the upslope members.  Since there were no significant 

problems with gages shorting on Member 2, the results of p-y analysis based on input parameters 

shown in Figure 5.43 are plotted in Figure 5.44 and Figure 5.45 with the measured response from 

Member 2 rather than using Member 4 (the “backup”).  Clearly, the predicted response does not 

match the measured profiles.  As was observed for the other members installed upslope in Group 

3, the measured bending moments are generally small, suggesting most of the load transferred to 

this member was axial. 
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Figure 5.43.  Input parameters used in p-y analyses of Member 2, inclined upslope in 
Model 3-C: (a) measured soil movement profiles for four inclinations and (b) p-y curves for 
three points along the pile.  Because of difficulties matching measured data, the p-y 
curves used are the ones back-calculated for Member 1. 
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Figure 5.44.  Results of p-y analysis of Member 2, Test 3-C: (a) measured bending moment 
profiles including the results of p-y analysis (bold line) for movements at failure and (b) 
interpreted lateral pressure profiles from p-y analyses.  For each legend, numbers in 
parentheses indicate total (i.e. not transverse) differential movement between soil above 
and below the failure surface in inches. 
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Figure 5.45.  Maximum bending moment vs. total soil movement response for Member 2, 
Test 3-C.  Includes upper and lower bounds of measured data and data from p-y analysis. 

5.3 Axial Load Transfer 
 In this section, results of the analysis described in Section 5.1.3 are presented for each 

model test in Groups 2 and 3.  As noted earlier, since there is assumed to be no component of 

soil movement parallel to the reinforcement for tests in Group 1, axial loads were not analyzed for 

these tests.  The selection of representative reinforcing members for each test is based on 

reasoning similar to that for lateral load transfer; indeed, the same members were analyzed for 

each test.  For each test, after explaining which member was analyzed and listing the input 

parameters used to match measured results, the axial load profile at failure and axial load at the 

failure surface vs. soil movement behavior are shown and discussed.  Any difficulties in matching 

the analysis results with measured data are also explained. 

5.3.1 Test 2-A 
 As described in Section 5.2.4 and shown in Figure 5.1b, six reinforcing members were 

installed in an A-frame arrangement in Model 2-A.  As described for other tests in Groups 2 and 

3, four members were instrumented, but Member 4, inclined upslope, was monitored 
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incrementally and served as a backup in case the gage data from the other member inclined 

upslope, Member 2, were poor. 

Upslope 

 For Test 2-A, the axial load data for Member 2 was realistic and consistent with that from 

other similar members, so the t-z analysis for upslope members was performed attempting to 

match the data of Member 2.  The axial load behavior was matched where the failure surface 

crossed the member, approximately 22 in. above the member tip.  Input parameters for the t-z 

analysis, including profiles of soil movement parallel to the reinforcement and t-z curves for 

different points along the member, are shown in Figure 5.46.  The t-z curve at the member tip 

used to match the results shown in Figure 5.47 and Figure 5.48 has an fult of 60 lb/in. and a 

quake of 0.7 in., resulting in a value of ks equal to 86 psi. 

0

5

10

15

20

25

30

35

40

45

0.0 0.5 1.0 1.5 2.0
Longitudinal Soil Movement (in.)

P
os

iti
on

 a
lo

ng
 P

ile
 (i

n.
 fr

om
 b

ot
to

m
)

34
40
42
44

(a)

0

9

18

27

36

45

54

63

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
z  (in.)

t 
(lb

/in
.)

1/3 L (14.7 in.) Below Pile Head
2/3 L (29.3 in.) Below Pile Head
Pile Tip (44 in. Below Pile Head)

(b)

 

Figure 5.46.  Input parameters used in t-z analyses of Member 2, inclined upslope in Model 
2-A: (a) measured soil movement profiles for four inclinations and (b) back-calculated t-z 
curves for three points along the pile. 
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Figure 5.47.  Axial load profile for Member 2, Test 2-A, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.48.  Axial load at the failure surface vs. total soil movement for Member 2, Test 2-
A.  Includes upper and lower bounds of measured data and data from t-z analysis. 
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 Figure 5.47 shows axial load profiles for computed data from t-z analysis and for 

measured data.  The measured axial load profiles for this plot (and similar ones presented 

subsequently for other tests) are based on strains zeroed after wetting since the t-z analyses did 

not account for loading due to settlement that might occur during wetting.  From Figure 5.47, the 

axial load profiles from measured and predicted data show some agreement.  This agreement is 

necessarily best near the failure surface based on the analysis method as described in Section 

5.1.3.  The analytical response near the member tip does not match the measured response, but 

it would be difficult for any t-z analysis to predict such large compressive loads so far beneath the 

failure surface. 

 Figure 5.48 shows the axial load at the failure surface vs. soil movement response.  The 

soil movement used in the plot (and similar ones presented subsequently for other tests) is the 

total soil movement, rather than the component of soil movement parallel to the reinforcement, to 

facilitate comparisons with lateral load responses presented earlier in the chapter.  From Figure 

5.48, the measured axial load vs. soil movement response initially shows compression where 

tension was expected, but after about 1.0 in. of soil movement, tension develops to match the 

computed response. 

Downslope 

 Members 1 and 3 were inclined downslope, and loads in both were monitored 

continuously during testing.  Member 1 had two gages short out during testing while Member 3 

had only one gage short out.  The t-z analysis for downslope members therefore was performed 

attempting to match the data of Member 3.  The axial load behavior was matched where the 

failure surface crossed the member, approximately 11 in. above the member tip.  Input 

parameters for the t-z analysis, including profiles of soil movement parallel to the reinforcement 

and t-z curves for different points along the member, are shown in Figure 5.49.  The t-z curve at 

the member tip used to match the results shown in Figure 5.50 and Figure 5.51 has an fult of 20 

lb/in. and a quake of 0.36 in., resulting in a value of ks equal to 56 psi. 
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Figure 5.49.  Input parameters used in t-z analyses of Member 3, inclined downslope in 
Model 2-A: (a) measured soil movement profiles for four inclinations and (b) back-
calculated t-z curves for three points along the pile. 
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Figure 5.50.  Axial load profile for Member 3, Test 2-A, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.51.  Axial load at the failure surface vs. total soil movement for Member 3, Test 2-
A.  Includes upper and lower bounds of measured data and data from t-z analysis. 

 From Figure 5.50, the measured and predicted axial load profiles show better agreement 

for Member 3 (inclined downslope) than for Member 2 (inclined upslope).  For both measured and 

predicted responses, compressive loads of about 600 lb developed near the failure surface for 

soil movements less than about 0.3 in. and stayed at this level until failure.  Axial loads above and 

below the failure surface decrease toward zero at the ends of the member.  From Figure 5.51, the 

axial load at the failure surface developed at values of total soil movement of about 0.25 in.  

Subsequently, the axial load at the failure surface was nearly constant. 

 It is important to note the failure surfaces applied to Members 2 and 3 as shown in Figure 

5.47 and Figure 5.50, respectively, are consistent with one another.  Differences in member 

inclination and installation depth cause the failure surface to intersect the members at different 

relative positions, which creates the appearance of a discrepancy between the different soil 

movement profiles.  This observation applies to all pairs of members discussed in this chapter. 

5.3.2 Test 2-B 
 As described in Section 5.2.5 and shown in Figure 5.1b, 12 reinforcing members were 

installed in an A-frame arrangement in Model 2-B.  As described for other tests in Groups 2 and 
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3, four members were instrumented, but Member 4, inclined upslope, was monitored 

incrementally and served as a backup in case the gage data from the other member inclined 

upslope, Member 2, were poor. 

Upslope 

 For Test 2-B, the axial load data for Member 2 was realistic and consistent with that from 

other similar members, so the t-z analysis for upslope members was performed attempting to 

match the data of Member 2.  The axial load behavior was matched where the failure surface 

crossed the member, approximately 21 in. above the member tip.  Input parameters for the t-z 

analysis, including profiles of soil movement parallel to the reinforcement and t-z curves for 

different points along the member, are shown in Figure 5.52.  The t-z curve at the member tip 

used to match the results shown in Figure 5.53 and Figure 5.54 has an fult of 14 lb/in. and a 

quake of 0.3 in., resulting in a value of ks equal to 47 psi. 
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Figure 5.52.  Input parameters used in t-z analyses of Member 2, inclined upslope in Model 
2-B: (a) measured soil movement profiles for three inclinations and (b) back-calculated t-z 
curves for three points along the pile. 
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Figure 5.53.  Upper bound axial load profile for Member 2, Test 2-B, including the results of 
t-z analysis (bold line) for movements at failure.  In the legend, numbers in parentheses 
indicate total (i.e. not longitudinal) differential movement between soil above and below 
the failure surface in inches. 
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Figure 5.54.  Axial load at the failure surface vs. total soil movement for Member 2, Test 2-
B.  Includes upper and lower bounds of measured data and data from t-z analysis. 
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 Overall, the lower and upper bound axial load profiles are quite similar for Member 2.  At 

the failure surface, however, the lower bound profile indicates compression while the upper 

bound profile indicates tension.  Like the measured upper bound profile, a t-z analysis predicts 

tension at the failure surface for members inclined upslope.  Therefore, for this analysis, the 

analysis attempted to match the upper bound profile, as indicated in Figure 5.53 and Figure 5.54.  

From Figure 5.53, the computed axial load profile matches the measured data at the failure 

surface and near the top of the member reasonably well, but large, unexpected compressive 

loads measured in the bottom of the member for both upper and lower bounds could not be 

predicted using a t-z analysis.  As shown in Figure 5.54, matching the data at the failure surface, 

however, resulted in strong agreement in the axial load vs. soil movement response. 

Downslope 

 Members 1 and 3 were inclined downslope, and loads in both were monitored 

continuously during testing.  One gage shorted out in each member during testing.  In both 

members, axial load at the failure surface location was negligible compared to the axial loads 

measured below the failure surface.  At the failure surface, Member 3 developed compression, as 

expected for a member inclined downslope, while Member 1 developed tension.  Nevertheless, 

the t-z analysis for downslope members was performed attempting to match the data of Member 

1 to maintain consistency between the axial and lateral load analyses.  That is, since neither 

member indicated high-quality axial load data, Member 1 was chosen since lateral load data was 

better for this member.  The axial load behavior was matched where the failure surface crossed 

the member, approximately 12 in. above the member tip.  Input parameters for the t-z analysis, 

including profiles of soil movement parallel to the reinforcement and t-z curves for different points 

along the member, are shown in Figure 5.55.  The t-z curve at the member tip used to match the 

results shown in Figure 5.56 and Figure 5.57 has an fult of -6 lb/in. and a quake of 0.12 in., 

resulting in a value of ks equal to -50 psi.  The negative value of fult indicates tension developed 

when compression was expected. 
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Figure 5.55.  Input parameters used in t-z analyses of Member 1, inclined downslope in 
Model 2-B: (a) measured soil movement profiles for three inclinations and (b) back-
calculated t-z curves for three points along the pile. 
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Figure 5.56.  Axial load profile for Member 1, Test 2-B, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.57.  Axial load at the failure surface vs. total soil movement for Member 1, Test 2-
B.  Includes upper and lower bounds of measured data and data from t-z analysis. 

 From Figure 5.56, as for Member 2, the predicted axial load profile matches the 

measured data at the failure surface and near the top of the member reasonably well, but large, 

unexpected loads measured in the bottom of the member, first indicating compression but 

indicating tension at failure, could not be predicted using a t-z analysis.  As shown in Figure 5.57, 

matching the data at the failure surface, however, resulted in strong agreement in the axial load 

vs. soil movement response if a negative value of fult was used to predict tension where 

compression would otherwise be expected. 

5.3.3 Test 3-A 
 As described in Section 5.2.6 and shown in Figure 5.1c, 6 reinforcing members were 

installed in an A-frame arrangement through a capping beam in Model 3-A.  As described for 

other tests in Groups 2 and 3, four members were instrumented, but Member 4, inclined upslope, 

was monitored incrementally and served as a backup in case the gage data from the other 

member inclined upslope, Member 2, were poor. 
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Upslope 

 For Test 3-A, the axial load data for Member 2 was realistic and consistent with that from 

other similar members, so the t-z analysis for upslope members was performed attempting to 

match the data of Member 2.  The axial load behavior was matched where the failure surface 

crossed the member, approximately 25 in. above the member tip.  Input parameters for the t-z 

analysis, including profiles of soil movement parallel to the reinforcement and t-z curves for 

different points along the member, are shown in Figure 5.58.  The t-z curve at the member tip 

used to match the results shown in Figure 5.59 and Figure 5.60 has an fult of 140 lb/in. and a 

quake of 0.3 in., resulting in a value of ks equal to 470 psi. 
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Figure 5.58.  Input parameters used in t-z analyses of Member 2, inclined upslope in Model 
3-A: (a) measured soil movement profiles for four inclinations and (b) back-calculated t-z 
curves for three points along the pile. 
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Figure 5.59.  Axial load profile for Member 2, Test 3-A, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.60.  Axial load at the failure surface vs. total soil movement for Member 2, Test 3-
A.  Includes upper and lower bounds of measured data and data from t-z analysis. 
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 From Figure 5.59, the predicted axial load profiles match the measured ones rather well 

along the length of the member, other than the small jump toward tension measured near the tip 

of the member.  Both measured and predicted axial load profiles show small tensile loads at the 

ends of the member that increase toward the maximum tensile loads at the failure surface.  From 

Figure 5.60, the axial load at the failure surface vs. soil movement responses also show close 

agreement, indicating virtually no axial load at small movements that peak at about 900 lb of 

tension after about 0.6 in. soil movement. 

Downslope 

 Members 1 and 3 both were installed downslope, but two gages on Member 1 shorted 

out compared with none on Member 3, so the t-z analysis for upslope members was performed 

attempting to match the data of Member 3.  The axial load behavior was matched where the 

failure surface crossed the member, approximately 20 in. above the member tip.  Input 

parameters for the t-z analysis, including profiles of soil movement parallel to the reinforcement 

and t-z curves for different points along the member, are shown in Figure 5.61.  The t-z curve at 

the member tip used to match the results shown in Figure 5.62 and Figure 5.63 has an fult of -24 

lb/in. and a quake of 0.27 in., resulting in a value of ks equal to -89 psi.  The negative value of fult 

indicates tension developed when compression was expected. 
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Figure 5.61.  Input parameters used in t-z analyses of Member 3, inclined downslope in 
Model 3-A: (a) measured soil movement profiles for four inclinations and (b) back-
calculated t-z curves for three points along the pile. 
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Figure 5.62.  Axial load profile for Member 3, Test 3-A, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.63.  Axial load at the failure surface vs. total soil movement for Member 3, Test 3-
A.  Includes upper and lower bounds of measured data and data from t-z analysis. 

 From Figure 5.62, the measured and predicted axial load profiles show little agreement, 

except at the failure surface, where axial loads are smaller than loads measured at other depths.  

Along the rest of the member, the axial load profile is rather erratic.  Again, no measured data is 

available above the failure surfaces since no gages were placed there.  If only the tensile loads at 

the failure surface are considered, as shown in Figure 5.63, the t-z analysis predicts the 

measured axial load vs. soil movement profile well, but this observation is qualified by the 

expectation of compressive loads at the failure surface whereas tensile loads were measured. 

5.3.4 Test 3-B 
 As described in Section 5.2.7 and shown in Figure 5.1c, 6 reinforcing members were 

installed in an A-frame arrangement through a partially embedded capping beam in Model 3-B.  

As described for other tests in Groups 2 and 3, four members were instrumented, but Member 4, 

inclined upslope, was monitored incrementally and served as a backup in case the gage data 

from the other member inclined upslope, Member 2, were poor. 
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Upslope 

 For Test 3-B, the axial load data for Member 2 was realistic and consistent with that from 

other similar members, so the t-z analysis for upslope members was performed attempting to 

match the data of Member 2.  The axial load behavior was matched where the failure surface 

crossed the member, approximately 22 in. above the member tip.  Input parameters for the t-z 

analysis, including profiles of soil movement parallel to the reinforcement and t-z curves for 

different points along the member, are shown in Figure 5.64.  The t-z curve at the member tip 

used to match the results shown in Figure 5.65 and Figure 5.66 has an fult of -130 lb/in. and a 

quake of 0.3 in., resulting in a value of ks equal to 430 psi.  The negative value of fult indicates 

compression developed when tension was expected. 
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Figure 5.64.  Input parameters used in t-z analyses of Member 2, inclined upslope in Model 
3-B: (a) measured soil movement profiles for four inclinations and (b) back-calculated t-z 
curves for three points along the pile. 
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Figure 5.65.  Axial load profile for Member 2, Test 3-B, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.66.  Axial load at the failure surface vs. total soil movement for Member 2, Test 3-
B.  Includes upper and lower bounds of measured data and data from t-z analysis. 
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 From Figure 5.65, agreement between the measured and predicted axial load profiles is 

fair.  The measured data is somewhat erratic, but clearly shows peak compressive loads just 

below the failure surface.  Other than some unreasonably large compressive loads that were 

measured near the bottom of the member, the rest of the predicted axial load profile matches the 

measured shape.  For the failure surface location, as shown in Figure 5.66, the computed axial 

load vs. soil movement response agreed well with the measured response, but this observation is 

qualified by the prediction of compressive loads when tensile loads were anticipated. 

Downslope 

 Members 1 and 3 both were installed downslope, but three gages on Member 1 shorted 

out and another two were questionable compared with two shorted gages on Member 3, so the t-

z analysis for upslope members was performed attempting to match the data of Member 3.  The 

axial load behavior was matched where the failure surface crossed the member, approximately 

17 in. above the member tip.  Input parameters for the t-z analysis, including profiles of soil 

movement parallel to the reinforcement and t-z curves for different points along the member, are 

shown in Figure 5.67.  The t-z curve at the member tip used to match the results shown in Figure 

5.62 and Figure 5.63 has an fult of -30 lb/in. and a quake of 0.7 in., resulting in a value of ks equal 

to -43 psi.  The negative value of fult indicates tension developed when compression was 

expected. 
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Figure 5.67.  Input parameters used in t-z analyses of Member 3, inclined downslope in 
Model 3-B: (a) measured soil movement profiles for four inclinations and (b) back-
calculated t-z curves for three points along the pile. 
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Figure 5.68.  Axial load profile for Member 3, Test 3-B, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.69.  Axial load at the failure surface vs. total soil movement for Member 3, Test 3-
B.  Includes upper and lower bounds of measured data and data from t-z analysis. 

 From Figure 5.68, the measured and predicted axial load profiles show reasonable 

agreement at and above the failure surface, but along the rest of the member, the measured axial 

load profile is rather erratic, generally indicating large tensile forces that increase with depth.  

These forces were not predicted by the t-z analysis.  If only the tensile loads at the failure surface 

are considered, as shown in Figure 5.69, the t-z analysis predicts the measured axial load vs. soil 

movement profile well, but this observation is qualified by the expectation of compressive loads at 

the failure surface. 

5.3.5 Test 3-C 
 As described in Section 5.2.8 and shown in Figure 5.1c, 12 reinforcing members were 

installed in an A-frame arrangement through a partially embedded capping beam in Model 3-C.  

As described for other tests in Groups 2 and 3, four members were instrumented, but Member 4, 

inclined upslope, was monitored incrementally and served as a backup in case the gage data 

from the other member inclined upslope, Member 2, were poor.   
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Upslope 

 For Test 3-C, the axial load data for Member 2 was realistic and consistent with that from 

other similar members, so the t-z analysis for upslope members was performed attempting to 

match the data of Member 2.  The axial load behavior was matched where the failure surface 

crossed the member, approximately 22 in. above the member tip.  Input parameters for the t-z 

analysis, including profiles of soil movement parallel to the reinforcement and t-z curves for 

different points along the member, are shown in Figure 5.70.  The t-z curve at the member tip 

used to match the results shown in Figure 5.71 and Figure 5.72 has an fult of 30 lb/in. and a 

quake of 0.08 in., resulting in a value of ks equal to 375 psi. 
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Figure 5.70.  Input parameters used in t-z analyses of Member 2, inclined upslope in Model 
3-C: (a) measured soil movement profiles for four inclinations and (b) back-calculated t-z 
curves for three points along the pile. 
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Figure 5.71.  Axial load profile for Member 2, Test 3-C, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.72.  Axial load at the failure surface vs. total soil movement for Member 2, Test 3-
C.  Includes upper and lower bounds of measured data and data from t-z analysis. 
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 From Figure 5.71, above the failure surface, the predicted axial load profiles match the 

measured ones reasonably well, but below the failure surface, measured tensile loads increased 

toward the bottom of the member, where the t-z analysis predicted axial loads would be zero.  For 

the failure surface location, as shown in Figure 5.72, the predicted axial load vs. soil movement 

response matched the measured one very well, with expected tensile loading increasing until 

about 0.2 in. of soil movement, when tensile loads peaked at about 200 lb. 

Downslope 

 Members 1 and 3 were installed downslope, and both experienced moderate problems 

with gages shorting out, but the axial load profiles in Member 1 were less erratic, so the t-z 

analysis for downslope members was performed attempting to match the data of Member 1.  The 

axial load behavior was matched where the failure surface crossed the member, approximately 

15 in. above the tip.  Input parameters for the t-z analysis, including profiles of soil movement 

parallel to the reinforcement and t-z curves for different points along the member, are shown in 

Figure 5.73.  The t-z curve at the member tip used to match the results shown in Figure 5.74 and 

Figure 5.75 has an fult of 28 lb/in. and a quake of 0.2 in., resulting in a value of ks equal to 140 psi. 
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Figure 5.73.  Input parameters used in t-z analyses of Member 1, inclined downslope in 
Model 3-C: (a) measured soil movement profiles for four inclinations and (b) back-
calculated t-z curves for three points along the pile. 
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Figure 5.74.  Axial load profile for Member 1, Test 3-C, including the results of t-z analysis 
(bold line) for movements at failure.  In the legend, numbers in parentheses indicate total 
(i.e. not longitudinal) differential movement between soil above and below the failure 
surface in inches. 
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Figure 5.75.  Axial load at the failure surface vs. total soil movement for Member 3, Test 3-
C.  Includes upper and lower bounds of measured data and data from t-z analysis. 



 214

 From Figure 5.74, the measured and predicted axial load profiles show reasonable 

agreement at and above the failure surface, but along the rest of the member, the measured axial 

load profile is rather erratic, including large tensile forces near the bottom of the member.  These 

forces were not predicted by the t-z analysis, which predicts only compression in the member.  

Although both upper and lower bound measured axial load profiles indicate the development of 

compression at the failure surface with increasing soil movement, as shown in Figure 5.75, the 

shapes of the two measured axial load at the failure surface vs. soil movement curves are 

different.  The computed curve based on values predicted by the t-z analysis is similar to both 

measured curves but matches neither. 

5.4 Interpretation of Analysis Results 
 Individually, the analysis data presented in Sections 5.2 and 5.3 are useful for evaluating 

trends within each test, but it is necessary to synthesize the data from each test and evaluate 

larger trends in order to satisfy the objectives outlined in Chapter 1.  The results of such 

evaluations are presented in this section. 

5.4.1 General Observations on Load Transfer Analyses 
 Throughout discussions of lateral and axial load analyses presented in Sections 5.2 and 

5.3, respectively, several observations were noted consistently.  For tests in Groups 1 and 2, 

lateral load analysis was successful, with computed results matching measured bending moment 

profiles and measured moment versus soil movement responses.  In general, the bending 

moment profiles observed in members installed in models from Groups 1 and 2 showed only 

small bending moments above the sliding surface, with much larger bending moments below the 

sliding surface.  For Group 3, predictions by the p-y analysis method were less successful, 

particularly for upslope members, but a lack of strain gage measurements in the upper half of the 

member made it difficult to compare the computed and measured responses.  The measured 

bending moment profiles for members installed in Group 3 typically indicated negative bending 

moments near the bottom of the members.  Based on matching this response, the computed 

bending moment profiles from p-y analyses indicated large positive bending moments near the 

top of the member and the capping beam.  For upslope members installed through a capping 
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beam, measured bending moments were small, which suggests most of the load transferred to 

these members was axial.  For all members, the measured bending moments were less than the 

scaled down moment capacity for the prototype micropile. 

 For members installed in models from Groups 1 and 2, the lateral pressure profiles 

interpreted from p-y analyses usually indicated the limit soil pressure was not fully mobilized at 

failure along the length of the member above the sliding surface.  Instead, the limit soil pressure 

was usually not mobilized along the top 5 to 10 in. of the member, resulting in a lateral pressure 

profile that was similar to that observed by Deeken (2005) for stiff reinforcement (Chapter 2).  For 

members installed through a capping beam in Group 3, p-y analysis indicated additional 

resistance was mobilized below the sliding surface. 

 Axial load analyses by the t-z method were generally less successful than lateral load 

analyses.  Although the t-z method usually was used successfully to match measured axial loads 

at the failure surface and the measured axial load versus displacement response, the t-z method 

failed to predict large axial loads that were often measured near the bottom of the members.  

Also, for several members, particularly those installed through a capping beam, the sign of the 

measured axial loads was opposite that predicted by t-z methods.  When the t-z method 

successfully matched measured axial load profiles, axial loads were zero at the ends of the 

member and increased to some maximum value at the failure surface. 

 Bending moments and axial loads tended to increase with soil movement.  For a few 

cases, the shape of the lateral or axial load versus soil movement curve indicated a steady 

increase in load with displacement.  For most cases, however, the loads in the member increased 

to a maximum value at some small amount of soil movement, after which they were constant until 

failure.  For these cases, lateral load analyses indicated the maximum bending moments were 

reached between 0.1 and 0.6 in. of total soil movement, and axial load analyses indicated the 

axial load at the failure surface peaked between 0.2 and 1.0 in. of total soil movement.  For some 

members, the ultimate lateral resistance developed earlier than the ultimate axial resistance; for 

others, the opposite was true.  There was no conclusive evidence that either resistance mobilized 

more quickly than the other. 
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5.4.2 Limit Soil Pressure 
 In Chapter 2, three common limit soil pressure theories were shown to vary by an order 

of magnitude.  To evaluate these methods, the values of pult determined from p-y analyses were 

plotted versus member position along the member in Figure 5.76 (Group 1), Figure 5.77 (Group 

2), and Figure 5.78 (Group 3).  Also included in the plots are limit soil pressures computed using 

Ito and Matsui’s (1975) method, Broms’ (1964) method, and an estimate equal to 5 times the 

passive lateral earth pressure coefficient, which is an approximation for Poulos and Davis’ (1980) 

method.  Figure 5.76, Figure 5.77, and Figure 5.78 are also useful for evaluating the effect of 

spacing on limit soil pressure within each testing group. 
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Figure 5.76.  pult vs. depth for members installed in Group 1 models.  Numbers next to 
solid lines indicate the reinforcement spacing ratio for the test. 
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Figure 5.77.  pult vs. depth for members installed in Group 2 models.  Numbers next to 
solid lines indicate the reinforcement spacing ratio for the test, ‘U’ indicates a member 
inclined upslope, and ‘D’ indicates a member inclined downslope. 
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Figure 5.78.  pult vs. depth for downslope members installed in Group 3 models.  Numbers 
next to solid lines indicate the reinforcement spacing ratio for the test, ‘U’ indicates a 
member inclined upslope, and ‘D’ indicates a member inclined downslope. 
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 The data in Figure 5.76 show the back-calculated limit soil pressures for micropiles 

installed in Group 1 are greater than predicted by Ito and Matsui’s (1975) method but less than 

predicted by Broms’ (1964) method (and therefore less than predicted by Poulos and Davis’ 

(1980) method).  Among the three tests, the greatest limit soil pressure was back-calculated for 

Test 1-B, which had a reinforcement spacing ratio between those of the other two tests.  

Therefore, there is no clear indication of the effect of spacing on limit soil pressure for tests in 

Group 1. 

 From Figure 5.77, the back-calculated limit soil pressures for micropiles installed in 

Group 2 are also between those predicted by Ito and Matsui’s (1975) method and Broms’ (1964) 

method.  The upslope member in Test 2-B was in fact slightly less than predicted by Ito and 

Matsui’s (1975) method, but the trend is still clear.  Although it is questionable to use the term 

“trend” with only two pieces of data, results for both upslope and downslope members indicate 

limit soil pressure increases with the reinforcement spacing ratio.  This is contrary to the 

predictions of Ito and Matsui (1975) but consistent with observations in literature (e.g. Reese, 

1992), as noted in Chapter 2.  Also, for Group 2, member inclination had a greater effect than 

spacing.  Limit soil pressures for both downslope members were greater than those from either 

upslope member. 

 The back-calculated limit soil pressure profiles shown in Figure 5.78 are between 

predictions by Ito and Matsui’s (1975) method and Broms’ (1964) method.  Unlike the tests for 

Group 2, back-calculated limit soil pressures increased with decreasing spacing for the tests in 

Group 3.  This is consistent with trends predicted by Ito & Matsui’s (1975) method but contrary 

trends observed in literature (e.g. Reese, 1992). 

5.4.3 Effect of Spacing on Limit Soil Pressure 
 Some preliminary observations about the effect of spacing on limit soil pressure were 

made in Section 5.4.2.  To facilitate a more complete evaluation, the back-calculated value of limit 

soil pressure at the bottom of each member was plotted against the reinforcement spacing ratio, 

as shown in Figure 5.79.  There are no data shown for upslope members in Group 3 because p-y 

modeling was unsuccessful for these members.  Next, the data in Figure 5.79 were normalized to 
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plot pile efficiency versus the reinforcement spacing ratio to allow comparison with the 

relationship established by Reese et al (2006), which was described in Chapter 2 and shown in 

Figure 2.3.  Figure 5.80 shows the pile efficiency versus spacing relationship for the tests 

reported in this thesis, and includes Reese’s (2006) relationship.  Pile efficiency E is the ratio of 

the average capacity in a pile group to the capacity of a single pile.  Without a test containing a 

single pile, it is impossible to apply this definition to the data of Figure 5.79.  Instead, these data 

were normalized by the results for Test 1-A, since the two members installed in this model had 

the furthest spacing of any tested.  Because all data were normalized by the same value (pult for 

Test 1-A), the distributions of points in Figure 5.79 and Figure 5.80 are identical.  The sole 

purpose of Figure 5.80 was to facilitate comparison with trends noted in literature.  Finally, k was 

plotted against the reinforcement spacing ratio to include yult in the evaluation of the effect of 

spacing.  This plot is shown in Figure 5.81. 
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Figure 5.79.  pult vs. S/D for all members for which p-y modeling was successful. 
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Figure 5.81.  k vs. S/D for all members for which p-y modeling was successful. 
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 Several noteworthy observations emerge from Figure 5.79.  Perhaps most apparent is 

that the back-calculated limit soil pressures for members installed through a capping beam 

(Group 3) were higher than those for other members.  Another observation is that for members in 

Groups 1 and 2, there is some tendency for increasing limit soil pressure with increasing 

reinforcement spacing ratio.  This is consistent with experimental data noted in literature (e.g. 

Reese 1992) but contrary to what Ito and Matsui’s (1975) method predicts.  An alternative, and 

perhaps more appropriate, interpretation is that there is no tendency for limit soil pressure to 

change with reinforcement spacing ratio but rather the data are scattered between reasonable 

bounds of 10 and 25 lb/in. 

 The normalized data in Figure 5.80 show the same limit soil pressure versus spacing 

behavior observed in Figure 5.79.  Normalized to define efficiency, the data suggest efficiency 

increases with reinforcement spacing ratio and also suggest values of efficiency as great as two 

are possible.  The relationship established by Reese et al (2006) predicts a similar increase in 

limit soil pressure with reinforcement spacing ratio, but the efficiency peaks at unity for 

reinforcement spacing ratios greater than 3.75.  If the data in Figure 5.79 had been normalized by 

a better estimate of single pile capacity, the efficiency values observed in Figure 5.80 would likely 

have been more reasonable and similar to those predicted by Reese et al (2006). 

 As shown in Figure 5.81, including yult has little effect on the evaluation of the limit soil 

pressure versus spacing behavior.  Similar to trends noted in the previous two discussions, k is 

much higher for members installed through a capping beam (Group 3).  Also, there was no clear 

tendency for k to change with reinforcement spacing ratio.  Instead, the data are scattered 

between 25 and 950 psi. 

5.4.4 Effect of Pile Batter 
 Reese et al (2006) present data related to the effect of pile batter on soil resistance for 

piles under active lateral loading.  As shown in Figure 5.82, the effect of pile batter is quantified 

by the ratio of soil resistance, defined as the resistance for a battered pile divided by that of a 

vertical pile.  The data are compiled from two experimental studies (Kubo, 1965; Awoshika and 
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Reese, 1971).  Kubo (1965) used model tests and full-scale field studies in sand, and Awoshika 

and Reese (1971) tested 2-in. diameter piles in sand. 

 

Figure 5.82.  Effect of pile batter on soil resistance for piles under active lateral loading 
(from Reese et al, 2006). 

 The trend shown in Figure 5.82 suggests the resistance of the upslope members installed 

in Groups 2 and 3 (negative batter angle as defined by Reese et al, 2006) should be multiplied by 

about 2 and resistance of the downslope members (positive batter angle) should be divided by 

about 2.  The back-calculated values of pult presented in Section 5.2 do not support this trend.  

For both tests in Group 2, the independently back-calculated values of pult at the pile tip were the 

same for upslope and downslope members whereas the trend shown in Figure 5.82 would 

suggest the back-calculated resistance for the upslope members should be at least 4 times that 

of the downslope members.  For Group 3, such a comparison cannot be made since p-y 

modeling of upslope members was not performed. 

5.4.5 Effect of Spacing & Inclination on Moment Magnitude 
 Sections 5.4.2 and 5.4.3 focused on the back-calculated parameter pult to evaluate the 

effect of spacing.  This is an important approach since failure of soil around micropiles will often 

control design.  However, failure of the micropiles in bending is another possibility, particularly for 
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deep-seated sliding surfaces.  Accordingly, the maximum bending moment was plotted versus 

the inclination of the slope surface for each test (a measure of stability) as shown in Figure 5.83 

(Group 1), Figure 5.84 (Group 2 upslope), Figure 5.85 (Group 2 downslope), Figure 5.86 (Group 

3 upslope), and Figure 5.87 (Group 3 downslope).  For the purpose of interpretation, these plots 

have the additional advantage of being based on measured data rather than back-calculated 

data. 

0

50

100

150

200

250

300

350

400

450

500

24 28 32 36 40 44 48

Slope Inclination (deg.)

M
ax

im
um

 In
du

ce
d 

M
om

en
t (

lb
-in

.)

Test 1-A
Test 1-B
Test 1-C 15

30

10

 

Figure 5.83.  Maximum moment vs. inclination for members in Group 1.  Numbers next to 
curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.84.  Maximum moment vs. inclination for upslope members in Group 2.  Numbers 
next to curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.85.  Maximum moment vs. inclination for downslope members in Group 2.  
Numbers next to curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.86.  Maximum moment vs. inclination for upslope members in Group 3.  Numbers 
next to curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.87.  Maximum moment vs. inclination for downslope members in Group 3.  
Numbers next to curves indicate the reinforcement spacing ratio for the test. 
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 In general, the data shown in Figure 5.83, Figure 5.84, Figure 5.85, Figure 5.86, and 

Figure 5.87 indicate, as expected, that bending moments increase as the inclination of the slope 

increases.  For models without a capping beam, bending moments were greater for members 

inclined upslope or perpendicular than for members inclined downslope.  The converse was true 

for models with a capping beam.  It is also observed that bending moments in the micropiles were 

often lower for tests with close spacing.  An important implication of this observation is that closer 

micropile spacing should lead to reduced loads and lighter micropile sections.  Thus, it often may 

be advantageous to use close micropile spacing to reduce loads in the micropiles, even if using 

closer spacing does not improve stability.  This trend implies micropile spacing should be 

established based on the optimization of stability improvement with required micropile size. 

5.4.6 Limit Side Friction 
 Methods of estimating limit side friction are better established than those for estimating 

limit soil pressure.  It therefore was not the intention of this research to improve such estimates.  

Nevertheless, it is important to compare the back-calculated values of limit side shear with values 

often reported in literature.  To do so, the simplest approach was to use values given by the beta 

method for comparison.  The beta method combines a number of factors that are often difficult to 

define (the coefficient of lateral earth pressure at rest K0, the ratio of the coefficient of lateral earth 

pressure after construction to that before construction K/K0, the effective angle of internal friction 

φ, and the angle of interface friction δ) into one empirical coefficient β (Burland, 1973): 
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 Limit side shear was calculated for a range of β values.  Typical values of β range from 

about 0.25 to 3, but larger values were used in the comparison to provide an upper bound for the 

back-calculated values of side shear.  The results for each value of β were plotted versus position 

along the member.  Back-calculated values from the t-z analyses were included in the plots as 

shown in Figure 5.88, Figure 5.89, Figure 5.90, and Figure 5.91.  Since t-z analyses were only 

performed for testing Groups 2 and 3, there is no plot for Group 1.  Data sets for Groups 2 and 3 



 227

were each plotted in two different plots to separate those instances when measured axial loads 

were opposite in sign of those predicted by t-z reasoning (i.e. when an upslope member was in 

compression or a downslope member was in tension). 
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Figure 5.88.  fult vs. depth for members installed in Group 2 models for which measured 
axial loads agreed with t-z reasoning.  Numbers next to solid lines indicate the 
reinforcement spacing ratio for the test, ‘U’ indicates a member inclined upslope, and ‘D’ 
indicates a member inclined downslope. 
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Figure 5.89.  fult vs. depth for members installed in Group 2 models for which measured 
axial loads disagreed with t-z reasoning.  Numbers next to solid lines indicate the 
reinforcement spacing ratio for the test, ‘U’ indicates a member inclined upslope, and ‘D’ 
indicates a member inclined downslope. 
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Figure 5.90.  fult vs. depth for members installed in Group 3 models for which measured 
axial loads agreed with t-z reasoning.  Numbers next to solid lines indicate the 
reinforcement spacing ratio for the test, ‘U’ indicates a member inclined upslope, and ‘D’ 
indicates a member inclined downslope. 
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Figure 5.91.  fult vs. depth for members installed in Group 3 models for which measured 
axial loads disagreed with t-z reasoning.  Numbers next to solid lines indicate the 
reinforcement spacing ratio for the test, ‘U’ indicates a member inclined upslope, and ‘D’ 
indicates a member inclined downslope. 

 From Figure 5.88 and Figure 5.89, the rates of increase of limit side shear along the 

member back-calculated for members inclined upslope were nearly equal to those for members 

inclined downslope.  For Test 2-B, the back-calculated rates of increase of limit side shear along 

the length of the member are approximately equal to those predicted using β = 5.  For Test 2-A, a 

value of β equal to 20 is necessary to predict the back-calculated values of limit side shear.  A 

comparison of values from the two tests indicates limit side shear increases with the 

reinforcement spacing ratio, but this trend is qualified by its basis on only two tests. 

 The measured axial load profiles for members in Group 3 were frequently noted in 

Chapter 4 as being large and erratic.  It is therefore not surprising that trends for back-calculated 

values of limit side shear were not as strong for Group 3 as for Group 2.  Nevertheless, some 

noteworthy observations can be made from the data in Figure 5.90 and Figure 5.91.  For Tests 3-

A and 3-B, both of which had a reinforcement spacing ratio of 9.8, back-calculated rates of 

increase of limit side shear along the member were significantly higher for upslope members than 

those for downslope members.  For upslope members from both tests, a value of β equal to 50 is 



 230

necessary to predict the back-calculated values of limit side shear.  For the downslope members, 

a value of β equal to 5 predicts the values reasonably well.  β = 5 also predicts values for both the 

upslope member and the downslope member in Test 3-C, which had a reinforcement spacing 

ratio equal to 4.9.  In a trend similar to that noted for Group 2, the test with closer spacing (Test 3-

C) in general had lower back-calculated values of limit side shear. 

 Of the 10 members analyzed from both testing groups, t-z reasoning failed to correctly 

predict the sign of axial loads for four as indicated in Figure 5.89 and Figure 5.91.  Of these four 

members, three were inclined downslope, so tensile loads were measured when compressive 

loads were predicted by t-z analysis.  Only in one case (a member inclined upslope) were 

compressive loads measured when tensile loads were anticipated. 

5.4.7 Effect of Spacing on Limit Side Friction 
 Some preliminary observations about the effect of spacing on limit side friction were 

made in Section 5.4.6.  To facilitate a more complete evaluation, the back-calculated value of limit 

side friction at the bottom of each member was plotted against the reinforcement spacing ratio.  

This is shown in Figure 5.92.  There are no data for Group 1 because t-z analyses were not 

performed for that group of tests.  The back-calculated value of ks was plotted against the 

reinforcement spacing ratio to include the quake in the evaluation of the effect of spacing.  This 

plot is shown in Figure 5.93. 
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Figure 5.92.  fult vs. S/D for all members for which t-z analysis was performed. 
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Figure 5.93.  ks vs. S/D for all members for which t-z analysis was performed. 
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 From Figure 5.92, two trends are worth noting.  First, the back-calculated values of limit 

side shear for members inclined upslope were, in general, higher than those for members inclined 

downslope.  Also, the limit side shear appears to increase with the reinforcement spacing ratio, 

though this observation is qualified by the use of just two values of spacing.  This relationship 

could be defined more completely if additional tests at different reinforcement spacing ratios are 

performed. 

5.4.8 Effect of Spacing & Inclination on Axial Load Magnitude 
 An analysis similar to that described in Section 5.4.5 was performed for axial loads to 

evaluate the effect of spacing on the magnitude of the axial loads that developed in the members.  

Axial load at the failure surface was plotted against inclination of the slope surface for each test 

as shown in Figure 5.94 (Group 2 upslope), Figure 5.95 (Group 2 downslope), Figure 5.96 (Group 

3 upslope), and Figure 5.97 (Group 3 downslope).  For each plot, axial load at the failure surface 

increases until failure.  Also, greater axial loads were measured for upslope members than for 

downslope members.  If one considers only the magnitude of the axial loads presented in these 

figures, there is a strong tendency for greater axial loads to develop in members installed at 

distant spacing.  This observation is qualified by the overall quality of the data, since similar 

members often developed notably different axial loads. 
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Figure 5.94.  Axial load vs. inclination for upslope members in Group 2.  Numbers next to 
curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.95.  Axial load vs. inclination for downslope members in Group 2.  Numbers next 
to curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.96.  Axial load vs. inclination for upslope members in Group 3.  Numbers next to 
curves indicate the reinforcement spacing ratio for the test. 
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Figure 5.97.  Axial load vs. inclination for downslope members in Group 3.  Numbers next 
to curves indicate the reinforcement spacing ratio for the test. 
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5.5 Summary 
 This chapter presented the results of analyses for each test.  The analyses used soil-

structure interaction methods with measured displacement profiles to back-calculate values of 

limit soil pressure and limit side shear that predicted measured bending moment and axial loads 

as closely as possible.  The results of p-y analysis for each test to predict bending moments were 

presented in the form of bending moment and lateral pressure profiles along each member and 

plots of maximum bending moment in the member versus total soil movement.  Then the results 

of t-z analysis for each test to predict axial loads were presented in the form of axial load profiles 

along each member and plots of axial load at the failure surface versus total soil movement.   

 In general, lateral load analyses were more successful than axial load analyses in 

matching the measured response.  Analyses of lateral and axial load transfer were least 

successful in matching the measured response for members installed through a capping beam, 

but comparisons for these members were necessarily more difficult due to a lack of 

measurements in the top half of the members.  Also, lateral load profiles computed from p-y 

analyses indicated the limit soil pressure often was not fully mobilized above the sliding surface, 

as is often assumed in methods for predicting the limit resistance of in-situ reinforcement 

(Chapter 2). 

 The back-calculated values of limit soil pressure and limit side shear used to complete 

these analyses were compared with one another and with values from literature.  Observations 

from these comparisons indicate limit soil pressure was typically between the value predicted by 

Ito and Matsui’s (1975) method and the one predicted by Broms’ (1964) method and that limit soil 

pressure increases with spacing.  Back-calculated values of limit side shear were most commonly 

predicted using the beta method with β = 5, but there was a tendency for limit side shear to 

increase with spacing.  Measured bending moments and axial loads were reduced by using 

closer spacing.  Finally, limit soil pressure and limit side shear were greatest for members 

installed through capping beams. 
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Chapter 6: Summary, Conclusions & Recommendations 

6.1 Summary 
 Slope failures are significant hazards to public and private infrastructure, and their 

maintenance and repair is costly.  The use of micropiles as in-situ reinforcement for slope 

stabilization is a relatively new approach that has been used successfully in a limited number of 

cases in the U.S. and abroad.  Limited knowledge and data on the development of forces within 

the micropiles and a lack of fundamental understanding of the interaction between the soil and 

micropiles have prevented widespread use of the technique.  A laboratory testing program 

involving large-scale physical models was therefore undertaken to provide direly needed 

experimental data to improve prediction of limit loads for micropiles in slope stabilization 

applications.  Descriptions of the work performed to construct, instrument, and test the models, 

data from the tests, and results of analyses of the data were presented in this thesis. 

 A review of design methods for slopes with in-situ reinforcement, a summary of important 

aspects of modeling in geotechnical engineering, and descriptions of similar work were presented 

in Chapter 2.  Four methods for predicting the limit resistance for micropiles and other similar 

reinforcement were presented, and a key input for each was limit soil pressure.  Methods for 

calculating limit soil pressure were shown to vary by an order of magnitude.  Physical modeling 

was compared with centrifuge modeling and full-scale field tests before presenting a discussion of 

similitude in geotechnical models.  Previous work by Deeken (2005) using the same apparatus 

was summarized. 

 A description of the experimental apparatus was presented in Chapter 3.  The apparatus 

consists of a model container, a pore pressure control system, soil, model reinforcement, and an 

instrumentation system to measure pore pressure, soil movement, and loading of the reinforcing 

members.  Each component was described in detail.  The testing procedure, from construction 

through forensic evaluation, was explained.  Results of tests by Deeken (2005) to calibrate the 

apparatus were presented to show the influence of modeling effects such as those from side 

friction were minimal. 
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 The testing program and experimental results were presented in Chapter 4.  Eight tests 

were performed among three groups of models.  There were three models in Group 1, and each 

was reinforced with micropiles installed perpendicular to the slope face.  Two models were tested 

for Group 2, and each was reinforced with micropiles installed in an A-frame arrangement 

wherein successive members were installed 30 degrees upslope and 30 degrees downslope of 

perpendicular.  Three models were tested for Group 3, and each was reinforced with micropiles 

installed in an A-frame arrangement through a capping beam at the slope surface.  Within each 

set of tests, member spacing was varied to evaluate its effect in addition to that of member 

inclination and end restraint.  Data presented for each test included details about the model 

construction, failure, and instrumentation, records of pore pressure and soil movement, and axial 

loads and bending moments developed in the micropiles. 

 Analysis of the data was presented in Chapter 5.  The first step of the analysis procedure 

was to develop appropriate soil movement profiles and to resolve the movement into components 

that would induce lateral loading (perpendicular to micropile) and axial loading (parallel to 

micropile) for each test.  Using the lateral soil movement profiles, p-y analyses were performed to 

back-calculate soil parameters to match the measured bending moment response for each 

instrumented micropile.  Similarly, t-z analyses were performed to back-calculate parameters to 

match the axial load responses.  For both sets of analyses, the loading response included the 

shape of the load profile (along the length of the member) and the shape of the load versus soil 

movement plot.  The results of these analyses, including the back-calculated parameters and 

plots of measured and analyzed data, were presented for each micropile.  Finally, the back-

calculated parameters were compared with values from literature and with one another to 

evaluate the effect of member spacing, inclination, and end restraint on load transfer. 

6.2 Conclusions 
 Data reported in this thesis lead to several important conclusions regarding the research 

and analysis methods, the performance of the model slopes, and the load transfer interpretations.  

First, the large-scale modeling device and the general technique utilized for the research proved 

to be a very effective means for evaluating load transfer in slope reinforcement and alternative 
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stabilization schemes.  The apparatus allowed a testing program including eight tests of large-

scale models to be performed in a period of just more than a year and for a variety of test 

conditions.  The instrumentation system collected thorough and reliable records of all important 

data for each test with an overall success rate of 87 percent.  There was no indication scale 

effects impacted the data. 

 The use of micropiles installed through a capping beam offered the greatest improvement 

to stability if the inclination of the slope face at failure is used as an indication of the performance 

of each model.  This is especially the case if the results of Test 3-A, where problems occurred 

with grouting, are ignored.  The improvement for this test was likely compromised by poor 

grouting of the upslope micropiles.  The inclinations at failure for the other tests with capping 

beams (Tests 3-B and 3-C) were 46 and 47 degrees.  Tests of models without a capping beam 

had similar inclinations at failure ranging from 40 to 45 and averaging 43 degrees.  There was no 

apparent relationship between spacing of the micropiles and performance of the models.  

Observations of model performance could be improved by performing stability analyses to use 

factors of safety as performance indicators instead of slope inclination. 

 The wetting schedule employed during testing affected the failure mechanism.  The first 

model (Model 1-A) was wetted less frequently during testing than all other models, and its failure 

was massive and rotational.  All other models experienced retrogressive flow slides with planar 

failure surfaces that were shallower than that for Model 1-A. 

 Although closer spacing did not always lead to higher inclinations of the slope face at 

failure, it usually reduced loads in the micropiles.  This trend implies micropile spacing should be 

established based on the optimization of stability improvement with required micropile size.  The 

trend also implies that for deep-seated slides that often induce large bending moments in the 

micropiles, decreasing spacing could make the structural design feasible. 

 In general, use of soil-structure interaction analyses to evaluate the test data was an 

effective means to aid interpretation of the tests.  The p-y approach was used to successfully 

predict the bending moment profiles and bending moment versus soil movement behavior for 

each member from testing Groups 1 and 2.  The p-y approach was less successful for members 
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installed through a capping beam (Group 3), especially for those installed upslope.  This is at 

least partially due to the lack of load measurements in the upper part of the members, but the 

difficulty primarily resulted from the fact that the p-y methods did not incorporate the effect of the 

capping beam (i.e. the end restraint).  The t-z method successfully predicted axial loads at the 

failure surface for most members installed in Groups 2 and 3, but the agreement between 

measured and predicted behavior generally was weaker than for the p-y method.  The t-z method 

failed in some instances to predict the correct sign of measured axial loads.  The method also 

could not produce large axial loads that often were measured near the bottom of the micropiles. 

 Bending moment profiles from measurements and p-y analyses indicated only small 

bending moments above the sliding surface, with larger bending moments below.  Lateral 

pressure profiles interpreted from p-y analyses of these members usually indicated that the limit 

soil pressure at failure was not mobilized along the top 5 to 10 in. of the reinforcement, contrary to 

assumptions often employed in methods for predicting the limit resistance of slope reinforcement.  

For members inclined downslope through a capping beam, the bending moments were generally 

negative near the bottom of the member, increasing to large positive moments near the top of the 

member and the capping beam.  The measured bending moments in members inclined upslope 

through a capping beam were small, which suggests most of the load transferred to these 

members was axial.  The lateral pressure profiles for members installed through a capping beam 

also indicated the development of additional resistance below the sliding surface. 

 Bending moments and axial loads tended to increase with soil movement.  Lateral and 

axial loads in the member usually increased to a maximum value at some small value of soil 

movement, after which they were constant until failure.  Lateral load analyses indicated the 

maximum bending moments peaked between 0.1 and 0.6 in. of total soil movement, and axial 

load analyses indicated the axial load at the failure surface peaked between 0.2 and 1.0 in. of 

total soil movement.  For some members, the ultimate lateral resistance developed earlier than 

the ultimate axial resistance; for others, the opposite was true.  There was no conclusive 

evidence either resistance mobilized more quickly than the other. 
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 Comparison of back-calculated values of limit soil pressure (from p-y analysis) and limit 

side shear (from t-z analysis) for each member with one another and with values reported in 

literature provided several important observations.  Back-calculated values of limit soil pressure 

were generally between those predicted by Ito and Matsui’s (1975) method and Broms’ (1964) 

method.  Back-calculated values of limit side shear were most commonly predicted using the beta 

method with β = 5.  Limit soil pressure showed a tendency to increase with spacing, but the 

increase could be within bounds of scatter.  The increase was greater than that reported by 

Reese et al (2006), and it occurred for higher values of the reinforcement spacing ratio.  Limit 

side shear also showed an increase with spacing.  Both limit soil pressure and limit side shear 

were greatest for members installed through a capping beam. 

6.3 Recommendations 
 Data reported in this thesis also lead to several recommendations for future work to 

further evaluate load transfer to and improvement provided by micropiles for slope stabilization 

and to produce further improvements of existing design methods: 

1. Limit equilibrium stability analyses should be performed to facilitate further 

evaluation of each model test.  Stability analyses would facilitate more 

meaningful comparisons of the level of improvement provided by each 

stabilization scheme because measured values of pore pressure for each test 

(which varied from test to test) can be utilized.  Stability analyses also could be 

used to evaluate the efficacy of modeling, data collection, and analysis 

techniques.  Including values of micropile forces, inclination, and pore pressures 

at failure in the limit equilibrium analysis should predict a factor of safety of one. 

2. For all members, strain gages should be spaced equally along the entire length 

of the member to enable better interpretations of measured loading data.  Strain 

gages should also be placed at the top of the members installed through a 

capping beam to better evaluate the effect of the capping beam on load transfer. 

3. A better method of including the effect of the capping beam should be developed.  

With the new method, p-y analyses should be able to predict bending moments 
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for upslope members installed through a capping beam, not just for downslope 

members.  This data would allow better interpretations of models reinforced with 

a capping beam, for which improvement was observed but not fully understood. 

4. Additional investigations into axial loads should be performed to explain the 

potential causes of high measured axial loads and measured axial loads opposite 

in sign to those anticipated. 

5. The method described by Isenhower (1999) should be used to predict loads 

transferred to micropiles for slope stabilization.  Unlike the other methods, 

Isenhower’s (1999) method accounts for soil-structure interaction without 

assuming limit soil pressure fully develops along the micropile above the sliding 

surface.  Lateral load analyses described in this thesis showed this assumption 

to be wrong.  Isenhower’s (1999) method is also capable of predicting and 

including axial loads that likely develop in the micropiles and reasonably 

accounts for both the axial and flexural stiffness of the piles.  Although the 

method was not developed explicitly for slope stabilization applications, it can be 

applied as such by running the analyses for different depths of sliding to develop 

plots of maximum shear and axial force along the length of the member and then 

inputting these distributions to slope stability software. 

6. Limit soil pressures used in p-y analysis should be predicted using Broms’ (1964) 

method.  Ito and Matsui’s (1975) method may be more commonly used, but its 

predictions were consistently lower than those back-calculated for these tests.  

Ito and Matsui’s (1975) method is also computationally exhaustive, and it predicts 

the limit soil pressure decreases with spacing, which is contrary to trends 

observed in these and other (e.g. Reese et al, 2006) experimental tests. 

7. The curve by Reese et al (2006) presented in Chapter 2 should be used to 

predict the increase in limit soil pressure with spacing.  With more tests, the data 

presented at the end of Chapter 5 could be used to develop a similar curve 

based on tests of model slopes stabilized with micropiles.  Such a relationship 
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would be advantageous since the curve by Reese et al (2006) is based on 

actively loaded (at pile head) lateral load tests of piles.   

8. The curve by Reese et al (2006) predicting the effect of batter on soil resistance 

for piles under active lateral loading should not be used.  Analyses presented in 

Chapter 5 suggest there is no effect of pile batter on soil resistance (pult) for 

micropiles in slope stabilization applications. 

9. Results of back-calculations for data from these tests indicate values of limit side 

shear for micropiles in slope stabilization applications are best predicted using 

the beta method with β = 5.  This observation is qualified by the overall marginal 

quality of t-z analyses as noted in the fourth recommendation.  The back-

calculations also indicate some tendency for limit side shear to increase with 

spacing. 
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