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(ABSTRACT) 

Experimental and analytic investigations were performed to examine 

the influences of wall height, backfill behavior, and compaction on the 

magnitudes of backfill loads on rigid retaining walls. 

Measurements of lateral and vertical backfill loads were made 

during tests using the Virginia Tech instrumented retaining wall 

facility. The tests were performed with two soils, moist Yatesville 

silty sand and dry Light Castle sand. Two hand-operated compactors, a 

vibrating plate compactor and a rammer compactor, were used to compact 

the backfill. The backfill height was 6.5 feet in all of the tests. 

Analyses of backfill loads were made using a compaction- induced 

lateral earth pressure theory and a vertical shear force theory. The 

compaction-induced lateral earth pressure theory was revised from a 

previous theory. The revisions improved the accuracy with which the 

theory models the hysteretic stress behavior of the backfill during 

compaction. The theory was also extended to include the pore pressure 

response of moist backfill in a rational manner.



A vertical shear force theory was also developed during this 

research. The theory is based on consideration of backfill 

compressibility and mobilization of interface shear strength at the 

contact between the backfill and the wall. The theory provides a useful 

basis for understanding how wall height, backfill compressibility, wal]l- 

backfill interface behavior, and compaction-induced lateral pressures 

affect the vertical shear forces on rigid walls. 

Studies were also made to investigate the cause of erratic 

pressure cell readings. An important cause of drift in pressure cel] 

readings was found to be moisture changes in the concrete in which the 

pressure cells were mounted. It was found that this problem could be 

mitigated by applying a water-seal treatment to the face of the wall. 

Both the vibrating plate compactor and the rammer compactor were 

instrumented to measure dynamic forces and energy transfer during 

compaction. The force applied by the vibrating plate compactor was 

about one-quarter of the manufacturer’s rated force. The force applied 

by the rammer compactor was about twice the manufacturer’s rated force. 

The transferred energy measurements provided a basis for relating 

laboratory and field compaction procedures.
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CHAPTER 1 - INTRODUCTION 

Predicting the magnitude of loads applied by backfill to retaining 

walls is important for designing walls that are safe against 

instability, structural failure, and excessive deformation. For walls 

that are free to move away from or towards their backfills, earth loads 

have traditionally been calculated using the theories of Coulomb (1776), 

Rankine (1857), or Caquot and Kerisel (1948). For walls restrained from 

movement, earth loads are frequently calculated using an arbitrary value 

of the lateral earth pressure coefficient, or Jaky’s (1948) empirical 

relationship for soil in the at-rest condition. None of these 

approaches represents the influence of soil-structure interaction 

effects on the earth loads, nor do they rationally consider the 

influence of compaction equipment on the loads. 

Neglecting to consider these effects has led to excessively 

conservative design in some cases, and to inadequate performance in 

others. Ebeling et al. (1988) describe several earth retaining 

structures that do not satisfy conventional design criteria, but 

nevertheless perform satisfactorily. This suggests that the 

conventional criteria may be too conservative for certain types of 

structures. On the other hand, Mosher et al. (1991) describe retaining 

walls that cracked because of compaction-induced lateral earth 

pressures. The walls required extensive rehabilitation. 

Recently, both analytic and experimental studies have been 

undertaken to gain a better understanding of soil-structure interaction 
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and the influence of compaction equipment on the earth loads that act on 

retaining walls. Analytic studies performed by Seed and Duncan (1983), 

Ebeling et al. (1988), Ebeling et al. (1989), and Regalado et al. (1992) 

included development of new methods to calculate compaction-induced 

lateral earth pressures and to account for soil-structure interaction 

effects during backfilling. Soil-structure interaction effects include 

the influence of wall movement, wall geometry, and settlement of 

backfill due to self-weight. Backfill compression produces vertical 

shear stresses that are favorable for stability, according to the 

analyses. 

Experimental studies have been performed by Sehn and Duncan 

(1990). The experimental work included construction of a 7-foot high by 

10-foot long instrumented retaining wall that can be used to measure 

earth loads from compacted backfill. Using the new facility, Sehn and 

Duncan performed preliminary tests that served to establish procedures 

for tests subsequently performed with the instrumented retaining wall as 

part of the research described herein. 

These recent studies have shown that the magnitudes of earth loads 

on retaining walls depend on the compaction equipment used, the backfill 

behavior, the wall characteristics, and the foundation characteristics. 

The emphasis of the research described herein is on rigid walls with 

vertical back sides. For this class of walls, the most important 

factors that influence earth loads are the compactor, the soil behavior, 

and the wall height. 
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Accordingly, the purpose of this research was to use the 

instrumented retaining wall to measure the influences that compaction, 

soil type, and backfill height have on earth loads on walls, and to 

compare the measured loads with those expected based on the analytic 

studies. As the work progressed, it became clear that an improvement to 

the compaction-induced earth pressure theory was warranted, and that an 

extension of the theory to include partially saturated, fine-grained 

soils was possible. It also became clear that a simple vertical shear 

force theory would be useful to supplement the previous analytic 

studies, which used the finite element method. These theoretical 

developments constitute the analytic portion of this research. 

This dissertation is divided into nine chapters and two 

appendices. A description of previous work on the subject is presented ye 

in Chapter 2, including a description of the Virginia Tech Instrumented “ 

Retaining Wall Facility developed by Sehn and Duncan (1990). 

Chapter 3 presents an overview of the series of tests that were 

performed with the instrumented retaining wall as part of this research. 

The variables of the test program, the backfill soils used, the test 

procedures employed, and modifications made to the equipment are all 

described in Chapter 3. 

During the course of the experimental work, the cause of drift in 

pressure cell readings obtained from the instrumented retaining wall was 

identified. This, and other findings related to instrumentation 

behavior, are presented in Chapter 4. 
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Measurements of dynamic compactor force and transferred energy are 

presented in Chapter 5. A method for calculating contact forces from 

compactor characteristics and soil properties is developed. 

A personal communication received from Peck (1991) pointed out 

that unrealistic results are sometimes obtained from the compaction- 

induced earth pressure theory of Seed and Duncan (1983). Peck’s 

observation led to development of a revised compaction-induced earth 

pressure theory, which is presented in Chapter 6. The revised theory 

was extended to include the effects of pore water pressure in partially 

saturated backfill soil. 

Horizontal force and pressure measurements from the series of 

instrumented retaining wall tests performed as part of this research are 

presented and discussed in Chapter 7. The measured pressures are 

compared with calculations using the theory developed in Chapter 6. A 

case history of damage to two navigation lock walls caused by 

compaction-induced lateral pressures is also discussed and analyzed in 

Chapter 7. 

A theory for calculating vertical shear forces on rigid walls with 

vertical back sides is developed in Chapter 8. The new theory provides 

insight into the influences of backfill compressibility, interface 

behavior, wall height, and compaction-induced lateral stresses on 

development of vertical shear loads. The parameter studies by Ebeling 

et al. (1988), Ebeling et al. (1989), and Regalado et al. (1992) were 

reviewed to assess the influence of other factors on vertical shear 

loads. Measured vertical shear forces from the instrumented retaining 
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wall tests are presented and discussed in light of the findings from the 

theory and the review of the parameter studies. 

A summary, conclusions, and recommendations for further work are 

presented in Chapter 9. 

The results of laboratory tests performed on specimens of the 

backfill soils used in the instrumented retaining wall tests are 

presented in Appendix A. The user’s guide and program listing for 

EPCOMPAC, which calculates compaction-induced lateral earth pressures 

using the theory described in Chapter 6, are included in Appendix B. 

INTRODUCTION 5



CHAPTER 2 - PREVIOUS WORK 

2.1 Introduction 

This research is a continuation of work begun by Seed and Duncan 

(1983), Sehn and Duncan (1990), Ebeling et al. (1988), Ebeling et al. 

(1989), and Regalado et al. (1992) concerning the earth loads that act 

on retaining walls. 

The particular emphasis of the work by Seed and Duncan (1983) was 

compaction-induced lateral earth pressures. Seed and Duncan reviewed 

previous theoretical developments, as well as the large scale model 

tests and field studies documented in the literature. They developed 

analytic methods for calculating compaction-induced lateral earth 

pressures on rigid walls. They also developed techniques to incorporate 

compaction-induced lateral earth pressures in finite element analyses so 

that the stresses in, and deflections of, flexible structures could be 

analyzed. They compared the results of analyses using the newly 

developed techniques with published data from model tests and field 

studies. 

Sehn and Duncan (1990) updated the earlier literature review by 

Seed and Duncan (1983) and performed experimental studies of earth 

pressures due to compaction. They developed a new oedometer capable of 

measuring the horizontal stresses that occur in laterally restrained 

soil subject to vertical loads. They also developed an instrumented 

retaining wall test facility, which includes a 7-foot high by 10-foot 

long model wall that can be used to measure earth loads of backfill on 
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the wall. Sehn and Duncan (1990) performed four tests in the 

instrumented retaining wall facility. 

The literature reviews performed by Seed and Duncan (1983) and 

Sehn and Duncan (1990) constitute a current, complete review of the 

lateral earth pressure literature. Consequently, no separate literature 

review is included here. However, many of these references are relevant 

to the current research. The relevant references are cited and 

discussed where appropriate in the following chapters. 

The focus of the experimental portion of this research is on use 

of the instrumented retaining wall facility to measure vertical and 

lateral forces due to compacted backfill. So that the experimental work 

can be best understood, this chapter presents a description of the 

instrumented retaining wall and its operation. The principal findings 

from the four tests performed by Sehn and Duncan (1990) are also 

described. 

Ebeling et al. (1988), Ebeling et al. (1989), and Regalado et al. 

(1992) performed parameter studies using the finite element method to 

assess the influence that several factors have on retaining wall 

stability. The principal findings of these studies are discussed in 

Chapter 8. 

2.2 The Instrumented Retaining Wall Facility 

The instrumented retaining wall facility was described in detail 

by Sehn and Duncan (1990) from whom the following summary has been 

adapted. 
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2.2.1 Configuration of the Instrumented Retaining Wall 

The instrumented wall consists of four panels located within a 

very stiff reinforced concrete structure, as shown by the oblique view 

in Figure 2.1. Each panel is 2.5 feet long and 7 feet high, so the 

overall size of the wall is 10 feet long and 7 feet high. The backfill 

area is 6 feet wide, 10 feet long, and 7 feet high. Backfill is 

typically placed up to about 6.5 feet high against the wall. Backfill 

is also placed in the access ramp that leads down into the backfill 

area. 

Lateral support for the instrumented wall is provided by the 15- 

inch thick concrete reaction wall shown in Figure 2.1. A cross-section 

through the reaction wall and the lateral support system for the 

instrumented wall is shown in Figure 2.2. The lateral support system 

includes load cells, a steel frame, and screw jacks. The instrumented 

wall is directly supported by load cells, which react against the steel 

frame. The steel frame is, in turn, supported by screw jacks, which 

bear on the 15-inch thick concrete wall. The reaction wall is part of 

the massive U-frame structure that contains the instrumented wall and 

the backfill area, as shown in Figure 2.2. The base of the U-frame 

structure is 21 inches thick. The U-frame structure is essentially non- 

deflecting under the loads applied by the backfill. 

The screw jacks permit the instrumented wall to be moved towards 

or away from the backfill. The upper jacks can be moved independently 

of the lower jacks so that the instrumented wall can be rotated as well 

as translated. However, the panels cannot be moved independently; the 
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Figure 2.2: Cross-Section Through the Instrumented Retaining Wall 
Facility (after Sehn and Duncan, 1990) 
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steel frame moves all four panels the same distance, and in the same 

mode. 

2.2.2 Transducers 

The instrumented retaining wall includes 17 pressure cells, 20 

load cells, 8 linear variable differential transducers (LVDTs), 13 

ultrasonic distance measuring devices (UDMs), and 6 thermocouples. The 

locations of the pressure cells and the load cells with respect to the 

instrumented panels are shown on the instrumented wall elevation in 

Figure 2.3. The view in Figure 2.3 is of the instrumented wall from the 

backfill side. Thus, panel 1 is nearest the end wall of the facility, 

and panel 4 is nearest the access ramp. 

The pressure cells are flush mounted in panels 2 and 3. There are 

11 Gloetzl cells, 4 Carlson cells, and 2 Geonor cells. The Gloetz] 

cells are 14 cm long, 7 cm wide, and 0.45 cm thick. They are hydraulic, 

oil-filled cells. The oi] in each Gloetz] cell is connected to an 

electrical pressure transducer through a thick-walled, small diameter 

steel] tube. The Carlson cells are 7.4 inches in diameter and 1 inch 

thick. They are hydraulic, mercury-filled cells with thick outer faces. 

Pressure changes in the mercury cause deflections in a small diaphragm, 

and the deflections are read by a sensitive extensometer. The Geonor 

cells are 16.5 cm in diameter and 4.6 cm thick. They are diaphragm 

cells. Deformation of the diaphragm is measured by a vibrating wire 

transducer. The Gloetzl cells and the Carlson cells are functioning 

satisfactorily. One of the Geonor cells failed soon after installation 
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in the instrumented wall. The other Geonor cell continues to function 

but gives erratic, unreliable readings. Consequently, only readings 

from the 11 Gloetz!] cells and 4 Carlson cells are discussed in 

subsequent chapters. 

The load cells provide both vertical and lateral support for the 

instrumented panels. There are three horizontal load cells and two 

vertical load cells for each panel, as shown in Figure 2.3. Diagrams of 

the load cells are shown in Figure 2.4. The horizontal load cells are 

compression members instrumented with resistance strain gages. The 

vertical load cells must be able to accommodate movement of the 

instrumented wall without transferring shear forces. As shown in Figure 

2.4, a cantilever beam instrumented with resistance strain gages was 

developed for the vertical load cells. The beam, which is mounted to 

the panel with a steel bracket, supports a hardened steel roller that 

travels on a hardened steel pad. 

Movements of the instrumented wall are measured by 8 LVDTs, one at 

the top and one at the bottom of each wall panel. The LVDTs are located 

on the front of the instrumented wall, on the side opposite from the 

backfill. 

The ultrasonic distance measuring devices (UDMs) are used to 

measure the total thickness of the backfill after each lift is placed. 

The UDMs are mounted on a movable frame, as shown in Figures 2.1 and 

2.2. The UDMs emit a burst of high frequency sound that is reflected 

off the surface of the compacted backfill and returned to the UDM. The 
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Figure 2.4: Horizontal and Vertical Load Cell Details (after Sehn and 
Duncan, 1990) 
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travel time of the sound is used to determine the distance between the 

UDM and the reflecting surface. 

Six thermocouples are used to measure temperatures at several 

locations in the instrumented retaining wall system. Three 

thermocouples are located on the face of the instrumented retaining 

wall, near three of the Gloetzl cells, to determine the effect of 

temperature changes on the cell readings. Two thermocouples are located 

in the support system area between the instrumented wall and the 

reaction wall to determine the effect of temperature changes in this 

area on instrumentation response. One thermocouple is located ina 

cabinet that contains the multiplexing cards for the data acquisition 

system. 

2.2.3 Data Acquisition 

Data acquisition is automated. Software developed for an IBM XT 

microcomputer controls analog-to-digital converters and multiplexing 

cards to read each transducer. To make one set of readings, each 

transducer is read several times, the readings are averaged, the average 

reading is converted to engineering units, and the result is stored in a 

file on the hard disk drive in the microcomputer. A complete set of 

readings of all the transducers can be taken in less than three minutes. 

2.3 Findings from Tests EP 1 through EP 4 

Sehn and Duncan (1990) performed four tests, designated EP 1 

through EP 4, using the instrumented retaining wall facility. Moist 

Yatesville silty sand, which is described in Chapter 3 and Appendix A, 
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was used as backfill. The silty sand was compacted with a Wacker 

BPU2440A vibrating plate compactor, in 4-inch thick lifts for tests EP 1 

and EP 2, and in 6-inch thick lifts for tests EP 3 and EP 4. In all 

four tests, the backfill was transported to the backfill area with a 

small front-end loader, and the loader was operated on the surface of 

the compacted lifts during backfill placement. 

These tests were preliminary in nature, and were used to develop 

consistent procedures for subsequent tests. The tests resulted in 

several important findings: 

1) The instrumented retaining wall system is stiff. Deflections 

under the applied earth loads are very small, and the system is 

Suitable for measuring compaction-induced lateral earth 

pressures. 

2) The forces applied by the backfill to the instrumented wall 

were influenced by the wheel loads from the front-end loader. 

Panel 4, which is closest to the access ramp and which received 

the most nearby passes of the loader, was most strongly 

influenced. 

3) The forces on panel 1 were influenced by the presence of the 

end wall of the facility. 

4) The horizontal force on the wall was calculated two ways: 1) by 

integrating the pressure distribution measured with the 

pressure cells, and 2) by summing the horizontal load cell 

readings. During backfilling, agreement between the two 

methods was good. After backfilling, agreement between the two 

methods became worse with time. 

5) Significant vertical shear forces were measured on the 

instrumented retaining wall. The vertical shear forces tended 

to increase with time after filling. 
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CHAPTER 3 - TEST PROGRAM 

3.1] Introduction 

The experimental part of this research includes instrumented 

retaining wall tests, dynamic compactor force measurements, and 

laboratory tests. This chapter presents an overview of the experimental 

work, including a summary of the variables in the instrumented retaining 

wall tests, a description of the soils used in the testing, a 

description of the backfill placement and compaction procedures, and a 

list of modifications to the instrumented retaining wall facility made 

during the course of the work. Additional details regarding these items 

are presented in the chapters where the information is most relevant. 

3.2 Instrumented Retaining Wall Test Details 

A total of 16 tests have been performed using the instrumented 

retaining wall facility. Tests EP 1 through EP 4 were performed by Sehn 

and Duncan (1990). Tests EP 5 through EP 16 were performed as part of 

this research. The conditions of all 16 tests are summarized in Table 

3.1. Special instrumentation and procedures used during some of the 

tests are listed in Table 3.2. 

3.3 Soil Descriptions 

Two soil types were used as backfill in the instrumented retaining 

wall tests: Yatesville silty sand, and Light Castle sand. The results 

of laboratory tests performed on these materials are presented in 

Appendix A. 
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TABLE 3.1: Instrumented Retaining Wall Test Conditions 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                        
  

Dry Time | Duration 

Water Unit Lift to after 

Test Soil Content | Weight | Compactor | Thickness | Lubricated | Bobcat | Fill Filling 

Number | Type(1) (%) (pef) Type(2) (in) Walls(3) | Use(4) | (days) | (days) 

EP 1 YSS1 14.5 115.5 Vib 4 0 Y 1.2 1.0 

EP 2 YS$1 14.2 115.4 Vib 4 0 Y 0.6 4.5 

EP 3 YSsi 13.7 114.2 Vib 6 0 Y 0.4 5.6 

EP 4 YSS1 10.1 102.5 Vib 6 0 Y 0.4 4.6 

EP 5 YSS1 9.3 102.5 Vib 6 2 Y 0.4 4.1 

EP 6 YSS1 9.7 101.9 Vib 6 2 N 0.4 4.1 

EP 7 YSS1 11.1 107.6 Vib 6 0 N 0.4 7.7 

EP 8 YSS1 12.1 109.9 Vib 6 2 N 0.4 6.9 

EP 9 YSS1 12.5 112.7 Vib 6 2 N 0.4 6.7 

EP 10 YSS$1 11.8 109.8 Vib 6 3 N 0.6 6.5 

EP 11 YSS1 13.5 110.3 Vib 6 0 N 0.4 6.6 

EP 12 YSS1 12.3 110.3 Vib 6 2 N 2.7 7.3 

EP 13 YSS2 12.7 119.5 Vib + Ram 6 2 N 1.3 5.6 

EP 14 YSS2 10.1 118.6 | Vib + Ram 6 2 N 1.2 13.7 

EP 15 LCs 0.0 106.2 Ram 6 2 N 1.3 1.6 

EP 16 Lcs 0.0 104.7 Vib 6 2 N 1.3 4.6 

Notes: 1) YSS1 indicates Yatesville silty sand No. 1. YSS2 indicates Yatesville silty sand No. 

2. LCS indicates Light Castle sand. 

2) Vib indicates the Wacker BPU2440A vibrating plate compactor. Ram indicates the Wacker 

BS6OY rammer compactor. 

3) 2 indicates that the end wall and the wall opposite from the instrumented wall are 

lubricated. 3 indicates that the instrumented wall, the end wall, and the wall 

opposite from the instrumented wall are all lubricated. 

4) The Bobcat loader was operated on the backfill during backfill placement for the tests 
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TABLE 3.2: Special Instrumentation and Test Procedures 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

Bur ied Surface Compactor Wall 

Test Pressure Sett lement Interface Force Plate Load Movement 

Number Cells Gages Telltales Measurements Test Test 

EP 1 N N N N N N 

EP 2 N N N N N N 

EP 3 N N N N N N 

EP 4 N N N N N N 

EP 5 N Y N N N N 

EP 6 N Y N N N N 

EP 7 N Y N N N N 

EP 8 N Y N N N N 

EP 9 N Y N N N N 

EP 10 N Y N N N N 

EP 11 N Y N N N N 

EP 12 Y Y Y Y N Y 

EP 13 Y Y Y Y N Y 

EP 14 Y Y Y Y Y Y 

EP 15 Y Y Y Y Y Y 

EP 16 Y Y Y Y Y Y 
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Yatesville silty sand is an alluvial soil from the foundation of 

Yatesville Lake Dam on Blaine Creek in Lawrence County, Kentucky. About 

47 percent of the Yatesville silty sand passes the No. 200 sieve. It is 

non-plastic and its Unified Classification is SM. The specific gravity 

of solids is about 2.67. Two batches of the Yatesville silty sand were 

used in the testing. They are designated Yatesville silty sand No. 1 

(YSS1), which was used in tests EP 1 through EP 12, and Yatesville silty 

sand No. 2 (YSS2), which was used in tests EP 13 and EP 14. As 

indicated in Appendix A, it is not possible to distinguish between the 

batches based on index property test results or strength test results. 

However, there is a difference in the moisture-density relationships for 

the two batches. For the YSSI1, the standard Proctor maximum dry unit 

weight is 120 lbs. per cu. ft. with an optimum water content of 12.5 

percent, and the modified Proctor maximum dry unit weight is 128 lbs. 

per cu. ft. with an optimum water content of 9 percent. For the YSS2, 

the standard Proctor maximum dry unit weight is 125 Ibs. per cu. ft. 

with an optimum water content of 11 percent, and the modified Proctor 

maximum dry unit weight is 132 lbs. per cu. ft. with an optimum water 

content of 8.5 percent. 

Light Castle sand is a clean, fine sand consisting predominantly 

of subangular grains of quartz. The sand was obtained from a quarry in 

Craig County, Virginia. About 68 percent of the Light Castle sand 

passes the No. 40 sieve and less than 1 percent passes the No. 200 

sieve. The coefficient of uniformity is 1.8, the coefficient of 

curvature is 0.9, and the Unified Classification is SP. The specific 
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gravity of solids is 2.65. The maximum and minimum densities determined 

according to ASTM D4253-83 and ASTM D4254-83 are 106 and 88.5 lbs. per 

cu. ft., respectively. 

3.4 Backfill Placement and Compaction Procedures 

Before it was used as backfill in the instrumented retaining wal] 

test facility, the Yatesville silty sand was conditioned to a uniform 

moisture content and placed in the stockpile area, which is located in 

the same building as the instrumented wall. The soil was moved to the 

backfill area with a small front-end loader. In tests EP 1 through EP 

5, the loader was driven onto the surface of the previously compacted 

lift in order to place the soil for the next lift. The data from these 

five tests indicated that the wheel loads from the front-end loader were 

influencing the earth loads on the instrumented wall. In the remaining 

tests with Yatesville silty sand backfill, EP 6 through EP 14, the soil 

was deposited at the entrance to the backfill area, and was moved by 

hand to cover the backfill area. The soil was spread by hand in loose 

lifts of sufficient thickness to provide the desired compacted lift 

thicknesses. For tests EP 1 and EP 2, the compacted lift thickness was 

4 inches. For tests EP 3 through EP 14, the compacted lift thickness 

was 6 inches. 

In tests EP 1 through EP 12, the backfill was compacted by 5 

passes of a Wacker BPU2440A vibrating plate compactor. In tests EP 13 

and EP 14, both the vibrating plate compactor and a Wacker BS60Y rammer 

compactor were used to compact the backfill. It was found that a much 
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more uniform lift surface was produced if each lift was covered with two 

passes of the vibrating plate compactor prior to using the rammer 

compactor. As discussed in Chapter 5, both compactors make significant 

contributions to the compactive effort applied to the backfill. 

However, the compaction-induced lateral pressures are controlled by the 

larger peak contact force from the rammer compactor, as discussed in 

Chapters 5 through 7. Two passes of the rammer compactor were applied 

to each lift in tests EP 13 and EP14. 

The backfill placement and compaction procedures were slightly 

different for the Light Castle sand, which was used in tests EP 15 and 

EP 16. The sand was kept dry; hygroscopic moisture was less than 0.1 

percent. The sand was moved from the stockpile area to the backfill 

area in a hopper lifted by an overhead crane. After depositing the sand 

in the backfill area, it was spread by hand in loose lifts of sufficient 

thickness to produce a compacted lift thickness of 6 inches. 

In test EP 15, each lift of backfill was compacted by 2 passes of 

the rammer compactor. This produced a relatively flat compacted lift 

surface for the Light Castle sand backfill, without using the vibrating 

plate compactor. In test EP 16, each lift of backfill was compacted by 

5 passes of the vibrating plate compactor. 

3.5 Modifications to the Instrumented Retaining Wall 

During the course of the research, the following modifications 

were made to the instrumented retaining wall: 

1) The instrumentation area between the front of the instrumented 

wall (the side opposite the backfill) and the reaction wall was 

insulated with 4 inches of foam insulation board. This reduced 
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temperature fluctuations to about +2°F during each test. The 

insulation was added between tests EP 5 and EP 6. 

2) Six additional thermocouples (for a total of 12 thermocouples) 

were added to check the influence of temperature changes on the 

pressure cell readings. These thermocouples were added between 

tests EP 8 and EP 9. Two thermocouples were placed on each of 

three Gloetzl pressure cells, one on the steel tube that 

extends from the back of each cell and the other located 

beneath the surface of the concrete panel at the depth of the 
back of the Gloetzl cells. Readings from these thermocouples 

showed that the temperature fluctuations were small and not 

consistent with observed changes in pressure cell readings. 
Thus, it was concluded that temperature changes did not have a 

significant effect on the pressure cell readings, for the 

conditions of these tests. 

3) Ball transfers were added between adjacent panels of the 

instrumented wall, and between the outmost panels and the fixed 

walls of the facility. The ball transfers prevent frictional 

interaction between the panels, as well as preventing friction 

between the entire instrumented wall and the adjacent fixed 

walls. After installing the ball transfers, the wall was moved 
without any backfill in place, using the chain drive described 

in the next item. Load cell measurements taken before and 

after moving the wall showed that the wall was free from 

frictional drag. The ball transfers were installed between 

tests EP 11 and EP 12. 

4) A chain drive was added to permit moving the instrumented wal] 

towards or away from the fill. The screw jacks for moving the 

wall were already in place, and only drive shafts, sprockets, 

and chain were required to be able to move the wall. The 

current movement capability is for translation of the wall. 

Other gearing would be required to permit rotating the wall. 

5) An aliphatic petroleum distillate, Thompson’s Water Seal, was 

applied to the center two panels, panels 2 and 3, to reduce 

drift in the pressure cell measurements. This treatment is 

discussed in more detail in Chapter 4. The Thompson’s Water 
Seal treatment was applied between tests EP 12 and EP 13. 
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6) A laminated plastic covering was applied to the end wall of the 
facility and the wall opposite from the instrumented wall. The 

plastic covering made the process of lubricating these walls 

much easier. Wall lubrication is discussed in Chapter 7. The 

laminated plastic was applied between tests EP 11 and EP 12. 
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CHAPTER 4 - INSTRUMENTATION BEHAVIOR 

4.1 Introduction 

The instrumented retaining wall includes 20 load cells, 15 contact 

pressure cells, 9 LVDT’s, 12 thermocouples, and 13 ultra-sonic distance 

measuring devices. Sehn and Duncan (1990) have described the 

characteristics, installation, and calibration of these instruments, as 

well as their performance during the first four instrumented retaining 

wall tests. Subsequent tests (EP 5 through EP 16) disclosed some new 

information about the performance of the load cells and pressure cells. 

That new information is the subject of this chapter. 

The tests show that the load cell data are free from scatter and 

are stable over time. The pressure cell readings, however, exhibit 

scatter and drift over time. Scatter and drift in contact pressure cell 

readings have also been reported by Spangler and Mickle (1956), Corbett 

et al. (1971), Jones and Sims (1975), Coyle and Bartoskewitz (1976), 

Roth et al. (1979), Smoltczyk et al. (1979), Schulze et al. (1981), and 

Vogt et al. (1986), among others. Dunnicliff (1988) attributes scatter 

in pressure cell readings to calibration errors from cell to cell and to 

local variations in soil conditions which affect individual cells 

because of their small size. Pressure cell drift is often attributed to 

temperature changes. However, in some reported instances, the drift 

does not seem to be caused by temperature changes and has remained 

unexplained. 
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An unanticipated result of this research is the discovery that 

moisture migration from backfill to concrete is also a source of drift 

for contact pressure cells, at least for hydraulic cells which are cast 

in concrete walls. It appears as though a slight expansion of the 

concrete around a cell decreases the fluid pressure inside the cell and 

thereby causes negative drift of the cell readings. This source may 

account for at least part of the pressure cell drift that has been 

reported in the literature for contact pressure cell installations. 

4.2 Some Previous Examples of Contact Pressure Cell Drift 

Coyle and Bartoskewitz (1976) instrumented the back side of a 

precast panel retaining wall with nine Terra Tec contact pressure cells. 

These are hydraulic pressure cells with a pneumatic pressure sensing 

system. The concrete panel was laterally supported by four load cells. 

The force on the panel was computed both by summing the load cell 

readings and by integrating the pressure cell readings over the area of 

backfill. The results of the measurements are shown in Figure 4.1. 

Negative drift of the pressure cell readings compared to the load cel] 

readings is clear, even though the last reading suggests a possible 

reversal of the trend at day 443. The relatively constant force from 

the load cells indicates that neither relaxation of compaction induced 

stresses nor reduction of lateral pressures due to creep movements of 

the wall away from the backfill could account for the negative pressure 

cell drift in this case. An attempt was made to correct the pressure 

cell readings for temperature changes, but the temperature correction 
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INSTRUMENTATION BEHAVIOR 27



was established with the cells exposed to air and probably understates 

the effect of temperature changes on buried pressure cells. 

Nevertheless, it seems unlikely that temperature decreases could have 

been the cause of the negative pressure cell drift, at least during the 

early part of the time history shown in Figure 4.1, since the summer 

season occurred from days 79 to 170, a period of negative pressure cell 

drift. Thus, the negative drift in this case is unexplained by the 

usual sources. 

Roth et al. (1979) installed contact pressure cells on a deep 

basement wall and recorded pressures during and after backfilling. 

Decreasing pressure readings were recorded under constant, and even 

occasionally increasing, fill height. They believed that most of the 

decrease was due to relaxation of compaction-induced pressures. 

Schulze et al. (1981) installed 12 contact pressure cells on a 

cantilevered, concrete retaining wall with a spread footing and key. 

The cells were Terra Tec cells and they were installed on the back of 

the stem, on the footing, and on the key of the retaining wall. All the 

pressure cells experienced negative drift and most drifted negative so 

far that they produced pressure readings less than zero. The drift was 

seasonal, with the pressures decreasing during the fall and winter and 

increasing during the spring and summer. This suggests that temperature 

changes could be a cause of the drift. A temperature correction was 

applied and it removed some, but not all, of the seasonal fluctuation. 

Pressure cell readings less than zero still occurred after applying the 

correction. Readings less than zero cannot result from either 
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relaxation of compaction induced pressures or from creep movements of 

the wall away from the backfill. The authors concluded that the 

negative pressure readings could not be explained. 

4.3 Pressure Cell Calibrations 

Two types of calibration are commonly performed for contact 

pressure cells: calibration by applying a fluid pressure and calibration 

by applying pressure through soil in contact with the cell. Dunnicliff 

(1988) recommends that both types of calibration be performed and that 

the soil calibration be performed using the same soil and placement 

conditions as will occur in service. 

Both fluid and in-situ calibrations were accomplished for the 

pressure cells used in the instrumented retaining wall. After the cells 

were mounted in the wall, they were calibrated using a fluid (air) 

pressure applied through a rubber membrane. Details of the fluid 

calibration are presented by Sehn and Duncan (1990). The fluid 

calibrations are useful for evaluating the performance of the pressure 

cells and for comparing the pressure cell measurements to the load cell 

measurements. 

The in-situ calibrations were accomplished by determining the 

average effect of the soil backfill in each test on the pressure cell 

response. It was not feasible to perform individual soil calibrations 

on each cell for each soil condition because there are 15 cells in the 

wall and the soil conditions change with every change of soil type, 

water content, and compactor type. Instead, readings from the 
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horizontal load cells, whose accuracy is unaffected by soil backfill 

characteristics, were used to adjust the pressures obtained using the 

fluid calibrations of the pressure cells. The adjustment factor is the 

ratio of the horizontal force obtained from the load cells to the 

horizontal force obtained by integrating the pressure cell readings over 

the backfill height. Thus, the best estimate of the pressure 

distribution on the wall is given by multiplying the individual pressure 

cell readings (reduced using the fluid calibrations) by the adjustment 

factor from the load cell data. This method was used by Carder, et. al. 

(1977) for their test wall. The values of the adjustment factors 

calculated at the end of backfilling using this technique are listed in 

Table 4.1. 

The adjustment factors in Table 4.1 are all close to unity, 

indicating that the response of these pressure cells is not strongly 

dependent on the characteristics of the medium through which pressure is 

applied. As described in Chapter 2, both Gloetz] cells and Carlson 

cells are installed in the instrumented retaining wall. Both types of 

pressure cells are hydraulic cells with thin fluid layers behind active 

outer faces. In our specially modified Gloetz] cells, the fluid 

pressure is read by an electric pressure transducer. In the Carlson 

cells, the pressure is read by a sensitive extensometer connected to a 

small diaphragm located on the opposite side of the fluid layer from the 

active face. Because both types of pressure cell are very stiff, it is 

reasonable that calibration with an applied fluid pressure is not much 

different from in-situ calibration with pressure applied through a soil. 
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TABLE 4.1: Pressure Cell Adjustment Factors from In-Situ Calibration 

Instrumented Backfill Pressure 

Retaining Water Cell 

Wall Test Backfil Content Adjustment 

Number Typel) (percent) Factors(2) 

EP 5 YSS1 9.3 1.16 

EP 6 YSS1 9.7 1.04 

EP 7 YSS1 11.1 1.05 

EP 8 YSS1 12.1 1.01 

EP 9 YSS1 12.5 1.06 

EP 10 YSS1 11.8 1.15 

EP 1] YSS1 13.5 0.93 

EP 12 YSS1 12.3 0.98 

EP 13 YSS2 12.7 0.97 

EP 14 YSS2 10.1 0.88 

EP 15 LCS <0.1 0.87 

EP 16 LCS <0.1 0.92 

Notes: 1) YSS1 indicates Yatesville Silty Sand No. 1, YSS2 indicates 

Yatesville Silty Sand No. 2, and LCS indicates Light 

Castle Sand. 

2) The Pressure Cell Adjustment Factor is the ratio of the 

horizontal force obtained from the load cells to the 

horizontal force obtained by integrating the pressure cell 

readings. The factors listed are calculated at the end of 

backfill placement. 
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4.4 Instrumented Retaining Wall Test Results 

A set of typical test results is shown in Figures 4.2 through 4.6. 

These results are from test EP 8, in which the Wacker BPU2440A vibrating 

plate was used to compact Yatesville Silty Sand backfill. Character- 

istics of instrumentation behavior illustrated by these results are 

discussed in the following sections. 

4.4.1 Pressure Cell Data Scatter 

Figure 4.2 shows the pressure cel] readings immediately after 

compaction of the last lift of backfill. There is significant scatter 

in the data, but, because there are so many cells (15 cells in the 6.5- 

foot fill height), the pressure distribution on the wall can still be 

discerned reasonably well. Similar scatter in contact pressure cell 

readings, and the need for a large number of cells to permit a confident 

interpretation of the data, have been noted by Vogt, et. al. (1986) and 

Dunnicliff (1988). 

4.4.2 Load Cell Behavior 

The significant scatter in the pressure cell data is not mirrored 

in the load cell data. Figure 4.3 shows the variation in horizontal 

force with fill height and time after backfilling for each of the four 

instrumented panels. The horizontal force shown is the sum of the 

readings from the three horizontal load cells behind each panel divided 

by the 2.5-foot panel width. Some averaging of individual load cell 

readings occurs because three load cell readings are added together to 
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obtain the horizontal force on each panel. Nevertheless, the very close 

agreement among the data for the four panels shown in Figure 4.3 

indicates that the load cell data are not subject to the degree of 

scatter which affects the pressure cel] data. The consistency in the 

data from panel to panel is undoubtedly due to the large contact areas 

for the panels, approximately 16.3 ft* per panel. 

The horizontal forces shown in Figure 4.3 increase with increasing 

fill height during the backfilling period, as expected. Subsequent 

readings show a slight decrease in horizontal load during the first two 

days after completion of backfilling, and approximately constant 

horizontal load thereafter. The decrease in horizontal load could be 

due to relaxation of compaction-induced horizontal pressures and, 

possibly, due to a decrease in pore water pressures with time. Figure 

4.3 also shows the measured horizontal loads immediately after the 

backfill was excavated. As shown, the loads return essentially to zero, 

indicating that the load cell response is stable over the test period. 

Similar data for the vertical shear forces on each panel are shown 

in Figure 4.4. In this case, the forces are obtained from the two 

vertical load cells at the bottom of each panel. Again, there is very 

close agreement among the data for the four panels. 

Figure 4.4 shows that the vertical shear load increases with 

increasing fill height during the backfilling period and then, for this 

test, continues to increase with time after completion of backfill 

placement. The increase in vertical shear load with time is due to 

settlement of the backfill and mobilization of additional shear stress 
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at the interface with the wall. After excavation, the vertical loads 

return essentially to zero, indicating that the load cell response is 

stable over the test period. 

In test EP 8, the force data for all four panels are essentially 

the same. Consequently, studies of the forces applied by the backfill 

to the wall could be based on the average of the readings for all four 

panels in this case. In test EP 8, the end wall of the backfill 

placement area was lubricated so that the test would model two- 

dimensional conditions. End wall lubrication resulted in forces on 

panel 1] that matched those from the other panels. However, the end wall 

was not lubricated for all tests and, when it was not lubricated, the 

forces on panel 1 were different than the forces on the other panels. 

In order to adopt a standard procedure for all tests which eliminates 

the potential influence of end effects on panels 1 and 4, only averages 

of the forces measured on panels 2 and 3 have been used. 

4.4.3 Comparison of Pressure Cell and Load Cell Data 

As discussed previously, the performance of the pressure cells, 

when reduced with their fluid calibrations, can be compared to the 

performance of the load cells by integrating the pressure cell data over 

the depth of backfill and comparing the resultant horizontal force to 

the horizontal force from the load cell data. Figure 4.5 shows this 

type of comparison for test EP 8. The forces agree well during the 

backfilling period, but diverge with time after filling. 
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For all the instrumented retaining wall tests, the forces obtained 

by these two methods were in good agreement during backfilling. The 

closeness of agreement is indicated by the proximity to unity of the 

adjustment factors in Table 4.1. After backfilling, on the other hand, 

the forces diverged for some tests and not for others. The divergence 

was generally greatest for the tests with wet Yatesville Silty Sand 

backfill. When the forces diverged, the force from the pressure cel] 

data always drifted below the force from the horizontal load cells. 

In the case of test EP 8, Figure 4.5 shows that at 6.9 days after 

filling the force from the pressure cell data is 329 lbs. per ft. of 

wall less than the force from the load cell data. Excavation of the 

backfill was completed at 7.1 days after filling and, at that time, the 

force measured by the load cells is -5 lbs. per ft. while the force 

computed from the pressure cell data is -336 lbs. per ft. Since the 

load cells returned essentially to zero load after excavation, the data 

indicate that the pressure cell readings drifted negative. The average 

drift per cell for this test can be computed by dividing the total drift 

of about -330 lbs. per ft. by the backfill height, in this case 6.54 

feet, to get an average drift of -50 psf for each pressure cell. 

The average drift of the pressure cells relative to the load cell 

data was computed in this manner for all the instrumented retaining wall 

tests and the results are listed in Table 4.2. The pressure cell drift 

is negative for all the tests except for the two with the dry Light 

Castle Sand backfill. During these two tests, there was essentially no 

drift. 
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TABLE 4.2: Pressure Cell Drift 

Instrumented Backfill 
Retaining Water Retaining Pressure 
Wall Test pack Content Wall Surface | Cell Drift(3) 
Number Type (percent) Treatment {?) (psf) 

EP 5 YSS1 9.3 Untreated -30.7 

EP 6 YSS1 9.7 Untreated -51.6 

EP 7 YSS1 11.1 Untreated -39.8 

EP 8 YSS1 12.1 Untreated -38.8 

EP 9 YSS1 12.5 Untreated -71.1 

EP 10 YSS1 11.8 Lubricated -5.8 

EP 11 YSS1 13.5 Untreated -56.1 

EP 12 YSS] 12.3 Untreated -58.1 

EP 13 YSS2 12.7 Water Seal -28.9 

EP 14 YSS2 10.1 Water Seal -13.8 

EP 15 LCS <0.1 Water Seal +2.0 

EP 16 LCS <0.1 Water Seal +0.1 

Notes: 1) YSS1 indicates Yatesville Silty Sand No.1, YSS2 indicates 
Yatesville Silty Sand No. 2, and LCS indicates Light 

Castle Sand. 

2) The Untreated wall surface is the screeded, unfinished 

concrete surface. The Lubricated wall condition was 

obtained by placing two sheets of 6-mil polyethylene, with 

a thin layer of grease between the sheets, against the 

instrumented wall surface. The Water Seal treatment was 

obtained by applying three coats of Thompson’s Water Seal 

to the concrete surface. 

3) The Pressure Cell Drift is the average drift of 11 Gloetzl 

cells and 4 Carlson cells occurring during a four day 

period following completion of backfill placement. The 

drift is computed relative to the horizontal load cell 

data, as explained in the text. 
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In addition to comparing horizontal force magnitudes from the 

pressure cell data to the load cell data, the location of the resultant 

force on the wall can be determined from each type of data by summing 

moments about the base of the wall. Figure 4.6 shows this comparison 

for test EP 8. Again, the results from the two types of data agree well 

during the backfill period but diverge with time after filling. For al] 

the instrumented retaining wall tests, the resultant locations obtained 

from these two methods were in good agreement during backfilling, but, 

after backfilling, the resultant locations diverged for some tests and 

did not diverge for others. When the resultant locations diverged, the 

location from the pressure cell data was always below the location from 

the load cell data. This indicates that, when divergence occurred, the 

upper pressure cells drifted negative by a greater fraction of their 

end-of-filling readings than did the lower cells. This behavior is 

consistent with negative drift that is independent of the pressure 

registered at the end of filling. 

4.5 Cause of Pressure Cell Drift 

Two possible causes for the observed pressure cell drift are 

temperature effects and moisture effects on the concrete surrounding the 

pressure cells. Changes in temperature can cause changes in hydraulic 

pressure cell reading due to differences in thermal expansion 

coefficients of the fluid in the cell and the cell body, which is 

usually some type of metal container. Because of cell-soil interaction 

effects, the influence of temperature can be more pronounced when the 
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cell is mounted in a wall and confined by soil than when it is only 

confined in a fluid such as air or water. According to Dunnicliff 

(1988), the best procedure to guard against temperature effects is to 

design the cell to have low temperature sensitivity by using a thin 

fluid layer in the cell. Both the Carlson and Gloetzl type cells used 

in these experiments have thin fluid layers and should not be very 

temperature sensitive. To further reduce temperature effects, the 

backfill was held at the same temperature as the wall by stockpiling the 

backfill between tests in the same room as the wall is located. In 

fact, the measured temperature changes at the pressure cell locations 

were always less than 2°F during the periods after backfilling when 

pressure cell drift occurred. Negative drift occurred whether the small 

temperature changes were positive or negative. For these reasons, 

temperature effects cannot account for the observed pressure cell drift 

in these experiments. 

Another possible cause for contact pressure cell drift is the 

effect of moisture from the backfill moving into the concrete and 

causing a slight expansion of the concrete in the vicinity of the cell. 

Concrete expansion around the cell could cause a complex straining of 

the cell with the net effect being to reduce the pressure of the fluid 

inside the cell. Figure 4.7 shows a hypothesized zone of moist concrete 

around a contact pressure cell. Expansion of the concrete in such a 

zone could cause a fluid pressure reduction inside the cell due to 

bending of the cell body. 
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The first strong evidence in the instrumented retaining wall tests 

that moisture transfer from the backfill to the wall could be the cause 

of the pressure cell drift came from test EP 10. This test was 

performed to study the effect on normal pressures of reducing shear 

stresses at the instrumented wall surface. The reduction in shear 

stress was accomplished by placing a lubricating layer, which consisted 

of two 6-mil plastic sheets with a thin layer of grease between the 

sheets, against the instrumented wall. Unintentionally, this 

lubricating layer also prevented moisture transfer from the backfill to 

the wall. The pressure cell drift listed in Table 4.1 for test EP 10 is 

only -6 psf, which is much less than the drift for the previous tests, 

and this supports the idea that moisture transfer could be the cause of 

the drift. However, other effects of the lubricating layer could have 

influenced the tendency for pressure cell drift. For example, Carder 

and Krawczyk (1975) found that contact pressure cell readings appeared 

to be affected by shear stresses at the contact. Thus, changes in shear 

stresses on the wall with time after filling could, conceivably, be part 

of the reason for the observed pressure cell drift in tests other than 

EP 10. 

In order to further investigate whether moisture moving into the 

concrete could cause pressure cell drift, small reservoirs were 

constructed at two Gloetz] cell locations and readings were taken over 

time after the cells were submerged. The water used for submergence was 

at the same temperature as the wall to eliminate temperature effects 

during the test. Negative drift in the pressure cell readings occurred 

INSTRUMENTATION BEHAVIOR 45



and the drift is shown by the data labeled "Untreated" in Figure 4.8. 

The reference reading for the data in Figure 4.8 was taken immediately 

after submergence in order to vero the small positive pressure reading 

caused by the hydrostatic pressure. 

Next, the reservoirs were removed and the concrete surface was 

treated with three applications of Thompson’s Water Seal in test patches 

around the two Gloetzl cells used for the untreated submergence test. 

Thompson’s Water Seal is an aliphatic petroleum distillate which makes 

the concrete surface hydrophobic and penetrates into the pores in the 

concrete, but does not seal the pores. Thus, if moisture migration into 

the concrete is the cause of the pressure cell drift, then applying 

Thompson’s Water Seal should reduce but not eliminate the drift since 

moisture could still move into the concrete by vapor movement into the 

pores. After the Thompson’s Water Seal dried, the reservoirs were 

replaced, the cells submerged, and readings were again taken over time. 

Negative drift still occurred, as shown in Figure 4.8, but it was much 

smaller than the drift which occurred for the untreated, submerged 

cells. 

An interesting feature of the data in Figure 4.8 is that, for both 

the treated and untreated tests, the drift is very small for the first 

day following submergence. This may be due to the time required for the 

moisture to penetrate the concrete sufficiently to cause significant 

straining of the cell, as suggested in Figure 4.7. In any case, the 

fortunate one-day delay in pressure cell drift seems to permit the close 
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agreement between the pressure cell data and the load cell data shown in 

Figure 4.5 during the backfilling period. 

The results of the submergence tests suggested that Thompson’s 

Water Seal might reduce pressure cell drift during the instrumented 

retaining wall tests, so panels 2 and 3, which contain the pressure 

cells, were treated. The pressure cell drifts listed in Table 4.2 for 

tests EP 13 and 14, which were performed after treatment with Thompson’s 

Water Seal, are smaller than the drifts for the untreated Yatesville 

Silty Sand tests, in agreement with the trend for the submergence tests. 

The pressure cell drifts for all the Yatesville Silty Sand tests 

are shown in Figure 4.9. Though there is scatter in the data, the trend 

is for more negative drift in tests with higher backfill water contents. 

Figure 4.9 also shows the smaller drifts which occurred for the tests 

with Thompson’s Water Seal treatment and the essentially zero drift for 

the lubricated wall condition. Finally, it is noted that the drift 

listed in Table 4.2 for tests EP 15 and 16, which were backfilled with 

dry (water content less than 0.1 percent) Light Castle Sand, were 

essentially zero. Together, this evidence leads to the conclusion that 

moisture moving from the backfill to the concrete wall was the cause of 

the observed negative pressure cell drift. 

4.6 Summary and Conclusions 

Both fluid and in-situ calibrations of the contact pressure cells 

were performed. The calibrations do not differ by more than 16 percent, 
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probably because the pressure cells installed in the instrumented 

retaining wall are very stiff. 

The contact pressure cell data exhibit significant scatter, which 

may be due to local variations in soil conditions. However, the 

pressure cells can still be used to determine pressure distributions on 

the instrumented retaining wall because of the great number of pressure 

cells in the wall (15 cells in the 6.5-foot fill height). 

There is very little scatter in the load cell data, presumably 

because of the relatively large panel areas, about 16 ft? per panel. In 

addition, the load cell response is stable over the duration of the 

tests, returning to zero load readings after backfill excavation. 

The pressure cell response can be compared with the load cell 

response by integrating the pressures over the depth of the backfill. 

These comparisons showed that the pressure cell data and the load cell 

data were in good agreement during the backfilling period, but that, for 

moist backfill, the pressure cell readings tended to drift negative over 

a several day period after completion of filling. It is well known that 

temperature changes can cause changes in pressure cell readings under 

constant externally applied pressure. However, temperature changes were 

not the cause of the observed pressure cell drift in these tests. 

Instead, a series of experiments showed that the drift was caused by 

moisture migrating from the backfill into the concrete retaining wall. 

The mechanism responsible for the drift is not known with certainty, but 

it is possible that a slight expansion of the concrete around the cells 
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could cause the cells to deform and decrease the fluid pressure inside 

the cells. 

Applying Thompson’s Water Seal to the retaining wall tended to 

reduce, but not eliminate, the pressure cell drift. An impervious 

coating, such as epoxy paint, would likely reduce the drift even 

further. It is also possible that an isolation system for the pressure 

cells could be employed to reduce drift. However, the isolation system 

would have to be carefully designed to provide rigid support for the 

cell while isolating the cell from expansion of the concrete. 

In the instrumented retaining wall tests, the pressure cell drift 

over a four day period for moist backfill on untreated concrete ranged 

from -30 to -70 psf. That amount of drift is very significant when 

measuring lateral pressures on low walls. Where higher pressures are 

involved, drift from this source may be less important. However, the 

long-term influence of moisture on contact pressure cell drift is not 

known. The data in Figure 4.8 indicate that drift of the untreated, 

submerged cells had not stabilized at the end of the 6 day test period, 

suggesting that the drift may become large for long-term exposure to 

moisture. 

It is clear that this potential source of drift should be 

considered when installing contact pressure cells and when interpreting 

contact pressure cell data. 
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CHAPTER 5 - HAND-OPERATED COMPACTOR PERFORMANCE 

5.1 Introduction 

Hand-operated equipment is commonly used to compact backfill in 

confined areas and adjacent to structures such as walls and culverts. 

The vertical force from the compactor tends to displace soil laterally 

and, after compaction, horizontal stresses in the backfill can exceed 

at-rest stresses. Compaction-induced horizontal stresses can cause 

structural damage and excessive deformations of walls and culverts. 

Theories for estimating the magnitude of compaction-induced lateral 

earth pressures have been proposed by Broms (1971) and Duncan and Seed 

(1986). 

One very important factor in determining the magnitude of 

compaction-induced pressures is the vertical contact force between 

compactor and soil. In this research, the vertical contact force was 

measured for two hand-operated compactors: a 137-pound rammer compactor 

and a 275-pound vibrating plate compactor. Contact force measurements 

were made while operating the rammer compactor and the vibrating plate 

compactor on two soils: a moist, silty sand and a dry, clean fine sand. 

In addition to their usefulness for the compaction-induced earth 

pressure problem, compactor force measurements may also provide insight 

into the effectiveness of different compactors for densifying soil (see, 

for example, Olsen, 1963, and Hilf, 1975). 
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5.2 Previous Compactor Force Measurements 

Whiffen (1954), Toombs (1972), and D’Appolonia et al. (1969) have 

indirectly measured the force from vibratory roller compactors by using 

embedded earth pressure cells. The total dynamic compactor force, ij.e., 

including the force from the static roller load, can be estimated by 

comparing pressure cell output during dynamic compactor loading to 

pressure cell output during static loading from the known roller load. 

According to Seed and Duncan’s (1983) interpretation of these 

measurements, the total dynamic force from a vibratory roller is about 2 

to 3 times the static roller load. 

A different procedure for estimating the dynamic compactor force 

for a vibratory roller was employed by Yoo and Selig (1979) who proposed 

a two lumped mass model of the compactor with springs and dashpots to 

represent the compactor suspension and soil. They measured 

accelerations on a compactor during operation and selected values of the 

model parameters (stiffness and damping of the compactor suspension and 

stiffness and damping of the soil) to give the best fit to the measured 

accelerations. They then used the model to calculate the dynamic force 

during roller operation. For a self-propelled, 19,500-pound gross 

weight vibratory roller compactor operating in the 25 to 35 hz frequency 

range, Yoo and Selig calculated a total peak dynamic load of 1.4 times 

the static roller load. 

To the writer’s knowledge, there have not been any previous 

measurements of dynamic forces for hand-operated compactors. The Light 

Equipment Manufacturer’s Bureau (LEMB) does provide procedures for 
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rating hand-operated compactor forces, but these ratings do not yield 

contact forces, as will be discussed below. The measurements described 

in this chapter are based on dynamic load cell measurements and on sums 

of masses times accelerations of compactor components. They do not rely 

on the dynamic response of embedded earth pressure cells or on an 

assumed model of soil response. 

5.3 Compaction Equipment and Manufacturer’s Ratinas 

5.3.1 Rammer Compactor 

The rammer compactor used in this study is the hand-operated 

Wacker model BS 60Y. It is powered by a 4 horsepower, 2-cycle engine 

which drives a ramming shoe into contact with the soil at a percussion 

rate of about 10 blows per second. The ramming shoe is made of 

polyethylene with a steel bottom plate. A schematic diagram of the 

rammer compactor is shown in Figure 5.1. The operating weight of the 

entire compactor is 137 pounds. 

The LEMB has developed a method for rating hand-operated, rammer 

compactors (LEMB, 198la). In their method, a 3/4-inch diameter hardened 

steel] ball is fastened to the bottom of the ramming shoe and the 

compactor is operated on a l-inch thick steel plate. Indentations made 

by the steel ball on the plate are measured and compared to indentations 

produced during a calibration procedure in which a weight, with the 

steel ball attached, is dropped onto the metal plate from various 

heights. Thus, the LEMB procedure yields a measure of energy delivered 

to the steel plate per blow from the compactor. A rated force is also 
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FIGURE 5.1: Schematic diagrams of a) rammer compactor and b) vibrating 

plate compactor. 

COMPACTOR PERFORMANCE 55



calculated in the LEMB procedure by dividing the rated energy by "the 

standard soil deflection" of 0.25 inches. For the rammer compactor 

model used in this study, the manufacturer’s rated energy is 57.8 foot- 

pounds per blow and the rated force is 2775 pounds. The rated energy 

should be a fairly realistic measure of the energy the compactor will 

apply to soil, since energy is the basis of the rating method. On the 

other hand, the rated force is only a nominal value since it is based on 

an assumed soil deflection. Variations in soil stiffness between dry 

and wet soil, for example, will be accompanied by variations in 

deflection and contact forces, even if the energy per blow remains 

constant. Consequently, actual compactor forces are not expected to be 

the same for all soils, and they could be quite different from the rated 

force. Even if the deflection during impact on a particular soil is 

0.25 inches, the rated force represents an average, and the peak force 

would be higher. 

5.3.2 Vibrating Plate Compactor 

The vibrating plate compactor used in this study is the hand- 

operated Wacker model BPU 2440A. It is powered by a 5 horsepower, 4- 

cycle engine which drives counter-rotating eccentric weights. The 

eccentric weights rotate at a frequency of about 100 hz on axles fixed 

to a steel base plate which contacts the soil. A schematic diagram of 

the vibrating plate compactor is shown in Figure 5.1. The operating 

weight of the compactor is 275 pounds. 
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Forward and reverse directional control is provided by shifting 

the eccentric weight on one shaft out of phase with the eccentric weight 

on the other shaft. This is accomplished by a hydraulic system actuated 

from a control on the operator’s guide handle. In Figure 5.1, the 

eccentric weights are shown in their neutral position and the resultant 

centrifugal force is vertical. When the eccentric weights are held out 

of phase, a horizontal force component occurs. In addition to providing 

directional control, the phase shift also reduces the net eccentricity 

of the eccentric weights compared to the neutral position. 

The LEMB (198lb) rated force for vibratory plate compactors is the 

peak centrifugal force calculated using the formula for eccentric 

weights rotating about a shaft fastened to a fixed support, 

Qy = mew? (5.1) 

where 

Q, = the peak centrifugal force, lbs 

m, = the mass of the eccentric weights, 1b-sec?/in 

e = the distance from the center of rotation to the center of 

mass of the eccentric weights, inches 

w = the rotation rate of the eccentric weights, rad/sec 

For the model BPU 2440A vibrating plate compactor, the 

manufacturer’s rated centrifugal force is 5400 pounds. For the 

particular compactor used in this study, measurements of mass times 

eccentricity and rotation rate were made to calculate the centrifugal 
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force using Eq. 5.1. The mass times eccentricity was determined by 

static measurements of the shaft torque in the laboratory. These 

measurements were taken using both increasing and decreasing torque to 

cancel the effects of friction in the roller bearings supporting the 

shaft. As a check, one of the eccentric weights was removed, weighed, 

and the center of gravity determined. The mass times eccentricity from 

the direct check was within 0.3 percent of that determined by the shaft 

torque method. The measured values of mass times eccentricity from the 

shaft torque method are listed in Table 5.1. As listed in the table, 

the mass times eccentricity is higher with the eccentric weights held in 

the neutral position than in the forward position. 

The eccentric weight rotation rate during compactor operation was 

measured using procedures described subsequently. The average measured 

frequency was 99 hz, and the manufacturer’s rated frequency for the 

model BPU 2440A is 90 hz. Both frequencies were used to calculate the 

centrifugal force from Eq. 5.1, and the results are listed in Table 5.1. 

The values of centrifugal force in Table 5.1 are lower than the 

manufacturer’s rating of 5400 pounds. For the neutral eccentric weight 

position, the value of mass times eccentricity for the compactor used in 

this study is evidently less than the value used for the manufacturer’s 

rating. For the forward position, the centrifugal force is further 

reduced because the counter-rotating eccentric weights are shifted out 

of phase, and are thus less effective. 

The centrifugal force calculated from Eq. 5.1 is different from 

the contact force between the base plate and the soil. There are two 

COMPACTOR PERFORMANCE 58



TABLE 5.1: Calculated Centrifugal Force for the Vibrating Plate 

  

  

  

    

Compactor 

Measured Calculated vent usa Force 

Mass Times (pounds) 

Eccentric Weight Eccentricity 
Position (1b: sec?) At 90 hz At 99 hz 

Neutral 0.0130 4150 5020 

Forward 0.00914 2920 3540           
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reasons for the difference: 1) the soil provides flexible support 

instead of the rigid support implicit in the centrifugal force 

calculation and 2) the weight of the compactor applies force to the soil 

that is not included in the centrifugal force calculation. The first 

effect results in contact force magnitudes which are generally below 

centrifugal force magnitudes. The second effect serves to increase 

contact forces. Since the compactor only weighs 275 pounds, however, it 

is expected that the first effect will dominate and that actual contact 

forces will generally be less than the centrifugal force. Exceptions 

could occur if the compactor is operating near resonant frequency or if 

it is operating on a hard material so that the base plate loses contact 

during part of each cycle. High contact forces could be generated at 

impact in the latter situation. 

5.4 Instrumentation Systems 

5.4.1 Rammer Compactor 

In this study, the contact force between the bottom of the rammer 

shoe and the soil was determined by measuring the force on top of the 

shoe and adding the mass times acceleration of the shoe. The connection 

between the shoe and the main body of the rammer compactor provided a 

convenient location for installing load cells to measure the force on 

top of the shoe. The location of the load cells is shown on the 

schematic diagram of the rammer compactor in Figure 5.1. The 

acceleration of the shoe was measured by mounting accelerometers on the 

shoe. 
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Both the load cells and the accelerometers are commercially 

available instruments designed for dynamic applications. The load cells 

are Kistler 9031A load washers. They are piezoelectric force 

transducers in which the applied force compresses a quartz crystal and a 

charge proportional to the magnitude of the force develops across the 

crystal faces. The charge is converted to a voltage which can be easily 

measured and recorded. The load cell stiffness is 34,300 kips per inch 

per cell and, in this application, four cells were used in parallel so 

the combined stiffness was about 140,000 kips per inch. As a 

consequence of their high stiffness, the load cells did not appreciably 

alter the dynamic response of the compactor. 

These load cells are not suitable for long term static 

measurements, because the charge across the quartz crystal in the 

transducer can dissipate with time. However, the internal resistance of 

the cells is high and accurate readings can be made for load durations 

of up to several minutes. This capability was used to calibrate the 

mounted cells by loading the instrumented compactor in an MTS loading 

frame in series with a calibrated reference cell. 

Two Kistler 8602A500 accelerometers were mounted on the rammer 

shoe and the average measured acceleration was used to compute the force 

component from the shoe acceleration. The accelerometers work on the 

same principle as the load cells except that the force is provided by 

acceleration of a small reference mass attached to one side of the 

crystal. The factory calibrations were used for the accelerometers. 
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High speed data acquisition was necessary to record the short 

duration impact loads from the rammer compactor. The charge output of 

the piezoelectric transducers was first converted to an analog voltage 

signal and amplified. A high speed analog to digital converter 

installed in a personal computer was used to read data at the rate of 

50,000 readings per second. At this rate, data could not be stored 

using software control so, instead, the data were written directly to 

memory during the sampling period. Following sampling, the data were 

read from memory and stored in a file on the hard disk. 

A bench test of the instrumentation system was performed by 

operating the instrumented rammer compactor in a test stand which 

rigidly held the main body of the compactor and permitted the rammer 

shoe to move freely in air. The bench test provided an opportunity to 

check the manufacturer’s calibration of the accelerometers against the 

calibration of the mounted load cells described above. When the rammer 

shoe moves freely in air, the force on top of the shoe from the load 

cells should be equal to the mass times acceleration of the shoe. This 

comparison using data from the bench test is shown in Figure 5.2, and it 

can be seen that the agreement is good. 

5.4.2 Vibrating Plate Compactor 

The contact force on the bottom of the vibrating plate compactor 

was determined by summing masses times accelerations of the compactor 

components. The compactor was modelled using three lumped masses to 

represent the components shown in the schematic diagram in Figure 5.1: 
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FIGURE 5.2: Rammer compactor bench test. 
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the base plate, the eccentric weights, and the upper mass. 

Accelerations of the base plate and the upper mass were measured using 

the same accelerometers used on the rammer compactor shoe. The vertical 

acceleration of the eccentric weights, a,, is given by 

a = a, + ewe sin(wt + ¢,) (5.2) 

where 

a, = the acceleration of the base plate 

t = time 

go = the phase angle which indicates the position of the 

eccentric weights at time zero 

In order to add the force component from the eccentric weights to 

the other two force components, the shaft position must be recorded at 

the same time as the accelerations of the upper mass and base plate are 

being recorded, so that the rotation rate and phase angle in Eq. 5.2 are 

known. To mark the shaft position, a Hall effect device (HED) was 

mounted on the eccentric weight enclosure and a magnet was mounted on 

the eccentric weight shaft. HEDs are semiconductor devices which can be 

configured to change state in the presence of a magnetic field. In this 

application, output from the HED indicated the shaft rotation rate and 

initiated data acquisition at the same shaft position for each data set. 

The acceleration records for the vibrating plate compactor include 

noise from local high frequency vibrations at the points of 

accelerometer mounting. Since the three lumped mass model of this 
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compactor requires the average acceleration of each lumped mass, it is 

appropriate to filter the records to remove the noise. Filtering was 

accomplished by 1) obtaining four immediately sequential data records, 

each record triggered by the HED, 2) averaging the data from the four 

records, and 3) using a Fast Fourier Transform (FFT) with a low pass 

filter to smooth the raw data. The low pass filter passed all energy 

associated with frequencies below three times the eccentric weight 

rotation frequency. An example of this filtering process for the base 

plate acceleration is shown in the upper panel of Figure 5.3. Similar 

filtering was applied to the raw acceleration data for the upper mass. 

The filtered accelerations were multiplied by the appropriate 

masses to obtain the force components from the upper mass and base 

plate. The contribution from the eccentric weights was computed using 

the shaft position and rotation rate from the HED to compute the 

acceleration with Eq. 5.2, and then multiplying the acceleration by the 

known mass of the eccentric weights. The three force components from a 

typical data set are shown in the middle panel of Figure 5.3. The sum 

of the force components gives the contact force versus time trace in the 

bottom panel of Figure 5.3. 

In order to verify that the instrumentation system and data 

reduction procedures described above yield the correct force on the base 

of the compactor, a test was performed using a supplemental base plate 

with load cells between the original base plate and the supplemental 

base plate. The supplemental base plate was fabricated of 0.5-inch 
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thick aluminum plate and was shaped to match the curvature and footprint 

of the original base plate. With this modification, the compactor was 

operated on soil and the force on the bottom of the original base plate 

was determined by both the sum of masses times accelerations method and 

by the dynamic load cell measurements. The comparison shown in Figure 

5.4 indicates that the instrumentation system and data reduction 

procedure for the sum of the masses times accelerations method provides 

an accurate means of measuring the force on the base of the compactor. 

After the procedure was verified, the supplemental base plate and 

dynamic load cells were removed and subsequent contact force 

measurements were made for the unmodified compactor using the sum of the 

masses times accelerations method. 

5.5 Force and Energy Measurements 

Table 5.2 lists the compactor type and compaction time for the 

instrumented retaining wall tests in which backfill was compacted in 6- 

inch thick lifts. Compactor force measurements were made during tests 

EP 12 through EP 16, as indicated in Table 5.2. 

A statistical summary of all the compactor force measurements made 

during this study is presented in Table 5.3. For each force 

measurement, the vertical position of the rammer shoe or vibrating plate 

base was determined by double integrating the shoe or base acceleration. 

Using the force and position traces, the energy imparted to the soil per 

cycle by the compactor can be computed. The energy values are listed in 

Table 5.3 along with the forces. 
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TABLE 5.2: Compactor Use in the Instrumented Retaining Wall Tests 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                
  

Instrumented 

Retaining Water Compaction Compactor 

Wall Test Soil Content Time Force 

Number Type(1) (percent) Compactor (sec/cu ft) Measurements 

EP 3 YSS1 13.7 Vib. Plate 10.7 No 

EP 4 YSS1 10.1 Vib. Plate 8.6 No 

EP 5 YSS1 9.3 Vib. Plate 9.7 No 

EP 6 YSS1 9.7 Vib. Plate 9.4 No 

EP 7 YSs1 11.1 Vib. Plate 9.7 No 

EP 8 YSS1 12.1 Vib. Plate 10.2 No 

EP 9 YSS1 12.5 Vib. Plate 11.0 No 

EP 10 YSS1 11.8 Vib. Plate 10.2 No 

EP 11 YSS1 13.5 Vib. Plate 12.1 No 

EP 12 YSS1 12.3 Vib. Plate 10.8 Yes 

EP 13 YSS2 12.7 Rammer 12.9 Yes 

Vib. Plate 6.4 No 

EP 14 YSS2 10.1 Rammer 8.7 Yes 

Vib. Plate 4.6 No 

EP 15 LCS <0.1 Rammer 8.6 Yes 

EP 16 Les <0.1 Vib. Plate 8.2 Yes 

Notes: 1) YSS1 indicates Yatesville silty sand No. 1. 

YSS2 indicates Yatesville silty sand No. 2. 

LCS indicates Light Castle sand. 
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5.5.1 Rammer Compactor 

A typical set of force, rammer shoe position, and energy traces 

versus time from the rammer compactor are shown in Figure 5.5. The peak 

force in Figure 5.5 is about 5500 pounds and the impact duration is 

short, less than 0.005 seconds for contact force greater than a few 

hundred pounds. The operating frequency is about 10.6 hertz. Between 

impacts the instrumentation system returns a measurement of zero force 

on the base of the rammer shoe, which is correct for the shoe not being 

in contact with the soil. The position trace shows that the rammer shoe 

moved through a vertical distance of about 2.5 inches during each cycle. 

The location of the zero position is arbitrary, and in Figure 5.5 it is 

set at the approximate point of rammer shoe contact with the soil, as 

indicated by the beginning of the force pulse. The energy applied by 

the compactor to the soil accumulates as a step function, increasing at 

a rate of about 55 foot-pounds per impact. 

The first impact in Figure 5.5 is shown in Figure 5.6 with an 

expanded time scale. The approximate points of rammer shoe contact and 

departure from the soil are also shown. Figure 5.6 indicates that the 

soil in this test deformed about 0.3 inches during rammer impact. 

The average measured energy per cycle for the rammer compactor for 

all the tests summarized in Table 5.3 is 52.4 foot-pounds, which is 

close to the manufacturer’s rated energy of 57.8 foot-pounds. However, 

the measured peak contact forces ranged from 3520 pounds to 8550 pounds 

and averaged 5500 pounds. The substantial variation in peak force 

COMPACTOR PERFORMANCE 71



  t ' v ' sn tT ‘ 5 1 1 q La vd a , ' 1 

FO
RC
E,
 

ki
ps
 

  
  

  

  

S
H
O
E
 

P
O
S
I
T
I
O
N
,
 

in
ch
es
 

  

  120 4 v v vd t v q J | q se ry tt tc 

E
N
E
R
G
Y
,
 

ft
—l

bs
 

p ©
 

7
     
  

FIGURE 5.5: Typical rammer compactor force, position, and energy 

traces. 

COMPACTOR PERFORMANCE 72



  

    
  

  

  

    
  

. T 

6b a 4 

o 8 | 

Z 4 5 | 
ui ° , O . Approximate 

x 2 Oo Departure Point 7 
i a QO. 1 

< 
0 

pl __| al | 

0.5 — 
“n | J 
< Approximate Contact Point 

£ 
Zz Approximate . 
EF OOF Departure Point - 
2 L 

ao . 

3 
T L 
n 

-0.5 — 
0.03 

TIME, sec 

FIGURE 5.6: Rammer compactor force and position traces with an 

expanded time scale. 

COMPACTOR PERFORMANCE   73



is due primarily to variations in soil stiffness as soil type and 

moisture condition changed from test to test. For example, the average 

of the peak force measurements for test EP 13, in which the backfill was 

soft because it was compacted wet of optimum, is 5040 pounds. On the 

other hand, the average of the peak force measurements for test EP 14, 

in which the backfill was stiff because it was compacted dry of optimum, 

is 7330 pounds. For all cases, the measured peak forces are greater 

than the manufacturer’s rated force of 2775 pounds. As mentioned 

previously, the manufacturer’s rated force represents an average force 

corresponding to “the standard soil deformation" of 0.25 inches during 

impact. Peak forces are expected to be higher. Interestingly, if soil 

deformation were proportional to contact force and no rebound occurred, 

the manufacturer’s rated (average) force of 2775 pounds would correspond 

to a peak force of 5550 pounds, which is close to the average of the 

peak forces measured in this study. Such agreement is dependent, of 

course, on the stiffness of the soil on which the compactor operates. 

5.5.2 Vibrating Plate Compactor 

A typical set of force, base position, and energy traces versus 

time for the vibrating plate compactor during forward compactor travel 

are shown in Figure 5.7. The peak compressive forces are about 1200 

pounds and peak tensile forces are about 300 pounds. The operating 

frequency is about 98 hz. The base position trace in Figure 5.7 shows a 

peak to peak displacement amplitude of about 0.06 inches. The location 
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of the zero position is arbitrarily set at the midpoint of the position 

range. 

Peak tensile forces for all the measurements on the Yatesville 

silty sand average 410 pounds and peak tensile forces for all the 

measurements on the Light Castle sand average 250 pounds. The 

possibility of developing a small tensile stress, or "suction," between 

the surface of the moist Yatesville silty sand and the smooth base plate 

of the vibratory compactor during rapid loading could account for the 

tensile forces measured on the Yatesville silty sand. For the Light 

Castle sand, a short term air pressure reduction of 1 psi in the sand 

beneath the compactor base plate as it rapidly pulls up from the sand 

would account for the tensile force measured in this case. 

The measured peak compressive force from the vibrating plate 

compactor for all the tests summarized in Table 5.3 ranged from 1030 to 

1680 pounds and averaged 1270 pounds. These forces are much less than 

the manufacturer’s rated centrifugal force of 5400 pounds. The reasons 

for the discrepancy are that 1) the manufacturer’s rating seems to be 

based on a higher mass times eccentricity than exists for the compactor 

used in this study, as was shown in Table 5.1, and 2) the rating 

calculation is for eccentric weights rotating about a shaft fastened to 

a fixed support, whereas soil provides flexible support. 

The measured energy per cycle for all the vibrating plate 

compactor measurements summarized in Table 5.3 ranged from 3.26 to 6.18 

ft-lbs per cycle and averaged 4.81 ft-lbs per cycle. These energies are 

about one order of magnitude smaller than those for the rammer 
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compactor, but the operating frequency is about one order of magnitude 

higher so that the total energy transfer per unit time is about the same 

for the two compactors. The LEMB does not provide a method for rating 

the energy for vibrating plate compactors. 

5.6 Compactive Effort 

For the instrumented retaining wall tests in which compactor force 

measurements were made, the compactive effort (transferred energy per 

unit volume of compacted soil) can be computed because the energy per 

cycle, compactor period, compaction time, and compacted volume are 

known. The calculated compactive efforts for tests EP 12 through EP 16 

are shown in Table 5.4. 

Estimates of the compactive efforts for the instrumented retaining 

wall tests without compactor force measurements can be made by noting 

that the average values of transferred energy per cycle listed in Table 

5.4 are not strongly dependent on the properties of the soil being 

compacted. In particular, the transferred energy per cycle for the 

vibrating plate compactor was 4.16 ft-lbs on moist Yatesville silty sand 

No. 1 (test EP 12), and 4.01 ft-lbs on dry Light Castle sand (test EP 

16). The transferred energy per cycle for the rammer compactor was 55.7 

ft-lbs on wet Yatesville silty sand No.2 (test EP 13), 49.0 ft-lbs on 

dry Yatesville silty sand No. 2 (test EP 14), and 52.2 ft-lbs on dry 

Light Castle sand (test EP 15). The peak force, on the other hand, is 

dependent on the properties of the soil being compacted, as discussed 

previously. 
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The compactive efforts for the tests during which compactor force 

measurements were not made, i.e., tests EP 3 through EP 11, can be 

estimated using the compaction times listed in Table 5.2 and the 

approximately constant transferred energy per cycle measured for the 

vibrating plate compactor in tests EP 12 and EP 16. This results in 

compactive efforts ranging from 3,500 to 4,900 ft-Ibs/cu ft for tests EP 

3 through EP 12, which are all the tests backfilled with 6-inch thick 

lifts of Yatesville silty sand No. 1. The dry unit weights resulting 

from this level of compactive effort are compared with the dry unit 

weights resulting from the Standard Proctor and Modified Proctor 

compactive efforts in Figure 5.8. The figure shows that, because the 

compactive effort is lower for the instrumented retaining wall tests 

than for the Standard Proctor test, the maximum dry unit weight is lower 

and the optimum water content is higher. 

A similar comparison was made for Yatesville silty sand No. 2. In 

this case, two non-standard, low-energy laboratory compaction curves 

were obtained in addition to the Standard Proctor and Modified Proctor 

curves. All four curves are shown on Figure 5.9, along with the results 

from tests EP 13 and EP 14. The compaction curve shown for the 

instrumented retaining wall tests in Figure 5.9 is for the compactive 

effort of test EP 14 only, since test EP 13 was compacted wet of optimum 

and, consequently, does not serve to define the maximum dry unit weight. 

The maximum dry unit weights from Figures 5.8 and 5.9 are plotted 

versus compactive effort in Figure 5.10. The trend is for increasing 

maximum dry unit weight with increasing compactive effort. The maximum 
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dry unit weights for Yatesville silty sand No. 2 are greater than those 

for Yatesville silty sand No. 1. In both cases, the results from the 

instrumented retaining wall tests are in good agreement with the 

laboratory test data. The agreement indicates that the measured 

energies for these hand-operated compactors have the same effect on dry 

unit weights as equal energies applied in compaction tests in the 

laboratory. 

As mentioned previously, it appears as though the transferred 

energy is not strongly dependent on the characteristics of the soil 

being compacted. Consequently, the data in Table 5.4 can be used to 

compute the average energy transfer rate (in units of foot-pounds per 

second) for each compactor. The rates are listed in Table 5.5, along 

with the time required to develop the standard Proctor energy in one 

cubic foot of compacted soil. 

5.7 Compactor Performance Models 

In order to gain further insight into the factors which influence 

the peak contact forces imposed by hand-operated compactors, compactor- 

soil interaction models were developed using the spring and dashpot 

analog of a dynamically loaded footing proposed by Lysmer and Richart 

(1966). 

In previous sections of this chapter, the rammer compactor was 

discussed before the vibrating plate compactor because the rammer was 

Simpler with respect to instrumentation and data reduction. Now the 
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TABLE 5.5: Compactor Energy Transfer Rates 

  

Compactor Type 
Energy Transfer Rate 

(ft-1lbs/sec) 

Compaction Time Required for 

Standard Proctor Energy 

(sec/cu ft) 
  

Wacker BPU2440A 

Vibrating Plate 
400 31 

  

  Wacker BS60Y 

Rammer   580   21 
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sequence is reversed because Lysmer and Richart’s analog more closely 

matches the vibrating plate compactor operation. 

5.7.1 Vibrating Plate Compactor 

In Lysmer and Richart’s analog, a machine is represented by a 

lumped mass with an oscillating force such as that provided by a 

rotating eccentric weight. The soil is replaced by a parallel spring 

and dashpot combination. The stiffness and damping constants are 

computed from soil properties and the equipment contact radius according 

  

  

to 

4Gr 
k = l-v (5.3) 

where 

k = the spring stiffness constant, lbs/in 

G = the soil shear modulus, psi 

_-— Ff 
2(1 + v) 

E = the Young’s modulus of the soil, psi 

r = the contact radius, inches 

y = the soil Poisson’s ratio 

and 

3.4r2 co oT hs (5.4) 
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where 

the damping constant, lbs/in/sec oO " 

the soil density, Ilbs-sec?/in‘* wo
 Ht 

The governing differential equation of the base plate motion is 

mY, + CY, + ky, = Qo:sin(wt+o) (5.5) 

where 

the mass of the compactor base plate, 1b-sec?/in mM, 

the vertical position of the base plate at time t, inches yp(t) 

In applying Eq. 5.5 to the vibrating plate compactor, the mass, 

m,, represents the masses of the compactor base plate, the eccentric 

weights, and the eccentric weight housing. The upper mass of the 

compactor is not included because it is, for the most part, isolated 

from the motion of the base plate, as indicated by the data shown in 

Figure 5.7. 

The solution of Eq. 5.5 is the contact position, y,, a function of 

time. Once operating conditions have been established, y, is given by 

y,(t) = A,-sin(wt + 9 - ¢,) (5.6a) 

Qo 
a} (k - m,w2)? + cw? 
  A, = (5.6b)   
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Cc 
tan ¢, = co met (5.6c) 

where 

A, the half-amplitude of the base plate displacement 

the phase angle between the eccentric weight driving 

force, i.e., the right hand side of Eq. 5.5, and the base 

plate displacement 

Pe 

With the contact position known, the contact force, F(t), is given 

by 

The soil modulus is necessary to compute the spring and dashpot 

constants in Eqs. 5.3 and 5.4. As described in Appendix A, samples of 

the compacted backfill from test EP 9, whose backfill was compacted to 

approximately the same moisture-density conditions as that of test EP 

12, were tested in unconsolidated-undrained triaxial compression over a 

range of confining pressures. A representative value of initial Young’s 

modulus of 350 psi was measured. Assuming a value of Poisson’s ratio of 

0.3, the stiffness and damping constants were calculated using Eqs. 5.3 

and 5.4. The driving centrifugal force in the right hand side of Eq. 

5.5 was computed using the value of mass times eccentricity listed in 

Table 5.1 for forward compactor travel and the rotation rate of 98 hz 

measured during compactor operation at the time of the measurements 

shown in Figure 5.7. A summary of the parameter values used for the 
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calculations is given in Table 5.6. The resulting performance of the 

compactor according to the analog is shown in Figure 5.11. 

The correspondence between the analog performance in Figure 5.11 

and the measured compactor performance in Figure 5.7 is close, with the 

peak force being about 1200 pounds and the peak to peak displacement 

being about 0.06 inches in both cases. Energy accumulation and maximum 

tensile force in the analog are greater than the measured quantities 

shown in Figure 5.7. Differences between the plots in Figures 5.7 and 

5.11 are probably due to 1) non-linear behavior of the actual soi] 

response versus the assumed linear behavior in the analog (nonlinearity 

may be particularly significant during the tensile portion of the 

compactor cycle), 2) the effect of the upper mass accelerations, which 

are not included in the analog, and 3) the effect of horizontal 

accelerations, which are not included in the analog, on the compactor 

soil interaction. 

The close correspondence between the analog and the measured 

compactor performance suggests that the analog can be used to assess the 

influences of changes in soil modulus, centrifugal force, rotation rate, 

base plate weight, and base plate size on peak contact force. The 

results of such an assessment are shown in Figure 5.12, which indicates 

that peak contact forces increase with increasing soil modulus, 

centrifugal force, and base plate size. Peak contact forces also 

increase with decreasing base plate weight and eccentric weight rotation 

frequency. The reason that decreases in base plate weight and eccentric 

weight rotation rate cause increases in peak contact forces is that the 
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TABLE 5.6: Parameter Values Used for Modelling the Vibrating Plate 
Compactor in Test EP 12 

  

  

  

  

  

  

Parameter Value 

Young’s Modulus of Soil, E 350 psi 

Poisson’s Ratio of Soil, v 0.3 

Moist Unit Weight of Soil, y 125 pcf 

Base Plate Contact Radius, r 8 in 

Centrifugal Force, Q, 3470 Ibs 
  

Base Plate Mass, m, 0.303 1b sec?/in 
  

Eccentric Weight Rotation Rate, w     616 rad/sec     

COMPACTOR PERFORMANCE 89



  

  

  

  

  

  
  

  
  

”) 

a TF 7 
x 

LJ 
O 
Y 
© OF 4 
Le 

—| ___ | __| _| | 

0.05 r —- ! 
Y 

e i & 

Y - 7 
‘= L | 

3 | 
FE QO.00F 4 
Y L = 

O 
OW 5 = 

Lit L = 
%) 
<< L J 
co 

—0.05 | __]| _| J 

30 

8 aol | 
| 

2% 104 
~ 
bd 
Zz 
Li 

0 y 
_ 

_ | _] | | 

0.00 0.01 0.02 0.03 0.04 0.05 

TIME, sec 

FIGURE 5.11: Vibrating plate compactor model performance. 

COMPACTOR PERFORMANCE 90



BurzeuqtA 
ay} 

AOJ 
|DU04 

7Oe}ZUOD 
yead 

ayy 
UO 

SUajaWeued 
japow 

UL 
UOLZeLURA 

JO 
|adUAaN| JUT 

Sq| 
8Sl 

= 
}UBlayK 

ssow 
seddn 

eO0 
= 

O1YDY 
S,UOSSIOd 

[10S 

jod 
GZ 

= 
YUBI9M 

YUN 
[10S 

ul 
9 

= 
SNIPDY 

asDg 

ZU 
66 

= 
Aouanbeal4 

Sq| 
ZbLL 

= 

1yBiem 
esog 

isd 
OG¢e 

= 
sninpow 

s,buno), 1010 
SasAJOUD 

By} 
JO} 

pasn 

SON|DA 
BU} 

‘pa,OdIPUl 

SD 
}d99xq 

:8}0N 

“4ozyOedwod 
aze\d 

 
 

    
  

 
 

 
 

  
    

  
 
 

*20°S 
JYNdI4 

sdiy 
‘JONO4 

WONSIMINSO 

9 
G 

V 
v 

C
9
 

G 
v 

c 
C 

T 
l 

yl 
] 

] 

; 
S
o
y
o
u
l
 

9 —
 

a7 
Pr 

e
e
 

= 

—
—
-
 

s
p
u
n
o
d
 

OF 
| 
—
—
—
—
 

SOYOUl 
g 

s
p
u
n
o
d
 

/{| 
y 

| 
m 

Le 
tI 

be 
>
 

Seyoul 
Ol 

spunod 
Q/ 

~ 
S
N
I
P
D
Y
 

—
.
.
.
 

© 
aspg 

WYBioM 
9 

a
9
S
D
q
 

a] 

{ 
I 

_
 

it 
| 

I 
L 

> O 
—
T
 

T 
l 

T
 

! 
2 - ©
 a Oo 

_
 

=
 

4
 

Z
O
U
 

66 
isd 

Qcg¢ 
° 

isd 
QOS 

Z
a
Y
 

0
9
 

s
,
b
u
n
o
,
 

A
o
u
e
n
b
a
s
 4 

l 
l 

| 
l 

_ 
_
 

91 COMPACTOR PERFORMANCE



compactor is operating above the system natural frequency for the range 

of conditions analyzed in Figure 5.12. The natural frequency for the 

system at the reference values listed in Figure 5.12 is 23 hertz. 

Decreases in either base plate weight or frequency bring the system 

closer to resonance and increase peak contact forces. 

For all the cases shown in Figure 5.12, the peak contact force is 

much lower than the centrifugal force. Thus, the analog clearly shows 

that the centrifugal force from the eccentric weights is not a good 

measure of peak contact force. Several other factors have important 

influences on the contact force. 

5.7.2 Rammer Compactor 

Lysmer and Richart’s analog, being based on elastic theory, is for 

small displacements of a footing which remains in contact with the soil. 

The vibratory plate compactor satisfies these conditions fairly well 

during the final compaction passes, provided that the soil is not too 

hard. On the other hand, the rammer compactor leaves the soil surface 

between each impact and causes permanent deformation for most soils even 

during the final pass. Nevertheless, it will be shown that the 

expressions for k and c in Eqs. 5.3 and 5.4 can be used with Eq. 5.7 to 

model the contact force for the rammer compactor, provided that an 

appropriate displacement function can be found. 

Inspection of the force and displacement traces in Figure 5.6 

indicates that the rammer shoe travels down into the soil at an 

approximately constant velocity until the peak contact force develops. 
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The rammer shoe decelerates rapidly after this point. An appropriate 

displacement function would begin with the soil at rest, and the soil 

velocity would increase from zero at the time of rammer shoe contact to 

a maximum velocity as the representative soil mass beneath the shoe 

accelerates downwards. A simple assumption for the model is that the 

maximum representative soil velocity equals the rammer shoe velocity as 

the shoe begins moving down into the soil. This velocity is about 135 

inches per second for the data shown in Figure 5.6, and it did not vary 

by more than a few percent from this value for all the measurements made 

in this study. Apparently, this velocity is dependent primarily on the 

internal mechanics of the compactor and is not strongly dependent on the 

stiffness of the soil being compacted. 

Another condition which the displacement function should satisfy 

is that the energy computed using the displacement function and the 

contact force from Eq. 5.7 should equal the measured energy per blow 

from the compactor. These conditions do not uniquely determine the 

displacement function but a simple candidate displacement function, 

which can be made to satisfy the conditions, is given by 

  

t)3 t 
y(t) = 4A,[— for — < 0.5 (5.8a) t, ty 

t|3 t 
y(t) =A.Jl - 4)1->— for 0.5 <= < 1.5 (5.8b) 

t, t, 

where 
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y(t) = the representative soil displacement beneath the rammer 

shoe during impact 

A. = the maximum representative soil displacement during 

rammer shoe impact 

t, = the time at which the maximum soil displacement occurs 

The constants A, and t, in Eq. 5.8 can be determined by requiring 

that 

y,(0.5t,) = Veontact (5.9) 

where 

Vv the rammer shoe velocity as it contacts the soil contact = 

and 

J Fedy, = & (5.10) 

where 

E, = the energy imparted by the compactor to the soil during 

one impact 

The energy condition in Eq. 5.10 is approximate because the 

integration extends only to the point of peak deformation rather than to 

the point of loss of contact between the rammer shoe and soil. This 

approximation simplifies the calculations and introduces very little 
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error since the forces and changes in position during the time from peak 

deformation to loss of contact are small. 

The model was applied to the conditions of tests EP 13 and EP 14, 

using the parameter values summarized in Table 5.7. The values of 

initial Young’s moduli of 460 and 910 psi for tests EP 13 and EP 14 were 

obtained from unconsolidated-undrained triaxial compression tests 

described in Appendix A. A value of Poisson’s ratio equal to 0.5 was 

used in the calculations since the load from the rammer compactor was 

high, the deformations were large, and the soil beneath the compactor 

was apparently in, or close to, a failure condition during compaction. 

After the spring and dashpot constants were evaluated using Eqs. 5.3 and 

5.4, Eqs. 5.9 and 5.10 were solved to obtain the values of A, and t,. 

Finally, Eqs. 5.7 and 5.8 were evaluated to give the force and position 

traces versus time. The results for test EP 13 are shown in Figure 

5.13. The agreement between the model in Figure 5.13 and the measured 

compactor performance in Figure 5.6 is reasonably good. The peak force 

in the model is 4710 pounds, which is about 7 percent less than the 

average measured peak force of 5040 pounds, as listed in Table 5.3 for 

test EP 13. The calculations for test EP 14 resulted in a peak force of 

6430 pounds for the model, which is about 12 percent less than the 

average measured peak force of 7330 pounds, as listed in Table 5.3. 

Thus, the model appears to slightly underestimate the measured contact 

forces. 

The reasonably good agreement between the model and the 

measurements suggests that the model can be used to assess the 
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TABLE 5.7: Parameter Values Used for Modelling the Rammer Compactor in 

Tests EP 13 and EP 14 

  

  

  

  

  

  

  

        

Parameter Test EP 13 Test EP 14 

Young’s Modulus of Soil, E 460 psi 910 psi 

Poisson’s Ratio of Soil, v 0.5 0.5 

Moist Unit Weight of Soil, 7 135 pcf 130 pcf 

Shoe Contact Radius, r 5 in 5 in 

Transferred Energy, E, 55.7 bs 49.0 Ibs 

Shoe Velocity, Voontact 135 in/sec 135 in/sec     
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influences of changes in soil modulus, impact velocity, energy per blow, 

and shoe size on peak contact forces for rammer compactors. The results 

of the assessment are shown in Figure 5.14, which indicates that peak 

contact forces increase with increasing soil modulus, impact velocity, 

energy per blow, and shoe size. The influence of energy per blow on 

peak contact forces is shown to be small compared to the influences of 

the other factors. 

5.8 Conclusions 

Two hand-operated compactors were successfully instrumented to 

measure contact forces between compactor and soil during compactor 

operation. A combination of dynamic load cells and accelerometers were 

used to measure the contact force for a rammer compactor. The 

measurement scheme for the rammer compactor consisted of measuring the 

force on top of the rammer shoe and adding the mass times acceleration 

of the shoe to obtain the force on the bottom of the shoe. A 

combination of accelerometers and a Hall effect device were used to 

measure the contact force for a vibrating plate compactor. The 

measurement scheme for the vibrating plate compactor consisted of 

summing the masses times accelerations of the compactor components. 

For the rammer compactor, peak contact forces ranged from 3520 to 

8550 pounds and averaged 5500 pounds. The peak contact force increased 

with increasing soil stiffness. The average measured energy transfer 

was 52.4 foot-pounds per blow, and this value is close to the 

manufacturer’s rated energy of 57.8 foot-pounds per blow. However, the 
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manufacturer’s rated force of 2775 pounds is much lower than the 

measured peak forces. The LEMB rating procedure seems to give a 

reasonable estimate of the energy delivered per blow from a rammer 

compactor, but the LEMB rated force yields only a nominal value which 

can be quite different from the actual peak contact force, depending on 

the soil being compacted. 

For the vibrating plate compactor, peak forces ranged from 1030 to 

1680 pounds and averaged 1270 pounds. Measured peak forces were much 

less than the manufacturer’s rated centrifugal force of 5400 pounds 

because 1) the manufacturer’s rating seems to be based on an 

overestimate of mass times eccentricity and 2) the rating calculation is 

for eccentric weights rotating about a shaft fastened to a fixed 

support, instead of the flexible support which soil provides. The LEMB 

rating procedure for vibrating plate compactors is a relatively simple 

procedure that provides a means of comparing different models. However, 

the rated centrifugal force is not a good measure of the contact force 

because many more factors than the centrifugal force affect the contact 

force. 

Models based on Lysmer and Richart’s (1966) analog successfully 

imitate the performance of the hand-operated compactors studied in this 

research. The models can be used to assess the influence of the most 

important factors affecting peak contact forces. For the rammer 

compactor, the peak contact force increases with increasing soil 

stiffness, rammer shoe contact velocity, and rammer shoe size. For the 

vibrating plate compactor, the peak contact force increases with 
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increasing soil stiffness, centrifugal force, and base plate size, and 

the peak force decreases with increasing base plate weight and eccentric 

weight rotation rate. 

The two hand-operated compactors used in this study are commonly 

employed to compact backfill in confined areas and adjacent to 

structures such as walls and culverts. The compactors are different in 

their frequency of operation, energy per cycle, and peak contact force. 

The consequences of these differences include: 

1) 

2) 

3) 

Higher compaction-induced lateral earth pressures are expected in 

backfill compacted with the rammer compactor than in backfill 

compacted with the vibrating plate compactor. High compaction- 

induced lateral earth pressures can cause cracking or excessive 

deformation of structures. 

It is generally recognized that rammer compactors are better than 

vibrating plate compactors at compacting cemented or cohesive 

soils. This difference may be due to the ability of the high 

rammer contact force to overcome interparticle forces and break 

the soil down into a more compact arrangement. 

In instances where the two compactors achieve the same relative 

density or compaction, settlements of backfill compacted with the 

rammer compactor will probably be lower because the higher 

compaction-induced lateral stresses render the backfill less 

compressible. 
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CHAPTER 6 - COMPACTION-INDUCED LATERAL EARTH PRESSURE THEORY 

6.1 Introduction 

As initially envisioned, the purpose of this research with regard 

to compaction-induced lateral earth pressures was to obtain experimental 

measurements of compaction-induced pressures acting on the instrumented 

retaining wall and to compare the measured pressures with those 

predicted by the theory of Duncan and Seed (1986). However, during the 

coarse of the work, a personal communication from Peck (1991) pointed 

out that the results from the theory seemed unreasonable in certain 

instances. Motivated by Peck’s observations, the reasons for the 

unreasonable results have been identified and revisions have been made 

to improve the theory. The theory has also been extended to include 

materials with significant non-zero pore pressures, e.g., compacted 

silty and clayey soils. This chapter describes the revisions and 

extensions that were made to the theory. Comparisons between measured 

pressures and values calculated using the new theory are presented in 

Chapter 7. 

6.2 Predictions Using the 1986 Theory 

Duncan et al. (1991) present calculated pressures using the 

compaction-induced earth pressure theory of Duncan and Seed (1986) for 

compactors operating adjacent to an unyielding wall. The calculated 

pressures depend, in part, on the closest distance of approach between 

the edge of the roller and the wall. Calculated pressures for 
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conditions where the roller is immediately adjacent to the wall (x = 0.0 

ft) and for conditions where the edge of the roller is one foot from the 

wall (x = 1.0 ft) are shown in Figure 6.1. Peck (1991) suggested that 

the calculated pressures seemed unreasonably high for the x = 0.0 ft 

condition. 

The reason that such high stresses were calculated for x = 0.0 ft 

using the 1986 theory is due to the very high stresses induced in the 

backfill during compaction when the roller operates immediately adjacent 

to the wall. The consequences of these high stresses are shown in 

Figures 6.2 and 6.3. An important part of the compaction-induced earth 

pressure theory is that the stress path for an element of soil next to 

the wall is modelled as if the soil were in k, compression. The control 

points for the ky stress path in the 1986 theory are shown in Figure 

6.2. When a lift of backfill is placed, the stress path is assumed to 

follow the normally consolidated ky line to point A. Next the compactor 

is operated on the new lift, the stress in the lift moves up the k, line 

from A to B. When the compactor moves away, the stress path follows the 

non-linear unloading path from B to C. The horizontal stresses on this 

unloading path are higher than the horizontal stresses on the ky line. 

Unloading continues until the vertical stress is again equal to the 

overburden stress at point A. If the stress at point B is high enough, 

as shown in the example in Figure 6.2, the unloading stress path will 

intersect the passive pressure line, which is labelled kj, in the 

figure, at point C and will move along this line to point D, where the 

vertical stress is the same as at A. The next cycle of loading, from 
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another lift of fill and from the compactor operating on the surface of 

the new lift, causes the stress in the backfill to follow a reloading 

stress path from point D towards a reloading target point, labelled R in 

Figure 6.2, on the ky line. In the 1986 theory, the location of point R 

was determined in relation to points B and D according to the 

proportions shown in Figure 6.2. As a result, if the stresses from the 

compactor operating on the first lift were very high, as would occur 

when the compactor passed very close to the wall, point B would be 

located very far up the k, line. This caused point R to be located far 

up the k, line also. In this case, the stress path for subsequent 

loading moved up the relatively steep reloading path from point D to R. 

On the other hand, if the compactor did not approach so closely to the 

wall, the peak stresses from the compactor would not be so high, point B 

would be lower, and the reloading would follow a shallower stress path 

towards a lower point R. 

The complete stress paths for the conditions analyzed in Figure 

6.1 are shown in Figure 6.3. It can be seen that the peak value of 

stress calculated for compaction of the first lift is much higher when 

the compactor operates immediately adjacent to the wall than it is when 

the compactor operates one foot away, and that part of the analysis 

seems reasonable. However, the 1986 theory modelled the behavior in 

such a way that a permanent memory of the high stress event was retained 

in the form of a high position for the reloading target point, towards 

which all subsequent stress path excursions were directed. The 

reloading target point, at a vertical stress of about 9 ksf, is labelled 
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R in the small inset graph in Figure 6.3(a). Subsequent stress path 

excursions pivoted about point R. The 1986 model retained memory of the 

high stress event even when the stress path intersected and moved down 

the passive pressure failure line. The net effect was that the model 

was not truly hysteretic. This is shown in Figure 6.3(a), where the 

stress path for subsequent lifts works its way up above the stress path 

for the second lift. On the other hand, when the roller’s closest 

approach was one foot from the wall, a very high stress event did not 

occur at the wall, and a high reloading target point was not locked in. 

This is shown by the stress path in Figure 6.3(b). 

It does not seem reasonable that the soil response should be so 

strongly influenced by the maximum past loading when backfill 

experiences passive failure during unloading. Instead, it seems more 

reasonable that the subsequent soil response could be modelled as if the 

soil had experienced a smaller maximum past loading, one from which the 

non-linear unloading path would intersect the passive failure line at 

the unloading stress point (point D in Figure 6.2). This idea was the 

basis for the revisions to the 1986 model that are described in the 

following section. 

6.3 Revised Hysteretic k, Model 

Several important components of the revised hysteretic model are 

unchanged from the 1986 theory. These components are the virgin 

loading, virgin unloading, and virgin reloading stress paths for the 

case where the passive failure line is not encountered during unloading. 

As shown in Figure 6.4, a soil element follows the normally consolidated 
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ky loading path from the origin to point A during primary loading. This 

portion of the stress path is defined by 

0’, = ky ao’, (6.1) 

where 

o’,, = the effective horizontal stress, 

o’, = the effective vertical stress, and 

ky = the normally consolidated at-rest pressure coefficient, a 

model parameter. 

Virgin unloading from the peak stress state follows a non-linear 

unloading path from point A to point B. This stress path is defined by 

O'n = Ky OCR Ov 4 (6.2) 

where 

/ 

OCR = the overconsolidation ratio, 7 , and 
v,b 

a = the unloading exponent, a model parameter. 

Virgin reloading from point B on the virgin unloading path follows 

a linear reloading path towards the target reloading point R on the k, 

line. The location of point R is determined in proportion to the 

locations of points A and B according to 

One = Onn t B(O'n 2 - On) (6.3a) 
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  (6.3b) 

where 

B = the virgin reloading slope factor, a model parameter. 

If reloading is of sufficient magnitude that the virgin loading 

line is encountered, then the stress path follows the virgin loading 

line, as shown by the dashed line parallel to the k, line in Figure 6.4. 

When test data is not available, the values of a@ and B are based 

on correlations with ¢’. Duncan and Seed (1986) proposed the variation 

of a with ¢’ shown in Figure 6.5. They recommended that a reasonable 

value of B is 0.6. 

The remaining details of the hysteretic model described in this 

section constitute revisions made to address the unreasonable result 

from the 1986 theory that was pointed out by Peck, and described earlier 

in this chapter. 

Figure 6.6 shows the way that non-virgin unloading is represented 

in the revised hysteretic model. Non-virgin unloading follows an alpha- 

type unloading path from point C to point D, which is on the path 

towards point B, the end of the previous unloading path. A case where C 

is on the k,) line is shown in Fig 6.6(a), and a case where C is above 

the ky line is shown in Figure 6.6(b). In either case, the unloading 

path is defined as follows: 

O’n.g = ky, OCRIT oy | (6.4) 

where 
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Figure 6.6: Non-virgin Unloading in the k, Model 
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k, = 
l ’ 

Ov 

o’ 

OCR1 = —*“ , and 
0 v,d 

a] = the non-virgin unloading exponent. 

, i 

] 0 h.b 0 v,Cc 
og oa! ‘g! 

v,b h,c 
  

  

’ 

on |] 
As point C approaches the ky line in Figure 6.6(b), the value of 

k, approaches the value of ky. As point C approaches point A in Figure 

6.6(a), the value of al approaches the value of a. Thus, the 

formulation provides a smooth transition between virgin and non-virgin 

unloading. 

Figure 6.7 shows the way linear reloading from non-virgin 

unloading is modelled by the revised theory. Two cases are shown: a) 

reloading from non-virgin unloading that originated on the k, line and 

b) reloading from non-virgin unloading that originated at a point above 

the kj line. For the first case, reloading follows a linear path from 

point D toward the reloading target point R, on the ky line. The slope 

that establishes the location of point R, is determined from the 

previous stress history. The relationships are as follows: 

  

O' hn rd = Ong + Bl (O'n - 0"), a) (6.5a) 

O" hard 
Ord = (6.5b) 
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where 

the slope factor for reloading after non-virgin unloading 

from the k, line 

Bl 

/ / 

Ohrb ~ F hb 
/ / 

One ~ F hb 

In Figure 6.7(a), it can be noted that, as point C approaches 

point R,, the value of B1 approaches unity. As point C approaches point 

A, the value of 81 approaches the value of 8. Thus, the formulation 

provides a smooth transition between virgin reloading and reloading 

after non-virgin unloading. 

Figure 6.7(b) illustrates the case of reloading from non-virgin 

unloading that originated at a point above the ky line. In this 

situation, the reloading is linear from the unloading point, D, towards 

the previous loading point, C. Additional reloading beyond point C 

would follow the linear reloading path from points C to R,, and would 

then progress up the k, line. 

In this revised hysteretic model, the soil stress path consists of 

a set of nested loops created by a series of loading and unloading 

steps. If, at some stage, the applied stresses should take the stress 

path outside some of the interior loops, the exceeded interior loops are 

removed from the model memory. The process for unloading is shown in 

Figure 6.8. In Figure 6.8(a), the end point of a stress path that has 

created a series of nested loops is marked as point F. If further 

unloading occurs, the stress path will follow the unloading path shown 

by the dashed line from F to G. In this process, the interior loops 
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j (a) Stress history before unloading from F to G. 
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Figure 6.8: Erasure of Interior Loops During Unloading in the ky Model 
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whose limits are exceeded are removed from the model memory. The final 

stress state with its retained stress history is shown in Figure 6.8(b). 

The process for loading is shown in Figure 6.9. In this case, the 

stress path follows the dashed line from D to E, as shown in Figure 

6.9(a). As interior loops are exceeded they are removed from the model 

memory. The final stress state with its retained stress history is 

shown in Figure 6.9(b). 

When the unloading path intersects the passive failure line, 

additional unloading follows the kj,, line, as shown by the segment from 

B to C in Figure 6.10. The passive failure line is defined by a slope, 

Kiim» and an intercept on the horizontal stress axis, 0’) 9 yim Assuming 

that the passive failure line has the same origin in normal stress space 

as the Mohr-Coulomb failure envelope, the slope, kj;,, and the 

intercept, 0’, 9 jim, are related by 

O"h.0,1im = tang? (Kim - 2) (6.6a) 

where 

c’ = the effective stress cohesion intercept, and 

¢’ = the effective stress friction angle. 

If ky;, is taken to be the Rankine passive pressure coefficient, 

k., then p? 

2c’cos ¢’ 
0" bo, Vim = 1 - sin ¢’ (6.6b) 
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There is some evidence, which will be discussed in Chapter 7, that 

Kyim should be set equal to 1/k, for compaction-induced earth pressure 

problems. In this case, 

O"n.0,1im = inv ‘c - | (6.6c) 

As mentioned previously, the reloading target point in the 1986 

theory was established based on the maximum past loading, point A in 

Figure 6.10, and the current stress state, point C on the passive 

failure line. In the revised hysteretic model, the maximum past loading 

point is reset to point D, from which a virgin unloading path would 

intersect the passive failure line at the current stress state, point C. 

The location of point D is given by 

l/a 
On otim + Kiim vic 

Ov ¢ (6.7a) ’ 
ky 0 v,c 

  

ky Ov gq (6.7b) Q 
~ 

zs
 

a
 il 

The location of the reloading target, point R, in Figure 6.10, is 

based on the reset maximum past loading point, D, and the current stress 

point, C. The relationships are the same as those in equations 6.3, 

with the subscripts changed to match the point labels in Figure 6.10: 

One = One + B(O' ng - Ob) (6.8a) 
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Ove * ps (6.8b) 

Equations 6.7 and 6.8 accomplish an erasure of the memory of 

previous very high stress events when unloading progresses down the 

passive failure line. 

In order to verify that the revised effective stress k, model 

described in the preceding paragraphs can track the stress paths for 

soils loaded in k, compression, the model was applied to published 

laboratory test results for two soils. The comparisons between model 

and data in Figures 6.11 and 6.12 show that the model closely simulates 

the hysteretic behavior of Haney Clay (Campanella and Vaid, 1972) and 

Monterey Sand (Wright, 1969) subjected to k, laboratory tests. 

6.4 Incorporating the Revised Hysteretic k, Model _in Compaction-induced 

Earth Pressure Theory 

In order to incorporate the revised hysteretic k,) model in a 

compaction-induced earth pressure theory, it is necessary to decide what 

vertical stress increments should be applied to drive the ky model. The 

ky model would then yield horizontal pressures, which are the 

compaction-induced lateral pressures. In this research, the methods of 

Duncan and Seed (1986) were used to determine the vertical stress 

increments which should be applied to the k, model. Their methods are 

reviewed in this section. 

For backfill free from other applied loads, there are two sources 

of vertical stress increments when the backfill is compacted behind a 

rigid wall: 1) the self weight from the backfill lifts and 2) the load 
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from the compactor operating on the surface of each lift. Since the 

backfill lifts are of broad lateral extent, the vertical stress 

increment due to a lift of backfill can be simply calculated from 

Ao, = 7 Az (6.9) 

where 

Ao, = the vertical stress increment, 

Y = the moist unit weight of the backfill, and 

Az = the lift thickness. 

The load from the compactor is applied over an area of limited 

lateral extent, resulting in three dimensional load distribution 

effects. To account for these effects, Duncan and Seed (1986) recommend 

the following two-step procedure: 

1. The horizontal stress increase adjacent to the wall induced by the 

compactor load at the surface is calculated at the depth of 

interest using the integrated Boussinesq solution. The horizontal 

stress calculated from the Boussinesq solution is doubled to 

account for the presence of the rigid wall. In performing the 

Boussinesq calculation, Poisson’s ratio (v) is estimated using the 

following empirically based equation: 

y = 5 (0.5 + Vo) (6.10a) 

where 
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Ko 
Yvo=>4 ky? and (6.10b) 

k, = 1 - sing’ (6.10c) 

Thus, 

_ 4 - 3sing’ 

"= 8 = 4sing’ (6.11) 

2. The horizontal stress increase, Ao,, calculated in step 1 is 

converted to an equivalent vertical stress increment by 

Ao, = —— (6.12) 

This two step procedure results in an equivalent vertical stress 

increment which, when applied to the uncompacted soil in k, compression, 

produces a horizontal stress increment equal to that calculated from the 

Boussinesq solution. In the compaction-induced earth pressure theory, 

this equivalent vertical stress increment is applied to the hysteretic 

ky model, whether the soil has been previously compacted or not. When 

the soil has been previously compacted, and consequently has a 

horizontal stress higher than the k, at-rest stress, then the equivalent 

vertical effective stress calculated using Eqn 6.12 produces a smaller 

Change in horizontal stress in the ky model than that computed using the 

Boussinesq solution. As shown in Figure 6.13, the difference occurs 

because the previously compacted soil follows a reloading stress path 

for at least part of the vertical stress increment application. This 
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approach for calculating the equivalent vertical stress increment seems 

logical, and Duncan and Seed (1986) have shown that the method produces 

results in reasonable agreement with field data. 

In order to compute compaction-induced earth pressures using these 

procedures, three calculations must be performed for each lift of 

backfill: first, the stress increase due to the weight of the fill lift 

is applied to the hysteretic ky model; second, the equivalent vertical 

stress from the compactor on the surface of the current lift is applied; 

and third, a stress equal in magnitude and opposite in sign to the 

equivalent vertical stress from the compactor is applied, since 

compaction is assumed to be a temporary load that causes no net change 

in vertical stress. Due to the large number of calculations required, a 

computer program, EPCOMPAC, was developed to track the stress paths at 

the center of each lift of backfill behind a rigid wall using the 

methods described in this chapter. A user’s manual for EPCOMPAC is 

contained in Appendix B. 

EPCOMPAC was used to analyze the conditions shown in Figure 6.1, 

which were previously analyzed using the 1986 theory. The pressure 

versus depth results calculated using EPCOMPAC with k,,, equal to k, are 

shown in Figure 6.14. The pressures calculated with the revised theory 

are much smaller for x = 0 ft than those calculated using the 1986 

theory. The reason for the difference is shown by the hysteretic stress 

paths in Figure 6.15. These stress paths are for the analyses of Figure 

6.14, and they show that with the revised theory the stress paths do not 
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pivot about an unrealistically high reloading target point, as they did 

in Figure 6.3 for the 1986 theory. 

Calculations for the same roller compactor were also made using 

EPCOMPAC with k,,,, equal to 1/k,, and the results are shown in Figure 

6.16. In Figure 6.15, ky, = k, = 3.7, whereas in Figure 6.16, kj,, = 

1/k, = 2.35. The lower value of kj, in Figure 6.16 controls the maximum 

possible horizontal stress to a greater depth than does the higher value 

of k,,, in Figure 6.15. At the depth in Figure 6.16 at which k,,,, ceases 

to control the horizontal stresses, the applied stress from the 

compactor is approximately the same whether the roller passes adjacent 

to the wall or approaches no closer than one foot from the wall. 

Consequently, the calculated compaction-induced lateral pressures are 

almost exactly the same for both roller positions, as shown in Figure 

6.16. 

6.5 An Extended Compaction-induced Earth Pressure Theory for Moist Soils 

with Significant Fines Content 

The compaction-induced earth pressure theory described in previous 

sections of this chapter is an effective stress theory. It strictly 

applies only to dry cohesionless soils. However, it probably also can 

be applied with reasonable accuracy to moist sands and gravels that do 

not develop significant pore pressures. This section describes an 

extension of the compaction-induced earth pressure theory to include 

moist soils with significant fines content. Such soils represent an 

important group of backfill materials, which do develop significant pore 

pressures during compaction. 
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The loads applied by the fill lifts and the compaction equipment 

are total stress loads. The hysteretic ky model described in section 

6.3 is an effective stress model that requires effective vertical stress 

increments as input. Two possibilities for developing a compaction- 

induced earth pressure theory for backfill with significant pore 

pressures are: 1) to express the pore pressure as a function of the 

total stress state of the soil and use the effective stress k, model to 

track the compaction-induced effective stresses, or 2) to develop a new 

total stress compaction-induced earth pressure theory that computes 

total horizontal stress increments directly from total vertical stress 

increments. In this research, the first approach was followed because 

of the success of the effective stress k,) model and because the 

laboratory total stress k, data for moist compacted soils that would be 

necessary as a basis for the second approach were not available. 

Bishop et al. (1960) extended Terzaghi’s effective stress concept 

to include unsaturated soils by introducing the following equation: 

o’ =o - xu, - (1l-x)u, (6.13) 

where 

o’ = the effective normal stress, 

o = the total normal stress, 

u, = the pore water pressure, 

u, = the pore air pressure, and 
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X = a parameter related to the degree of saturation. Its 

value is zero for a dry soil and one for a saturated 

soil. 

The parameter x is normally determined by performing shear tests 

on unsaturated specimens and solving Eqn 6.13 for x using the value of 

effective stress which would give the same response in otherwise similar 

saturated specimens. Other approaches have been proposed for 

unsaturated soils (notably, Fredlund, 1979); however, the effective 

stress concept embodied in Eqn 6.13 will be used here because it is 

readily adaptable to compaction-induced earth pressure analyses. If the 

pore air pressure is zero (gage), then an apparent pore pressure, u, may 

be defined as 

u = Xu, (6.14) 

Eqn 6.13 then reduces to the form of the familiar effective stress 

equation for saturated soils 

oOo’ =o -uU (6.15) 

Now it is necessary to express the apparent pore pressure as a 

function of the total stress. This will be done by defining the initial 

apparent pore pressure, u,, to be the apparent pore water pressure in an 

element of soil free from external stress, and then adding the change in 

apparent pore pressure that occurs due to application of total stress to 

the element, using Skempton’s (1954) pore pressure parameters to 

calculate the change in apparent pore pressure. Skempton proposed that 
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changes in pore pressure, Au, can be related to changes in total stress, 

Ao, and Ao,, by the pore pressure coefficients A and B: 

Au = B (Ao, + A (Ao, - Ao;)) (6. 16a) 
= B Ao, + A (Aa, - Aas) (6.16b) 

where 

A = BA, and 

ow it B(1 - A) [This definition of B is different from 

Skempton’s, but it is more convenient for the 

derivations that follow. ] 

The coefficient B represents the effect of increasing degree of 

saturation on the pore pressure response to applied loads. As the soil 

approaches complete saturation, the value of B approaches unity for 

soils whose grain structure is much more compressible than water. The 

coefficient A represents the contribution of the deviatoric stress 

increment to the pore pressure response. For saturated normally 

consolidated clays, the value of A is frequently close to one. For 

saturated overconsolidated clays, the value of A can be small or 

negative. If the value of A is one-half, then A equals B, and the 

contributions of Ao, and Ao, to pore pressure response are the same. 

The coefficients A and B are not constants for a given soil, even 

at a given density. Their values depend on the stress history, the 

magnitudes of the total stresses, and on the size of the total stress 

increments. The traditional approach is to evaluate A and B over a 
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specific range of stresses relevant to the problem of interest, and then 

treat the coefficients as constants over that stress range. In this 

development, the coefficients are treated as constants, even though the 

stresses during compaction cover a large range, from low stresses due to 

self weight of the backfill at shallow depths to high stresses from 

large compactors or from the fill weight at great depths. The 

limitations associated with treating the coefficients A and B as 

constants are discussed in more detail in Chapter 7. 

With the assumption that the pore pressure parameters are 

constant, and because u = Uy at ao; = 0, = 0, the apparent pore water 

pressure can be expressed as a function of the total stress state by 

applying Eqn 6.16, 

Uy + Au (6.17a) 

Up + Bo, + Ao, (6.17b) 

© NN 

In this development, it is assumed that the moist soil obeys the 

effective stress and total stress Mohr-Coulomb failure laws: 

0’, — 0’, = (0’, + 0’) sing’ + 2c’ cos ¢’ (6.18) 

0, — 03 = (0, + 03) sing + 2c cos ¢ (6.19) 

Based on these considerations, several important relationships can 

be derived. Eqns 6.15 through 6.19 can be solved to yield the following 

expression for up: 
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_ [1 + (2A - 1) sin ¢']} cos ¢ c’ 

Yo“ - TT + (2A - 1) sing] sing’ ~~ tan ¢’ (6.20) 

Eqns 6.15 through 6.19 can also be solved to yield the following 

relationship among A, B, ¢, and ¢’: 

(1-B) sin ¢’ 

1 + B (2A-1) sin ¢’ 
  sing = (6.21) 

According to Eqn 6.21, if the value of B is zero, then the total 

stress friction angle equals the effective stress friction angle. If 

the value of B is unity, then the total stress friction angle is zero. 

Another important total stress relationship for these analyses of 

compaction-induced earth pressures is evaluation of the incremental, 

total stress at-rest lateral earth pressure coefficient, Ak,', which may 

be defined as: 

Ak’ = — (6.22) 

where Ao, and Ao, are the vertical and horizontal total stress 

increments occurring during k, compression of an element of soil. The 

effective stress at-rest lateral earth pressure coefficient, ky, is 

constant over a large stress range, and is defined as 

ky = (6.23)   
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The values of Ao’, and Ao’, in Eqn 6.23 are related to Ao, and Ao, in Eqn 

6.22 by the apparent pore pressure increment, Au: 

Ao,, — Au (6.24a) 

Ao, — Au (6.24b) 

Ao’, 

Ao’ 
Vv 

Because the horizontal and vertical stresses in ky compression are 

principal stresses, Eqns 6.16 and 6.22 through 6.24 yield the following 

expression for Ak,!: 

k, + BA (1 - k,) 
~ 1-B(1- A) (1 - ky) 
  Ak," (6.25) 

According to Eqn 6.25, when the value of B is zero, Ak,’ is equal 

to k). When the value of B is one, the value of Ak,’ is also one. 

Thus, Eqn 6.25 indicates that as the degree of saturation increases, the 

incremental increase in total horizontal stress approaches equality with 

the incremental increase in total vertical stress, for a soil loaded in 

Ky compression. 

To incorporate pore pressure response for a moist soil in the 

compaction-induced earth pressure theory, it is necessary first to 

establish a reasonable equivalent initial stress history for a soil 

element that is free from external total stress, and with horizontal and 

vertical effective stresses equal to -uy. In Figure 6.17, the 

relationship between the total and effective stress states for the 

unstressed soil element, at point B, are shown. It is simple and 

reasonable to assume that the soil arrived at point B by following the 
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minimum possible effective stress k, loading, which is shown by the path 

0, A, B in Figure 6.17. This approach gives the soil an initial stress 

history, reflecting the fact that the initial stress state is above the 

effective stress k, line. The location of point A is given by 

1 1/a 

O'vea = | (-U) (6.26a) 
0 

Ona = ky Ov (6.26b) 

Loading from the initial stress state follows the effective stress 

path from points B to R and then up the ky line shown in Figure 6.17. 

If the coefficient B in Eqn 6.16 is positive, a positive change in pore 

pressure will develop in response to the loading, and the total stress 

axes will shift towards the effective stress axes. This will cause the 

slope from B to R to be steeper in total stress space than it is in 

effective stress space. This shift also causes the value of Ak,’ to be 

greater than the effective stress k, value. 

The slope from B to R in effective stress space, k,, is given by 

/a 

6k i} - | +1 
(6.27) k. = ! 

1 ] /a 

0 

The slope from B to R in total stress space, k,’, is given by 

  

- k, + BA (1 - k,) 
1" T-B(1- A) (1 - kj) (6.28) 
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Analysis of the effects of placing and compacting successive lifts 

of backfill proceeds in an iterative, incremental fashion. The analysis 

is incremental to account for the placement and compaction of the 

backfill in lifts. The analysis is iterative in each incremental 

loading step because the magnitude of the change in pore pressure, which 

must be known before the change in effective vertical stress can be 

computed, cannot be evaluated until after the horizontal stress 

increment has been calculated. The iterative procedure for each 

incremental loading step is as follows: 

1) The change in total vertical stress, Ao,, is calculated in one of 

two ways, depending on the type of load being applied: 

a) For a fill lift, the change in vertical stress is computed 

using Eqn 6.9. 

b) For the load from the compactor, the same two-step procedure 

described previously for the effective stress theory is 

applied, except that Ak,’ from Eqn 6.25 is used in place of k, 

in Eqns 6.10(b) and 6.12. 

2) A trial value of the change in apparent pore pressure, Au, is 

assumed. Experience with these calculations has shown that if the 

trial value of Au is computed using Eqn 6.16, with the value of 

Ao,, taken as one-half the value of the applied Ao, from (1), then 

the iteration closes without difficulty. 

3) The effective vertical stress increment, Ao’,, is computed from 

Eqn 6.24(b) and applied to the effective stress k, model. This 
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yields the effective horizontal stress increment, Ao’,, and the 

corresponding total horizontal stress increment, Ao, = Ao’, + Au. 

4) A new value of Au is computed from Eqn 6.16 using the applied Ao, 

and the value of Ao, from (3). 

5) The new value of Au is compared with the previous value of Au. 

Steps (3) through (5) are repeated until convergence occurs. 

This procedure is incorporated in the program EPCOMPAC. To 

illustrate the method, the same roller compactor and soil analyzed 

previously in this chapter is analyzed again, but this time with the 

soil behaving as a moist soil with a total stress friction angle, ¢, of 

25 degrees and a total stress cohesion intercept, c, of 500 psf. The 

effective stress strength parameters of ¢’ = 35 degrees and c’ = O are 

unchanged from the previous analyses. The value of the pore pressure 

coefficient A was taken to be 0.5, and the corresponding value of the 

coefficient B is 0.26, according to the relationship among A, B, ¢, and 

g’ expressed by Eqn 6.21. The value of uy from Eqn 6.20 is -790 psf. 

The results of the analysis for the moist soil are shown in Figure 6.18. 

For reference, the corresponding effective stress analysis, which would 

be applicable for a dry sand with the same unit weight and effective 

stress strength properties, is also shown. According to the analyses, 

the compaction-induced horizontal stresses for the moist soil are larger 

than those for the dry soil. There are two reasons for the difference. 

One reason is that the total stress cohesion intercept for the moist 

soil permits development of higher compaction-induced lateral pressures 

near the fill surface. The other reason is that, for the moist soil, 
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the pore pressure increases in response to the applied vertical loads. 

The pore pressure acts equally in both vertical and horizontal 

directions, and this means that the changes in horizontal stress induced 

by vertical loads are greater for the moist soil than for the dry soil. 

Both effective and total stress paths for the moist soil analysis 

are shown in Figure 6.19. Placement and compaction of the first lift 

follows the path A, B, C, D. Placement and compaction of the second 

lift follows the path from D to E, and then returns along the path 

shown, to a point very near D. The initial offset between the effective 

and total stress axes due to the initial apparent pore pressure, Up, is 

shown by the relative positions of the point A in Figures 6.19(a) and 

(b). The loading path from A to B is steeper in the total stress plot 

than in the effective stress plot because of the increase in pore 

pressure that occurs during loading. The value of Ak,’ is greater than 

the value of k, for the same reason. Removal of the compactor load is 

described by the unloading path from C to D. In the effective stress 

path plot, it is clear that the unloading path does not intersect the 

passive failure line. This situation exists because of the effective 

stresses induced by uy. If, instead, the pore pressures were always 

zero, then point A would have been at the origin of the effective stress 

path plot, and the unloading path would have intersected the passive 

failure line. Thus, near the ground surface, the moist soil is able to 

sustain higher compaction-induced lateral earth pressures than the dry 

soil. 

COMPACTION INDUCED EARTH PRESSURE THEORY 144



E
F
F
E
C
T
I
V
E
 

H
O
R
I
Z
O
N
T
A
L
 

ST
RE

SS
, 

a
 

(k
sf

) 
TO

TA
L 

H
O
R
I
Z
O
N
T
A
L
 

ST
RE
SS
, 

CO,
 

(k
sf

) 

  CN
 

  

  

T TO I T 

/ (a) Effective stress path. 

  
| 

  

      
  

Q ] 2 3 4 5 6 

EFFECTIVE VERTICAL STRESS, o', (ksf) 

3 I | | | 7 C 

(b) Total stress path. 

26 - 
E 

1 - Ak, = 0.55 + 

D 
a B 

Z 
A aA 

O ae | | | | 

0 | 2 5 4 5 6 

TOTAL VERTICAL STRESS, o, (ksf) 

Figure 6.19: Total and Effective Stress Paths for Compaction of a Moist 

COMPACTION INDUCED EARTH PRESSURE THEORY 

Soil 

145



6.6 Summary 

This chapter presents a revised effective stress k,y model and an 

extension of the compaction-induced earth pressure theory to include 

moist soils that develop significant non-zero pore pressures. 

The revisions to the effective stress k, model were motivated by 

an observation by Peck (1991) that the original compaction-induced earth 

pressure theory (Duncan and Seed, 1986) yields unrealistically high 

lateral earth pressures in some instances. The reason for the 

unrealistic result is that the 1986 theory incorporates a permanent 

memory of the maximum past loading event in the form of a high level 

reloading target point, located on the k, line, about which all 

subsequent stress path excursions pivot. The consequences of this 

memory characteristic are that the model is not truly hysteretic, and 

that relatively large horizontal stresses can develop from repeated 

small loading cycles as the stress path pivots about the high reloading 

target point. 

In the revised effective stress k, model presented in this 

chapter, the basic framework and model parameter definitions from the 

1986 theory were retained, but the model was made truly hysteretic. In 

the revised model, the stress history of a soil element consists of a 

set of nested stress path loops corresponding to repeated cycles of 

loading and partial unloading. When the applied stresses take the 

stress path outside the limits of some interior loops, either by loading 

or unloading, the exceeded interior loops are removed from the model 

memory. When the unloading path travels down the passive failure line, 
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the maximum past loading point is reset to a point from which a virgin 

unloading path would just intersect the passive failure line at the 

current unloading point. 

The revised effective stress k, model was incorporated in 

compaction-induced earth pressure theory using the procedures of Duncan 

and Seed (1986) to calculate the vertical stress increments that drive 

the ky model. A computer program, EPCOMPAC, is used to make the 

calculations. An example problem demonstrated that the revised theory 

is not subject to the pivoting action which occurs in the 1986 theory. 

As a consequence, the unrealistically high compaction-induced pressures 

from the 1986 theory that were noted by Peck are not developed in the 

revised model. 

The compaction-induced earth pressure theory was extended to 

include moist soils. The extension was made by expressing changes in 

apparent pore water pressure using Skempton’s A and B parameters and 

applying the revised effective stress theory. The extension for moist 

soils is included in the program EPCOMPAC. An example problem analyzed 

by EPCOMPAC illustrates the effect of pore pressures on compaction- 

induced earth pressures. For the conditions of the example problem, the 

pore pressure effects result in higher compaction-induced lateral earth 

pressures than in the same problem without pore pressure effects 

included. A limitation of the approach taken is that the parameters A 

and B were approximated as constants. 
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CHAPTER 7 - MEASURED AND CALCULATED COMPACTION-INDUCED LATERAL EARTH 
PRESSURES 

7.1 Introduction 

The results of tests to measure compaction-induced earth pressures 

in the Virginia Tech instrumented retaining wall facility, and in the 

British Transportation and Road Research Laboratory facility, are 

discussed in this chapter. The effects of backfill type, water content, 

compactor force, and wall lubrication are examined, and the measured 

earth pressures are compared with values calculated using the theories 

discussed in the previous chapter. 

Damage to Eisenhower and Snell Locks, which resulted from high 

compaction-induced lateral earth pressures, is also discussed. Earth 

pressures measured in the field are compared to values calculated using 

the theories discussed previously. 

7.2 Test Wall Data 

As discussed in Chapter 4, it is difficult to obtain reliable 

measurements of earth pressures on walls from contact pressure cell 

readings alone. More reliable measurements are obtained when load cells 

and pressure cells are used together. When load cells are used to 

support a wall panel, they provide a means of determining the magnitude 

and location of the resultant earth forces on the panel. These can be 

used to check or adjust the earth pressures measured using earth 

pressure cells mounted on the backfill side of the panel. Sehn and 

Duncan (1990) reviewed lateral earth pressure measurements reported in 
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the literature and found that, prior to development of the Virginia Tech 

instrumented retaining wall, the test wall used by Carder et al. (1977) 

and Carder et al. (1980) appeared to be the best facility available 

because it used both load cells and pressure cells. The Virginia Tech 

instrumented retaining wall also uses both load cells and pressure 

cells. Consequently, it yields verifiably reliable earth pressure 

measurements. Both the earth pressure measurements of Carder and the 

measurements made as part of this research are presented in this 

chapter. 

7.2.1 Virginia Tech Instrumented Retaining Wall Tests 

The measured lateral earth pressure distributions for instrumented 

retaining wall tests EP 6 through EP 16 are presented in Figures 7.1A, 

7.1B, and 7.1C. In these tests, the backfill was spread by hand so that 

the wheel load from the Bobcat would not influence lateral earth 

pressures. The procedural details for these tests have been summarized 

earlier in Table 3.1. For all these tests, the backfill was placed in 

6-inch thick compacted lifts. Notes on the figures indicate the 

material type (Yatesville silty sand or Light Castle sand), the water 

content, the compacted dry density, the compactor type, and the use of 

lubricated walls in the test facility. 

In tests EP 6 through EP 12, the wall was backfilled with 

Yatesville silty sand that was compacted with the Wacker BPU2440A 

vibrating plate compactor. In the EP 6 through EP 12 test series, the 

backfill water content and wall lubrication boundary conditions were 
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varied. The measurements indicate that horizontal pressures increase 

slightly as the compaction water content increases. The results of 

these tests are discussed in more detail in Section 7.3. 

In tests EP 13 and EP 14, the wall was backfilled with Yatesville 

silty sand that was compacted with the Wacker BS60Y rammer compactor. 

The measured pressures in Figures 7.1A, 7.1B, and 7.1C show that the 

lateral pressures for backfill compacted with the rammer compactor are 

much higher than those for backfill compacted with the vibrating plate. 

This result is reasonable since, as discussed in Chapter 5, the dynamic 

contact forces for the rammer compactor are much higher than those for 

the vibrating plate compactor. 

In tests EP 15 and EP 16, the wall was backfilled with Light 

Castle sand. The backfill for test EP 15 was compacted with the Wacker 

BS60Y rammer compactor, and the backfill for test EP 16 was compacted 

with the Wacker BPU2440A vibrating plate compactor. Again, the lateral 

pressures for backfill compacted with the rammer compactor are higher 

than for backfill compacted with the vibrating plate. The comparison 

between the results for tests EP 15 and EP 16 is especially interesting 

since the unit weights of the compacted backfill for these two tests are 

almost identical. The difference in lateral pressures cannot be 

attributed to a difference in unit weights. 

Compactor contact force measurements were made during the 

backfilling operation for tests EP 12 through EP 16. The earth pressure 

measurements from these tests, together with Carder’s measurements, are 

used for the comparisons with theory discussed in Sections 7.4 and 7.5. 
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7.2.2 TRRL Model Retaining Wall Tests 

Carder et al. (1977) described a model retaining wall facility 

built at the Transport and Road Research Laboratory (TRRL) in 

Crowthorne, England. The facility consisted of a massive concrete 

trough with a movable metal wall installed inside the trough, near one 

of the trough walls. Backfill was placed between the metal wall and the 

opposite concrete wall of the trough. The trough was 3.0 meters deep, 

the metal wall was 2.0 meters high, and the distance between the metal 

wall and the opposite concrete wall was 5.2 meters. 

The metal wall was supported laterally by load cells. Both the 

metal wall and the far concrete wall were instrumented with contact 

pressure cells. The system was designed so that both the metal wall and 

the concrete wall would be very rigid. Nevertheless, the concrete wall 

was considered to be the more rigid wall, and slightly higher lateral 

pressures were measured on the concrete wall. The load cells supporting 

the metal wall were used to perform in-situ calibrations of the pressure 

cells in the metal wall. The calibration factors developed for the 

pressure cells in the metal wall were also applied to the earth 

pressures measured using the pressure cells in the concrete wall. 

In the tests described by Carder et al. (1977), moist sand was 

compacted in the model wall facility in 6-inch lifts using a Bomag BW90S 

walk-behind vibrating roller. The sand backfill was a washed, uniform, 

medium sand. The compaction water content was 12.5 percent and the 

compacted moist unit weight was 125 pcf. The minimum distance from the 

edge of the compactor to the wall was 6 inches. Three pressure cells 
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were located at each of six instrumentation elevations on the concrete 

wall. The readings from these cells at the end of backfilling are shown 

in Figure 7.2(a). 

In a second series of tests, described by Carder et al. (1980), 

silty clay was compacted in the model wall facility in 5-inch lifts 

using a static, smooth steel-wheeled roller. The liquid and plastic 

limits of the silty clay backfill were reported to be 42.5 and 17.0 

percent, respectively. The compaction water content was 18.5 percent 

and the compacted moist unit weight was 125 pcf. The static roller used 

for compaction was a three-wheeled, self-propelled roller. The wheel 

approaching closest to the wall had a wheel load of 2,475 pounds and was 

16 inches wide. The distance from the edge of the wheel to the wall was 

4 inches. The pressures on the concrete wall measured in these tests 

are shown in Figure 7.2(b). The average of readings from three pressure 

cells located at each of six instrumentation elevations are shown in 

Figure 7.2(b). 

There is some scatter in the data in Figure 7.2, but the average 

pressure is slightly higher for the silty clay than for the sand. 

The pressure measurements shown in Figure 7.2 exhibit more scatter 

than the pressure measurements made with the Virginia Tech instrumented 

retaining wall. The reason for the difference is not known. 

7.3 Boundary Conditions in the Instrumented Retaining Wall Tests 

Because both the TRRL and the Virginia Tech test facilities are of 

limited extend, it is recognized that the boundary conditions at the 
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walls may influence the test results. As the backfill compresses due to 

self-weight, shear stresses are mobilized at the contact between the 

backfill and the vertical walls that contain the backfill. 

If shear stresses in the Virginia Tech test facility could be 

eliminated on the end wall and the wall opposite the instrumented wall, 

then the facility would model the 2-D case of an infinitely long 

retaining wall with an infinitely wide backfill. If shear stresses were 

eliminated on the instrumented wall, the end wall, and the far wall, 

then the facility would model a 1-D case. Both experimental and 

analytic studies were performed to assess the significance of changes in 

the boundary conditions on the measured pressures and forces. 

7.3.1 Experimental Study of Boundary Conditions 

To study the influence of boundary conditions on the test results, 

some of the walls were lubricated in some of the instrumented retaining 

wall tests, as listed in Table 3.1. To lubricate the walls, a sheet of 

6-mil polyethylene was taped in placed on the wall to be lubricated. A 

thin layer of wheel bearing grease was applied to the polyethylene 

sheet, which was then covered with a second polyethylene sheet. This 

method was used for the tests with lubricated walls prior to test EP 12. 

For test EP 12 and subsequent tests, the end wall and the far wall were 

always lubricated, and the first sheet of polyethylene was replaced by a 

sheet of formica glued to the concrete, to facilitated the lubricating 

procedure. 
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Tests EP 6 through EP 12 were performed to study the influence of 

both changes in water content of the Yatesville silty sand and changes 

in boundary conditions of the test facility on the forces measured by 

the instrumented wall panels. The results are shown in Figure 7.3. The 

forces were measured at the end of backfilling on panels 2 and 3, which 

are the center two panels of the instrumented wall. The results show 

that both horizontal and vertical forces tend to increase with 

increasing backfill water content. The measurements for the test in 

which three walls were lubricated (EP 10) show that the lubricating 

procedure reduced the vertical shear force to a value near zero. 

The data in Figure 7.3 also shows that there is very little 

difference between the forces on the instrumented wall for tests in 

which no walls were lubricated and tests in which the end wall and far 

wall were lubricated. This indicates that the end wall and far wall are 

far enough from the center two panels of the instrumented wall that the 

existence of shear forces at these locations does not significantly 

influence the measurements. On the other hand, the measured horizontal 

force on the instrumented wall for the test in which all three walls 

were lubricated is about 26 percent higher than the force on the trend 

line at the same water content for the tests with zero and two walls 

lubricated. 

7.3.2 Finite Element Study of Boundary Conditions 

An analytic study of the effect of the boundary conditions on the 

forces applied by the backfill to the instrumented wall was made using a 
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2-D, plane strain finite element representation of the backfill and 

wal). 

The analysis was performed to model the average conditions of 

instrumented retaining wall tests EP 8, EP 9, and EP 12. As indicated 

in Table 3.1, these tests have the following characteristics in common: 

Yatesville silty sand was used as backfill, the water content during 

compaction was about 12.3 percent, the backfill was compacted in 6-inch 

lifts with the vibrating plate compactor, the compacted dry unit weight 

was about 111] pcf, and the end wall and the far wall were both 

lubricated. 

The properties used to model the backfill soil were determined 

from the laboratory tests described in Appendix A. The unconsolidated- 

undrained triaxial compression test results indicate that the stress- 

strain relationship for the compacted Yatesville silty sand is 

approximately linear for strains up to 6 to 8 percent. This suggests 

that, for the case of backfilling without wall movement, a simple 

elastic analysis could be used. Interpolating from the results in Table 

A.3, the average value of Young’s modulus for the density and water 

content conditions of tests EP 8, EP 9, and EP 12 is about 350 psi. 

The value of Poisson’s ratio, v, was determined from 

  

ye (7.1) 

where the total stress initial reloading slope, k,’, is determined from 

Eqn 6.28, with the value of the parameter A assumed to be one half. In 
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order to evaluate the other parameters in Eqn 6.28, it is necessary to 

know the value of the effective stress friction angle, and this was 

determined from Figure A.9 to be 35 degrees. The value of Poisson’s 

ratio determined in this manner was 0.21. 

Bi-linear interface elements (Goodman et al. 1968) were used to 

model the contact between the backfill and concrete surfaces. The 

backfill-concrete interface properties were evaluated from the interface 

shear test results described in Appendix A. For analyses in which 

lubricated walls were to be modelled, the interface shear stiffnesses of 

the appropriate elements were set to a very low value. 

The mesh used for the analyses is shown in Figure 7.4. The 

instrumented wall is shown on the right side. The mesh in the backfill 

area is refined near the boundaries, and interface elements are provided 

at all contacts between backfill and concrete. The concrete floor and 

far wall were modelled as non-deflecting. The instrumented wall in the 

real facility is supported by load cells, and these were modelled as 

linear elastic springs in the finite element analyses. The spring 

stiffnesses were calculated using the measured loads and deflections of 

the instrumented wall during the tests. In the finite element analyses, 

the lateral and vertical forces applied by the backfill to the 

instrumented wall are equal to the forces in the springs. 

The analyses were made using the program SOILSTRUCT (Clough and 

Duncan, 1969, and Filz et al. 1990). The analyses proceeded in a series 

of loading steps, with a single step being used to model each backfill 

lift. The loads from backfill placement during each step were 
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divided into eight substeps. These procedures effectively prevented 

overshoot in the bi-linear interface elements. 

Because the vibrating plate compactor was used to compact the 

backfill in tests EP 8, EP 9, and EP 12, compaction-induced lateral 

earth pressures are not a very important factor in the results. 

Nevertheless, a simple approach was taken to include consideration of 

the compaction-induced pressures in the analyses. The program EPCOMPAC, 

described in Chapter 6, was used to compute the compaction- induced 

lateral pressures for the average conditions of tests EP 8, EP 9, and EP 

12. The computed lateral pressures adjacent to the wall were 1.22 times 

the overburden pressure at the center of the first lift. The 

compaction-induced earth pressures for deeper lifts were negligible. In 

the finite element analyses, the effect of compaction-induced pressures 

was modelled by using a k, value of 1.22 to compute the initial 

horizontal stress in each lift of backfill as it was being placed. The 

corresponding lateral force (i.e., the product 1.22 times the overburden 

stress at the center of the lift times the lift thickness) was applied 

to the instrumented wall as part of the load step. The increase in 

horizontal stress due to placement of overlying lifts occurs due to the 

Poisson effect, and this was calculated in the usual way as part of the 

finite element method. 

To study the influence of changes in boundary conditions, three 

finite element analyses were performed. First, an analysis was 

performed using a lubricated far wall condition. This matches the 

boundary conditions for tests EP 8, EP 9, and EP 12. Thus, the results 
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from the first analysis could be compared with the experimental data to 

determine if the analysis procedures and material properties were 

reasonable. Next, analyses were performed with a) both the far wall and 

the instrumented wall lubricated and b) with no walls lubricated. The 

results of these analyses could be compared on a percentage basis with 

the results of the first analysis to see if the finite element results 

show the same trends as the experimental data in Figure 7.3. 

The computed horizontal and vertical forces on the instrumented 

wall from the first analysis are shown as a function of backfill height 

in Figure 7.5. The experimental data from tests EP 8, EP 9, and EP 12 

are also shown on the figure. It can be seen that the analysis results 

are in good agreement with the measured forces. There is some scatter 

in the measured values, and the forces from the finite element analyses 

seem to be in best agreement with the results from test EP 8. The 

overall closeness of agreement suggests that the methods and material 

properties used in the analyses provide a reasonable model of the actual 

conditions. It should be noted that the material properties were 

obtained from laboratory tests and the theory developed in Chapter 6, 

not from back-analyses. 

Using the results of the first analysis as a base, the percentage 

change in the horizontal and vertical forces due to changes in boundary 

conditions can be calculated using the other two finite element 

analyses. The results are listed in Table 7.1. A similar evaluation 

using the experiments can be made from the data in Figure 7.3, and these 

results are also listed in Table 7.1. 

MEASURED AND CALCULATED LATERAL PRESSURES 164



21 
dj 

pue 
‘6 

di 
‘8 

dd 
S3S@1 

LLeM 
SuLureqey 

paquewnsysuy 

 
 
 
 

 
 

 
 

         

W
O
U
 

SJUdWAaUNSeaW 
BDU04 

puke 
Sz[NSay 

SLSALeuY 
J
U
a
W
a
|
 J 

oyLUL4 
UBeMJog 

UOSLUedWO) 
:G°/ 

auNnBL4 

W/SG! 
‘JOMO4 

YVIHS 
IWOILYSA 

W/Sq) 
‘JONO4 

W
L
N
O
Z
I
N
O
H
 

OOOl 
008 

009 
OOr 

00Z 
0 

OOOL 
008 

009 
OOr 

002 
0 

O
 

I 
T 

| 
T 

I 
T 

| 
T 

T 
T
 

q 
| 

q 
{ 

' 
{ 

T 
@
)
 

Lr 
- 

siskjDUyY 
W344 

—
—
 

4+ 
D}0G 

$91 
Zi 

dq 
VY 

bp}0q 
189] 

6 
dd 

a 
or 

Fr = 
s«épyOG 

3S9L 
B 

dq 
O 

1 ¢ 
puabeaq 

x ©
 

Cor 
— 

7 
¢ 

~ cas 
—
 

i
 

b
r
 

— 
41 

Tr 
m G) 
T
 

G
F
 

- 
4
G
 

HF oO OD 
QF 

' 
Vv 

| 
9 

Ww 
WZ 

Le 
- 

- 
4
 

Q
 

| 
i 

| 
i 

_
_
|
 

| 
l 

1 
4 

| 
i 

| 
i 

| 
it 

| 
i 

Q
 

  
    

 
 

  
 
 

165 MEASURED AND CALCULATED LATERAL PRESSURES



Effect of Wall Lubrication on Measured Forces 

  

  

  

  

    

TABLE 7.1: 

Horizontal Force Vertical Shear Force 
(percent) {) (percent) (1) 

Lubricated Walls | Experiments (2) FEA(3) Experiments (2) FEA(S) 

None 100 99 100 98 

Far Wall 4) 100 100 100 100 

Instrumented and 
Far Walls(4) 126 115 5 0           
  

Notes: 1) In each instance, the forces are expressed as a percentage of 

2) 

3) 

4) 

the force for the corresponding case of the far wall being 

lubricated. 

The experimental forces are obtained from the data in Figure 

7.3, evaluated at a water content of 11.8 percent. The force 

for the cases of no walls and the far wall being lubricated 

are obtained from the trend line shown on the figure. 

FEA = Finite Element Analyses. 

For the experimental results, the end wall is also lubricated 

in these cases. For the finite element calculations, the 

representation is 2-D and there is no end wall. 
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Both the analyses and the experiments show that there is very 

little change in the forces on the instrumented wall due to lubrication 

of the far wall. This indicates that the results of tests performed 

without far wall lubrication can be interpreted without consideration of 

the shear forces that develop on the far wall. On the other hand, when 

the instrumented wall, the far wall, and the end wall are all 

lubricated, the horizontal forces increase, as determined by both the 

analyses and the experiments. The finite element results showed an 

increase of 15 percent, and the experiments showed an increase of 26 

percent. The experimental increase of 26 percent is based on just one 

test, EP 10. Since some scatter is expected in experimental data, and 

since the water content of test EP 10 is near an abrupt change in slope 

of the horizontal force curve in Figure 7.3, the experimental values may 

not be accurate enough to determine the effect of wall lubrication with 

high precision. An increase of 15 percent, as determined from the 

finite element analyses, may be a reasonable estimate of the effect of 

instrumented wall lubrication on horizontal forces. This amount of 

change in earth pressures due to wall lubrication probably only applies 

to conditions of very light compaction, like that achieved with the 

vibrating plate compactor. For compactors with larger contact forces 

and higher associated compaction-induced lateral pressures, a smaller 

percentage increase in horizontal forces due to instrumented wal] 

lubrication would be expected. 
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7.4 Comparison Between Measurements and Theory for Sands 

Sand backfill was used for instrumented retaining wall tests EP 15 

and EP 16 and for the model wall test of Carder et al. (1977). The 

measurements from these three tests comprise the best data available for 

evaluating compaction-induced earth pressure theories for sands. 

The backfill placement and compaction conditions for these tests 

are summarized in Table 7.2. The Light Castle sand used in tests EP 15 

and EP 16 was compacted dry. The Bramshill sand used in Carder’s test 

was compacted moist. Since the Bramshill sand is a clean, medium- 

grained sand, the apparent negative pore pressures in the moist 

compacted sand probably do not significantly influence lateral earth 

pressures. Consequently, all three tests can be analyzed using the 

effective stress theory developed in Chapter 6 without taking pore 

pressures into account. 

The dynamic compactor forces listed in Table 7.2 for tests EP 15 

and EP 16 were obtained from the force measurements described in Chapter 

5. The total compactor force listed in Table 7.2 for the walk-behind 

vibratory roller compactor used by Carder, et. al. (1977) is the sum of 

the compactor weight and the dynamic force, both as provided by the 

compactor manufacturer. The ratio between the total vibratory roller 

compactor force and the compactor weight is 3.2. This is in the range 

of force ratios recommended by Seed and Duncan (1983) for estimating the 

total contact force for vibratory rollers. Consequently, the force 

listed for Carder’s compactor is probably a reasonable estimate. How- 
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TABLE 7.2: Data for Calculating Compaction Induced Earth Pressures - 
Sandy Soil Test Cases 

  

  

  

  

  

  

  

  

  

  

  

          

EP 15(1) EP 16(1) Carder, et al., 1977 

Soil Type Light Castle sand Light Castle sand Bramshil] sand 

Soil Moist Unit Weight 106 pcf 105 pcef 125 pef 

Compaction Water Content 0.0% 0.0% 10.5% 

Effective Stress Friction Angle 42° 42° 38.7° 

Effective Stress Cohesion 0 0 0 

Intercept 

B BW90S, Wacker BS6OY, Wacker BPU2440A, omeg ew 
Compactor Type . . Wa 1k-Behind 

Rammer Vibrating Plate . 
Vibratory Roller 

Compactor Width 10.6 in 15 in 36 in 

Compactor Length 7 in 15 in 0 in 

Distance from Edge of Compactor ; ; . 
1 in 1 in 6 in 

to Wall 

Total Compactor Force 4780 lbs(2) 1310 Ibs(2) 4530 Ibs(3) 

Lift Thickness 6 in 6 in 6 in   
  

Notes: 1) Soil property values for these instrumented retaining wall tests are obtained from the 

laboratory test results described in Appendix A. 

2) This is the total dynamic contact force from the measurements described in Chapter 5. 

3) This is the sum of the static plus the dynamic load on a single wheel, both as reported 

by the compactor manufacturer. 
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ever, it is only an estimate, and should not be considered as reliable 

as the measured contact forces for tests EP 15 and EP 16. 

The compaction-induced earth pressure theory described in Chapter 

6 was used to calculate lateral pressures for tests EP 15 and EP 16 

using the parameter values in Table 7.2. The calculated pressures are 

shown on Figure 7.6 along with the measured pressures. Two calculated 

pressure distributions are shown for each test: one in which the slope 

of the passive failure line, k,,,, in the compaction-induced earth 

pressure theory equals the Rankine passive pressure coefficient, k,, and 

another in which the slope of the passive failure line equals the 

reciprocal of the at-rest pressure coefficient, 1/k,. Carder et al. 

(1977) suggested that k,,, should be equal to 1/ky for unloading, and, 

when this value is used, the calculated lateral pressures from the 

compaction-induced earth pressure theory are in good agreement with the 

measured pressures. 

7.5 Comparison Between Measurements and Theory for Silty and Clayey 
Soils 

Yatesville silty sand was used as backfill for most of the 

instrumented retaining wall tests. Compactor force measurements were 

made during compaction of the Yatesville silty sand in tests EP 12 

through EP 14. Since the compactor force is known for these three 

tests, they were selected for the comparisons between measurements and 

theory described in this section. In addition, the results from the 

test of Carder et al. (1980) are analyzed. Carder’s 1980 test used 

Iver silty clay backfill compacted with a static roller. The 
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measurements from these four tests comprise the best data available for 

evaluating compaction-induced earth pressure theories for silty and 

clayey soils. 

The backfill placement and compaction conditions for these four 

tests are summarized in Table 7.3. The backfill was in a moist 

condition for all four tests. The final degree of saturation after 

compaction was about 65 percent for tests EP 12 and EP 14 and about 85 

percent for test EP 13 and Carder’s test. The Yatesville silty sand 

contains about 47 percent non-plastic fines, and the Iver silty clay 

contains about 80 percent plastic fines. Both materials are moisture 

sensitive, and significant positive or negative pore water pressures may 

be expected under the conditions involved in these tests. 

One way to assess the impact of the pore pressures on compaction- 

induced lateral earth pressures is to analyze these four tests using the 

compaction-induced earth pressure theory without accounting for pore 

water pressures, i.e., Uy = 0 and B = 0, and to compare the calculated 

pressures with the measured pressures. The results of such a comparison 

are shown in Figure 7.7. It can be seen that the pressures calculated 

in this way are in fair agreement with the measured pressures for tests 

EP 12 and EP 14, in which the degree of saturation of the backfill was 

about 65 percent. The agreement is not as good for test EP 13 and 

Carder’s test, in which the degree of saturation of the backfill was 

about 85 percent. This suggests that relatively dry backfill behaves as 

if the pore water pressures are not very important with regard to 
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TABLE 7.3: Data for Calculating Compaction Induced Earth 
Silty and Clayey Soil Test Cases 

Pressures - 

  

EP 12(1) EP 13(1) Ep 14(1) 
Carder, et al., 

  

  

  

  

  

  

  

  

Intercept 

1980 

Soil Type Yatesville Yatesville Yatesville Iver silty clay 

° ¥P silty sand silty sand silty sand 

Soil Moist Unit Weight 124 pcf 135 pcf 131 pcf 125 pcf 

Compaction Water Content 12.3% 12.7% 10.1% 18.5% 

Degree of Saturation 65% 87% 67% 85% 

ffecti t ° ° Effective Stress 34.5° 37.3 37.0° 37 
Friction Angle 

Effective Stress 5 0 0 9 

Cohesion Intercept 

Total Stress Friction 277° 284° 32.9° 13° 

Angle 

Total Stress Cohesio 
" 150 psf 315 psf 390 psf 520 psf 

  

Compactor Type 
Wacker BPU2440A, Wacker BS60Y, Wacker BS6OY, 

Static Roller 

  

  

  

Compactor to Wall 

Vibrating Plate Rammer Rammer 

Compactor Width 15 in 10.6 in 10.6 in 16 in 

Compactor Length 15 in 7 in 7 in 0 in 

Distance from Edge of Lin Lin 1 in 4 in 

  

Total Compactor Force 1210 Ibs (2) 5040 Ibs (2) 7330 Ibs(2) 2475 Ibs(3) 

  

Lift Thickness     6 in   6 in   6 in 5 in     
  

Notes: 1) Soil property values for these instrumented retaining wall tests are obtained from the 

laboratory test results described in Appendix A. 

2) This is the total dynamic contact force from the measurements described in Chapter 5. 

3) This is the static load on the wheel that operated closest to the wall. 
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compaction-induced lateral stresses; however, more tests on other 

materials would be needed to confirm this. 

For the wetter materials, pressures calculated using the 

compaction-induced earth pressure theory without pore pressures tend to 

underestimate the measured pressures. This is particularly noticeable 

for the deepest portions of the fill in test EP 13. Thus, the 

comparisons shown in Figure 7.7 indicate that, at least for relatively 

wet materials, pore pressures appear to influence compaction- induced 

lateral earth pressures. 

In Chapter 6, the compaction-induced earth pressure theory was 

extended to include materials with significant pore water pressures. It 

is known that the pore pressure parameters A and B are not constant, but 

instead depend on the state of stress and stress history of a soil, as 

well as its density and water content. Nevertheless, the extended 

theory was based on the simplifying assumption that these parameters are 

constant for all stress levels and stress paths. Using this assumption, 

Eqns 6.20 and 6.21 can be used to express uy and B in terms of the total 

and effective stress strength parameters, ¢, c, $’, and c’, and the pore 

pressure parameter A. 

As discussed in Chapter 6, if the value of the pore pressure 

parameter A is one-half, then the contributions of changes in major and 

minor principal stress to changes in pore pressure are the same. 

Without any test data to determine the value of A, it was taken to be 

one-half for the calculations that follow. 
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Values of uy and B were computed using Eqns 6.20 and 6.21, 

together with the strength parameter values listed in Table 7.3, and the 

assumption that A equals one-half. The total stress strength parameter 

values in Table 7.3 are from unconsolidated-undrained compression tests 

performed at confining pressures of 0, 2, and 4 psi. These confining 

pressures are representative of those that existed in the backfill after 

compaction, but, for backfill compacted with the rammer compactor, 

higher pressures existed during compaction. 

Values of u, and B determined in this way were used in the 

extended compaction-induced earth pressure theory to calculate the 

lateral pressures shown in Figure 7.8. Except for test EP 12, it can be 

seen that the agreement between measured and calculated pressures is not 

good. These results suggest that including non-linearity of pore 

pressure response is important and should not be neglected for 

calculating compaction-induced earth pressures. 

Two possibilities present themselves for accommodating non- 

linearity of pore pressure response. One is to develop a non-linear 

theory and a corresponding method to measure parameters that would 

represent the non-linear response. The other possibility is to 

approximate the non-linear response as being linear over limited stress 

ranges. 

To determine whether there is any chance of success for the second 

possibility, an attempt was made to find values of u, and B that, when 

used with the extended compaction-induced earth pressure theory, would 

yield pressures in good agreement with the measure pressures for the 
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four tests analyzed in this section. The results of the attempt are 

shown in Figure 7.9. The figure shows that values of uy and B can be 

found to give good agreement between calculated and measured pressures. 

The values of u, and B that were used to obtain the calculated 

compaction-induced lateral earth pressures shown in Figures 7.8 and 7.9 

are listed in Table 7.4. A comparison of the values indicates that 

agreement between measured and calculated pressures is generally 

achieved when higher values of uy, and B are used than those determined 

from undrained strength tests performed using low confining pressures. 

This trend is most evident for tests EP 13 and EP 14, which were 

compacted with the rammer compactor. An exception is that a better fit 

was achieved for Carder’s data when a lower value of B was used. The 

values of confining pressure applied in Carder’s laboratory tests are 

not reported. 

One possible reason that higher values of up and B gave a better 

fit for tests EP 13 and EP 14 is that the pore pressure of a soil, and 

its B value, both tend to increase with increasing confining pressure. 

The laboratory specimens were tested at low confining pressures, which 

were not representative of the pressures in the rammer compacted 

backfill, especially during compaction. 

The results in Figure 7.9 suggest that it may be possible to use 

constant values of the pore pressure parameters A and B to analyze 

compaction-induced lateral pressures. The difficulty is to find a 

suitable means to determine the appropriate values of A and B for a 

particular backfill type, water content, and compactor. One possibility 
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would be to use the extended compaction-induced earth pressure theory 

developed in Chapter 6 in combination with k, oedometer testing to find 

the appropriate values. This could be done by testing an undisturbed 

specimen of the compacted backfill, or a specimen compacted in the 

laboratory to field density and water content, in a ky oedometer. The 

extended compaction-induced earth pressure theory predicts that the 

initial loading stress path would be as shown in Figure 7.10. If the 

value of ky is known (from laboratory tests or correlations) and the 

value of A can be estimated, then the value of B can be computed from 

the slope Ak,’ in Figure 7.10 using Eqn 6.25. Similarly, the value of 

U, can be computed from the following equation: 

ky + BA(1 - ky) 
Ug = ky -1 Oy .0 (7.2) 

where o,, = the intersection of the Ak,’ line with the vertical total 

stress axis, as shown in Figure 7.10. 

Evaluating u, and B for moist soils using this method may be a 

fruitful area for further research. 

7.6 A Case History: Eisenhower and Snell Locks 

The Eisenhower and Snell Locks are located on the Saint Lawrence 

Seaway near Massena, NY. The locks were constructed between 1955 and 

1958 to provide passage around the Saint Lawrence Power Project. The 

lock chambers are 80 feet wide and 860 feet long. The lock walls are 

unreinforced concrete monoliths founded on the dolomite rock that is 

also the floor of the lock chambers. The locks are about 110 feet high 
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and 63 feet wide at the base. A typical lock wall cross-section is 

shown in Figure 7.11. The backfill behind the lock walls is compacted 

glacial till. 

As shown in Figure 7.11, the lock walls contain interior culverts 

for filling and emptying the chambers and for supplying the lower pool. 

During a 1967 inspection of the locks, continuous cracks were observed 

at the landward-ceiling corner of the filling and emptying culverts in 

both walls of both locks. It was subsequently determined that the 

cracks extended through the monoliths to the back faces of the walls. 

To assure continued ability to operate the locks, the lock walls were 

rehabilitated by installing post-tensioned anchors across the cracks of 

all four walls during the period from 1967 to 1969. A typical anchor is 

shown in Figure 7.11. 

A recent study by the US Army Corps of Engineers (Mosher et al. 

1991) was undertaken to assess the current structural integrity of the 

lock walls. As part of the work, the cause of the cracks in the lock 

walls was studied. It was concluded that the cracks occurred because 

the walls had been subjected to higher lateral loads than were 

anticipated during design. One unanticipated source of load was that 

the actual groundwater level in the backfill was about 20 feet higher 

than had been assumed during design. However, the Corps’ study 

demonstrated that this factor alone could not have been responsible for 

the cracks. The other contributing factor was that higher than 

anticipated lateral earth loads were developed during compaction of the 

backfill with a large rubber-tired roller. 

MEASURED AND CALCULATED LATERAL PRESSURES 183



  

  

  

  

        
  

      

    

anna 7 1 / 1 rsa, 
. S9 “ott 

EL 234.00 en N\ 
ee . EARTH oe 

° oe EL. 222.00 

33° ‘ 4. \ 

ANCHORS AT AVERAGE 

SPACING OF 7'~4" ON CENTER 

LOCKWALL FACE 

CRACK 

FILUNG & 
EMPTYING | - . 
CULVERT .» \ 

. £L.165.50 
. . . 
e 

. . 

. NN. 

Lf a’. LOWER POOL Sf: Jt 
; SUPPLY CULVERT Je 

‘ °- ©? . @ 

° . ° * . 7d EL 143% 
SSSI. 

  
Figure 7.11: Typical Lock Wall Section for Eisenhower and Snel] Locks 
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To investigate the magnitude of the lateral stresses in the 

backfill, a series of pressuremeter tests and hydrofracture tests were 

performed at both locks (Schmertmann, 1986). The tests were performed 

to depths as great as 60 feet, in boreholes located in the backfill 

directly over the heel of the wall. Schmertmann’s interpretations of 

the test results for Snell Lock are shown on Figure 7.12. The tests at 

Snell lock were performed after the tests at Eisenhower Lock, and 

Schmertmann concluded that the tests at Snell Lock were of better 

quality. For reference, the at-rest pressure distribution computed 

using a ky value of 0.37 (determined from drained triaxial k, tests by 

Christiansen, 1985) is also shown. The groundwater level in the 

backfill at the time of the testing was about 30 feet below the ground 

surface. It can be seen that the measured in-situ lateral stresses are 

much higher than at-rest k, stresses. 

The compaction-induced earth pressure theory developed in Chapter 

6 was used to calculate in-situ lateral pressures in the lock wall 

backfill. The parameter values necessary for the analyses are listed in 

Table 7.5. Only effective stress parameters are available for the 

backfill, and the calculations were made using the effective stress 

theory without consideration of pore pressure effects. The results 

presented previously in Figure 7.8 demonstrated that this approach can 

yield reasonable pressures for silty soils with degrees of saturation in 

the neighborhood of 65 percent. Records of the water content during 

compaction of the backfill for Eisenhower and Snell Locks are not 

available, but information from an investigation of the backfill 
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Figure 7.12: In-Situ Lateral Earth Pressure Measurements at Snell Locks 
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TABLE 7.5: Data for Calculating Compaction Induced Earth Pressures at 
Eisenhower and Snell Locks 

  

Soil Type 

Glacial till consisting of sand, gravel, 
cobbles, and boulders with some silt and 
clay. The 3-inch minus portion 
typically classifies as SM.) 
  

Soil Moist Unit Weight 149 pcf(2) 
  

Effective Stress Friction 
Angle 

40 degrees!) 

  

Effective Stress Cohesion 
Intercept 

1500 psf) 

  

Effective Stress Coefficient 
of Lateral Earth Pressure 

at-Rest 
0.3701) 

  

Compactor Type 
Rubber-tired roller with four closely 
spaced wheels on a single axle. 2) 
  

Total Compactor Load 
Minimum load 25,000 pounds per wheel. 
Maximum load 50,000 pounds per wheel. (2) 
  

Compactor Tire Pressure 
80 to 100 psi for 25,000 pound wheel 
load. 100 to 150 psi for 50,000 pound 
wheel load. (2) 
  

Lift Thickness   15-inch maximum loose lift thickness. (2) 
For the analyses, an average compacted 
lift thickness of 12 inches is assumed. 
  

Notes: 1) These values are from tests performed by Empire Soils 

Investigations, Inc., (Christiansen, 1985). 

2) These values are from the construction specifications for 

Eisenhower and Snell Locks. 
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(Christiansen, 1985) suggests that the degree of saturation was about 75 

percent in 1985. It may have been lower during compaction. 

Stresses were calculated beneath the center of the roller to 

determine the free-field stresses due to compaction, rather than the 

stresses against the wall. The lock wall was far enough from the 

locations at which the pressuremeter tests and hydrofracture tests were 

made that the wall did not significantly influence the compaction- 

induced lateral earth pressures at the test locations. After computing 

the compaction-induced lateral stresses with EPCOMPAC, the stresses 

below depth 30 feet were adjusted to account for a rise in the ground 

water level to depth 30 feet. This adjustment resulted in reduced 

effective lateral stresses and increased total lateral stresses below 

the water table. 

The total lateral stresses computed in this way are shown in 

Figure 7.13, together with the measured values. Calculated pressure 

distributions are shown for both the lightest and the heaviest 

compactors specified for the job. The calculated pressures for the 

lightest compactor underestimate the measured pressures. The calculated 

pressures for the heaviest compactor are in reasonable agreement with 

the measured pressures. It should be noted that Schmertmann’s (1986) 

interpretations of the pressuremeter test results were made to yield the 

highest in-situ lateral pressures consistent with the data. This was 

done to achieve agreement between the pressuremeter test results and the 

hydrofracture test results. Another interpretation of the pressuremeter 
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test results might have produced measured pressures in even better 

agreement with the calculated pressures. 

7.7 Summary 

The measurements obtained from the Virginia Tech instrumented 

retaining wall facility are considered to be highly reliable because 

both load cells and pressure cells were used. The benefit of using both 

load cells and pressure cells is that the data are redundant, and 

therefore more reliable. The same technique was used by Carder et al. 

(1977) and Carder, et., al., (1980) in the TRRL model retaining wall. 

The measurements from the Virginia Tech instrumented retaining wal] 

exhibit less scatter than those from the TRRL wall. 

The test results showed that lateral pressures on the instrumented 

wall were higher when backfill was compacted with the rammer compactor 

than when it was compacted with the vibrating plate compactor. This is 

in agreement with calculations made using the compaction-induced earth 

pressure theory, because the peak contact force for the rammer compactor 

is higher than for the vibrating plate compactor. The results of tests 

performed using Light Castle sand as backfill are interesting because 

both compactors were equally effective in densifying the sand, yet the 

rammer compactor produced much higher horizontal pressures on the wall. 

A study of the effects of various boundary conditions was 

performed to assess the influence of shear stresses between the backfill 

and the facility walls on the horizontal and vertical forces on the 

instrumented wall. Both experiments and analyses were performed to 
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evaluate the effects of changes in the boundary conditions. In the 

experiments, two polyethylene sheets with a layer of grease between them 

were used to reduce the shear stresses on the walls to very low levels. 

In the finite element analyses, the contacts between the backfill and 

the walls were modelled with interface elements whose properties were 

chosen to model either lubricated or non-lubricated wall conditions. 

The measured horizontal and vertical forces were in good agreement with 

the values from the finite element analyses. Both the experiments and 

the analyses showed very little influence of far wall lubrication on the 

measured forces. Both the experiments and the analyses showed an 

increase in horizontal force on the instrumented retaining wall when the 

instrumented wall was lubricated. From these studies, the estimated 

increase in horizontal force due to lubrication of the instrumented wal] 

is 15 percent for Yatesville silty sand backfill compacted with the 

vibrating plate compactor. Smaller percentage increases are expected 

for backfill compacted with compactors that have higher contact forces. 

Comparisons were made between the compaction-induced earth 

pressure theory developed in Chapter 6 and the measurements from three 

tests in which sand was used as backfill. These tests are the two 

instrumented retaining wall tests in which Light Castle sand was used, 

and the test of Carder et al. (1977), in which Bramshill sand was used. 

Good agreement between the theory and the measurements was obtained when 

the slope of the limiting pressure line, k;,, was set equal to the 

reciprocal of the at-rest lateral pressure coefficient, 1/kg. 
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Theoretical predictions of compaction-induced lateral earth 

pressures are more difficult for silty and clayey soils that develop 

significant pore pressures during backfill placement and compaction. 

Three instrumented retaining wall tests performed with Yatesville silty 

sand backfill, and the test of Carder et al. (1980), which was performed 

with Iver silty clay backfill, were analyzed in the following ways using 

the theory developed in Chapter 6: 

I) 

2) 

3) 

When the calculations were performed without consideration of 
pore pressure effects, the agreement between theory and 
measurements was fairly good for two tests in which the degree 
of saturation of the compacted backfill was about 65 percent. 
When analyzed this way, the agreement was less good for two 
tests in which the degree of saturation of the compacted 
backfill was about 85 percent. For the cases analyzed, the 
data show that increased degrees of saturation and increased 
pore pressure effects generally tend to result in increased 
lateral pressures. 

Analyses were performed using the extended compaction- induced 
earth pressure theory developed in Chapter 6, with values of Uy 
and B obtained from the results of unconsolidated-undrained 
triaxial compression tests performed using low confining 
pressures. The agreement between theory and measurements was 
generally poor. The extended compaction-induced earth pressure 
theory is based on the simplifying assumption that the pore 
pressure parameters A and B can be approximated as constants. 
The lack of agreement between this theory and the measurements 
indicates that the parameters A and B cannot be approximated as 
constants for the stress state range that includes the unloaded 
soil, the soil loaded by the compactor, and the soil loaded to 
failure in unconsolidated-undrained tests. 

Analyses were also performed using the extended compaction- 
induced earth pressure theory developed in Chapter 6, with 
values of Uy and B selected to provide a good fit between 
theory and measurements. The purpose of this exercise was to 
see if any constant values of the parameters A and B could be 
found to give agreement between theory and measurements. 
Values were found that gave good agreement between theory and 
measurements. This suggests that, if an appropriate means to 
evaluate the pore pressure parameters can be found, the 
extended compaction-induced earth pressure theory developed in 
Chapter 6 may be suitable for silty and clayey soils. Use of 
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ky oedometer tests in conjunction with concepts from the 
extended compaction-induced earth pressure theory may afford an 
effective means of addressing this problem. Further research 
would be necessary to evaluate this technique. 

The cases of Eisenhower and Snell Locks, which are located on the 

Saint Lawrence Seaway, demonstrate the importance of compaction- induced 

lateral earth pressures on the performance of earth retaining 

structures. The lock walls are monolithic concrete gravity structures, 

110 feet tall, with internal culverts. Backfill behind the walls is 

glacial till that was compacted with a heavy pneumatic roller. The 

compaction process induced high lateral earth pressures that caused the 

lock walls to crack. The cracked lock walls were subsequently repaired 

by installing post-tensioned anchors across the cracks. 

As part of a study by the US Army Corps of Engineers to assess the 

integrity of the lock walls, pressuremeter and hydrofracture tests were 

made to measure the in-situ lateral pressure in the backfill. The 

availability of this data provided an opportunity to compare the 

measured lateral earth pressures with pressures calculated using the 

compaction-induced earth pressure theory. The theoretical pressures 

were calculated without considering pore pressure effects, and the 

results were found to agree well with the measured pressures. 
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CHAPTER 8 - VERTICAL SHEAR FORCES ON WALLS 

8.1 Introduction 

In conventional design of rigid retaining walls, it is assumed 

that there are no vertical shear stresses on the back side of the wall. 

Parameter studies performed by Ebeling et al. (1988), Ebeling et al. 

(1989), and Regalado et al. (1992), using the finite element method, 

have shown that there are vertical shear stresses on such walls. The 

shear stresses result from compression of the backfill under self- 

weight, which causes relative displacement at the wall-backfill 

interface and partial or full mobilization of the available shear 

strength at the contact. The resulting vertical force is beneficial. 

It tends to counteract the overturning moment from the lateral earth 

force. 

In this chapter, a theory for calculating vertical shear forces on 

walls is developed, the parameter studies of Ebeling et al. (1988), 

Ebeling et al. (1989), and Regalado et al. (1992) are reviewed, and 

vertical shear force measurements from the instrumented retaining wal] 

tests are presented and discussed. 

8.2 Theory 

Lateral earth pressures for design of retaining walls are 

ordinarily calculated using the conventional Rankine, Coulomb, or log- 

spiral theories for active or passive conditions, or Jaky’s (1948) 
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empirical relationship for the at-rest condition. For cohesionless 

soils, the lateral earth pressure is given by 

oO, = k,yz (8.1) 

where o, = the lateral earth pressure on the wall at depth z, psf, 

k, = the lateral earth pressure coefficient, 

y = the soil unit weight, pcf, and 

z = the depth below the ground surface, feet. 

According to the conventional theories, the value of the lateral 

earth pressure coefficient is constant with depth for homogenous soil, 

so the pressure distribution is triangular. Integrating Eqn 8.1 to 

obtain the lateral force yields: 

] 
Fh = 9 kn rH? (8.2) 

the applied horizontal force, lbs/ft, and where F, 

H = the wall height, feet. 

As discussed in Chapters 6 and 7, if compaction-induced lateral 

earth pressures are considered, the variation of lateral pressure with 

depth is not linear, and, consequently, the value of the lateral earth 

pressure coefficient, k,, is not constant. In such cases, there is 

utility in defining a lateral earth force coefficient, K,, as follows: 

H 

0 

2F 
K, = — (8.4) 

7H 
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The values of K, from Eqn 8.4 will, in general, be a function of 

the wall height. The benefit of computing K, in such cases is to 

provide a normalized indication of the effect of compaction- induced 

lateral stresses. If values of K, can be estimated from theory or 

experience, then the lateral force can be calculated using K, in the 

following equation, in the same manner that k, was used in Eqn 8.2: 

Fy = > Kur? (8.5) 

The vertical shear force, F,, applied by backfill to a wall is the 

integrated shear stress, 7, at the wall-backfill contact: 

H 

Fy = [7 dh (8.6) 
0 

Rather than computing shear stress distributions for use in Eqn 

8.6, it is customary to compute vertical shear forces for walls with 

cohesionless backfill by means of the following equation, which is 

analogous to Eqn 8.5: 

Fy = > K He (8.7) 

where F the applied vertical shear force, lbs/ft, 
Vv 

K, = the vertical shear force coefficient. 

For active and passive conditions, the value of the vertical shear 

force coefficient, K,, can be related to earth pressures calculated 

using conventional earth pressure theories based on limit equilibrium, 

e.g., the theories of Coulomb (1776) or Caquot and Kerisel] (1948). In 
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these theories, the strength of a mass of soil behind the wall is 

assumed to be fully mobilized, and the interface strength at the contact 

between the wall and the backfill is also assumed to be mobilized. 

For cohesionless soils, the shear strength of the interface, 7;, is 

proportional to the normal stress, o,;: 

Te = 0, tanéd (8.8) 

where tané =the coefficient of interface friction, and 

§ =the interface friction angle, degrees. 

For vertical walls, the lateral earth pressure on the wall, o,, is 

the same as the normal stress at the interface, o,. When the interface 

strength is fully mobilized for a wall in the active or passive 

condition, Eqns 8.3 through 8.8 imply that the value of K, is given by: 

K, = K,tané (8.9) 

There is no simple theory for calculating values of K, for the at- 

rest condition. Parameter studies using the finite element method have 

been performed by Ebeling et al. (1988), Ebeling et al. (1989), and 

Regalado et al. (1992) to evaluate the influence of several factors on 

K, values. The results of these studies will be discussed subsequently. 

The remainder of this section is devoted to developing a theory for 

calculating values of K, for the at-rest condition. 

For conventional analyses of the active and passive wall 

conditions, the interface strength is fully mobilized and K, is 

proportional to K,, as indicated in Eqn 8.9. For the at-rest condition, 

on the other hand, the interface strength is not fully mobilized over 
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the full length of the backfill-wall contact, and K, is not proportional 

to K,. The reason for the difference is that relative movement between 

the backfill and the wall is necessary to mobilize shear stress at the 

interface. 

For the at-rest case, the relative movement that occurs due to 

backfill compression does not mobilize the same percentage of the 

available interface strength for all wall heights. For high walls, the 

backfill compression and relative displacement at the interface are 

larger than for low walls, so a larger percentage of the available 

interface strength is mobilized. Thus, although Eqn 8.7 indicates that 

the shear force should be proportional to the square of the wall height, 

it seems likely that the shear force will vary in proportion to a higher 

power of the wall height than two. Consideration of the backfill 

compressibility and the degree of mobilization of the interface strength 

is the basis for the new vertical shear force theory described in the 

following paragraphs. 

The 1-D backfill compressibility, m,, is defined as 

mn => (8.10) 

the vertical strain in 1-D compression, and = =
 

© <s
 

© m " 

p, = the vertical pressure, psf. 

For many soils, the strain versus logarithm of pressure 

relationship is linear over a significant range of pressures. Linearity 

implies that the compressibility of an element of backfill soil is 

inversely proportional to its depth within the backfill: 
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C, 

ve 2.37Z 
  m (8.11a) 

where C, = the compression index, i.e., the slope of the strain versus 
logarithm of pressure plot. 

The soil compressibility can also be expressed as a constant value 

for a given wall height using Eqn 8.11(a) evaluated at the average 

pressure during backfilling: 

m, = (8.11b)   

The vertical shear force theory presented here was developed using 

both compressibility assumptions, as expressed in Eqns 8.11(a) and 

8.11(b). The final vertical shear force is the same with either 

assumption, though some of the intermediate results, such as the 

deformation distribution and the shear stress distribution, are slightly 

different. 

The geometry for developing the relationships is shown in the 

definition sketch in Figure 8.1, where the wall height and final 

backfill depth is H, the elevation at which the settlement and shear 

stresses are being calculated is h, the current elevation of the top of 

the backfill is y, and the depth below the current backfill surface is 

z. To begin, the rate at which strain develops in response to backfill 

placement is given by 

oy cp apt (8.12) 
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The rate at which the free-field settlement, S, occurs in response 

to backfill placement is obtained by integrating Eqn 8.12 over the depth 

from the level of interest to the bottom of the fill: 

m = m7 dz (8.13) 

y-h 

The relationship in Eqn 8.13 will be used to track the development 

of shear stresses at a particular elevation on the wall as filling 

proceeds. Eqn 8.13 can also be integrated to give the total free-field 

settlement at any elevation, h, within the backfill due to placement of 

the overlying backfill: 

H 

as 
S = [5 dy (8.14) 

h 

Evaluating Eqn 8.14 using the two expressions for compressibility 

in Eqns 8.11(a) and 8.11(b) yields the following corresponding 

expressions for the total free-field settlement at elevation h: 

  

C, 

S = > 3H h(H - h) (8.15b) 

According to both Eqns 8.15(a) and 8.15(b), the settlement is zero 

at the top and bottom of the fill, and the settlement is maximum at mid- 

height. Settlements computed using Eqn 8.15(a), in which 

compressibility is inversely proportional to pressure throughout the 
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backfill, are larger than those computed using Eqn 8.15(b), in which 

compressibility is assumed to be constant for a given wall height. 

In addition to the backfill settlement distribution, the wal1- 

backfill interface behavior is important in determining the magnitude of 

shear stresses on the wall. A simple model, which is shown in Figure 

8.2, was used to approximate the interface behavior. The shear strength 

is assumed to be proportional to the normal stress, as indicated in Eqn 

8.8. For interface shear stresses below the shear strength, the shear 

stress is assumed to be proportional to the relative displacement, A, 

between backfill and wall. When the shear stress equals the shear 

strength, the interface is assumed to be perfectly plastic. 

Accordingly, the initial interface shear stiffness, k,,, is given by 

  Kivi = 3, 7.07 AD (8.16) 

where Aj,, = the relative displacement at which failure occurs for an 
interface loaded in shear under constant normal stress, 
ft. 

It is important to note that A,,, is used to define the shear 

stiffness, not the failure state of the interface. Failure is defined 

by the shear strength, 7;, given by Eqn 8.8. The distinction is 

illustrated in Figure 8.3, which shows the effect of arriving at the 

same failure stress state by two different stress paths. In Figure 

8.3(a), the normal stress is first increased along the path 0 to A 

without applying any shear stress, and then the interface is loaded to 

failure in shear along the path A to B without changing the normal 

stress. This stress path is similar to a conventional direct shear or 
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interface shear test. In this case, no shear displacement occurs during 

application of the normal load, and the displacement at failure is equal 

to Aj,,. In Figure 8.3(b), the normal stress is first increased from 0 

to A without applying any shear stress, and no shear displacement 

occurs. Next, the shear stress is increased from A to B while holding 

the normal stress constant, and shear displacement occurs according to 

the shear stiffness given by Eqn 8.16 for the current normal stress. 

Then the normal stress is increased again, this time from B to C while 

holding the shear stress constant. In the model, no shear displacement 

occurs during this increase in normal stress because there has been no 

change in shear stress. Finally, the shear stress is increased along 

the path from C to D while holding the normal stress constant. The 

shear displacement again occurs according to the shear stiffness for the 

current normal stress. As shown in Figure 8.3(b), the total 

displacement required to fully mobilize the shear strength at this 

normal stress level exceeds Aj,,. This situation occurs because 

substantial displacement accumulated without mobilizing much shear 

stress while the normal stress was at a low level. 

At all locations on the backfill-wall interface, both the 

interface normal stress and the interface shear stress increase 

monotonically as the backfill thickness increases. Consequently, there 

is no need to include unloading or reloading behavior in the interface 

model. 

The interface behavior is related to displacements at the 

backfill-wall interface, but the settlement and settlement rate given by 

VERTICAL SHEAR FORCES 205



Eqns 8.13 through 8.15 are for the free field. Settlements in the free 

field are larger than displacements at the wall. In this theory, it is 

assumed that the ratio between displacement at the wall and settlement 

in the free field is constant for a given soil and interface: 

=r (8.17) 

{
>
 

ft 

where r= is the displacement ratio, with a value less than unity. 

The value of r depends on the backfill stiffnesses and the 

interface strength and stiffness. The value of r also depends on the 

wall height since the extent of interface failure increases with 

increasing wall height and increases in the extent of interface failure 

tend to increase the value of r. Nevertheless, the value of r is 

assumed to be independent of the wall height in order to keep the theory 

reasonably simple. The approximation that r is constant may be most 

applicable before extensive interface failure occurs. Eqns 8.16 and 

8.17 can be combined to yield the following equation for the rate at 

which the interface shear stress changes in response to free-field 

settlement: 

> = 7 (8.18) 

Closed form expressions for the vertical shear stress distribution 

and the vertical shear force magnitude can be obtained from the 

preceding equations if the lateral earth pressure distribution is simple 

and if the wall height is below the critical height at which interface 
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failure begins to occur. In other situations, the equations can be 

evaluated numerically. 

The vertical shear stress distribution is obtained by integration, 

using Eqns 8.13 and 8.18 as follows: 

H H 

OT oT aS 

ms Fe d |55 ay oY 
h h 

H 

o,r tand y - |=— | fmy dz| dy (8.19) 
Alim hh 

Eqn 8.19 can be evaluated using the two expressions for 

compressibility in Eqns 8.1l(a) and 8.1](b). If the value of k, is 

constant and the wall height is below the critical height, the following 

closed form expressions for the vertical shear stress corresponding to 

the compressibilities in Eqns 8.11(a) and 8.11(b) are obtained: 

  

ryk,C.tand [1,2 hH h2 
T = A. > 1OSioll - hHlog, 9H + 2(2.3) + 5 1Oioht 

h° (H_- h)? 
- 22.3) 7 10g; 9(H - h) (8.20a) 

ryk,C.tand, > 3 
T= 3H. ChH" - 2h°H + h°) (8.20b) 

The shear stress from Eqn 8.20(a) is slightly larger than that 

from Eqn 8.20(b) above the mid-height of the backfill, and slightly 
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smaller below the mid-height. The critical wall height, H.., at which 

the strength of the interface first becomes fully mobilized at any 

location is obtained from Eqns 8.8 and 8.20. When Eqn 8.20(a) is used, 

the value of H., can be found numerically. When Eqn 8.20(b) is used, 

the following closed form expression for H,, is obtained: 

— 4(2.3)Arin 
on rC, (8.21) 

The total vertical shear force is obtained by integrating the 

shear stress from Eqn 8.19 over the wall height, as indicated in Eqn 

8.6. The integration can be completed in closed form if k, is constant 

and if the wall height is below the critical height. In this case, the 

same result is obtained, whether the compressibility is given by either 

Eqn 8.11(a) or Eqn 8.11(b): 

ryk,C,tandé 443 

Fy= 2.3A,,, 12 (8.22) 

Eqn 8.22 indicates that the vertical shear force is proportional 

to the wall height cubed, rather than squared as suggested by Eqn 8.7, 

for walls below the critical height when compaction-induced lateral 

pressures are not considered. Nevertheless, Eqn 8.7 can still be used 

to compute vertical shear forces in a manner consistent with Eqn 8.22 if 

it is considered that the value of the vertical shear force coefficient, 

K,, iS proportional to the wall height, as follows: 

rk,C,tand 
K, = 6(2.3)h,, " (8.23) 
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For the general case, in which k, is not constant and/or failure 

occurs along a portion of the wall-backfill interface, the shear stress, 

Eqn 8.19, and the shear force, Eqn 8.6, can be evaluated numerically. 

To illustrate the type of results obtained using this theory, 

example calculations were performed using the compressibility 

formulation in Eqn 8.11(b) and the parameter values listed in Table 8.1. 

The values are hypothetical, but realistic, values for a compacted 

backfill soil. The values of y, C,, and A,,, are typical of the measured 

values for the Yatesville silty sand, as described in Appendix A. The 

value of ky listed in Table 8.1 is obtained from Jaky’s equation using a 

value of the effective stress internal friction angle, ¢’, of 40 

degrees. The value of 6 in Table 8.1 corresponds to a 6/¢’ ratio of 

0.75, which is in the range of values measured for the Yatesville silty 

sand. The value of r in Table 8.1 is estimated from the results of the 

finite element analysis described in Chapter 7. 

Calculations were first performed using a constant value of k, 

equal to the value of ky in Table 8.1, thus ignoring the effect of 

compaction-induced lateral earth pressures. The calculations were 

performed for wall heights of 5 and 12 feet. According to Eqn 8.21, the 

critical wall height is 9.2 feet for the parameter values listed in 

Table 8.1. Thus, interface failure does not develop for the 5-foot high 

wall, but interface failure does develop over a portion of the wall- 

backfill contact for the 12-foot high wall. The distributions of 

interface displacement, normal stress, and vertical shear stress on the 

two walls are shown in Figure 8.4. The displacement distributions from 
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Shear 

  

  

  

  

  

TABLE 8.1: Parameter Values for Example Calculations of Vertical 
Forces 

Parameter Value 

Moist unit weight, y 125 pcf 

At-rest lateral earth pressure coefficient, k, 0.36 

Compression Index, C, 0.5% 

Interface Friction Angle, 6 30 degrees 
  

Interface displacement at shear failure under 
constant normal stress, Aji, 

0.015 inches 

  

Ratio between the interface displacement and 
the free-field backfill settlement at the same 

elevation, r     0.25     
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Eqn 8.15(b) are parabolic, and the normal stress distributions are 

linear because compaction-induced lateral stresses are not included. 

For the 5-foot high wall, the shear stress distribution is cubic, as 

indicated in Eqn 8.20(b). For the 12-foot high wall, the portion of the 

interface between points A and B has failed, and the shear stress is 

proportional to the normal stress in this region. For very high walls, 

the shear stress distribution would be proportional to the normal stress 

over almost the entire wall height. 

The total shear force is obtained by integrating the shear stress 

distributions over the height of the wall. For the 5-foot high wall in 

Figure 8.4, the total shear force is 120 pounds per foot. For the 12- 

foot high wall, the total shear force is 1430 pounds per foot. 

One effect of backfill compaction behind a rigid wall is to 

increase lateral pressures above the at-rest pressures. The compaction- 

induced pressures, in turn, have an effect on the vertical shear 

Stresses. The results of calculations performed with increased lateral 

pressures representative of those induced by compaction are shown in 

Figure 8.5. The parameter values listed in Table 8.1 were again used in 

the calculations. In this case, however, the higher lateral earth 

pressures shown in Figures 8.5(b) and 8.5(e) were used in the 

calculations. The vertical shear stress distributions shown were 

obtained by numerically integrating Eqn 8.19. In Figure 8.5(f), the 

interface has failed between points A and B, and the shear stress is 

proportional to the normal stress in this region. Because of the higher 

lateral stresses, the vertical shear stresses in Figure 8.5 are higher 
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than those in Figure 8.4. For the 5-foot high wall in Figure 8.5, the 

total shear force is 330 pounds per foot. For the 12-foot high wall, 

the total shear force is 1740 pounds per foot. 

Experience in applying the method and evaluating the parameters 

needs to be developed before this theory could be used in design 

applications. In particular, there is at present no simple method for 

evaluating the parameter, r. Nevertheless, the theory does provide a 

basis for understanding the influence of wall height, compaction- induced 

lateral pressures, backfill compressibility, and interface behavior on 

the vertical shear forces that backfills apply to rigid walls. 

Conceptually, it is useful to group the factors that influence 

vertical shear forces into those that influence lateral pressures and 

those that influence the degree of interface shear strength 

mobilization. The contribution of the two groups can be expressed in 

dimensionless form using the earth force coefficients in Eqns 8.5 and 

8.7. First, the mobilized interface strength can be characterized by 

the tangent of the mobilized angle of wall friction, tané,,, which is 

equal to the ratio of F, to F,: 

Fy tandnop = = (8.24) 
h 

The value of tané,,, cannot exceed the value of tané. From Eqns 

8.5, 8.7, and 8.24, 

K, = K,tané,o. (8.25) 
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In Eqn 8.25, the value of K, includes the effects of factors that 

influence lateral pressures, and the value of tané,,, includes the 

effects of factors that influence the degree of interface strength 

mobilization. For instance, compaction increases the value of K,, and 

increasing wall height and increasing backfill compressibility increase 

backfill settlement and, therefore, the value of tané,,.. 

The effects of wall height and compaction on vertical shear forces 

are shown in Figure 8.6, in the terms of Eqn 8.25, for the conditions of 

the example calculations presented previously in this section. Without 

considering the effects of compaction, the value of K, is constant and 

equal to the value of ky in Table 8.1; the value of tané,,, increases 

with increasing wall height due to increasing backfill settlement; and 

the value of K, is proportional to the value of tané,, as indicated by 

Eqn 8.25 when K, is constant. 

Figure 8.6(c) shows that, up to a wall height of 9.2 feet, the 

value of K, is proportional to H, in accordance with Eqn 8.23. As the 

wall height continues to increase, the value of K, asymptotically 

approaches the value of k,tané, which in this case is 0.21, as more and 

more of the wall-backfill interface reaches a failure condition. 

The situation when compaction-induced lateral pressures are 

considered is shown in Figures 8.6(d) through 8.6(f). In this case, the 

value of K, is not constant but, instead, decreases with increasing wal] 

height due to the limited depth of influence of the compaction- induced 

lateral earth pressures. The value of tané,, still increases with 

increasing wall height, but the value of K, is almost constant, being 
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the product of a decreasing function, K,, and an increasing function, 

tané,,,- Thus, compaction-induced lateral earth pressures can create a 

situation in which a constant value of K, can be used in Eqn 8.7 to 

compute vertical shear force magnitudes over a wide range of wal] 

heights. 

The results presented in Figure 8.6 indicate that, for rigid walls 

with vertical back faces and cohesionless backfill, the value of K, 

approaches the value of k,tané as the wall height increases. This 

follows from Eqn 8.25 because 1) the value of K, approaches the value of 

ky, as the wall height increases due to the limited depth of influence of 

compaction-induced lateral pressures and 2) the value of tané,) 

approaches the value of tané as the wall height increases due to 

increasing backfill settlement. Thus, the ultimate value of K, for high 

rigid walls founded on rock, K, 434, is kgtand. K, 43, can be evaluated in 

terms of the effective stress internal friction angle, ¢’, using Jaky’s 

expression for k, and assuming that the 6/¢’ ratio is 0.75: 

Ky uit = (1 - sing’)tan(0.75¢’) (8.26) 

Values of K, ,,, determined using Eqn 8.26 are listed in Table 8.2 

for a range of ¢’ values. The results indicate that, for cohesionless 

soils, the value of K, 3, is about 0.2. Accordingly, a reasonable value 

of K, for use in Eqn 8.7 is 0.2 for all walls that: 1) are rigid 

(typically, concrete gravity walls founded on rock); 2) are high (the 

results in Figure 8.6 suggest that walls higher than about 20 feet would 
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TABLE 8.2: Values of K, V4 

  

  

  

  

  

      

Effective Stress 
Angle of Internal Friction 

(degrees) Ky ult 

25 0.20 

30 0.21 

35 0.21 

40 0.21 

45 0.20   
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satisfy this criterion); 3) are backfilled with cohesionless soil; and 

4) have vertical back faces in contact with the backfill. 

8.3 Factors That Influence Values of K, 

The analyses in the preceding section demonstrated that wall 

height, compaction-induced lateral pressures, backfill compressibility, 

and interface behavior all influence the value of the vertical shear 

force coefficient, K,. Other factors that influence the value of K, 

have been studied by Ebeling et al. (1988), Ebeling et al. (1989), and 

Regalado et al. (1992) using the finite element method. The purpose of 

these finite element studies was to evaluate the stresses applied to 

retaining walls, and compare the results with those of conventional 

analysis procedures, which rely on limit equilibrium methods. During 

the course of the work, the existence and importance of vertical shear 

forces on walls were identified, and values of K, were calculated for a 

number of different wall configurations, foundation types, and backfill 

types. 

8.3.1 Walls on Rock Foundations 

Ebeling et al. (1988) and Ebeling et al. (1989) studied gravity 

walls on rock foundations. In the analyses, the backfill loads were 

applied in an incremental fashion to simulate the placement of backfill 

in lifts behind a real wall. The lateral loads applied by the backfill 

cause the wall to rotate, increasing contact pressures on the base of 

the wall at the toe and reducing them at the heel. For certain 

geometries and loads, the heel of the wall can separate from the rock 
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foundation. One challenge in modelling this process with finite 

elements is to accommodate tensile failure of interface elements between 

the wall and foundation without retaining excess stresses in the failed 

elements. Ebeling et al. (1988) developed the alpha method, in which 

the loads are applied in appropriately sized steps, to address this 

"overshoot" problem. The method was successful in achieving static 

equilibrium between interface element stresses and externally applied 

loads. 

The wall configurations studied by Ebeling et al. (1988) and 

Ebeling et al. (1989) are shown in Figure 8.7. In every case, the wall 

is 40 feet high, 16 feet wide at the base, and is founded on a stiff 

rock foundation. The internal fiction angle of the backfill and the 

interface friction angle for the wall-backfill contact were both held 

constant at 39 and 31 degrees, respectively, for all the analyses. The 

constant parameter values are summarized in Table 8.3. The following 

parameter values were varied in the analyses: the value of Poisons ratio 

for the backfill, the backfill unit weight, the backfill stiffness, the 

interface stiffness, the presence or absence of a toe fill, the width of 

the wall at the top, whether the back of the wall was sloped or stepped, 

and water levels behind and in front of the wall. In addition, one 

analysis was performed with the wall completely restrained from 

movement. The parameter values were varied in a systematic way so that 

the independent influence of each parameter was disclosed. The values 

of the varied parameters for each analysis, and the resulting K, values, 

are listed in Tables 8.4 (a) and (b). 
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TABLE 8.3: Constant Parameter Values for the Finite Element Analyses of 
Walls on Rock Foundations (after Ebeling et al. 1988, and 
Ebeling et al. 1989) 

  

  

  

  

  

  

  

  

  

      

Parameter Value 

Internal friction angle of backfill, ¢’ 39 degrees 

Young’s modulus exponent of backfill, n{) 0.4 

Failure ratio of backfill, R,{2) 0.7 

Interface friction angle at wall-backfill contact, 6 31 degrees 

Unit weight of concrete, 7, 150 pcf 

Modulus of elasticity of concrete, E, 3 x 106 psi 

Poisson’s ratio of concrete, vy, 0.2 

Modulus of elasticity of rock, E, 3 x 10° psi 

Poisson’s ratio of rock, vy, 0.2 
  

Note: 1) These parameters are used in the hyperbolic stress-strain 

formulation of Duncan and Chang (1970). 
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The K, values are computed on a vertical plane above the wall 

heel. For all the analyses except run 30, the back sides of the walls 

are sloped or stepped, so that the vertical plane above the heel is 

within the backfill soil, not at the contact between the wall and the 

soil. For run 30, the back side of the wall is vertical and the K, 

value therefore reflects the forces at the wall-backfill contact. This 

geometry is consistent with that considered in the simple theory 

described previously, and the K, value of 0.21 for run 30 is the same as 

that derived earlier using the simple theory. 

Comparing the results for runs 31, 17, and 30 demonstrates the 

influence of a wedge of flexible soil over the wall heel on the value of 

K As the width of the wedge of flexible soil increases, the value of ye 

K, decreases from 0.21, for no wedge of soil, to 0.09, for a large wedge 

of soil. The influence of the flexible wedge of soil is to reduce shear 

stresses on the vertical plane where K, is calculated. 

Another important factor influencing K, values is the backfill 

stiffness, as indicated by the results of runs 20, 17, 21, 22, 23, and 

24. As the backfill stiffness increases, the value of K, for a wall 

with a sloped back side decreases from 0.14 to 0.03. The highest values 

of backfill stiffness used in these cases are higher than the 

stiffnesses of real backfill materials. Over a realistic range of 

stiffnesses, the value of K, ranges from about 0.14 to 0.12, for the 

condition analyzed. The reason that increasing stiffness results in a 

decreasing K, value is that the stiffer soil is less compressible and 

tané,,, is smaller. 
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Increasing the value of Poisons ratio, which might be anticipated 

to have an effect similar to the effect of increasing the soil 

stiffness, in fact does not cause a significant change in K, values, as 

indicated by the results of runs 13, 14, and 15. The reason for this 

outcome is that increasing Poisons ratio causes two compensating effects 

on vertical shear loads: 1) the compressibility decreases so that 

tan$,,, decreases, and 2) the lateral stresses increase so that K, 

increases. 

Comparing the results of runs 17 and 25 shows that a large 

decrease in the wall-backfill interface stiffness causes a decrease in 

the K, value from 0.14 to 0.09, for the condition analyzed. In the 

limit, the K, value for a wall with a completely lubricated, vertical 

back side would be zero. 

The results in Table 8.4 show that another variable that has an 

appreciable effect on K, values is whether the back of the wall is 

stepped or planar. The results of runs 31 and 32 show that the K, value 

increases from 0.09 to 0.12 when the back of the wall has 9 steps. The 

reason for the difference is that the stepped back side provides more 

firm support for the wedge of soil between the wall and the vertical 

plane above the wall heel. 

The other results in Table 8.4 show that K, values are not 

significantly influence by the unit weight of the backfill, the wall- 

rock interface stiffness, the presence of a toe fill, water levels 

behind and in front of the wall, or compete restraint of the wall. It 

should be noted that the potential influence of some of these variables 
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on K, values may be dampened due to the existence of the wedge of soil 

between the wall and the vertical plane above the wall heel in the base 

case. 

8.3.2 Walls on Soil Foundations 

Regalado et al. (1992) studied gravity walls and cantilevered 

walls on soil foundations. As part of this work, the alpha method 

developed by Ebeling et al. (1988) for interface elements was extended 

to include 2-D soil elements. The method was shown to yield good 

agreement with limit equilibrium calculations for walls in the full 

active condition. 

The wall configurations studied by Regalado et al. (1992) are 

shown in Figure 8.8. In every case, the wall studied was 30 feet high 

and was founded on a 30-foot thick soil foundation. The base case, to 

which the other analyses can be compared, was a concrete gravity wall, 

18 feet wide at the base, 9 feet wide at the top, and with a sloped back 

side. In the base case, the foundation and backfill soils were both 

dense sands, and there was no toe fill. The following parameter values. 

were varied in the analyses: the shear stiffness of the interface 

between the wall and the foundation, the foundation soil type, the 

backfill soil type, the width of the base, the water level in the 

foundation, steps in the back side of gravity walls, and stem position 

in cantilevered walls. The constant parameter values, and values of the 

parameters that were varied, are listed in Tables 8.5 and 8.6. The K, 
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TABLE 8.5: Parameter Values for Analysis of Gravity Walls on Soil 
Foundations (after Regalado et al. 1992) 

Constant Parameters 

Geometric 

-H=D,=30f 

-B/B = Ratio of width of top of wall to 
width of base of wall = 0.5 

Material 

-K ae Normal stiffness of wall-base interface 

elements = 5.18 x 10° pet 
- (= Unit weight of concrete = 150 pet 

- E,= Modulus of elasticity of concrete 

= 4.3x 10° pef 
- U.= Poisson's ratio of concrete = 0.20 

Base int. El. F'n Backfill Fd'n 
Run No. Kg(pef) 0, 0 RC 
    

BFBC 1.64x10° 75 75 . 
BFIA (110x10) 75 75 . 
BFIB) = (2.20x10) 75 75 . 
BF2A «150x100 (50) 75 . 
BF2B =61.80x10 (100) 75 
BF2C, 164x108 75 75 - 

BFRA «1.64x10 75 = (25) . 
BF3B  1.64x10 75 (50) - 
BF3C 1.64x10 75 (100) - 
BF3D (164x100 75 75 - 
BF4AA =: 1.64x10 75 75 - 
BF4B 164x108 75 75 . 

BFAC = -11.64x10 = 75 75 . 
BF5A 1.42x 10 75 (100) 
BF5B 4 11.42x1h ~~ «- 75 (95) 
BF5C 1.54 x16 - 75 — (100) 
BF50 1.30 x 16 : 75 (95) 
BF6A 164x100 75 - “ 
BF6B 164x106 75 - . 
BF6C 164x180 75 - - 
BF6D 164x10 75 - 

Variable Parameters 

Geometric 

-B = Base width of wall 

- h y= Height of toe fill 

Materia! 

- K, = Shear stiffness of wall-base interface elements 

elements 

-D, = Relative density for cohesioniess backfill/ 
foundation soils 

- RC, w% = Relative Compaction and Water 

comtern for cohesive backfillfoundation soils 

Backfill 

RC BR) Oh, (ft) Comments 

- 18 0 Base Case 

: 18 0 Low K, 
: 18 0 High Kg 
- 18 0 Medium Dense Sand Foundation 

18 0 Very Dense Sand Foundation 
18 0 Water Table at ground level 

18 0 Loose Sand Backfill 

. 18 0 Medium Dense Sand Backfill 

- 18 O Very Dense Sand Backfill 

18 (9) With Toe Fill 

. (15) 0 BH=05 
(21) O BH=07 

(24) 0 BH=08 
: 18 0 SM-SC Foundation, 2% dry of opt. 

: 18 O SM-SC Foundation, 2% wet of opt. 
- 18 O CL Foundation, 2% dry of opt. 

: 18 QO CL Foundation, 1% wet of opt. 

(100) 18 O SM-SC Backfill, 2% dry of opt. 

(95) 18 0 SM-SC Backfill, 2% wet of opt. 
(100) 18 O CL Backfill, 2% dry of opt. 

(95) 18 QO CL Backfill, 1% wet of opt. 

Note : Values in () indicate a value other than the base case value 

Hyperbolic parameters/properties used for soils 

USC Class. RC w (%) D, (%) K 

SW, SP : - 100 600 
Sw, SP . . 75 450 
SW, SP : - 50 300 
SW, SP - : 25 200 

SMSC 100 2% dryofopt - 700 
SM-SC 95 2%wetofopt - 150 
CL 106 2% dryofom - 700 
CL 102. 1% wetofopt - 150 

VERTICAL SHEAR FORCES 

n Ky m o Ky 1s (pef) Py 

04 175 0.2 42° 0.33 145 0.70 
04 125 02 39° 037 140 0.70 
04 75 O2 36 041 135 0.70 
04 SO 02 33 046 130 0.70 

04 300 02 33° 46 130 0.80 
08 100 08 33 46 125 0.65 
01 350 0.0 30° 50 1150.70 
05 20 #00 30 50 110 0.60 
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TABLE 8.6: Parameter Values for Analysis of Cantilevered and Stepped 
Back Walls on Soil Foundations (after Regalado et al. 1992) 

Constant Parameters Variable Parameters 

Geometric Geometric 

- H = Overall height of the wall = 30 feet - B' = Length of toe projection (Cantilever Wa!is only) 

- B/H = Ratio of width of base of wall to - n= Number of ‘steps* on wall face 
the height of wall = 0.6 (Stepped-face walls only) 

-t = Ratio of the thickness of the base 

siab to the height of the wall = 0.1 

(cantilever walls only) 

- JH = Ratio of the thickness of the wall stem 

to the height of the wall = 0.1 

(cantilever walls only) 

Material 

-K i Normal stiffness of wall-base interface 

elements = 5.18 x 10° pef 

“Ke Shear stiffness of wall- base interface 

elements = 5.18 x 10° pef 

- (= Unit weight of concrete = 150 pct 

- E,= Modulus of Slasticity of concrete 

= 43x 10° pef 

- Y= Poisson's ratio of concrete = 0.20 

- 0, = Relative density for cohesionless backfill/ 
foundation soils = 75 % 

Run No. B'(ft) n, Comments 

BF7A 0 : Cantilever Wall; B'/B = 0.00 

BF7B 3 - Cantilever Wall; B8'/B = 0.17 

BF7C 6 - Cantilever Wall; B'/B = 0.33 

BF7D 9 : Cantilever Wall; B'/B = 0.50 
12 
15 

    

BF7E : Cantilever Wall; B'/B = 0.67 

BF7F Cantilever Wall; B'/B = 0.83 

BF8A 2 Stepped-face Wall; n, = 2 
BF8B 5 Stepped-face Wall; n, = 5 

BFec 10 Stepped-face Wall; n, = 10 
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values from the analyses are listed in Table 8.7 for gravity walls and 

Table 8.8 for cantilevered walls. 

The K, value from the base case, run BFBC, in Table 8.7 was 0.07. 

The base case was similar in most respects to run 13 of Ebeling et al. 

(1988), except that the wall height was 30 feet and the foundation was 

soil in run BFBC, whereas the wall height was 40 feet and the foundation 

was rock in run 13. The K, value from run 13 was 0.14. Based on the 

theoretical results in Figure 8.6, it is expected that the K, value for 

a 30-foot high wall on rock would not be much less than the value for a 

40-foot high wall. Thus, the effect of a soil foundation was to 

decrease the K, value by about half for the case of a gravity wall with 

a sloped back side. The presence of a soil foundation permits 

significant settlement of the wall during backfilling. Wall settlement 

is related to differential movement between the backfill] and the wall 

and, consequently, influences the development of shear stresses above 

the wall heel. 

Comparisons within the group of analyses performed for walls on 

soil foundations indicate that the most important of the parameters 

studied are the backfill type and the number of steps in the back side 

of gravity walls. When the backfill was a relatively compressible silty 

or clayey soil, the K, values range from 0.16 to 0.22, compared to the 

value of 0.07 obtained for the base case of a dense sand backfill. The 

higher compressibility of the backfill, with higher associated tané,,, 

values was the main cause of the increased K, values. However, for the 

wet clayey backfill soil, which produced the highest K, value, 0.22, the 
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TABLE 8.7: Finite Element Analyses of Gravity Walls on Soil Foundations 
(after Regalado et al. 1992) 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Run Variation from Base Case Ky 

BFBC None 0.07 

BF1A Low interface shear stiffness between wall and foundation 0.06 

BF1B High interface shear stiffness between wal] and foundation 0.05 

BF2A Medium dense sand foundation 0.08 

BF2B Very dense sand foundation 0.08 

BF2C Ground water level at the ground surface Unstable 

BF3A Loose sand backfi11 0.05 

BF3B Medium dense sand backfill] 0.07 

BF3C Very dense sand backfil] 0.04 

BF3D With a dense sand toe fill, Htoe = 9 feet 0.10 

BF4A Narrow base, B = 15 feet Unstable 

BF4B Wide base, B = 21 feet 0.07 

BF4c Very wide base, B = 24 feet 0.15 

BF5A SM-SC foundation soil, 2% dry of optimum 0.09 

BF5B SM-SC foundation soil, 2% wet of optimum 0.08 

BF5C CL foundation soil, 2% dry of optimum 0.09 

BF5D CL foundation soil, 1% wet of optimum 0.10 

BF6A SM-SC backfill soil, 2% dry of optimum 0.16 

BF6B SM-SC backfill soil, 2% wet of optimum 0.16 

BF6C CL backfill soil, 2% dry of optimum 0.18 

BF6D CL backfill soil, 1% wet of optimum 0.22 

BF8A Stepped back face, ng = 2 0.20 

BF8B Stepped back face, ng = 5 0.13 

BF8C Stepped back face, ng = 10 0.10       
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TABLE 8.8: Finite Element Analyses of Cantilevered Walls on Soil 
Foundations (after Regalado et al. 1992) 

  

  

  

  

  

  

  

Run Variation from Base Case Ky 

BF7A Cantilever Wall, B’ = 0 ft 0.06 

BF7B Cantilever Wall, B’ = 3 ft 0.10 

BF7C Cantilever Wall, B’ = 6 ft 0.09 

BF7D Cantilever Wall, B’ = 9 ft 0.10 

BF7E Cantilever Wall, B’ = 12 ft 0.11 

BF7F Cantilever Wall, B’ = 15 ft Unstable         
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lateral earth force coefficient, K,, was also significantly higher than 

for the dense sand backfill. These results should be taken with some 

caution since there is a question regarding the ability of the silty and 

clayey soils to maintain the shear stresses over time due to the effects 

of creep and stress relaxation. Also, experience shows clearly that 

walls backfilled with clayey soils often undergo large movements and 

suffer other problems. 

The results of runs BF8A, BF8B, and BF8C indicate that the value 

of K, increased progressively from 0.10 to 0.20 as the number of steps 

on the back side of the wall decreased from 10 to 2. The K, value of 

0.07 for the base case with the sloped back side was consistent with 

this progression. As mentioned previously for the analyses of walls on 

rock foundations, the reason for the increase was that the stepped back 

side provided more firm support for the wedge of soil between the wall 

and the vertical plane above the wall heel. It is interesting that the 

value of K, approached the value of K, ,;, as the number of steps 

decreased. If the number of steps was equal to one, the back side of 

the wall would be vertical. Thus, even though foundation flexibility 

did have an important influence on K, values for walls with sloped back 

sides, it does not appear that foundation flexibility would cause a 

significant decrease in K, values for gravity walls with vertical back 

sides. One possible reason for the difference is that the backfill 

compression which is most important for developing relative displacement 

between backfill and wall, and for developing the accompanying shear 

stresses, may occur close to the back of vertical walls. Additional 
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runs using gravity walls with vertical back sides should be made to 

confirm this. 

The other results in Tables 8.7 and 8.8 show that the remaining 

factors that influence K, values were less important than the backfill 

type and the number of steps in the back side of a gravity wall. Some 

of the results showed scatter that may be related to compensating 

effects as changes in material type were modelled. For example, the 

results from runs BF3A, BF3B, and BF3C indicate that the value of K, 

increased and then decreased as the sand backfill density increased from 

a loose state through a medium dense state to a very dense state. In 

modelling increases in density, the unit weight increases, which tends 

to cause an increase in settlement. On the other hand, increasing 

density also causes an increase in stiffness, which tends to decrease 

settlements. Because these factors tend to counteract, reversals in the 

trends of the results can occur. 

8.4 Shear Force Measurements 

Vertical shear forces were measured during the instrumented 

retaining wall tests. The measured values are expressed in terms of the 

vertical shear force coefficient in Table 8.9, at the end of filling and 

approximately four days later. To facilitate understanding of the 

factors that influence the values of the measured vertical shear forces, 

the values of K, and tané,, that yield the value of K, according to Eqn 

8.25 are also listed in the table. 

VERTICAL SHEAR FORCES 235



TABLE 8.9: Earth Force Coefficient Measurements 

  

  

  

  

  

  

  

  

  

  

  

  

  

                          
  

Four Days after 

water No. of At End of Filling Filling 

Test Soil Content | Cmpctr Lubed 

Number | Type(1) (%) Type(2) | wa11s(3) Kh | tandmob| Ky Kh | tanédmob} Ky 

EP 5 YSS 9.3 Vib(5) 2 0.41 0.41 0.17 0.39 0.53 0.21 

EP §& YSS 9.7 Vib 2 0.31 0.58 0.18 0.25 0.83 0.21 

EP 7 YSS 11.1 Vib 0 0.29 0.60 0.17 0.25 0.85 0.21 

EP 8 YSS 12.1 Vib 2 0.27 0.74 0.20 0.23 1.02 0.23 

EP 9 YSS 12.5 Vib 2 0.32 0.69 0.22 0.24 0.98 0.23 

EP 10 YSs 11.8 Vib 3 0.37 0.03 0.01 0.31 0.08 0.03 

EP 11 YSS 13.5 Vib 0 0.38 0.70 0.26 0.28 0.85 0.24 

EP 12 YSs 12.3 Vib 2 0.33 0.69 0.23 0.27 0.87 0.23 

EP 13 YSS 12.7 Ram 2 1.03 0.03 0.03 0.79 0.17 0.13 

EP 14 Yss 10.1 Ram 2 0.84 0.15 0.13 0.74 0.19 0.14 

EP 15 LCS 0.0 Ram 2 0.76 0.15 0.11 0.75 0.15 0.11 

EP 16 LCS 0.0 Vib 2 0.45 0.27 0.12 0.46 0.26 0.12 

Notes: 1) YSS indicates Yatesville silty sand. LCS indicates Light Castle sand. 

2) Vib indicates the Wacker BPU2440A vibrating plate compactor. Ram indicates the Wacker 

BS60Y rammer compactor. 

3) 2 indicates that the end wall and the wall opposite from the instrumented wall] are 

lubricated. 3 indicates that the instrumented wall, the end wall, and the wall 

opposite from the instrumented wall are al] lubricated. 

4) The measurements for test EP 15 were taken 1.6 days after filling. 

5) The Bobcat loader was operated on the backfill during backfill placement in test EP 5. 
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The K, values for Yatesville silty sand compacted with the 

vibrating plate compactor are about 0.2, except for test EP 10 in which 

the instrumented wall was lubricated and the K, value was consequently 

very low. With time after filling, the K, values decreased slightly, 

probably due to relaxation of compaction induced stresses or to decrease 

in pore water pressures, and the tané,,, values increased due to 

settlement of the backfill. The result is that the K, values remained 

approximately constant, or increased slightly with time after filling. 

The details of development of the K, values during backfilling, 

and their change with time after filling, are shown in Figure 8.9 for 

tests EP 8 and 9. When the fill heights are low, the effects of 

compaction produce large K, values, and small settlements produce small 

tané,,, values. As the fill height increases, the value of K, decreases 

and the value of tané,,, increases, so that the value of K, remains 

approximately constant. The situation during filling is very similar to 

the theoretical results shown in Figures 8.6(d) through 8.6(f). With 

time after filling, the K, values decrease, the tanéd,, values increase, 

and the K, values remain approximately unchanged. 

When the rammer compactor was used on either the Yatesville silty 

sand or the Light Castle sand, the K, values were very high, the tané,,) 

values were very low, and the K, values were low. Part of the reason 

that the tané,, values were low is that the rammer compactor produced 

dense, relatively incompressible backfill. However, another reason that 

the tané,,, values were low is that the rammer compactor, with its very 

high contact force, tended to produce small bearing capacity failures in 
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the backfill, causing the soil to flow down beneath the rammer shoe and 

up in the passive zones beside the rammer shoe. In the pattern used to 

compact each lift of backfill, the last pass of the rammer was one shoe 

width away from the wall. This situation left a residual uplift stress 

on the wall in the uppermost few lifts of backfill. The development of 

the K, value in test EP 14 during backfilling, and with time after 

backfilling, is shown in Figure 8.10. The negative values of tané,,, 

and K, shown for fill heights less than 3.5 feet reflect the uplift on 

the wall induced by the rammer compactor. As the fill height increased, 

backfill compression mobilized downward shear stresses on the wall and 

the tané,,,, and K, values increased. The trend of the increase in K, 

value with increasing fill height for test EP 14 suggests that a K, 

value of 0.2 would have been developed with about 10 to 15 feet of 

backfill. 

Operation of the vibrating plate compactor on the Light Castle 

sand backfill in test EP 16 also produced uplift on the wall and low K, 

values. The dry, cohesionless Light Castle sand may have tended to flow 

up around the vibrating plate compactor base plate in a way that the 

moist Yatesville silty sand did not, thus producing a low K, value at 

the end of filling in test EP 16. 

The data in Table 8.9 show that the forces applied to the wall by 

the Light Castle were very stable with time. There was almost no 

relaxation of compaction induced stresses, and almost no creep 

settlements to increase tané,,, values. 
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8.5 Summary 

A theory was developed for calculating vertical shear forces 

applied by cohesionless backfill to rigid walls with vertical back 

sides. The theory is based on consideration of the backfill compression 

and the degree of mobilization of the interface strength between the 

wall and the backfill. Implications from the theory include the 

following: 

1) The vertical shear force, F,, increases with increasing 
backfill height, soil unit weight, lateral stress magnitude, 
soil compressibility, interface strength, and interface 
stiffness. 

2) When compaction-induced lateral stresses are not considered in 
the analysis, the value of F, is proportional to the wall 
height cubed for walls lower than a critical height. At the 
critical height, the interface strength becomes fully mobilized 
at some point along the wall-backfill contact. As the wall 
height continues to increase above the critical height, more of 
the interface reaches a failure condition, and the value of F, 
approaches proportionality with the wall height squared. 

3) When compaction-induced lateral stresses are considered, 
calculated values of the vertical shear force coefficient, K,, 
increase because of the higher lateral earth pressures. 
Because the overall effect of compaction on lateral stresses 
decreases with increasing fill height, and because settlement 
increases with increasing fill height, K, values can be almost 
constant over a significant range of wall heights in many 
cases. 

Further studies and experience are needed to determine how the new 

theory can be used in design of earth retaining walls. In its present 

stage of development, the theory provides a useful basis for 

understanding the influence of various factors on the shear force 

magnitude. The theory suggests that the development of shear forces can 

be best understood in terms of the following relationship between the 

dimensionless earth force coefficients: 
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K, = K,tané,o, (8.25) 
Vv 

In Eqn 8.25, the value of K, includes the effects of factors that 

influence lateral pressures, and the value of tané,,, includes the 

effects of factors that influence the degree of interface strength 

mobilization. For instance, compaction increases the value of K,, and 

increasing wall height and increasing backfill compressibility increase 

the value of tané,,,. Eqn 8.25 also suggests that the ultimate value of 

K, for high walls, Ky yi4, is about 0.2 for cohesionless backfill soil. 

Based on theoretical calculations, review of finite element parameter 

studies, and extrapolation of the instrumented retaining wall tests, 

this value of K, will probably develop for walls over 20 feet high that: 

1) are rigid, e.g., concrete gravity walls, 2) have vertical back sides, 

3) are founded on rock, and 4) are backfilled with cohesionless soil. 

The results of finite element parameter studies by Ebeling et al. 

(1988), Ebeling et al. (1989), and Regalado et al. (1992) were reviewed 

to assess the influence that several factors have on K, values. In 

these studies, the value of K, is computed on a vertical plane above the 

heel of the wall. Thus, K, is evaluated at the wall-backfill contact 

for walls with vertical back sides, and K, is evaluated on a plane 

within the backfill for walls with other configurations. The parametric 

studies disclosed that: 

1) For a 40-foot high gravity wall with a vertical back side, 
founded on stiff rock, and backfilled with dense, cohesionless 
soil, the value of K, is 0.21. 

2) The value of K, decreases for configurations in which the back 
side of the wall slopes away from the vertical plane above the 
heel of the wall. This configuration creates a wedge of 
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flexible soil between the back side of the wall and the 
vertical plane above the wall heel. 

3) Increasing backfill stiffness, which is accompanied by 
decreasing backfill compressibility, results in decreasing 
values of K,. 

4) Decreasing interface stiffness results in decreasing values of 
v° 

5) A stepped back side configuration results in higher K, values 
than for a sloped back side because the steps provide more firm 
support for the wedge of soil between the wall and the vertical 
plane above the wall heel. 

6) For walls with sloped back sides, a flexible foundation results 
in lower K, values than a firm foundation. However, the 
analyses suggest that foundation flexibility may not cause a 
large reduction in the value of K, for gravity walls with 
vertical back sides. Additional finite element studies could 
help to verify the latter conclusion. 

Force measurements made during the instrumented retaining wall 

tests show that: 

1) For Yatesville silty sand compacted with the vibrating plate 
compactor, the value of K, is about 0.2, both during filling 
and over a four day period following filling. During filling, 
the value of K, decreases and the value of tané,,, increases as 
the backfill height increases, and these compensating effects 
resulted in an almost constant value of K,. Similarly, after 
filling, the value of K, decreased slightly and the value of 
tané,,, increased with time, so that the value of K, remained 
approximately unchanged. 

2) For the rammer compactor operating on both the Yatesville silty 
sand and the Light Castle sand, and for the vibrating plate 
compactor operating on the Light Castle sand, operation of the 
compactors produced uplift stresses on the wall in the near 
surface lifts. This effect produced low K, values. 
Nevertheless, the value of K, increased with increasing fil] 
height in these tests, and it appears that the value of K, 
would approach 0.2 within backfill heights of 20 feet. 
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CHAPTER 9 - SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Accurate estimation of the magnitudes of earth loads on walls is 

important for designing walls that are safe against instability, 

structural failure, and excessive deformation. Conventional approaches 

for calculating earth loads do not represent the important influences of 

soil-structure interaction effects, nor do they consider the influence 

of compaction equipment. Neglecting to consider these effects has led 

to excessively conservative design of walls in some cases, and to 

inadequate performance in others. 

Seed and Duncan (1983), Ebeling et al. (1988), Ebeling et al. 

(1989), Sehn and Duncan (1990), and Regalado et al. (1992) have studied 

the influence that these factors have on loads applied by backfill to 

walls. The studies have shown that the loads depend on backfill 

behavior, wall characteristics, foundation characteristics, and the 

compaction equipment used. The research described herein continued the 

previous studies, focusing on rigid walls with vertical backs. 

The purpose of the research was to measure the influences that 

compaction, soil type, and backfill height have on earth loads on walls, 

and to compare the measured loads with those expected from analyses. 

This chapter presents a summary of the work accomplished, 

conclusions drawn from the work, and recommendations for further 

research. 
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9.1 Summary of the Work Accomplished 

The following experimental work was completed: 

1) 

2) 

3) 

A series of experiments were conducted to determine the cause 

of drift in pressure cell readings obtained using the 

instrumented retaining wall facility. 

A vibrating plate compactor and a rammer compactor were 

instrumented so that the dynamic force and energy transfer 

during compaction could be measured. Measurements were made 

during operation of each compactor on moist Yatesville silty 

sand and on dry Light Castle sand. 

Twelve tests were performed using the instrumented retaining 

wall facility: ten using moist Yatesville silty sand as 

backfill and two using dry Light Castle sand as backfill. 

Variables in the testing included the Yatesville silty sand 

water content, the number of lubricated walls in the test 

facility, and the compactor type. In all cases, the compacted 

lift thickness was 6 inches, and the total backfill height was 

6.5 feet. 

The following analytic work was completed: 

1) 

2) 

SUMMARY 

Models based on Lysmer and Richart’s (1966) analog for a 

dynamically loaded footing were developed for calculating 

dynamic compactor forces from compactor characteristics and 

soil properties. Calculated forces were compared to the 

measured forces. 

The compaction-induced lateral earth pressure theory of Seed 

and Duncan (1983) was revised so that the model would be truly 

hysteretic. In the revised theory, the stress history of a 

soil element adjacent to the wall consists of a series of 
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3) 

SUMMARY 

nested stress path loops. The revised theory includes memory 

erasure when interior stress path loops are exceeded, and when 

the stress path moves down the passive failure line. 

The revised compaction-induced theory was extended to include 

moist soils with significant fines content. The pore pressure 

response of partially saturated soil was modelled using 

Skempton’s A and B pore pressure parameters. 

Compaction-induced lateral earth pressures calculated using the 

revised and extended theory were compared to the measured 

pressures from the instrumented retaining wall tests. 

The case histories of damage to Eisenhower and Snell Locks by 

compaction-induced lateral earth pressures were analyzed using 

the revised theory, and the calculated pressures were compared 

to lateral earth pressures measured in-situ. 

A new theory for calculating vertical shear forces on rigid 

walls with vertical backs was developed. The theory is based 

on consideration of backfill compressibility and the degree of 

mobilization of the interface strength between the backfill and 

the wall. 

Parameter studies performed by Ebeling et al. (1988), Ebeling 

et al. (1989), and Regalado et al. (1992), using the finite 

element method, were reviewed in light of the implications from 

the new vertical shear force theory. 

The measured vertical shear forces from the instrumented 

retaining wall tests were evaluated in terms of the new theory 

and the results of the parameter studies. 
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9.2 Conclusions 

The conclusions drawn from this research can be grouped into four 

subject areas: instrumentation behavior, compactor performance, 

compaction-induced lateral earth pressures, and vertical shear loads on 

walls. 

1) 

2) 

3) 

SUMMARY 

The conclusions concerning instrumentation behavior are: 

The horizontal and vertical force measurements obtained with 

the instrumented retaining wall were free from scatter, 

presumably due to the relatively large contact area of 16 sq. 

ft. for each panel. The force measurements were also stable 

over time. 

The pressure cell measurements obtained with the instrumented 

retaining wall exhibited both scatter and drift. The scatter 

was probably due to local variations in backfill conditions 

that influenced the pressure cell readings because of the smal] 

size of the cells. However, there are enough pressure cells in 

the wall that the pressure distribution on the wall could still 

be discerned. The pressure cell readings decreased with time 

after backfill placement. The pressure cell drift occurred 

because of moisture migration from the backfill to the concrete 

panels in which the cells are mounted. Significant drift began 

about one day after contact with moist soil. 

During backfilling, the horizontal force obtained from the load 

cell readings agreed with the horizontal force obtained by 

integrating the pressure cell readings over the backfill 

height. With time after backfilling, the force from the 

pressure cell readings drifted below the force from the load 

cells. 
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The conclusions concerning compactor performance are: 

1) 

2) 

3) 

4) 

5) 

The measured peak dynamic forces ranged from 1030 to 1680 

pounds for the Wacker BPU2440A vibrating plate compactor used 

in this research. These forces are much less than the 

manufacturer’s rating of 5400 pounds. 

The measured peak dynamic forces ranged from 3520 to 8500 

pounds for the Wacker BS60Y rammer compactor used in this 

research. These forces are generally much higher than the 

manufacturer’s rating of 2775 pounds. 

Measured energy transfer rates were about 400 ft-lbs/sec for 

the vibrating plate compactor and about 580 ft-1lbs/sec for the 

rammer compactor. 

The measured peak contact forces increased with increasing soil 

stiffness, but the measured transferred energy was 

approximately independent of soil stiffness. 

Calculations using the models based on Lysmer and Richart’s 

(1966) analog were in good agreement with the measured contact 

forces. 

The conclusions concerning compaction-induced lateral earth 

pressures are: 

1) 

SUMMARY 

The measured lateral earth pressures from compacted Light 

Castle sand on the instrumented wall were higher than the at- 

rest pressures calculated using Jaky’s (1948) empirical 

relationship. Higher lateral pressures were measured when the 

rammer compactor was used to compact the backfill than when the 

vibrating plate compactor was used. 
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2) For the dry Light Castle sand, lateral earth pressures 

calculated using the revised compaction-induced earth pressure 

theory were in good agreement with the measured pressures. 

3) For the moist Yatesville silty sand, the measured lateral earth 

pressures at the instrumented wall were higher when the rammer 

compactor was used to compact the backfill than when the 

vibrating plate compactor was used. 

4) For the moist Yatesville silty sand, lateral earth pressures 

calculated using the revised compaction-induced lateral earth 

pressure theory without considering pore pressure effects were 

in fairly good agreement with the measured pressures for two 

tests in which the degree of saturation of the backfill was 

about 65 percent. 

For two tests in which the degree of saturation of the backfill 

was about 85 percent, better agreement could be obtained using 

the extended compaction-induced earth pressure theory. 

However, the values of the pore pressure parameters that gave 

the best agreement between theory and measurements were not the 

same as the values of the pore pressure parameters obtained 

from laboratory compression tests at low confining pressures. 

5) Analyses of the case histories of Eisenhower and Snell Locks, 

for which the backfill was compacted glacial till, resulted in 

fairly good agreement between theory and measurements. Pore 

pressure effects were not considered in the theoretical 

calculations. 

The conclusions concerning vertical shear forces on retaining 

walls are: 

1) Vertical shear forces increase with increasing backfill height, 

soil unit weight, lateral stress magnitude, soil 
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2) 

compressibility, interface strength, and interface stiffness. 

Vertical shear forces on the vertical plane above the heel of a 

wall decrease as the slope of the back side of the wall becomes 

more inclined and the wedge of soil between the wall and the 

vertical plane above the heel becomes larger. When there is a 

substantial wedge of soil between the wall and the vertical 

plane above the wall heel, vertical shear forces on the plane 

above the wall heel decrease with increasing foundation 

flexibility. On the other hand, when the back side of the wall 

is vertical, it appears that foundation flexibility may not 

have a large influence on the magnitude of the vertical shear 

forces that develop. 

Theory, finite element parameter studies, and experimental 

evidence combine to indicate that the value of the lateral 

earth force coefficient, K,, is about 0.2 for walls over 20 

feet high that: a) are rigid, e.g., concrete gravity walls, b) 

have vertical back sides, and c) are backfilled with 

cohesionless soil. 

9.3 Recommendations for Further Research 

The results of this research suggest that substantial additional 

benefits could be obtained by accomplishing the following research 

tasks: 

1) 

SUMMARY 

Full size roller compactors should be instrumented to measure 

their dynamic contact force and transferred energy during 

compaction. This would provide a new and more valuable rating 

method for compactors that would a) permit calculation of 

lateral earth pressures on walls, b) permit estimating the in- 

situ stress state of compacted fills, and c) relate to the 

Standard and modified Proctor test procedures currently used to 

determine acceptance of compacted fill. 
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2) 

3) 

SUMMARY 

Laboratory tests should be performed on specimens of moist 

soils at a variety of moisture and density conditions to 

measure the lateral stresses that result from vertical loading 

under laterally restrained conditions. The tests should be 

performed over a range of stresses that include the stress 

states before, during, and after compaction. The test results 

should be interpreted using the techniques developed in Chapter 

6 to establish values of pore pressure parameters for use in 

the extended compaction-induced earth pressure theory. 

Additional finite element analyses should be performed to 

complete the study of factors that influence vertical shear 

forces on walls. In particular, gravity walls and cantilevered 

walls of various heights on soil foundations should be 

analyzed. The gravity wall analyses should include walls with 

vertical back sides. 
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APPENDIX A - FIELD AND LABORATORY TESTS ON YATESVILLE SILTY SAND AND 

LIGHT CASTLE SAND 

A.1 Yatesville Silty Sand 

Yatesville silty sand is an alluvial soil from the foundation of 

Yatesville Lake Dam on Blaine Creek in Lawrence County, Kentucky. Prior 

to using the Yatesville silty sand as backfill in the instrumented 

retaining wall tests, the material was sieved through a wire mesh with 

0.20-inch openings, and the oversize portion was discarded. The 

resulting soil contains about 40 to 50 percent non-plastic fines and 

classifies as a silty sand (SM) according to ASTM D-2487. 

Some losses of material occurred during each instrumented 

retaining wall test. After test EP 12 it was necessary to add some soil 

to make up the necessary volume. The added soil, about 10 percent of 

the original volume, was obtained from a different batch of Yatesville 

silty sand that was being used in a concurrent testing program 

undertaken by Brandon et al. (1990). The added soil is from the same 

site and has approximately the same particle size distribution and 

specific gravity of solids as the original batch of Yatesville silty 

sand. The original batch is referred to as Yatesville silty sand No. 1 

(YSS1), and the mixture used for tests EP 13 and 14 is referred to as 

Yatesville silty sand No. 2 (YSS2). As indicated in subsequent sections 

of this appendix, it is not possible to distinguish between YSS1 and 

YSS2 based on either index or strength properties. However, the 
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addition did influence the moisture-density characteristics, with the 

maximum dry density of the YSS2 being higher than that of the YSS1. 

The following sections describe index property tests, strength 

tests, consolidation tests, and in-place unit weight measurements made 

for the Yatesville silty sand. 

A.1.1 Particle Size Distribution and Specific Gravity of Solids 

The particle size distribution of the Yatesville silty sand was 

determined in accordance with ASTM D-422 using mechanical sieve and 

hydrometer methods. The test results are presented in Figure A.1l. As 

shown, there is no significant difference between the results for YSS1 

and YSS2. The particle size distribution curves show that the soil is a 

silty fine sand with about 47 percent passing the No. 200 sieve. 

The specific gravity of solids reported by Sehn and Duncan (1990) 

for YSS1 is 2.66. The specific gravity of solids reported by Brandon et 

al. (1990) for the added soil is 2.67. As part of this research, the 

specific gravity of solids was determined in accordance with ASTM D-854 

for the YSS2 and found to be 2.67. 

A.1.2 Moisture-Density Relations 

Moisture-density relations were determined for the YSS1 using the 

standard Proctor (ASTM D-698) and modified Proctor (ASTM D-1557) 

compactive efforts. The results are presented in Figure A.2. For the 

standard Proctor effort, the maximum dry unit weight is 120 pcf and the 

optimum water content is 12.5 percent. For the modified Proctor effort, 
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the maximum dry unit weight is 128 pcf and the optimum water content is 

9 percent. 

Moisture-density relations determined for the YSS2 are presented 

in Figure A.3. As shown, the maximum dry unit weights for the YSS2 are 

about 4 to 5 pcf higher than for the YSS1 at the same compactive effort. 

The reason for the difference is unknown, since the materials seem 

virtually identical in every other respect. In addition to the standard 

and modified Proctor compactive efforts, two moisture-density curves at 

compactive efforts below the standard Proctor effort are also shown in 

Figure A.3. These low effort curves are used in the evaluation of 

compactor performance discussed in Chapter 5. 

A.1.3 In-place Unit Weight Determinations 

In-place unit weights of the compacted Yatesville silty sand were 

measured both by the sand cone method (ASTM D1556) and by weighing and 

measuring relatively undisturbed specimens obtained using 2.8-inch 

diameter, thin-wall Shelby tubes. Table A.1 lists the measured 

densities from instrumented retaining wall tests in which Yatesville 

silty sand was compacted in 6-inch-thick lifts, that is, tests EP 3 and 

EP 4 described by Sehn and Duncan (1990) and tests EP 5 through EP 14 

described herein. For backfill compacted with the vibrating plate 

compactor, densities determined by the sand cone method are about 5 

percent higher than those determined from Shelby tube specimens. The 

difference was smaller for backfill compacted with the rammer compactor. 

The differences in measured densities are probably due to two factors: 
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TABLE A.1: In-Place Unit Weights, Yatesville Silty Sand 

  

  

  

  

  

  

  

  

  

  

  

  

  

                    
  

In-Place Dry Unit Weights 
Instrumented 

— (Ibs. per cu. ft.) 
Retaining Water 

Wall Test Soil Content Sand Corrected She Iby 

Number Type(1) | (percent) | Compactor Cone Sand Cone(2) | Tube(3) | Average(4) 

EP 3 YSSi 13.7 Vib. Plate 120.0 117.7 110.7 114.2 

EP 4 YSSi 10.1 Vib. Plate 106.0 104.0 101.1 102.5 

EP 5 YSS1 9.3 Vib. Plate 105.3 103.3 101.7 102.5 

EP 6 YSsi 9.7 Vib. Plate 105.3 103.3 100.4 101.9 

EP 7 YSS1 11.1 Vib. Plate 111.2 109.1 106.0 107.6 

EP 8 YSS1i 12.1 Vib. Plate 113.4 111.3 108.6 109.9 

EP 9 YSS1 12.5 Vib. Plate 116.9 114.7 110.6 112.7 

EP 10 YSsl 11.8 Vib. Plate 114.6 112.5 107.2 109.8 

EP 1] YSS1 13.5 Vib. Plate 114.3 112.2 108.4 110.3 

EP 12 YSS1 12.3 Vib. Plate 114.3 112.2 108.4 110.3 

EP 13 YSS2 12.7 Rammer & 120.1 119.9 119.2 119.5 

Vib. Plate 

EP 14 YSS2 10.1 Rammer & 120.5 119.7 117.6 118.6 

Vib. Plate 

Notes: 1) YSS1 indicates Yatesville silty sand No. 1. YSS2 indicates Yatesville silty 

sand No. 2. 

2) The correction factors (obtained from the results in Table A.2) are 0.981 

for tests EP 3 through EP 12, 0.998 for test EP 13, and 0.993 for test EP 

14. 

3) The values from Shelby tube specimens are the average unit weights from 2.8- 

inch diameter by 6-inch long specimens. 

4) The average unit weight is the average of the corrected sand cone values and 

the Shelby tube values. 
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1) density gradients within the compacted lifts and 2) swelling 

resulting from disturbance and unloading during sampling. 

The existence of density gradients in the compacted lifts was 

discovered during Brazilian tensile testing on 2.8-inch diameter by 1.5- 

inch high specimens. Specimens from the top of the lifts have higher 

unit weights than specimens from the middle or bottom of the lifts. The 

density gradient for test EP 9 is shown in Figure A.4. Density 

gradients influence unit weights determined by the sand cone method 

because the sand cone excavation is tapered. In this research, the sand 

cone excavations each extended through one lift of compacted backfill 

and were 6.5 inches in diameter at the top and about 1.5 inches in 

diameter at the bottom. Assuming that the shape of the sand cone 

excavation is a truncated paraboloid and that the density gradient 

within the lift is parabolic (as shown by the trend line in Figure A.4), 

the ratio between the average unit weight and the unit weight determined 

by the sand cone method can be calculated. Sufficient short specimen 

data exist to calculate this ratio for the five instrumented retaining 

wall tests listed in Table A.2. The ratios in Table A.2 are applied to 

the measured sand cone unit weights in Table A.1 to determine the 

corrected sand cone unit weights listed in Table A.1. 

The corrected sand cone unit weights are about 3 percent greater 

than the unit weights from Shelby tube specimens. For Shelby tube 

specimens, swelling due to unloading during removal of the sample and 

disturbance during trimming tend to decrease unit weights. For example, 

strains and disturbance corresponding to an increase in diameter from 
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TABLE A.2: Correction Factors for Sand Cone Tests 

  

  

  

  

  

        

Instrumented Sand Cone 

Retaining Wall Correction 

Test Number Compactor Type Factor 

EP 5 Vib. Plate 0.977 

EP 9 Vib. Plate 0.984 

EP 12 Vib. Plate 0.984 

EP 13 Rammer 0.998 

EP 14 Rammer 0.993   
  

Note: 1) The sand cone correction factor is the ratio between the 

average unit weight of a cylinder of soil to the average 

unit weight of a truncated paraboloid of soil, which 

represents the sand cone excavation. 

than unity when the density decreases with depth in a 

lift. 
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2.84 to 2.85 inches are accompanied by a 1 percent decrease in unit 

weight. For sand cone tests, on the other hand, swelling of the base 

soil into the excavation increases measured unit weights because the 

volume used for calculating the unit weight becomes smaller. Since 

these effects are in opposite directions for the two methods of 

determining unit weight, the best estimate is obtained by averaging the 

corrected sand cone unit weight with the value obtained from Shelby tube 

specimens. The resulting average unit weights are listed in Table A.1. 

A.1.4 Unconsolidated-Undrained Triaxial Compression Tests 

Unconsol idated-undrained triaxial compression tests were performed 

on specimens of the Yatesville silty sand obtained from Shelby tube 

samples taken from the compacted backfill of instrumented retaining wall 

tests EP 9, EP 13, and EP 14. Because a density gradient exists within 

the compacted lifts of the Yatesville silty sand, these compression 

tests were performed on short, 1.5-inch high by 2.8-inch diameter 

specimens. Bishop (1966) reports triaxial compression test results that 

show insignificant end restraint effects for specimens with height to 

diameter ratios as small as 0.5, provided that double lubricated 

membranes were used at both end platens. Adopting this approach, the 

end platens of the compression machine were lubricated using two layers 

of dental dam material. A thin coating of silicone grease was applied 

between the end platen and the first layer of dental dam, and another 

thin coating of silicone grease was applied between the two layers of 

dental dam. Each layer of dental dam was cut into eight pie shaped 
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wedges to reduce end restraint resulting from the tendency of lateral 

expansion of the sample to stretch the dental dam material. Because of 

the low confining pressures in the backfill during the instrumented 

retaining wall tests, the unconsolidated-undrained tests were performed 

with confining pressures of 0, 2, and 4 psi, which are the smallest 

confining pressures practical for the equipment used. 

The test results are presented in Table A.3 and Figures A.5 and 

A.6. The specimens from test EP 9 and EP 13 were at about the same 

water content, 12.3 percent, so the results are shown together in Figure 

A.5. The specimens from test EP 14 have an average water content of 9.9 

percent, and these results are shown separately in Figure A.6. There is 

considerable scatter in the data, but the following trends are 

nevertheless apparent: the strength increases with increasing confining 

pressure, with increasing unit weight, and with decreasing water 

content. These trends are as expected. Compressive strength trend 

lines for confining pressures of 0, 2, and 4 psi have been drawn in 

Figures A.5 and A.6. These trend lines are not always the very best fit 

through the data points, but they are consistent with the data and in 

accordance with expectations. The trend lines in Figures A.5 and A.6 

were used to establish the total stress strength parameters shown in 

Figure A.7. For reference, the effective stress friction angles from 

Figure A.9, which is discussed in the next section of this Appendix, are 

also shown. The total stress fiction angles increase with increasing 

dry unit weight and with decreasing water content. The total stress 

friction angles are less than the effective stress friction angles. The 
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TABLE A.3: Unconsolidated-Undrained Compression Test Results for 
Yatesville Silty Sand(!) 

Deviator Initial 

Instrumented Spec imen Dry Unit Water Conf ining Stress at Tangent 

Retaining Wall Position(2) Weight Content Pressure Fai lure(3) Modu lus 

Test Number (T/M/B) (pcf) (percent) (psi) (psi) (psi) 

EP 9 M 106.7 12.1 0 11.9 145 

T 115.1 13.2 0 33.1 425 

T 116.5 12.1 0 29.7 460 

M 108.0 12.2 2 16.9 385 

M 109.0 12.4 2 19.0 256 

T 116.5 12.3 2 34.3 444 

M 106.4 12.3 4 16.4 396 

M 111.8 12.3 4 27.4 353 

T 114.4 12.4 4 32.4 294 

Average Modulus 350 

EP 13 M 119.2 12.2 0 33.4 470 

T 121.4 11.8 0 39.2 390 

B 119.3 12.5 2 39.0 440 

T 120.0 12.2 2 42.4 485 

M 120.7 11.9 2 45.7 440 

M 118.6 12.7 4 42.2 480 

T 120.2 12.2 4 49.0 495 

Average Modulus 460 

EP 14 B 114.5 10.1 0 33.3 800 

T 116.4 9.9 0 35.8 730 
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TABLE A.3 (Continued): Unconsolidated-Undrained Compression Test 
Results for Yatesville Silty Sand) 

  

  

  

  

  

  

  

                      

Deviator Initial 

Instrumented Spec imen Dry Unit Water Conf ining Stress at Tangent 

Retaining Wall Position(2) Weight Content Pressure Fai lure(3) Modu lus 

Test Number (T/M/B) (pcf) (percent) (psi) (psi) (psi) 

EP 14 3} 115.3 9.9 2 36.3 1200 

M 116.0 10.0 2 43.5 960 

M 118.0 9.6 2 41.2 850 

T 121.7 10.1 2 55.4 1030 

B 112.2 9.7 4 34.8 1050 

B 118.7 9.9 4 49.8 730 

T 120.6 9.6 4 57.9 870 

Average Modu lus 910 

Notes: 1) The tests were performed on short (1.5-inch high by 2.8-inch 

diameter) specimens using lubricated loading platens. 

2) T, M, and B refer to the top, middle, and bottom positions 

within the compacted lifts. 

3) Failure is defined at 15 percent axial strain unless the 

maximum deviator stress occurred prior to 15 percent strain. 

The 15 percent strain condition controlled for all specimens 

except the second specimen for test EP 9, for which the 

maximum stress occurred at an axial strain of 11.2 percent. 
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total stress cohesion intercepts increase with increasing dry unit 

weight and decreasing water content. 

A typical deviator stress versus axial strain plot is shown in 

Figure A.8. The stress-strain curve is very nearly linear up to about 7 

percent strain. Thus, the initial tangent modulus is applicable over a 

large strain range. The initial tangent moduli are listed in Table A.3. 

There is scatter in the data, and the moduli values do not seem to be 

strongly dependent on confining pressure. The scatter may be due to 

several factors, including: 1) variations in water content and density 

among the specimens from each instrumented retaining wall test, 2) 

varying degrees of disturbance during sampling and trimming, and 3) the 

effective stress from negative pore water pressures may make the effect 

of small changes in externally applied confining pressure relatively 

insignificant. The average values of initial tangent moduli for the 

specimens from instrumented retaining wall tests EP 9, EP 13, and EP 14 

are listed in Table A.3. 

A.1.5 Consolidated Undrained Triaxial Compression Tests 

The results of back-pressure saturated, isotropically consolidated 

undrained triaxial compression tests with pore water pressure 

measurements performed on laboratory compacted specimens of Yatesville 

silty sand are reported by Brandon et al. (1990). The material used 

for these tests is the same material used to make up the lost volume of 

soil between instrumented retaining wall tests EP 12 and EP 13. As 

described previously, index property test results indicate that the 

APPENDIX A 275



  

  

  

  
  

60 . : . : 

50 - a 

oO 
QO 40 L 4 

Cp) 
” 
Lid 

a 
nm 30+ 4 
nd 
O 
ke 

< 
c 20 7 7 
Oo 

Specimen from EP 13 

10 | Water Content = 12.2% | 
Dry Unit Weight = 120.2 pcf 

Cell Pressure = 4 psi 

QO L | 1 | \ 

O 10 20 30 

STRAIN, percent 

Figure A.8: Typical Stress-Strain Curve from the Unconsol idated- 
Undrained Tests on Yatesville Silty Sand 

APPENDIX A 276



borrowed material is essentially the same as the material used for the 

instrumented retaining wall tests. The consolidated undrained test 

results disclose an effective stress cohesion intercept of zero and an 

effective stress friction angle whose value increases with increasing 

dry unit weight. The measured values of effective stress friction angle 

are presented in Figure A.9. 

A.1.6 Brazilian Tensile Tests 

Because of the interest in strength at low normal stresses in the 

instrumented retaining wall tests, several Brazilian tensile tests were 

performed on 1.5-inch high by 2.8-inch diameter specimens of Yatesville 

silty sand obtained from Shelby tube samples taken from the compacted 

backfill of instrumented retaining wall tests EP 1, 2, 3, 4, 12, 13, and 

14. The tests were performed in general accordance with the procedures 

described in Krishnayya et al. (1974) and Krishnayya and Eisenstein 

(1974). In the Brazilian tensile test, a cylindrical specimen is loaded 

diametrically, and tensile stresses develop along the diametrical plane 

between the loading platens. Elastic solutions (Frocht, 1957, and 

Hondros, 1959) show that the tensile stress induced along the 

diametrical plane is approximately constant. The tensile strength at 

failure is computed from the elastic solution for the tensile stress, 

o,, at the center of the specimen according to: 

0, = PO (A.1) 

APPENDIX A 277



  40 | —T T 

  

  

        

Y 
o 
2 
om 
® 
Oo 

ui §=30 - 
— 

© 
Zz 
<< 

Zz 
© 

O 
Le Legend 

D O ICU Tests by Brandon, et al., 1990 

na Trend line 
a 

10 - we 10P 
ke 

O 
nf 
Le 
Lo 
Lo 

0 i | 

105 110 115 120 125 

DRY UNIT WEIGHT, pcf 

Figure A.9: Effective Stress Friction Angles for Yatesville Silty Sand 

APPENDIX A 2/8



where P = the applied load, pounds, 

R = the specimen radius, inches, and 

t = the specimen thickness, inches. 

The test results are presented in Table A.4 and Figure A.10. 

There is scatter in the data, but the figure shows that tensile strength 

tends to increase with increasing dry unit weight and decreasing water 

content. Contours of constant tensile strength have been drawn through 

the data points in Figure A.10. 

A.1.7 Direct Shear Tests 

Direct shear tests were performed on laboratory compacted 

specimens of Yatesville silty sand. The tests were performed in a 4 by 

4-inch shear box machine in accordance with ASTM D-3080, except that the 

specimens were tested in their moist, as-compacted condition. The rate 

of shear displacement was determined based on a rate study in which the 

shear stress versus displacement curves were compared for three 

identical specimens sheared at different rates. The peak shear stresses 

from the rate study are listed in Table A.5. These results indicate 

that the peak shear stress is not strongly influenced by the 

displacement rate. A rate of 0.016 inches per minute was chosen for 

subsequent testing since this rate allowed adequate definition of the 

shear stress versus displacement curve, and because further reductions 

in displacement rate did not cause large changes in the measured peak 

shear stress. 
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TABLE A.4: Brazilian Tensile Test Results for Yatesville Silty Sand!) 

Instrumented Specimen Dry Unit Water Tensile 
Retaining Wall Position(?) Weight Content Strength 
Test Number (T/M/B) (pcf) (percent) (psi) 

EP 1 - 118.6 14.1 3.05 

- 118.9 13.8 3.12 

EP 2 - 114.6 13.3 2.59 

- 115.3 13.6 2.13 

- 112.3 13.8 1.56 

- 118.4 13.2 4.73 

EP 3 - 117.0 12.7 3.98 

- 106.1] 13.4 0.61 

- 116.4 12.9 3.98 

- 111.7 13.4 1.31 

- 106.0 13.7 0.48 

EP 4 - 107.1 9.6 2.49 

EP 12 M 107.9 12.8 1.04 

T 118.0 12.6 4.71 

M 111.1 12.4 1.80 

B 102.4 12.6 0.8] 

T 120.5 12.3 4.35 

M 116.5 12.8 2.28 

EP 13 T 118.3 12.3 4.10             
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TABLE A.4 (Continued): 
Silty Sand) 
Brazilian Tensile Test Results for Yatesville 

  

  

  

  

  

  

            
  

Instrumented Specimen Dry Unit Water Tensile 
Retaining Wall Position(2) Weight Content Strength 
Test Number (T/M/B) (pcf) (percent) (psi) 

EP 13 M 121.4 12.4 4.97 

B 120.7 11.6 3.37 

EP 14 - 119.7 9.5 5.63 

B 114.9 10.0 2.02 

T 122.1 9.9 6.07 

M 118.1 9.9 3.83 

Notes: 1) The tests were performed on 1.5-inch high by 2.8-inch 

diameter specimens. 

2) T, M, and B refer to the top, middle, and bottom positions 

within the compacted lifts. 
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TABLE A.5: Direct Shear Test Displacement Rate Study for Yatesville 
Silty Sand(!) 

  

  

  

  

              
  

Stresses at Failure(2) 

Direct Displacement Dry Water Normal Shear 
Shear Test Rate Unit Content Stress Stress 

Number (in/min) Weight | (percent) (psi) (psi) 

(pcf) 

A 0.0360 117.9 12.1 2.91 4.95 

B 0.0160 117.9 12.1 2.90 4.69 

C 0.0048 118.0 12.0 2.90 4.56 

Notes: 

shear box. 

1) Test specimens were reconstituted in the 4-inch by 4-inch 

2) Failure is defined at the point of maximum shear force. The 

normal load is kept constant throughout the test. 
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Three groups of direct shear tests were performed. The individual 

tests within each group were conducted using different normal stresses 

applied to specimens with approximately the same unit weight and water 

content so that an envelope could be defined at each moisture-density 

condition. The test results are listed in Table A.6 and shown in Figure 

A.11. The total stress friction angles are higher and the total stress 

cohesion intercepts are lower for the direct shear test results than for 

the unconsolidated undrained triaxial compression test results. 

A.1.8 A Unified Undrained Strength Interpretation 

The unconsolidated undrained compression tests, the Brazilian 

tensile tests, and the direct shear tests all provide measures of the 

undrained strength of the moist compacted Yatesville silty sand soil. 

In this section, the interpolated results at a single moisture density 

condition from the three methods are compared and discussed. For the 

comparison, the strengths were evaluated at a dry unit weight of 116 pcf 

and a water content of 11 percent, since this moisture density condition 

is in the range of the test conditions for all three methods. 

From Figure A.7 for the unconsolidated undrained compression 

tests, the value of the total stress fiction angle is 30.8 degrees and 

the value of the total stress cohesion intercept is 9.3 psi for 

Yatesville silty sand with a dry unit weight of 116 pcf and a water 

content of 11 percent. This envelope is shown in Figure A.12. The 

Mohr’s circles that would have generated the envelope with minor 

principal stresses of 0, 2, and 4 psi are also shown. 
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TABLE A.6: Direct Shear Test Results for Yatesville Silty Sand!) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Stresses at Failure?) 

Dry Unit Water Normal Shear 
Direct Shear Test Weight Content Stress Stress 
Test Group Number (pcf) (percent) (psi) (psi) 

DS 1 S 1 118.0 12.1 1.05 2.97 

S$ 2 117.8 12.2 1.77 4.15 

S$ 3 117.9 12.1 2.91 4.95 

S 4 118.2 12.1 4.38 6.44 

DS 2 S$ 5 110.7 12.1 1.05 2.20 

S 6 110.6 12.0 1.76 2.83 

$7 110.1 12.2 3.09 4.21 

S$ 8 110.3 12.1 4.68 5.94 

DS 3 $9 110.9 8.2 1.04 3.13 

S 10 110.5 8.2 1.74 3.97 

$11 110.6 8.2 2.87 5.37 

S12 110.5 8.2 4.29 6.67               
  

Notes: 1) Test specimens were reconstituted in the 4-inch by 4-inch 

shear box. 

2) Failure is defined at the point of maximum shear force. The 

normal load is kept constant throughout the test. 
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From Figure A.10 for the Brazilian tensile tests, the value of the 

tensile strength is 4.0 psi for Yatesville silty sand with a dry unit 

weight of 116 pcf and a water content of 11 percent. According to the 

elastic analysis from which Eqn A.1 is obtained, the corresponding 

compressive stress at the center of the Brazilian tensile test specimen 

is three times the tensile stress. Since these are principal stresses, 

the Mohr’s circle for failure in the Brazilian tensile test may be drawn 

as shown in Figure A.12. 

According to the Griffith-Brace tensile failure theory (Lee and 

Ingles, 1968), which is based on the existence of a large number of 

randomly oriented cracks in a material, the failure envelope is 

perpendicular to the normal stress axis at the tensile strength. The 

envelope is parabolic in the tensile stress region, and it intersects 

the shear stress axis at a value of shear stress equal to twice the 

tensile strength. Such an envelope is shown in Figure A.12, and it 

appears that the unconsolidated undrained compression test results are 

consistent with the Brazilian tensile test results when interpreted with 

the Griffith-Brace theory. 

Interpolating from the results shown in Figure A.11 for the direct 

Shear tests, the value of the total stress fiction angle is 46 degrees 

and the value of the total stress cohesion intercept is 2.1 psi for 

Yatesville silty sand with a dry unit weight of 116 pcf and a water 

content of 11 percent. This envelope is shown in Figure A.12. The 

value of the friction angle is larger for the direct shear tests than it 

is for the unconsolidated undrained compression tests, and the value of 
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the cohesion intercept is smaller. In the normal stress region where 

the direct shear tests were performed, the strengths from the direct 

shear tests are smaller than the strengths for the combined envelope 

derived from the unconsolidated undrained compression tests and the 

Brazilian tensile tests. 

One possible reason for the difference is that the direct shear 

specimens were sheared within minutes after they were compacted, whereas 

the unconsolidated undrained specimens and the Brazilian tensile test 

specimens were tested months after they were compacted. Mitchell (1986) 

gives an example of strength gain in sand with time after disturbance by 

blasting. The strength gain was apparently not due to dissipation of 

excess pore pressures caused by the blasting since measurements 

indicated that the excess pore pressures completely dissipated within 

hours after the blast, whereas the increase in strength took weeks or 

months to develop. Mitchell indicated that the most probable cause of 

the strength gain was formation of silica acid gel films on particle 

surfaces or precipitation of silica as a cementing agent at the particle 

contacts. Schmertmann (1991) describes several examples of strength 

gain with time in sands. He believes that the strength gain occurs due 

to the effects of particle movement during secondary compression, 

including greater particle interlocking and internal arching to the 

stiffer and stronger parts of the soil structure. Effects such as those 

described by Mitchel] (1986) and Schmertmann (1991) could account for 

the higher shear strengths measured in the unconsolidated undrained 

compression tests and the Brazilian tensile tests. 
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These results suggest that the total stress cohesion intercepts 

shown in Figure A.7 may not be applicable to conditions during 

backfilling. If, instead, the interpretation is based on the direct 

shear test results, the total stress cohesion intercepts vary with dry 

density and water content as shown in Figure A.13. 

The higher friction angles measured in the direct shear tests are 

probably due to the following factors: 

1) The normal stresses on the failure plane in the direct shear tests 

are lower than those on the failure plane in the unconsolidated 

undrained triaxial tests, as shown in Figure A.12. Higher 

friction angles are generally measured at lower normal stresses. 

2) The direct shear test imposes stress and strain conditions similar 

to plane strain conditions. Generally, friction angles from plane 

strain tests, in which the intermediate principal stress is 

greater than the minor principal stress, are higher than friction 

angles from conventional triaxial tests, in which the intermediate 

principal stress equals the minor principal stress. 

3) Aging effects, as described above, may have created an apparent 

preconsolidation in the unconsolidated undrained and Brazilian 

test specimens. Values of the friction angle for preconsol idated 

materials are generally lower than for normally consolidated 

materials. 
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A.1.9 Interface Shear Tests 

Direct shear type tests were performed to measure the shear 

strength at the interface between compacted Yatesville silty sand and a 

concrete surface similar to the instrumented retaining wall surface. 

These interface shear tests were performed with a small concrete block 

placed in the lower half of the shear box in the direct shear machine. 

The soil was compacted on top of the block in the upper half of the 

shear box. A displacement rate study verified that the 0.016 inch per 

minute rate used for the direct shear tests was also suitable for the 

interface tests. 

Three groups of four interface shear tests were performed. The 

moisture-density condition for each interface test group was made to 

match approximately the moisture-density condition for the corresponding 

direct shear test group so that comparisons could be easily made. The 

test results are listed in Table A.7 and shown in Figure A.14. The 

interface friction angles are lower than the direct shear friction 

angles, and the interface adhesion intercepts are lower than the direct 

shear cohesion intercepts. The direct shear and interface test results 

are summarized in Table A.8, which indicates that the ratio between the 

interface friction coefficient and the soil friction coefficient ranges 

from 0.65 to 0.83. 

A typical interface shear stress versus displacement curve is 

shown in Figure A.15. As shown, the shear stress rises rapidly to a 

peak that typically occurs before 0.02 inches displacement. The 

residual strength is typically not much less than the peak strength. 
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TABLE A.7: Interface Shear Test Results for Yatesville Silty Sand(!) 

Stresses at Failure?) 

Dry Unit Water Normal Shear 
Interface Test Weight Content Stress Stress 
Test Group Number (pcf) (percent) (psi) (psi) 

IS l I 1 119.2 11.9 1.04 0.93 

I 2 118.9 11.8 1.74 1.42 

I 3 118.9 11.9 2.85 2.37 

I 4 118.3 12.0 4.25 3.57 

IS 2 I 5 111.9 11.5 1.04 0.96 

I 6 112.0 11.4 1.75 1.40 

I 7 112.5 11.3 2.85 2.21 

I 8 111.7 11.1 4.63 3.52 

IS 3 I 9 112.1 7.8 1.04 1.10 

I 10 110.4 7.6 1.73 1.56 

I 11 110.8 7.7 3.41 2.81 

I 12 110.9 7.7 4.25 3.36 

Notes: 1) Test specimens were reconstituted in the 4-inch by 4-inch 
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shear box. 

2) Failure is defined at the point of maximum shear force. The 

normal load is kept constant throughout the test. 
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TABLE A.8: Summary of Direct Shear and Interface Shear Strength 
Parameters 

bry Unit Average Strength Parameters(2) -_ 

éroupt pcr) (percent) (degre ss) ‘ si ) ta b 

DS 1 118.0 12.1 44.9 2.11 0.83 

IS 1] 118.8 11.9 39.7 0.02 

DS 2 110.4 12.1 46.1 1.06 0.69 

IS 2 112.0 11.3 35.7 0.18 

DS 3 110.6 8.2 47.7 2.06 0.65 

IS 3 111.1 7.7 35.5 0.35 

Notes: 1) DS indicates a direct shear test group. IS indicates an 

interface shear test group. 

2) @ and c are, respectively, the internal friction angle and 
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cohesion intercept from a direct shear test group. & and a 

are, respectively, the interface friction angle and adhesion 

intercept from an interface shear test group. 
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For use in defining the shear stiffness of interface elements prior to 

failure in finite element analyses, the displacement at failure was 

taken to be 0.015 inches. The post-failure, tangent shear stiffness of 

interface elements is set at a low value. This type of bi-linear 

approximation is shown in Figure A.15. 

A.1.10 Consolidation Tests 

One dimensional consolidation tests were performed on specimens of 

Yatesville silty sand obtained from Shelby tube samples taken from the 

compacted backfill of instrumented retaining wal] tests EP 10, EP 12, 

and EP 14. The tests were performed in general accordance with ASTM D- 

2435. In one set of tests, the specimens were inundated after applying 

the seating load. In the other set of tests, the specimens were tested 

in their moist, as-compacted conditions. Void ratio versus logarithm of 

applied pressure plots are presented for both sets of tests in Figures 

A.16 and A.17. Figure A.16, which presents the results for the 

inundated specimens, also includes the compression curve for a specimen 

consolidated from a slurry. The inundated specimens from the test wall 

backfill all approach the same void ratio at an applied pressure of 16 

tsf. The specimen consolidated from a slurry has a slightly higher void 

ratio at the same pressure. 

The compression curves for the moist specimens in Figure A.17 do 

not all approach a common point at high pressure. This reflects the 

effects of the different compactors and the different water contents 

during compaction for each test. For comparison, the test results for 
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the inundated specimen from EP 10 are also shown on Figure A.17. This 

specimen had a high initial void ratio, and a significant part of the 

consolidation test loading is in the normally consolidated range. The 

consolidation curves from the moist specimens cross over the normally 

consolidated portion of the curve for the inundated specimen. This 

reflects the ability of the negative pore water pressures at the 

intergranular contact points of the moist soil to resist particle 

movement in response to applied load. 

Strain versus arithmetic pressure plots in the low stress range 

are shown in Figure A.18. The plots are approximately linear in this 

stress range, and values of the constrained modulus are equal to the 

slopes of the curves. Constrained modulus values can be used to analyze 

compression of the backfill during filling. The constrained modulus 

values obtained from Figure A.18 are shown on the moisture density plot 

of Figure A.19, which also includes contours of constant constrained 

modulus drawn through the data. 

A.2 Light Castle Sand 

Light Castle sand is a clean, fine sand consisting predominantly 

of subangular grains of quartz. The sand was obtained from a quarry in 

Craig County, Virginia. The following sections describe index property 

tests, in-place unit weight measurements, and strength tests conducted 

on the Light Castle sand. 
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A.2.1 Index Property Tests 

A particle size distribution curve for the Light Castle sand is 

presented in Figure A.20. As shown, the soil is a clean, uniform, fine 

sand with less than 1 percent passing the No. 200 sieve. 

The specific gravity of solids, determined in accordance with ASTM 

D-854, is 2.65. 

The minimum index density of the Light Castle sand, determined in 

accordance with ASTM D-4254, Method A, is 88.5 pcf. The maximum index 

density of the Light Castle sand, determined in accordance with ASTM D- 

4253, Method 1, is 106 pcf. 

A.2.2 In-place Unit Weight 

In-place unit weights of the compacted Light Castle Sand were 

determined in two ways: 1) gross determinations were made for tests EP 

15 and EP 16 using the entire mass of backfill, and 2) small sample 

determinations were made for test EP 15 using thin-wall Shelby tube 

samplers. The gross determinations were made by weighing the sand 

delivery hopper before and after each batch was placed in the backfill 

area. After all the sand was placed and compacted, the total volume of 

backfill was measured. From the total weight and total volume, the 

gross density was calculated. The Shelby tube determinations were made 

by pushing Shelby tubes into the sand, excavating adjacent to the tubes, 

pushing a shutter across the open bottom end of each tube, weighing the 

retained sand, and calculating the volume using the inside diameter of 

the Shelby tube’s cutting edge and the distance pushed. Table A.9 lists 

the results for both types of determinations. 
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TABLE A.9: In-Place Unit Weights, Light Castle Sand 

  

In-Place Unit Weight 

  

  

  

Instrumented (Ibs. per cu. ft.) 

nan Woe Gross Small Sample 

Compactor | Determination | Determination 

EP 15 Rammer 106.2 105.7 

EP 16 Vib. Plate 104.7 Not Made             
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The gross measurement agrees reasonably well with the small sample 

measurements for test EP 15, but the gross measurement does yield a 

slightly higher value of unit weight. For dense compacted sand, an 

effect of the Shelby tube’s cutting edge may be to slightly loosen the 

sand as it enters the tube. Considering this effect, and the much 

larger sample size in the gross determination, the gross determination 

is taken as the best estimate of in-place unit weight for the Light 

Castle Sand. 

The relative densities computed from the measurements in Table A.9 

are 101 percent for test EP 15 and 94 percent for EP 16. 

A.2.3 Strength Estimate 

A strength estimate for the Light Castle sand was made using the 

results of consolidated undrained compression tests and direct shear 

tests, both at relative densities of about 75 percent, and extrapolating 

to higher relative densities using the method of Cornforth (1973). 

Stress paths from the consolidated undrained compression tests and 

strength values measured in the direct shear tests are shown in Figure 

A.21. The stress paths appear to define a failure line corresponding to 

@’ = 38.1 degrees, which is in close agreement with the ¢’ value of 38.6 

degrees determined from the direct shear tests. 

In Cornforth’s method, the friction angle is described as a 

function of the "relative dry density", which is not the conventional 

relative density. Cornforth defines the relative dry density, RDD, as: 
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Figure A.21: Strength Test Results for Light Castle Sand 
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RDD = Y= Tnin_ (A.2) 

max Ymin 

where y = the in-place density, pcf, 

Ymin = the minimum index density, pcf, and 

Ymax = the maximum index density, pcf. 

The effective stress friction angle, $,, is expressed as the sum 

of the ultimate friction angle, $,,, and the density component, ¢,,: 

Og = boy + bac (A.3) 

In Cornforth’s method, the ultimate strength is determined from 

static angle of repose tests on loose specimens of dry sand. For the 

Light Castle sand, such tests resulted in an ultimate strength of 33.6 

degrees. The density component of strength increases from 0 at the 

minimum index density to a value in the range from 9 to 12 degrees at 

the maximum index density for three sands in triaxial compression 

studied by Cornforth (1973). The relationships for Cornforth’s Brasted 

sand, the Monterey sand of Marachi et al. (1969), and Light Castle sand 

are shown in Figure A.22. The values of ¢,, for Light Castle sand are 

more similar to those for Monterey sand than to those for Brasted sand. 

Using the measured ¢,, value for Light Castle sand and the values 

of ¢,, from Figure A.22, the values of effective stress friction angle 

are 42 and 41 degrees for the relative densities of tests EP 15 and EP 

16, respectively. A value of 42 degrees was used for both tests for the 

analyses described in Chapters 7 and 8. 
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APPENDIX B - EPCOMPAC USER’S GUIDE AND PROGRAM LISTING 

This appendix contains a user’s guide for the program EPCOMPAC, 

which is described in Chapter 6. The program listing follows the user’s 

guide. 
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Virginia Tech The Charles E. Via, 
Department of Civil Engineering 

User's Guide for 

EPCOMPAC 

by 

G. M. Filz, 

J. M. Duncan, 

and 

R. B. Seed 

April, 1992 

Geotechnical Division 

Department of Civil Engineering 

Virginia Polytechnic Institute and State University 

Blacksburg, VA 24061 
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BACKGROUND 

The computer program NCOMP, written by R. B. Seed in 

1983, calculated earth pressures due to compaction using 

the theory described by Duncan and Seed (1986). The 

program could be used interactively or in batch mode. A 

considerable amount of data was needed to describe the 

stresses induced by the compactor, the values of the soil 

properties, and the geometric parameters for the analyses. 

In 1988 and 1989 the program was revised by J. M. 

Duncan, G. W. Williams, and R. B. Seed to reduce the amount 

of input required. Routines were added to calculate 

stresses for line loads (roller compactors) and plate loads 

(vibrating plate and rammer plate compactors). The program 

EPCOMP2 was developed to handle interactive input data file 

generation and to calculate stresses for plate compactors. 

EPCOMP2 called the program NCOMP3, which was a revised 

version of Seed's program NCOMP, to calculate the 

compaction-induced stresses. 

In 1992, Filz and Duncan developed EPCOMPAC to replace 

both EPCOMP2 and NCOMP3. EPCOMPAC incorporates the revised 

and extended compaction-induced earth pressure theory 

developed by Filz (1992). Revisions were made to the 

theory described by Duncan and Seed (1986) to make the ky 

model in the theory truly hysteretic. The theory was also 

extended to include the effects of pore pressure response 

in moist soil. 

PROGRAM OPERATION 

EPCOMPAC, which is written in Microsoft Quick Basic 

4.5, runs on IBM PC and compatible microcomputers. The 
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program is interactive. It creates, edits, and stores data 

files. It also calculates elastic stresses for plate and 

roller compactors, computes compaction-induced lateral 

stresses, and writes output files. 

With EPCOMPAC.EXE in the active drive, the user begins 

by running EPCOMPAC. The program first asks whether the 

user wants to edit, run, or create a data file. 

Newly Created Data Files 

If the user is creating a new data file, the program 

asks for a descriptive heading for the file, and then 

whether the compactor is a plate or a roller. 

Plate Compactors. For plate compactors, the program 

prompts the user for these data: 

- Plate width (B) 

- Plate length (L) 

- Distance to wall (a) 

- Total load on plate (Q) 

- Maximum depth for calculating stress  (Zmax) 

- Lift thickness (d,) 

- Coefficient of earth pressure at rest (kj) 

- Effective stress friction angle (6') 

- Effective stress cohesion intercept (6) 

- Total stress friction angle (c') 

- Total stress cohesion intercept (c) 

- Skempton's pore pressure parameter A 

- Total unit weight of soil (y¥) 

Roller Compactors. For roller compactors, the program 

prompts the user for these data: 

~ Roller width (B) 
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- Distance from roller to wall (L) 

- Total load on roller (Q) 

- Maximum depth for calculating stress (Zmax) 

- Lift thickness (d,) 

- Coefficient of earth pressure at rest (kj) 

- Effective stress friction angle (@') 

- Effective stress cohesion intercept (c') 

- Total stress friction angle (6) 

- Total stress cohesion intercept (c) 

- Skempton's pore pressure parameter A 

- Total unit weight of soil (y) 

For effective stress analyses, the values of total 

stress friction angle and total stress cohesion intercept 

should be set equal to the corresponding effective stress 

values. In this case the value of Skempton's pore pressure 

parameter A may be set equal to zero since it does not 

influence the calculations. 

For total stress analyses, the value of total stress 

friction angle must be less than or equal to the value of 

the effective stress friction angle. Enter a value of 

total stress cohesion intercept that satisfies the 

following expression: 

tano 
  

tanod 

= the total stress cohesion intercept where c 

c' = the effective stress cohesion intercept 

@ = the total stress friction angle 

@' = the effective stress friction angle 
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It is recommended that a value of A equal to 0.5 be 

used for total stress analyses. The program computes 

values of Skempton's pore pressure parameter B and the 

initial apparent pore water pressure, U,, according to: 

  

  

  

B = sing' - sing (2) 

E + (2 A - 1) sind] sing' 

y. = - 4 + (2 A - 1) sing] cos oye! (3) 

E + (2 A - 1) sing | sing' tang' 

If, in total stress analyses, it is desired to use 

particular values of B and Uy, then the following values of 

g@and c should be entered: 

(1 - B) sino! | (A) 
® = sin? 

1 +B (2 A -1) sino 

1 + (2 A -1) sind | sing' 
c! - Uo 

[1+ (2 A -1) sing] cos tang' 
c= 

    

Changing Data Files After Input. After the user has 

input the last item, the program displays all the items in 

a numbered list, and asks if any of the input needs to be 

changed. The user responds by typing first the line number 
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and then the new value of the item to be changed. For no 

more changes, the user types zero + return, or return with 

no input. 

Storing Data Files After Input. When there are no 

more changes to the file, the program displays a list of 

the files in the directory that have extensions ".DAT", and 

prompts the user for a name for the new data file. The 

file extension ".DAT" is automatically appended to the root 

file name provided by the user. 

Analyses. EPCOMPAC calculates elastic stresses due to 

the compactor load and computes compaction-induced lateral 

stresses. 

Output. When the analyses are completed, EPCOMPAC 

writes three output files: filename.OUT, filename.PVD, and 

filename.HYS. Filename.OUT contains the input data file 

name, the date and time of the run, the input data, and the 

calculated earth pressures due to compaction. Filename.PVD 

contains the calculated earth pressures versus depth in a 

comma delimited file suitable for use in plotting programs. 

Filename.HYS contains the calculated hysteretic stress path 

loops ina comma delimited file suitable for use in 

plotting programs. 

Editing Data Files 

To edit an existing data file, the user responds "E" 

(edit) to the first prompt by EPCOMPAC. The program then 

displays a list of the files in the active directory that 

have file extensions ".DAT", and prompts the user for the 

name of the file to edit. 

When a valid data file name has been typed, the 

program displays the data as described earlier in the 
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section on changing data files after input. Subsequent 

operations are also the same as for newly created data 

files. 

After the changes, if any, are completed, the program 

prompts for a filename. To use the same file name, and 

overwrite the preceding data, type return with no input. 

To avoid overwriting the preceding data file, enter a new 

file name. 

Running a Data File Without Editing the Data 

To run an existing data file without editing the data, 

the user responds "R" to the first prompt by EPCOMPAC. The 

program then displays a list of the files in the active 

directory that have file extensions ".DAT", and prompts the 

user for the name of the file to run. 

When a valid data file name has been typed, the 

program calculates the compaction-induced stresses and 

writes output files without first displaying the input 

data. 

ANALYSIS PROCEDURES 

EPCOMPAC generates elastic stress profiles from 

compactor loads using the Boussinesq solution. Loads on 

plates are represented by 400 point loads distributed 

evenly over the area of the plate. Loads from roller 

compactors are represented as line loads, and the stresses 

are calculated from a closed form integration of the 

Boussinesq point load solution. Stresses are calculated at 

mid-depth in each lift. 
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EPCOMPAC analyses always use lift thicknesses that are 

uniform throughout the depth of the fill. The number of 

layers is equal to the depth of the fill divided by the 

lift thickness. This number should not be more than 100. 

EPCOMPAC analyses always use values of the parameter @ 

corresponding to the correlation between @ and 0' 

recommended by Duncan and Seed (1986). These values are: 

o' oO 

0 0.23 

5 0,24 

10 0.25 

15 0.27 

20 0.31 

25 0.39 

30 0.49 

35 0.63 

40 0.73 

45 0.76 

<50 0.77 

Intermediate values are determined by linear 

interpolation. 

As recommended by Duncan and Seed (1986), the values 

of effective stress Poisson's ratio (v') used in EPCOMPAC2 

analyses are related to $' by the equation: 

, _ 4 - 3 sing! (6) 

8 ~ 4 sind' 
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Also as recommended by Duncan and Seed (1986), the 

value of B used in the analyses is always equal to 0.6. 

The parameter kiimn 18 equal to the reciprocal of the 

effective stress, at-rest lateral earth pressure 

coefficient: 

EXAMPLES 

Two examples are shown in the following pages. 

Example 1 is for a plate, and Example 2 is for a roller. 

The input and output files are given for each example. 

REFERENCES 

Duncan, J. M. and Seed, R. B. (1986) "Compaction - 

Induced Earth Pressures Under k, Conditions," Journal of 

the Geotechnical Engineering Division, ASCE, Vol. 112, No. 

1, January, 1986, pp. 1-22. 

Filz, G. M. (1992) “An Experimental and Analytical 

Study of Earth Loads on Rigid Retaining Walls," Ph.D. 

Dissertation, Via Department of Civil Engineering, Virginia 

Polytechnic Institute and State University, Blacksburg, 

Virginia. 
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P 

Plate compactor example 

1 

1 

.25 

4000 

10 

.3 

.38 

38 

0 

38 

0 

0 

120 

Example 1 - Data file PLATE25.DAT for EPCOMPAC 
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Plate compactor example 

Program EPCOMPAC, Version 2.0, February, 

Input data file used: PLATE25.DAT 

Date of this run: 04-08-1992 

Compactor: 

Geometry: 

Soil: Eff. 

Eff. 

Eff. 

Tot. 

Tot. 

Skempton’s A parameter = 

Type = Plate 

Plate width = 

Plate length = 

Total load (static + dynamic) = 

Distance to wall = 

Lift thickness = 

0.25 

0.50 

coef. of E.P. at rest (KO) 

angle of int. fric. 

cohesion intercept 

angle of int. fric. 

cohesion intercept 

Moist unit weight = 

Depth 

Below 

Surface 

(ft) 

©
 

©
 

o
O
O
o
n
 

nN 
DO 

D
W
N
 

NW 
F&F 

F
W
 

W
H
Y
 

DH
 

FE 
HF 

O
O
 

wD 
os 

8 
8 

nr
 

Example 1 - Output file PLATE25.OUT from EPCOMPAC 

APPENDIX B 

(phi’) 

(c’) = 

(phi) = 

(c) = 

1992 

Time of this run: 12:52:44 

ft 

ft 

1 

0. 

38. 

0. 

38 

0. 

0 

20. 

38 

00 

00 

-00 

00 

.00 

00 

Total Stress Horizontal Pressures on the Wall (psf) 

At Rest Total Before 

Component Compaction 

11 11 

34 90 

357 248 

80 273 

103 286 

125 296 

148 304 

171 313 

194 323 

217 332 

239 342 

262 352 

285 362 

308 372 

331 383 

353 394 

376 405 

399 417 

422 428 

445 445 

Peak During Total After 

Compaction Compaction 

1567 79 

763 237 

375 263 

314 278 

301 288 

301 296 

306 304 

313 313 

323 323 

332 332 

342 342 

352 352 

362 362 

372 372 

383 383 

394 394 

405 405 

417 417 

428 428 

445 445 

1.00 ft 

1.00 ft 

4,000.00 lbs 

Total fill depth = 10.00 ft 

Klim = 2.63 

deg Alpha = 0.69 

psf Beta = 0.60 

deg Eff. Poisson = 0.39 

psf Skempton’s B = 0.00 

Total KO = 0.38 

pef Total Poisson = 0.39 
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R 

Roller compactor example 

7 

0 

1 

42000 

10 

as) 

43 

35 

0 

35 

0 

0 

125 

Example 2. - Data file ROLLER1.DAT for EPCOMPAC 
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Roller compactor example 

Program EPCOMPAC, Version 2.0, February, 

Input data file used: ROLLER1.DAT 

Date of this run: 04-08-1992 

Compactor: Type = Roller 

Roller width = 

Total load (static + dynamic) = 42,000.00 lbs 

Geometry: Distance to wall = 

Soil: Eff. 

Eff. 

Eff. 

Tot. 

Tot. 

Lift thickness = 

coef. of E.P. at rest (KO) = 

angle of int. fric. 

cohesion intercept (c’) = 

angle of int. fric. 

cohesion intercept 

Skempton’s A parameter 

Moist unit weight = 

Depth 

Below 

Surface 

(ft) 

o
O
 
D
O
N
 

N
O
M
A
 

U
A
H
 

PF
 

F&F
 

w
W
w
W
D
H
N
 

HY 
HP

 
BP 

OO
 

tw
 

o 
6 

8 
© 

6 
e
e
 

WU
 

Example 2 - Output file ROLLER1.OUT from EPCOMPAC 

APPENDIX B 

1992 

7.00 ft 

Time of this run: 12:51:03 

1.00 ft Total fill depth = 10.00 ft 

0.50 ft 

0.43 Klim = 2.33 

(phi’) = 35.00 deg Alpha = 0.63 

0.00 psf Beta = 0.60 

(phi) = 35.00 deg Eff. Poisson = 0.40 

(c) = 0.00 psf Skempton’s B = 0.00 

0.00 Total KO = 0.43 

125.00 pef Total Poisson = 0.40 

Total Stress Horizontal Pressures on the Wall (psf) 

Se 

At Rest Total Before 

Component Compaction 

13 13 

40 88 

67 233 

94 378 

121 421 

148 451 

175 475 

202 495 

228 513 

255 528 

282 542 

309 554 

336 566 

363 577 

390 588 

417 598 

443 609 

470 620 

497 630 

524 641 

Peak During 

Compaction 

612 

615 

619 

624 

631 

639 

647 

656 

Total After 

Compaction 

73 

218 

363 

407 

438 

463 

483 

501 

517 

S31 

544 

556 

568 

578 

589 

600 

611 

622 

633 

644 
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DECLARE 

DECLARE 

DECLARE 

EPCOMPAC 

Version 2.0 - April, 1991 

Virginia Tech ee ee eee oe een 

SUB findunloadpt (effsigv!) 

SUB editdata () 

SUB parameters () 

FUNCTION deltau! (sigv!, sigh!, lastsigv!, lastsigh!, effortotal$) 

DECLARE SUB hysteresis (delu!, totaldeltav!) 

DECLARE FUNCTION boussinesq! (z!) 

DECLARE SUB screendisplay () 

DECLARE SUB readdatafile () 

DECLARE SUB getfilename () 

DECLARE SUB openoutfiles () 

DECLARE SUB setuploops () 

DECLARE 

DECLARE SUB totalKOModel (totaldelsigv!)} 

DECLARE SUB KOcallerl (delu!, totaldelsigv!) 

DECLARE SUB KOcaller2 (effdelsigv!) 

DECLARE SUB effKOModel (effdelsigv!) 

CONST Max = 200 

DIM SHARED head$, type$, hardbottom$ 

DIM SHARED B, L, a, Q, Zmax, dz 

DIM SHARED effKO, effphi, effc, totalphi 

DIM SHARED totalc, SkmptA, gam 

DIM SHARED fi lename$ 

DIM SHARED action$, scrntype$ 

DIM SHARED fillonly$, firstt ime$ 

"from input data file 

‘from input data file 

"from input data file 

"from input data file 

‘root of the filenames 

‘control flags 

‘control flags 

DIM SHARED effnu, totalK0, totalnu ‘soil properties 

DIM SHARED effphir, totalphir "soil properties 

DIM SHARED Kl, alpha, beta, SkmptB "soil properties 

DIM SHARED effsighO, effsigvftan "soil properties 

DIM SHARED effsigvmaxtan "soil properties 

DIM SHARED peakv(Max), peakh(Max) ‘soil state 

DIM SHARED unloadh(Max), unloadv(Max) "soil state 

DIM SHARED beta(Max), numloops "soil state 

DIM SHARED u, totalsigh, totalsigv "soil state 

DIM SHARED liftsabove, numlifts "fill geometry 

DIM bous(Max), sighfillonly(Max) 

hardbottom$ = "NO" 

CALL screendisp lay 

DO 

LOCATE 8, 1 

DO 

INPUT " 

act ion$ 

action$ = UCASE$(action$) 

Edit or Run an existing data file, or Create a new file (E/R/C) ", 

LOOP UNTIL action$ = "E" OR action$ = "R" OR action$ = "C" 

IF action$ = "E" OR action$ = "R" THEN CALL readdatafile 

IF action$ = "E" OR action$ = "C" THEN CALL editdata 

CALL parameters 
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CLS 

LOCATE 5, 5 

PRINT "Computing horizontal stresses due to the fill only.” 

LOCATE 6, 5 

PRINT "Percent complete: 0%" 

fillonly$ = "yes" 

CALL setup loops 

FOR lift = 1 TO numlifts "lifts numbered from top down. 

IF lift = 1 THEN 

deltagammaz = gam * dz / 2 

ELSE 

deltagammaz = gam * dz 

END IF 

CALL tota 1KOMode1(de ltagammaz) 

sighfillonly(lift) = totalsigh 

LOCATE 6, 23 

PRINT USING "###"; CINT(100 * lift / numlifts) 

NEXT lift 

fillonly$ = "no" 

CALL openoutfiles 

LOCATE 8, 5 

PRINT “Computing Boussinesq stresses for the entire profile.” 

LOCATE 9, 5 

PRINT "Percent complete: 0 %" 

IF hardbottom$ = "NO" THEN 

range = numlifts 

start = numlifts 

ELSE 

2 * numlifts range 

start 

END IF 

FOR i = 1 TO range 

z=dz* (i-1/ 2) 
bous(i - 1) = boussinesq(z) 

LOCATE 9, 23 

PRINT USING “###"; CINT(100 * i / range) 

NEXT i 

LOCATE 11, 5 

PRINT “Computing compaction induced stresses and writing the results to files.” 

LOCATE 12, 5 

PRINT “Percent complete: 0 %” 

calcs = 0 

totalcalcs = numlifts * (numlifts + 1) / 2 - start * (start - 1) / 2 

firsttime$ = "yes" 

FOR lift = start TO numlifts "lifts numbered from top down. 

CALL setup loops 

FOR liftsabove = 0 TO lift - 1 "liftsabove = compactor position 

IF liftsabove = 0 THEN "in lifts above the lift 

deltagammaz = gam * dz / 2 ' currently being analyzed. 

ELSE 

deltagammaz = gam * dz 
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END IF 

CALL tota 1KOMode 1(de 1tagammaz ) 

sighbefore = totalsigh 

boussigh = bous(liftsabove) 

IF hardbottom$ = "YES" THEN 

currentnumlifts = numlifts - lift + 1 + liftsabove 

image = 2 * currentnumlifts - liftsabove 

boussigh = boussigh + bous( image) 

END IF 

CALL totalKOModel(boussigh / tota1lK0) 

sighpeak = totalsigh 

CALL totalKOModel{-boussigh / totalK0) 

sighafter = totalsigh 

calcs = calcs + 1 

IF hardbottom$ = "NO" THEN 

z = dz * (liftsabove + 1 / 2) 

PRINT #2, USING ™ #4# HH ##RHE 

sighfillonly(liftsabove + 1); sighbefore; 

PRINT #2, USING " ##HtF #####"; sighpeak; 

sighafter 

WRITE #3, z, sighfillonly(liftsabove + 1), sighpeak, sighafter 

END IF 

LOCATE 12, 23 

PRINT USING "###"; CINT(100 * calcs / totalcalcs) 

NEXT liftsabove 

IF hardbottom$ = "YES" THEN 

z = dz * (lift - 1 / 2) 

PRINT #2, USING " ### #4 #EGHF HEHE? SZ; 

sighfillonly(lift); sighbefore; 

PRINT #2, USING “™ #4444 #####"; sighpeak; sighafter 

WRITE #3, z, sighfillonly(lift), sighpeak, sighafter 

END IF 

NEXT lift 

CLOSE 

DO 

CLS 

LOCATE 5, 5 

INPUT “Perform another analysis (y/n) ", repeat$ 

repeat$ = UCASE$(repeat$) 

LOOP UNTIL repeat$ = "Y" OR repeat$ = "N" 

CLS 

LOOP UNTIL repeat$ = "N" 

Mono: * Monochrome screen error hand] ing 

scrntype$ = "mono" 

RESUME NEXT 

CLS 

END 

FUNCTION boussinesq (z) 
erererrevreevr ere ererrereererr rere errr ererer ere cee ee ee eee eer ere heehee eae eae ree ee ee 

Computes the Boussinesq horizontal stress at the wall due at 
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* depth z due to the plate or roller compactor force at the surface. 

pre vperevevrrerrvrerer eer errr ere rewece ere eet ee eee kee eee eer eee ee ee eee eee eke eee eee 

al = 1 - totalnu 

a2 = 1 - 2 * totalnu 

IF type$ = "P" THEN ‘a plate compactor 

dx = B / 20 

dy = L / 20 

boussh = 0 

FOR ix = 1 TO 20 

x=art (ix - 1 / 2) * dx 

FOR iy = 1 TO 10 

y= (iy -1/ 2) * dy 
Rl = SQR(x 7 2+y*2+2z~* 2) 
Pi = (-Q / 400) / (8 * (3.1415926#) * al) 

P2 = (a2 * z) / (R1 ~*~ 3) 

P3 = (3 * (x ~ 2) * z) / (R1 7 5) 

P4 = (a2 * ((3 * z) - (4 * totalnu * z))) / (R1 ~ 3) 

P5 = (3 * (3 - (4 * totalnu)) * (x ~ 2) * z) / (RI ~ 5) 
P6 = ((4 * al * a2) / (R1 * (R1 + 2))) 
P7 = (1 - ((x * 2) / (RL * (R1 + z))) - ((x 7 2) / (RI * 2))) 
dboussh = Pl * (P2 - P3 + P4 - P5 - P6 * P7) 

boussh = boussh + 4 * dboussh ‘doubled for x-axis sym and 

NEXT iy "doubled again for rigid wall. 

NEXT ix 

ELSE ‘a roller compactor 

xl=a 

x2 =a+B 

tl = x2 ° 3 / (x27 2427 2) 7 1.5 

t2 = x2 * a2 / ((x2 7 2+27 2) 7 .5 +2) 

t3 = x1 “3 / (xl ~ 2+27 2) 7 1.5 

t4=xl * a2 / ((xl ~ 2427 2) 7 .5 +2) 
boussh = (Q / B) * (tl - t2 - t3 + t4) / (z * 3.1415926#) 

END IF 

IF boussh < 0 THEN boussh = 0 

boussinesq = boussh 

END FUNCTION 

FUNCTION deltau (sigv, sigh, lastsigv, lastsigh, effortotal$) 
feeotcerrerercre eee eee eee eee ree ee ee ear ree eee eee eee eee eh eee eee rere eee! 

Calculates the incremental change in pore pressure that occurs 

in response to changes in total stress. 

vueoveervevreeverr ere rerrerrereeoeewe er eee etter eee eee eee eee eee ere re kere ere re hea 

IF sigv > sigh THEN 

Sigl = sigv 

sig3 = sigh 

ELSE 

sigl = sigh 

sig3 = sigv 

END IF 
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IF lastsigv > lastsigh THEN 

lastsigl = lastsigv 

Jastsig3 = lastsigh 

ELSE 

lastsigl = lastsigh 

lastsig3 = lastsigv 

END IF 

delsigl = sigl - lastsigl 

delsig3 = sig3 - lastsig3 

du = SkmptB * (delsig3 + SkmptA * (delsigl - delsig3)) 

IF effortotal§ = “eff” THEN 

du = du / (1 - SkmptB) 

END IF 

deltau = du 

END FUNCTION 

SUB editdata 
oeceere er rerererr eer erererereereer reer eee eee eee er ee eee eee ae eee ree he ee eee ee aeeeeak hee 

Edit an existing data file or create a new data file. 

Saves the modified or new data file on disk under a user supplied name. 

eeerveerpvrererevrve ee eer eeevrrer eer eee eee ree eee ee hee tee eee ree heer aera re rh hee 

IF action$ = "C" THEN " Create a new input data set 

CLS 

PRINT "Type a heading for the problem” 

LINE INPUT head$ 

DO 

INPUT "Compactor type: Plate or Roller (P/R) "; type$ 

type$ = UCASE$(type$) 

LOOP UNTIL type$ = "P” OR type$ = "R" 
IF type$ = "P" THEN 

INPUT "Plate width, B=", B 

INPUT "Plate length, Le", L 

INPUT “Distance from edge of plate to wall, A=",a 

INPUT “Total load on plate, Q=", Q 

ELSE 

INPUT “Roller width, B=", B 

L=0 

INPUT “Distance from edge of roller to wall, A=", a 

INPUT “Total load on roller, Q=", Q 

END IF 

INPUT “Maximum depth for calculating stress, Zmax = ", Zmax 

' DO 

' INPUT "Hard base below fill (y/n) "| hardbottom$ 

' hardbottom$ = UCASE$(hardbottom$) 

' LOOP UNTIL hardbottom$ = "Y" OR hardbottom$ = "N" 

' IF hardbottom$ = “Y" THEN 

’ hardbottom$ = "YES" 

‘ ELSE 

, hardbottom$ = "NO" 

' END IF 
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INPUT “Lift thickness, dz =", dz 

INPUT “Eff. coeff. of earth pressure at rest, KO =", effKO0 

INPUT “Effective stress friction angle, phi’ = ", effphi 

IF effphi < 1 THEN 

effphi = 1 

ELSEIF effphi > 60 THEN 

effphi = 60 

END IF 

INPUT “Effective stress cohesion intercept, c' =", effc 

IF effc < 0 THEN 

effc = 

END IF 

INPUT “Total stress friction angle, 

IF totalphi < 1 THEN 

totaiphi = 

ELSEIF totalphi > effphi THEN 

totalphi = effphi 

END IF 

INPUT "Total stress cohesion intercept, c=", totalc 

IF totale < effc THEN 

totale = effc 

END IF 

INPUT “Skempton's A pore pressure parameter = "| SkmptA 

INPUT “Moist unit weight of soil, gamma = ", gam 

END IF 

DO ' Edit the input data set 

CLS 

LOCATE 2, 1: PRINT “Current values of the input variables:” 

PRINT 

PRINT " (1) Heading = "; head$ 

IF type$ = "P” THEN 

PRINT " (2) Plate width, B 

PRINT " (3) Plate length, L 

PRINT " (4) Distance from edge of plate to wall, A 

PRINT " (5) Total load on plate, Q 

PRINT “ (6) Maximum depth for calculating stress, Zmax 

PRINT " (7) Hard base below fill, 

PRINT " (7) Lift thickness, dz 

PRINT " (8) Eff. coeff. of earth pressure at rest, KO 

PRINT “ (9) Effective stress friction angle, phi' 

PRINT "(10) Effective stress cohesion intercept, c' 

PRINT "(11) Total stress friction angle, phi 

PRINT "(12) Total stress cohesion intercept, Cc 

PRINT "(13) Skempton’s A pore pressure parameter 

PRINT "(14) Moist unit weight of soil, gamma 

ELSE 

PRINT " (2) Roller width, B 

PRINT " (3) Distance from edge of roller to wall, A 

PRINT " (4) Total load on roller, Q 

PRINT " (5) Maximum depth for calculating stress, Zmax = 

PRINT " (6) 
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0 

Hard base below fill, 

phi = ", totalphi 

", B 

"vL 

" a 

", Q 

"| Zmax 

", hardbottom$ 

"| dz 

", ef fKO 

", effphi 

", effc 

", totalphi 

"| totalc 

", SkmptA 

» gam 

" B 

"a 

", Q 

"| Zmax 

" hardbottom$ 
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PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

PRINT 

END IF 

DO 

PRINT 

INPUT 

" (6) 
" (7) 
" (8) 
" (9) 

"(10) 
"(11) 
"(12) 
"(13) 

Lift thickness, 

Eff. coeff. of earth pressure at rest, 

Effective stress friction angle, 

Effective stress cohesion intercept, 

Total stress friction angle, 

Total stress cohesion intercept, 

Skempton’s A pore pressure parameter 

Moist unit weight of soil, gamma = ", 

phi 

phi = 

dz =", dz 

KO = ", effKO 

"=". effphi 

‘=", effc 

", totalphi 

c=", totalc 

= ", SkmptA 

gam 

"Enter the number corresponding to the variable to be changed.” 

Enter zero (0) for no more changes. 

IF type$ = "R" AND numchange > 2 THEN numchange = 

* 

LOOP UNTIL 0 <= numchange AND numchange <= 14 

CLS 

LOCATE 4, 5 

SELECT CASE numchange 

CASE 1 

LINE INPUT "Heading = ", head$ 

CASE 2 

INPUT “Compactor width, 

CASE 3 

INP 

CASE 4 

INP 

CASE 5 

INP 

CASE 6 

INP 

CASE 7 

' DO 

UT 

UT 

UT 

UT "Maximum depth for calculating stress, 

“Plate Jength, 

“Distance from edge of compactor to wall, 

"Total load on compactor, 

' INPUT “Hard base below fill (y/n) ", hardbottom$ 

' hardbottom$ = UCASE$(hardbottom$) 

' LOOP UNTIL hardbottom$ = "Y" OR hardbottom$ = "N" 

’ IF hardbottom$ = "Y" THEN 

' hardbottom$ = "YES" 

' ELSE 

' hardbottom$ = "NO" 

‘ END IF 

CASE 7 

INP 

CASE 8 

INP 

CASE 9 

INP 

CASE 1 

INP 

CASE 1 

INP 

CASE 1 

INP 
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UT 

UT 

UT 

0 

UT 

i 

UT 

2 

UT 

“Effective stress friction angle, 

“Total stress friction angle, 

“Lift thickness, 

“Eff. coeff. of earth pressure at rest, 

“Effective stress cohesion intercept, 

“Total stress cohesion intercept, 

KO 

phi 

c 

Cc 

A 

Zmax = 

. humchange 

numchange + 1 

dz =", dz 

phi 

", ef fKO 

". effphi 

"| effec 

=" totalphi 

, totale 
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CASE 13 

INPUT "Skempton'’s A pore pressure parameter =", SkmptA 

CASE 14 

INPUT “Moist unit weight of soil, gamma = “, gam 

END SELECT 

IF effphi < 1 THEN 

effphi = 1 

ELSEIF effphi > 60 THEN 

effphi = 60 

END IF 

IF effc < 0 THEN 

effc = 0 

END IF 

IF totalphi < 1 THEN 

totalphi = 0 

ELSEIF totalphi > effphi THEN 

totalphi = effphi 

END IF 

IF totale < effc THEN 

totale = effc 

END IF 

LOOP UNTIL numchange = 0 

" Store the input data on disk under a user specified file name 

CALL getfi lename 

OPEN filename$ + “.dat" FOR OUTPUT AS #1 

PRINT #1, type$ 

PRINT #1, head$ 

PRINT #1, B 

PRINT #1, L 

PRINT #1, a 

PRINT #1, Q 

PRINT #1, Zmax 

"PRINT #1, hardbottom$ 

PRINT #1, dz 

PRINT #1, effKO 

PRINT #1, effphi 

PRINT #1, effc 

PRINT #1, totalphi 

PRINT #1, totalc 

PRINT #1, SkmptA 

PRINT #1, gam 

CLOSE #1 

END SUB 

SUB effKOModel (effdelsigqv) 

" Hysteretic effKO model of soil loading and unloading. 

" p The model employs a series of nested loading and unloading loops. Loop 

"zero is the outermost loop: peakh(0) & peakv(0) define the maximum 

‘past loading point on the effK0 line and unloadh(0) & unloadv(0) define 

"the corresponding minimum unloading point on the K1 line. The variable 
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*  numloops equals the current number of nested loops. Thus, 

' peakv(0) => peakv(1) => peakv(1) => ... => peakv(numloops) 

' unloadv(0) <= unloadv(1) <= unloadv(2) <= ... <= unloadv(numloops) 

" p The value of numloops is adjusted if a load increment takes the stress 

"state outside the limits of interior hysteresis loops. 

’ p A degenerate loop is constructed at the current stress state to 

"facilitate interpolation to calculate the stress state after the 

"next increment of load: 

‘ a) If a load increment is positive (effdelsigv > 0), and after finding the 

' the value of numloops necessary to make the loops nested properly, 

, numloops is increased by one (numloops = numloops +1) and a degenerate 

' loop is added at the current end of the loading path: 

' peakh(numloops) = peakh(numloops - 1) = effsigh 

' peakv(numloops) = peakv(numloops - 1) = effsigv 

' unloadh(numloops) = effsigh 

' unloadv(numloops) = effsigv 

" b) If a load increment is negative (effdelsigv < 0), the peak stress for the 

' innermost loop is set equal to the innermost unloading point: 

‘ peakh(numloops) = unloadh(numloops) 

’ peakv(numloops) = unloadv(numloops) 

' p If unloading takes place from the effK0 line, an extra loop is inserted 

"in the nested set from the current unloading point to the target reloading 

"point on the effKO line. 

" p Loading is always linear (either effKO or beta-type) and unloading is either 

"linear (K1) or non-linear (alpha-type). 

erevvreorvereerreerre ree tree eee eerr eee eee eee ee eee eee eh ere ere rhe eee hee ee ee eke er ehh eee eee ea 

IF effdelsigv = 0 THEN EXIT SUB 

effsigv = peakv(numloops) + effdelsigv 

IF effsigv <= 0 THEN 

effsigv = 0 

effsigh = 0 

numloops = 

un loadv(0) 

un loadh(0) 

peakv(0) 

peakh(0) 

EXIT SUB 

“
©
 

oS
 

tt 

o
o
 

ll 

‘END IF 

IF effdelsigv > 0 THEN 

IF effsigv >= peakv(0) THEN ‘a new maximum past loading point on effKO line 

numloops = 0 

effsigh = effK0 * effsigv 

CALL findunloadpt(effsigv) 

ELSE ‘find the (new) number of loops and calculate effsigh 

j=0 

D0 

j=j+1 
LOOP UNTIL peakv(j) <= effsigv AND effsigv < peakv(j - 1) 

numloops = j 

slope = (peakh(j - 1) - peakh(j)) / (peakv(j - 1) - peakv(j)) 
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effsigh = peakh(j) + slope * (effsigv - peakv(j)) 

END IF 

peakh(numloops) = effsigh 

peakv(numloops) = effsigv 

numloops = numloops + 1 ‘add the degenerate loop 

peakh(numloops) = effsigh 

peakv(numloops) = effsigv 

unloadh(numioops) = effsigh 

unloadv(numloops) = effsigv 

ELSE ‘effdelsigv < 0 

IF effsigv <= unloadv(0) THEN ‘a new minimum unloading point 

numloops = 1 

IF effsigv > effsigvftan THEN 

effsigh = Kl * effsigv + effsighO 

peakv(0) = effsigv * ((K1 + effsighd / effsigv) / effKO) ~ (1 / alpha) 

peakh(0) = effKO * peakv(0) 

unloadv(0) = effsigv 

unloadh(0) = effsigh 

ELSE 

peakv(0) = effsigvmaxtan 

peakh(0) = effKO * peakv(0) 

unloadv(0) = 0 

unloadh(0) = 0 

OCR = effsigvmaxtan / effsigv 

effsigh = effkK0 * OCR ~ alpha * effsigv 

END IF 

ELSE ‘find the (new) number of loops and calculate effsigh 

j=0 

DO 

j=j+il 
LOOP UNTIL unloadv(j - 1) < effsigv AND effsigv <= unloadv(j) 
numloops = j 

K2 = unloadh(j) / unloadv(j) 

IF unloadv(j - 1) > 0 THEN 

K3 = unloadh(j - 1) / unloadv(j - 1) 

alphal = LOG(K3 / K2) / LOG(unloadv(j) / unloadv(j - 1)) 
ELSE 

alpha alphal 

END IF 

OCR1 = unloadv(j) / effsigv 
effsigh = K2 * (OCR1) ~ alphal * effsigv 

END IF 

unloadv(numloops) = effsigv 

unloadh(numloops) = effsigh 

IF ABS(peakh(numloops - 1) / peakv(numloops - 1) - effKO) < .0001 THEN 

IF numloops = 1 THEN 

betal = beta 

ELSE 

peakh(numloops - 2) - unloadh(numloops - 1) 

peakh(numloops - 1) - unloadh(numloops - 1) 

beta(numloops - 1) * numer / denom 

numer 

denom 

betal 
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END IF 

beta(numloops) = betal 

peakh(numloops) = effsigh + betal * (peakh(numloops - 1) - effsigh) 

peakv(numloops) = peakh(numloops) / effKO 

numloops = numloops + 1 

beta(numloops) = 1 

unloadv(numloops) = effsigv 

unloadh(numloops) = effsigh 

END IF 

peakv(numloops) = effsigv 

peakh(numloops) = effsigh 

END IF 

END SUB 

SUB findunloadpt (effsigv) 
eereeevererer err ewr recover reew ee we eer erer remem ee eee eee ee ree eee eee eae ere he eee ete eee 

Uses Newton-Raphson iteration to find the unloading point 

"on the K1 line. 

eevervre ve ev ervewe eww eow were wee eee eee eee eee eee eee eee ee eee eee eee eae eee eee 

IF effsigv <= effsigvmaxtan THEN 

unloadv(0) = 0 

unloadh(0) = 0 

ELSE 

effsigvf = effsigv "a trial value to start 

count = 0 

DO 

count = count + 1 

IF count > 1000 THEN 

PRINT “Iteration did not converge in SUB findunloadpt.” 

CLOSE 

STOP 

END IF 

OCR = effsigv / effsigvf 

f = effsighO + Kl * effsigvf - effKO * OCR ~ alpha * effsigvf 

fprime = Kl - (1 - alpha) * effKO * OCR ~ alpha 

dsigv = -f / fprime 

effsigvf = effsigvf + dsigv 

LOOP UNTIL ABS(dsigv / effsigvf) < .00001 

unloadv(0) = effsigvf 

unloadh(0) = effsighO + Kl * effsigvf 

END IF 

END SUB 

SUB getf i lename 
peer eerrerrererr er ere ere erreew creer reece re eee eee eee eee eer ee aera eae eee eee hearer ee 

Gets the root of the file name from the user for identifying 

username.DAT, username.OUT, username.PVD, and username.HYS files. 

eeteeerrerrereerrerrvr ere recor reer eer er eee eee eee eeehee er eee eee eee eee eee eae ahaa ae 

CLS 
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PRINT "The following data files are currently on your disk:" 

SHELL “dir *.dat /w" 

PRINT 

PRINT "Type the root name of the data file you will use (8 character max.)" 

PRINT “The file extensions will be added automatically:” 

PRINT " username.DAT for the input data file” 

PRINT “ username.OUT for the tabular output data file” 

PRINT " username.PVD for the z vs sigma-h (after compaction) output file for plotting" 

PRINT “ username.HYS for the sigma-h vs sigma-v output file for plotting” 

PRINT 

IF filename$ <> "" AND action$ = "E" THEN 

prompt$ = "<" + filename$ + ">" 

lastfilename$ = filename$ 

ELSE 

promt$ = "" 

END IF 

DO 

PRINT “File name "; prompt$; 

INPUT ; filename$ 

IF filename$ = "" THEN 

filename$ = lastfilename$ 

END IF 

IF INSTR(filename$, ".") <> 0 THEN 

root length = INSTR(filename$, ".") - 1 

ELSE 

LEN(fi lename$) root length 

END IF 

IF root length > 8 THEN 

root length = 8 

END IF 

filename$ = LEFT$(filename$, root length) 

LOOP UNTIL LEN(filename$) > 0 

END SUB 

SUB hysteresis (delu, totaldeltav) 

Computes values of effdelsigv for the calls to SUB KOmodel. 

The effdelsigv values are chosen from the effdeltav value to 

provide a reasonably complete tracking of the hysteretic 

loading path, which is written to the file username.HYS. 

erreerrrreer errr weer were ere ee eee ere eke eee eh ke ee eee eee kee eee eke ere ee kee eee eee 

IF firsttime$ = “yes” THEN 

WRITE #4, 1, peakv(numloops), peakh(numloops), 0, 0 

firsttime$ = "no" 

END IF 

IF totalphi = 0 THEN 

CALL KOcalleri(delu, totaldeltav) 

WRITE #4, liftsabove + 1, peakv(numloops), peakh(numloops), totalsigv, totalsigh 

ELSE 

effdeltav = totaldeltav - delu 
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effsigvfinal = peakv(numloops) + effdeltav 

IF effsigvfinal < 0 THEN 

effsigvfinal = 0 

-peakv(numloops) 

END IF 

DO UNTIL peakv(numloops) 

APPENDIX B 

effdeltav = 

= effsigvfinal 

IF effdeltav > 0 THEN ‘finds breaks in linear segments 

IF peakv(numloops) = peakv(0) THEN 

ELSE 

END IF 

effdelsigv = effsigvfinal - peakv(0) 

IF peakv(numloops ~ 1) > peakv(numloops) THEN 

loops = numloops - 1 

ELSE 

loops = numloops - 2 

END IF 

IF effsigvfinal > peakv( loops) THEN 

effdelsigv = peakv( loops) - peakv(numloops) 

ELSE 

effdelsigv = effsigvfinal - peakv(numloops) 

END IF 

IF peakh(numloops) > peakv(numloops) AND peakv( loops) > 

peakh( loops) THEN 

slope = (peakh( loops) - peakh(numloops)) / (peakv( loops) - 

peakv(num loops) ) 

eqsigvh = (peakh(numloops) - slope * peakv(numloops)) / (1 

- slope) 

IF effdelsigv + peakv(numloops) > 1.00001 * eqsigvh THEN 

effdelsigv = 1.00001 * eqsigvh - peakv(numloops) 

END IF 

END IF 

ELSE ‘effdeltav < 0 

IF unloadv(numloops) = unloadv(0) THEN 

ELSE 

IF effsigvfinal > effsigvftan THEN 

effdelsigv = effsigvfinal - unloadv(0) 

ELSE 

effdelsigv = effsigvftan - unloadv(0) 

END IF 

IF unloadv(numloops - 1) < unloadv(numloops) THEN 

loops = numloops - 1 

ELSE 

loops = numloops - 2 

END IF 

IF effsigvfinal < unloadv( loops) THEN ‘find unloading segment 

limits 

endptsigv = unloadv{ loops) 

ELSE 

endptsigv = effsigvfinal 

END IF 
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IF unloadv(numloops) > unloadh(numloops) AND unloadh(loops) > 

unloadv( loops) THEN 

K2 = unloadh(numloops) / unloadv(numloops) 

K3 = unloadh( loops) / unloadv{ loops) 

alphal = LOG(K3 / K2) / LOG(unloadv(numloops) / 

un loadv( loops) ) 

eqsigvh = unloadv(numloops) * K2 ~ (1 / alphal) 

IF endptsigv < .99999 * eqsigvh THEN 

endptsigv = .99999 * eqsigvh 

END IF 

END IF 

effdelsigv = (endptsigv - unloadv(numloops)) / 2 

FOR kprti = 1704 ‘subdivide non-linear unloading segments 

effdelsigv = effdelsigv / 2 

FOR kprt2 = 1 TO 2 

CALL KOcaller2(effdelsigv) 

WRITE #4, liftsabove + 1, peakv(numloops), 

peakh(numloops), totalsigv, totalsigh 

NEXT kprt2 

NEXT kprtl 

CALL K0caller2(effdelsigv) 

WRITE #4, liftsabove + 1, peakv(numloops), 

peakh(numloops), totalsigv, totalsigh 

effdelsigv = endptsigv - unloadv(numloops) 

END IF 

END IF 

CALL KOcaller2(effdelsigv) 

WRITE #4, liftsabove + 1, peakv(numloops), peakh(numloops), totalsigv, totalsigh 

LOOP 

END IF 

END SUB 

SUB KOcaller1 (delu, totaldelsigv) 
Ceerrrerrerrertrererer eer eeeer rece ee eee rere eee eee eee eee ere eee ree eee ee eee 

"Computes effdelsigv, calls effK0Model, and recomputes delu. 

eerpereorrereerer reer eer eee eer eee eee eee eee eee ee eee eae ae eae ree er hee eke eee eee eee eee 

effdelsigv = totaldelsigv - delu 

lastotsigh = peakh(numloops) + u 

lastotsigv = peakv(numloops) + u 

CALL ef fKOMode1(effdelsigv) 

totsigh = peakh(numloops) + u + delu 

totsigv = peakv(numloops) + u + delu 

delu = deltau(totsigv, totsigh, lastotsigv, lastotsigh, "“total") 

u =u + delu 

totalsigh = peakh(numloops) + u 

totalsigv = peakv(numloops) + u 

END SUB 

SUB KOcaller2 (effdelsigv) 
per reeer eee e eee ere eee ee eee eee reer eae eee eee eee ee eee eee kee eee eee heehee 
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"Calls effKOModel and computes delu. 

, Note: Call only if totalphi > 0. 

lasteffsigh = peakh(numloops) 

lasteffsigv = peakv(numloops) 

CALL ef fKOMode l(effdelsigv) 

effsigh = peakh(numloops) 

effsigv = peakv(numloops) 

delu = deltau(effsigv, effsigh, lasteffsigv, lasteffsigh, "“eff") 

u =u + delu 

totalsigh = peakh(numloops) + u 

totalsigv = peakv(numloops) + u 

END SUB 

SUB openoutfiles 

Opens the output files and writes the heading for filename$.OUT. 

reprrerrrerrreereerr veer erer eer reer eee ee eee eee eer eee ere heehee eee ree ree eee! 

OPEN filename$ + “.out™ FOR OUTPUT AS #2 

OPEN filename$ + ".pvd" FOR OUTPUT AS #3 

IF hardbottom$ = "NO" THEN OPEN filename$ + ".hys™ FOR OUTPUT AS #4 

PRINT #2, " "; head$ 

PRINT #2, " Program EPCOMPAC, Version 2.0, April, 1992” 

PRINT #2, " Input data file used: "; UCASE$(filename$) + ".DAT" 

PRINT #2, " Date of this run: "; DATE$; “ Time of this run: "; TIME$ 

PRINT #2, 

IF type$ = "P" THEN 

PRINT #2, ™ Compactor: Type = Plate” 

PRINT #2, USING " Plate width = #.## ft"; B 

PRINT #2, USING “ Plate length = #.## Ft"; L 

ELSE 

PRINT #2, " Compactor: Type = Roller" 

PRINT #2, USING " Roller width = ##.## ft": B 

END IF 

PRINT #2, USING “ Total load (static + dynamic) = ######,.## lbs"; Q 

PRINT #2, USING " Geometry: Distance to wall = #.## ft Total fill depth = ###.## ft"; a; 

Zmax 

"PRINT #2, USING ” Lift thickness = ##.## ft Hard base below fill: \ \ "; dz; 

hardbottom$ 

PRINT #2, USING " Lift thickness = ##.## Ft"; dz 

PRINT #2, USING " Soil: Eff. coef. of E.P. at rest (KO) = #.## Klim = ## .##"; 

effK0; Kl 

PRINT #2, USING ™ Eff. angle of int. fric. (phi') = ##.## deg Alpha = #.##"; 

effphi; alpha 

PRINT #2, USING ” Eff. cohesion intercept (c') = ####,.## psf Beta = #.##"; 

effc; beta 

PRINT #2, USING ™ Tot. angle of int. fric. (phi) = ##.## deg Eff. Poisson = #.##"; 

totalphi; effnu 

PRINT #2, USING ™ Tot. cohesion intercept (c) = #####,.## psf | Skempton’s B = #.##": 

totalc; SkmptB 
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PRINT #2, USING “ Skempton's A parameter = #.## Total KO = #.##"; 

SkmptA; totalK0 

PRINT #2, USING " Moist unit weight = ###.## pcf Total Poisson = #.##"; 

gam; totalnu 

PRINT #2, 
PRINT #2, " Depth Tota] Stress Horizontal] Pressures on the Wall (psf)" 

PRINT #2, “ BelOW mn nn nner rn rrr rn rn nn nnn rrr cnn ncn cnn err snn " 

PRINT #2, " Surface At Rest Total Before Peak During Total After” 

PRINT #2, " (ft) Component Compact ion Compact ion Compact ion" 

PRINT #2, "0 wercree weer errr er cer rr ee rrrr etree cm sete centr rr ecce . 

END SUB 

SUB parameters 

"Computes parameters needed for the compaction induced earth 

pressure analysis. 

perpeettrrvervrevreoreeovretrerreperere ree eer ewe rere emer ree eee ee eee eae eee eee eee eee 

numlifts = CINT(Zmax / dz) 

radperdegree = 3.1415926# / 180 

"Effective stress parameters 

effphir = effphi * radperdegree 

effnuk0 = effK0 / (1 + effKO) 

effnu = (effnuK0 + .5) / 2 

Kl = 1 / effKO "chose K1=1/K0 

"Kl = (TAN((45 * radperdegree) + (effphir / 2))) * 2 ‘or Kl=Kp 

effsighO = effc * (Kl - 1) / TAN(effphir) 

IF effphi = 0 THEN alpha = .23 

IF effphi >= 0 AND effphi < 5 THEN alpha = (.23 + (.01 * (effphi) / 5)) 

IF effphi >= 5 AND effphi < 10 THEN alpha = (.24 + (.01 * (effphi - 5) / 5)) 

IF effphi >= 10 AND effphi < 15 THEN alpha = (.25 + (.02 * (effphi - 10) / 5)) 

IF effphi >= 15 AND effphi < 20 THEN alpha = (.27 + (.04 * (effphi - 15) / 5)) 

IF effphi >= 20 AND effphi 25 THEN alpha = (.31 + (.08 * (effphi - 20) / 5)) 

IF effphi >= 25 AND effphi < 30 THEN alpha = (.39 + (.1 * (effphi - 25) / 5)) 

IF effphi >= 30 AND effphi < 35 THEN alpha = (.49 + (.14 * (effphi - 30) / 5)) 

IF effphi >= 35 AND effphi < 40 THEN alpha = (.63 + (.1 * (effphi - 35) / 5)) 

IF effphi >= 40 AND effphi < 45 THEN alpha = (.73 + (.03 * (effphi - 40) / 5)) 

IF effphi >= 45 AND effphi < 50 THEN alpha = (.76 + (.01 * (effphi - 45) / 5)) 

IF effphi >= 50 THEN alpha = .77 

effsigvftan = (1 - alpha) * effsighO / (alpha * K1) 

effsigvmaxtan = (Kl / ((1 - alpha) * effKO)) ~ (1 / alpha) * effsigvftan 

beta = .6 

Total stress parameters 

totalphir = totalphi * radperdegree 

num = SIN(effphir) - SIN(totalphir) 

denom = SIN(effphir) * (1 + (2 * SkmptA - 1) * SIN(totalphir)) 

SkmptB = num / denom 

num = ef fK0 + SkmptB * SkmptA * (1 - effK0) 

denom = 1 - SkmptB * (1 - SkmptA) * (1 - effk0) 

totalKO = num / denom 

totalnuKO = totalKO / (1 + totalK0) 

A 
A 

A 
A 

A
O
A
 

APPENDIX B 339



totalnu = (totalnuK0 + .5) / 2 

END SUB 

SUB readdatafile 
reer ervr rev rere err eer ree eee ee eee ee ee eee ee ee rere eee rh eee rhe eee eee cee ree ee eee ae 

"Reads username.DAT file, if editting or running action was chosen. 
t 

evevervvrerrevrvreeereor rer rere re ere ser eee ere eee eee ere ee eee eee eee eee ree eae 

filename$ = 

CALL getfi lename 

OPEN filename$ + ".dat" FOR INPUT AS #1 

INPUT #1, type$ 

LINE INPUT #1, head$ 

INPUT #1, B 

INPUT #1, L 

INPUT #1, a 

INPUT #1, Q 

INPUT #1, Zmax 

"INPUT #1, hardbottom$ 

INPUT #1, dz 

INPUT #1, effKO 

INPUT #1, effphi 

INPUT #1, effc 

INPUT #1, totalphi 

INPUT #1, totale 

INPUT #1, SkmptA 

INPUT #1, gam 

CLOSE #1 

END SUB 

SUB screendisp lay 

‘ Displays a Virginia Tech logo and message on the screen. 

prpeeervervrer verter erereew wr eew eee ee re eee eke eee eee ree eee eee rhe eee eee eer eer ree 

ON ERROR GOTO Mono 

SCREEN 1 

IF scrntype$ = "mono" THEN GOTO XNDRIVER 

vt: 

COLOR 1, 3 

LINE (230, 4)-(250, 35) 

LINE -(265, 12) 

LINE (270, 4)-(260, 4) 

LINE -(250, 20) 

LINE -(240, 4) 

LINE -(230, 4) 

LINE (270, 4)-(310, 4) 

LINE -(305, 12) 

LINE -(290, 12) 

LINE -(275, 35) 

LINE -(265, 35) 
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start: 

ce: 

cestart: 

LINE -(280, 12) 

LINE -(265, 12) 

PAINT (280, 5), 2, 3 

DIM vt(718) 

GET (228, 2)-(312, 37), vt 

x = 228: y = 2 

xdelta = -2 

xbound = -1 

WHILE xbound 

x = x + xdelta 

IF x < 1 THEN 

GOTO ce 

END IF 

PUT (x, y), vt, PSET 

WEND 

GOTO start 

LOCATE 2, 14 

PRINT “Virginia Tech " 

PRESET (310, 190) 

LINE -(230, 190) 

LINE -(250, 159) 

LINE -(268, 159) 

LINE -(268, 167) 

LINE -(254, 167) 

LINE -(246, 182) 

LINE -(275, 182) 

LINE -(275, 159) 

LINE -(290, 159) 

LINE -(295, 167) 

LINE -(283, 167) 

LINE -(283, 171) 
LINE -(291, 171) 

LINE -(295, 178) 

LINE -(283, 178) 

LINE -(283, 182) 

LINE -(305, 182) 

LINE -(310, 190) 

PAINT (276, 185), 2, 3 

DIM ce(718) 

GET (228, 157)-(312, 192), ce 

x = 228: y = 157 

ydelta = -2 

ybound = -1 

WHILE ybound 

y = y + ydelta 

IF y < 2 THEN 

GOTO logo 

END IF 
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PUT (x, y), ce, PSET 

WEND 

GOTO cestart 

logo: 

LOCATE 4, 14 

PRINT “Department of “ 

LOCATE 6, 12 

PRINT “Civil Engineering” 

start! = TIMER 

WHILE (TIMER - start!) < .5 

WEND 

LOCATE 8, 16 

PRINT “presents...” 

start! = TIMER 

WHILE (TIMER - start!) < .5 

WEND 

LOCATE 15, 17 

PRINT “EPCOMPAC™ 

start! = TIMER 

WHILE (TIMER - start!) < 1 

WEND 

LOCATE 23, 14 

PRINT “ Version 2.0" 

start! = TIMER 

WHILE TIMER - start! < .5 

WEND 

XNDRIVER: 

CLS 

ERASE vt, ce 

SCREEN 0 

WIDTH 80 

CLS 

SCREEN 0 

COLOR 14, 1 

CLS 

PRINT : PRINT : PRINT 

PRINT ™ EPCOMPAC Version 2 April, 1991" 

PRINT ™ A computer program for calculating earth pressures on stiff," 

PRINT ™ unyielding walls due to compaction of the backfill.” 

PRINT 

END SUB 

SUB setup loops 
ereervevrreervr er erre ere er eee ere rere eee eae eee eee heehee ee ae ete eek he he eee eee 

Zeros the variables which define the hysteresis loops. 

If cohesion > zero, establishes a load history corresponding to 

the minimum possible past loading consistent with a zero total stress. 

ereveevrrerevererrtreerer ere reece re veer eee eee ere eee eee ree haere eee eae heheh rere ee eae 

ERASE peakv, peakh, unloadh, unloadv, beta 

numloops = 0 

APPENDIX B 342



IF totalc > effc THEN 

num = -COS(totalphir) * (1 + (2 * SkmptA - 1) * SIN(effphir)) * totalc 

denom = SIN(effphir) * (1 + (2 * SkmptA - 1) * SIN(totalphir)) 

u = num / denom + effc / TAN(effphir) 

effdelsigv = -(1 / effK0) ~ (1 / alpha) * u 

CALL ef fKOMode 1(effdelsigv) 

effdelsigv = -effdelsigv - u 

CALL effKOModel(effdelsigv) 

ELSE 

END IF 

END SUB 

SUB totalKOModel (totaldelsigv) 

"Uses direct iteration to find the pore pressure response to 

"the applied vertical stress increment. Then calls hysteresis() 

"or KOcaller1() to obtain the final value of effsigh. 

eevrreecveervrerrerr err ererer eee ereereo ew eee ree eee eee eee hee eee ae eee ee eee eee eke eae 

DIM bakpeakv(Max), bakpeakh(Max), bakunloadv(Max), bakunloadh(Max) 

baknumloops = numloops 

baku = u 

FOR i = 0 TO numloops 

bakpeakv(i) = peakv(i) 

bakpeakh(i) = peakh(i) 

bakunloadv(i) = unloadv(i) 

bakunloadh(i) = unloadh( i) 

NEXT i 

lastotsigv = peakv(numloops) + u 

lastotsigh = peakh(numloops) + u 

totsigv = lastotsigv + totaldelsigv 

totsigh = lastotsigh + totaldelsigv / 2 ‘a starting trial value 

delu = deltau(totsigv, totsigh, lastotsigv, lastotsigh, "total") 

count = 0 

DO 

count = count + 1 

IF count > 1000 THEN 

PRINT “Iteration did not converge in SUB totalKOModel" 

CLOSE 

STOP 

END IF 

lastdelu = delu 

CALL KOcalleri(delu, totaldelsigv) 

numloops = baknumloops 

u = baku 

FOR i = 0 TO numloops 

peakv(i) = bakpeakv(i) 

peakh(i) = bakpeakh(i) 

un loadv(i) = bakunloadv(i) 

unloadh(i) = bakunloadh(i) 
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NEXT i 

criterionl = ABS((delu - lastdelu) / totaldelsigv) 

divisor = (totalsigv + totalsigh) / 2 

IF divisor = 0 THEN 

divisor = 1 

END IF 

criterion2 = ABS((delu - lastdelu) / divisor) 

LOOP UNTIL criterion] < .00001 OR (criterionil < .001 AND criterion2 < .00001) 

IF hardbottom$ = "NO" AND fillonly$ = "no" THEN 

CALL hysteresis(delu, totaldelsigv) 

ELSE 

CALL KOcallerl(delu, totaldelsigv) 

END IF 

END SUB 
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