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ABSTRACT

Lateral Resistance of Pipe Piles Behind a 20-Foot-Tall MSE
Wall with Welded-Wire Reinforcements

Ryan Thomas Budd
Department of Civil and Environmental Engineering, BYU
Master of Science

Pile foundations for bridges must often resist lateral loads produced by earthquakes and
thermal expansion and contraction of the superstructure. Right-of-way constraints near bridge
abutments are leading to an increased use of mechanically stabilized earth (MSE) walls below
the abutment. Previous research has shown that lateral pile resistance can be greatly reduced
when piles are placed close to MSE walls but design codes do not address this issue. A full-scale
MSE wall was constructed and 24 lateral load tests were conducted on pipe, square and H piles
spaced at distances of about 2 to 5 pile diameters from the back face of the wall. The MSE wall
was constructed using welded-wire grid and ribbed strip inextensible reinforcements. This paper
focuses on four lateral load tests conducted on steel pipe piles located behind a 20-ft section of
MSE wall reinforced with welded-wire grids. Results showed that measured lateral resistance
decreases significantly when pipe piles are located closer than about 4 pile diameters from the
wall. LPILE software was used to back-calculate P-multipliers that account for the reduced
lateral resistance of the pile as a function of normalized spacing from the wall. P-multipliers for
this study were 0.95, 0.68, and 0.3 for piles spaced 4.3, 3.4 and 1.8 pile diameters from the wall,
respectively. Based on results from this study and previous data, lateral pile resistance is
relatively unaffected (p-multiplier = 1.0) for piles spaced more than approximately 3.9 pile
diameters (3.9D) from the MSE wall. For piles spaced closer than 3.9D, the p-multiplier
decreased linearly as distance to the wall decreased. P-multipliers were not affected by
differences in reinforcement length to height (L/H) ratio or reinforcing type.

Lateral pile loads induce tensile forces in the soil reinforcement such that, as pile load
increases the maximum induced tensile force increases. Results also indicate that maximum
tensile forces typically occurred in the soil reinforcement near the pile location. Past research
results were combined with data from this study and a statistical regression analysis was
performed using all data associated with welded-wire grid reinforcements. A regression
equations was developed to predict the peak induced tensile force in welded-wire grids based on
independent variables including lateral pile load, normalized pile distance (S/D), transverse
distance (T/D), L/H ratio, and vertical stress. The equation has an R? value of 0.79, meaning it
accounts for approximately 79% of variation for all welded-wire grid reinforcements tested to
date.

Keywords: Kyle Rollins, lateral load, pile, p-multiplier, welded-wire grids, MSE wall
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1 INTRODUCTION

Increasing right-of-way constraints have led to the increased popularity of Mechanically
Stabilized Earth (MSE) walls near bridge abutments. Piles located within the reinforced zone of
MSE walls that are used to support bridge abutments must resist both vertical loads from the bridge
superstructure as well as lateral loads produced by earthquakes and thermal expansion and
contraction. Currently, there is little guidance to design for the lateral resistance of piles behind
MSE walls. Common methods employed at this time are spacing the piles far enough behind the
wall (often 6 to 8 pile diameters) to negate the walls influence; assuming there is no lateral
resistance from the wall; or placing the pile close to the wall and assuming a lateral resistance
reduction factor based on engineering judgment. These methods are inefficient for the following
reasons: (1) increasing the distance between the wall and the pile increases cost by increasing the
bridge span; (2) assuming no lateral resistance increases foundation costs because the pile size
and/or the number of piles required will increase; and (3) using engineering judgment gives no
standard of design for reduction factors.

Research performed by Pierson et al (2008) on concrete shafts behind an MSE wall
reinforced by geosynthetic reinforcement indicates that lateral resistance decreases as pile spacing
from the wall decreases with significant wall distortion in the masonry block wall. Further research
conducted by Rollins et al (2013) on steel piles with metallic reinforcement confirms the research
by Pierson et al (2008) and also found that p-multipliers based on pile spacing behind an MSE

wall may be used to account for the decreased lateral soil resistance near an MSE wall. Rollins et

1



al (2013) concluded that induced tensile forces in reinforcements from pile loading could be
estimated using variables such as pile load, pile spacing behind the wall, and transverse distance
of the pile from the reinforcement.

Although the research conducted to date is valuable, results are limited to a handful of tests
with a significant number of variables with respect to soil density, reinforcement type, and
reinforcement length to height ratios. Trends appear to be emerging but there is not enough
information for developing design recommendations. Because of the limited data and the large
number of variables, further testing is needed to provide better understanding of the MSE wall-
pile interactions and to develop design recommendations.

Objectives

The main objectives of this research investigation are:

1. Measure reduced lateral pile resistance vs. displacement curves for pipe piles at different
distances behind an MSE wall with welded-wire reinforcement

2. Measure the increase and distribution of tensile force in the welded-wire reinforcement
induced by lateral pile loading.

3. Develop design rules (e.g. p-multipliers) to account for reduced pile resistance as a function
of spacing behind the MSE wall

4. Develop a design approach to predict maximum reinforcement force induced by pile

loading.

Scope of Work
To accomplish the research objectives, a full-scale MSE wall was constructed to conduct

research on laterally loaded steel piles. The wall was constructed in two phases using welded-wire



grid and steel strip reinforcements so that the performance of the two reinforcement systems could
be evaluated separately but with comparable backfill conditions. Because each reinforcement
system develops resistance in different ways, this allows separate design approaches to be
developed if necessary. During Phase I lateral pile load tests were performed at a wall height of 15
feet with a reinforcement length to height (L/H) ratio of about 0.9, which might be common for
seismic design. During Phase II, tests were conducted at a wall height of 20 feet with an L/H ratio
of about 0.7, which is more typical for static loading. The difference in reinforcement L/H ratios
makes it possible to determine if reinforcement length has any effect on lateral pile resistance or
induced force in the reinforcements.

Pile types consisted of pipe, square and H piles and were located behind the wall in the
reinforced zone at distances of approximately 2, 3, 4 and 5 pile diameters from the back face of
the wall. The variation in pile type makes it possible to determine if the p-multipliers or induced
tensile force are affected by the shape of the piles.

This systematic examination of the interaction between piles and MSE walls has been the
focus of four other theses, namely Hatch (2014), Han (2014), Besendorfer (2015) and Luna (2016).
This thesis focuses on the behavior of the pipe piles located in the welded-wire grid reinforcement

zone at a wall height of 20 feet with an L/H of about 0.70.



2 LITERATURE REVIEW

Currently, little guidance is given for designing the lateral resistance of loaded piles behind
mechanically stabilized earth (MSE) walls. A review of MSE walls, soil reinforcement resistance
to pullout, laterally loaded analysis of piles, and case histories of full-scale lateral load testing of

piles is presented in this chapter.

2.1 MSE Walls

MSE walls are cost effective retaining structures that use reinforcing in the soil behind the
wall to add strength and stability to the structure. Layers of reinforcing holds the facing system in
place, which allows for construction of high vertical walls and prevents soil raveling from
occurring. MSE walls were first built commercially in the early 1970’s and are now widely used
in practice. MSE walls are typically used on projects that have bridge abutments, wing walls or in
areas where right-of-way is restricted. Advantages of MSE walls over conventional walls include:
(Berg et al 2009)

= Simple and rapid construction procedures;

= Do not require large construction equipment or skilled laborers;

= Require less site preparation than alternative systems;

= Require less space in front of the structure for construction;



= Reduce right-of-way acquisition;
= Are technically feasible to heights greater than 100 feet; and
= Are more tolerant to deformations than alternative systems.

There are two general categories of reinforcing used in MSE walls: extensible and
inextensible reinforcing. Extensible reinforcing is defined as a material that deforms with the
surrounding soil and consists of any type of geosynthetic, such as geotextiles or geogrid, and is
usually made of polyethylene or polyester. Inextensible reinforcing is defined as material that
deforms considerably less than the surrounding soil and consists of steel or galvanized steel strips
and welded-wire grids or mats (Berg et al 2009).

Typically, MSE walls have been designed using the Allowable Stress Design (ASD) method
or the Load Resistance Factor Design (LRFD) method. Both methods evaluate the external and
internal stability of the stabilized mass. The difference between the ASD and LRFD methods is
how they design for uncertainty. ASD combines all load and material stress uncertainties into one
factor of safety, regardless of the method used to estimate resistance. LRFD accounts for
uncertainty in both material resistance and load and can provide more consistent levels of safety
in the overall design by using resistance factors and load factors.

External and internal stability analyses are evaluated during the design process of MSE
walls. External stability analysis of MSE walls assumes that the reinforced soil and wall act as one
consistent mass. External failures include sliding, overturning, and bearing as shown in Figure

2-1.



Figure 2-1: External stability failure cases: (a) sliding, (b) overturning, and (c) bearing.

Internal failure for an MSE wall can occur in two different ways: elongation and pullout of
the reinforcement. Elongation occurs when tensile forces acting on the reinforcement are larger
than yield strength of the reinforcing material and results in stretching or breaking of the
reinforcement. Pullout occurs when tensile forces acting on the reinforcement are larger than the
pullout resistance of the surrounding soil. In both cases, failure leads to large movement and
possible collapse of the structure. The relevant steps for analyzing internal stability are as follows:
(Berg et al 2009)

= Select the type of soil reinforcement;
= Define the critical failure surface (for selected reinforcement type);

= Define unfactored loads;



= Establish the vertical layout of soil reinforcements;

= (Calculate factored horizontal stress and maximum tension for each reinforcement layer;
and

= (alculate nominal and factored pullout resistance of soil reinforcements and check
established layout.

Internal stability calculations vary depending on whether the reinforcing is extensible or
inextensible. Inextensible welded wire grids were used on this project and will be the
reinforcement discussed for the internal stability analysis.

The critical failure surface for inextensible reinforcing, as shown in Figure 2-2, is assumed
to be bilinear, located at the zone of maximum tensile force in the reinforcement and passes
through the toe of the wall. Maximum tensile forces for each reinforcement layer can be calculated
using Equation 2-1 and are directly related to the type of reinforcement used (Berg et al 2009).

Figure 2-3 shows the relationship between reinforcing material used and the overburden
stress. The coefficient of lateral stress, K:, obtained from Figure 2-3 is used to calculate the
horizontal stress as shown in Equation 2-2. Vertical spacing, Sv, of inextensible reinforcement with
pre-cast concrete facings is generally constant. In order to increase resistance, the size of
reinforcement or number of reinforcement members can be increased. In the case of welded wire

grids, the diameter is increased and/or the number of longitudinal bars is increased.
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Tnax = OuSy (2-1)
where

Tmax 1s the maximum tensile force in a reinforcement layer,

on is the horizontal stress along the failure surface (see Equation 2-2), and

Sv is the vertical spacing between reinforcement layers.

oy = K,0,+ Aay, (2-2)
where

K: is the coefficient of lateral stress (see Figure 2-3),

ov is the vertical stress (see Equation 2-3), and

Aon 1s horizontal stress due to external surcharges.

o, =VY.Z+q+ Ao, (2-3)
where

vr 1s the moist unit weight of the reinforced soil,

Z is the depth to the reinforced layer from the top of wall,

q is a uniform surcharge load, and

Aoy 1s a concentrated vertical surcharge load.

The pullout capacity, Pr, for each reinforcement is the force required to generate sliding of

the reinforcement. Pullout capacity is dependent on the length, cross-sectional area and material



type of the reinforcements as well as surcharge loads and soil properties. Equation 2-4 shows how

to calculate pullout capacity, P for a unit of welded wire grid reinforcement.

P, = F*ao,L,Ch (2-4)
where

P: is the pullout capacity of the reinforcement per unit width,

F* is the pullout resistance factor (see Equation 2-5),

a is a scale effect correction factor equal to 1 for metallic reinforcements,

o’y is the vertical effective stress at the reinforcement layer,

Le is the length of embedded reinforcement resisting the soil at a given point,

C is the reinforcement effective unit perimeter and is equal to 2 for grids, and

b is the width of the welded-wire grid reinforcement.

. {20(1:/5,),2 =0 2-5)

10(t/S.),Z = 20 ft
where
t is the transverse bar thickness of the reinforcement,
St is the spacing between transverse bars, and

Z is the depth to the reinforcement layer below the top of the wall.

R =2 2-6)

where
b is the width of the reinforcement, and

Sh 1s the horizontal center to center spacing between grids on the same layer.
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The horizontal spacing between grids, Sn, calculated in Equation 2-6 factors in the section
of wall that is affected by the reinforcement. For this study, Sh was not used in the calculations
because strain gauges measured the induced pile load directly, and the reinforcement was the prime

focus of induced load, not the wall. Therefore, Rc was equal to b for this study.

2.2 Tests for Pullout Resistance Factors

A total of 402 full-scale pullout tests were performed on inextensible reinforcements at
Texas Tech University. The primary purpose of the testing program was to evaluate pullout
resistance factors (F*) for ribbed steel strips and welded wire grid reinforcements in sandy backfill
(Lawson 2013). The backfill material was classified as a poorly graded sand with silt (SP-SM)
with a maximum dry unit weight of 124.5 pcf, an optimum moisture content of 7.8 percent and an
average relative compaction of 95.7 percent. A portion of the ribbed steel strips were tested in
under-compacted soil with a relative compaction of approximately 91 percent. A comparison of
the change in compaction to the change in F* values is found in Table 2-1 and provides valuable
insight on how small changes in relative compaction can greatly affect the soil resistance on the
reinforcement. In general, a change in relative compaction of 4 % affected the pullout resistance

factor by 34% (Lawson 2013).

Table 2-1: Influence of relative compaction on pullout resistance factor, F* (Lawson 2013).

Lower Upper
Degree of Compaction Mean F Confidence Confidence
Interval Interval
Under-compacted backfill L 130 200
Propetly compacted 269 2286 320
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After creating a database, statistical analyses were performed on the data. The objective of
the analyses was to identify key variables that affect the measured F* value and to develop F*
prediction models and intervals based on the new data set (Lawson 2013). Results of the statistical
analyses agree with AASHTO that depth of fill, transverse bar diameter and transverse bar spacing
influence F* in welded-wire grids. Embedment length, longitudinal bar diameter and longitudinal
bar spacing were significant variables affecting F* that the AASHTO equation does not take into
account. This study shows that as longitudinal and transverse bar spacing decreases or the
transverse bar diameter increases, F* increases.

A nonlinear regression was used to define the relationship between F* and the depth of fill,
opposed to a bilinear regression line used by AASHTO (Lawson 2013). Figure 2-4 shows the
measured F* values versus the depth of fill and includes the AASHTO bilinear equation as a solid
black line for comparison. At depths shallower than ten feet, the data from this study produced F*
values up to 2.5 times (near the surface) greater than those used by AASHTO. It is important to
note that the scatter in the measured F* values is significant even in these tests where compaction
was closely controlled. The scatter is greatest at the top of the wall presumably owing to
differences in the potential for dilation associated with small changes in relative compaction.
Therefore, scatter in the tensile force induced by lateral pile loading which occurs near the top of

the wall should be expected to be significant.
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Figure 2-4: Normalized pullout resistance factor, F*, vs. depth of fill for welded-wire grid
reinforcements in sandy backfill (Lawson 2013).

2.3 Laterally Loaded Analysis of Piles

A common way to analyze laterally loaded piles is by using the p-y method. The p-y method
is based on modeling the soil-pile interaction as a nonlinear beam on an elastic foundation (BEF)
where a series of springs are used to model soil behavior, as shown in Figure 2-5. Analysis of
laterally loaded piles with the p-y method is generally performed by finite difference and finite
element software including COM624, LPILE, FB-Pier, etc. LPILE is perhaps the most widely used

program in the United States and was the software used for analysis on this project.
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Figure 2-5: Conceptual model of the p-y method (Isenhower et al. 2015).

LPILE is a finite difference program that analyzes the lateral loading of driven piles and
drilled shafts. LPILE is the commercial version of the computer program COM624 which was
originally developed by Reese and Matlock at the University of Texas in the 1970s and is one of
the most widely used programs for lateral pile load analysis. The program is capable of producing
deflection, shear, bending moment and soil response of the pile to the maximum depth the pile is
driven. LPILE also automatically generates p-y curves based on soils from full-scale load tests
previously studied. Soil types programmed into LPILE include clay, sand, weak rock, and a
number of specialty soils. The program also allows manual entry of soil parameters.

API sand and Reese sand are two of the sand types in LPILE with similar criteria and differ
primarily in the initial modulus of subgrade reaction and the shape function of the curves. The API
sand criteria uses a more convenient equation for computation and will be the soil criteria used for
analysis on this project. The API procedure for computing p-y curves is as follows: obtain values
for the angle of internal friction, soil unit weight, and pile diameter; compute the ultimate soil
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resistance; and develop the load-deflection curve based on the smallest calculated ultimate bearing
capacity value. Values for soil properties are either obtained through field testing, correlation, or
empirical means and are used in LPILE as input parameters.

Two models are used for computing the ultimate bearing capacity, pu, for piles in sand. The
first model is a passive wedge-type failure for soil resistance near the ground surface and can be
calculated using Equation 2-8. An example of wedge failure is demonstrated in Figure 2-6. The
second model is for failure at deeper depths caused by lateral flow of soil around the pile and is
calculated using Equation 2-9. At a given depth, x, the model giving the smallest value of Pu should
be used as the ultimate bearing resistance when developing the p-y curve. The p-y relationships

for sand are non-linear but may be approximated by using Equation 2-10.

Figure 2-6: Passive wedge failure of laterally loaded piles in sand at shallow depths (Isenhower et al. 2015).
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P, = (Cix+ C,b)y'x 2-7)

P, = C3by'x (2-8)
where

Py is the ultimate resistance in force per unit length (s = shallow, d = deep),

v’ is the effective unit weight of soil,

x is depth from ground surface,

¢’ 1s the angle of internal friction of sand in degrees,

Ci, Cz, and Cs are coefficients determined from Figure 2-7 as a function of ¢’, and

b is the average pile diameter from the ground surface to depth x.
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Figure 2-7: Ultimate bearing coefficients as a function of the internal angle of friction (API, 1982).
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p = Ap, tanh ([:% y) (2-9)

where

p is resistance on the p-y curve,
Ais (3.0 - 0.8 g) > 0.9 for static loading, 0.9 for cyclic loading,

pu 1s computed from Equations 2-8 and 2-9, and is the smaller of the two values,
k is the initial modulus of subgrade reaction as determined from Figure 2-8,
x is depth from ground surface, and

y is deflection on the p-y curve.

¢, Friction Angle, degrees
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Figure 2-8: Soil modulus reaction based on friction angle or relative density of soil (API, 1982).
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2.4 Full-Scale Load Tests

Several full-scale load tests have been performed on laterally loaded piles piles/shafts behind
MSE walls over the last decade including work from Pierson (2009), Rollins et al (2013), Hatch
(2014), Han (2014) and Besendorfer (2015). The following sections will discuss the full-scale load

tests performed to date including the conclusions and limitations drawn from each test.

2.4.1 Laterally Loaded Shafts Behind an MSE Block Wall

The first full-scale lateral load test behind an MSE wall was performed by Pierson and
Parsons in 2007. The project was located in Kansas DOT right-of-way near Kansas City, Kansas.
The research consisted of laterally loading eight 36-inch diameter cast-in-place reinforced concrete
shafts behind a 20 foot high masonry block retaining wall with Tensar UX1400 and UX1500
extensible geogrid reinforcements. The shafts were generally 20 feet long, and spaced a normalized
distance of one shaft diameter (1D) to four shaft diameters (4D) behind the back face of the wall.
Backfill consisted of crushed limestone gravel with an angle of friction of 51 degrees (Pierson et
al 2009).

Instrumentation was used to monitor lateral load and displacement of shafts, wall
displacements, pressures behind the wall facing, strain within the reinforcing and movement within
the wall (Parsons et al 2009). Shaft data was obtained by monitoring hydraulic pressure, load cells
and linear variable differential transformers (LVDTs). Inline load cells were used on all of the
single pile tests. Each test shaft and reaction shaft were fitted with two LVDTs at different
elevations to determine the change in elevation. The reaction and reference beams were also fitted
with LVDTs to monitor movement. Inclinometers were placed inside the shafts to monitor shaft
deflection and measurements were taken at different load steps. A pile head load vs. deflection

plot presented in Figure 2-9 for four single shaft tests located at different distances behind the wall

18



indicates that lateral soil resistance decreases as the normalized distance decreases. However, it
should be noted that the reduction does not appear to decrease uniformly with distance. For
example, the lateral resistance of the pile at 3D decreases by about 30% on average relative to the
pile at 4D; however, the lateral resistance for the pile at 2D is about the same as that for the 3D

pile. This could be a result of non-uniform compaction between the pile and the wall face.
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Figure 2-9: Load at 2.5 minutes vs. deflection of laterally loaded single shafts (Pierson et al 2009).

Geogrid was instrumented with strain gauges, located on the top and bottom of the
reinforcement for redundancy. Data from the strain gauges was used to measure load transferred
to the reinforcements. They found that as geogrid stiffness (strength) increased the wall deflection
decreased and the area of wall displacement increased. (Pierson et al 2011). Post-test tension cracks

were observed at the edge of the reinforced soil block indicating that failure of the wall was

19



external and that reinforcement length was critical on this project. In general, strain was highest
near the pile and decreased as distance from the pile increased.

Pressure cells were placed behind the wall face and were used to measure pressure at
multiple elevations directly in front of the loaded shafts. Wall deflection was measured by placing
targets on the wall face and measuring target movements between each load with a digital camera
on a fixed tripod. Movement measured from the targets and LVDTs were consistent with each
other. Because the wall and shafts were built for research, wall deflections of over 6 inches were
measured on some of the tests. Figure 2-10 shows that 9 inches of shaft movement deflects the
wall 6 inches, indicating that the wall is not resisting the pile load very effectively. Further
evidence of poor lateral resistance is that wall movement is reduced by approximately 60 percent

when spaced two pile diameters from the deflection in line with the shatft.
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Figure 2-10: Wall deflection based on distance from centerline of Shaft C located 3D behind the wall
face near the top of wall (Pierson et al 2009).
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2.4.2 Full-Scale Load Testing Near UDOT Bridge Abutment Walls

Lateral load tests behind MSE walls were performed in Utah County, Utah at the following
sites: Pioneer Crossing, U.S. Highway 89 and Provo Center Street (Price 2012, Nelson 2013,
Rollins et al, 2013). Each site was located in Utah Department of Transportation (UDOT) right-
of-way and where bridges were under construction. Testing was performed on a total of eight steel
piles with diameters from 12.75 to 16 inches and at distances of 1.7D to 7.5D from the wall face.
Reinforcement was all inextensible, but both welded-wire grid and ribbed strip reinforcements
were employed along with one-stage and two stage walls. Wall heights ranged from about 20 to
40 ft. Four of the piles tested were production piles used to support the bridges and had set
locations. The remaining four piles were installed specifically for testing purposes. The variables
for each laterally loaded pile are shown in Table 2-2.

Test results from Rollins et al (2013) confirmed Pierson’s conclusion that lateral resistance
decreases as the normalized distance from the wall decreases. To account for the reduced lateral
resistance due to proximity to the wall, Rollins et al (2013) computed p-multipliers for each test
pile using the computer program LPILE. The p-multipliers were then plotted versus distance from
the wall face and best-fit curves were developed as shown in Figure 2-11. According to Figure
2-11, the length to height (L/H) ratio and normalized distance behind the wall both play a role in
determining p-multiplier values. The data suggest that with L/H ratios of 1.1 and 1.6, a p-multiplier
of 1 can be used when the normalized distance from the back face of the wall is 5.2 and 3.8 pile
diameters, respectively. It should be noted that the friction angle (¢) and/or the lateral stiffness
factor (k) used to analyze many of the Price (2012) and Nelson (2013) tests were either much
higher or lower than would be expected for the type of soil they were tested in. This is, in part,

caused by not accounting for the surcharge loads when calculating p-multipliers. Surcharge loads
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were later considered to increase the effective wall height changing the L/H ratios to be
approximately 1.0 to 1.4. Figure 2-12 shows an alternative interpretation of the results which
indicate that the p-multipliers are only affected by spacing less than approximately 3.8D.

Table 2-2: Test data and information from UDOT bridge tests (Price 2012, Nelson 2013).

US Highway 89 Pioneer Crossing Provo Center Street

Test Pile TP1 TP2 TP3 TP4 TP5 TP6 TP7 TP8

Outside Pile Diameter [in] | 12.75 12.75 16 16 16 12.75 12.75 12.75

Pile Wall Thickness [in] | 0.375 | 0.375 | 0.375 | 0.375 | 0.375 | 0.375 0.375 0.375

i ?
Wrapped with HDPE? If Yes, No No Yes, Yes, Yes, No No No

Thickness [mm] 10 10 10

Distance from Back Wall Face to

Center of Pile [ft] 7.7 4.0 3.8 6.9 2.2 13 2.8 6.7

Normalized Pile Spacing [pile | | 39 | 59p | 520 | 16D | 1.3D 27D | 6.3D

diameters]
Wall Height at Time of Testing [ft] 20.5 20.5 29.8 37.7 34.7 23.25 23.25 23.25
Reinforcement Length [ft] 33 33 50 42 39 28 28 28
Reinforcement Length-to-Full Height
of Wall (Surcharge included) 1.29 1.42 1.27 0.98 0.97 1.03 1.20 1.03
Wall Facing Type | Concrete Panel Concrete Panel Welded Wire
Inextensible Reinforcement Type Grids Grids Strips
Vertical Spacing of Reinforcement [ft] 2.5 2.5 2
Surcharge Load [psf] | 708 383 | 1363 | 735 | 808 657 135 657
Wall Panel Dimensions [ft] 5x12 5x10 4.8x9.75
Backfill Material Sandy Gravel Sandy Gravel Sandy Gravel
Moist Unit Weight of Soil [pcf] 141.8 142.0 134.9

Price (2012) and Nelson (2013) also analyzed the normalized load in the reinforcement as a
function of normalized distance from the pile for both types of reinforcement. The maximum
tensile force is normalized by the maximum pile load and plotted against the transverse distance
between the pile and reinforcement normalized by the longitudinal distance between the pile and
the wall, as shown in Figure 2-13. They determined that the normalized force decreases
exponentially as the normalized distance increases. They developed an envelope between the best

fit curve of the data and conservative test data values, as shown in Figure 2-13.
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Figure 2-11: Tentative p-multiplier curves as a function of normalized distances for two
reinforcement ratios (Rollins et al 2013).
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Figure 2-12: P-multiplier curves as a function of normalized distance with reinforcement ratios
corrected for surcharge (Rollins et al 2013).

23



0.25

- + 1.6 D (TP5 - reinforcement in upper 4.2 ft)
é [ X 2.9 D (TP3 - reinforcement in upper 5.3 ft)
9 0.20 t 3.8 D (TP2 - reinforcement in upper 1.6 ft) ||
E % [ fenvelopez 0.0334d-1:007 O 5.2D(TP4 - reinforcement in upper 4.7 ft)
2 S 0.15 [ ‘ ® 7.5D(TP1- reinforcement in upper 1.3 ft) ||
£ o [ \ - - - - Best Fit
\

g S r &, C\ Tentative Envelope
(o] ] \ T T
L £ 010 ‘@ { -0.896
78 g Y f o= 0.0235d

)
_§ [ \\ B{/ R?=0.89
x r S e
© L -
S [ SIS “s¢-F oo T—— = .

hEEE R
I 0.00 T —

0 0.25 0.5 0.75 1 1.25 15 1.75 2 225 25 275 3

Lateral Distance from Center of Pile to Center of Grid
d=Distance from Back Face of Wall to Center of Pile

Figure 2-13: Plot of normalized induced force in wire grid reinforcement vs. normalized distance
from pile (Rollins et al 2013).

2.4.3 Full-Scale Lateral Load Testing Behind an MSE Wall

Additional research has been completed on laterally loaded piles behind an MSE wall of
which this report is a part. Tests were performed at wall heights of 15 feet and 20 feet with a
constant reinforcement length to examine the influence of the reinforcement length to height (L/H)
ratio on pile performance. Inextensible welded-wire grids and ribbed strips were each used on one
half of the wall for soil reinforcement. Pipe, square and H-piles were used as test piles to determine
if the pile shape of is a factor affecting the soil resistance. Further test layout and the
instrumentation of piles, reinforcing, MSE wall, etc. will be discussed later in this report.

Reports for the 15-foot phase of the wall for both the ribbed strip and welded-wire grid
sections of the wall using steel pipe piles were completed by Han (2014) and Hatch (2014),
respectively. A report for the 20-foot phase of the wall for the ribbed strip section of the wall using

steel pipe piles has been completed by Besendorfer (2015). Data from these studies confirm that
24



lateral pile resistance decreases as normalized distance between the pile and wall decreases. Their
data also show that the L/H ratio does not influence the p-multiplier as previously suspected based
on the limited set of test results available to Price (2012) and Nelson (2013). Figure 2-14 shows a
best fit line representing the previous test data ran on steel pipe piles and omits the lines based on
the L/H ratio. Data to this point indicates that if a pile is spaced 3.8 pile diameters or greater behind
an MSE wall, it will not have reduced soil resistance due to its proximity to the wall and have a p-
multiplier of 1. Furthermore, if a pile is closer than 3.8 pile diameters to the MSE wall, the p-
multiplier will be reduced linearly as shown in Figure 2-14. Results from these tests also indicate
that induced reinforcement load increases as pile load increases, and as pile spacing and transverse
distance from reinforcement to the pile decreases. Maximum wall deflections of less than 0.5
inches were measured for pile head loads of more than 50 kips and pile head deflections of 3 inches

or more. This indicates that inextensible reinforcement is ideal to resist laterally loaded piles.

2.5 Limitations of Existing Research and Need for Additional Research

As indicated previously, this study addresses lateral loading of steel pipe piles at the 20-ft
phase of the MSE wall on the welded-wire grid portion of the wall. Similar analysis to that of Han
(2014), Hatch (2014) and Besendorfer (2015) will be completed and results will be compared in
the attempt to validate the p-multiplier chart in Figure 2-14 and check for different factors that
affect the induced load on soil reinforcement. Additionally, lateral pile load tests have never before
been performed near an MSE wall with an L/H ratio of about 0.7, which is typical of static loading
conditions when welded-wire grid reinforcements have been used. This research will investigate
the effects that an L/H ratio of 0.7 has on lateral resistance and p-multipliers when welded-wire

grids are employed.
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Figure 2-14: P-multiplier chart for steel pipe piles accounting for surcharge load (Besendorfer, 2015).
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3 TEST LAYOUT

Testing for this project was conducted on Geneva Rock property located on the south side
of Point of the Mountain in Utah County, near Lehi, Utah. Coordinates for the site are 40.453194,

-111.899304. The general site location and a close-up view of the site are shown in Figure 3-1.

Figure 3-1: Location of the project site (Google earth, 2015).
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3.1 Site Preparation

Prior to site grading and wall construction, the test location consisted of an existing slope
ranging between 3:1 (horizontal to vertical) and 5:1 in steepness. Grading of the site was completed
using a CAT DOT bulldozer with built-in automatic leveling and elevation instrumentation. After
initial grading of the staging area and project site was completed, a 2-foot-deep cut was excavated
along the length of the wall face location to provide minimum embedment for the leveling pad and
MSE wall. The cut was extended 25 feet back from the wall location with approximate cuts of 5
to 7 feet deep into the hillside near the reaction pile locations. Excess fill from the cuts was stored

east of the site for later use. Site grading and cuts are shown in Figure 3-2.

Figure 3-2: Project site after completion of site grading.
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3.2 Piles

Test piles for this site consisted of round A252-Grade 3 12.75x0.375 pipe piles, HSS 12x%4
square piles and HP 12x74 H-piles. All piles had a yield strength of approximately 57,000 psi.
Round and square piles were donated by Atlas Steel and H-piles were donated by Skyline Steel
and Spartan Steel.

A total of twenty-five 40-foot long steel piles were driven to a depth of 18 feet below grade
prior to wall construction. A summary of the blow counts for the piles used in this study are located
in Table 3-1. The piles were driven by Desert Deep Foundations using an ICE [-30V2 diesel
hammer. The hammer was installed on tracks inside of a steel cage tower, aligned with the pile
and held in place by a crane. Figure 3-3 shows the pile driving set up. All pipe and square piles
were driven open ended and were plugged with soil during installation. Plugs ranged between 10.3
and 10.9 feet above the pile toe for the pipe piles used in this study. For the purposes of this
research, the test piles were considered hollow.

Pile locations were designed and laid out to normalized distances of 2 pile diameters/widths
(2D), 3D, 4D and 5D from the back of the wall panel with a horizontal spacing of 5 feet on center
from each other. This report covers the pipe piles tested at the 20 foot wall level on the east side
of the retaining wall using steel welded-wire grid reinforcing. The actual normalized distances for
piles 2D, 3D, 4D and 5D for this report are 1.8D, 3.4D, 4.3D and 5.2D, respectively. The actual
horizontal spacing between piles 2D, 3D, 4D and 5D are 5’5, 4°7” and 4°7”, respectively.
Normalized spacing varied from design values owing to construction tolerances when driving
piles.

Additional test piles were driven behind the designed reinforced soil mass and used as

control tests since they were not influenced by the proximity of the retaining wall. The control
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piles were also used to support the reaction beam during testing. Pile locations are shown in Figure
3-4.

Table 3-1: Blow counts (N) of driven pipe piles behind the SSL portion of the wall.

Depth (ft) N (blow counts)
1.8D 3.4D 4.3D 5.2D

1
2 1 1
3 1 1
4 1 ) 1
5 1 1
6 1 1
7 3 1 ) 5
8 3
9 3 5
10 5 7 5
11 5 6 6
12 5 7 6
13 3 5 5
14 3 25 4 3
15 3 3 5
16 3 3 5
17 3 4 3
18 3 5 3 4

Total 47 38 43 38
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Figure 3-3: Installation of piles using a diesel hammer.
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31




3.3 MSE Wall

The MSE wall was designed according to the AASHTO 2012 LRFD code and completed in
two phases. Phase 1 consisted of constructing the MSE wall to a height of 15 feet and testing select
piles. At the completion of testing, Phase 2 began by resuming the wall construction to a final
height of 20 feet and running similar testing as that in phase one. The elevation view for both

phases is shown in Figure 3-5.

RECO MSE WALL = 89 56 SSL MSE WALL = 90.00"
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50 X 4 MM REINFORCING STRIPS 18'.ONG REINFORCING MESH 18’ LONG

Figure 3-5: Elevation view of the MSE wall highlighting different phases of construction.

The MSE wall was constructed by Hadco, Inc. using two different wall systems. The eastern
half of the wall consists of 50 feet of main wall and 40 feet of wing wall and was built using the
SSL wall system. The SSL wall system consists of 5’x10’ reinforced concrete panels with textured
facings (see Figure 3-7) and 18-foot long galvanized steel welded-wire grid soil reinforcements.
Reinforcements are attached to 0.75-inch loops in the wall by two W30 connector pins as shown
in Figure 3-6. Reinforcements are spaced every 30 inches vertically and approximately every 60
inches horizontally. The number of longitudinal wires and horizontal spacing in the reinforcement

changes based on the reinforcement layer as shown in Table 3-2.
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Table 3-2: Design details for the welded-wire grid reinforcement based on location from top of wall.

Grid Layer Depth From Top of Longitudinal Wire Horizontal Wire
(From Top of Wall) Wall (in) Number | Size | Spacing (in) | Size | Spacing (in)
1 15 6 W11 8 W11 6
2 45 5 W11 8 w11 12
3 75 5 W11 8 W11 12
4 105 5 W11 8 w11 12
5 135 5 W11 8 W11 12
6 165 6 W11 8 w11 12
7 195 6 W11 8 W11 12
8 225 6 W11 8 W11 12

*W11 wire has a diameter of 0.374 in.

Figure 3-6: Welded-wire grid reinforcement connected to wall loops by W30 pin connectors.

The western half of the wall entails 50 feet of main wall and 40 feet of wing wall and was built
using the Reinforced Earth Company (RECO) wall system. The RECO wall system is comprised
of 5’x10’ reinforced concrete panels with smooth facings (see Figure 3-7) and 18-foot galvanized
steel ribbed strip soil reinforcements connected to the wall panel with bolts, as shown in Figure
3-9. Plan views for both wall systems are shown in Figure 3-10. A complete set of the SSL wall

plans are included in Appendix B for reference.
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RECO Wall . A, SSL Wall

Figure 3-7: Different wall systems used for this project.

Figure 3-8: SSL galvanized steel welded-wire grid soil reinforcing layout with test piles.
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Figure 3-9: RECO steel ribbed strip soil reinforcing set up.
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3.3.1 Backfill

After the initial row of wall panels were leveled and installed, backfill was placed in 12-inch
lifts behind the test piles as shown in Figure 3-11, and in 6-inch lifts between the test piles and the
back of the wall. Prior to compaction, the backfill was moisture conditioned (see Figure 3-11)

within 2 percent of optimum as determined by the Standard Proctor test.

Figure 3-11: (a) Backfill lifts behind test piles; (b) moisture conditioning of backfill.
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Each lift was compacted using a vibratory roller compactor behind the test piles (see Figure
3-12), a vibratory plate compactor between the test piles and the back of wall, and a jumping jack
compactor directly around test piles behind the reinforced zone as shown in Figure 3-13. After
compaction of each lift, a nuclear density gauge, as shown in Figure 3-14, was used to obtain unit

weights and moisture contents of the backfill to ensure consistent compaction.

Figure 3-12: Compaction of backfill behind the test piles using a vibratory roller compactor.
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Figure 3-13: Compaction of backfill between the test piles and the back of wall using jumping jack
and vibratory plate compactors.

Figure 3-14: Density and moisture testing of backfill using a nuclear density gauge.
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Geneva Rock provided the backfill, which was classified as AASHTO A-1-a material and
as a silty sand with gravel (SP-SM) according to the Unified Soil Classification System (USCS).
The backfill for Phase 1 had a standard proctor density of 128.0 pcf and an optimum moisture
content of 7.8%. The backfill for Phase 2 had a standard proctor density of 126.7 pcf and a
calculated optimum moisture content of 9.7%. Test results of the backfill properties are included
in Appendix C. The target density for the compacted backfill was 95% of standard proctor. Actual
average moisture contents were 6.0% behind the test piles and 5.2% between the test piles and the
back of wall, as shown in Figure 3-15. The actual average relative compaction of the backfill was
approximately 96% in the fill behind the test piles and approximately 92% between the test piles
and back of wall, as shown in Figure 3-16. Lower compaction between the wall and piles is typical
in normal MSE wall construction because it is difficult to get compaction in small or confined
areas and heavy compaction is likely to displace the wall panels laterally. Compacted backfill
properties are shown in Table 3-3 and Table 3-4 and also include the standard deviation and

coefficient of variation for each data set.

Table 3-3: Backfill properties between test piles and back of MSE wall.

Moisture Dry Unit Moist Unit Relative
Content [%] Weight [pcf] Weight [pcf] Compaction [%]
Average 5.2 116.7 122.8 91.8
Standard Deviation 1.58 3.22 3.76 2.78
Coefficient of Variation 0.303 0.028 0.031 0.030

Table 3-4: Backfill properties behind the test piles.

Moisture Dry Unit Moist Unit Relative
Content [%] Weight [pcf] Weight [pcf] Compaction [%]
Average 6.0 122.8 130.1 96.4
Standard Deviation 1.66 2.64 3.14 2.32
Coefficient of Variation 0.276 0.021 0.024 0.024
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Figure 3-16: Measured relative compaction of backfill.
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3.3.2 Surcharge

Prior to pile load testing, concrete blocks with dimensions of 2°x2°x6’ were placed on either
side of the test pile and load apparatus to induce a surcharge load representative of the weight of
the abutment and approach fill at a typical bridge abutment. The concrete blocks were typically
placed 3 blocks wide, 2 blocks high and 2 blocks deep as shown in Figure 3-17. The area of
surcharge covered approximately 12 feet directly behind the pile and approximately 6 feet to either
side perpendicular to the load apparatus with a gap approximately one foot wide to accommodate
the loading strut. The surcharge created by the concrete blocks simulates a portion of the abutment

wall and backfill about 5 ft high with an overall unit weight of 120 pcf.

Reaction Pile

Surcharge Blocks

Reaction Beam

7 g i

Hydraulic Pump

Figure 3-17: Typical set up for pile load testing.
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3.4 Loading System

As mentioned in section 3.2, piles were installed behind the reinforced earth mass to support
the reaction beam during load testing of the piles as shown in Figure 3-17. Therefore, the load
applied to the test pile did not influence the load in the reinforcements. A load apparatus was then
set in place to connect the test pile with the reaction beam. The apparatus, beginning closest to the

test pile, consisted of an inline load cell, a hydraulic jack and steel strut as shown in Figure 3-18.

TR 32 =
— il Hydraulic Jack |*
Load Cell

/ | }‘A -

Steel Strut

Figure 3-18: Load apparatus configuration.
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Each test pile had a steel C-channel welded to the pile at approximately one foot above the
ground surface which allowed for a flat surface to apply the load. The C-channel was connected
with an inline load cell, which was attached to the hydraulic jack. A hydraulic pump, as seen in
Figure 3-17, was also attached to the hydraulic jack via hydraulic hoses to regulate load pressures.
Both a pressure transducer on the hydraulic pump and inline load cell were used to measure loading
throughout the testing of the pile. Any remaining space between the hydraulic jack and the reaction

beam was filled with steel struts and steel plates.
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4 INSTRUMENTATION

A variety of instruments were used at each test pile to measure the applied load, deflection,
strain and rotation on the pile as well as wall deflection, ground displacement and strain in the soil
reinforcements. This chapter discusses the layout and instruments used to obtain data on this

project.

4.1 Load Cell and Pressure Transducers

An in-inline load cell and pressure transducer were used to measure the applied load on the
pile. The load cell was located between the pile and the hydraulic jack. The pressure transducer
was attached to the hydraulic pump. Readings for the pressure transducer and load cell were
collected at a rate of 2 readings per second by an Optima Electronics Corp. MEGADAC 5414AC
(MEGADAC) data collector. Although loads from both instruments were recorded, they did not
correlate with one another. Lab testing verified that the load cell was giving erroneous readings,
most likely due to eccentric loading. As a result, the data collected from the pressure transducer

was used for the data analyses for each pile discussed in this report.
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4.2 String Potentiometers

String potentiometers were used to measure pile head displacement and rotation, wall
displacement and horizontal ground displacement. Data from the string potentiometers was
collected at a rate of 2 readings per second and stored in the MEGADAC data collector.

As shown in Figure 4-1, string potentiometers were attached to a 2x4 that was clamped to a
wooden 4x4 independent reference beam. The reference beam was strapped on each end to
stationary concrete blocks that were located outside of the testing area of influence (typically > 6
feet from the test pile). Pile head deflection was measured by connecting a string potentiometer to
an eyebolt that was magnetically attached to the side of the pile at the same elevation as the applied
load. Another string potentiometer was connected to an eyebolt 3 feet above the first by clamping
a 2x4 to the side of the pile. Pile head rotation was calculated by taking the difference of the pile
head deflections at the load point and 3 feet above the load point and using trigonometry to find
the angle at which the pile head was rotated.

Horizontal ground displacement was measured by connecting string potentiometers to steel
stakes that were driven into the ground as shown in Figure 4-2. Stakes were typically spaced at
1-foot intervals from the front face of the pile. Horizontal displacement was measured by taking
the difference of the initial and measured values recorded from the string potentiometers. Wall
displacement was measured by installing an eyehook into the top of the concrete wall panel directly
in front of the pile and connecting a string potentiometer to the eyehook. The difference of the
initial and measured values were taken to find the wall displacement at any given load.

Vertical ground displacement was measured using a survey level and rod. Elevation
measurements of the ground surface were taken before and after the pile load tests at 1-foot

intervals from the pile face.
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Figure 4-2: Horizontal ground displacement setup.
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4.3 Strain Gauges
Strain gauges were installed on the soil reinforcing and test piles to determine tensile force
and bending moment, respectively. The following two sections discuss the installation and

configuration of the strain gauges to the soil reinforcement and piles, respectively.

4.3.1 Soil Reinforcement Strain Gauges

Electrical resistance strain gauges were installed on the welded-wire grids at BYU facilities
prior to shipping them to the project site. Strain gauges were placed on the second longitudinal
wire from the right, as shown in Figure 4-3, at increments of 0.5, 2, 3, 5, 8, 11, and 14 feet from
the back of the wall face. To minimize bending effects, a strain gauge was placed on the top and
bottom of the longitudinal bar at each distance interval. The strain gauges were attached with epoxy
and protected by wrapping the lead wires in electrical tape and securing them to the sides of the
longitudinal bar as shown in Figure 4-3. To minimize damage, the lead wires were run through a
PVC conduit attached vertically to the back face of the wall panel and connected to terminal strips
at the ground surface, as shown in Figure 4-4. The terminal strips were directly connected to the
MEGADAC data collector during pile testing.

The top 4 layers of soil reinforcing were instrumented with strain gauges. Each layer had
one grid on each side of the test pile that was connected to the data collector during pile load

testing. Table 4-1 shows the soil reinforcement configuration for each test pile.
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Figure 4-4: Strain gauge connections to terminal strips.
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Table 4-1: Transverse distance from pile center to instrumented longitudinal bar on the reinforcing (looking
in the direction of loading (South).

Layer Depth (in)
15 45 75 105
Test Left Right Left Right Left Right Left Right
1.8D 17.5 42 - 43 22 43 17 35
3.4D 24.5 43 23 37.5 23 38 31 38
4.3D 17.5 40.5 18.5 33.5 17.5 34.5 19 34
5.2D 15 46.5 22.5 38.5 21.5 46 23 39

* The grid left of the 1.81D pile in Layer 2 was not instrumented.

4.3.2 Pile Strain Gauges

Waterproof electrical resistance strain gauges were installed on the test piles prior to
shipping them to the project site. Strain gauges were placed on each side of the pile for redundancy
at depths of 4, 6, 8, 11, 14, 17 and 20 feet below the top of the pile, or 2,4, 6,9, 12, 15 and 18 feet
below the load point. The strain gauges were attached with epoxy and further protected from the
elements by spraying foam insulation around the gauges and wires, then covering them with angle
iron. The angle iron was tack welded onto the pile between strain gauge locations and acted as
protection during pile driving (see Figure 4-5). Lead wires were bundled in bags and taped near
the top of the pile for transportation and pile driving. Wires that were sheared or damaged prior to
testing were repaired to the extent possible. However, some strain gauges were inevitably bad or
malfunctioning and were removed from calculations during the data analyses. The pile strain
gauges were connected to terminal strips, as shown in Figure 4-5, which directly connected to the

MEGADAC data collector during testing of the piles.
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Figure 4-5: Typical pile instrumentation setup.

4.4 Shape Arrays

Four high-bandwidth Measurand® Shape Accel Arrays (Shape Arrays) were used on this
project to measure horizontal wall deflection. Shape Arrays are similar to inclinometers but can
measure much larger deformations and have the ability to be placed horizontally to measure
vertical deformation. They are designed to collect high frequency data from all sensors
continuously. The outer shell of a Shape Array consists of two layers of braided stainless steel
which provide twist resistance and pull strength.

Prior to testing, the Shape Arrays were calibrated at BYU and transported to the test site.
The Shape Arrays were placed inside 1.05-inch inside-diameter PVC conduit which had previously

been installed vertically on the back of the wall panels. Generally, four vertical arrays were
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installed for each test. One array was installed approximately in front of the test pile while the
others were spaced at varying distances to the side, as shown in Table 4-2. Each Shape Array
consists of 24 segments that are each 1-foot long. Each foot-long segment is connected by joints
and contains 3 MEMS accelerometers which measure tilt along the X, y and z axes. During testing,
the accelerometers continuously send signals to the computer running Measurand SAA Recorder

software. Typically, two sets of data were collected at each load deflection interval.

Table 4-2: Transverse distance (in inches) from the center of pile to the Shape Array.

Array Number
Test 45104 45112 45115 45134
1.8D 32.5 5 38 56.5
3.4D 34 72 105 10
4.3D 51 26 11 7
5.2D 92 6 34 62

4.5 Digital Imagery Correlation

Digital Image Correlation (DIC) is a 3D, full-field optical system that can measure
deformation and strain on most materials. DIC was proposed in the early 1980s for solid mechanics
applications and many of the procedures used today are direct results of early development in fluid
mechanics (Hild). Tests can be applied to large or small areas and can be compared with other
testing methods for accuracy (Measurement Principles of DIC). Hundreds to thousands of visible
points are placed on an object and allow cameras to identify specific locations throughout the test
period. During image evaluation, the images are divided into small local facets as shown in Figure
4-6. The position of the cameras in relation to one another is calculated when the system is
calibrated and pixels within each facet are tracked. This information allows a correlation algorithm
to be used to calculate the three dimensional position of each point from which contours of
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displacement, deformation, and strain on the wall can be determined. The system is sensitive to

measurements down to 1/100,000 of the field of view (Measurement Principles of DIC).

Figure 4-6: Example of facets in the DIC evaluation process.

The system setup for this project was the Q-400 DIC Standard 3D manufactured by Dantec
Dynamics and included two cameras on a tripod connected to a computer running ISTRA-4D
software, version 4.4.1, as shown in Figure 4-7. A black and white grid pattern was painted onto
the wall surface to increase contrast and to make up the visible points required by the DIC system.
Prior to load testing, the system was calibrated using a black and white checkered board. This
required taking multiple images of the board at different angles at a distance similar to that during

testing. Camera angle, shutter speed and focus were all adjusted during the calibration process.
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Cameras were spaced approximately 25 feet from the wall face and centered on the test pile. Video
images were typically focused on a 10-ft-high by 12-ft-wide area near the top of the wall.

During pile load testing, images were captured directly after and 5 minutes after each pile
load increment. A total of 25 to 30 images were taken for each pile load test. Images were later
evaluated using the ISTRA-4D software to determine wall deflection and provide contours of

deflection.

Cameras
on Tripod

R ¥

Computer System with
ISTRA-4D Software

Figure 4-7: Typical DIC test setup.
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S LATERAL LOAD TESTING

Lateral load testing of the round piles adjacent to the 20-foot tall MSE wall with welded-
wire reinforcement took place between August 7 and August 11, 2014. Prior to loading the four
test piles, a reaction pile located outside of the reinforced mass but still within the compacted
backfill was tested parallel to the MSE wall and used as a reference for the 5D pile. Testing was
performed on all piles using a displacement control method in which load was applied to induce
pile head deflection in 0.25-inch increments. Load was applied at a height of one foot above the
ground surface and each pile was loaded up to a maximum of 3 inches of displacement. At each
displacement increment fluid flow into the jack was locked off for 5 minutes while the pile load
and deflection came to equilibrium. Readings were taken at the peak load, the 1-minute hold and
the 5-minute hold. Typically, pile head load decreased rapidly from the peak load to the I-minute
hold then decreased very slowly to the 5S-minute hold while deflection remained relatively
constant. The peak load is most likely to simulate rapid loading such as that produced by
earthquakes while the 1-minute and 5-minute holds are more demonstrative of static loading

conditions.

5.1 Load Displacement Curves
Load displacement curves for the four test piles near the MSE wall and the companion test

pile or “reaction pile” away from the wall are shown in Figure 5-1 through Figure 5-3 for the peak
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load, the I-minute hold and the 5-minute hold, respectively. Loads were measured using a pressure
gauge on the hydraulic pump. Deflections were measured using the string potentiometer attached
to the pile at the load elevation and connected to an independent reference frame. The measured
load-deflection curve for the 1-minute and 5-minute holds were obtained by averaging the 30
seconds of load right after the hold interval. Load-deflection curves for individual test piles of the
average peak, 1-minute hold and 5-minute hold are located in Appendix D for reference.

The load-deflection curves shown in these figures indicate that the lateral resistance
generally decreases as the distance between the pile and wall decreases. The reaction pile and the
5.2D pile should in theory have similar load-deflection curves. However, the 5.2D pile has
approximately 73% of the resistance of the reaction pile. This is most likely due to the compaction
differences between the two piles. The backfill around the reaction pile was compacted with a
roller compacter and had an average relative compaction of 96.4%, whereas the backfill between
the 5.2D pile and the wall was compacted with a vibratory plate compacter and had an average
relative compaction of 91.8% (see Table 3-3 and Table 3-4). Lower pile loads on the 4.3D test
were likely caused because the hydraulic pump was malfunctioning for the first half of the test.
Once the pump was fixed, the pile was reloaded to 1.5 inches of deflection because it is difficult
to reapply load and get virgin load-deflection responses. Loads from 0 to 1.5 inches of deflection
were recorded much lower than what was actually produced. Therefore, load points between 1.0
to 1.5 inches of deflection were interpolated and manually adjusted, but all points between 0 and
1.5 inches of deflection are likely still lower than actual loads induced on the pile. Corrections to

4.3D are addressed further in Chapter 6.
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Generally, the 5.2D and 4.3D piles develop very similar lateral resistance for a given
deflection suggesting that neither pile is significantly affected by the presence of the wall or that
the reinforcements are retaining the soil sufficiently so that lateral resistance is not reduced at these
larger pile spacings. However, for the piles spaced at 3.4D and 1.8D the lateral resistance typically
decreases by 21% and 51%, respectively, relative to the pile at 5.2D spacing. In general, the
average decrease in lateral resistance at 3 inches of deflection from peak load to 1-minute and 5-

minute holds is 7% and 10%, respectively.
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Figure 5-1: Pile head load versus pile head deflection for the average peak load.
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Figure 5-2: Pile head load versus pile head deflection for the 1-minute hold.
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Figure 5-3: Pile head load versus pile head deflection for the S-minute hold.
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5.2 Pile Head Rotation
Pile head load versus pile head rotation for each test pile is shown in Figure 5-4. Pile head

rotation, 0, in degrees was calculated using the equation:

0 = sin~1 (—d3; ;‘l:”’) (5-5)

where

0 is the pile head rotation,

dsf 1s the pile displacement 3 feet above the load point, and

dip is the pile displacement at the load point.
String potentiometer measurements and pile head loads were taken at the one-minute hold
reading for each pile. As would be expected, the pile head rotation increases as the pile head load
increases for each test pile. Typically, for a given load, the pile head rotation increases as the pile
spacing decreases. This is most likely because the soil resistance decreases as the pile spacing
decreases allowing the pile greater resistance to bending. As discussed previously, the 4.3D pile
test experienced a loss of power to the hydraulic jack during testing and certain data points read
very low and were adjusted based on other data points for that test and the typical curve from
other test piles. At larger deflections, the load-rotation curves for the 4.3D pile is similar to that
for the 5.2D pile as was the case for the load-deflection curves discussed previously. This result

again suggests that there is little variation in lateral soil resistance for these two piles.
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Figure 5-4: Pile head load versus pile head rotation for each test pile.

5.3 Soil Reinforcement Performance

As described previously, strain gauges were attached to the top and bottom of the welded-
wire grid reinforcements and placed at intervals of 0.5, 2, 3, 5, 8, 11 and 14 feet from the back face
of the wall (see section 4.3.1). The data collected from the strain gauges at each interval were
averaged and used to calculate the load induced in the reinforcement. At certain intervals, one or
sometimes both strain gauges were damaged or not working properly. For instances where only
one gauge was working, that strain value was generally used in the calculations. When both strain

gauges were damaged, the interval was omitted. Equation 5-1 was used to calculate the induced

reinforcement load as follows:
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T; = EA(ug; — pgo)(107°)B (5-1)
where

Ti is the induced tension in kips for the entire welded-wire grid at the i data point,

E is the modulus of elasticity of the steel (29,000 ksi),

A is the cross-sectional area (in.%) of the instrumented wire,

uei is the average micro strain for the i data point,

eo 1s the average initial micro strain, and

B =n-1 where n is the number of longitudinal bars on the reinforcement grid.
An example of the load distribution induced in the soil reinforcement behind the back of the MSE
wall is shown in Figure 5-5 through Figure 5-8. Figure 5-5 and Figure 5-6 show tensile force
distributions in layer L4 (approximately 105 inches below ground surface) during the lateral load
test on the pile at 3.4D. These figures illustrate the similarities in the induced reinforcement loads
when the transverse spacings (38 and 31 inches) are similar. Figure 5-7 and Figure 5-8 are of the
5.2D pile at layer L3 (approximately 75 inches below ground surface) measuring strain from a
near and far transverse distance and illustrate the differences in the induced reinforcement loads
when the transverse spacings (46 and 21.5 inches) vary. Typically, peak reinforcement loads
increase as transverse spacings decrease. Figure 5-7 and Figure 5-8 also show that peak loads occur
nearer to the pile face as transverse distance to the pile decreases, and farther in front of the pile
face as the transverse distance increases. Because shear forces act to the side and front of the pile
during loading, it makes sense that peak loads occur farther in front of the pile with increased

transverse spacing of the reinforcement.
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Figure 5-5: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L4, 38 in. transverse spacing).
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Figure 5-6: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L4, 31 in. transverse spacing).
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Figure 5-7: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L3, 46 in. transverse spacing).
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Figure 5-8: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L3, 21.5 in. transverse spacing).
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Each figure contains a red line defining the ultimate pull-out resistance from the FHWA
equation (see section 2.1, Equation 2-4). It should also be noted that the pullout capacity of the
welded-wire grids were designed for live surcharge loads, which increases the load factor on the
demand, while no additional resistance is included from vertical stress. Calculating in this way
increases the pullout resistance of the measured values. The calculated FHWA pullout resistance
is much higher than the measured resistance, as shown in Figure 5-5 through Figure 5-8, which
indicates that the pullout resistance of the reinforcement was nowhere near capacity. Induced
reinforcement load plots for layers L1 through L4 for each test are located in Appendix F for
reference.

Figure 5-9 depicts an idealized model of what is most likely occurring in the reinforcement.
The model indicates that as the pile is loaded, the soil in front of the pile is being pushed toward
the wall relative to the grid reinforcement causing skin friction on the reinforcement. The soil
movement increases tension on the grid as the load is transferred from the soil to the reinforcement
by skin friction. As the pile is loaded, the reinforcement behind the pile acts as an anchor as the
grid moves toward the wall relative to the soil. Skin friction develops in the opposite direction
leading to a decrease in tension in the reinforcement behind the pile as load is transferred to the
surrounding soil by skin friction. This would cause the maximum tensile force to develop at or
near the pile as observed in the measured distributions. However, at greater transverse distances
away from the pile, the shear zone would move closer to the wall so the maximum tensile force
would occur closer to the wall. Positive tensile force in the reinforcement at the wall face is likely
caused from active earth pressure resulting from the pile head load. Negative tension
(compression) near the wall face during testing is likely a result of the reinforcement bending due

to uneven soil movement.
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Figure 5-9: Interaction of soil and wall reinforcement for a laterally loaded pile behind an MSE wall
(Hatch 2014).

The maximum induced load in the reinforcement at each pile head load increment is shown
in Figure 5-10 through Figure 5-17 for each reinforcement layer during load tests on the 1.8D,
3.4D, 4.3D and 5.2D test piles. Each test pile consists of a near and far reinforcement based on the
transverse distance of the pile center and the longitudinal bar of the reinforcement where the strain
gauge is located. Exact distances of the strain gauges to the center of pile can be found in Table
4-1 with the smaller and larger distances representing the near and far locations, respectively.
Because of previous testing at the 15-foot level, some reinforcements occasionally had residual
strain in the readings, which were zeroed out at applied loads of zero. The figures show that as pile

load increases, max induced tensile force in the reinforcement for each layer increases.
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Figure 5-10: Relationship between the pile head load and the maximum reinforcement tensile force
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Figure 5-11: Relationship between the pile head load and the maximum reinforcement tensile force
farthest from the 1.8D pile.
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Figure 5-12: Relationship between the pile head load and the maximum reinforcement tensile force
nearest to the 3.4D pile.
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Figure 5-13: Relationship between the pile head load and the maximum reinforcement tensile force
farthest from the 3.4D pile.
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Figure 5-14: Relationship between the pile head load and the maximum reinforcement tensile force
nearest to the 4.3D pile.
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Figure 5-15: Relationship between the pile head load and the maximum reinforcement tensile force
farthest from the 4.3D pile.
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Figure 5-16: Relationship between the pile head load and the maximum reinforcement tensile force
nearest to the 5.2D pile.
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Figure 5-17: Relationship between the pile head load and the maximum reinforcement tensile force
farthest from the 5.2D pile.
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Max tensile forces for the 1.8D test were measured in Layers 1, 2 and 4 as shown in Figure
5-10 and Figure 5-11. The near reinforcement for Layer 2 of the 1.8D pile was not instrumented
with strain gauges and, therefore, did not have any data as shown in Figure 5-10. It is likely that
Layer 2 for the near reinforcement would have had a tensile force similar to that of Layer 1 had it
been recorded. Figure 5-12 and Figure 5-13 indicate that Layers 2 and 3 have the highest max
induced tensile forces in the reinforcement for the 3.4D test. The 4.3D test shows that Layers 2, 3
and 4 all have similar induced forces while Layer 1 is highest in one reinforcement (Figure 5-15)
and lowest in the other (Figure 5-14). Layers 2 and 3 have the highest induced tensile force for the
5.2D test with the exception of Layer 1 on the near layer. Typically, the max induced tensile force
in the layers increases with depth as pile spacing from the wall increases.

In general, the reinforcement data agree with Hatch (2014), Han (2014) and Besendorfer
(2015) in the following ways: the peak induced load in the reinforcement is located at the pile or
between the wall and the pile; as transverse distance from the pile increases, the induced
reinforcement load decreases; as pile head load increases the induced reinforcement load increases;
and as the pile spacing increases, the depth of the max induced load on the reinforcement typically

Increases.

5.4 Statistical Analysis of Load in Reinforcement

The development of tensile force owing to lateral pile loading adjacent to an MSE wall is a
relatively complicated soil structure interaction problem. The pile is interacting with the soil, soil
is interacting with the reinforcements, and the reinforcements are interacting with the wall. As a
result, it was not possible to develop any meaningful simple models to describe the observed
behavior. With the help of Dr. Dennis Eggett (BYU Statistics Department), a multiple regression

statistical analysis was performed using data from Phase II (this study), Phase I (Hatch 2014), and

70



data previously collected from UDOT bridge construction (Nelson 2012). The Statistical Analysis
System (SAS) software program was used to run the regression analysis using the general linear
modeling (GLM) procedure. SAS was used to determine the statistically significant parameters in
the model, after which the Data Analysis pack for Microsoft® Excel was used to fine tune the
model by eliminating parameters and thereby simplifying the model without decreasing the R?
value significant.

The regression analysis was performed by assigning the maximum tensile stress on the soil
reinforcement as the dependent variable. Data was obtained for each load increment for each pile
load test. The independent variables tested in this analysis were pile head load, normalized
transverse distance from the pile center (T/D) where D is the pile diameter, vertical stress (ov) in
Ibs/ft?, normalized spacing of the pile behind the MSE wall (S/D), and the reinforcement length to
height ratio (L/H). In computing the vertical stress, the weight of the surcharge was considered
and the surcharge height was also considered to increase the effective wall height H in accordance
with AASHTO code requirements.

After the SAS analysis was completed, the relevant parameters were all of the independent
variables and the following two-way interactions: vertical stress by L/H ratio, load by load, vertical
stress by transverse distance, and load by transverse distance. Table 5-1 presents the R? value after
the SAS analysis, and subsequent R? values after removing the next least significant term. Terms
were removed from top to bottom in order of least significance to most significance, where the
final R? value is the result of load as the final parameter. As seen in Table 5-2, two terms could be
eliminated without markedly decreasing the R? value; however, removing additional terms would
reduce the R? value by 3 to 5% for each term eliminated. Therefore, a somewhat more complicated

equation was accepted to maintain a higher R? value.
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Table 5-1: Effect of term elimination on R? values.

Term Removed | Resulting R? value | Decrease in R? value
None 79.7% -

o*(T/D)* 79.4% 0.3%
P*(T/D)* 78.9% 0.5%

p2 75.5% 3.4%

o*(L/H) 70.6% 4.9%

L/H 67.3% 3.3%

S/D 63.7% 3.6%

o 56.6% 7.1%

T/D 47.9% 8.7%

+Terms removed before computing the prediction equation.

Table 5-2: Final results of the statistical analysis with tensile force as the dependent variable.

Parameter | Coefficient St::‘::rd t-stat P-value | Lower 95% | Upper 95%
Intercept 0.071797 0.0621477 1.155 2.48E-01 -0.050195 0.193789
P 0.025643 0.0010456 24.525 1.96E-99 0.023591 0.027696
T -0.075961 0.0041800 -18.172 | 5.10E-62 -0.084166 -0.067756
o 0.000372 0.0000452 8.230 7.61E-16 0.000283 0.000460
S/D -0.045289 0.0035865 -12.628 | 1.86E-33 -0.052329 -0.038249
p2 -0.000226 0.0000197 -11.454 | 3.15E-28 -0.000265 -0.000187
L/H 0.526285 0.0622950 8.448 1.39E-16 0.404004 0.648566
o*(L/H) -0.000575 0.0000452 -12.724 | 6.71E-34 -0.000663 -0.000486

Data for the measured maximum tensile force and computed maximum tensile force were
not normally distributed but were log normally distributed. Therefore, a base 10 log transformation
was applied to the tensile force before running the analysis to account better for scatter in the data.
A total of 806 data observations were used in the regression analysis resulting in an R? value of

0.789. An R? of 0.79 indicates that the equation accounts for approximately 79 percent of the
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observed variation in the tensile force for the welded-wire grid reinforcements. P values are used

to understand the statistical significance of a variable, with lower values being more significant. P

values for this regression analysis were all less than 0.001 as shown in Table 5-2 indicating that

all of the terms in the final equation are statistically significant. The final results of the log form

regression analysis are presented in Table 5-2.

Based on the regression analysis, the maximum tensile force, F, in kips is given by the

equation:

where

F=10*(0.072 + 0.026P — 0.076 (1) + 3.7x10 %0, — 0.045 () +

0.53 (g) —5.7x10 %0, (ﬁ) ~2. 3x10—4P2) -1 (5-2)
P is the pile head load (kips),

T is the transverse distance from the reinforcement to the pile center (in.),

D is the outside pile diameter (in.),

ov s the vertical stress (psf),

S is the spacing from the pile center to the back face of the wall (in.),

L is the length of the reinforcement (ft.), and

H is the combined height of the wall and equivalent height of surcharge (ft.).

Parameter coefficients from Table 5-2 were limited to two significant figures in Equation

5-2. Note that reducing the coefficients to two significant figures simplifies the statistical

regression equation without any significant loss in accuracy or change in R2.

Predicted maximum tensile forces were then computed by taking the field data for the above

parameters and plugging them into Equation 5-2. A comparison of the predicted and measured
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maximum tensile forces in log form is shown in Figure 5-18. Data on the red 1:1 line indicates that
the measured and predicted values are equal. The red dashed lines are associated with plus or
minus one standard deviation which encloses approximately 68% of the data points. The black
dashed lines indicate plus or minus two standard deviations which enclose approximately 95% of
the data points. For convenience in showing measured and computed tensile forces directly, the

data was transformed out of log form and is shown in Figure 5-19.
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Figure 5-18: Measured versus computed logarithmic tensile force results.
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Figure 5-19: Measured versus computed tensile force results.

Data that is not located on the 1:1 red line in Figure 5-18 and Figure 5-19 demonstrates the
difference (or residual) of the predicted data from the measured data. The residual for the data
was calculated by using the following equation:

R = log(Fmeasurea + 1) — log(Fpredictea + 1) (5-3)
where

R is the residual,

Fmeasured 1S the measured maximum tensile force, and

Fpredicted 18 the predicted maximum tensile force.

The log residual is plotted against each independent variable in Figure 5-20 through Figure
5-24. If the regression equation is adequately capturing the influence of a variable, then the

residuals will be uniformly distributed about zero with respect to the independent value. However,
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if the residuals trend upwards or downwards as the independent value increases, then the regression
equation may need to be revised over some data range. In general, the residuals fall within the
range of -0.3 to 0.4 and appear to be uniformly scattered with respect to zero for all the independent
variables. Generally, these results indicate that the regression equation is adequately accounting
for the influence of the variables in the equation. However, there is a slightly upward trend towards
positive residuals at greater stress levels in Figure 5-24. To further illustrate the uniformity of the
scatter about zero and the validity of the equation, residuals were plotted as a function of computed
log force as shown in Figure 5-25. The linear regression line from Figure 5-25 is centered on zero

along the x-axis, demonstrating there is no bias in the regression equation based on residuals.
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Figure 5-20: Log residual of the pile head load variable for the multiple regression analysis.
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Figure 5-21: Log residual of the L/H ratio variable for the multiple regression analysis.
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Figure 5-22: Log residual of the normalized transverse distance variable for the multiple regression analysis.
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Figure 5-23: Log residual of the normalized pile spacing variable for the multiple regression analysis.
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Figure 5-24: Log residual of the vertical stress variable for the multiple regression analysis.
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Figure 5-25: Log residual versus computed log tensile force.

5.5 Ground Displacement

Vertical and horizontal ground movement occurred during each of the laterally loaded pile
tests. Vertical displacement was measured using an optical survey level. Because of safety
concerns during testing, vertical displacement measurements were taken before and after testing
of the pile. Horizontal displacement was measured using string potentiometers attached to a
stationary reference beam and connected to steel stakes driven into the ground between the pile
and back face of the wall. Horizontal displacement measurements were taken at the rate of two
readings per second.

Vertical ground displacement at 3 inches of pile head displacement and along 1-foot intervals
for each test pile is shown in Figure 5-26. In general, vertical displacement is greatest directly in

front of the test pile and tapers off to almost no heave near the wall face. The 1.8D and 3.4D tests
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are similar in their vertical displacement from the pile face to 1 foot in front of the pile. The 4.3D
and 5.2D tests are similar in vertical displacement from the pile face to 2 feet in front of the pile.
These similarities at different pile spacings could have occurred due to higher forces needed to
achieve similar pile head deflection for farther spaced piles. In general, as pile spacing increases
the vertical displacement increases when pile head deflection remains constant.

Horizontal ground displacement for the 3.4D pile test at various load increments is shown
in Figure 5-27. Ground displacement figures for all test piles are located in Appendix E. Ground
displacements for the 3.4D test increases as the pile load increases. In general, the following is true
for horizontal ground displacement for each test pile: as pile load increases the horizontal ground
displacement increases; horizontal displacement is greatest at the pile face; and horizontal
displacement decreases as distance from the pile face increases. Results from this test are in

agreement with other pile load tests behind an MSE wall (Besendorfer 2015).

Vertical Ground Displacement (in)
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Figure 5-26: Vertical ground displacement for each test pile.
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Figure 5-27: Horizontal ground displacement of 3.4D test pile at different loads.
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Figure 5-28: Normalized horizontal ground displacement for each pile test.

Figure 5-28 shows the normalized distance intervals and normalized ground displacement at

3 inches of pile head deflection for each test. The pile spacing was normalized by the pile diameter
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while the ground displacement measurements were normalized by pile head displacement.
Typically, as the normalized distance from the pile face increases, the normalized ground
displacement decreases. The figure also indicates that the ratio of ground displacement to pile
displacement drops dramatically within a normalized distance of 1D from the pile face and

thereafter decreases from 0.35 to 0.

5.6 Wall Panel Displacement

Wall panel displacement was measured primarily by digital imagery correlation (DIC).
Secondary measurements were obtained using a string potentiometer and shape arrays. The DIC
cameras were placed approximately 25 feet in front of the test section of wall, the string
potentiometer was attached to the top of the wall, and the four shape arrays were attached to the
back face of the wall.

Figure 5-29 and Figure 5-30 show the wall deflection for each load test at 0.5 and 3 inches
of pile head deflection. As seen in the figures, very little wall deflection occurred at 0.5 inches of
pile head deflection. 5.2D shows more deflection than the other test piles, which is likely caused
by camera movement or anomalies and will be discussed later in this section. At 3 inches of pile
head displacement for DIC measurements, maximum wall deflections of 0.34 and 0.27 occurred
in the 1.8D and 4.3D piles, respectively. In general, the test piles located at a wall joint experienced
roughly two times the deflection as the test piles located in the center of the wall panel as shown
in Figure 5-30. However, the area of wall panel that experienced large deflection was much smaller
on the tests behind joints than the tests in the center of the panel. The tests at the center of the panel
had smaller deflections that were more evenly distributed across the panel. Figure 5-30 also shows

that as the pile spacing increases, the depth to maximum wall deflection typically increases.

82



RERNERRLANH

"!HZ.I!HEH_' lwlmnlt_u i

Figure 5-29: Wall panel displacement at 0.5” of pile head deflection.
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Figure 5-30: Wall panel displacement at 3” of pile head deflection. Note the different scales used for
different pile distances.
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The data shown in the figures were based on a Z-direction Rigid Body Motion Removed
(RBMR) analysis, which only calculates displacements based on the bending or distortion of the
wall in the Z (out-of-plane) direction. The regular Z displacement option accounts for all
movement in the Z direction that the cameras detect, regardless if the movement is from the wall
moving or from the cameras moving. Because of camera movement during testing, caused by wind
or other external forces, the RBMR option was chosen for the analyses. However, for the RBMR
option to be completely effective, a large area of wall needs to be used for the software to
accurately remove rigid body motion. Ideally, wall panels that aren’t affected by the testing should
be included in the masked portion of the DIC analyses in order to test the accuracy of the RBMR
option. The area of the wall that the DIC setup covered for each test was roughly 10°x12* and was
likely not sufficient for the RBMR option to be completely accurate. For this project, points at the
two bottom corners of each test pile picture at a given deflection were averaged and added to the
RBMR deflection to account for any error that was left over in the original RBMR data. The
displacements were then compared to the string potentiometer data as shown in Figure 5-31
through Figure 5-34.

In general, the data from the DIC and string potentiometers agree fairly well with the
exception of the 4.3D test pile. The 4.3D pile has a deflection of approximately 0.2 inches near the
top of the wall, whereas the string potentiometer measured a deflection of approximately 0.37
inches. A possible explanation for the large difference in deflection could be that the RBMR option
for the 4.3D pile may not be accurate since all of the panels in the masked section of the wall (see
Figure 5-30) were in movement from the pile loading.

Three of the four shape arrays were malfunctioning at the time of testing for this portion of

the project. The working shape array was not always installed in front of the pile and so the data
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collected cannot accurately be correlated with the displacement data. Typically, the shape array
data showed much larger deflections than the DIC or string potentiometer data. This is most likely
caused from the shape array conduit detaching from the back of the wall panel creating a gap that
was filled with backfill during wall construction. The shape array conduit would deflect much
more with soil between it and the wall by pushing the soil out of the way as the pile load increased.
It is likely that, had the conduit been firmly attached to the wall throughout the whole construction
process, the measured deflection from the working shape array would have been much closer to

the values from the DIC and string potentiometer.
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Figure 5-31: Wall displacement profile at 3 inches of pile head displacement for the 1.8D test pile.

86



Deflection (in)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
0 =

—DIC

/ ® String Pot

g ] | |

Depth from top of Wall (ft)
D

Figure 5-32: Wall displacement profile at 3 inches of pile head displacement for the 3.4D test pile.
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Figure 5-33: Wall displacement profile at 3 inches of pile head displacement for the 4.3D test pile.
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Figure 5-34: Wall displacement profile at 3 inches of pile head displacement for the 5.2D test pile.

5.7 Pile Performance

As indicated previously, strain data for each pile was measured using strain gauges that were
placed on opposite sides of the pile at distances of 2, 4, 6, 9, 12, 15 and 18 feet below the ground
surface. The strain data was used to find the bending moment, M, in inch-kips for each test pile

using the equation:

El _
M; =5 ((nei — peor) — (Heic — HEQ))(10 °) (5-4)
where

E is the pile modulus of elasticity (29,000 ksi),

3

b

I is the moment of inertia of the pile (including angle iron) in in
ueit is the micro strain for the i data due to tension,

Leic is the micro strain for the i data due to compression,
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Ueot 1s the initial micro strain caused by tension,
Ueoc 1s the initial micro strain caused by compression, and
y is the distance in inches separating the two strain gauges along the line of loading.
It should be noted that after testing in the field was completed, further laboratory testing
indicated that the strain gauges used on the test piles were installed with the incorrect surface
attached to the piles. Ten laboratory tests were performed on plate steel to verify the correct strain
gauge surface by applying strain gauges with the correct and incorrect sides adhered to the steel.
The measured strain values were compared with the data from the laboratory compression
equipment and the appropriate strain gauge side was determined. Correction factors were
determined by dividing the measured values of the correctly placed strain gauges by the incorrectly
placed strain gauges. Laboratory testing showed that the correction factor for the strain gauges was
approximately 3. This correction factor was then applied to Equation 5-4 before plotting the results.
The test piles were driven with the intention of having the strain gauges perpendicular to the
wall face. However, all of the piles used on this portion of the project rotated somewhat during
installation. Pile rotation was measured by taking the distance of the strain gauges to the center of
the pile where the load was applied and using geometry to find the change in y, as shown in Figure
5-35. The corrected y value was used in calculating the bending moment in Equation 5-4.
In locations where one strain gauge was damaged during construction the other strain gauge
value was doubled in Equation 5-4. If both strain gauges at a given depth were damaged or faulty

the data point was omitted from the chart, as mentioned in section 4.3.2.
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Figure 5-35: Corrected y measurement to account for pile rotation.

Bending moment is plotted versus depth below the surface for each pile at several pile
head loads in Figure 5-36 through Figure 5-39. The moments are taken from the one-minute time
hold readings for each test. Maximum moments for 3 inches of pile head deflection range
between 2,300 kip-in and 4,200 kip-in and are located between 9 feet and 4 feet below ground
surface, respectively. Typically, as pile spacing from the wall increases the depth to the
maximum moment decreases, with the exception of the 4.3D test. The 4.3D test had two bad
strain gauges for the 6 foot interval and one bad strain gauge for the 9 foot interval, therefore the
location of the maximum moment is poorly constrained. Based on the other pile tests and an
LPILE moment analysis (discussed in Chapter 6), it is likely that the maximum moment for the
4.3D test was much greater and at a depth between 5 feet and 7 feet below the surface. The lack

of good data caused key points on the graph to be omitted and therefore skewed the results.
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Maximum moments generally increased with pile spacing, but this is likely due to the increased
pile head loads to create similar pile head deflections. Based on the data from the figures,
maximum moments for similar pile head load values were similar. For example, at loads ranging
from 20.1 and 21 kips, the maximum moment was 1,300 to 1,500 in-kips. Note that 5D data was
interpolated using Figure 5-39 to get a load of 21 kips and a moment of approximately 1,500 in-
kips. Again, the 4.3D pile is the exception and it is likely that the induced maximum moment

was actually higher than measured data indicates as discussed previously.

Moment (kip-in)
0 500 1000 1500 2000 2500 3000 3500 4000 4500

SN
N YA A=
il s/ //

o [AS
1 T

== A= 58 kipload ==@=10.5kipload e==fll=20.6kipload === 31.5 kip load

Depth (ft)
0]

Figure 5-36: Bending moment versus depth of several pile head loads for the 1.8D test.
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Figure 5-37: Bending moment versus depth of several pile head loads for the 3.4D test.

o oo B~ N O

10
12
14
16
18

Moment (kip-in)

4500

0 500 1000 1500 2000 2500 3000 3500 4000
y ] /
7 =

/
(
)

i

MW

== A= 10.1 kip load

=@ 21 kip load

== 40.3 kip load

== 52.4 kip load

Figure 5-38: Bending moment versus depth of several pile head loads for the 4.3D test.
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Figure 5-39: Bending moment versus depth of several pile head loads for the 5.2D test.
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6 LATERAL PILE LOAD ANALYSES

Lateral pile load for this project was analyzed using the computer program LPILE 2015. As
discussed in Chapter 2, LPILE is a finite difference program that models the pile as a beam and
iteratively solves for deflection using the p-y method. In this method, the soil is modeled using p-
y springs which account for horizontal soil resistance (p) and horizontal deflection (y). Input
parameters for LPILE include the pile material, size and type as well as the soil layering and
properties. Different soil types were programmed into LPILE based on previously researched full-
scale load tests including clay, sand and a number of specialty soils. The program also allows
manual entry of soil parameters.

The LPILE program was used to produce plots of pile head load vs. deflection, pile head
load vs. rotation, and bending moment vs. depth for comparison with the measured curves. After
calibration of the LPILE model based on performance of the pile furthest from the wall, p-
multipliers were back-calculated in an effort to account for the reduction in lateral soil resistance
owing to the presence of the MSE wall. The following sections will describe the material properties
used as input parameters in LPILE and will discuss a comparison of the test results with the curves
computed by LPILE.

LPILE was used to model the test piles as elastic, non-yielding steel pipe piles with an

outside diameter of 12.75-inches. A moment of inertia of 314 in* was used to account for the pile
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section with the steel angle iron welded onto the sides of each pile. The soil plug in the bottom 10
to 11 feet of the pile was neglected as it had little impact on the pile response.

As mentioned in previous chapters, the piles were driven about 18 feet into native soil and
granular backfill was compacted to a depth of approximately 20 feet around the piles leaving a two
foot length of pile above the ground surface. API Sand (O’Neill) was used to model the compacted
backfill in the upper 20 feet and the native soil in the bottom 18 feet. Because the pre-cast concrete
blocks only imposed a surcharge on the soil behind the test piles, this surcharge effect could not
be modeled accurately using LPILE. LPILE can only model a continuous, uniform surcharge. To
provide bounds on the computed behavior, two analyses were performed for each test pile. One
analysis employed a continuous surcharge and one did not account for any surcharge. To account
for surcharge in an LPILE model, a user must define a thin soil layer with no shear strength, but
having a unit weight that produces a weight equal to the desired surcharge. In this case, the
surcharge was modeled with a layer of soil 3-inches thick with a unit weight of 2,400 pcf to
produce the surcharge pressure (q) of 600 psf. Friction angle and stiffness parameters were set to
Zero.

Input parameters for each soil layer consisted of an effective unit weight (y), friction angle
(p), and the modulus of subgrade reaction (k). Each input parameter and associated soil layer is
shown in Table 6-1 for the non-surcharge analysis and in Table 6-2 for the applied surcharge
analysis. The soil unit weight was based on the average moist unit weight obtained from the nuclear
density tests described previously. Friction angle, ¢, and stiffness, k, were determined from the
back analysis as described subsequently. Material properties in the native soil layer had relatively

little effect on computed pile performance.
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Table 6-1: Soil layers and input parameters without surcharge.

Layer Unit Friction MSL,::::Z:f
Soil Type Thickness Weight,y | Angle, ¢ .
(ft) (pcf) (degrees) Reactl?n, k
(pci)
API Sand (O'Neill) 20 126.8 38 220
API Sand (O'Neill) 18 125 34 115

Table 6-2: Soil layers and input parameters with surcharge.

. . Modulus of
Layer Unit Friction Suberade
Soil Type Thickness Weight,y | Angle, ¢ g-
(ft) (pcf) (degrees) Reaction, k
(pci)
User-Defined 0.25 2,400 - -
APl Sand (O'Neill) 20 126.8 30 38
APl Sand (O'Neill) 18 125 34 115

In LPILE the load was applied at the top of the model pile one foot above the ground surface
with a pinned-head boundary condition to match field loading conditions. Loads were input for

each deflection interval and the LPILE model was used to compute deflection.

6.1 LPILE Analysis Results

LPILE was used to back-calculate appropriate p-multipliers for each pile load test. Initially,
the pile furthest from the wall (5.2D) was analyzed and the soil properties necessary to match the
measured load-deflection curve were determined. Based on the assumption that the pile furthest
from the MSE wall would be relatively unaffected by the presence of the wall, a p-multiplier of
1.0 was assumed for this case indicating no wall interaction. In calibrating the soil model, both ¢
and k affect the computed load-deflection curve; however, k has more effect on the curve at small

deflection levels while ¢ has a greater effect at larger deflections as the soil layers begin to reach
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failure. Generally, the k value was selected based on the correlation with friction angle for soil
above the water table shown in Figure 6-1 as specified by API. However, some adjustment was

allowed to improve agreement with the measured curve.
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Figure 6-1: Soil modulus reaction based on friction angle or relative density of soil (API, 1982).

For piles located closer to the wall, these back-calculated soil parameters were then held
constant for each pile and a constant p-multiplier was back-calculated to produce agreement with
the measured load-deflection curve for that pile. P-multipliers are factors that are multiplied by the
normal lateral soil resistance to account for the reduced lateral soil resistance for piles near an

MSE wall. Separate analyses were performed with LPILE using both the no-surcharge and
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surcharge models. Once the appropriate soil parameters and p-multipliers had been determined,
computed pile load versus pile rotation and pile bending moment versus depth curves were also

compared with measured curves.

6.1.1 Load Deflection Curves

As mentioned previously, load-deflection curves were calculated in LPILE by inputting soil
and load parameters from the 5.2D test into LPILE to get a load-deflection curve similar to the
measured load-deflection curve. A best fit curve was found by back-calculating ¢ and k values,
which are found in Table 6-1 and Table 6-2. Load-deflection curves were generated with LPILE
to account for both surcharge loading (q=600 psf) and non-surcharge loading (q=0 psf) and are
shown in Figure 6-2 with the measured load-curve for the 5.2D pile. A p-multiplier of 1.0 was
assigned to the 5.2D test with the assumption that it is spaced far enough behind the wall to not be
affected by the walls presence. Best-fit load-deflection curves were then assigned to the measured
load-deflection curves for the 4.3D, 3.4D and 1.8D tests, as shown in Figure 6-3 through Figure
6-5, by assigning different p-multipliers in LPILE until the desired curve was found for each test.
P-multipliers for each test are shown in Table 6-3. LPILE curves were matched to the measured
load-deflection curves by matching the top three deflection points of each curve. The top three
points used as the criteria for the best fit line because the 4.3D test had bad data for the first 1.5
inches of deflection and the 1.8D load-deflection curve would have more realistic values at higher

deflections after the loosely placed fill had time to mobilize and compact from axial pile loading.
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Table 6-3: P-multiplier for each test pile

Pile P-mult (q=0 psf) | P-mult (q=600 psf)
5.2D 1.00 1.00
4.3D 0.95 0.95
3.4D 0.68 0.71
1.8D 0.30 0.38
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Figure 6-2: Comparison of load-deflection curves between measured and calculated results for the 5.2D test.
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Figure 6-3: Comparison of load-deflection curves between measured and calculated results for the 4.3D test.
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Figure 6-4: Comparison of load-deflection curves between measured and calculated results for the 3.4D test.
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Figure 6-5: Comparison of load-deflection curves between measured and calculated results for the 1.8D test.

In general, the p-multiplier curves with surcharge fit the measured curves better than the
non-surcharge curves. However, the field test curve should fit somewhere between the non-
surcharge and surcharge curves since the surcharge load was only in a limited area whereas LPILE
models the surcharge load as an infinite layer. Both of the LPILE curves fit the measured load-
deflection curves reasonably well for the 5.2D and the 3.4D tests. As mentioned previously, the
1.8D test was close enough to the wall that compaction was difficult. As a result, the soil resistance
was lower and was likely the reason for lower than expected pile loads. As discussed in section
5.1, low pile loads on the 4.3D test were caused by the hydraulic pump malfunctioning during the
first half of the test. Loads from 0 to 1.5 inches of deflection were recorded much lower than what
was actually produced. Figure 6-6 shows a comparison of the 15-foot and 20-foot SSL tests for
the 4.3D pile and demonstrates that higher loads than those recorded likely occurred during the

first half of the 20-foot test. The dashed lines in the figure represent the portion of the 4.3D test

101



that were recorded low and manually adjusted, but which likely need adjusted to match closer to

the 15-foot test.
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Figure 6-6: Comparison of 4.3D pile load-deflection tests for the 15-foot and 20-foot tests.

6.1.2  P-Multipliers and Pile Spacing Curves

P-multipliers are plotted versus distance from the wall in Figure 6-7 for all load tests on steel
piles published to date. P-multipliers used in Figure 6-7 are of the non-surcharge condition to be
consistent with other studies. However, this would not change the figure too much because the
difference of the p-multiplier values for the different surcharge conditions is relatively small. The
piles used for these tests were all round pipe piles ranging in diameter from 12.75 inches to 16.0
inches. A total of 24 p-multiplier points were used in Figure 6-7. The red data points (Nelson 2013,
Han 2014, Besendorfer 2015) are test results using galvanized steel strip reinforcement. The blue
data points (Price 2012, Hatch 2014, and this test) are test results using the galvanized welded-
wire grid reinforcement. All tests have an L/H ratio ranging between 0.72 and 1.42. In general,
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neither the L/H ratio nor the type of steel reinforcement used appears to affect the p-multiplier for
steel pipe piles behind an MSE wall.

A linear regression analysis was performed to evaluate the p-multiplier as a function of
normalized pile spacing data that was a distance of less than four diameters from the wall. The

best fit relationship for Pmuit is given by the equations:
Poae = 0.322 — 0.23 for S/D < 3.9 (6-1)

P = 1.0 for S/D>3.9
where

S is the distance from the back face of the wall to the center of the pile; and

D is the outside diameter of the pile.
The linear regression equation indicates that a p-multiplier of 1.0 will result from a normalized
spacing greater than 3.9. A p-multiplier of 1.0 indicates that the presence of the wall has no effect
on the lateral resistance or alternatively that the reinforcement is sufficient to provide as much
lateral restraint as if the wall were not present. For normalized spacings less than 3.9 the
p-multipliers appear to decrease nearly linearly with normalized distance. The equation for a p-
multiplier of less than 3.9 was generated by taking a linear regression of all but two points in Figure
6-7 that were less than 4.0 pile diameters away from the wall. The 2.8D and 2.9D tests by
Besendorfer were considered outliers and removed from the equation. By removing the two
outliers, the R? value increases from 0.79 to 0.89 and the equation is nearly identical to that
developed initially. As more data from testing is completed the linear regression equation will be

refined and become more accurate.
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Figure 6-7: P-multiplier curve versus normalized distance for all known steel piles to date.

6.1.3 Pile Head Load versus Rotation Curves

As discussed in Section 5.6, pile head rotation was measured by taking the difference of the
deflection measured by the two string potentiometers and using simple trigonometry to solve for
the angle of rotation at the load point. The load vs. rotation curves from each test are compared
with curves obtained with an LPILE analysis with and without an applied surcharge load in Figure
6-8 through Figure 6-11. In general, the measured curve for each test pile agrees reasonably well
with the curves computed by LPILE, with the exception of the 4.3D pile. The 4.3D pile matches

well with LPILE analyses after approximately 40 kips of load or 2 inches of pile deflection. As
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mentioned in earlier sections, complications were encountered during the 4.3D pile load test when
the hydraulic pump yielded unrealistically low normal pressure readings which appear to be in
error. Although the load readings were manually corrected for pile head deflections of 1.0 through
1.5 inches, errors in other deflection intervals likely occurred causing lower deflection readings. It
should be noted that the 3.4D pile showed negative rotation for the first 0.75 inches of pile
deflection. Since this was not the case, 0.25 inches was added to the deflection difference in order
to account for the error in the pile rotation. In general, as the distance from the pile to the wall

increases the soils ability to resist pile head rotation increases.
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Figure 6-8: Comparison of the pile head load versus pile head rotation for the 5.2D test and LPILE
analyses with and without surcharge.
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Figure 6-9: Comparison of the pile head load versus pile head rotation for the 4.3D test and LPILE
analyses with and without surcharge.

60

50

402 /

—0—3.4D Pile

Pile Load (kips)

—0— LPILE, q=0 psf

LPILE, g=600 psf |—

15 2.0 2.5

0.0 0.5 1.0
Pile Head Rotation (degrees)

Figure 6-10: Comparison of the pile head load versus pile head rotation for the 3.4D test and LPILE
analyses with and without surcharge.
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Figure 6-11: Comparison of the pile head load versus pile head rotation for the 1.8D test and LPILE
analyses with and without surcharge.

6.1.4 Bending Moment versus Depth Curves

Bending moments along the length of the pile were determined using data from strain gauges
obtained during testing and Equation 5-4 as described previously in Section 5.6. LPILE with the
back-calculated p-multipliers described previously was also used to calculate bending moment
versus depth curves for each pile test with and without surcharge load applied. Bending moment
versus depth curves obtained from the strain gauge measurements for the 0.5-inch and 3.0-inch
pile head deflection increments are shown in Figure 6-12 through Figure 6-15 along with the

curves from the LPILE analyses with and without the applied surcharge load.
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Figure 6-12: Measured and computed pile bending moment for the 5.2D test pile.
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Figure 6-13: Measured and computed pile bending moment for the 4.3D test pile.
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In general, the measured maximum bending moment agrees well with the maximum bending
moment data calculated by LPILE. The maximum moment depth is defined as the depth where the
maximum moment occurs. At three inches of pile head deflection for each test, the measured
maximum bending moment is typically within 25% of the LPILE moment envelope created using
q=0 psf and q=600 psf for the surcharge load. In addition, the measured depth to the maximum
moment is within 2.5 feet of the calculated maximum moment depth for the load associated with
three inches of pile head deflection. In cases such as the 4.3D pile, erroneous strain gauge data
occurred in the location where LPILE predicted the maximum moment would occur. Therefore, it
is likely that the measured maximum moment would be greater and the depth to the maximum
moment would be deeper. For the 3.4D and 5.2D tests, both maximum moments are approximately
25% higher than the calculated moments from LPILE. Higher recorded moments could be the
result of pile locations being directly behind the center of the panels. The combined panel and soil
reinforcement resistance could have caused a higher resistance than the normal soil conditions that
LPILE models. Although the difference in the LPILE calculations with and without surcharge
loads does not affect the results by much, it gives a good range of where the test pile data should
be theoretically, assuming all other variables are constant.

At 0.5 inches of pile head deflection, the measured maximum bending moment for the 1.8D,
3.4D, 4.3D and the 5.2D test piles are 68%, 48%, 5% and 76% more than that calculated by LPILE.
The 1.8D measured and calculated maximum bending moments are within 5% of each other to a
depth of approximately 6 feet below ground surface, after which the measured forces are much
higher. The larger measured bending moment at a depth of nine feet is likely because one of the
strain gauges was not reading correctly, so the measured value of the working strain gauge was

used as the average value. Measured and calculated bending moments for the 5.2D test pile varied
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by as much as 76% in the upper 5 feet, after which the measured and calculated values typically
remained within 20% of each other. The depth of the maximum moment is generally within 1.5
feet of the calculated maximum moment depth, with the exception of the 1.8D test which varied
by approximately 4 feet. The difference between the measured and calculated maximum moment

could be caused by limitations in LPILE to account for soil reinforcement.

111



7 CONCLUSIONS

Full-scale load tests were performed on four 12.75x0.375” pipe piles spaced at distances of
1.8, 3.4, 4.3 and 5.2 pipe diameters behind a 20-ft high MSE wall. The purpose of this study was
to measure reduced lateral pile load displacement curves for piles at varying distance from an MSE
wall; measure the distribution of reinforcement tensile force induced by lateral pile loading;
develop reduction factors to account for reduced pile resistance based on spacing and
reinforcement type; and to develop a design approach to predict reinforcement loads induced by
pile loading. This chapter addresses conclusions made from this study regarding lateral pile
resistance and induced forces in soil reinforcement and provides recommendations for further

research.

7.1 Conclusions Regarding Steel Pipe Pile and MSE Wall Interaction
1. Lateral pile resistance decreases as pile spacing behind the MSE wall decreases below
about four pile diameters behind the wall. Relative to the pile furthest from the wall,
average pile load decreased approximately 4, 21 and 51 percent for piles spaced at 4.3D,
3.4D and 1.8D from the MSE wall face, respectively.
2. For similarly loaded piles, pile head rotation also decreases as pile spacing increases.
3. Based on this study and previous test data, a simple p-multiplier approach provides

reasonably accurate estimates of lateral load-displacement curves as well as bending
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moment versus depth curves. Lateral soil resistance remains relatively constant
(p-multiplier of 1.0) for piles located greater than approximately 3.9 pile diameters
(3.9D) behind an MSE wall with inextensible reinforcements. For piles spaced closer
than 3.9D, a linear reduction in the p-multiplier was observed.

4. Reinforcement length to height (L/H) ratios and inextensible reinforcement types do not
appear to significantly affect p-multiplier relationships.

5. In contrast to tests involving extensible (geosynthetic) reinforcements, lateral wall
deformation for the concrete MSE wall panels were generally less than 0.4 inches with
the inextensible reinforcements even at large pile head loads (60 kips) and deflections (3

inches).

7.2 Conclusions Regarding Pile and Welded-Wire Grid Reinforcement Interaction

1. Maximum tensile forces occur in the soil reinforcement near the pile location.

2. Maximum induced tensile forces increase as pile loads and pile distance from the wall
face increase.

3. Maximum tensile forces decrease as transverse distances between the soil reinforcement
and the pile center increase.

4. The statistical regression equation developed in this study accounts for approximately
79% of the variation in maximum induced tensile force for all welded-wire grid
reinforcements tested to date. Variables affecting maximum induced tensile force are
pile load, transverse distance from the pile load, vertical stress, pile spacing and L/H

ratio.
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7.3 Recommendations for Further Research

Piles for this study were loaded laterally using a pinned head connection. However, a fixed
head connection is more representative of real life construction as piles are grouped together by a
pile cap supporting a bridge abutment. A fixed connection would hinder pile head rotation and
would create a different load distribution induced in the soil reinforcement. Research has shown
that laterally loaded pile groups have a reduced resistance capacity in comparison with single piles
(Rollins et al. 2006). Therefore, a group pile test is recommended behind an MSE wall to
understand the differences that fixed and pinned head connections have on the induced load
capacities of the reinforcement and to understand if reduction factors for pile groups behind an
MSE wall are similar to those previously studied.

Piles for this study were loaded at % in. cumulative deflection intervals that represent static
loading conditions. Lateral loading of piles supporting a bridge abutment typically comes from
thermal expansion or earthquake loads, both of which are cyclic loads. It is recommended that
further full-scale testing be performed on piles behind MSE walls representing cyclic loads and
their effects on induced forces in soil reinforcement and wall deflection.

Backfill compaction was approximately 92% between the test piles and the back face of the
wall. Compaction affects the lateral resistance of the loaded pile, as well as the soil’s ability to
resist pullout of the reinforcement. During construction of MSE walls it may be hard to achieve
exact compaction of backfill according to specifications and it is more likely that a range of relative
compaction actually occurs near the face. Therefore, it is recommended that further testing behind
an MSE wall be performed on piles spaced equal distances behind the back face of the wall with

varied relative compaction. Data from compaction tests could then be used to calculate a range of
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p-multipliers and reinforcement loads based on relative compaction for a specified pile spacing
and correlations made for different pile spacings.

Piles located behind wall joints appeared to increase wall deflection and induced load in soil
reinforcements compared with those located behind the center of the wall panel. Further research
could be performed to better understand the relationship between pile location and wall joint

location and to include a location reduction factor, if needed.
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APPENDIX A - PULLOUT CALCULATIONS
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APPENDIX C - LABORATORY RESULTS FOR BACKFILL PROPERTIES
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GENEVA ROCK PRODUCTS, INC, PHASE I

1555 Wt 400 Mot « B0 Box 558 ¢ Crant. T B4056 » 1801) 7657600 « Fox (801 FE5-7230 » ww genavarouk com

AGGREGATE SUBMITTAL
Report of Physical Properties
GRP Matarial Description: Fill - 38" HARDPAC Raport Dale: APl 15, 2014
GHF Material Code: FINE Raviewed by: Victor Johnson
Source Location/ Code: Morh Hansen ! 57 Roport No. 527FINEDGT 14
TEST RESULTS SIEVE ANALYSIS
Smndarg PHYBICAL PROPEATIES Tesult | Test Souree ASTM I35 AASHTD 1
ASTHM G279 Uniht unit Waight, itsicuft <[ 1120 Swe Ste = Passing | Spec

PASHTDTIR welgne voids % =| 30 5L T 1
|[7] tgged [ Lewss]s] iosides 75 mm (1571
ASTM GI55T Modifkd MEX - dorsify, bedoult = [ 1330 300 mm {127
ARSHTD T18D Proctor Cpnmon Motstire, %= T 250 mm {107
ASTH D508 Smndard M. dorstly, haseut = | 1280 226 T T
AASHTD TDG Practor CIptimem Molstre. " = 1.6 Z00 i {57
ASTM DAI1E Licpuled Lirrid Liguid Lime<| 0 150 mm (6%
AASHTD TEES0 | Plastic Limiy PiastieLimi=| 0 125 mm (5
Plastichy noox Plagnciy indes=| NP 100 mm (47)
ASTH G131 L&. il COarss L ons, %= 750 mm {3

AASHTTOR Amnzian Gﬁll."lll'l-{} Rovahiions, = B30 mm 2-1727
ASTINCE3S La. Laf)e Coaise LOGs, % = S0.0 mm ()

ADimslon EEIJ"II;"FB\IIJH'..HCL'!S. = IF.5.mm {1-1:27)
Fire Bulk Spocilic Gravily (Ony)=| 2581 5.0 mm (17

ASTM G 128 Bpecific Builk, Sperine Grivily, 550 =| 2529 0 fnimi {3047}
AASHTD TH4 Grniny & Appamn| SpRiim Sy =] 2628 T 1427) 100
ADsarpicn ADEOIphOn. 5t=| 07 B.E mET £3E7) 00
Coarsa Buik Specinic Grmity (dry) = 6.3t (1/47)
ASTM O 127 Spetific Bulk Spaclhc SImy, 950 = 475 mm (No:d) 17
ABSHTO THS Gravity & ArRarant Spachc Sy = 2056 mm (Mo.E 52
Absorpiion AboEphon ' = 200 fram [Nz 10
ASTHM 2410 Sanda Samd Equvalen], s =) 34 118 mm [Nz 16 ar
PABHTOD T176& Equivakemn D600 mum (Mo.30) 30
SOundness Coarse SOUndness Logs, = 425 mim (N4 0)
ASTM G BB Magnasum ha. of Cydas = D300 mm {0 50) 5
AASHTO T104 SOuUMne ss Fine S=oinGness Loss, %=| 1.0 Va0 mm iNo.Bd)
Sodim SUtaie Moo ol Cyoles = 0,150 mm |[NoU10D) 20
ASTM G 1252 | Flme Aggregas LIMeOIackasd Voios, =] 483 0075 Ty {NOL200) 14
AAGHTD T3 Anguinrity Weined C (53 racenved malanal) ASTM D422
ASTI C40 organic Coarse AQIENale. "= | Ligher Pl £ 1 Hydromess =
AASHTD T2 ImpLiniles Fing AGOregae. % = AGTM G566 ARSHTD TR65
ASTM G142 Clay /' Frinbie Coarse Agragats, ' = Molstufe Content, = =
AABHTOD T112 Paniclas Fing Aogragale 5t=| 0.0 JABTM Ci3e ARSHTO TR
ASTMC123 Lighmweight Coarse AggEagate; ¥ = Finenass Modulus (FM} =
ARSHTO T113 Plocos Fing Agoregata, % = AASHTCO Migs
ASTM D883 can &= CHR@O01= &0 Classificailon of Solls=| AlE
AASHTO T163 : CEA@OE=| b ASTRE DdTan Hlafin=
ASTM D5B21 Fractured Face 1 Of 2 FRcos = Fiot & Elongaked =|
FIRILISd Fice; 9 =
ASTM D2E87 | Saoil Qlsssihcation Group Sympal = GW-GM
Grobp Mm@ = Wall-graded gravel with sii and snd
ASTHM D2288 | Soil Description & GmUp SEmo) = Cu=56T7 Cc=185
Idersification Group Name =
GAP Maternls Agoregals Physical Proosviies Report Varsmon 32.11.08
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GENEVA ROCK PRODUCTS, INC.

PHASE II

et il

AGGHEGATE SUBMITTAL
Report of Physical Propertles
GFP Material Description: Fjll- 28" HABDPAG

GRP Matetial Code: FINE

Report Dats: July 17, 2014

THES West 460 Tiurih » ¥ 0 Box 508 = D, UT $4056 « (B071) 7657000 P (a1 ) TER TRAS » wewooommraroei oo

Source Locafion/Coade: Narth Hansen | BI7

Revlewsd by: Victor Juhnsen

Raport Mo, SSFFINENDT 14

TEST RESULTS SIEVE ANALYSIS
St rd PHYSICAL PROPERTIES finsll | Tast Sewcs ASTM 436 AASHTD TBY
ASTM'C 206 Uissit Lt Wisipdit, e feuht ={ 11220 Bimen Slza % Poasing | Spbe
AAEHTO T10 Wirlght VWous, =] B0 A5 fmm {187
[ dged [ Lbaeeld] Ronded 375 mn 118
BETH D557 Modified Mz, deamsity, lBeiou® =1 139.7 S i 127
AAEHTD 140 Proctor Coiliemurm Moatute, %= BT a5 mm [ 10°)
ABTM DeE3g Standond e, dansity, Daeei. = 2.25 i (37)
AASHTO THD Procior Ctrurn: hieatrm % - 200 mrm (3%
ASTM Ptt1a Lluled Limid Ligpikd Limijt=| @ 1B i (57
AABLITO TRAME Plaatio Limdt Platla LimHe 1] 185 mim (K%
Plasiialy index Plosiciy Indes-| NP 100 mm (47
ASTM G LA Smaf Coams Loes, % = FEO mm i3
ARSHT 198 Abrsslon Cirafing Pavpiullons, = 3.0 mim (21184
ASTM O35 LA Larmge Goame Loss W= 50,0 rmm (27
Abragion Trading Revoulions: = ITSmm (11279
Fine Butk Spopitlo Srovity (dry)={ 2881 35.0 mm {17
ASTRIC 128 Specific Bulk Spific Gravity, 250 -| 2600 180 mm 347
ABSHTO THA Graviy & Anparont Speaife Graviy -] 3 a0 2.6 et (1125 180
Absorplion Abzarpiion Y| ©T 8.5 mm (A7) 100
Conpse Bulk Spaciiic Gemvipy (iry) = Bk mm {197
ASTR G 1ET Specinic Bl Spaitic Gravily, $80= 475 i (Mo
AASHTO TES Gravily & Appannt Sesaiic Gravity « 238 mim (Mo 8) 31
Abaorplion Ahearption, %= 2.00 mm [Ne 1)
_P.E:‘I'L'I Lkl S ir] Sand Eand Eouvalant %={ 31 140 mm iMool &) 34
BASHTOITITE Eguivalint B0 eym (ho30) Fal
Soundriess Coares:Soundness Loos, %= 0.43% imun (Nednj
ASTMC BB Msgneadim Ne. ol Gyces = 13800 e (e, 50 0
AABHTD T104 Soundness Fina Soprcimess Lons, % -{ 10 0 130 mm (No 80}
- Eodiisin Sullele Mo ol Cyelss - CL1ED e (Mo, 00F Ll
ASTIAC 1258 | Fine Aggrogaie Untompacted Valds, =] 483 0.07E-mm [Np 200 11.5
AASHTD THM Anguwny Mathod C {ag recenid maornial) ASTH D22
ASTM Cab Organic Camrie Agorwgate, S = | Lightsr Plate # 1 iy circme ey =
AASHTO T Irmptde e Fine i"uaE:_EgEE. W= AT CHED ARSHTD 1268
AETM G142 Clay ! Friable Coarne Aghregae, %= Maoisture Contond, % e
ANSHTD TH12 Particies Fow Agorsgatn, =] 0.0 ASTMETDE ARGHTD 127
AST C1RD Lighsweight Coarss Agoregate. Y= Fliyemess Modulis (FW) =
AMSHTD T114 Plsces Finiy Aggrogats. %= LASHTD KAk
ASTM CMEEG CER Sprerarge = 10 Em CBRENDT=| B0 Cipsaifiention of Saiis = AR
AASHTD T10a Swtdle = 0T CRRENDZ-| @ ARTM DaT3T i} =
ASTR L1521 Fraciured Facs 1 2 Faces = Fiat & Elongated =
Fragiumd Fage, -
ASTM OE487 | Soll Clessitication Cerouph Syt = GW-Tb,
Croup Marms - Wel-gimdod E.mmi weiih wift and sand
ASTRA 12488 | Soil Dascriphon & e e Ci=867 Ce=18
Identitizathon {3raun Marmn =
GHAP Materas Appregale Phiysical Properties Rugort Versipn 0211.08
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APPENDIX D — LOAD-DEFLECTION CURVES
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Load (kips)

Load (kips)

60

50
40
30
== Avg. Peak
20
=fi=1 min
10 ==fle=5 min 1
0
0 0.5 1 1.5 2 2.5 3 35
Deflection (in)
Figure D-1: Load-deflection curves for the 5.2D test.

60
50
40
30
20

r == Avg. Peak
10 -+ =fl=1 min L

=e=5 min
0 !
0 0.5 1 1.5 2 2.5 3 35

Deflection (in)

Figure D-2: Load-deflection curves for the 4.3D test.
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Load (kips)

Load (kips)

60

50

40

20

10

60

50

40

30

20

10

30

=fl=1 min

==fe=5 min

—=—Avg. Peak ||

0 0.5 1 1.5 2 2.5 3
Deflection (in)

Figure D-3: Load-deflection curves for the 3.4D test.

3.5

=== 1 min

==fe=5 min

== Avg. Peak

|
0 0.5 1 1.5 2 2.5 3
Deflection (in)

Figure D-4: Load-deflection curves for the 1.8D test.
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APPENDIX E — GROUND DISPLACEMENT CURVES
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Horizontal Ground Displacement (in)

Vertical Ground Displacement (in)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

-0.5

0.0

0.0

1.0 2.0 3.0 4.0 5.0
DiIstance Behind MSE Wall (ft)

—8—526 - & -423 —& -269

Figure E-1: Horizontal ground displacement for the 5.2D test.

1.0 2.0 3.0 4.0 5.0
DlIstance Behind MSE Wall (ft)

Figure E-2: Vertical ground displacement for the 5.2D test.
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Horizontal Ground Displacement (in)

3.5

3.0

2.5

6.0

7.0

Vertical Ground Displacement (in)

-0.5

0.0 1.0 2.0 3.0 4.0 5.0

DiIstance Behind MSE Wall (ft)
—8—524 - & -403 —m -21.0
Figure E-3: Horizontal ground displacement for the 4.3D test.

35
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5

0.0 1.0 2.0 3.0 4.0 5.0

Distance Behind MSE Wall (ft)

Figure E-4: Vertical ground displacement for the 4.3D test.
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3.5

3.0

Horizontal Ground Displacement (in)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

Vertical Ground Displacement (in)

0.0

0.0

0.0

1.0 2.0 3.0 4.0
DiIstance Behind MSE Wall (ft)
—0—43.1 - & -365 —& -20.1

Figure E-5: Horizontal ground displacement for the 3.4D test.

1.0 2.0

DiIstance Behind MSE Wall (ft)

Figure E-6: Vertical ground displacement for the 3.4D test.

3.0
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Horizontal Ground Displacement (in)

3.5

3.0

2.5

6.0

7.0

Vertical Ground Displacement (in)

-0.5
0.0 1.0 2.0 3.0 4.0 5.0
DiIstance Behind MSE Wall (ft)
—e—315 - & -20.6 —m -10.5
Figure E-7: Horizontal ground displacement for the 1.8D test.
35
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
0.0 1.0 2.0 3.0 4.0 5.0

DlIstance Behind MSE Wall (ft)

Figure E-8: Vertical ground displacement for the 1.8D test.
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APPENDIX F — SOIL REINFORCEMENT INDUCED LOAD CURVES

144



Reinforcement Load (kips)

Reinforcement Load (kips)

[y
o

[ee)

)]

SN

N

o

'
N

2 4 6 8

0 10 12 14 16 18 20

Distance from MSE Wall (ft)

—@—52.6 kipload —@—45.3 kip load 31.2kipload —@—15.7kipload e FHWA

Figure F-1: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L1, 46.5 in. transverse spacing).

10

8 N

6

4

) —

0 /’-O/

-2

0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)
—8—52.6 kip load —@—45.3 kip load 31.2kipload —@—15.7kipload e=———FHWA

Figure F-2: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L1, 15 in. transverse spacing).
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Reinforcement Load (kips)

Reinforcement Load (kips)

[y
o

[ee)

)]

2
O—— g —0— —- —— P
0
-2
0 2 4 6 8 10 12 14 16 18 20

Distance from MSE Wall (ft)

—@—52.6 kipload —@—45.3 kip load 31.2kipload —@—15.7kipload e FHWA

Figure F-3: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L2, 38.5 in. transverse spacing).

=
o

(o]

)]

S

2/\*

0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)

—@—52.6 kipload —@—45.3 kip load 31.2kipload —@—15.7kipload e FHWA

Figure F-4: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L2, 22.5 in. transverse spacing).
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Reinforcement Load (kips)

[EEY
N

[
o

0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)

—8—52.6 kip load —@—45.3 kip load 31.2kipload —e—15.7kipload  e=———FHWA

Reinforcement Load (kips)

Figure F-5: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L3, 46 in. transverse spacing).

12
10

8

6

4

2

. M —— . ——

-2

0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)
—8—52.6 kip load —@—45.3 kip load 31.2kipload —@—15.7kipload  e=———FHWA

Figure F-6: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L3, 21.5 in. transverse spacing).
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Reinforcement Load (kips)

12

10

8

6

4

, ./.::t

0 o—0—0— —— —— —O— ——

-2

0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)
—8—52.6 kip load —@—45.3 kip load 31.2kipload —e—15.7kipload  e=———FHWA

Reinforcement Load (kips)

Figure F-7: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L4, 39 in. transverse spacing).

12

10

0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)

—@—52.6 kipload —@—45.3 kip load 31.2kipload —@—15.7kipload e FHWA

Figure F-8: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (5.2D pile, layer L4, 23 in. transverse spacing).
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Reinforcement Load (kips)

Reinforcement Load (kips)

10

8
6
4
2
0
-2
0 2 4 6 8 10 12 14 16 18 20
Distance from MSE Wall (ft)
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Figure F-9: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L1, 40.5 in. transverse spacing).
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Figure F-10: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L1, 17.5 in. transverse spacing).
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Figure F-11: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L2, 33.5 in. transverse spacing).
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Figure F-12: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L2, 18.5 in. transverse spacing).
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Figure F-13: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L3, 34.5 in. transverse spacing).
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Figure F-14: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L3, 17.5 in. transverse spacing).
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Figure F-15: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L4, 34 in. transverse spacing).
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Figure F-16: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (4.3D pile, layer L4, 19 in. transverse spacing).
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Figure F-17: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L1, 38 in. transverse spacing).
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Figure F-18: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L1, 24.5 in. transverse spacing).
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Figure F-19: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L2, 37.5 in. transverse spacing).
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Figure F-20: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L2, 23 in. transverse spacing).
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Figure F-21: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L3, 38 in. transverse spacing).
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Figure F-22: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L3, 23 in. transverse spacing).
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Figure F-23: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L4, 38 in. transverse spacing).
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Figure F-24: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (3.4D pile, layer L4, 31 in. transverse spacing).
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Figure F-25: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L1, 42 in. transverse spacing).
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Figure F-26: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L1, 17.5 in. transverse spacing).
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Figure F-27: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L2, 43 in. transverse spacing).
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Figure F-28: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L3, 43 in. transverse spacing).
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Figure F-29: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L3, 22 in. transverse spacing).
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Figure F-30: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L4, 35 in. transverse spacing).
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Figure F-31: Induced loads in the soil reinforcement at different pile head loads relative to distance
from the back of the MSE wall (1.8D pile, layer L4, 17 in. transverse spacing).
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