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Throughout the state of Florida, pile rebound has been encountered while
driving large displacement piles. During periods of excessive rebound, the piles
could not achieve further penetration and could require an excessive number of
blows to advance the pile into the ground. This phenomenon affecting pile driving
is called high pile rebound producing construction delays, higher costs; and may
lead to pile damage. A comprehensive experimental program was performed
involving the characterization and identifications of the typical soils properties
associated with high pile rebound during pile installation. The research focuses on
the determination of the relationships between high and no-rebound soils to yield
a clearer understanding of the soil behavior associated with rebounding piles.
Based on available geotechnical data, 15 prestressed concrete test piles
(PCP) at six sites in Florida were chosen for this study. These PCP high
displacement

piles

were

driven

using
iii

single-acting

diesel

hammers.

Test borings with minimally disturbed thin-walled tube samples, were conducted
in addition to in situ data from standard penetration test (SPT) to determine soil
parameters used to identify of any correlations exist based on these soil
parameters.
A total of 44 undisturbed samples were evaluated, 25 of these samples were
retrieved at depths where the pile produced rebound greater than 0.5 inches, while
19 samples were retrieved at depth where the pile experienced no-rebound define
as (< 0.25 inches). High rebound soils were characterized as either cohesionless
and cohesive soils. Relationships between high rebound soils and soil properties
were evaluated; and the following differences were observed:
a) The silt content of cohesionless soils may be an effective index for predicting
high pile rebound. The average silt content in high rebound soils is more than
twice as high as for no-rebound soils, while in the cohesive soils, the average silt
content in high rebound soils decreases to less than half in comparison to the norebound soils. Moreover, the transition point at which the influence of the fines
and silt content on high pile rebound become significant is found to be around 27
% fine and 20 % silt content. Cohesinless soils with fines and silt content greater
than the transition point are more likely to produce high rebound soils.
b) High pile rebound in cohesionless soils is insensitive to clay content, while in
cohesive soil it is found to be an effective index for identifying high pile rebound
iv

piles. Cohesive soils with clay contents above about 37 % shows the greatest
potential for high pile rebound.
c) Casagrande’s plasticity chart shows that all high rebound cohesive soils were
inorganic highly plastic clays with LL greater than 50 % and plotted above the Aline
d) Casagrande’s plasticity chart can be used an effective index for predicting high
pile rebound.
Based on the finding obtained from the soil response to cyclic loading, high
rebound soils were likely to have higher resistance to develop larger axial strain
than no rebound soils. During the cyclic loading, no-rebound soils at the same
cyclic loading rate develop axial strain more rapidly than high rebound soils.
Therefore, most of the no rebound soils failed at 15% strain, while high rebound
soils failed mostly at strain less 5% range. High rebound soils produced lower pore
water pressure ratios (u/3’) than no rebound soils, clearly indicating that the
high rebound soils take longer to produce increases in pore pressures than the no
rebound soils.
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1. Background
1.1. Problem Statement

1.1.1. High Pile Rebound from Cyclic Loads during Driving
Contractors and engineers are confronting a host of problems with pile
installations throughout the state of Florida. In particular, pile rebound defined in
section 1.2 has been encountered while driving large displacement piles into finegrained stiff saturated soils (Murrell et al., 2008). During periods of excessive
rebound, the piles could not achieve further penetration and, as a result, bounced up
and down. At certain sites where excessive rebound was observed, driving of piles
required an excessive number of blows to advance the pile into the ground. As shown
in Figure 1-1, a blow count of over 170 blows/foot were required to drive a 24 inch
square prestressed concrete pile during the final 13 feet of penetration (Cosentino et
al., 2010). Consequently, out ¼'' and over 240 blows/ft are not meeting FDOT
Standard Specification-455-5.10.3. In other cases, the contractors have redesigned
the deep foundation system by replacing large displacement prestressed concrete
piles with low displacement steel H-piles. Cosentino et al., 2010 reported that
excessive rebound affected the pile drivability, thereby producing construction
delays as well as higher costs.
1

Figure 1-1: High pile rebound zone at I-4 / SR 408 required 170 blows/foot to drive
a 24 in square prestressed concrete pile 13 feet into the ground
(Cosentino et al., 2010)

2

1.1.2. Cyclic Loading of Soils
Soils are often exposed to different forms of cyclic loading from natural
forces or during construction activities. Cyclic loading from events such as
earthquakes, wind and wave forces, and traffic loading are most commonly
anticipated, however, the dynamic action of driving large displacement piles will also
cause cyclic loading. All of these forms of loading are representative of different
cyclic loadings which are either compression or tension-compression loads. These
different forms are classified based on the number of cycles and the duration of
loading as shown in Figure 1-2.

Figure 1-2: Classification of dynamic problems after (After Ishihara, 1996)
3

Few studies have focused on the effect of fines on the dynamic behavior of cohesive
and cohesionless soils. Frequency, duration and cyclic stress levels play a significant
role in determining the response of the soil to cyclic stress level (Rascol, 2009).
Research is still needed to conduct lab testing to understand the dynamic soil
pore water pressure generation under cyclic loading and to clarify the roles played
by soil properties during cyclic loading. Particularly, the effects of cyclic loading on
soils simulating the dynamic action of driving large displacement piles have not yet
been investigated adequately.
The consequence of soil failure or strength reduction due to inducing pore
water pressure and large deformation can be anticipated as a result of these dynamic
action. As the pile interacts with the surrounding soils during pile installation, the
vibration of the impact driving can induce liquefaction, settlements or even slides on
non-cohesive soil. This vibration can also cause shear strength reduction if the
surrounding soils are cohesive (Deckner, 2013).
1.2. Definition of High Pile Rebound
Pile rebound is defined as the upward elastic pile displacement that occurs
after a hammer blow. As presented in Figure 1-3, the maximum initial downward
displacement is termed "Dmax" and is the sum of both elastic and plastic
4

deformations of the pile and the soil system. The final value of the displacement,
termed "set", is the permanent pile penetration for the blow. Rebound is the
difference between the pile’s maximum displacement and the final set (Cosentino et
al., 2010). Once the rebound is nearly the same as the maximum displacement or the
permanent displacement, then driving problems may occur.
Based on FDOT Standard Specification-455-5.10.3, a rebound greater than
0.25 inches per hammer blow is considered as high rebound. Pile driving must stop
when engineers determine pile refusal, which is 20 blows per inch with the hammer
operating at its highest fuel setting.

Figure 1-3: Typical pile-top displacement versus time for single hammer blow after
(Cosentino et al. 2010)

5

1.3. Objective of the Dissertation
The goal of this research was to determine if relationships could be developed
between different soil parameters where pile rebound has occured and cyclic loading
of the soil. This study focuses on the determination of the significate relationships
between high and no-rebound soils to yield a clearer understanding of the behavior
associated with rebounding piles.
1.4. Dissertation Approach
To meet the project objective, results from an extensive experimental research
aimed at identifying the effects different soil parameters on high and no pile rebound
soils were evaluated.
To achieve the objective, the following tasks were completed:
Task 1. Perform Literature Review
The literature review was focused on three areas: an overview of rebound soil
description, the effects of fine content on the behavior of soils under cyclic loading
and the use of cyclic deviator loading to evaluate soil behavior. Critical information
in terms of the magnitude, duration of the loads, and loading frequency was

6

evaluated. The results were summarized and presented in Chapter 2 of the
dissertation.
Task 2. Identify Site Locations
Six sites with and without high pile rebound were identified and located as
show in Figure 3-1. These sites were selected based on the accessibility of the site
and the availability of geotechnical data. At least four sites were studied where the
piles experienced excessive rebound with small or non-permanent set. Two
additional sites were studied where the piles have not experienced high pile rebound.
Task 3. Collect Existing Data
 Soil properties were collected and examined for each chosen site. Samples
were classified using the Unified Soils Classification System (USCS), and the
American Association of State Highway and Transportation Officials
(AASHTO). For each site a soil profile was developed. Profiles included
natural moisture content, Atterberg limits, void ratio, specific gravity, Wet
unit weight, % silt, % sand and % clay.
 At each selected site, the amount and the depth where the rebound occurred
was determined by using existing Pile Driving Analyzer (PDA) data. These
7

rebound depths were matched to the closest soil boring profile from the
existing data.
Task 4. Retrieve Thin Walled Tube Samples
Proposed boring locations at specified depths associated with the rebound zone were
selected to obtain a thin walled tube samples using Thin walled tubes for each site.
Thin walled tube samples were collected at specific depths within and above the
rebound. Each boring was performed at a location closest to the rebound piles.
Task 5. Lab Testing Program
Laboratory tests were selected as follows:
1) Index tests to obtain the basic physical properties of each tested sample and
their influence on the cyclic strength were also evaluated. A series of index
tests as listed below, were conducted using standard laboratory equipment.
Grain size analysis with hydrometer testing
Moisture Content
Atterberg Limits
Specific Gravity
Void Ratio
8

Unit Weight
Porosity
2) Permeability
3) Cyclic Testing to evaluate the resiliency and pore water pressure generation
during cyclic loading. A series of consolidated undrained cyclic triaxial tests
were performed using eight loading stages consisting of 1050 cycles in each
stage. Specimens from above and within the rebound zones were tested. The
results from applied cyclic stress, axial deformation, pore pressure build up
with respect to time were measured for each sample. The cyclic testing
procedure is discussed in detail in Chapter 3.
Task 6. Analyses of Test Results
The results from the index and cyclic lab tests were determined and analyzed
to show if trends exist for rebound piles. The variations in pore water pressure during
cyclic loading were compared to the geotechnical properties, such as silt and fine
contents, to understand and evaluate the behavior of soils associated with rebounding
piles. An effort was made to inspect and make comparisons between pore water
pressure generation in rebound and non-rebound zones for all tested samples.

9

The following parameters were evaluated for each sample retrieved from both the
rebound and the no-rebound soils:
1. Fines content
2. Silt and clay content
3. Sand content
4. Evaluation the effect of plasticity index and clay content
5. Combined effect of grain size diameter D10 , D30 , D60 and void ratio
6. Combined effect of fines and sand content.
7. Combined effect of fines and silts content.
8. Combined effect of silts and clay content.
9. Combined effect of silts and sand content.
10. Combined effect of the silt content and permeability.
11. The effect of number of cycles on axial strain during cyclic loading
12. Pore water pressure generation during cyclic loading at 1%, 2.5 %, 5% and
15% strain.
13. Pore water pressure generation during cyclic loading at maximum axial
strain.
14. Cyclic stress on pore pressure generation.
10

2. Literature Review Overview
While researching experimental studies regarding the generation of pore
water pressure in soils during installation of large displacement piles, it was
determined that there is minimal data available. Previous research regarding the
effect of pore water pressure generation focuses only on earthquake and liquefaction.
Referees to high pile rebound have not yet descried pore water pressure effects.
The literature review focuses on three areas: a) An overview of rebound soil
description, b) The effects of fine content on the behavior of soils under cyclic
loading and c) The use of cyclic deviator loading to evaluate soil behavior.
2.1. High Pile Rebound Soil Description Overview
The pile driving operation can potentially develop large stresses and
deformations in the nearby soil. In general, driving large displacement piles will
compress cohesionless soils and weak cohesive soils. As result of dynamic loading,
excess pore water pressures are generated and there is a decrease in the soils effective
stress. Therefore, the soil begins to lose a substantial fraction of its shear strength
(Swan, 2010).
In recent years, the need for pile installation is in high demand as a result of
heavier loads and deeper penetration (Gerwick et al., 2004). Along the southeast
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coast of the United States contractors and investors confront a host of problems with
pile installation. More specifically, rebounding piles are serious problems that the
contractor and investors encounter during installation of large displacement piles.
The term rebound or bounce is defined as a large downward movement during the
hammer blow with nearly zero or low displacement at the end of the blow (Murrell
et al., 2008).
The effect of the shaft resistance on pile rebound was evaluated by Renpeng
et al, (2000). The authors presented a method to determine driving resistance with
rebound of pile-top during pile driving. The driving model is presented in Figure
2-1.
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Where F(t): The impact force caused by the hammer
U(t): The movement of the pile-tip
V(t): The velocity of the pile-tip
𝑅𝑖 : The static shaft resistance
𝑅𝑠 : The static point resistance
𝐶𝑖 : The damping coefficient at the pile shaft

Figure 2-1: Pile driving model proposed by Renpeng et al., (2000)
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During pile driving the authors divide the movement of the soils at the pile
toe into three phases: elastic movement, plastic movement and rebound. Elastic
movement occurs only when the movement of the pile toe is less than the maximum
elastic movement of the soils at the pile toe ( 𝑄𝑃 ) as shown in Figure 2-2 below. The
second phase occurs if the soil resistance reaches its maximum elastic movement
( 𝑄𝑃 ), then plastic movement will be encountered. After this phase, rebound starts to
take place as the movement of the pile-toe decreases and reaches its limit and in the
same time, the soil resistance starts to reduce as shown in Figure 2-2 below.

Rs

Plastic

Elastic

Actual movement

Qp

Rebound

d

Figure 2-2: Model of pile point resistance (After Renpeng et al, 2000)
The movements of the pile-tip and pile-top were obtained from the onedimensional wave equation. The static resistance and rebound at a pile top were
simplified to the equations below:
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𝑅𝑠 = 𝐶𝑠

𝑅𝑒 𝑍
𝑡𝑜

+ 𝐶𝑑 𝑅𝑖

………………………………………Eq. 1

Where, 𝑅𝑠 : The pile tip resistance,
R e : The rebound of the pile-top
𝑅𝑖 : The shaft resistance
𝑡𝑜 : The duration of the contact between the hammer and the pile top
𝐸

Z: The impedance of the pile = 𝜌
𝐶𝑠 and 𝐶𝑑 : The dimensionless constants
From equation 1, the rebound at the pile-top can be written as:
t

to

𝑠

𝐶𝑠 𝑍

R e = 𝐶 o𝑍 R s −

𝐶𝑑 𝑅𝑖 …………………………….……………Eq. 2

It can be seen from Equation 2 that shaft resistance has a very noticeable
impact on the rebound. Any increase in 𝑅𝑖 will cause a reduction in pile rebound
during pile driving, while any increase in the 𝑅𝑠 will cause an increase in pile
rebound. When the driven pile operation ceases for a period of time rebound
decreases when driving resumes again. This decrease in rebound is related to the
increase in shaft resistance after the pile driving ceases.
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An investigation was conducted by Cosentino et al. (2012) to evaluate high
pile rebound soils using CPTu with pore pressure measurements. A total of fifteen
CPTu tests were performed at six sites in Central Florida near test piles on FDOT
construction projects. PDA testing performed as the pile was driven, provided the
necessary information for pile movement. The rebound was determined from PDA
data by subtracting the maximum displacement (DMX) from the inspector set (iSet).
In this study, pile rebound was divided into three levels: excessive high pile rebound
with no or minimal set, rebound with an acceptable set, and no-rebound as shown in
Table 2-1.
Table 2-1: Rebound levels (Cosentino et al., 2012)
Site Name

Rebound Level

Intersection of I-4 and SR408
Intersection of SR50 and SR436 Overpass
Excessive HPR with no or
minimal set

I-4 /US.192(Ramp CA)
I-4 / Osceola Parkway (Ramp D2)
SR 83-US.Highway 331 Ramsey Branch Road
Intersection of I-4 and John Young Parkway
Intersection of I-4 and SR408 (Ramp B).
SR417 / International Parkway ramp

Rebound with an acceptable set
No high pile rebound
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The authors classified the type of soils in the rebound layers into one of the
following USCS classification groups: SC, SM-SC, SM, CL, SP-SM, SP-SC and CH.
The rebound layers generally contained silts and clays with fines content greater than
20 %. The soil in the rebound layers occurred at depths greater than 50 ft with SPT
N values exceeding 20 blows/ft. A high fines content was encountered in most of
high pile rebound layers and the natural moisture content was less than the liquid
limit in most of the rebound layers. Also, the CPT sleeve friction and cone resistance
in the rebound layers was more than 1.5 tsf and 100 tsf, respectively. However, in the
non-rebound zone, sleeve friction was less than 1 tsf.
In Table 2-2 Cosentino et al. (2012) summarized the soil properties and
rebound elevation for each chosen site. The soil property data will be utilized in the
current proposed study. The data includes soil type, rebound zone, physical soil
properties and the CPTu with pore pressure measurements.

17

Table 2-2: Summary of soil properties and rebound zone after Cosentino et al.(2012)

USCS=Unified Soil Classification System; FC= % fines content; NM= natural moisture content; LL= Liquid Limit;
PL=Plasticity index; K= Permeability coefficient; 𝑓𝑠 = sleeve friction; 𝑞𝑐 = cone resistance; NP= non-plastic; NA=not available

While performing the CPT tests, the pore water pressure was recorded every
2 inches throughout the sounding. The authors compared and matched the results of
CPT tests with the PDA rebound and iSet. The test results indicated that a significant
increase in pore water pressure was encountered in soils where piles experienced
excessive high rebound, and the pore water pressure values were found to be greater
18

than 20 tsf. Furthermore, one site where piles experienced rebound with an
acceptable set, pore water pressures values were in the range between 5 tsf and 20
tsf. Also, pore water pressure values were less than 5 tsf where no-rebound was
encountered. A direct link was found between pore water pressure from CPTu testing
and high pile rebound. A significant decrease in iSet was also observed as pore water
pressure started to rise, leading to an increase in rebound. Overall, the authors
concluded that high pile rebound could be expected if pore water pressure is greater
than 20 tsf during driving of large displacement piles. However, the driving difficulty
would be minimized if the pore water pressure is less than 5 tsf. All information from
this study, including site locations, soil properties, and CPTu results were used and
compared to tests conducted during the current research.
Murrell et al. (2008) found that bouncing was observed as excess pore
pressure was developing in soils during the driving of large displacement piles.
Cosentino et al. (2010) indicated that large displacement piles were starting to
rebound when SPT values increased more than 50 blows and the silt content
increased over 18% at the bouncing elevation and CPT point bearing values increased
to more than 200 tsf.
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According to Murrell et al. (2008), saturated firm to stiff, fine grained soils
have been found to be the most likely cause of the bouncing (high rebound),
particularly if the CPT pore pressure exceeds 20 tsf (1915 kpa). Hussein et al. (2006)
stated that HPR mostly occurred in saturated dense silty sand, and hard silty clay.
These soils have a tendency to generate pore water pressures which lead to increase
pile rebound during pile installations.
In order to understand the root cause of high pile rebound, Cosentino et al.
(2010) performed a variety of in-situ and laboratory tests at different sites in Florida.
They concluded that high pile rebound occurred when large displacement piles were
driven into saturated dense or stiff soils. As the piles were driven into soils with an
increasing in silt content, an increase in strength was observed from SPT N-values,
plus CPT point bearing ( 𝑞𝑐 ) and side friction ( 𝑓𝑠 ). The authors indicated that silt
content reached 20 % in the rebound zone; at the same time SPT-N values, 𝑞𝑐 and 𝑓𝑠
values increased by factor of 3 compared to the non-rebound zone.
The results indicated possible rebound layers were obtained from silt percent,
SPT N-values, Pocket penetrometer ( 𝑞𝑢 ), CPT ( 𝑞𝑐 ) and side friction ( 𝑓𝑠 ).
However, other lab results obtained from liquid limit, natural moisture content, and
sand content did not indicate any of pile rebound trends.
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The data from the previous studies was used to evaluate sites based on basic
geotechnical information along with the pile hammer systems. Therefore, it is
necessary to evaluate the pore water pressure and index properties, in order to
understand the behavior of soils that encounter high pile rebound. As Volkan (2008)
stated, the pore water pressure is the most important factor that should be measured
during the cyclic loading in evaluating failure. This current study was concentrate
solely on these variables, which are associated with HPR during dynamic testing:
index soil parameters, cyclic stress and pore pressure generation.
2.2. The Influence of Fine and Silt Content on Cyclic Loading and Pore
Pressure Generation
A significant amount of laboratory research has been conducted to clarify the
effects of silt and clay content on pore pressure response during cyclic loading. Some
studies have presented conclusions that indicated subjecting of loose sands to short
duration cyclic loads produced a sudden and complete loss of strength leading to
liquefaction. Gerald and Narasimha (2012) revealed that when dynamic loads are
applied, the pore water pressure begins to increase in soft clays, thus causing a
decrease in effective stress. This process led to a breakdown in the soil structure with
significant reduction in the stiffness and strength. As a result of cyclic loading
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Boulanger and Idriss (2006) stated that cohesive fine grained soils demonstrated a
considerable loss in shear strength despite the fact that the effective stress was not
zero. However, cohesionless fine-grained soils completely lose their shear strength
during cyclic loading as a result of built-up pore water pressures that lead to zero
effective stress.
Historical data proves that liquefaction produces a significant reduction of the
stiffness and strength in soils other than clean, uniform, loose saturated sands.
Liquefaction is a commonly used term for such occurrences. In addition, a vast range
of soil gradations and consistencies have been linked with shear strength reduction
during undrained cyclic loading (Koester 1993). In general, the presence of plastic or
clayey fines can decrease the soil resistance (liquefaction resistance) under dynamic
loading (Polito, 1999). On the other hand, increasing the silt content in sand will
decrease the liquefaction resistance until some limiting silt content is reached, and
then, it will increase its resistance.
Studies using cyclic triaxial tests were conducted by Shannon (1989) on the
characteristics of silts. The tests results indicated that low plasticity silts and fine
uniform sands produce liquefaction when the pore water pressure reached the
confining pressure. Arab and Belkhatir (2012) studied the influence of low plasticity
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fines on the cyclic behavior of silty sand. They concluded that the liquefaction
potential of silty sand increased as the fines content increased up to 20%, and then
started to decrease when the fines content increased to 40%.
For sands containing 20% - 26% fines, Koester (1993) found them to be
strongly susceptible to strength loss. At the same time, the cyclic triaxial strength
dropped to a lower value for a specimen composed of 20% plasticity fines.
An investigation by Guo and Prakash (1999) to study the liquefaction of silts
and silt-clay mixtures under cyclic loading, indicates that the liquefaction resistance
of silt clay mixtures decreased as the plasticity index (PI) increased within the low
range of plasticity. This trend was reversed in the high plasticity range. Seed et al
(1985) stated that for sands containing more than 5% fines, a significant strength loss
was encountered which led to liquefaction in sand soils. Other studies by Osipov et
al. (2005) and Koester (1994) produced the same conclusions, that soil resistance
improved as the fines content increased. However, low plasticity soils were very
vulnerable to liquefaction.
Bray et al. (2004) suggested that the most efficient indicator for the
liquefaction of fine-grained soil is their plasticity index (PI). The authors found that
if fine grained soil has a plasticity index (PI) less than or equal to 12 along with a
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water content to liquid limit ratio (Wc/LL) greater than 0.85; then it will be prone to
liquefaction which will cause significant strength loss. Also, if a fine-grained soil has
a PI greater than 20, then it will not be subjected to liquefaction. Boulanger et al
(2006) suggested that the term liquefaction be reserved for identifying the
development of significant strains or strength loss in fine-grained soils exhibiting
sand-like behavior, while the term cyclic softening failure be used to define a similar
phenomenon in fine-grained soils exhibiting clay-like behavior. They concluded that
fine grained soils with PI greater than or equal to 7 exhibited cyclic softening, while
a PI less than 7 fine grained soils were subjected to liquefaction.
Hazirbaba (2005) defined the limiting fines content (LFC) as a transition
point above which fines dominate the behavior.

Beyond this point, there are

sufficient fines to prevent the sand grains from contacting each other. Thus the fines
dominate the behavior of the soils and they become the main skeleton and carry the
shear force as shown in Figure 2-3. The limiting fines content (LFC) is generally
calculated using the following equation:
𝐿𝐹𝐶 =

𝑊𝑓𝑖𝑛𝑒𝑠
𝑊𝑠𝑎𝑛𝑑 + 𝑊𝑓𝑖𝑛𝑒𝑠

Where,

Wfines = fines solid weight

Wsand = sand solid weight
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Figure 2-3: Visual description of the limiting fines content: a) below the limiting
fines content; b) above the limiting fines content.

Based on LFC, Dash and Sitharam (2009) studied the effects of non-plastic
fines on the generation of pore water pressure under cyclic loading. As a part of the
study, the researchers analyzed the generation of pore water pressure based on the
excess pore water ratio (Ru) which is defined as the ratio of excess pore water
pressure generated during cycle loading to the initial effective confining pressure (
Ϭ′3 ). Dash and Sitharam (2009) conducted 289 undrained cyclic triaxial tests on
isotropically consolidated sand-silt mixture specimens with silt contents ranging
from 5 % to 75 %. The results showed that the rate of generation of excess pore water
pressure increased as the silt content increased. This trend is reversed when the silt
content exceeded the limited silt content of 21% as shown in Figure 2-4: Results of
cyclic triaxial tests: Cycle number versus excess pore pressure ratio (after Dash and
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Sitharam, 2009). Figure 2-4 and Figure 2-5 shows results from tests at two relative
densities and cyclic stress ratios which is defined as the magnitude of cyclic loading.
The authors concluded that the increase in pore water pressure was due to the initial
decrease in relative densities up to the limiting silt content. As the silt content further
increased and exceeded the limit silt content, the relative densities started to increase
as shown in Table 2-3.
Table 2-3: Variation in relative density at two 𝑒𝑐 -values and various silt contents
(after Dash and Sitharam 2009)
Silt Content (%) RD (%) at 𝑒𝑐 = 0.44 RD (%) at 𝑒𝑐 = 0.54
0
92
53.8
5
63.3
32.6
10
55.8
26.6
15
49.3
21.6
20
42.7
15.7
25
60.1
37.3
30
62.5
40.7
35
70
49.8
40
78.7
60.5
50
88.8
73.1
60
90.5
77
75
97.3
RD; relative density; 𝑒𝑐 = gross void ratio= Vv/Vs
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The presence of silt content led to a significant effect on the cyclic resistance
of all sand silt mixtures as the results demonstrated in Figure 2-5 below. A shown in
the figure below, there was a steep decline up to where the limiting silt content was
observed, followed by a gradual increase in cycles until failure. This sharp decrease
in cyclic resistance reversed when the silt contents were beyond the transition point
where the silts dominate the main skeleton of the soils.
It is clear through the testing that as the pore water pressures increase, the
specimens get weaker and lose their strength until the transition point is reached.
After that, the specimens gain strength in conjunction with increasing silt content
beyond the limiting silt content (21%).
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Figure 2-4: Results of cyclic triaxial tests: Cycle number versus excess pore
pressure ratio (after Dash and Sitharam, 2009).
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Figure 2-5: Results of cyclic triaxial tests: (a) Silt contents versus cycles required to
generate 100% excess pore water pressure (after Dash and Sitharam, 2009).
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2.3.

The Use of Cyclic Deviator Stress to Evaluate Soil Behavior
In recent years, numerous experimental studies were performed with the

intention of describing the mechanical behavior of soils subjected to cyclic loading
whether in drained or undrained conditions. The effects of cyclic deviator stresses
on the behavior of soils have been studied, and most of the research produced
conclusions suggest that soils failed at stress levels below the maximum static
deviator stresses at failure.
Okur et al. (2008) concluded that pore water pressure was induced when
cyclic loading was applied in certain saturated soils. As the pore pressure begins to
build the soils start to lose their shear strength and thus leading to large deformations
that cause soil failure. This phenomenon called liquefaction in sandy soils and cyclic
softening in saturated fine soils. The researchers performed undrained cyclic tests at
cyclic stress ratios up to 0.35 at loading frequencies of 0.001 and 0.1 Hz. They found
that soil specimens with high plasticity indexes encountered the highest resistance to
cyclic failure and pore pressure generation. The author concluded that the large
number of dynamic loads from machine foundation or waves will likely cause a
complete loss of cyclic strength. High cyclic stress ratios are required (up to a value
of 0.8) for cyclic softening to occur.
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Most of the researchers have introduced an important concept called critical
stress level. They defined it as the critical level of cyclic deviator stresses below
which the soil behaved primarily as elastic, and above which the soil behave as plastic
with each load cycle leading to further non-recoverable deformation and ultimate
failure (Frost et al. 2004, Awad 1975, Putri et al 2012, Shahin et al 2011, Wilson
1974).
Frost et al., (2004) concluded that when applying cyclic deviator stresses
below 50% of the deviator stress at failure, the permanent deformation remained
stable, and if applied cyclic deviator stresses were above this value, the deformation
would become unstable. Putri et al. (2012) defined the threshold stress as the stress
level above which the cyclic loading caused rapid permanent deformation and
eventual failure. They indicated that the threshold stress of compacted clay with sand
was equal to 30% and 38.6% for low and high confining pressure, respectively.
Puppala et al. (2004) performed cyclic triaxial tests on sandy clay soils. The authors
chose three deviatoric stress levels ( 0.2 × Ϭ𝑑,𝑓 , 0.4 × Ϭ𝑑,𝑓 , 0.6 × Ϭ𝑑,𝑓 ), where Ϭ𝑑,𝑓
is the static deviatoric stresses at failure. Each soil specimen was tested under 10,000
repeated cyclic loads at 1 Hz of loading frequency.
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Awad (1975) investigated soil behavior under repeated vertical and
horizontal stresses in triaxial tests. Samples of silty clay were subjected to two types
of repeated loading conditions. The first type was cyclic vertical stresses applied with
constant cell pressure and the second type was applied cyclic vertical stresses with
varied cell pressures. The author conducted a series of cyclic triaxial tests with a
loading duration of 45 seconds and an interval between loading application of 15
seconds. The elastic stage occurred when the level of the applied repeated vertical
stress was less than the assumed critical stress level (0.37 − 0.5) Ϭ𝑓 and the plastic
stage occurred when the applied vertical stress was higher than the assumed critical
stress level.
Pore water pressure in the elastic range increased during the first cycling of
loading and then decreased at the end of the test due to the soil dilation. However, in
the plastic range pore water pressure continued to increase up to the time of failure.
In some samples where the applied cyclic deviator load equaled 60% of the maximum
compressive strength, failure was encountered after only one cycle due to the sudden
increase in the pore water pressure.
In another study, cyclic triaxial tests subjected to one-way cyclic loading
(compression only) was performed by Moses and Rao (2003) to study the influence
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of cyclic loading on the strength and deformation behavior of cemented marine clay.
The author selected cyclic stress ratios (CSR) within a range of 0.25 to 0.7 at loading
frequencies of 0.17, 0.083 and 0.05 Hz. The authors concluded that both the pore
water pressure and strain increased dramatically within the first 2,000 cycles of
loading, and then became stable with no additional increases in the remaining loading
cycles. When the researchers conducted a cyclic triaxial test at 0.7 CSR, some
samples failed in a small number of initial cycles. Also, not much damage occurred
to the soils using CSR values up to 0.35 during cyclic loading.
An investigation was conducted by Shahin et al. (2011) to study the behavior of soft
clay under undrained cyclic loading. Different values of cyclic deviator stresses were
applied at stress levels below and above the critical stress level. All samples were
tested under a loading frequency of 1 Hz with CSR’s in the range of 0.36 to 0.71.
The results showed that for CSR’s up to 0.63, the excess pore water pressure and the
axial strain increased with an increasing number of cycles loading until reached
100,000 cycles above which both remain constant. Also for a CSR of 0.71, the soil
reached a state of failure after the first few cycles, in contrast, no sign of failure was
observed for a CRS of 0.63. The study confirmed that testing soil at a deviator stress
higher than the critical stress level led to pore water pressures that caused non33

recoverable deformation, leading the soil to failure. However, the soil reached a state
of equilibrium with no sign of failure when tested at a deviator stress less than the
critical stress level.
The following can be summarized from the above discussion:
1. Dynamic loadings that result from machine foundations or waves may cause a
complete loss of cyclic strength due to the higher number of cycles(Okur et al.,
2008).
2. The presence of silt contents lead to a significant effect on the cyclic resistance
of all sand silt mixtures (Dash and Sitharam, 2009).
3. Significant strength loss encountered for sands with fines content up to 20%
(Belkhatir, 2012).
4. Soils in the rebound layers consisted of sandy silts and clays (Cosentino et al.,
2010).
5. Excess pore water pressure is understood to be one of the main causes of high
pile rebound.
6. Pore water pressure may cause a significant impact on the shaft resistance along
the pile (Renpeng et al., 2000).
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7. Applied deviator stress values for cyclic loading are calculated as a proportion of
the maximum compressive strength of the soil (Awad 1975).
8. Critical stress level values vary between 0.37σ𝑓 to 0.5σ𝑓 (Awad, 1975).
9. Samples under cyclic loading fail at a stress below the maximum static deviator
strength of the soil (Wilson and Greenwood, 1974).
10. During the first few cycles, soil failure is optimized when applied cyclic stresses
equal 0.71 of the maximum static deviator stress (Shahin et al., 2011).
11. The reduction in the effective stress during cyclic loading is related to a
progressive increase in excess pore water pressure (Swan, 2010).
12. Any increase in shaft resistance will cause a significant reduction in pile rebound
during driving piles (Renpeng et al, 2000).
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3. Methodology and Collecting Data
A comprehensive experimental program was performed involving the
characterization and identifications of the typical soils properties associated with
high pile rebound during pile installation. The research focuses on the determination
of the relationships between high and no-rebound soils to yield a clearer
understanding of the soil behavior associated with rebounding piles.
The focus of this chapter was to describe the experimental study, included
selection of testing sits, collecting of existing data, soil sampling and preparation of
the laboratory specimens, conducting a complete series of laboratory and field tests.
3.1. HPR Sites Selection
Six FDOT sites in Florida were chosen for further investigation in this
research as shown in Figure 3-1. The sites with and without high pile rebound were
identified and evaluated. These sites were selected based on the accessibility of the
site, the availability of PDA data and geotechnical data. Four of the six sites (Table
3-1) have test piles that produced excessive rebound with small or non-permanent
set: 1) Intersection of Interstate 4 / US 192, 2) Osceola Parkway, 3) Intersection of
Interstate 10 and Chaffee Road, 4) SR-83 Ramsey Branch. Two additional sites that
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have rebound with acceptable set where the piles did not experience driving problems
were also studied; 5) SR 417/ International Parkway, 6) Palm Bay Parkway.

Figure 3-1: High Pile Rebound Sites in Florida (From Google maps)
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Table 3-1: Categorization of Rebound Sites
*

* Small amount of rebound followed by large permanent displacement resulting in pile
driving process being completed without driving problems.

3.2. Gathering Exiting Data for the Selected Sites
Geotechnical information was gathered about these six sites to help identify possible
soil, pile and hammer types related to high rebound. This information included soil
profiles, soil properties plus pile type. Fifteen test piles were evaluated in this study.
All these piles were large displacement piles driven by single acting diesel hammers.
The piles were 18 and 24 inches square precast concrete piles (PCPs) with lengths
longer than 89 ft.Table 3-2 summarizes these test piles.
The amount and the depth where the rebound occurred was determined by
using existing PDA data (see Appendix B). The rebound depths were matched to the
closest soil boring profile from the existing data (see Appendix C). Details of PDA
date and rebound zones in each retrieved sample were presented in Chapter 4.
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Table 3-2: Summary of fifteen test piles evaluated for excessive rebound and
rebound with acceptable set.

*Acceptable set: Small amount of rebound followed by large permanent displacement resulting in
pile driving process being completed without driving problems .
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3.3. Field Sampling Procedures
The details of the field sampling procedures for retrieving undisturbed
samples and carefully chosen boring location at each of the selected site are
presented. Soil samples were obtained with standard thin walled tube samples from
borings made with mobile drilling rig by District 3 Florida Department of
Transportation. Thin walled tube samples were collected according to the procedures
specified in ASTM D 1587
3.3.1. Boring Locations for Retrieving Thin Walled Tube Samples.
Proposed boring locations at specified depths associated with high and norebound soils were selected at each site. Each boring location was carefully selected
within 20 feet close to the existing test pile for the purposes of collecting actual field
condition. Thin walled tube samples were then collected at each specified depth in
which high rebound piles were encountered. The determination of undisturbed field
samples closest to the testing piles was a key component of this study.
Thin walled tube samplers consist of a one-piece, thin-walled, hollow steel
tube with an open end. Typical 30-inch length and 3-inch diameter thin walled tubes
were used in this study. All retrieved tube samples were properly waxed and sealed
immediately after removed from the ground as shown in Figure 3-2. Afterwards, the
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samples were transferred to the FDOT Gainesville State Materials Office (SMO) and
stored in a humidity controlled room with a relative humidity greater than 90%. The
samples were stored in an upright position with the top side of the samples up to
maintain the structural integrity and natural moisture content of the samples.
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Figure 3-2: Thin walled tube field sampling process: (a) Tube removal from
borehole; (b) Sealing wax applied immediately upon withdrawal; (c) Endcaps
placed on both ends before transfer to FDOT lab;(d) Samples stored in a humidity
room prior to testing.
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3.3.1.1 Intersection of Interstate 4 and US 192, Orlando, Florida
The layout of the boring locations for I-4/US 192 Ramp CA are shown in
Figure 3-3. This site is located in Central Florida where Interstate I4 crosses US 192
and consists of Ramp CA, Ramp BD, Westbound U.S 192 and Eastbound U.S. 192.
Ramp CA and BD consist of nine piers and four end bents. The current ground
surface elevation at ramp CA is 89 to 95 ft and 90 ft at Ramp BD, eastbound and
westbound. The support piling for the bridge piers consisted of 24 inch (610 mm)
square PCPs 95 ft (38 m) long.
An ICE 120 S single acting diesel hammer with a rated energy of 120 ft-kips
(163 kJ) was used at this site. Base on the existing PDA data (see Appendix B), most
of the test piles in this site experienced high pile rebound between 0.3 in to 1 inch
with no or minimal permanent set. Using PDA data from Appendix B, this rebound
generally occurred between elevation 25 ft and -9.5 ft.
The general soil profile as identified from the existing soil borings results
indicated the occurrence of gray silty fine sand (SM), fine sand with silt (SP-SM) and
silty fine sand (SM) with abundant shell. Six boreholes were drilled to various depths
for the purposes of collecting undisturbed samples associated with rebounding soils
as show in Figure 3-3 below.
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Figure 3-3: Field Borings layout for intersection of Interstate 4 and US 192,
Orlando, Florida (from Google Maps)
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3.3.1.2 I-4/Osceola Parkway (Ramp D2)
This site is located in Osceola County, Florida and is approximately 1 mile
west from the intersection of I-4 and US 192. The ramp D2 over D1 Bridge is one
of the I-4/ US 192 interchange sections. The Ramp D2 consists of three piers (2, 3,
& 4) as shown in Figure 3-4. The current ground surface elevation at ramp D2 is
89.2 ft. The piles used at this site consisted of 24-inch square PCP 95 ft long.
The hammer used for the driving process was an ICE 120S diesel single
acting hammer with a rated energy of 120 ft-kips (163 kJ) and and the plywood pile
cushion was 6 inches thick. According to the PDA data in Appendix B, maximum
rebound of 0.97 inch with minimal set was recorded at elevation +11 ft during
installation of pile 8 in pier 2. Most of the test piles in this site experienced high pile
rebound between 0.3 in to 0.95 inch with no permanent set. This rebound mostly
occurred between elevation 18 ft and 0 ft (see Appendix B).
The general soil profile as identified from the existing soil boring results
indicated the occurrence of brown silty sand (SM) with a lense of gray silt with sand
(ML), and included thin layer of clayey fine sand (SC), medium dense gray silty fine
sand (SM), and trace phosphate under laid by tan sandy weathered limestone.
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Three borings were drilled in this location to various depths for the purposes
of collecting undisturbed soil samples associated with high pile rebound as show in
Figure 3-4.
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: Boring Location
Figure 3-4: Field Boring locations for I-4/Osceola Parkway (Ramp D2), Osceola
County, Florida (from Google Maps)
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3.3.1.3 Intersection of Interstate 10 and Chaffee Road
The I-10, Chaffee Road Overpass is located in Jacksonville, Florida where
Interstate 10 and Chaffee Road intersect as shown in Figure 3-5. The Chaffee road
bridge consists of two bents and one pier as shown in Figure 3-5. The current ground
surface elevation at both bents is 92.94 ft. The hammer used for the driving process
was a Pileco D36-32 single acting diesel hammer with a rated energy of 84 ft-kips
(114 kJ). The pile cushion material was plywood with a thickness of 12 inches, and
18 inch square PCPs with a length of 89 ft were used to support the bridge piers.
The soil at this site consists of dark brown fine sand (SP), gray-green fine
sand with clay (SP-SC), clayey fine sand (SC), slightly sandy to sandy clay (CH),
and gray-green clayey fine sand (SC) with trace of shell fragments.
High pile rebound between 0.3 in to 2.5 inch was observed at elevation
starting from 15 ft and varied to elevation -17 ft. According to PDA data from
Appendix B, maximum rebound of 2.6 inch was recorded at elevation +5.8 ft in Pier
2 pile 9. Figure 3-5 shows the boring locations that were taken at End bent 1 and 3
for obtaining thin walled tube samples for laboratory tests.
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Pier 2

: Boring Location
Figure 3-5: Field Boring locations for I-10 at Chaffee Road, Jacksonville, Florida
(from Google Maps)
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3.3.1.4 SR-83 ( U.S. 331) over Ramsey Branch
The SR 83 (US 331) Ramsey Branch Bridge is located in the Florida
Panhandle over Choctawhatchee Bay. This bridge is approximately 800 ft north of
Ramsey Branch Road as shown in Figure 3-6.
The current ground surface elevation at End Bent 5 was +9.2 ft. a single
acting diesel APE D50-42 hammer was used for installation to drive 18 inch square
PCPs 95 ft long. The cushion material was plywood with a thickness of 15 inches.
The general soil profile at this site consists of greenish gray silty sand with
trace of clay (SM), gray silty sand (SM), and greenish gray clayey sand (SC) with
trace of shell.
Based on the existing PDA data (see Appendix B7), high pile rebound
recorded between 0.28 inches to 1.5 inches with no permeant set. This rebound
occurred between elevation -46 ft and -67 ft. The inspector recorded maximum
rebound of 1.5 inch was recorded at elevation of -51.7 ft in End Bent 5 pile 2. As
shown in Figure 3-6, one borehole was performed to obtain undisturbed samples
adjacent to End Bent 5
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: Boring Location
Figure 3-6: Field Boring locations for SR-83 ( U.S. 331) Ramsey Branch, Bridge
over Choctawhatchee BayWalton, Florida (from Google Maps)
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3.3.1.5 SR 417/ International Parkway
The SR 417/International Parkway is located in Seminole County, 1000 feet
to the west of the intersection of State Road 417 and I-4. The bridge consists of two
bents. The current ground surface elevation at End Bent 1 and 2 was +68.5 ft. Singleacting diesel hammer APE D46-42 was used to drive 24-inch square PCP’s with 100
ft long.
The general soil profile at both End Bent 1 and 2 consists of light brown fine
sand with silt (SP-SM), gray sandy fat clay (CH), brown silty fine sand (SM), and
gray silt trace phosphate (ML).
Small amount of rebound with acceptable permanent set was recorded
between 0.25 inch to 0.56 inch according to PDA data (see Appendix B8 & B9). This
rebound occurred approximately between elevation 60 ft and 35 ft in End Bent 1 pile
14 and between 46 ft to 39 ft in End Bent 2 Pile 5. Maximum rebound of 0.56 inch
was recorded at elevation of 45 ft in End Bent 2 pile 5
Figure 3-7 shows the location of two boreholes were performed to obtain
undisturbed samples for lab testing near End Bent 1 and 2.
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: Boring Location
Figure 3-7:Field Boring locations for SR 417/ International Parkway, Seminole
County, Florida (from Google Maps)
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3.3.1.6 Palm Bay Parkway over the C-1 Canal
The bridge located on St Johns Heritage Parkway over the C-1 canal in
Brevard County, Florida. The bridge consists of four bents. The current ground
surface elevation at End Bent 4 and 5 was +23.3 and 24.86 ft respectively. The
hammer used for the driving process was APE D36-32 diesel single acting with
hammer energy of 83.8 ft-kips. A 12 in of pine plywood pile cushion was used to
install 18 inch square PCPs with 112 ft long.
The general soil profile at both End Bent 5, and 4 consists of gray fine sand
with shell (SP), gray sandy silty clay trace shell (CH), gray clayey fine sand (SC),
green gray clay (CH) and gray silty fine sand (SM).
Based on the existing PDA data (see Appendix B11 & B12), high pile
rebound recorded between 0.25 inches to 0.58 inches with large permeant set. This
rebound occurred between elevation -24 ft and -34 ft. 10. Based on the existing PDA
data, maximum rebound of 0.58 inch was recorded at elevation of -29 ft in
Intermediate Bent 4 pile 10.
As shown in Figure 3-8, 3 boreholes were conducted near end bent 5, intermediate
bent 3 and intermediate 4.
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: Boring Location
Figure 3-8: Field Boring locations of Palm Bay Parkway over the C-1 Canal,
Brevard County, Florida (Google Map)
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3.3.2. Ground Service Elevation (GSE)
The elevation of the ground surface was measured for each site using the GPS
surveying system shown in Figure 3.9. Measuring GSE was a key component in this
study, thus, enable us to relate and match the current elevation with respect to the
elevation of the testing piles and PDA existing data and convert the differences.

Figure 3-9: GPS surveying system GIS data collector
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Table 3-3: Current ground surface elevation (GSE) for all selected sites
Current
GSE

Project Site

ft
I-4 / US 192 Interchange Pier 6

95.0

I-4 / US 192 Interchange Pier 7
I-4 / US 192 Interchange Pier 8

89.2

I-4 / US 192 Interchange Ramp BD End Bent 1

90.1

I-4 / US 192 Interchange West Bound End Bent 1
I-4 / US 192 Interchange South of Ramp BD End Bent 3

91.8

I-4/Osceola Pier 2

89.2

I-4/Osceola Pier 3

89.2

I4/Osceola Pier 4

89.2

SR 417 / International Parkway End Bent 1

68.5

SR 417 / International Parkway End Bent 2

68.5

Chaffee Road End Bent 1
Chaffee Road End Bent 3

62.3

Palm Bay Parkway Intermediate Bent 4

26.1

Palm Bay Parkway End Bent 5

24.9

S.R. 83 Over Ramsey Branch Bridge End Bent 5

9.3

90.3

90.3

62.9
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3.3.3. Standard Penetration Testing (SPT)
Standard Penetration tests were performed on all selected sites by FDOT
Gainesville State Materials Office (SMO). All SPT tests were conducted near the
existing PDA test piles and within close distance to the intended Thin walled tube
boring locations. The number of SPT blows required to advance the sampler were
recorded. The sampler is advanced a total of 18 inches. The sum of the last two 6
inches increments were used to determine the N values (blows per foot) in accordance
with ASTM D 1586.

Table 3-4: Number of SPT borings
SPT
Site
Borings
I4/ US-192
I-4 / Osceola Parkway
I-10 at Chaffee Road
SR-83 Over Ramsey Branch
SR 417 / International Parkway
Palm Bay Parkway
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6
1
2
2
2
3

Figure 3-10: Standard Penetration Testing (SPT)
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3.4. Laboratory Testing Program
Soil samples collected from the selected sites were transported to the FDOT
SMO lab, for conducting all lab testing program. Total of 49 undisturbed samples
were recovered the six t sites. A complete index testing including; grain size and
hydrometer data, permeability, void ratio, wet unit weight were determined for all
samples. Additionally; natural moisture contents, atterberg limits, consolation
undrained triaxial tests and cyclic testing were performed. On all possible samples
3.4.1. Index Tests
After the undisturbed soil samples were received, complete index testing was
conducted in accordance with Florida Sampling and Testing Methods (FDOT, 1994).
3.4.2. Grain Size Analysis
To determine a complete grain size distribution, sieve analyses and
hydrometer tests were both conducted on samples following Florida Sampling and
Testing Method FM 1-T 088. The distribution of particle sizes larger than 75 µm
(retained on the No. 200 sieve) were analyzed by sieving, while the material passing
the No. 200 sieve (0.075 mm or smaller were analyzed by hydrometer.
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The grain size dimeter (D10 , D30 , D60 ), the coefficient of uniformity, Cu, and
the coefficient of curvature, Cc, for each specimen were evaluated to compare the
graduation of both rebound and no-rebound soils.
3.4.3. Natural Moisture Content
The moisture content for all samples was determined as a basis for
classification and correlation purposes with other soil parameters. The tests were
performed in according to the procedures outlined in AASHTO T 265.

3.4.4. Atterberg Limits
Liquid and plastic limits tests were conducted on all cohesive soils in order
to provide more information about the physical properties of these soils and
investigate their influence on high rebound soils. In addition, atterberg limits with in
combination with plasticity index (PI= LL-PL) were used to classify the soil samples.
Florida Sampling and Testing Method designation FM 1-T 089 and 090 were used
for both the liquid and plastic limits.
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3.4.5. Void Ratio and Unit Weight
The density, void ratio, and initial degree of saturation of the specimen were
calculated based on specimen’s dimensions. The value of the void ratio and density
depends on volumetric changes of soils.

Figure 3-11: Interpretation of gravimetric and volumetric ratios of soils (Zollinger
et al., 2008)
The wet unit weight was calculated by dividing total weight of soil over total volume
of soil:
𝛾=

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙𝐿
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑖𝑙

Knowing the value of wet unit weight (𝛾) obtained, dry unit weight of soil (γd) was
determined by the following equation
𝛾𝑑 =

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑑𝑠
𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑖𝑙
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The initial void ratio was then calculated from the equation:
e=
Where

𝐺𝑠 𝛾𝑤
𝛾𝑑

−1

𝐺𝑠 : Specific gravity of soil grains
𝛾𝑤 : Unit weight of water, 𝛾𝑑 : Dry unit weight

3.4.6. Specific Gravity
The specific gravity of soils was needed to relate a weight of soil to its
volume, and it was used in the computations of other soil properties. Specific
gravities were measured in general accordance with ASTM D 854, Standard Test
Method for Specific Gravity of Soil.
3.4.7. Flexible Wall Permeability Testing
A series of flexible wall permeability tests were performed on undisturbed
soil samples in order to verify and examine the properties of high rebound soils. The
test was conducted by using a triaxial cell in accordance with ASTM D 5084 as
shown in Figure 3-12. Saturation was considered sufficient when Skempton’s Bvalues for all samples exceeding 0.95 were achieved. Typically, 4 to 6 individual
measurements were made with a pressure differential of 2 psi between top and bottom
of the sample.
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Figure 3-12: Flexible-Wall Permeability Test (panels & cells)
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3.5. Triaxial Testing
The principal advantages of the triaxial system are the control of drainage,
the flexibility of stress systems, and the measurement of pore water pressure.
Standard undrained static and cyclic triaxial tests were conducted in order to evaluate
the behavior of high rebounding soils under. The triaxial testing results including
cyclic stresses, axial displacements, axial strains, and the number of loading cycles
were evaluated and discussed in Chapter 4 section 4.2. A detailed description of the
preformed triaxial testing is presented in the following section.
3.5.1. Consolidated Undrained (CU) Triaxial with Pore Pressure
Measurements.
A series of consolidated undrained (CU) triaxial tests were conducted on
undisturbed samples in accordance with ASTM D4767. Undisturbed triaxial
specimens, 2.8 inches in diameter by 6 inches in height, were extruded and trimmed
from the Thin walled tube obtained from the selected sites. The specimens were
isotropically consolidated to a confining stress equal to the effective overburden
stress of the retrieval samples as shown in Figure 3-13. The effective overburden
stresses for the soils were calculated based on assumed soil density of 100, 110, and
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120- ib/ft3 for loose, medium, and dense soils, respectively.

All results were

presented in Appendix A3 and A4.

a) Specimen is encased by a thin rubber membrane and set into the triaxial cell.

b) The specimen is saturated then consolidated to the desired confining stress
Figure 3-13: Preparation of soil specimen for consolidated undrained triaxial testing.
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The specimens were then placed in the triaxial frame machine as shown in
Figure 3-14. All specimens were loaded gradually, undrained, at a strain rate of 0.003
in/min. The maximum compressive strength of the soils was first obtained to estimate
the values for the cyclic stress levels that will be used during the subsequent cyclic
testing.
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Figure 3-14: Specimen placed in triaxial frame machine prior to cyclic shear under
various cyclic loads for consolidated undrained triaxial testing.
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3.5.2. Cyclic Consolidated Undrained Triaxial Test
Cyclic triaxial test is one of the most commonly used to measure cyclic soil
properties at different loading conditions. The test is identical to the standard static
triaxial stress, where an undisturbed triaxial specimens, 2.8 inches in diameter by 6
inches in height is subjected to a radial stress and an axial stress, the difference
between them being called the deviator stress. In the cyclic version of the test, the
deviator stress is applied cyclically.
The cyclic triaxial testing apparatus that used in this study was MTS model
244.21 equipped with a 50 KN (11.2 kips) load capacity and loading frequency
between 0 to 100 Hz. The measuring system includes an axial deformation
transducer, load cell, pore pressure and cell pressure transducers as shown in Figure
3-16.
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Triaxial Cell

Figure 3-15: Cyclic load apparatus MTS model 244.21 equipped with a 50 KN
(11.2 kips) load capacity.
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The MTS system is computer-controlled triaxial testing equipment capable
of performing both cyclic and static loading. The hydraulic loading system applies
one-way loading, compression only, onto the sample in a haversine waveform. All
specimens were loaded cyclically using 0.1 sec loading and 0.9 sec unloading under
1 Hz loading frequency as shown in Figure3-17
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Figure 3-16: Loading wave-form used in cyclic triaxial test.
The selected values of the applied cyclic stresses (∆𝜎𝑣 ) were calculated as a
percentage of the maximum compressive strength of the retrieved samples as shown
in Figure 3-17. Each sample was subjected to a series of loading cycles at cyclic
stress ∆σ𝑣 = 10, 20, 40, 50, 60, 70, 80 and 90 % of the failure stress from triaxial test
conducted in accordance with ASTM D4767.
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The cyclic vertical loading can be applied for as many cycles as needed. 1050
cycles were chosen at each cyclic stress for all tests. The data acquisition program
was used to collect all data necessary for the plots of axial strain and pore pressure
with respect to time and applied cyclic stress at each cycle. Cyclic testing results
were summarized in Appendix A3, and A4. The results of cyclic testing program
were presented and discussed in Chapter 4 section 4.2.

Where
σ1 = Major principle stress
σ3 = Cell pressure or minor stress
∆σ𝑣 = cyclic deviator stress = σ1 - σ3

Figure 3-17: Stresses acting on a cylindrical soil specimen during triaxial test
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4. Experimental Results and Evaluation
Different soil parameters that might be responsible for high pile rebound are
presented in this chapter. The laboratory analyses were conducted on representative
undisturbed soil samples collected within high and no pile rebound zones, as
determined by the existing PDA data. To minimize the variables, samples were
divided into two USCS groups: cohesionless and cohesive groups. Overall, 49
undisturbed soil samples were recovered for testing from six different FDOT sites
throughout Florida.
4.1. Analysis of Soil Properties for High and No-rebound Soils
A series of laboratory tests were performed to determine full descriptions of
soil properties in which high pile rebounds were encountered. Based on existing PDA
data, all samples were divided into two groups as shown in Table 4-1.
Eight samples were excluded from this study because their rebound values
fluctuated between high to no-rebound zones (0.24 inches to 0.32 inches), which
may reduce the accuracy of the results and produce unclear and weak trends (see
Appendix F).
In the following section, factors such as sand content, silt content, clay
content, fine content, Grain particle size D10 , D30 , D60 , void ratio, permeability, Wet
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unit weight , and Atterberg limits were examined in more detail to determine possible
high pile rebound trends.

4.1.1. Evaluation of High Pile Rebound Trends from Grain Size and
Classification Data
According to the Unified Soil Classification System (USCS), the majority of
the retrieved soil samples in all sites, whether or not the samples encountered high
pile rebound, were identified as silty sands (SM), high plastic clays (CH), and low
plastic clays (CL). According to AASHTO, the majority of these samples were either
A-4 or A-2-4.
4.1.1.1 Cohesionless Soils
Based on the classification results presented in Table 4-1, high rebound soils
( ≥ 0.5 inch) were classified as dense to very dense non-plastic silty sand (SM)
according to USCS, or either A-4 or A-2-4 according to AASHTO. The results
indicated that an average of 33% of these soils were finer than 0.075 mm (#200
sieve). The average percentage of silt-size particles (< 2-7.5μm) was 25.5% and the
average percentage of clay-sized particles (< 2μm) was 8.25%. These high rebound
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soils had an average void ratio of 1.1, an average grain size of D10 of 0.007 mm, an
average grain size of D30 0.073 mm, and an average grain size of D60 of 0.124 mm.
The initial result of no-rebound soils (< 0.25 in) indicated that an average of
19% of these soils were finer than 0.075 mm (# 200 sieve). The average percentage
of silt-size particles (< 2-7.5μm) was 11% and the average percentage of clay-sized
particles (< 2μm) was 8%. These no-rebound soils have an average void ratio of 0.83,
an average effective grain size of D10 of 0.01 mm, an average grain size of D30 0.21
mm, which is three times that for high rebound soils. Also, these no-rebound soils
have a larger average D60 of 0.45 mm, which was also three times larger than that
for high rebound soils.
In summary, it can be concluded from the initial classification shown in Table
4-1 that cohesionless soils that experienced high pile rebound, had an average fine
and silt content more than twice as high compared to no-rebound soils. Meanwhile,
both grain sizes, D30 and D60 were found to be three times lower than no-rebound
soils.
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Table 4-1: Physical properties of cohesionless retrieved soil samples

*
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*Classified as ML-Due to fines content
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4.1.1.2 Cohesive Soils
The initial grain size distribution revealed that an average of 76% of these
soils were finer than 0.075 mm (# 200 sieve) and nearly most of high rebound soils
(≥ 0.5 in) classified as high plastic clay (CH) with an average liquid limit (LL) of 63,
a plastic limit (PL) of 23, and a plasticity index (PI) of 40.
The average percentage of clay-sized particles (< 2μm) was 40.7%, while the
percentage of silt-size particles (< 2-7.5μm) was 35.9%. These high rebound soils
have an average void ratio of 1.76, an average D30 grain size of 0.04 mm, and an
average D60 grain size of 0.03 mm.
However, no-rebound soils were classified as low plasticity clay (CL), with
the exception of one sample being classified as sandy clay (SC), with the average
liquid limit (LL) of 41, a plastic limit (PL) of 18, and a plasticity index (PI) of 22. In
terms of clay fraction (< 0.002 mm), the results show that the average percentage of
clay-sized particles (< 2μm) is 24.5%, while the percentage of silt-size particles (<
2-7.5μm) is 54%. These no-rebound soils have an average void ratio of 1.37, an
average grain size of D30 0.04 mm, and an average grain size of D60 of 0.035 mm.
From Table 4-2, it can be concluded from the initial classification that
cohesive soils that experienced high pile rebound had an average plasticity index of
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nearly twice the no-rebound. The natural moisture contents of the high rebound soils
ranged from 24.20% to 89.7%, with an average of 60.65 percent, while the natural
moisture contents of the no-rebound soils ranged from 34 to 54 percent, with an
average of 46.7 percent.
The results showed that the majority of no-rebound soils had moisture
contents above the liquid limit. However, the moisture content of high rebounding
soils was found to be less than the liquid limit.

79

Table 4-2: Physical properties of cohesive retrieved soil samples.

*
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*Classified as ML-Due to fines content
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4.1.2. Evaluating Grain Size Distribution Curves for High and No-rebound
Soils
Hydrometer tests were conducted to construct the grain size distribution
curves for the 44 retrieved samples in which high and no pile rebound were
encountered.
4.1.2.1 Cohesionless Soils
Based on the initial results from the hydrometer test, high rebound soils had
an average of 1% coarse sand, 4% medium sand, 60% fine sand, and 33% fines (silt
and clay), as shown in Figure 4-1.
However, no-rebound soils were encountered an average of 8% coarse sand,
9% medium sand, 61% fine sand, and 19% fines (silt and clay), as shown in Figure
4-2. The results in the Table 4.3 shows that the average ratios of

𝑆𝑎𝑛𝑑 %
𝐹𝑖𝑛𝑒 %

and

in high rebound soils decrease by about 2 to 2.5 times than no-rebound soils.
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𝑆𝑎𝑛𝑑 %
𝑆𝑖𝑙𝑡 %

Table 4.3: Ratio of percent of sand and percent of fine from high and norebound cohesionless soils
Average
Rebound > 0.5 in
Rebound < 0.25 in

Sand %
Fine %

2.4
4.7

Average

Sand %
Silt %

4
9.7

In summary, for cohesionless soils shown in Figure 4-1 & Figure 4-2, high
rebound soils had higher fines, smaller average Grain size D10 , D30 , and D60 when
compared to no-rebound soils.
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Figure 4-1: Grain Size Distribution Curves for High Rebound Cohesionless Soil

Figure 4-2: Grain Size Distribution Curves for No-Rebound Cohesionless Soils
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4.1.2.2 Cohesive Soils
The grain size distribution curves of cohesive soils in Figure 4-3 and Figure
4-4 shows that both high and no-rebound soils had no significant difference of the
fines content. Both soils had an average of fines content equal to 78%. High pile
rebound soils had an average of 23.1% fine sand, 35.9% silt, and 40.7% clays.
However, the no-rebound soils had an average of 21.4% sand, and 54.1% silt and
24.6% clays.
In summary, it can be seen that high rebound soils contained the higher
quantity of clay and lowest quantity of silt. However, the presence of sand and fine
content in both high and no-rebound soils did not seem to have a significant
difference.
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Figure 4-3: Grain Size Distribution Curves for High Pile Rebound Cohesive Soils

Figure 4-4: Grain Size Distribution Curves for No-rebound Cohesive Soils
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4.1.3. Evaluation of the Combined Effect of Grain Size Diameter (𝐃𝟔𝟎 ) and
Void Ratio for High and No-Rebound Soils
4.1.3.1 Cohesionless Soils
As the semi-log data shows in Figure 4-5, D60 the size particles of high
rebound soils were smaller than the D60 for no-rebound soils. The average D60 in
high rebound soils was 0.124 mm, which means 60% of the soil particles were finer
than 0.124 mm and 40% of the particles were coarser than 0.124 mm. However, the
average D60 in the no-rebound soils was 0.446 mm, which was three times larger
than high rebound soils. The results also showed that the average void ratio in high
rebound soils was 1.1, and the average void ratio of no-rebound soils was 0.83, which
was slightly lower than high rebound soils.
The results showed that D60 varies significant with both void ratio and wet
unit weight. As the log of D60 increased, void ratio decreased while the wet unit
weight of all soil samples increased, as shown in Figure 4-5 a and Figure 4-5 b.
High rebound soils occurred when D60 was less than 0.11 mm D60 , while
above this value, was a mixture between high and no pile rebound behavior. The wet
unit weights for the high rebound soils ranged from 104 to 121 pcf, while for no-
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rebound soils, it ranged from 111 to 124 pcf, as shown in Figure 4-5 b. High rebound
soils exist if D60 < 0.11 mm and wet unit weight < 111 pcf.
In summary, there seems to be a semi logarithmic relationship between D60
and void ratio and wet unit weight. Most of the high rebound soils had lower D60,
lower wet unit weight, and higher void ratio than no-rebound soils. However, more
data is needed to substantiate this finding.
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1.50

Sand % ( 35 %- 88 %)
Silt % ( 4% - 55 % )
Clay % ( 5 % -12 %)
Fine % ( 12 % - 65 %)
Unit Weight (104 pcf- 124 pcf)

1.25

Void Ratio, (e)

Rebound > 0.5 in
Rebound < 0.25 in
1.00

0.75

0.50
0.01

0.1

D60, (mm)

1

(a)
125

Wet Unit Weight, (pcf)

120

115

110

105
Rebound > 0.5 in
Rebound < 0.25 in
100
0.01

0.1

D60, (mm)

1

(b)
Figure 4-5: The Influence of Grain Size Diameter D60 on High Rebound Soils:
(a) D60 Vs. Void Ratio, (b) D60 Vs. Wet Unit Weight (pcf)-Cohesionless Soils
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4.1.3.2 Cohesive Soils
All void ratios of the cohesive soils were relatively high, with a minimum e
of about 0.875 and a maximum e of 2.50. The combined effect of void ratio and grain
size D60 on cohesive high rebound soils was presented in Figure 4-6 (a). All void
ratios greater than 1.75 were high rebound soils but only 4 of the 12 soils with e value
below 1.75 were high rebound soils. The results showed that the higher the void ratio
was encountered in high rebound soils corresponding to D60 value 0.004 mm. In
general, the average particle size (D60 ) in high rebound soils was 0.028 mm, which
means 60% of the particles were finer than 0.028 mm. Meanwhile, the average D60
in no-rebound soils was 0.035 mm, which was found to be larger than the high
rebound soils.
Figure 4-6 (a) also indicates that soil samples with D60 below 0.01 mm were
only encountered at high rebound, while both high and no-rebound were observed
corresponding to D60 value above 0.01 mm.
Figure 4-6 (b) showed similar trends to Figure 4-6 a, indicating that all soils
with wet unit weight below 98 pcf were high rebound soils but only 33% (i.e., 4 of
12) were high rebound soils at wet unit weigh above this value.
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Figure 4-6: The Influence of Grain Size Diameter D60 on High Rebound Soils:
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1

4.1.4. Evaluating Silt Content Effects on High Rebound and No-rebound
Soils.
Plots of silt content versus rebound were developed from grain size
properties. Cohesionless soils were evaluated separately from the cohesive soils.
4.1.4.1 Cohesionless Soil
Figure 4-7 presented the influence of silt content on high and no pile rebound
for all cohesionless samples. As can be seen, high pile rebound did not begin to be
clearly identified until the silt content reached 20%. Beyond this point, all soil
samples experienced high pile rebound. Below 20% silt content, 11 samples
experienced no-rebound and five produced high rebound.
It seems that prior to 20% silt content, soils may or may not produce high pile
rebound. However, above 20%, all samples produce high pile rebound and high pile
rebound started to be clearly identified.
In summary, the presence of the silts content based on these results played a
significant effect on high pile rebound and can be easily used to anticipate high
rebound.
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Figure 4-7: Silt Content (% ) Vs. PDA Rebound (in)- Cohesionless Soils (SM) from
all Sites.

92

4.1.4.2 Cohesive Soils
It can be seen from Figure 4-8 that the effect of silt content on high pile
rebound for cohesive soils was completely different than in cohesionless soils. High
rebound soils have silt contents between 20% and 35%, while no-rebound soils have
higher silt contents, between 46% to 70%, except one sample which produced a silt
content below 20%. The average silt content in high rebound soils decreased to less
than 50% in comparison to the no-rebound soils.
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Figure 4-8: Silt Content (%) Vs. PDA Rebound (in) - Cohesive soils (CH, CL) from
all Sites.
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4.1.5. Evaluating Clay content Effects on High and No-rebound Soils
Plots of clay content versus high pile rebound were developed from the grain
size information. The cohesionless soils were evaluated separately from the cohesive
soils.
4.1.5.1 Cohesionless Soils
It can be seen in Figure 4-9 that the presence of clay content in the
cohesionless soils had no effect on high pile rebound. The clay content based on
whether the soils experienced high pile rebound or not was between 5% to 11%.
Therefore, the clay content may not be an effective index for predicting high pile
rebound in cohesionless soils. Additional data would be helpful in clarifying this
finding.
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from all Sites.
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4.1.5.2 Cohesive Soils
The data in Figure 4-10 indicated that cohesive soils that experienced less
than 0.25 in rebound were found to have the lower clay content range between (18%
- 30%), while high rebound soils were encountered in the higher range of clay content
between (37% - 62%). Additional data points are needed to improve or clarify these
finding.
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Figure 4-10: Clay Content (%) Vs. PDA Rebound (in) – Cohesive Soils (CH, CL)
from all Sites.
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4.1.6. Evaluating Sand Content Effects on High and No-rebound Soils
Plots of sand content versus high pile rebound were developed from the grain
size information. The cohesionless data was evaluated separately from the cohesive
data.
4.1.6.1 Cohesionless Soils
The data in Figure 4-11 presents the results of the sand contents and the
corresponding PDA rebound for all cohesionless specimens from high and no pile
rebound sites.
High pile rebound specimens were found to have sand content between 35%
and 87%, while all no-rebound soils had sand content greater than 74%.
It was noticeable that between 35% to 74%, sand content specimens were
found to produce high pile rebound,
In summary, cohesionless soils with sand contents below 74% are more likely
to produce high rebound.
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Figure 4-11: Sand Content (%) Vs. PDA Rebound (in) – Cohesionless Soils (SM)
from all Sites.
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4.1.6.2 Cohesive Soils
The results in Figure 4-12 indicated no clear trend from cohesive soils for
identifying high pile rebound based on sand content. However, there was a very slight
decrease in rebound as sand content increases above 25%. Overall, the results showed
a large scatter, which implied that high pile rebound in cohesive soil did not depend
on the sand content.
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Figure 4-12: Sand Content (%) Vs. PDA Rebound (in) – Cohesive Soils (CH, CL)
from all Sites.
101

4.1.7. Evaluating the Combined Effect of Silt Content and Sand Content on
High and No-rebound Soils.
4.1.7.1 Cohesionless Soils
Figure 4-13 showed the influence of silt and sand content on high and no pile
rebound specimens from all sites. The results indicated that below about 70% sand
and above about 20% silt, high pile rebound was encountered. At percentages outside
of this range, there is a mixture between high and no pile rebound behavior.
In summary, this plot clearly indicated that high pile rebound pile started to be
significant as the silt and sand contents approached a turning point, which was about
19% and 72% respectively. Beyond this point, all specimens were encountered only
as being high pile rebound. This data indicated that the presence of silt and sand
content in cohesinonless soils played a significant role on high pile rebound.
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Figure 4-13: Silt Content (%) Vs. Sand Content – Cohesionless Soils (SM) from all
Sites
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4.1.7.2 Cohesive Soils
The combined presence of silts and sand content in cohesive soils were
presented in Figure 4-14. All high pile rebound soils encountered silt content between
20 and 34%. However, there was no significant difference associated with sand
content in both high and no-rebound soils. It appeared from the plot that the combined
effect of sand and silt content in cohesive soils may not be an effective index for
identifying high pile rebound.

104

70
Sand (5%- 59.4%)
Silt (13.5% - 68.8 %)
Clay ( 18.50 % -61.40 %)
Fine (40 % - 95 %)
Unit Weight (90 pcf- 111 pcf)

60

Rebound > 0.5 in

Sand, (%)

50

Rebound < 0.25 in

40

30

20

10

0
0

10

20

30

40

50

60

70

Silt, (%)

Figure 4-14: Silt Content (%) Vs. Sand Content – Cohesive Soils (CH, CL) from all
Sites.
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4.1.8. Evaluating the Combined Effect of Silt Content and Clay Content on
High and no-rebound Soils
4.1.8.1 Cohesionless Soils
Figure 4-15 showed silt content versus clay content for cohesionless soil. As
has been shown in previous figures, when the silt content exceeds 20%, high pile
rebound can be easily identify. However, no clear trend can be identified associated
with clay content, as all specimens with clay contents between 4% to 11% whether
the specimen experienced both high or no rebound.
It appears from the plot that high pile rebound of cohesionless soils were more
dependent upon silt content than clay content.
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Figure 4-15: Silt Content (%) Vs. Clay Content – Cohesionless Soils (SM) from all
Sites.
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4.1.8.2 Cohesive Soils
The results in Figure 4-16 indicate that high pile rebound was encountered in
a clear zone between clay and silt contents, with clays from 37% to 61% and silts
from 19% to 34% respectively. However, all specimens with clay contents below
30% produced no-rebound.
When compared to Figure 4-15, Figure 4-16 showed the influence of silt
content and clay content on high pile rebound in cohesive soils to be more significant
than they were for cohesionless soils.
In short, clay content plays a significant role in identifying high pile rebound
in cohesive soils when it is above 37% and the silt content is between 20% and about
40%. More data is needed to verify these findings.
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Figure 4-16: Silt Content (%) vs Clay Content – Cohesive Soils (CH, CL) from all
Sites.
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4.1.9. Evaluation of the Silt Content and Grain Size Distribution Factors D10,
𝐃𝟑𝟎 , D60 on high and No-rebound Soils
4.1.9.1 Cohesionless Soils
As the semi-log data shown in Figure 4-17 shows, D10 in both high and norebound choesionless soils had no effect on silt content and did not show any change
with the silt content. In conclusion, based on this data, D10 may not be an effective
index for predicting high pile rebound.
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Figure 4-17: Silt Content (%) vs. D10 – Cohesionless Soils (SM) from all Sites
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60

As the semi-log data shown in Figure 4-18 show, D30 in high rebound
choesionless soils are slightly smaller than D30 for no-rebound soils. D30 in high
rebound soils ranged from 0.033 mm to 0.13 mm, while D30 in the no-rebound soils
ranged from 0.08 mm to 0.98 mm In conclusion, based on this data, combining D30
with silt content may not be an effective index for predicting high pile rebound, since
D30 did not show a big change with the silt content in both high and no-rebound soils.
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Figure 4-18: Silt Content (%) vs. D30 Content – Cohesionless Soils (SM) from all
Sites
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As the semi-log data showed in Figure 4-19, it is indicated that D60 slightly
decreased as silt content continued to increase. In contrast, it did not show a big
change between high and no-rebound soils. However, D60 in high rebound soils was
smaller than in no-rebound soils. D60 in high rebound soils ranged from 0.065 mm to
0.23 mm, while D60 in the no-rebound soils ranged from 0.12 mm to 2 mm In
conclusion, based on this data, combing D60 with silt content may not be an effective
method for predicting high pile rebound.
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Figure 4-19: Silt Content (%) Vs. D60– Cohesionless Soils (SM) from all Sites

114

4.1.9.2 Cohesive Soils
Plots of D10 and D30 were not evaluated due to the absence of D10 and D30 in
the no-rebound soil distribution curves. The combined effect of silt content and grain
size D60 on high and no-rebound soils was presented in Figure 4-20. The data
indicate that D60 for high rebound soils lie in two different ranges. The upper range,
which consists of only two data points, corresponds to D60 near 0.08 and the
corresponding silt content around 20%. The lower range, consisting of six points,
corresponds to D60 values below 0.01 and silt content ranged between 25% to 34%.
However, most of the no-rebound soils had D6 between 0.018 to 0.04 and silt content
above 46%.
When D60 was combined with the clay content instead of the silt content, as
shown Figure 4-21, all data points for high rebound soils were located in the right
reign of the plot, while all points of no-rebound soils were located in the left reign.
D60 for high rebound soils in this plot ranged from 0.085 mm to 0.002 mm,
corresponding to clay content equal to or greater than 37%, while, D60 in no-rebound
soils ranged between 0.1 mm to 0.018 mm and the clay content below 30%.
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In conclusion, there is a possible trend between D60, silt content in
cohesionless soils and clay content in cohesive soils. However, more data was needed
to substantiate this finding.
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Figure 4-20: Silt Content (%) Vs. D60– Cohesive Soils (CH, CL) from all Sites
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Figure 4-21: Clay Content (%) Vs. D60– Cohesive Soils (CH, CL) from all Sites
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4.1.10. Evaluating Silt Content versus Permeability on High and No-rebound
Soils.
4.1.10.1 Cohesionless Soil
The variation of silt content for high and no pile rebound specimens versus
permeability was illustrated in Figure 4-22. It can be seen from the plot that
permeability started to decrease with increasing the silt content in both cases. A
decrease in permeability was observed at 20 percent silt content and beyond this
value, the soils were susceptible to high pile rebound.
In general, the permeability of the high rebound soils was one or two orders
of magnitude lower than the no-rebound soils. High rebound soils have permeability
below 5 x 10-6, while the no-rebound soils values were larger than 1.2 x 10-5.
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Figure 4-22: Silt Content (%) vs. Permeability – Cohesionless Soils (SM) from all
Sites.
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4.1.10.2 Cohesive Soil

Due to limited permeability data for the cohesive soils, it was difficult to draw
firm conclusions about the combined effect of silt content and permeability on high
pile rebound. However, the results in Figure 4-23 showed that the permeability of
rebound soils was mostly one order of magnitude lower than the no-rebound soils.
The lowest permeability encountered was in the high rebound soils. There were only
nine data points on this graph, and one high rebound data point was much higher
permeability than the other four.
It should be pointed out that the influence of increasing silt content on the
permeability for cohesive soils were found to differ from cohesionless soils.
Increasing silt content in cohesionless soils caused a decrease in permeability, while
cohesive soils observed the opposite behavior.
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Figure 4-23: Silt Content (%) vs Permeability – Cohesive Soils (CH, CL) from all
Sites.
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4.1.11. Evaluating the Combined Effect of Fine Content and Sand Content on
High and No-rebound Soils
4.1.11.1 Cohesionless Soil
The influences of sand and fine content on high pile rebound were examined
as shown in Figure 4-24. The plot showed that high pile rebound occurred when the
fine content exceeded 25% and was below 74% sand content. The behavior of both
high and no-rebound soils were found to be difficult to differentiate at percentage
outside this range.
This trend of increasing fine content in high pile rebound was likely
controlled by the silt content of the high rebound soils, as previously shown in which
high rebound in cohesionless soils was insensitive to clay content.

123

90
Sand % ( 35 %- 88 %)
Silt % ( 4% - 55 % )
Clay % ( 5 % -12 %)
Fine % ( 12 % - 65 %)
Unit Weight (104 pcf- 124 pcf)

80

Rebound > 0.5 in
Rebound <0.25 in

Sand, (%)

70

60

50

40

30
0

10

20

30

40

50

60

70

80

90

Fine, (%)

Figure 4-24:Fine Content (%) vs Sand Content (%) – Cohesionless Soils (SM) from
all Sites.
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4.1.11.2 Cohesive Soils
The fine content versus sand content in cohesive soils is plotted illustrated in
Figure 4-25. No significant difference is evident between high and no-rebound soils.
The mix of data suggests that comparing sand to fine contents would not help identify
rebound soils.
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Figure 4-25:Fine Content (%) Vs. Sand Content (%)– Cohesive Soils (CH, CL)
from all Sites.
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4.1.12. Evaluating the Combined Effect of Fine and Silt Content on High and
No-rebound Soils
4.1.12.1 Cohesionless Soils
Figure 4-26 illustrates the influence of fine and silt content on high to no pile
rebound cohesionless soils from all sites. Based on these results, a transition point in
which the influence of silt and fine content on high pile rebound was identified.
These two variables also seem to be linearly related with lower silt contents
corresponding to lower fine content. The threshold values for fine and silt content
were found to be around 27% and 20% respectively. Beyond this range, high pile
rebound was more likely to be encountered. Specimens with fine and silt contents
below this range, display a mixture between high and no-rebound, with no-rebound
being prevalent.
In summary, the linear variation of silt and fine content in cohesionless SM
soils showed a threshold above which high rebound occurs.
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Figure 4-26: Fine Content (%) Vs. Silt Content (%) - Cohesionless Soils (SM) from
all Sites.
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4.1.12.2 Cohesive Soils
The influence of fine and silt content on high rebound cohesive soils was
found to be different than cohesionless soils (see Figure 4-26). As shown in Figure
4-27, the lower the silt contents, the more likely high pile rebound was observed,
even though there was not a significant difference for the percentage of the fines in
both high and no-rebound soils. Also, high rebound soils only existed between 20%
and 34% silt, while the no-rebound soils extend from 13% to 69% silt. Additional
data might further clarify boundaries for high and no-rebound soils.
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Figure 4-27: Fine Content (%) Vs. Silt Content (%)-Cohesive Soils (CH, CL) from
all Sites.
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4.1.13. Evaluating the Combined Effect of Plasticity index and Clay Content
on High and No-rebound Soils
The plot in Figure 4-28 showed a strong linear trend was observed between
the clay content and their plasticity indexes. The data indicated that all high rebound
soils plotted close to London clay soils with activity index 0.95. Soil specimens with
clay content less than 30 percent and plasticity index below 26 percent, did not appear
to produce high pile rebound. The role of clay content and plasticity index in high
pile rebound cohesive soils became more significant when the clay content and
plasticity index were above 37% and 30% respectively. Overall, clay content and
plasticity index produce a threshold above which produced rebound and below which
produced no rebound, and is a good indicator of high pile rebound in cohesive soils.
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Figure 4-28: Relationship between plasticity index and percent clay fraction. (After
Skempton 1953).
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4.1.14. Evaluating the Combined Effect of Plasticity Index and Liquid Limit
on High and No-rebound Cohesive Soils
The combined effects of Liquid limit (LL) and plasticity index (PI) on the
high and no-rebound cohesive soils were evaluated, as shown in Figure 4-29. The
Casagrande plasticity chart shows that all high rebound soils were highly plastic and
plotted above the A-line on the plasticity chart.
The plasticity of the high rebound specimens was clearly higher than the norebound soils with the plasticity index varying from 32.7% to 63%, averaging 43.2%.
The plastic limits of both high and no-rebound were about the same, but there was a
large difference in the LL, which could have been due to the smaller particle size of
high rebound soils. These high rebound specimens yielded a liquid limit between
51% and 92%, with an average value of 66.7%. However, no-rebound soils were
found to produce lower liquid limits with varying between 37% and 44%, averaging
41%. The results showed that there was a clear trend showing high rebound soils
have PIs greater than 30% and LL greater than 50%, while no-rebound soils have PIs
less than 24% and LL less than 45%.
In summary, high rebound soils produced higher plasticity (high compressibility) as
shown from the significant increase in LL above 50%.
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Figure 4-29: The Effect of Liquid Limit and Plasticity Index on High and No
Rebound Cohesive Soils.
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4.1.15. Summary of Fine Content Evaluations
Based on the observation done above, laboratory index testing indicated that
high pile rebound was influenced by four main factors; silt content, fine content, sand
content and plasticity of cohesive soils. These factors have a strong correlation with
rebound and one another and provided a method for identifying high pile rebound for
both cohesive and cohesionless soils.
4.2. Soil Behavior during Triaxial Testing
Table 4-3 gives details of the triaxial tests conducted on specimens from the
undisturbed tube samples. The drainage valve was closed during shearing so that the
tests can be considered as undrained tests (CU). Table 4-2 shows that all specimens
reached their peak stresses at various axial strain ranging from 1.78% to 15.50%. No
significant difference is evident between high and no-rebound soils. The results show
no significant difference between the failure stress of both high and no rebound soils
regardless of their initial confining stress. This may not be the most economical
method available to engineers for predicting high pile rebound.
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Table 4-3: Summary of CU Triaxial test for all sites
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4.3. Soil Behavior under Cyclic Loading
Following the index testing, a complete cyclic testing program was performed
on all undisturbed samples retrieved from all sites. The experimental study included
30 cyclic undrained triaxial tests from six sites. Each specimen was subjected to a
series of cyclic loads in order to evaluate the behavior of soils subjected to high pile
rebound. Prior to the cyclic testing, 30 consolidated undrained tests were conducted
to determine the maximum deviator stress at failure for each sample. The applied
cyclic load was selected as a percentage of the maximum deviator stress of each
sample. The results were divided into two categories based on their soil types:
cohesionless soils and cohesive soils.
Factors such as axial strain, pore water pressure ratio (u/3’), number of
cycles and cyclic stress ratios (∆σv /∆σf ) were evaluated. The results are presented
in the following section.
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4.3.1. The Effect of Number of Cycles on Axial Strain for High and Norebound Soils.
4.3.1.1 Cohesionless Soils
The response of the specimens to the cyclic loading were illustrated in terms
of number of cycles required to generate axial strains of 1, 2.5, 5, 10, and 15% as
shown in Figure 4-30. The data shows that above 1% strain, high pile rebound soils
reached the chosen strain at a higher number of cycles than the no-rebound soils.
above 1% axial strain, the differences of soil behavior between high and no-rebound
could be distinguished. No-rebound soils were found to reach the chosen strain at a
lower number of cycles than high rebound soils. They also failed within shorter
number of cycles than high pile rebound specimens. All no-rebound soils reached
failure at an axial strain equal to 15%.
In comparison, axial strain in high rebound specimens did not begin to
increase until 3443 cycles at 2.5% strain. For example, to reach 2.5% strain, at least
3400 cycles were required for high rebound soils, while no-rebound soils only
required 1000 cycles.
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In addition, high rebound soils did not reach failure and in most cases,
generated only 10% axial strain with a larger number of cycles, except two specimens
reaching 1 % strain.
Based on these results, high rebound cohesionless soils were likely to have a
higher resistance to develop larger axial strain than no-rebound cohesionless soils.
This resistance is possibly due to the fact that most high rebound samples were found
to have a higher silt content and a lower sand content than no-rebound soils.
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Figure 4-30: Number of Cycles Required to Achieve 1 % , 2.5 % , 5% , 10, and 15
% Axial Strain for Specimens of Cohesionless Soils Susceptible to
High and No Pile Rebound.
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4.3.1.2 Cohesive Soils
The response of high and no pile rebound cohesive soils to cyclic loading was
presented in terms of number of cycles needed to generate 1, 2.5, 5, and 15% axial
strain, as shown in Figure 4-31. The results showed a similar trend to cohesionless
soils in that after 1% strain, high rebound soils required a higher number of cycles to
achieve the same axial deformation than no-rebound soils. For example, high and norebound soils developed 1% axial strain after the number of cycles ranged from 2500
to 8400. At 2.5 % strain, 540 cycles were required for high rebound soils, while norebound soils produced the same axial strain at lower number of cycles starting from
3750 cycles.
Maximum axial strain (15%) was developed during the cyclic loading in less
than 5000 cycles in the no-rebound soils. On the other hand, 8400 cycles were needed
to develop 15% axial strain in the high rebound soils.
In conclusion, high rebound soils required many more (two to three times)
cycles to produce the 2.5,5,10, and 15% axial strain than the no-rebound soils and
were therefore termed more resilient.
No rebound soils were found to develop axial strain more rapidly than high
rebound soils.
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Figure 4-31: Number of Cycles Required to Achieve 1 %, 2.5 %, 5%, 10, and 15 %
Axial Strain for Specimens of Cohesive Soils Susceptible to High and
No Pile Rebound.
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4.3.2. Evaluation of Pore Water Pressure Generation during Cyclic Loading
at 1%, 2.5 %, 5% and 15% Strain.
The soil response to cyclic loading was measured in terms of number of cyclic
loading and pore water pressure ratio to generate 1, 2.5, 5, 10 and 15% axial strains.
Pore water pressure ratio (u/3’) is defined as the ratio of excess pore water pressure
generated during cycle loading to the initial effective confining pressure (₃ ′).
As this ratio increases, the specimen gets weaker and more vulnerable to failure.
4.3.2.1 Cohesionless Soils
The data in Figure 4-32 (a) showed that pore water pressure ratio in high pile
rebound specimens were lower than that for specimens subjected to no-pile rebound.
The overall average for the high rebound soils was 0.6 while the overall average for
the no rebound soils was 0.8. The standard deviation for high rebound soils was larger
(0.25) than for the no rebound soils (0.14). High rebound specimens appeared to have
lower pore water pressure ratio and a higher number of cycles than no-rebound
specimens.
For example, pore water pressure ratio of no-rebound soils increased rapidly
as the number of cycles continued to increase and it ranged from 0.82 to 0.97.
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Only three of no-rebound soils had u/3’ between 0.5 to .57 in.
However, for high rebound soils, pore water pressure ratio took more time to
build up as the number of cycles continued to increase and it ranged from 0.35 to
0.89. These lower values of pore water pressure ratio in high rebound soils were
clearly observed in their small axial strain that developed during cyclic loading
particularly after 5000 cycles.
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Figure 4-32: Number of Cycles for Specimens of Cohesionless Soils Susceptible to
High and no Pile Rebound Versus (a) Pore Water Pressure Ratio (b)
Axial Strain.
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4.3.2.2 Cohesive Soils
The pore water pressure ratio and their axial strain for high and no-rebound
soils were presented in Figure 4-33 (a) (b). The cyclic triaxial test results for high
rebound soils showed that pore water pressure ratio was lower than no-rebound soils
under the cyclic loading.
The rebound soils did not start to generate pore water pressure until the
number of cycles were approaching 4300 cycles and the corresponding pore water
pressure ratio were equal to 0.26. On the other hand, 2500 cycles in the no-rebound
soils were found to generate pore water pressure ratio equal to 0.6.
A peak of pore water pressure ratio in no-rebound soils was generated in less
than 4500 cycles, while in high rebound soils were generated at about 5700 cycles.
This shows the great influence of pore water pressure on high and no-rebound
soils during cyclic loading, and clarify the smaller deformation in high rebound soils
compared to the larger deformation of no-rebound soils.
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Figure 4-33: Number of Cycle for Specimens of Cohesive Soils Susceptible to High
and No Pile Rebound Versus: (a) Pore Water Pressure Ratio, (b) Axial
Strain.
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4.3.3. Evaluation of Maximum Strain and Pore Water Pressure During Cyclic
Loading
The number of cycles required to develop maximum axial strain and the
corresponding pore water pressure ratio (u/3’) within 8500 cycles were evaluated.
High and no pile rebound data were plotted with maximum strain and (u/3’) data
versus number of cycles to maximum strain are presented in cohesionless and
cohesive soils.
4.3.3.1 Cohesionless Soils
The results in Figure 4-34 showed that it was easy to distinguish the different
responses between high and no-rebound soils to cyclic loading. No-rebound soils
generally developed a maximum strain of 15% at a smaller number of cycles than
high rebound soils. The number of cycles at maximum strain for high rebound soils
ranges from 2020 to 8500. On the other hand, most of high rebound specimens
required more cycles to develop maximum axial strains between 1% to 10%, while
no-rebound soils required a smaller number of cycles, from 2000 to 8000, to develop
maximum axial strain between 10% to 15%.
The results in Figure 4-34 (b) also showed that no-rebound soils approached
a pore water pressure ratio equal to 1 and this caused the soils to lose all of their shear
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strength and fail. This failure was also observed by the large axial strains presented
in Figure 4-34 (a) for the no-rebound specimens.
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Figure 4-34: Results of Cyclic Triaxial Tests Performed on Cohesionless Soils of
both High and No Pile Rebound (a) Maximum Axial Strain Vs.
Number of Cycles (b) Pore Water Pressure Ratio Vs. Number of
Cycles.
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4.3.3.2 Cohesive Soils
The inherent differences between high rebound soils and no-rebound soils
can be seen in Figure 4-35, which showed the maximum strain and pore water
pressure ratio versus the number of cycles required to cause maximum strain.
Due to the relative small number of data points of the no-rebound cohesive
soils, it was difficult to draw any firm conclusion. However, it can be seen from
Figure 4-35 (a) that a maximum axial strain of 15% was developed first in the norebound soils under 4900 cycles. High rebound soils required 8400 cycles to develop
15% axial strain. In addition, the corresponding pore water pressure at these specific
maximum strains in Figure 4-35 (b) was larger for high rebound soils than it was for
a no-rebound soils.
Most of the results for the cohesive soils, whether the soils experienced high
or no-rebound undergo cyclic mobility, result in lower axial strain (less than 5
percent) at a large number of cycles.
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Figure 4-35: Results of CyclicTriaxial Tests Performed on Cohesive Soils of both
High and no Pile Rebound: (a) Maximum axial strain Vs. Number of Cycles
Loading, (b) Pore Water Pressure Ratio Vs. Number of Cycles Loading
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4.3.4. Cyclic Stress Ratio versus Number of Loading Cycles
To obtain more insight into high pile rebound response to cyclic loading,
cyclic stress ratio ( CSR), (∆𝜎𝑑 /∆𝜎𝑓 ), which is defined as the ratio of applied deviator
stress (∆𝜎𝑑 ) to the failure static deviator stress (∆𝜎𝑓 ), were evaluated in terms of
number of cycles to cause 1%, 2%, 5%, 10%, and 15% axial strain.
4.3.4.1 Cohesionless Soils
Figure 4-36 (a) and (b) illustrates the variation in CSR versus the number of
cycles and axial strain that developed during cyclic loading.
The results in both plots showed that high rebound soils reached the chosen
strains at a higher CSR and at a higher number of cycles than no-rebound soils. For
example, the data in Figure 4-36 (a) showed that below a CSR of 0.75, most of the
no-rebound soils had already reached their maximum axial strain under 5000 cycles,
while for high rebound soils only two samples were found to produce maximum axial
strain with a CSR ranging from 0.82 to 1.1 and 8464 cycles were needed to reach this
strain.
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In summary, the range is about the same but the density of points along the
line is not. Many more non rebound soils plot between 1000 and about 4500 cycles
while many more high rebound soils plot between 4500 and 8500 cycles.
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Figure 4-36: Results of Cyclic Triaxial Tests Performed on Cohesionless Soils of
both High and No Pile Rebound (a) Pore Water Pressure Ratio Vs.
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4.3.4.2 Cohesive Soils
The differences and similarities between high and no-rebound cohesive soils
when cyclically loaded are shown in Figure 4-37 in terms of their CSR and pore water
pressure responses.
There was an overall similarity in the response to the cyclic loading in which
both high and no-rebound soils generated pore water pressure with the increase in
the number of cycles and CSR, as shown in Figure 4-37 (a) and (b). The figure also
shows that the CSR for high rebound soils is higher at much lower pore water
pressure ratios than for the no-rebound soils. The same trend the previous cyclic
figures displayed is also shown here, in that high pile rebound soils in most cases
required a higher CSR and a larger number of cycles than no-rebound soils to develop
the same pore water pressure.
For example, in high rebound soils, a CSR of 0.65 was needed to generate
only a 0.17 pore water pressure ratio. Similarly, for no-rebound soils, only a CSR of
0.35 was needed to generate a 0.59 pore water pressure ratio. The results in Figure
4-37 (a) show that high rebound soils appeared to have lower pore pressure ratios
than no-rebound soils.
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The plot in Figure 4-37 (b) also shows the same linear trend and shows a
higher density of no rebound soils data below 5000, and a higher density of high
rebound soils data above about 500 cycles.
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Figure 4-37: Results of Cyclic Triaxial Tests Performed on Cohesive Soils of both
High and no Pile Rebound (a) Pore Water Pressure Ratio Vs. Cyclic
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This data explained why high rebound piles can sustain larger levels of cyclic
loading without developing large deformation in the same time smaller levels of
cyclic loading can generate large displacement in the no-rebound soils. This finding
would indicate that pile driving through high rebound cohesionless soils would
require more hammer blows than pile driving through no-rebound cohesionless soils.
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5. Conclusions and Recommendations
The overall objective of this research was primarily to evaluate different soil
properties that might be responsible for high pile rebound and accordingly, to yield
a clear understanding of the behavior differences between high and no-rebounding
soils. This dissertation presents results from an experimental lab and field testing
program conduvted at the Florida Department of Transportation State Materials
Office, Gainesville, Florida.
Based on the finding of this study, the conclusions can be grouped into three
different categories: (1) conclusions drawn from the tests on cohesionless soils, (2)
conclusions drawn from the tests on cohesive soils, and (3) conclusions from cyclic
triaxial testing.
5.1. Conclusions
5.1.1. Conclusions Based on Behavior in Cohesionless Soils
The following conclusions are based on the results from 26 thin walled tube
samples retrieved from 6 sites.
1.

High and no-rebound cohesionless soils classified as either USCS (SM) or
AASHTO (A-4/A-2-4).
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2.

High rebound soils in general contain greater fines than no-rebound soils.

3.

The combined effects of D60 and void ratio on high rebound soils showed
possible trend for identifying high rebound soils. Below a D60 of 0.11mm, all
soils produced high pile rebound with the average void ratio found to be 25%
higher than no-rebound soils. However, more data is needed to substantiate this
finding.

4.

High rebound soils have permeability coefficient smaller than 5 x 10-6 cm/s,
while the no-rebound soils have permeability larger than 1.2 x 10-5 cm/s.

5.

The combined presence of silts and sand content significantly affects high pile
rebound. Cohesionless soils with silt content above 19 % and sand content
below 72 % are likely to produce high pile rebound.

6.

Cohesionless soils which classify as SM with silt and fine contents of 20 and
27% or more produced high rebound.

5.1.2. Conclusions Based on Behavior in Cohesive Soils
The following conclusions are based on the results from 18 thin
walled tube samples retrieved from 6 sites.
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1.

The findings clearly indicate that the majority of high rebound soils, according
to USCS, classified as high plastic clay (CH), while most of no-rebound soils
classified as low plastic clay (CL).

2.

The sand content of cohesive soils may not be an effective index for predicting
high rebound soils.

3.

The average silt content in high rebound soils decreased to more than half in
comparison to the no-rebound soils. For cohesive soils with silt content
between 20 and 35%, all samples produced high rebound; however, above 47%
silt content no-rebound was observed.

4.

The clay content of cohesive soils may be an effective parameter for predicting
high pile rebound. Cohesive soils with clay contents above about 37 % showed
the greatest potential for high pile rebound, while cohesive soils with clay
contents less than about 30% produced no-rebound problems.

5.

The LL of cohesive soils clearly showed differences between high and norebound soils. The average LL of high rebound cohesive soils is 38% larger
than no-rebound soils.

6.

The combined effect of plasticity index PI and clay content showed a
significant difference between high and no-rebound soils and appears to be an
effective index for predicting high pile rebound.
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7.

Plotting Liquid limit and plasticity index on the Unified Soil Classification
System plasticity chart, a trend is observed. All high rebound soils classify as
compressible soils with LL greater than 50%.

8.

All high rebound soils were highly plastic and plotted above the A-line on the
plasticity chart.

9.

The combined effects of PI and LL on cohesive soils showed that high rebound
soils produced PIs greater than 30% and LL greater than 50%.

10.

Due to limited permeability data for cohesive soils it was difficult to draw firm
conclusions about the combined effect of silt content and permeability on high
pile rebound.

5.1.3. Conclusions from Cyclic Triaxial Testing
Based on the findings of the soil response to cyclic loading, high rebound
soils were likely to have higher resistance to axial strain than no-rebound soils. High
rebound soils required about two to three times more cycles to produce 1, 2.5, 5, 10,
and 15% strains than the no-rebound soils and were therefore considered twice to
three times as resilient.
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During the cyclic loading no-rebound soils fail at higher axial strains than
high rebound soils. Most of the no-rebound soils failed at 15% strain, while high
rebound soils mostly failed in the 1 to 5% range.
The finding also showed that high rebound soils produced lower pore water
pressure ratios (u/3’) than no-rebound soils, clearly indicating that the high
rebound soils take longer to produce increases in pore pressures than the no-rebound
soils.
5.2. Recommendations
Engineers should conduct a complete laboratory testing investigation in order
identify high pile rebound sites when driving displacement piles with single-acting
diesel hammers. The lab testing, including a complete grain size analysis with
hydrometer throughout the soil profile to outline the silt and clays and Atterberg
limits to distinguish between cohesive and cohesionless soils during the high rebound
prediction processes. Also, permeability testing should also be performed to show
the differences between the high and no pile rebound.
Based on the finding from the current study, the following flowcharts in
Figure 5-1 and Figure 5-2 can be followed to help engineers anticipate high pile
rebound. The soils in this flow chart were divided into cohesive and cohesionless
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soils based on fine, clay, silt content and Atterberg limits. These parameters should
be use by geotechnical engineers for the prediction of high rebound soils as outline
in the flowchart. It is also recommended to conduct cyclic triaxial testing on theses
soils to show and anticipate the driving difficulty of the displacement piles into high
rebound soils
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Figure 5-1 High Pile Prediction Flowchart
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Figure 5-2 High Pile Prediction Flowchart
166

5.3. Future Research
The results obtained from this study must be confirmed with a larger sample
of data coming from different sites outside of Florida. A complete soil parameters
including fines content, sand content, silt content, clay content, permeability,
atterberg limit and D10, D30 and D60 should be used to validate the finding of this
study.
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