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Abstract

The development in construction field has increased with high rate in
the last decades; many modern ways are started to be used to make the
construction process easier than before. This thesis is focusing on two
methods of construction in geotechnical field and they are pile driving
and dynamic compaction. Both techniques produce high magnitude of
vibration through soil due to the large amount of energy which is used
in driving or compaction. Vibrations are generated in large values and
propagate quite fast and affect many wide areas around the vibration
source.

Those vibrations may have a very destructive effect on the adjacent
structures and the heritage buildings or even the underground
facilities. The damage occurs due to two reasons, soil settlement
beneath foundation or the directly vibrations on the building. PPV
(peak particle velocity) is considered the main indicator for the
possible damage which may happens to the structures, therefore, a lot

of parameters and their effect on PPV are studied in this thesis.

Soil settlement is a very dangerous problem facing engineers when
they have a vibration source such as pile driving or dynamic
compaction , the available models for evaluating settlement values due

to vibrations are also investigated.

In addition different of wave barriers as a way of preventing wave's
propagation and protecting the adjacent structures close to the

vibration source are investigated in details.
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PPV, Finite element, Construction vibration, Pile Driving, Soil
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SUMMARY

Construction and industrial of dynamic sources produce environmental vibration
problems for the surrounding soils and the adjacent structures. High vibrations and
vibration-induced settlements could cause disturbance to sensitive devices inside
buildings and even be the cause of structural damage and foundation failure. The
main objectives of this thesis are to study the effect of construction born vibration
through both pile driving and dynamic compaction techniques on the response of
surrounding soil and the adjacent structure response. In this thesis all the available
data for construction vibration limits and standards are provided to help the design
engineer to take all precautions to avoid any possible damage that may occur to
adjacent facilities.

Pile driving or dynamic compaction process-induced high values of PPV (peak
particle velocity) through the surrounding soil, therefore the construction vibration
due to those both techniques were investigated in details. PPV is considered as the
most concern parameter to express the vibration hazard, therefore PPV is investigated
at different (soil stiffness, rammer masses, drop heights, pile material and pile
embedment lengths in case of pile driving). All these parameters can help researchers
or design engineers to predict PPV values to avoid any possible damage in the
construction site.

A series of Axisymmetric finite element analysis using Plaxis 8.2 dynamic module
were run on single piles installed using driving technique (hammer type). The peak
particle velocity (PPV) was calculated for pile installations by various hydraulic
hammers weights considering both clay and sand deposits with various stiffnesses.
The PPV of the propagated waves in the ground with distance from the source of
vibration was analyzed. It is found that by increasing soil stiffness the PPV increases
and then reduces by getting far from the vibration source for both pile driving and
dynamic compaction. Increasing hammer mass and the dropping height increase the
energy which leads to higher values of PPV. It is noticed that by increasing the pile

embedment length the PPV decreases at the ground surface. It can be seen that
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wooden piles produce higher values of PPV due to their low impedance and the
values of energy loss is low as well. For steel and reinforced concrete, both have a
close trend in PPV values.

Comparison between Finite Element results by Plaxis model and other prediction
models for Pile Driving and dynamic compaction PPV values were set up to show
which more suitable prediction model can express the PPV results in the site.

A comparison between PPV values due to pile driving and dynamic compaction is
investigated to figure out which process produces higher values and thus higher
damage. It can be concluded that dynamic compaction has a large values of PPV due
to the higher magnitude of energy which increases PPV values at the ground surface.
The acceleration versus time history of the pile driving vibration obtained by the
Finite element model (Plaxis) were used as input in another module using SAP2000
V.14 to simulate the structure model that is affected by such dynamic effect. Using
SAP model shows the direct effect of vibration on the adjacent structures.

By investigating the available models for PPV values prediction through a
comparison with many infield measurements, it was found that most of the prediction
models only depend on the scaled energy or scaled distance but neglecting many
other important parameters such as soil stiffness, length of pile, method of driving
and etc.

Settlement of soil due to construction vibration is became a serious problem facing
engineers when pile driving or dynamic compaction are being processed. A lot of
equations and models are set to estimate the values of soil settlement due to vibration.
In this thesis the available models are investigated.

Previous researchers developed different ways to reduce the hazard of vibration
waves through the soil and tried to prevent its propagation. It is very important to
insure the safety of the structures against vibration waves, and hence the wave
barriers as a method of protection are studied in this thesis to know the optimum

procurement to achieve and construct an effective barrier.



Goals and Objectives:

This thesis has the following main objectives:

1-Collectiing of the available data for vibration limits and internationals standards for
both human response and structure response, as well as damage criteria, investigating
the most widely used prediction models of PPV (engineering models, numerical
models, theoretical models... etc).

2- Investigating the effect of pile driving on the soil by calculating PPV using Plaxis
8.2 and studying the destructive effect on the adjacent structures by using SAP 2000.
3- Comparing between infield measurements of PPV records and the available PPV
prediction models, to cognition the most realistic model to be used for evaluating the
PPV.

4- Studying the effect of dynamic compaction on the surrounding soil using Plaxis
8.2 to calculate PPV values.

5- Discussing the soil settlement beneath foundation and at different distances from
the vibration source through the available models of calculating settlement.

6- Investigating of the effect of wave barriers on the wave propagation through soil

for preventing the possible hazard on the adjacent structures.
Thesis Structure:

This thesis consists of seven chapters, as follows:-

Chapter 1 Introduction:

This chapter presents an introduction to identify the context and motivation of this
thesis, and gives a summary of main thesis objectives and contents. Besides some

recorded damages due to construction vibration.
Chapter 2 Damage Criteria:

This chapter reviews the available vibration limits and standards for PPV values to

expect the possible damage to the structures.
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Chapter 3 Effect of Piles driving on Soil and Structures:

This chapter discusses the hazard of the construction vibration on soil and structures
as well as illustrating the mechanism of the propagated waves through soil and also
reviewing the different types of models for PPV prediction. This chapter also
explains in details the numerical modeling, and describes the finite element analysis
and its applications. It also contains the verification example for the Plaxis model
used in this study presents the variable parameters that have been used to study the
behavior of PPV through soil due to pile driving. A comparison between infield
measurements and the most used models for PPV prediction is set to verify the

reasonable model for PPV prediction.
Chapter 4 Effect of Dynamic Compaction on Soil and Structures:

This chapter presents variable parameters that have been used to study the behavior

of PPV due to dynamic compaction process.
Chapter 5 Soil Settlement due to Construction Vibration:

This chapter presents different models that can be used for evaluating settlement

values due to construction vibration.
Chapter 6 Wave Barriers:

This chapter presents the different types of wave barriers and their effect on PPV path
in soil through the investigation of the barrier dimensions, infill material, and the

barrier distance from the vibration source.
Chapter 7 Conclusion

In the conclusion chapter the main ideas and the results are highlighted and briefed.
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energy of driving 4100 joule. (Attewell & Farmer 1973 model at k=0.25)

Figure 3.103: The comparison between predicted and measured PPV at
energy of driving 10700 joule. (Attewell & Farmer 1973 model at k=0.25)

Figure 3.104: The comparison between predicted and measured PPV at
energy of driving 39228 joule. (Attewell & Farmer 1973 model at k=0.25)

Figure 3.105: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (Attewell & Farmer 1973 model at k=0.25)

Figure 3.106: The comparison between predicted and measured PPV at
energy of driving 4100 joule. (Attewell & Farmer 1973 model at k=0.75)

Figure 3.107: The comparison between predicted and measured PPV at
energy of driving 10700 joule. (Attewell & Farmer 1973 model at k=0.75)

Figure 3.108: The comparison between predicted and measured PPV at
energy of driving 39228 joule. (Attewell & Farmer 1973 model at k=0.75)

Figure 3.109: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (Attewell & Farmer 1973 model at k=0.75)

Figure 3.110: The comparison between predicted and measured PPV at
energy of driving 4100 joule. (Attewell et al 1992 best fit model)

Figure 3.111: The comparison between predicted and measured PPV at
energy of driving 10700 joule. (Attewell et al 1992 best fit model)

Figure 3.112: The comparison between predicted and measured PPV at
energy of driving 39228 joule. (Attewell et al 1992 best fit model)

Figure 3.113: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (Attewell et al 1992 best fit model)

Figure 3.114: The comparison between predicted and measured PPV at
energy of driving 4100 joule. (Attewell et al 1992 half standard deviation
model)
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Figure 3.115: The comparison between predicted and measured PPV at
energy of driving 10700 joule. (Attewell et al 1992 half standard deviation
model)

Figure 3.116: The comparison between predicted and measured PPV at
energy of driving 39228 joule. (Attewell et al 1992 half standard deviation
model)

Figure 3.117: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (Attewell et al 1992 half standard deviation
model)

Figure 3.118: The comparison between predicted and measured PPV at
energy of driving 4100 joule. (Attewell et al 1992 one standard deviation
model)

Figure 3.119: The comparison between predicted and measured PPV at
energy of driving 10700 joule. (Attewell et al 1992 one standard deviation
model)

Figure 3.120: The comparison between predicted and measured PPV at
energy of driving 39228 joule. (Attewell et al 1992 one standard deviation
model)

Figure 3.121: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (Attewell et al 1992 one standard deviation
model)

Figure 3.122: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (J.M.Ko (1990) model)

Figure 3.123: The comparison between predicted and measured PPV at
energy of driving 10700 joule. (J.M.Ko (1990) model)

Figure 3.124: The comparison between predicted and measured PPV at
energy of driving 39228 joule. (J.M.Ko (1990) model)

Figure 3.125: The comparison between predicted and measured PPV at
energy of driving 61000 joule. (J.M.Ko (1990) model)

Figure 3.126: The comparison between predicted and measured PPV at
energy of driving 4100 joule. (Wiss 1981 model at k=1.5)
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Figure 3.127: The comparison between predicted and measured PPV at 179

energy of driving 10700 joule. (Wiss 1981 model at k=1.5)

Figure 3.128: The comparison between predicted and measured PPV at 180
energy of driving 39228 joule. (Wiss 1981 model at k=1.5)

Figure 3.129: The comparison between predicted and measured PPV at 180
energy of driving 61000 joule. (Wiss 1981 model at k=1.5)

Figure 3.130: Influence of pile impedance on the vibration factor K, 181

Heckman and Hagerty (1978).
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Figure 6.6: Vibration isolation of buildings from traffic-induced vibrations,
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f Frequency [Hz]

a,f Rayleigh waves
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ay Vertical acceleration [m/s’]
Epp Excess porewater pressure [kN/m’]

Vx Horizontal velocity [m/s]
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Vertical velocity [m/s]
Oedometer modulus [kN/m’]
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Maximum displacement amplitude [ m]
Cross sectional area of the pile [m’]
Acceleration [m/s2]
Wave propagation velocity [m/s]
Wave propagation velocity in the pile [m/s]
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Wave propagation velocity of P-wave [m/s]
Wave propagation velocity of R-wave[ m/s]
Wave propagation velocity of S-wave [m/s]
Material damping
Initial shear modulus| MPa]
Secant shear modulus [MPa]
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Chapter 1
INTRODUCTION
1.1 General:

Construction and mining processes using modern techniques can produce
environmental vibration problems for the surrounding soils and adjacent
structures. Human activities can generate soil vibration with variation in
intensity, which mainly depends upon the source of vibration. The waves induced
by vibration source may cause a potential damage to existing buildings. More
specifically, these vibrations can cause ground settlements and deformations that
may lead to a differential settlement of foundations and deformations or cracking

in the structures.

The aim of this study is to know the effect of construction vibration on soil and
adjacent structures by the following steps; 1) collection of sufficient data about
the nature of the wave propagation through the soil. 2) Evaluating the value of
PPV (peak particle velocity) by gathering the available models for estimating
PPV. 3) Review for the vibration limits and the vibration criteria which set by
the different codes and standards. 4) Assembling enough data for piles driving
process and the available driving machines (vibratory or hammer impact) and
their range of energy, piles material, investigation of different parameters in
pile driving mechanism on the PPV wvalues, 5) Highlight the dynamic
compaction process and the effect of different parameters on the PPV values.
6) Dissection of the most famous models and methods for estimating soil
settlement due to construction vibration. 7) Quest the optimum methods to

prevent the waves propagation through soil by creating wave barriers.
1.2 Damage caused by vibrations

Damage of structures may be caused by the vibration induced differential
settlement as well as by vibrations transmitted directly to structures as shown in

Figure 1.1 and Figure 1.2 which illustrate the hazard associated with different
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sources of vibration and the damage depend on the energy of the source which is

responsible of vibration.

The complexity of these vibrations related problems makes it difficult to identify
the causes of damages as shown in Figures. 1.3 and 1.4. Vibration could be a
reason to enlarge old cracks or even create new ones as shown in Figure 1.5.
Construction vibration activities are very harmful to adjacent structures as shown

in Figure 1.6.

Figure.1.1: Collapsing of Minard Hall facade along the northwest wall of the
building due to excavation and near the excavation site, piles been driven (after
Nowatzki 2009)

Figure 1.2: Damage from adjacent construction vibration (Www.p-
consurvey.com)
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Figurel.4: Observing building vibration damage caused by an 18t pad foot roller
(www.youtube.com/watch?v=acBaXbMHNT{E)
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Figure 1.5: Subway Train Derails in Brooklyn Bench walls and concrete tunnel
linings are susceptible to age, water damage and vibration from construction
above.

a. Vibration damage inside the b. Pile driving next to the house
house

Figure 1.6: Documented infield measurements due to pile driving for
construction foundation for a new transmission line in South Carolina coastal
plain , (after Forbes and Camp 2013)
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1.3 Sources of construction vibration:

There are a lot of sources of construction vibration which is considered as a

serious problem to the adjacent structures and it can be classified as follow:

e Dynamic compaction (Figure 1.7).

e Pile driving technique (Figure 1.8).

e Pile vibratory technique (Figure 1.9).

¢ Blasting (mining and excavation), (Figure 1.10).
e Roads construction (Figure 1.11).

e Demolition of buildings (Figure 1.12).

Figure 1.7: Dynamic compaction technique. King Abdullah University,
Saudi Arabia. (www.swissboring.com)
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Figure 1.8: Pile driving technique hammer weight, ABIl MOBILRAM,
Lockhart Enterprises in Los Angeles, California.

(www.hammersteel.com/10-22-10-abi-mobilram-pile-driving-saved-

lockhart.html

Figure 1.9: Pile vibratory technique. (http://piling-equipment.com)
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.-/‘ ""'“-i ’. ’J il J g
Figure 1.10: Blasting for securing roads, Evans Pass Rd, Sumner,

Christchurch Date: July & August 2012, (www.abseilaccess.co.nz)

Figure 1.11: Pad foot roller for roads construction. (www.shutterstock.com)
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Figure 1.12: Demolition for a building, Frankfurt, Germany.
(www.rt.com/news/demolition-explosion-frankfurt-skyscraper-541)

1.4 Conclusion

In the last few decades the construction technology has developed very fast,
that technology can be seen in the modern ways of construction including new
devices such as pile driving machines, dynamic compaction, blasting,
demolition and etc. These modern techniques of construction also have a side
effect on humans and structures by producing waves through soil and noise

which could lead to damage to structures.

Damage due to construction vibration is considered to be a serious problem for
structures. Many types of damage in adjacent structures are illustrated due to

wave propagation in soil.
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Chapter 2
Vibration Criteria
2.1 Introduction

The propagated waves in the soil mainly expressed by the PPV (Peak Particle
Velocity) and became an indicator for structures damage, so it becomes
necessary for the design engineer to be aware of these international standards of

PPV limits before starting a new project includes born vibration.

The information is used in this chapter to develop a synthesis of these criteria
that can be used to evaluate the potential for damage and annoyance from
vibration-generating activities. Through the past decades, huge numbers of
vibration criteria and standards have been suggested by organizations, codes,
government agencies and by researchers. In this chapter most of vibration limits

are collected and reviewed.
2.2 Vibration Criteria

Peak particle velocity is often used as the measure of vibration intensity and it is
considered as a threshold of damage, Therefore, PPV values are an important

indicator for the degree of damage due to sources of vibration.

The different sources of construction vibration define and control the type of the
generated wave, the wave type is concluded as the following main types
depending on the source of vibration after Zekkos et al (2013):
e Transient or Impact Vibration (blasting impact, pile driving, and
demolition).
e Steady-state or Continuous (vibratory pile drivers, compressors and large
pumps).
e Pseudo-steady-state vibrations (jackhammers, trucks, cranes, and

scrapers).

47



Chapter 2

Vibration Criteria

The variation between vibration criteria from country to another is very

different in values. The following discussion provides a brief of vibration limits

that is reported by various researchers, organizations, and etc. The effect of

vibration on Human response and structures will be studied.

1. Human response:

e Wiss (1974) defined limits for PPV values and its effect on human

response as shown in Table 2.1.

Table 2.1: The human response to transient vibration is summarized after

(Wiss1974).
Peak particle Velocity (mm/s) Human Response
51 Severe
23 Strongly perceptible
6 Distinctly perceptible
0.9 Barely perceptible

e Reiher (1931) in Table 2.2 summarized the results of PPV values on
human response to steady-state (continuous) vibration.

Table 2.2: The human response to continuous vibration, Reiher (1931)

PPV (in/sec) Human Response
3.6 (at 2 Hz)—0.4 (at 20 Hz) Very disturbing
0.7 (at 2 Hz)—0.17 (at 20 Hz) Disturbing
0.10 Strongly perceptible
0.035 Distinctly perceptible
0.012 Slightly perceptible

e Whiffen (1971) summarized the results of another study for PPV values

due to traffic (continuous vibrations) on the human response as shown in

Table 2.3.
Table 2.3: Human Response to Continuous Vibration from Traffic, Whiffen
(1971)
PPV (in/sec) Human Response
0.4-0.6 Unpleasant
0.2 Annoying

0.1 Unpleasant Begins to annoy

0.08 Readily perceptible
0.006-0.019 Threshold of perception

48



Chapter 2 Vibration Criteria

e ISO 2631(Mechanical vibration and shock summarizes the vibration
criteria for vibration sources in Table 2.4 with predominant frequencies
in the range of 8—80 Hz.

Table 2.4: ISO 2631 Vibration Criteria

N Vibration Velocity Vibration Velocity
Building Use Level (VdB) rms
Amplitude (in/sec)
Workshop 90 0.032
Office 84 0.016
Residence 78 day/75 night 0.008
Hospital operating
room 72 0.004

e FTA (2006) (Federal Transit Administration) has developed vibration
criteria based on building use. These criteria, shown in Table 2.5, are
based on overall rms vibration levels expressed in VdB.

Table 2.5: Federal Transit Administration vibration criteria

Vibration Impact Level Vibration Impact Level
Land Use Category for for

Frequent Events (VdB) | Infrequent Events (VdB)

Category 1: Buildings

where low ambient 65 65

vibration is essential for
interior operations

Category 2: Residences
and buildings where 72 80
people normally sleep

Category 3: Institutional
land uses with 75 83
primarily daytime use

Note: “Frequent events” is defined as more than 70 events per day. “Infrequent
events” is defined as fewer than 70 events per day.

Table 2.6 shows an indication of the average human response to vibration and
air overpressures due to blasting that may be anticipated when the person is at

rest, situated in a quiet surrounding according to Transportation and
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Construction Vibration Guidance Manual (California Department of Transportation

2013).
Table 2.6: Human Response to Blasting Ground Vibration and Air
Overpressure
Average Human
PPV (in/sec) Airblast (dB)
Response
Barely to d1.st1nctly 0.02-0.10 50-70
perceptible
Distinctly to.strongly 0.10-0.50 70-90
perceptible
Stropgly perceptible to 0.50-1.00 90-120
mildly unpleasant
Mildly to distinctly 1.00-2.00 120-140
unpleasant
Dlst1nqt1y unpleasant 2.00-10.00 140-170
to intolerable

Note: VdB: velocity level in decibels

2. Structures

Hendriks (2004) (Caltrans Experiences), Technical Advisory, Vibration
TAV-04-01-R0201 stated that considerable amount of researches have been done
to correlate vibrations from single events such as dynamite blasts with
architectural and structural damage. The Transport and Road Research
Laboratory in England has researched continuous vibrations to some extent and
developed a summary of vibration amplitudes and reactions of people and the
effects on buildings as shown in Table 2.7. These are the criteria used by
Caltrans to evaluate the severity of vibration problems. Traffic, train, and most
construction vibrations (with the exception of pile driving, blasting, and some

other types of construction (demolition) are considered continuous.
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Table 2.7: A Survey of Traffic-induced Vibrations after Whiffen and Leonard

(1971)

Vibration Amplitude

(Peak Particle Velocity)

Human Reaction

Effect on Buildings

mm/s in/sec
The threshold of Vibrations unlikely to
0.006- :
0.15-0.30 0.019 perception; cause
' possibility of intrusion damage of any type
Recommended upper
amplitude of the
20 0.08 Vibrations readily vibration to
' ' Perceptible which ruins and ancient
monuments should be
subjected
An amplitude at which Virtually no risk of
25 0.10 continuous ylbratlons architectural” damage
begin to
to annoy people normal buildings
Threshold at which there
is
a risk of “architectural”
damage to normal
Vibrations annoying to dwelling -
people in buildings (this houses with plastered
agrees with the amplitudes walls
5.0 0.20 established for people and ceilings
standing on bridges and Special types of finish
subjected to relative short such
periods of vibrations) As a lining of walls,
flexible
ceiling treatment, etc.,
would minimize
“architectural” damage
Vibrations considered V1b1'rat10ns ata greater
amplitude than normally
unpleasant by people
: ) expected from traffic, but
subjected to continuous ould cause
10-15 | 0.4-0.6 vibrations and O .
architectural
unacceptable .
. damage and possibly
to some people walking on minor
bridges

structural damage
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Types of damage to construction vibration:

1. Structural damage is any type of change which could compromise
the stability of the structure.
2. Cosmetic damage is basically everything else which affects the

appearance of the house.

e Chae (1978) classifies buildings in one of four categories based on age
and condition showing the vibration criteria for different conditions of
different structures types is illustrated for PPV limits which could be

harmful to the structures as shown in Table 2.8.

Table 2.8: Building vibration criteria for the residential Structures based on age

and condition Chae (1978)

Category PPV (Single Blast) PPV (Repeated Blast)
mm/s in/sec mm/s in/sec
Buildings of
Substantial 100 4 50 2
Construction
Residential, New 50 o) 25 1
construction
Residential, Poor 75 1 12.5 0.5
Condition
Residential, Very 125 0.5 } ;
Poor Condition )

e Dowding (1996) illustrated the maximum allowable PPV values for
various structure types and conditions as shown in Table 2.9. It is
important to make clear define the type of building damage that is

considered.

52



Chapter 2 Vibration Criteria

Table 2.9: The impact of construction vibrations induced by the different type

of sources is also assessed by Dowding (1996).

Limiting Peak Particl locit
Structure and 1miting Peak Particle Velocity
condition .
mm/s in/sec
Industrial Buildings 50 2
Residential 12.5 0.5
Residential, New
: 25 1
construction
Historic Buildings 12.5 0.5
Bridges 50 2

The Swiss Association of Standardization has explained a series of
vibration damage criteria that show the difference between single-event
sources (blasting) and continuous sources (machines and traffic), (after
Wiss 1981). The criteria are also differentiated by frequency. Assuming
that the frequency range of interest for construction and traffic sources is
10-30 Hz, Table 2.10 shows criteria for 10-30 Hz. PPV vs structure
class is illustrated in Table 2.10.

Konan (1985) reviewed numerous vibration criteria relating to historic
and sensitive buildings and purposed a recommendation to the set of
vibration criteria for transient (single-event) and steady-state
(continuous) sources. Konan recommended that criteria for continuous
vibration be about half the amplitude of criteria for transient sources as

shown in Table 2.11.
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Table 2.10: Swiss Association of Standardization Vibration Damage Criteria

(after Wiss 1981).

Continuous Single-
Source Event
Structure Class Source
PPV
(in/sec) .PPV
(in/sec)
Class I: buildings in steel or reinforced
concrete, such as factories, retaining
walls, bridges, steel towers, open channels, 0.5 1.2
underground chambers and
tunnels with and without concrete alignment
Class II: buildings with foundation walls and
floors in concrete, walls in
concrete or masonry, stone masonry retaining
0.30 0.7
walls, underground chambers
and tunnels with masonry alignments, conduits
in loose material
Class III: buildings as mentioned above but
with wooden ceilings and walls in 0.2 0.5
Masonry
Class IV: construction very sensitive to 0.12 03
vibration; objects of historic interest ' )

Table 2.11: Konan Vibration Criteria for Historic and Sensitive Buildings

Transient Vibration PPV

Steady-State Vibration

Frequency Range (Hz) (in/sec) PPV
(in/sec)
1-10 0.25 0.12
1040 0.25-0.5 0.12-0.25
40-100 0.5 0.25

e Siskind et al. (1980) illustrated probabilistic methods to vibration

damage thresholds for blasting. Three damage thresholds have been

identified and are shown in Table 2. 12 in terms of PPV for probabilities
of 5, 10, 50, and 90%.
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Table 2.12: Siskind et al (1980) Vibration Damage Thresholds

Damage Type

PPV (in/sec)

5%
Probability

10%
Probability

50%
Probability

90%
Probability

Threshold damage:
loosening of paint, small
plaster

cracks at joints between
construction elements

0.5

0.7

2.5

Minor damage:
loosening and falling of
plaster,

cracks in masonry
around openings near
partitions,

hairline to 3-mm (0-1/8-
in.) cracks, fall of loose
mortar

1.8

2.2

16

Major damage: cracks
of several mm in walls,
rupture of opening
vaults, structural
weakening, fall

of  masonry, load
support ability affected

2.5

17

e The American Association of State Highway and Transportation

Officials 11(AASHTO, 1990) also specify the maximum vibration

levels for preventing damage to structures from construction or

maintenance activities. Table 2.13 summarizes the AASHTO maximum

levels.
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Table 2.13: AASHTO Maximum Vibration Levels for Preventing Damage

Category Peak Particle Velocity
(mm/s) (in/sec)
Historic sites or other
2.5 0.1
critical locations
Residential buildings,
5.0-7.5 0.2-0.3
plastered walls
Residential buildings in
good repair with gypsum 10-12.5 0.4-0.5
board walls
Engineered structures,
‘ 25-37.5 1.0-1.5
without plaster

2.3 Vibration Limits

e USBM RI8507 limits

The frequency of construction vibration based safe limits for cosmetic cracking
threshold was originated for one to two-story residential structures by the U.S.
Bureau of Mines (Siskind et al., 1980). The limits illustrated in Figure 2.1 have
the following displacement and velocity values for the four ranges of the
dominant frequency: 0.76 mm (0.03 in) for 1 to 4 Hz, 19 mm/s (0.75 in/s) for 4
to 15 Hz, 0.2 mm (0.008 in) for 15 to 40 Hz, and 50.8 mm/s (2.0 in/s) for 40 to
100 Hz. The limit of 19 mm/s (0.75 in/s) for 4 to 15 Hz is used for drywall
while the limit of 13 mm/s (0.5 in/s) for 2.5 to 10 Hz is applied for plaster.
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Figure 2.1: Safe level blasting criteria from USBM RI 8507 and the derivative
version (dashed line), the Chart Option from OSM surface coal mine
regulations. The Shaded area shows maximum velocities of structural

vibrations with amplification of 4.5 at resonance. Data were modified from
Siskind (2000) and the plot was adapted from Svinkin (2008).

Damage probability as reported in USBM RI 8507 and reproduced in C.
Dowding (1996) explained three different categories to illustrate damage level

due to PPV as shown in Figure 2.2.

1. Threshold damage,” defined as an opening of old cracks and formation
of a new hairline crack.

2. Minor damage,” such as broken windows, loosened or fallen plaster, and
hairline cracking of masonry

3. Major structural damage,” such as wide cracking or shifting of

foundations or bearing walls
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Figure 2.2: Damage probability as reported in USBM RI 8507 and reproduced
in C.H. Dowding, 1996.

Damage probability {%)

e OSMRE Limits (Office of Surface Mining and Reclamation
Enforcement)

The derivative version of the USBM safe limits shown in Figure 2.2 was
included as the Chart Option in the surface coal mine regulations by the Office
of Surface Mining (OSM, 1983). The comments above on the USBM limits can
also be addressed to the Chart Option. Nevertheless, Siskind (2000) pointed out
simple and workable OSM distance dependent PPV criteria for blasting: 31.8
mm/s (1.25 in/s) for 0 to 92 m (300 ft), 25.4 mm/s (1 in/s) for 92 m (301 ft) to
1525 m (5000 ft), and 19 mm/s (0.75 in/s) for distances greater than 1525 m
(5000 ft). These vibration limits were found for low-rise residential houses.
OSMRE also addressed air overpressure limits in its 1983 regulations. It
considered the characteristics of the recording systems and established the

following limits as shown in Table 2.14.

58



Chapter 2 Vibration Criteria

Table 2.14: OSMRE (1983) Overpressure Limits.

Recording Device Characteristics Limits
Lower Limit of 0.1 Hz 134 dB
Lower Limit of 2.0 Hz 133 dB
Lower Limit of 6.0 Hz 129 dB

slow response 105 dBc

For several years, an air overpressure limit of 140 dB was used primarily to
prevent injury to workmen’s’ hearing; it also successfully prevented damage to
structures. In recent times, lower limits have been used, mostly in attempts to

reduce annoyance.

e Florida DOT Limits

Currently, 0.5 in/s is the general PPV limit in FDOT projects, while 0.2 in/s is
used by some districts on entire projects. The limit of 0.2 in/s tends to reduce
complaints but does not eliminate them. Vibratory rollers, tandem rollers, and
sheet pile installation, in particular, are a major source of vibration-related

complaints in FDOT projects.

e Russian Limits

The Russian limits of 30 to 50 mm/s (1.18 to 1.97 in/s) for the vibrations of
sound structures were found by the Moscow Institute of Physics of the Earth to
assess the safety of structures from the explosive effects of various blasts in the
air, on the ground, and under the ground at the time of the Second World War
(Sadovskii, 1946). These vibration limits work well for building vibrations
excited by different dynamic sources. It is necessary to accompany the direct
measurement of structural vibrations with an observation of the results of

dynamic effects.
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e The Swedish limits

The Swedish Standard SS 02 52 11 was established in 1999 and is the most
elaborate standard currently available (SIS 1999). It deals with vibrations
caused by piling, sheet piling, excavation, and soil compaction. Guidance
levels of acceptable vibrations, as well as instructions for measurement of
vibrations in buildings, are given based on more than 30 years of practical
experience in a wide range of soils. The proposed vibration values do not take
into consideration psychological effects (noise or comfort) on the occupants of
buildings. Neither do they consider the effects of vibrations on sensitive
machinery or equipment in buildings, Massarch (2004).

The vibration levels in the standard are based on experience from measured
ground vibrations (vertical component of particle velocity) and observed
damage to buildings, with comparable foundation conditions. The vibration
level V is expressed as the peak value of the vertical vibration velocity. It is
measured on the bearing elements of the building foundation and is determined
from Eq.2.1.

V=V, F, F, F, (Eq.2.1)

Where: V, = vertical component of the uncorrected vibration velocity in mm/s,
Fy = building factor, F;,, = material factor and F, = foundation factor. Values for
V, are given in Table 2.15 for different ground conditions and construction

activities and are maximum allowable values at the base of the building.

Table 2.15: Uncorrected vibration velocity (Vy), after Massarch (2004)

Foundation Condition Piling, Sheet p iling Soil .
or Excavation Compaction
Clay, silt, sand or 9 mm/s 6 mm/s
Gravel
Moraine (till) 12 mm/s 9 mm/s
Rock 15 mm/s 12mm/s

Buildings are divided into five classes with respect to their vibration sensitivity

after Massarch (2004) as shown in Table 2.16. Classes 1 to 4 are applied to

60



Chapter 2 Vibration Criteria

structures in good condition. If they are in a poor state, a lower building factor
should be used.
Table 2.16: Building Factor ( F,) after Massarch (2004)

Class Type of Structure Building Factor, Fb
Heavy structures such as bridges, quay walls,
1 1.70
defense structures etc.
2 Industrial or office buildings 1.20
3 Normal residential buildings 1.00
Especially sensitive buildings and

buildings with high value or
4 structural elements with wide 0.65

spans, e.g. church or museum

buildings
Historic buildings in a sensitive
5 state as well as certain sensitive 0.5
ruins

The structural material is divided into four classes with respect to their
vibration sensitivity as shown in Table 2.17. The most sensitive material
component of the structure determines the class to be applied. Table 2.18
defines a foundation factor. Lower factors are applied to buildings on shallow
foundations, whereas buildings on piled foundations are accorded higher

factors due to their reduced sensitivity to ground vibrations.

Table 2.17: Material Factor (Fm), after Massarch (2004)

Class Type of Building Material Factor, Fm

1 Reinforced concrete, steel or timber 1.20

5 Unreinforced concrete, bricks, concrete blocks with 100
voids, lightweight concrete elements '

3 Light concrete blocks and plaster 0.75

4 Limestone, lime-sandstone 0.65
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Table 2.18: Foundation Factor (F,), after Massarch (2004)

Class Type of foundation Factor, Fg
1 Slab, raft foundation 0.60
2 Buildings founded on friction piles 0.80
3 Buildings founded on end-bearing piles 1.00

e British Limits

Vibration damage limits on structures in the United Kingdom are illustrated by
the British Standard BS 7385. Part 2 :( 1993), "Evaluation and measurement
for vibration in buildings - Part 2: Guide to damage levels from ground-borne
vibration". This part of British Standard 7385 provides guidance on the
assessment of the possibility of vibration-induced damage in buildings due to a
variety of sources and sets guide values for building vibration based on the
lowest vibration levels above which damage has been credibly demonstrated.
Sources of vibration which are considered include blasting (carried out during
mineral extraction or construction excavation), demolition, piling, ground
treatments (e.g. compaction), construction equipment, tunnelling, road and rail
traffic, and industrial machinery.

Table 2.19 gives vibration limits for cosmetic damage expressed as the
maximum value of anyone of three orthogonal component particle velocities
measured during a given time interval.

The values in Table 2.19 relate to transient vibrations, which do not give rise to

resonant responses in structures, and to low-rise buildings.
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Table 2.19: Transient vibration guide values for cosmetic damage, measured at

the base of the building. BS 5228-2:2009. From Massarch & Fellenius (2014).

Peak velocity in a frequency range of

Type of building predominant pulse

4to 15 Hz 15 Hz and above

Reinforced or framed
structures 50 mm/s at 4 Hz and 50 mm/s at 4 Hz and

Industrial and heavy above above
commercial buildings

Unreinforced or light

framed
structures 15 mm/s at 4 Hz 20 mm/s at 15 Hz
Residential or light increasing to 20 mm/s at | increasing to 50 mm/s at
commercial type 15 Hz 40 Hz and above
buildings

e German Standard
The German standard, DIN 4150, Part 3 (1999), "Vibration in buildings - Part
3: Effects on structures" addresses the effects of construction-induced
vibrations on buildings for short term and continuous vibrations. The code is
applied to problems where vibrations affect buildings and structures, located on
or below the ground surface. Table 2.20 gives frequency-dependent guidance
values of peak particle velocity for different types of structures or buildings.
After Massarch & Fellenius (2014).
DIN 4150-3 also gives guidelines regarding the execution of vibration
measurements in buildings. If resonance can be expected in the structure,
vibration measurements shall be performed on several floor levels (not only on
the top floor).

e Swiss Standard
Swiss standard SN 640 312 has been introduced in 1979 and considers the
effect of vibrations from transient (shock) and continuous vibrations. Buildings

are divided into four categories as illustrated in Table 2.21
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Table 2.20: Guidance values of vibration velocity for the evaluation building

damage for short-term and long-term impact, DIN 4150, Part 3. from Massarch

& Fellenius (2014).
Structure/Object | Frequency Peak Velocity Location of
Type Hz mm/s mm/s Measurement
Short-term: | Long —term
1 20 -
10 20 -
10 20 -
Offices and :
50 40 - Foundation
industrial
) 50 40 _
premises
100 50 -
1 - 10 Top floor
100 - 10 Horizontal
1 5 -
10 5 -
Domestic 10 5 -
houses and 50 15 - Foundation
similar 50 15 -
construction 100 20 -
1 - 5 Top floor
100 - 5 Horizontal
1 3 -
10 3 -
10 3 -
Other buildings .
50 8 - Foundation
sensitive to
. . 50 8 -
vibrations
100 10 -
1 - 2.5 Top floor
100 - 2.5 Horizontal
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Table 2.21: Building categories, SN 640312. From Massarch &Fellenius 2014.

Building

Building Type
Category
Reinforced concrete structures for industrial purposes, bridges,
I towers etc. Subsurface structures such as caverns, tunnels with
or without concrete lining
Buildings with concrete foundations and concrete floors,
1 buildings made of stone and concrete masonry blocks
Subsurface structures, water mains, tubes and caverns in soft
rock
11 Buildings with concrete foundations and concrete basement,
timber floors, masonry walls

v Especially vibration-sensitive structures and buildings requiring

protection

For vibration limits for the continuous disturbance are presented in Table 2.22.

Two different frequency ranges have been chosen, 10 - 30 and 30 - 60 Hz,

respectively. The Swiss limits are also briefed after Wiss (1981) in Table 2.10

Table 2.22: Swiss recommendation of maximum vibration levels for

continuous vibrations, SN 640312.

Building Category Frequency Range Recommended vibration
Hz velocity
mm/s
I 10 -30 12
I 30 -60 12-18
II 10 -30 8
I 30 -60 8-12
I 10 -30 5
1 30 -60 5-8
v 10 -30 3
v 30 -60 3-5
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e Hong Kong Government Regulations
The Hong Kong Buildings Department has issued a Practice Note, APP-137
"Ground-borne Vibrations and Ground Settlements Arising from Pile Driving
and Similar Operations" which provides guidelines on the control of ground-
borne vibrations and ground settlements generated from pile driving or similar
operations with a view to minimizing possible damage to adjacent properties
and streets. The effect of ground-borne vibration from piling works on adjacent
structures is assessed by the maximum peak particle velocity (PPV). The
maximum PPV shall be evaluated from the peak particle velocities at three
orthogonal axes measured at ground levels of the structures in question. The
guide values of maximum PPV presented in Table 2.23 are suggested to give
minimal risks of vibration-induced damage. After Massarch and Fellenius
2014.
Table 2.23: Empirical guidelines according to HK Practice Note, APP-137,
Massarch and Fellenius 2014

Guide values of maximum PPV (mm/s)

i1di Continuous vibration
Type of building Transient vibration (e.g.
(e.g. drop hammer) vibratory hammer)

Robust and stable

buildings 15 7.5
in general
Vibration sensitive/
dilapidated 7.5 3
buildings

e Australian Standard 2187.2

Australian Standard (AS) 2187.2 provides even more conservative vibration
criteria compared to the British Standard 7385. The recommended PPV of the
AS 2187.2 are that the houses and low-rise residential buildings and
commercial and industrial buildings are 10mm and 25.4 mm in PPV [mm/sec]

(0.39 and 1.0 in PPV [in/sec]), respectively.
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e Egyptian code 202 - 2001

The Egyptian code set limits of 50 mm/s as a safety limit for structures
adjacent to vibrations for frequency more than 40 Hz (in case of blasting)
and 20 mm/s for frequency less than 40 Hz (in case of pile driving). The

safety limits are shown in Table 2.24.

Table 2.24: Egyptian code for soil mechanics and foundations

Effect PPV (mm/s)
Slightly perceptible 0-50
Influential 51-110
A bit destructive 111 - 160
Very destructive 161 — 250

2.4 Conclusion

Vibration limits and damage criteria are different from one place to another,
every standard of these limits depend on a wide number of parameters to
control the damage due to PPV on soil and adjacent structures and also the
human response. The Swedish limits consider the most effective limits because
it doesn't give constant values, it gives suitable parameters depend on soil
condition, building material, foundation type. All that data make it easily to
predict the PPV with high accuracy. Massarch and Fellenius 2014 illustrated
that the Swedish standard SS 02 52 11 was specifically developed for pile-
driving induced ground vibrations. It is the only known standard specifically
addressing vibrations due to pile driving. It is based on the vertical vibration
velocity and chosen independently of vibration frequency and takes into
consideration ground conditions, building material, and type of the building

foundation.
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Chapter 3
Effect of Pile Driving on Soil and Structure
3.1 Introduction:

Pile driving currently becomes one of the main sources of vibration due to
human activities in the field of construction. The construction and retrofit of
bridges and retaining walls often include driving of piles or sheet piles for
foundation support or earth retention. Pile-driving is performed typically by use
of an impact or vibratory hammers. This process induces vibrations into the
ground which can be transmitted to nearby structures. The vibration waves may
cause a potential damage to buildings. More specifically, these vibrations can
cause ground settlements and deformations that may lead to differential

settlements of foundations and deformations or cracking in the structures.
3.2 Wave generation:

The driving process creates vibrations, which radiate from the shaft and the toe
of the pile into the soil. The larger the intensity of the stress wave, the larger
the dynamic force and the intensity of ground vibrations. In addition to the
vibration intensity, which often is expressed in terms of peak particle
velocity (PPV), also the vibration frequency is important parameter
represents the possible damage to adjacent structures, when the dominant
frequencies of the generated vibrations harmonize with the resonance
frequency of buildings or building elements, the risk of building damage

increases, Massarch and Fellenius (2014).
3.3 The component of pile installation:

The mechanism of the energy transfer includes the following steps:

e Energy is transmitted from the hammer to the pile.

The interaction between the pile and the soil, (wave generation).

Propagation of the waves in the surrounding soil.

Soil to structure interaction, (damage formation).
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Figure 3.1shows the process of energy transfer from the driven pile to the soil

and then to the adjacent building.

Building
Amplifiaction

I[Hammcr - Pile J
T

{|Energy Transfe

i

% S::u.l Structum]
Interaction
Pile - Soil

Interaction {Wavc Propagation in Gmund

Figure 3.1: wave propagation in ground (Massarsch 1993)

The level of structural vibrations caused by construction and industrial sources
depends mostly on the following factors 1) dynamic loads transmitted on the
ground, 2) the medium of soil where wave propagate from the dynamic sources,
3) soil conditions, 4) soil-structure interaction, and 5) susceptibility of

structures. Each factor can affect structural vibrations, after Svinkin (2008).

3.3.1 The hammer:

There are two main techniques for pile installation, by driving or by vibratory
hammers as it mention in the introduction. In the case of impact hammer, the
pile is installed into the ground by repeated blows from a hammer raised by
rope and fall back by gravity (single acting) or could be accelerated downwards

(double acting), after (Svinkin 1996).
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Another case, the vibratory hammers is attached to the pile and acting with the
pile as the same object, continuously moves upward and downward rapidly

with no any loss in the energy.

Component of hammering system for pile driving
The simple component of the hammering system are summarized in the
following points, also are shown in Figure 3.2.

1. Driving Rigs

2. The Hammer

3. Cushion Material

4. The Pile

Hammer

Cushions

Leads

Rilg Crane

Template

------------------

Figure 3.2: Pile driving system (www.aboutcivil.org)

Impact Hammers:
There are famous four types of impact hammers, Drop hammers, Air/steam
hammers, Diesel hammers, and Hydraulic Hammers.

1. Drop hammers:
The drop hammer is the oldest type of hammers was ever used. It is usually
raised by a crane and released to impact the pile top, it is considered as a very
simple hammer, however how slow it is and also its efficiency is inconsistent.

Drop hammers consist of a mass that is lifted to a certain height (drop height)
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and then released (dropped) onto the pile. The mass may be enclosed in a

cylinder (Martin, 1980). The dropping mass is shown in Figure 3.3.

Figure: 3.3: An Example for the typical mass of the dropping hammers.
2. Air/Steam Hammers

Widely used since the 19" century, it is considered to have more advantages
than impact hammer because of requiring little maintenance and long duration.
The advantages and the disadvantages of the air/steam hammer are shown in

Table 3.1. A double acting Steam hammer is shown in Figure 3.4.

Table 3.1: The advantages and the disadvantages of the air/steam hammer

Air/Steam Hammer

Advantages of single acting

air/steam hammer

Disadvantages of single acting

air/steam hammer

Same stroke each impact

Additional support equipment

required

Consistent operation rate

Heavy hammer

Low impact velocity

Not as dependable as diesel

Cleaner exhaust

Thick hammer cushion stack

required
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Figure 3.4: Double acting Steam hammer (http://www.pilebuck.com)

3. Diesel hammers:
The diesel hammer is a very large two-stroke diesel engine. The mass is
the piston, and the apparatus which connects to the top of the pile is the
cylinder. Pile driving is started by having the mass raised by auxiliary means
usually a cable from the crane holding the pile driver which draws air into the
cylinder. Diesel fuel is added/injected into the cylinder. The mass is dropped,
using a quick-release. There are two types of Diesel hammer, the first one is the
open end hammers and it can reach about 40-55 blows per minute. The other
type is the closed end diesel hammer and it can reach about 75- 85 blows per
minute. The advantages and the disadvantages of diesel hammer for both single

and double acting are shown in Table 3.2.
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Table 3.2: Advantages and disadvantages of diesel hammer

Diesel Hammer

Advantages of open-end diesel

hammer

Disadvantages of open-end diesel

hammer

Very Simple; dependable

Delivered energy variable

No additional support equipment

required

Less efficient energy transfer

Lightest net mass of energy

Produces higher pile stresses

Readily available

Dirty exhaust spray

Difficult to spot operation

problems

Advantages of closed-end diesel

hammer (double acting)

Disadvantages of closed-end diesel

hammer (double acting)

No additional support equipment

required

Lowest efficiency

Drives piles faster

Lightmass

Most difficult to spot operation

problems

4. Hydraulic hammers:

Hydraulic hammer is the newest kind of impact hammers. The main concept of
its operation is using a fluid to move the ram up and down. The Advantages
and disadvantages of the hydraulic hammer are shown in Table 3.3. The
hydraulic hammer is shown in Figure 3.5. For more understanding, the
components of the hydraulic hammers see Figure 3.6. There are also different
types of hydraulic hammers depend on the type of pile material and its

diameter see Figure 3.7
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A hydraulic hammer is a modern type of piling hammer used in place of diesel

and air hammers for driving steel pipe, precast concrete, and timber piles. The

first successful hydraulic hammers were developed in Scandinavia 1960s.

Figure 3.5: Hydraulic hammer (http://www.hammersteel.com/)

Table 3.3: The advantages and the disadvantages of hydraulic hammers

Hydraulic hammers

Advantages

Disadvantages

Controllable variable stroke

Need hydraulic power pack and

hoses

High efficiency blow

Need dedicated person for

hydraulic controls

Low impact velocity

Light mass

Clean running, quiet

Reparability / high tech
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Top Cover & Lifting Hole Lifting Hook

Hydraulic Cylinder

Accumulator
Assisting for absorbing
hydraulic shocks & speed

Leader Guide Claw
for Fixed Leader Mast

Adjustable Ram Stroke Range
Adjustable Impact Energy
From 200mm to max. stroke
controlled by a Remote Control.

Ram Housing

Piston Rod

Connecting Rod

with Buffers prevents Piston Rod
from impact shock damages
occurred by up & down movements

Ram Buffer
Ram

BRUCE

Buffer Ring
Prevents the hammer from
pile rebound shocks

Drive Cap Cushion
Reduces the noises when
a hammer impact the piles
. Absorbing shock impact force &
Drive Cap Transmit impact energy
Pile Cap
Functioned as a auxiliary
holder Can be changeddepending
on pile size

Figure 3.6: Hydraulic hammer component (http://en.koper.pro)
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All CX hammers are
available in the following
three standard hammer
configurations:

Other options available
upon request
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(Designs for larger
tubes avalable on
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Figure 3.7: Different types of hydraulic hammers.

Vibratory Hammers:

Vibratory driving is used throughout the world mainly for

Pile driving

driving and

extracting sheet piles. The common explanation for the working principle of

vibrating is the generation of excess pore pressure around the sheet pile. This

excess pore pressure reduces the friction and tip resistance. Sinking of the sheet

pile results from the mass of the sheet pile and vibrator,(Meijers 2007)

The hammer is run by a power generator and a control panel is usually

mounted on the power generator. The whole vibrator is mounted on a piling

frame (Holeyman, 2002) (Rausche, 2002) (Viking, 2006) (Whenham, 2011)

(Whenham & Holeyman, 2012). A free hanging model is illustrated in Figure

3.8.
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VIBRATOR H
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isolation (elastomer pads) —
eccentric_|
oscillator _ Thasses
(exciter block)
motor ".

static mass —__

power transmission line

()
()

POWER CENERATOR
control
panel

clamp—""
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Figure 3.8: Equipment for vibratory driving of piles (free hanging model),
modified after Massarsch (2000b) and Holeyman (2002) adapted from Deckner
(2013).

A vibratory driver drives the pile into the soil with two mechanical actions; a
vibratory action and a stationary action (Deckner 2013). The vibratory action is
produced by the counter-rotating masses and the stationary action by the mass

of the pile and hammer (the static mass) (Holeyman, 2002).

Hammer mass and its driving energy should be chosen wisely depends on soil
type and the adjacent structures conditions to prevent any possible damage.
Appendix (C) contains some of hammers data adapted from GRLWEAP
Hammer Database (2015), these data is to help design engineers to choose the

suitable hammer for the field of work.

3.3.2 The Pile.

Driven piles are deep foundation elements driven to a design depth or

resistance. Types include timber, pre-cast concrete, steel H-piles, and pipe
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piles. The technique has been used to support buildings, tanks, towers and
bridges. Driven piles can also be used to provide lateral support for earth
retention walls, steel sheet piles and soldier piles are the most common type of
driven piles for this application.
e Steel piles

Many different sections are available for steel pile, H-piles, and pipe piles
(being driven by impact hammer), their common use is in the foundation
objects, on the other hand flat sheet steel piling and Z- sheet steel piling (being
driven by vibratory hammer), their common use is in shoring the deep

excavation.

e Concrete pile
Is considered as the most famous types of piles and also widely used in Egypt
rather than any other kind of piles. Concrete piles have a variation of use but
the focus will be on precast piles which can be driven. Lately composite piles

become used as well.
e Wooden pile

The timber pile is probably the oldest types of piles for foundation and it has
been used for many centuries. In some countries, and for particular

applications, timber piles are still a cost-effective solution.

3.3.3: Soil-pile interaction

The energy transmitted from the pile to the soil depends mainly on the type , the
efficiency of the hammer and the pile material. Heckman and Hagerty (1978)
showed the significant of the pile impedance in the driving process (pile
impedance is relying on pile material). The values of different piles impedance

are shown in Table 3.4. The relation between the impedance of the pile and the

amplification effect is shown in Figure 3.9.
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Table 3.4: Impedance of different pile types (after peck et al 1974)

Material Area (cm®) Impedance (kNs/m)
Wood
Klin dry 506 137
Southern pipe 506 160
Concrete
10 inch (25.4 cm) 506 421
20 inch (50.8 cm) 2027 1680
Steel
HP 10x57 108 446
HP 12x53 100 434
HP 14x117 222 959
Pipe 103/4x0.188 40 166
Pipe 103/4x0.279 59 257
Pipe 103/4x0.365 77 316
Pipe 103/4x0.188
344 1416
(mandrel)
Steel concrete pile
103/4 x 0.279 576 634
10
N
8
[+ 7 +
o
‘_
A
P
P ™
> ]
% 3 - I A R
1 Qﬁ\“‘f
o !

Figure 3.9: vibration amplification factor as a function of pile impedance, the

o] 500 1000

IMPEDANCE,

1500
kNs/im

2000

vibration amplification effect has been set at unity for an impedance of

2000kN//m. (Massarsch 1993).
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The penetration of the pile into the ground during the driving process generates
both elastic and plastic deformations. At a short distance from the pile (one
pile radius) most of the energy propagate as elastic waves, Massarsch (1993),

as it shown in Figure 3.10.

Interaction between Impact at

body waves and ground ile head
surface produces main X Foehes
surface motion

fl Q <
/ Friction-induced
conical wave

Energy transfer
through toe

Spherically
expanding
shear wave

Spherically

expanding ‘Wave reflection
body wave from subsurface
B ey layer-
L—-—-—-— Direction of particle motion ]

Figure 3.10: Schematic representation of wave field in the ground generated by

impact on a pile after (Martin 1980)

3.4 Types of generated waves:

Propagation of ground-borne vibrations due to a vibratory excitation source,
such as a pile driver or vibratory roller impacts the ground, energy is
transferred from the construction equipment to the ground.
The principal wave types that transmit vibratory energy away from a source on
or near the ground to a distant receiver are as follows:

e Rayleigh (R- waves).

e Shear (S- waves).

e Compression (P- waves).
The three wave types produce different patterns of motion in soil particles as

they pass through soil. Therefore, structures will be deformed differently by
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each type of wave. Figure 3.11, shows schematically the variation in soil

particle motion with S & P waves away from the vibration source.

P-wave

c |
r G- it —I Undisturbed Medium

L J
b Dilatations-

Direction of wave propagation
S-wave

Double amplitude

Ve Len gy

Direction of wave propagation

Figure 3.11: Deformation characteristics of P-, S- and R-waves (SOS-LIFE
Earthquake Early Warning System 2004-2005: www.lamit.ro/earthquake-

early-warning-system.htm).

3.4.1 Vibration propagation through soils:

At small distances from the vibration source, all three wave types will arrive
together and greatly complicate wave identification; whereas at large distances,
the more slowly moving S- and R-waves begin to separate from the P-wave

and allow identification.

Rayleigh waves propagate at surface, which travel in a cylindrical form. This
means that most of the Rayleigh wave’s energy is confined to a volume below

the surface that is one wave length deep
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3.4.2 Vibration waves energy:

The P-wave is the fastest, followed by the S-wave, then the R-wave. Along the
surface of the ground, the P- and S- waves decay more rapidly than the R-
wave. Therefore, the R-wave is the most significant disturbance along the
surface of the ground and may be the only clearly distinguishable wave at large
distances from the source. R-waves account for 67% of the total energy, S-
waves for 26% and P-waves for 7% when the exciting force is applied

vertically to the propagation direction (Richart et al 1970).

The characteristic wave system for a short-duration ground disturbance, when
the vibration source and the receiving point are a few metres to a few hundred

metres apart, is shown in Figure 3.12. It can be seen that the P-wave arrives
first at the receiver, followed by the S- wave and finally the R- wave. Figure

3.13, shows Generation mechanism of waves.

positive

A

P-Wave

Amplitude

Time

Y

negative

Figure 3.12 Characteristic wave systems from a surface point source (after

Jones & Stokes Associates 2004)
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Figure 3.13: Generation mechanism of seismic waves during vibratory (or

impact) driving of piles in homogeneous soil (adapted from Woods 1997)

3.4.3 The three propagated wave's properties

Properties of these three wave types are summarized in Table 3.5. This
difference in geometric attenuation between surface and body waves translates

to the lower geometric attenuation coefficient (0.5 to 2) as listed in Table 3.5.

The elastic waves keep attenuate through the soil. Wave attenuations are

caused by two different effects as shown below (after Massarsch (1993) ,Wood
and Jedele (1985)) :

e Enlargement of the wave front as the distance from the source increased
(geometric damping).

e Internal damping of the wave energy by the soil.

The geometric damping depends on the type and the location of vibration

source and the material damping is related with ground properties and vibration

amplitude.
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Wave velocity depends on soil type, by increasing the stiffness of the soil the

velocity increased. For example velocity in rock layer is greater than clay layer

as shown in Figure 3.14 and in Table 3.6.

Table 3.5: Properties of vibration waves (after Jackson et al 2007)

Wave type

Other
name for
wave type

Transmission
through the
ground

Wave front

Particle motion

Geometric
attenuation
coefficient

(m’)

Rayleigh

R-wave

Confined to
surface

Cylindrical

Particles move
in circular
motion in the
vertical plane
resulting in
motion both
along and
perpendicular
to the direction
of wave
propagation

0.5

Shear

Secondary
or S-wave

Body

Spherical

Particles move
in the direction
of the wave
propagation
and also
perpendicular
(either
horizontal or
vertical)
causing a
twisting
deformation in
small areas

Compression

Primary or
P-wave

Body

Spherical

Particles move
in the direction
of the wave
propagation,
small areas
contracting
and expanding
in response
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Fract Rock

Hard Rock |

Pile driving

Figure 3.14: Range of P-, and s-wave velocity for different geologic materials,

(modified after Massarsch 1983)

Table 3.6: Estimated propagation velocities for different materials (after

Dowding 2000)
Material Wave velocity (m/s)
Compression (p-wave) Shear (s-wave)

Limestone 2000-5900 1000-3100
Metamorphic rocks 2100-3500 1000-1700
Basalt 2300-4500 1100-2200
Granite 2400-5000 1200-2500

Sand 500-2000 250-850

Clay 400-1700 200-800

3.4.4 Rayleigh waves

Rayleigh waves are considered as a type of surface wave that travel close to the

surface of soil. Rayleigh waves include both longitudinal and transverse

motions that decrease exponentially in amplitude as distance from the surface

increases. The existence of Rayleigh waves was predicted in 1885 by Lord

Rayleigh, after whom they were named. In isotropic solids these waves cause

the surface particles to move in ellipses in planes normal to the surface and

85


http://en.wikipedia.org/wiki/Surface_wave
http://en.wikipedia.org/wiki/Lord_Rayleigh
http://en.wikipedia.org/wiki/Lord_Rayleigh
http://en.wikipedia.org/wiki/Isotropic
http://en.wikipedia.org/wiki/Ellipse

Chapter 3 Pile driving

parallel to the direction of propagation as shown in Figure 3.15.When P&S

waves reaching the surface a part of them converted to R-waves.

Figure 3.15 Soil particle motion of Rayleigh waves (seismicwaveanalysisgroup

/seismic-waves)

R-waves involve both vertical and horizontal particle motion (Kramer, 1996).
At a depth of around 0.2Ax (where A is the wave length) the motion changes

direction to rotate in a prograde direction (Bodare, 1996), see Figure 3.16

Amplitude at depth d

Horisontal surface amplitude

~ Horisontal

23

dlA
1.0 -

2.0

Figure 3.16: Horizontal and vertical vibration amplitude of the Rayleigh wave
as a function of depth, Poisson’s ratio and wave length (modified after Richart

et al. 1970).
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It can be seen that the vertical amplitude component is larger than the
horizontal amplitude, also the horizontal amplitude decreased rapidly with

depth, that conclusion by Deckner (2013) is confirmed by finite element model.

3.5 Damage due to pile driving

Structure damage occurs in the result of combined influence of structure
vibration, displacement, velocity, acceleration, and frequency.

Vibration effects on structures depend on a number of factors such as dynamic
sources, the soil medium where waves propagate, soil conditions at location of
structures, soil-structure interaction, and susceptibility of structures to
vibrations.

There are two fundamental mechanisms for vibration damage which are 1)
distortion from inertial loads, and 2) settlement of the soils supporting the
foundation. If the soil settlement is not uniform, distortion and damage can

occur.

3.5.1 Damage evaluation

For evaluate the risk for damage to a building due to pile-driving induced
vibrations, it is necessary to define the type of building damage. There are two
different types of effect on building damage, the directly vibration and settlement

of the soil which the building resting on

Damage to buildings and their foundations can be related to four different

damage categories as shown in Figure 3.17. Massarch (2000),

e Damage Category I consists of static ground movements, which can occur
in the vicinity of deep excavations. The installation of displacement piles
can also give rise to heave and lateral displacements, which can damage
buildings.

e Damage Category II is caused by ground distortion. When the waves

propagate along the ground surface, foundations of adjacent buildings can
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~ be subjected to a large number of upward (hogging) and downward
(sagging) movements.

e Damage Category III is due to settlement caused by ground vibrations.
Settlement due to vibrations is largest in loose, granular soils, such as sand
and silt.

e Damage Category IV comprises building damage caused by dynamic
effects in the building itself, which is the only damage category typically

considered in vibration standards.

I. Differential settlements or heave Il. Damage in structure
due to static soil movements due to ground distortion
oo o [
| |‘| (|
S
S e N Y
R
lll. Settlement and/or strength loss IV. Structural damage
due to cyclic effects due to dynamic effects

Figure 3.17: Damage mechanism due to pile driving of piles or sheet piles after
(Massasrch 2000).

3.5.2 Behavior of damage

There are a considerable diversity of buildings and underground facilities, these
structures and their parts, for instance, floors, internal walls etc., have different
responses to the same ground vibrations. Besides, subjects of concerns such as
glass in residential houses, computerized systems, instrument cabinets, medical
apparatuses and other sensitive devices in offices that also have their own
responses to ground vibrations.

Propagating waves expose buildings or installations in the ground to repeat

distortion cycles (sagging as well as hogging).as shown in Figure 3.18 which
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illustrate the effect of wave propagation below a brick wall. It will be noticed
that the soil could be distorted by sagging or hogging, continuously upward and
down word, this effect is fundamentally a cyclic loading problem and not a

dynamic effect.

Burland and Wroth (1974) have shown that “static damage” can occur in load-
bearing walls as a result of hogging at a relative deflection d/B > 1.510™, where
d is the vertical deflection (displacement amplitude) and B is the building
length. In the case of ground vibration propagation, distortion is critical when
the wave length L becomes shorter than the building length B. This is the case
when the surface wave length of the propagated velocity is low, which is

typical for soft clays and silts below the ground water level.

Sagging Hogging

; T T L .5
p i i

) -
l_‘,',_"':_ | D -
L i
) — | b -

= ==
m#@ﬁ#ym
b

—

ym * | .|

Figure 3.18: Influence of wave length on cracking of a brick wall due to

hogging and sagging of the ground (after Massarsch and Broms 1991).
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3.5.3 Buildings conditions

In Figure 3.19, three examples for building damage due to vibration are

illustrated after Massarsch and Fellenius, (2014).

CAMAMARY m S ARARAANAS

| Sand

a) Variation of vibration amplitude with distance from the source

bW ariable ground conditions below the building c) Mixed foundations types

Figure 3.19: Importance of foundation conditions on total and differential

settlement caused by ground vibrations (after Massarsch and Fellenius, 2014)

e First example (a) is a building on loose sand or silt (any type of soft or
loose soil). If the building is founded on un compacted granular soil and
the area has not previously been exposed to strong ground vibrations
(such as pile driving, dynamic compaction or blasting), the building is
more prone to suffer vibration damage due to soil densification with
varies amounts depends on the distance from the source and building
width, which leads to differential settlement.

e Second example (b) shows a building, which is founded in a slope,
where material, had been excavated from the slope and placed to create
a level foundation. Unless the placed fill is well-compacted, the risk of

differential settlement between the fill and the excavated area below the

building will be high.
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e Third example (c) shows a building, which is partly founded, on natural
or filled soil, and partly on piles. Differences in stiffness of the
foundation can lead to differential movements between different parts of

the building.

3.5.4 Structure response due to vibration

The damage potential of pile-driving vibrations depends on the displacement and
the frequency of the vibration. Neither of these two characteristics alone will
damage a structure. Concerning displacement, it is common knowledge that a
structure can be uniformly jacked through several feet without causing damage.
Likewise, with regard to frequency, normal sound, in passing through a wall, can
vibrate the wall at high frequencies (several thousand cycles per second) without
causing damage. It is a combination of displacement (amount of motion) and
frequency which causes damage. The particle velocity of earthborn vibration is
the best measure of damage potential because it combines displacement and

frequency in the most significant manner (after Wiss 1981)

Svinkin (2008) illustrated different three ways to show the structure response
due to construction vibration as following:
1. Direct Vibration Effects on Structures

vibration effects on structures can be considered within a distance equal to the
final excavation depth in rock (close-in blasting) or one pile length from a
driven pile. These distances can be substantially larger for susceptible
structures. Intensity of structural vibrations depends on soil-structure
interaction. Direct minor and major structural damage without resonant
structural responses were observed in the velocity 33-191 mm/s range for
frequencies of 2 to 5 Hz and in the velocity 102-254 mm/s range for

frequencies of 60 to 450 Hz as shown in Figure 3.20.
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Figure 3.20: Ground vibrations from blasting and structure damage summary
grouped in three zones. Dashed lines define USBM safe limits. (Data were
modified after Siskind 2000).

2. Resonant Structural Vibrations
The proximity of the dominant frequency of ground vibrations to one of
building’s natural frequency can amplify structural vibrations and even
generate the condition of resonance. Records of ground and structure vibrations
with close dominant frequencies are shown in Figure 42.21. It can be seen that
the PPV of structural vibrations increased up to 2.7 times in comparison with
that of ground vibrations and structural vibrations began to increase after the

first cycle of ground vibrations.
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Figure 3.21: Ground and structure vibrations with frequency of 5.8 Hz near

structure resonance (Siskind 2000). Plot was originally from Crum (1997).
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3. Resonance of Soil Layers
Matching the dominant frequency of propagated waves to the frequency of a soil
layer can create the condition of resonance and generate large soil vibrations.
Such amplification of soil vibrations may happen during vibratory pile driving.
Woods (1997) noted that layers between about 1-5 m thick may produce a
potential hazard for increasing vibrations when vibrators with operating
frequencies between 20-30 Hz install piles in soils with shear wave velocities of
120 to 600 m/s. The use of vibratory drivers with variable frequency and force
amplitude may minimize damage due to accidental augmentation of ground

vibrations.
3.6 Ground Heave Due to Pile Driving:

One of the possible damage due to pile driving is ground heave. Hagerty and
Peck (1971) conclude that heave effects are most pronounced within saturated
insensitive clay soils. Based on the results of several case studies, they further
state that the volume of surface heave outside the area of pile foundations is
equivalent to the Volume of approximately 50 % of the displaced soil.
Depending on the proximity of adjacent buildings or surface features, the heave
may cause distress and possibly structural damage, therefore it becomes
important to estimate the magnitude and patterns of heave outside the
construction site in order to preserve the integrity of the abutting features.
Previous studies, including those by Cummings et al. (1950) and numerous
discussion papers, Lo and Stermac (1965), Soderberg (1967), D'Appolonia and
Lambe (1971), and Vesic (1972), have attempted to explain the factors
which contribute to heave. Several of these papers present field data which
substantiate that heave effects are related to build-up of excess pore pressure,
volume of displaced soil, sequence of driving, and clay sensitivity. The effect of
soil heave on buildings and facilities is shown in Figures 3.22 and 3.23

respectively.
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Figure 3.22: The effect o soil heave on the structures.

(www.foundationrepairsaz.com).

Figure 3.23: The effect o soil heave on the facilities (railway lines) after Reddy et
al (2008).

3.7 Models for Prediction of PPV due to pile driving

It is important to accurately predict the peak particle velocity (PPV) of the
vibrations because it is considered a very important parameter to predict the level

of structural damage expected due to vibration, (Dowding (1996))

Deckner (2013): reviewed the prediction expressions available in literature to
predict PPV due to vibration born from pile driving. Deckner (2013); divided
models used for prediction of vibrations from pile driving into three categories:
1) Empirical models that models are based on empirical knowledge from

previous measurements and experience.
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2) Theoretical models such as finite element models or analytical models.

3) Engineering models (sometimes are called mixed approach models) these are

a mix of empirical models, theoretical models and engineering knowledge.

Golitsin (1912) derived a simple equation for surface waves generated by
earthquakes to calculate a reduction of the maximum displacement of ground
vibrations between two points at distances r; and r, from the source as shown in

Eq.3.1
A2 = A2 .[r1/r2 e Y(2-TD)  (Eq.3.1)

Where A; = amplitude of vibrations at a distance r; from the source, A, =
amplitude of vibrations at a distance r, from the source y = attenuation
coefficient. The term (r;/r,)* indicates the radiation or geometric damping, and
the term exp [-y (r,-17)] indicates the material or hysteretic damping of wave

attenuation between two points.

Wiss (1967) discovered that the vibration magnitude due to pile driving varied
by the amount of energy transmitted to the soil, the soil properties and the
distance from the source and concluded that the particle velocity varied with
the square root of the energy of the hammer. Since then many prediction
models have taken the form of a power law (or energy based prediction model)
in which the ground vibration magnitude is assumed to be dependent on the

hammer energy.

Attewell & Farmer (1973) purposed a model considered from the early
empirical prediction models of PPV as shown in Eq.3.2

VWo(joules)
r(m)

V(mm/s) =K (Eq.3.2)

Where K is a constant varies from 0.25 to 1.50, when k 1.5 the output of PPV
is a vertical component. Eq.3.2 usually used calculating PPV values in case of

pile driving.
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Heckman & Hagerty (1978) presented a formula to predict PPV values
through pile driving case as following in Eq.3.3.

VWO (joules)
r(m)

V(mm/s) = K (Eq.3.3)

Where, K value varies for material type of driven pile. The variation explained
reduction of K value as the energy distribution capacity which is measured

from impedance value rise.

J. M. Ko, et al. (1990) drove an experimental study for quantifying PPV
magnitude at distance from vibration source. From every measurement, PPV
values were plotted Vs distance from vibration source. J. M. Ko et al. used
data from study location and obtained o and V parameters at distance of 1.0 m
from driven pile on alluvial silty sand soil. The reference values are oo = 0.04 m’
"and V = 70 mm/sec, so the empirical equation from J. M. Ko et al. is shown in

Eq.3.4. where are is the distance from the vibration source.

_ _1 . -004(r-1)
PPV(mm/s) = 70 o © (Eq.3.4)

Attewell et al. model (1992a and 1992b) assumed that a quadratic regression
curve is the best fit to field measurements of ground vibrations due to pile
driving than the previously used linear regression curve, (Attewell & Farmer,
1973). The advanced model proposed the following equation for the prediction
of PPV due to pile driving in Eq.3.5.

2
logV = X1 + X2 10g< /%) + X3 log (WFW) (Eq.3.5)

Where v (PPV) = vibration velocity (mm/s), X;, X, and X3 = constants of
proportionality, W, = input energy (J), r = distance between source and point of
interest (m). Constants X, X, and X3 are functions of the soil conditions at the
site of pile driving. Proposed values of the constants of proportionality are

given according to Deckner (2013) as shown in Tdbles 4.6. and 4.7.
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Table 3.6: Values of x1, x2 and x3 for impact pile driving, from
Attewell et al. (1992b).

Curve fit X, X, X3
Best fit -0.519 1.38 -0.234
Half a standard deviation -0.296 1.38 -0.234
One standard deviation -0.073 1.38 -0.234

Table 3.7: Values of x1, x2 and x3 for vibratory pile driving, from Attewell et

al. (1992b).
Curve fit X X, X3
Best fit -0.464 1.64 -0.334
Half a standard deviation -0.213 1.64 -0.334
One standard deviation 0.038 1.64 -0.334

Attewell et al. (1992b) proposed that the values for half a standard deviation
should be used for normal construction work while one standard deviation
should be used where high security against vibration is needed. For the best fit
line there is a risk of exceeding the estimated values of 50%, for half a standard
deviation the risk is 31% and for one standard deviation the risk is reduced to

16% (Attewell et al., 1992b).

Lewis and Daive (1993), drove a simple equation for PPV prediction due to
pile driving as shown in Eq.3.6. Where "a" is the acceleration and "f" is the
frequency of the propagated wave.

a
PPV =2 (Eq3.6)

Robinson (2006), performed more extensive study to estimate ground motions
from total resistance. The author combined ground motion measurements of
peak particle velocities (PPV) for consecutive hammer impacts measured at a
large construction site in Wisconsin with PDA pile velocity measurements. The

PDA monitoring was primarily utilized to determine bearing capacity of the
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300 mm (12 inch) to 400 mm (16 inch) diameter, closed ended pipe piles, both
at the end of driving and during restrike testing. Using these measurement
results, Robinson showed that this information can also be used to develop a
wave equation based prediction of PPV at some distance from the pile driving
site, based on the GRLWEAP (Pile Dynamics, 2005) hammer-pile-soil model

and wave propagation theory as illustrated in Eq.3.7.

D —-n
PPV =K.V (o) (Eq.3.7)

Where k is a dimensionless constant represents impedance and total resistance,
n is a dimensionless exponent, Do is pile radius, D is the seismic distance. The
total resistance, Vgrr, 1s force acting on the pile. As an initial model, n was set

to 1.

Svinkin (2008) developed a relationship for the prediction of PPV due to pile
driving. Svinkin’s model is based on determination of the vibration velocity on
the pile head, and from that computes PPV. The following relationship is
proposed for the ground vibration due to pile driving as shown in Egs.3.8 and

3.9.

VWo

r

Vg =Vp

(Eq.3.8)

Where V, = ground vibration (mm/s) (PPV) and V, = pile vibration at the pile

head
_ 2Cg.Wo
Vp = /—Zp i (Eq.3.9)

Where Cg = wave propagation velocity in the pile (m/s), Z, = pile impedance
(kNs/m), L, = pile length (m), W, = energy transferred to the pile (J), r =
distance from the pile to the point of interest.

3.7.1 Theoretical models

Theoretical models use a different approach for the prediction of vibrations due
to pile driving than empirical models. Deckner (2013). Theoretical models are

usually built up of numerical or analytical modeling in different computer
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programs. Davis (2010) has listed several numerical methods which can be
used for prediction of ground vibrations, the most common that are present in

existing prediction models are:

* Finite Difference Time-Domain Method (FDTD or FDM)
* Finite Element Method (FEM)
* Boundary Element Method (BEM)

Waarts & Bielefeld (1994) presented a model to predict vibrations due to pile
driving. The only necessary input data for the prediction is the type of pile and
hammer and the results of a CPT test. Deckner (2013).

The Waarts & Bielefeld model is actually divided into two different models.
The model for the pile driving, described by the stress wave simulation
program Tnowave, and the model for the wave transmission in soils described
by the finite element package Diana. The Tnowave program is based on the one
dimensional stress wave theory and it simulates the pile driving process for
many combinations of pile driving hammers (both impact and vibratory
hammers), pile types and soil conditions. From Tnowave the load applied to the
soil is computed. The load, consisting of the force at the pile toe and the
outside friction on the pile, is thereafter put into Diana. With Diana
displacements, velocities and accelerations can be computed as a function of

time in every point in the soil. Deckner (2013).

Holeyman (1993) set a model for calculating vertical shear waves propagating
away from the pile and is based on a radial discrete model. The cylindrical
model is illustrated in Figure 3.24 and consists of disks or concentric rings with
increasing distances the further from the pile they are located. The rings have
their own individual masses and transmit forces to their neighboring rings. This
method of soil modelling is meant to simulate geometric damping. Deckner

(2013)
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Figure 3.24: Vibratory driving model developed by Holeyman (1993)
(Whenham, 2011 from Holeyman, 1993b).

Whenham (2011) using Finite Element Method (Plaxis), where he modelled
vibratory pile driving in the commercial FEM software Plaxis. The problem set
up is an axisymmetric geometry extending 40 m in the radial direction and 25
m in the vertical direction, see Figure 3.25. The boundaries are chosen as
absorbent boundaries at the bottom and right hand side, and have the function
that compression waves that hit the boundary perpendicularly will be absorbed

while shear waves will still give a small boundary effect. Deckner, (2013).

The load is added as point loads distributed between 0 and 2.25 m at the centre
of symmetry. This load model assumes that the force applied to the soil by the
pile is equally distributed along the pile shaft, Deckner (2013). The soil is
considered to be linear elastic, and material damping is represented by a
damping parameter proportional to the mass and stiffness of the system.

Deckner, (2013).
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Figure 3.25: Plaxis model (after Whenham, 2011). (adapted From Deckner,
2013).

Masoumi et al. (2006, 2007, and 2008) presented a numerical prediction
model made up of a coupled finite element boundary element model in order to
predict free field vibrations due to impact and vibratory pile driving as shown
in Figure 3.26. The pile is modeled as linear elastic material using the finite
element technique and the soil is modeled as a horizontally layered elastic half
space using the boundary element technique. The pile-soil interaction is
modeled using a sub domain formulation. As their focus is on vibrations in the
far field, Masoumi et al. (2006 and 2007) assumed a linear elastic constitutive
behavior of the soil as the deformations are believed to be relatively small. The
damping is assumed to be independent of frequency and no separation is

allowed between pile and soil. The soil is assumed to be horizontally layered.

To solve the system, the Structural Dynamics Toolbox in Matlab is first used to
make the finite element model of the pile. Then the soil impedance and the

modal responses of the soil are computed using the program MISS 6.3.
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Figure 3.26: Geometry and outline of the problem (after Masoumi et al., 2009).

Masoumi et al. (2009) developed a numerical model to predict the maximum

impact velocity

by the field data

during pile driving process and verified the numerical model

presented by Wiss (1981). Rezaei et al. (2016) compared FEM

results of PPV with exprimental results after Wiss (1981) and the numerial

model of Masoumi et al. (2009) the comparison is shown in Figure 3.27.
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Comparison of PPV values of Rezaei et al (2016) study with
results of Wiss (1981) and numerical results of Masoumi et al.

(2009)
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Mahutka & Grabe (2006) presented a model in which vibratory pile driving is
modelled by non linear dynamic finite element analysis with an explicit time
integration scheme. The installation process of the vibratory pile driving is
modelled using FEM and computations are done in the computer program
Abaqus. The pile is modelled as a laterally supported rigid axisymmetric

surface while the soil is discretised with axisymmetric continuum elements.

Mahutka & Grabe (2006) performed field tests to validate their model. They
measured the acceleration at the pile as well as the vertical and horizontal
velocities at four points located 1m, 2 m, 4 m and 8§ m from the vibratory
driven pile. Deckner, (2013). The measured results show a good agreement

with the modelled results, see Figure 3.28.
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Figure 3.28: Measured and calculated vibration velocity at the ground surface
and acceleration at the pile (after Mahutka & Grabe, 2006).

Khoubani & Ahmadi (2012) have created an axisymmetric finite-element
model using Abaqus to predict vibrations in the form of PPV from impact
driven piles in homogenous soil. In the model the entire penetration process,
from the ground surface to the desired depth, is included. Plastic deformations
in the soil next to the pile as well as a slip frictional contact between pile and

soil are accounted for in the model.

103



Chapter 3 Pile driving

The modeled results were compared with the results measured by Wiss (1981)
and showed good agreement. They also compared their results with the
numerical results presented by Masoumi et al. (2009). Khoubani & Ahmadi
(2012) reported higher values than Masoumi et al. (2009) for a distance of 5-9

m and vice versa for distances of 9-23 m Deckner 2013.

Rezaei, M. et al. (2016), have created a finite element model, using ABAQUS,
for simulating continuous pile driving process from the ground surface and
measured PPV values due to different parameters such as elastic modulus,
shear strength parameters, impact force and pile diameter. Rezaei, M. et al.
(2016), have verified their model by comparing the results with experimental
results of Wiss (1981) and numerical results of Masoumi et al. (2009). The
comparison of the field and numerical data showed good consistency between
PPV values as shown in Figure 3.27. The predictions of this study were even

closer to the field data of Wiss (1981) than that of Masoumi et al (2009).
Rezaei, M. et al. (2016) concluded the following:

e The increase in shear strength (cohesion or friction angle) of the soil
increased the peak particle velocity.

e The maximum particle velocity decreased with increase in elastic
modulus of soil. (That point is discussed later and illustrated that by
increasing soil stiffness the PPV increased and proved by the Plaxis
model, Massarch & Fellenius (2008), Srbulov (2011) and Crabb (2000).

e The maximum particle velocity increased with increase in pile diameter.

e According to the numerical results, the mentioned parameters affected
PPV in closer distances from the pile and their impacts can be neglected
in greater distances.

e Peak particle velocity on the ground surface did not reach its maximum
value at full penetration. In general, the maximum PPV occurred in a

lower depth known as the critical depth of vibration.
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Setiawan and Fad (2012) present modeling of vibrations using finite element
method (Plaxis model), to obtain the Peak Particle Velocity (PPV) as managed
value in associating vibration risk due to pile driving by comparing the output
values of PPV with the different vibration limits (database of standards, ie;
U.S. of Surface Mining (OSM), German Institute of Standards (DIN), British
Standards Institution (BSI) and the Swiss Association of Highway Engineers
(SN). Mohr Coloumb was used for clay, Hardening soil was used for sand and
Linier Elastic model for pile with axisymmetric analysis. The PPV values vs

distance are shown in Figure 3.29.
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Figure 3.29: Curve of peak particle velocity (PPV), (after Setiawan and Fad
2012).

Setiawan and Fad (2012) concluded the following:

e Axisymmetric 2D finite element method could simply predict the
ground vibrations of driven pile.
o The allowable distance for the pile constructions to prevent damage of

adjacent structures must be larger than 100 m.

Olivecrona and Ulander (2016) reported that the vibrations of a single
hammer blow at different pile depths are studied and compared with a field

test. The object is to investigate the possibility to make a satisfactory finite

105



Chapter 3 Pile driving

element simulation of the vibrations due to pile driving. Two soil plasticity
models are used along with a linear elastic model. The plastic models are the

Mohr-Coulomb yield criterion and the Drucker-Prager yield criterion.

The models are based on a field test in Skovde made by Nilsson (1989) and
with his results used in a paper by Massarsch and Fellenius in (2008). When
the models are compared, the particle velocities at different distances and
depths in the soil are studied. For every simulation a corresponding particle
velocity graph is presented. The graphs show the extracted values of particle
velocity during a time interval of 0.7 seconds. This interval represents the time
for a single hammer impact with additional time for the waves to propagate. as

shown in Figure 3.30.
Olivecrona and Ulander (2016) investigated the following parameters:

e Vibrations at surface with horizontal distance of 10, 20 and 40 meters
from the pile at different pile depths.

e Differences in results with material models such as Mohr-Coulomb,
Drucker-Prager.

e Alteration in Young’s modulus.

Olivecrona and Ulander (2016) model is a 2D geometry of the soil and pile is
built up with the geometry tool in COMSOL Multiphysics. Since the
surroundings of the test site are considered to be homogenous, a symmetry line

is created in the middle of the pile.
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Figure 3.30: Velocity vs time graphs (Pile depth 3 meters) at probe point V.
Emax in the left column, E,;, in the right column. Elastic, Mohr-Coulomb and
Drucker-Prager are presented, (after Olivecrona and Ulander 2016).

Olivecrona and Ulander (2016) concluded the following:

With accurate material properties and parameters for a given situation,

the vibrations and wave propagations due to pile driving can be

computed in a realistic way using a finite element software.

Some differences were found in the Drucker-Prager yield criterion and

the Mohr-Coulomb yield criterion simulations in comparison with the

elastic model.
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e The possibility to make vibration- and wave computations with a FE-
model can be an efficient tool for predicting vibrations and wave
propagation. Hence, this makes the FE-model to be a complement to

field tests if accurate soil properties and piling conditions are at hand

Serdaroglu (2010), implement a numerical method using ABAQUS to simulate
dynamic loading of a single pile, and study the factors influencing the stress
wave propagation in the soil surrounding the pile like soil properties, pile

embedment length and hammer energy.

Serdaroglu (2010), In the dynamic analysis, investigated the following
parameters to illustrate their effect on PPV: (1) the soil type, (2) the pile

embedment length and (3) the released hammer energy.
Serdaroglu (2010), concluded the following:

e For the first analysis, the PPVs are higher in stiff clay in the near field,
which is 9 m or less away from the pile; (2) the PPVs are higher in soft
clay in the far field, which is more than 9 m away from the pile; (3) the
shear waves dominate in the soft clay whereas the primary waves
dominate in the stiff clay.

e For the second analysis, is performed for three cases consisting of fully,
half, and quarterly embedded piles. The peak particle velocities at
different distances from the pile on the ground surface are plotted. The
quarterly embedded pile yields greater vibration amplitudes with respect
to the half and fully embedded piles. Although the applied energy from
the pile hammer remains constant, the magnitude stress waves
encountering the ground surface are greater for the less embedded piles.

o In the last case, the effect of hammer energy is studied for three cases. In
these cases, peak forces of 2,000 kN (F), 6,000 kN (3F) and 10,000 kN
(5F) are considered to be applied on top of the pile. The time histories of
the peak particle velocities at different depths are plotted. It is concluded
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that increase in hammer energy causes increase in the peak particle

velocities.

Serdaroglu (2010) presented PPV values against distance from the pile being
driven for at different parameters to illustrate the effect of difeerent soil
properties, pile embedment length and hammer masss on the wave propagation

through soil. Figures 4.30, 4.31 and 4.32 show the effect of the mentioned

parameters.
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Figure 3.31: Effect of different soil properties on PPV values (after Serdaroglu
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Figure 3.33: Effect of different hammer masss on PPV values (after Serdaroglu
2010)

Reuver (2016), tried to evaluate the vibratory pile installation effects on
adjacent buried pipe structures through a coupled analytic approach through a

finite element model using ABAQUS.

A parameter sensitivity study is applied to test all individual model components
on their behavior with respect to condition changes. From the study can be
concluded that the coupled modified vibration estimation method of Massarsch
and Fellenius (2008) (named Wave Propagation Model in this research) to the
proposed pipe structure representation (named Pipe Structure Model in this
research). The most important research goal achieved is the possibility to
predict the oscillatory behavior of the pipe to enforced vibration waves from
vibratory sheet pile installation. Although the comparison between the Wave
Propagation Model and the ABAQUS model show complementary results, due
to the the lack of observation regarding field measurement data the authenticity
of the model is not yet confirmed.

The axi-symmetric ABAQUS model, applied for his Master Thesis research
project, represents a 2D axisymmetric situation of a round pile installed in the
subsurface. Round piles have complementary stiffness behavior with respect to

the axi-symmetric axis. PPV values adapted from Abacus according to Reuver
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(2016) vs WPM values for different types of soil are plotted against pile depth

as shown in Figure 3.33.
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Figure 3.34: ABAQUS and WPM calculation, Peak Particle Velocity (PPV) as
a result of different pile toe depths. Data positioning point is 0.50 meter from

center pile atl meter below surface level

Lo, et al. (2012) presented a calculation methodology called SBFEM, it stands
for Scaled Boundary Finite Element Method, to simulate the vibratory driving
of a pile. In this simulation the near-field (pile-soil) is modeled by FEM and the
far-field (unbounded soil) by SBFEM. The soil is assumed to be linear elastic.
The pile depth is predefined and the model is simulated in a time-domain
analysis. From their result they conclude that vibration amplitude do not get
affected in a significance way by the different subsoil properties even if the
penetration depth is varied. Another conclusion from Lo, et al. (2012) is that
the soil stiffness affect the surface vibration, when penetrating a softer layer
between two stiffer layers an amplification of the wave amplitude have been

noticed.
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Ekanayake, et al. (2013) presented an axisymmetric FEM-model to
investigate the effect of vibratory and resonant vibratory pile driving in
cohesive soil. They used an elastic-perfectly plastic soil model with an adaptive
mesh to simulate the pile driving to a depth of ~4 m. In this study the software
Abaqus is used with a time-domain approach. The pile was assumed to be a
rigid body as it penetrated the soil.

Jastrzebska, et al. (2014) produced a constitutive model developed by the
authors, called RU+MCC, based on the Modified Cam Clay model is used. In
the analysis a time domain approach with a New mark scheme are used as well
as a plain-strain and axisymmetric model of vibratory driven pile. They
conclude that the ground surface acceleration has a decreasing tendency with
increasing toe depth.

Lupiezowiec, et al. (2014) made a linear elastic axisymmetric model, with
time-domain approach, of an impact driven pile. The damping effect was
modelled according to Rayleigh and the numerical calculations were carried
out with a New mark scheme. They conclude that a more complex model for
damping must be adopted to get a more accurate result, but they highlighted the
fact that input parameters of the soil is of high importance for the result in the

range of small strains.

Olsson (2014) made two 3D FEM-models in Comsol Multiphysics to find an
optimal piling depth regarding the spreading of ground vibrations via the piles
from a piled structure, one is a site specific model of Gamla Ullevi,
Gothenburg, Sweden and the other an idealized isotropic model. Both of the
models are linear elastic and both use a frequency and a time domain approach.
In both models material damping is applied and both models are computed for
one depth at the time. Olsson (2014) concluded that piles shorter than 20 m
seems to excite Rayleigh waves and piles longer than 20 m do not excite

Rayleigh waves over a frequency of 4 Hz.

Susila, et al. (2014) performed a 2D axisymmetric study in the FEM-software

Plaxis Dynamic. The vibration occurs from an impact driven pile. Susila, et al.
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(2014) concludes from their parametric study that PPV value is proportional to

the soil stiffness and inversely proportional to the pile driving depth.

Larsson (2016) set a FEM — model using COSMOL for simulating sheet piles
installation using vibratory. The model was verified after field measurement for
Guillent (2013) and Deckner, et al. (2015b). From his study he concluded the
following, the sheet pile bends and deflects during vibratory driving, the shear
modulus of the surrounding soil affects mostly the vertical acceleration of the
sheet pile, the driving force affected acceleration and deflection of the sheet
pile. The increasing of driving force increases the acceleration. The penetration
depth has an influence on the behavior of the sheet pile. The accelerations of

the sheet pile decrease with deeper penetration depth.

3.8 Engineering Models for Prediction of PPV due to pile driving

Deckner 2013 illustrated some of engineering models for estimating vibration

values as follow:

Massarsch & Fellenius (2008) (engineering model) introduced a model for
estimating vibrations from impact pile driving. The method includes the force
applied to the pile head, the dynamic stresses in the pile and the dynamic
resistance along the pile toe and pile shaft. This approach is promising and
allows for proper estimation of energy transmission from the hammer to
the soil, and thus allows for more accurate estimation of vibrations induced and

their attenuation characteristics.

Massarsch & Fellenius (2008) suggested that the calculation of ground
vibrations induced by pile driving with impact hammers be based on the

following approach:

e Determine the dynamic pile hammer properties
e Determine the dynamic pile properties

e Estimate the peak particle velocity of the stress wave
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e Assess the vibration transmission efficacy along the pile shaft and at the
pile toe

e C(Calculate the propagation of spherical wave energy from the pile toe to
the ground surface, taking into account wave reflection

e At the critical distance from the pile on the ground surface, calculate the
vibration attenuation of surface waves

e (alculate the cylindrical waves from the pile shaft

Svinkin (1996) presented a prediction model based on the concept of the
impulse response function. The impulse response function models behaviour of
the soil. As, Svinkin (1996) puts it “the impulse response function is an output
signal of the system based on a single instantaneous impulse input”. In this
prediction model, the output is a location of interest, the dynamic system is the

soil and the input is the ground at the place for pile driving.

By setting up an experiment of applying known magnitudes of impact on the
site of interest, for example by dropping a mass and recording the oscillation at
impact, the impulse response function is determined. Once the impulse
response function is known the dynamic loads for pile driving are computed by
wave equation analysis. Finally Duhamel’s integral (Smith & Downy, 1968) is
used to find the predicted vibrations. The prediction model is based on the

assumption that the soil behaves as a linear material, Deckner (2013).

Table 3.8 summarizes the prediction models of estimating vibrations due to pile
driving.

Only the common models for PPV prediction which is used by design engineers

are highlighted in this Table 3.8.

Particle velocity should be observed in three mutually perpendicular directions.
While damage criteria developed by USBM (US Bureau of Mines) and other
organizations have been based on the maximum single value of the three
directional components, since real waves are three dimensional and the

transducer axes may not be exactly in line with the source of vibrations.
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Table 3.8: Prediction of PPV for pile driving

Pile driving

Prediction method /model

Reference

K value varies for material type of driven pile. The variation explained reduction of
K value as the energy distribution capacity which is measured from impedance value
rise.

Heckman &
Hagerty
method
(1978)

Vis Vertical PPV, Where K is a constant varies from 0.25 to 1.50

Attewell &
Farmer (1973)

Attewell et al.

Where v = vibration velocity (mm/s), xI, x2 and x3 = constants of proportionality, | model (1992a and
W, = input energy (J), r = distance between source and point of interest (m). 1992b)
Constants x1, x2 and x3 are functions of the soil conditions at the site of pile driving
Proposed values of the constants of proportionality are given according to
Deckner(2013) see Tables 2.3 and 2.4.
V,, = ground vibration (mm/s) (PPV)
V,, = pile vibration at the pile head
Svinkin (2008)
cg = wave propagation velocity in the pile (m/s), Z, = pile impedance (kNs/m), L, =
pile length (m), W, = energy transferred to the pile (J), r = distance from the pile to
the point of interest
JM. Ko,et. al.
method
The research yielded attenuation curve which accommodates energy, distance, and (1990)

damping (geometric and material damping).
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NUMERICAL MODELING

3.9 Analysis

This chapter presents the analysis of the results of the effect of construction
vibration such as pile driving or pile vibratory on soil and the adjacent
structures. A series of models were run for different soil types to show the
effect and the hazard of construction vibration on soil and the nearby

structures.
3.9.1 Finite Element Models

Finite element analyses of pile driving are carried out using Plaxis 8.2 2D
dynamic version. A set of general fixities of the boundary conditions of the
problem are considered automatically by the Plaxis program. The Rayleigh
damping is considered at vertical boundaries with a, p = 0.01, the plastic
properties of soil are defined by using material damping, which is defined in
Plaxis by Rayleigh (a and ), where The Rayleigh damping is considered to be
object-dependent in material data set to consider the plastic properties of soil
during the dynamic analysis in Plaxis. Plaxis model for pile driving is shown in
Figure 3.35. The mesh was generated and refined twice around the pile to
improve the accuracy of the results as shown in Figure 3.36. For impact
hummers, the analysis was based on three phase's plastic (staged construction)
and two phases for dynamic analysis (total multipliers). The dimensions of the
soil model for pile driving are taken around 50 m in depth and 150 m in width

after some mesh experiments.

The Finite Element Analysis (FEA) is a numerical method for solving
problems of Geotechnical engineering. Useful for problems with complicated
geometries, loadings and material properties where analytical solutions cannot

be obtained and not accurate. The details of FEA are briefed in Appendix-A.
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Figure 3.35: Plaxis model for pile driving simulation
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Figure 3.36: Mesh generation for Plaxis model

Different parameters used in the Plaxis model are illustrated as shown in Table
3.9. "Mohr Columb" undrained model is used for modeling clay, while
"hardening soil" for modeling sand because of the fast loading process,
(adapted from Plaxis dynamic manual) and it gives reasonable values also
agreed with the verification model. The pile in Plaxis is modeled as a linear
elastic non porous. The pile has a circular cross section with a diameter of 0.4m
with varied length (Lpile) of (10, 15 and 20m). To simulate the behavior of
reinforced concrete in Plaxis model, the Poisson’s ratio is taken "v" of 0.1, unit

mass "yc" of 25 kN/m® and modulus of elasticity of 22E6 kN/m?,
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Table 3.9: The different parameters used in the models in this chapter

Parameter | symbol | Clayl | Clay2 | Clay3 | Sandl | Sand2 | Sand3 | Pile | Units
Unit mass
above N/
. 14 16 18 17 18 20 25 m
pheratic Tunsat
line
Unit mass
below ;
. 16 18 20 19 20 22 — | kKN/m
pheratic Vsat
line
Elastic 5
E.ef 5000 8000 16000 | 25000 33000 40000 | 22x10° | kKN/m
modulus
Oedometer 5
E — — — 25000 33000 40000 — | kN/m
modulus oed
Power M — — — 0.5 0.5 0.5 — —
Unloading 5
E. — — — 75000 99000 120000 — | kN/m
modulus
Poisson's
. v 02 0.32 035 03 0.33 035 0.15 —
ratio
Cohesion Cu 25 40 80 1 1 1 — | kKN/m’
Friction
o 1 1 1 30 35 40 —
angle
Dilatancy
v 0.0 0.0 0.0 0.0 5 10 —
angle
Interface
strength Rinter 0.6 0.6 0.6 1 1 1 — —
reduction

3.9.2 Model verification
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This part describes an example that has been used to verify the dynamic

response of soil using PLAXIS 2D -Dynamic Module Version 8.2. In that

example the results from Plaxis 2D dynamic version is compared with the field

measurement of ground vibrations caused by sheet pile driving as stated by

Petiik et al, (2012).

The selected parameters of soil layers after Petiik et al (2012) are given in

Table 3.10.
Table 3.10: Soil parameters after Petiik et al, 2012
Soil 1 2 3 4 5
Parameter
Units CSI SM CS2 S-F Slate
Thickness
H M 0-4.5 4.5-7 7-12.5 12.5-20 20-x
Bulk ;
kN/m 18.5 18 18.5 17.5 24
density ¥
Modulus
of MN/m? 4 15 4 25 60
elasticity E
Poisson
- 0.35 0.3 0.35 0.3 0.25
number
Cohesion ¢ | kN/m’ 14 5 14 1 100
Internal
friction ° 24.5 29 24.5 31.5 28
angle ¢
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The planar version of the Plaxis V8.2 calculation developed for creation of
mathematical models. Plaxis V8.2 2D has a calculation, dynamic module that
makes it possible to solve dynamic problems using the FEM. The dynamic

analysis results from Newton's law of motion.

The mathematical models were selected as axisymmetric ones within the range
of 150 x 50 m (length x width) (see Figure 3.37), Conventional geometrical
boundary conditions are set up in the models The rock environment was made
up of five layers with a simple horizontal interface. Physical and mechanical
properties of the soils were set up according to Table 3.10. The effect of water
on the models was neglected due to simplification. The transversal and
longitudinal velocities of propagation of seismic waves are automatically

determined in the calculation software.
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Figure 3.37: Example of numerical model in Plaxis 2D ( after Petiik et al
2012).
The primary state of stress was generated by the software system automatically
pursuant to the properties of soils under consideration and the depth. The steel
sheet piles in the models reached the depth of approx 8 m. The dynamic force
of the vibratory hammer was defined for the manufacturer's data (see Table 3.
11), from the centrifugal force of 1015 kN at various frequencies of the

vibrating action (up to 38 Hz). The calculation and the model-based analysis
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were carried out in two stages. The simulated model from Plaxis is shown in

Figure 3.38

Table 3.11: Parameters of ICE type 18 RF-ts vibratory hammer (www.ice-
holland.com).

18 RF-ts specifications
Eccentric “0-18
moment
Max.
centrifugal 1015 kN
force
Max.
centrifugal 2300 Rpm
force
Max.
amplitude 11.6 Mm
including
clamp
Total mass
including 4120 Kg
clamp

Kgm

Vibratory hammer .
Soil Layers

-— 150m \/

Absorbent Boundaries

Figure 3.38: The verification model from Plaxis

The numerical model and measurements in the site after Petiik et al (2012) are
shown in (Figure 3.39). It is a comparison of the model-based damping curves
with the data measured in the field at different frequencies. The oscillation

velocity was measured at different distances from the vibratory hammer.
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Figure 3.39: Comparison of the numerical model-based on damping curves
with the data measured in the field (after Petiik et al 2012)
The results of the numerical model from Plaxis for =38 Hz follow the trend of
Pettik et al (2012) results and a good agreement is achieved as it shown in
(Figure 3.40). A comparison between field measurements, numerical results
from Petiik et al (2012) and Plaxis model is carried out and proved the validity
of using Plaxis 2D dynamic V.8.2. The results of the numerical model from
Plaxis follow the trend of Petiik et al (2012) results and a good agreement is

achieved as shown in Figure 3.40.
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Figure 3.40: The Comparison of the numerical results from plaxis model, the

numerical results and the measurement in situe from Petiik et al (2012).
3.10 The effect of pile driving on the soil:
3.10.1 Effect of different soil stiffness on the peak particle velocity (PPV):

The propagation velocity is the speed with which the wave passes the cork,
while the particle velocity is the speed with which the cork moves up and

down.

Only vertical component shows higher values of velocity, therefore, focus will
be on the vertical component of PPV, since previous researchers have shown
that the horizontal components in the radial and tangential directions are
usually small, i.e. 30% and never exceeded 80% of vertical component.

(Brenner and Viranuvut 1977).

Problem under investigation is simulated using Plaxis dynamic 2 D. V.8.2. The
effect of soil stiffness on PPV is studied using sand and clay deposits. For the
first trial pure layer of clay is studied with different stiffness of clay vary from
soft clay to hard clay, the same condition also is used for sand and vary from
loose to dense sand. PPV measured at the ground surface at different points

from the driving source by Plaxis model. Figures 3.41 and 4.42 show the
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maximum velocity of Plaxis model in clay. Figure 3.43 shows the variation of

PPV with distance from driving source in clay at different stiffness. As

expected, the velocity decreases with the increase of the distance from driving

source because of wave attenuation depending on the soil damping coefficient.

It shows that the PPV increase with the increase in the stiffness of the clay.

Distance from Sources. The waves travel in all directions from the source of

vibrations forming a series of fairly harmonic waves with the dominant

frequency equal or close to the frequency of the source.
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Figure 3.41: Maximum velocity in clay at E 5000 kPa adapted from Plaxis

model.
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Figure 3.42: Velocity in clay with dynamic time at E 5000 at 6m from the
driving source.
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Figure 3.43: PPV in clay at different soil stiffness with distance from the

driving source.

The decrease in PPV with distance from the pile driving source is confirmed by
the analysis. The PPV of the born vibrations increases with the increase of the
stiffness of the surrounding soils. By calculating the PPV at different points
from the driving source the dangerous effect can be illustrated and become
easier to avoid that influence. The methodology presented in this thesis can be
used to evaluate the limiting vibration induced PPV in the Egyptian Code of
Practice and/or in the international standards as mentioned in chapter 2.

For sandy soil, the effect of different stiffness's on the PPV is studied. The
maximum velocity from Plaxis 8.2 is illustrated in Figure 3.44 to represent the
propagation of waves through the surrounding soil. At the ground surface and
at 3m from pile driving, PPV is measured with dynamic time as output from
Plaxis model as shown in Figure 3.45. Figure 3.46 shows the variation of PPV

with distance from driving source in sand at different stiffness.
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Figure 3.44: Maximum velocity in sand at E 33000 kPa from Plaxis model.

The elastic waves keep attenuate through the soil. Wave attenuations are
caused by two different effects (after Massarsch 1993), Enlargement of the
wave front as the distance from the source increased (geometric damping) and

internal damping of the wave energy by the soil.
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Figure 3.45: Velocity in sand at E 33000 kPa with dynamic time at 3m from
pile driving.
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It is noticed that PPV decreased with the increase of distance from the driving
source. PPV values in the sand are larger than PPV values in clay due to the

difference between soil stiffness from clay to sand.

120

100 Joovenbee b L [0~ E= 25000 kNIM 2 8 E= 33000 KN/m2 —k— E= 40000 kNm2|:.....

80 oot NG T Sand soil, Lpile= 20m  f---dorooedonenrdonne

Hammer Weight = 10ton

........................................................................................

PPV {mm/s)
0
=

3 4] 9 12 15 20 25 30 35 40
Distance far from the driving source (m)

Figure 3.46: PPV in sand at different soil stiffness with the distance from the

driving source.

It can be defined that in clay soil the relation between PPV values and distance
from the driving source is a linear relation at distance equals to 0.45 L (where L
is pile length) from the driving source. On the other hand the same trend is in
sandy soil but the relation between PPV and the distance from the driving
source is linear at distance equals to 0.75 L (where L is pile length)from the
driving source. The values of geometric and material damping are higher in
soft soils than those in denser, firmer soils. Moreover, the PPV of ground
vibrations tends to increase as soil materials become denser with the number of
blows. Propagation velocity is an important factor because it is an indirect
measure of rock/soil properties that affect the decay of PPVs as well as
wavelengths. Generally, propagation velocity increases with increasing soil
stiffness. A wave propagates more quickly through a hard, dense material than
through a soft, pliable material. Jointing and weathering of rock masses greatly

affect propagation velocities through changing rock stiffness. Hope and Hiller
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(2000) also noted (in line with the observations of many others) that vibrations

tended to increase as the stiffness of the soil increased.

3.10.2 Effect of different hammers mass of pile driving on the peak particle

velocity

Different hammer masses are investigated in 10, 15, and 20 ton respectively,
for pile driving and its effect on PPV is studied. Extreme PPV is measured at
the ground surface for clay soil as shown in Figures 3.47 and 3.48. At the pile
toe is where the maximum PPV. The effect of driving hammer mass on PPV on
both clay and sand is also investigated as shown in Figures 3.49 and 3.50 In
general, the increase in hammer mass increases PPV in both clay and sand. The
observed trend could be explained by the fact that the increase in hammer mass
increases the input energy to the pile ground system thus higher born vibration
levels as reflected in PPV. The difference in stiffness between clay and sand
influences the magnitudes of PPV. Such difference could be partly explained
by the level of damping in clay as compared to sand. Therefore, the PPV values
in the sand are higher than those developed in the clay. It is further noticed that
the increase in PPV with the increase in hammer mass is more pronounced in

sand as compared in clay.
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Figure 3.47: Extreme velocity in clay at hammer mass 15 ton output from
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Figure 3.48: Extreme velocity in clay at hammer mass 20 ton output from

Plaxis model.

Driving hammer mass increases the levels of PPV in the surrounding soil due
to the increase in the energy level of the vibration source as shown in Figures
3.49 and 3.450. Selecting the proper equipment for pile installation can make
and break a project technical and economic success. Underpowered equipment
may cause excessive numbers of hammer blows and pile fatigue and
installation may not be even possible. Selecting very powerful equipment also
may cause damage and/or require unnecessary capital expense. It is very
important to choose the suitable equipment of pile installation. Massarsch and
Fellenius (2014) noted that the driving process creates vibrations, which radiate
from the shaft and/or the toe of the pile into the soil. The larger the intensity of
the stress wave, the larger the dynamic force and the intensity of ground

vibrations.
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Figure 3.49: Velocity in clay at different masses of hammers with the distance

from the driving source.
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Figure 3.50: Velocity in sand at different masses of hammers with distance

from the driving source.
3.10.3 Effect of ram drop height on PPV due to pile driving:

The effectiveness of pile driving depends basically on the proper choice of
hammer size as shown in the previous paragraph 3.10.1. For constant ram
mass, the dynamic behavior of the hammer, pile and soil relate to the ram drop
height and ram impact velocity. The soil, in turn, has intrinsic properties and a

dynamic behavior that is influenced by the nature of loading. The dynamic soil
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behavior affects hammer performances while pile size and stiffness affect soil

behavior Hussein (1992).

Therefore the effect of ram drop height on PPV is investigated to illustrate the
importance of the difference of the drop height in both clay and sand deposits.
It is noticed that by increasing the height of ram drop, the magnitude energy of
the impact increased and normally increases the PPV. Figure 3.51 shows the
variation of PPV values at different drop heights of the ram with distance from

the driving source in the sand.
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Figure 3.51: Velocity in sand at different dropping heights with distance from

the driving source.

Figure 3.52 shows the effect of the ram drop height on PPV in clay soil. The
same trend in the sand is the same in the case of clay soil, the difference only in
the values of PPV due to the difference of soil stiffness. It is concluded that the
dropping height of the mass is the very effective parameter controlling the
magnitude of PPV, which could be a sign of possible damage and how can be
avoided by reducing or choosing the suitable dropping height, for achieving the

purpose of driving with minimum damage.
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Figure 3.52: Velocity in clay at different dropping heights with distance from

the driving source.
'3.10.4 Effect of different embedment lengths of pile on PPV:

Figure 3.53 shows the difference between the values of PPV measured at the
ground surface for different embedded pile lengths. Because of the vibrations,
waves that are generated at the pile toe and a partial amount of energy get lost
along the pile shaft due to friction, the PPV decreased at the ground surface. It
is also found that the maximum values of the PPV are observed at a pile length
of 10m and kept reducing at pile lengths of 15 and 20 m respectively for the
same distance from the pile driving. By getting far from the driving source,
normally all the values decreased due to damping coefficient of soil and the

attenuation of the waves through the soil.

Figure 3.54 shows the variation of PPV values at different pile lengths in clay
soil with the distance from the driving source. It is illustrated that by increasing
the pile embedment length the PPV decreased. As shown previously the source
of vibration is the pile toe that is why by increasing the pile toe, the PPV
decreased at the ground surface. The same trend in sand also happens in clay,

but with lower values of PPV in clay deposits.
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Figure 3.53: PPV in sand measured at ground surface for different pile

embedment lengths with distance from the driving source.
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Figure 3.54: PPV in clay measured at ground surface for different pile

embedment lengths with distance from the driving source.

The energy coupled to the ground at the tip of the pile during driving is a

fun

ction of the ratio of impedances of the pile and ground at the level of the tip.

GRL WEAP and PDA analysis demonstrate that about 50% of the rated

hammer energy reaches the top of the pile. This energy is called ENTHRU.

Although energy is lost to shaft friction as the pile is driven, these losses have
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been neglected. It is conservatively assumed that all ENTHRU energy reaches

the tip of the pile to maximize the predicted shear strain.

Particle velocity in the soil at the tip depends on the relative impendances of
the pile and soil at the tip and the energy reaching the pile tip (Massarsch and
Fellenius, 2008)

'3.10.5 Effect of different pile's material on PPV:

Many types of driving piles are widely used around the world according to its
material type. Wooden, precast reinforced concrete and steel piles are the most
main types of driving piles around the world. In Egypt the most common type
is the precast piles due to its low cost comparing with steel piles and also for its

durability and long term serviceability.

A comparison between the three types of piles is made to illustrate the effect of
the pile material on PPV to choose the appropriate type of the driven pile in the
site, However it is not available option to choose the pile type to reduce the
PPV because every construction site has its design and the type of pile material
is chosen already. Knowing the effect of pile material on PPV still important

parameter in evaluating construction vibration damage limits.

For the comparison, a pitch pine wooden pile is used with E, 9x10° kN/m* and
intensity 0.0067 kN/m’. A 252 pilling steel pipe grade 3 is used with E,
310x10° kN/m®. The concrete pile is typically the same as used in the previous

calculation.

It is noticed that the wooden pile produce higher values of PPV due to its low
stiffness and the values of energy loss in friction is low as well. For steel and
reinforced concrete, the both have a close trend in PPV values. Figure 3.55
show the variation of PPV values due to different of piles material with the
distance from the driving source. The pile impedance affect clearly on PPV as
it illustrated by Heckman and Hagerty (1978). By increasing the pile
impedance the PPV decreased, The reduction of pile impedance by say 30%
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can increase the ground vibration amplitude by a factor of 10 after Massarsch
(1993), Heckman and Hagerty (1978). Another important parameter which

cannot be neglected is the effect of damping.
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Figure 3.55: PPV in sand measured at ground surface for pile materials with the

distance from the driving source.
'3.10.6 Effect of the mass of an adjacent structure on PPV:

This study generally aims to investigate the effect of construction vibration on
soil and adjacent structures; however, there are another parameters can control
the PPV values. It is found that by increasing soil stiffness, the PPV increases.
Therefore existing of adjacent structure near to the driving source can help in
increasing soil densification which can increase the PPV values. An equivalent
load of the structure is used to simulate the structure mass in Plaxis model as
shown in Figure 3.56. These calculations are based on three phases, and the
first phase is for plastic analysis (staged construction), second face for the
surcharge mass is consolidation phase and the third phase is for dynamic

analysis (total multipliers).

As expected the PPV increased due to the structure mass and reached its

maximum values exactly in the middle of the structure as shown in Figure 3.57.
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Figure 3.56: Plaxis model simulating the equivalent mass of an adjacent

structure at 10m distance from the driving source.
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Figure 3.57: Extreme velocity in sand soil at E, 33000 kN/m” and equivalent
load 200 kN/m” (ten floors building), from Plaxis model.

A comparison between two buildings, the first one consists of ten floors but the
other one consists of five floors, both are made to simulate the effect of
surcharge mass on PPV values. It is noticed that by increasing the mass of
structures (equivalent load) the PPV increased and the maximum of the PPV at
the middle of the structure length. By comparing the values of the PPV in case
of the surcharge load and without the surcharge load, it found that there are a
huge difference between the values reaches up to 60 % increasing of PPV by
increasing the mass by 50 %. Figure 3.58 shows a comparison between three

values of PPV at different cases of surcharge loads, the first case with an
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equivalent load 200 kN/m® (ten floors building), the second case with an
equivalent load 100 kN/m® (five floors building) and the third case is without
any adjacent loads. It clearly can be seen that the wide difference between the
values according to the loads. It can be concluded that driving piles or any
other source of vibration near to an existing structure that leads to increase the

PPV which leads to more damage and hazard on adjacent soil and structures.
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Figure 3.58: PPV in sand measured at ground surface for different masss and

heights of buildings with the distance from the driving source.

3.10.7 Comparison between Finite Element results and other prediction

models for Pile Driving PPV values:

Figure 3.59 shows the variation between the values of PPV from Plaxis at
different soil stiffness, Svinkin (2008) and Atewell &Farmer (1973) models. It
is noticed that a difference between the values of the three models especially in
the zone close to the driving source, that difference between PPV values is
backed to the different parameters in the formulas of the prediction models as
shown in Table 3.12 . For Svinkin (2008) model, Vp (pile vibration at the head
of the pile) is included in the model for estimating PPV which depends on CB
(wave propagation velocity in the pile). On the other hand, Attewell & Farmer
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(1973) model depends only on impact energy and the distance from the driving
source, therefore Svinkin (2008) model can be considered more valid for
calculating PPV for higher soil stiffness based on the reasonable parameters in
his formula, also without neglecting the length of pile which considers an
important parameter and affect directly on PPV values as illustrated in Figures

3.53 and 3.54.

It 1s confirmed by the analysis that by increasing soil stiffness the PPV
increases. In Figure 3.59 the effect of soil stiffness on PPV for Plaxis model is
also investigated and compared with the other predictions models of PPV
values. For lower stiffness values of sand, the PPV is reduced. Attewell &

Farmer (1973) model shows a close trend to the Plaxis model in case of loose

sand.
180
160 4o B ioodoo i [—o—Altewell & Farmer model —T— Plaxis model at E =2500040/m2)..
N | —a—Plaxis model at E=33000kN/m2  —8— Svinkin model
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= NN s ——
=
o
o
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Figure 3.59: Comparison between PPV values from Finite Element and other

prediction models for PPV values due to pile driving in sand soil.
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3.11 Soil Structure Interaction:
3.11.1 The effect of PPV on the adjacent structure.

The wave propagates through soil as illustrated before that waves transfer in all
the directions from the driving source. The wave energy in the ground depends
on soil type and the source of vibration. The attenuation coefficient of the soil
is controlling the energy of the wave and how far it will continue in the soil
from the driving source. The hazard of vibration is proved by comparing PPV
values from the analysis and vibration criteria (standard limits) on soil and
adjacent structures and also in the human response. The effect of the direct
damage of vibration on the structures was quite difficult to be shown by Plaxis
model therefore another model using SAP 2000 is proposed to study the direct
effect of vibration waves on the buildings. The acceleration versus time history
of the pile driving vibration obtained by the Finite element models were used
as input in another module using SAP2000 V.14 to simulate the structure

model that is affected by such dynamic effect.

SAP model depends on the horizontal acceleration time history due to pile
driving obtained from Plaxis dynamic analysis to simulate the vibration effect
of the propagated waves. The structural model is used to investigate the
influence of pile driving induced vibration on the adjacent structures in the

form of displacement.

In order to study the effect of pile driving on adjacent structures. The numerical
program SAP2000 V.14 was used to simulate an adjacent structure by
modeling a skeleton structure consists of beams, columns, slabs and springs
that represents the soil subgrade reactions as shown in Figure 3.60. The output
of Plaxis in the form of acceleration induced time history was used as an input
in the SAP model to study the effect of driving induced waves which affect not

only on the soil underneath the structure but also directly to the structure.
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a) 3D skeleton of the 6 floor building b) Plan of the structure.
Figure 3.60: SAP 3D model for the structure adjacent to the driving source

The SAP model simulates a residential building (skeleton) consists of six floors
and supported by isolated footings. The building had footprint of 10mx10m.
The slabs were 0.12 m in thickness. The external columns had 0.3mx0.6m in
cross section. The internal column had 0.3mx0.9m in cross section. The beams
had dimensions of 0.25mx0.50 m in cross-section. The footings are rectangular
in shape. The external footings were 2.5 m in width and 3.5m in length, while
the internal footing was 3m in width and 4m in length as shown in Figure 3.61.
A live load of 2kN/m2 was considered. The full details of SAP 2000 analysis
see Appendix B.

The horizontal acceleration time history due to pile driving obtained from
Plaxis dynamic analysis described above (see Figure 3.62) is used as an input
for the 3D SAP structural analysis model. The 6 floor structure in the SAP
model is vibrated using the acceleration time history of the vibration born from
pile driving. The adopted maximum horizontal accelerations from Plaxis
dynamic models at various distances from the driving source are plotted in

Figure 3.63 for both cases of clay and sand surrounding soils.
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Figure 3.61: Structure model representing the 6 floors adjacent building
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Figure 3.62: Horizontal acceleration time history of the born vibration due
to pile driving 3m away from the source as obtained from the Finite
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Element model (g
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Figure 3.63: Maximum horizontal accelerations due to pile driving in clay and
sand at different distances from the driving source, (g=9.81 m/s%)

The output data of Plaxis represented in acceleration formula listed in Excel

sheet to be used in feeding SAP.

The horizontal acceleration is defined as a case of loading in SAP. The load
type is time history acting the same way of Earthquake load or any other
horizontal loads. A load combination is set between the ultimate loads of the
building (life load + dead load) and the function of pile driving as shown in

Figure 3.64.
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Load Case Data - Noenlinear Modal History (FNA)

Load Case Mame MNotes Load Case Type
FILE DRIVING Set Def Name | Modiy/Show... | | | [Time Historp | Design...
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(s Zero Initial Conditions - Start from Unstrezzed State " Linear (s hodal
r {* Monlinear " Direct Integration
Important Mote:  Loads fram this previous caze are included in the . . .
cuent case Time History Mation Type
{* Transient
todal Load Caze ~

Usze Modes from Case MODAL -

Load: Applied

Load Type Load Mame Function Scale Factor

fccel || _~||PILE DRMIL ~|[3.81

T =

[~ Show &dvanced Load Parameters

Time Step Data
Mumber of Jutput Time Steps '28007
Output Time Step Size 'UU27
Otker Pararneters
Modal Damping | Constant 2t 0.05 Modity/Shaw...
Nanlinear Parameters | Drefault Modify/Show. . Cancel

Figure 3.64: The input of pile driving acceleration time history data in SAP

model.

The vertical displacement resulted from the structural vibration obtained from
SAP model is used as a possible cause of damage that could occur to the
structure. The vibration induced vertical displacements at the corner of a
structure at point (1) (see Figure 3.43b) in the cases of clay (E=5 MPa) and
sand (E=25 MPa) is shown in Figure 3.65. In general, the magnitudes of the
vertical displacement in sand are higher than that in clay. The difference could
be related to difference in stiffness and the values of horizontal acceleration.
The maximum distances at which the vibration induced displacement becomes

less than 5 mm are in the cases of clay and sand are 6 m and 10 m, respectively.
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According to the data in Figure 3.65, the minimum distances at which such
criteria is violated in the clay soil at E 5 mPa and sand soil for E 25 mPa cases

are 0.55 L and 0.3 L (where L is the pile length) respectively.

Soll deformation due to pile driving
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Figure 3.65: The vertical displacement at different distance from the source in

clay and sand soils from SAP.

SAP model also can show the effect of direct vibration on the building
members. While the building is subjected to vibration the straining action in
members increased comparing by the case without vibration as shown in
Figures 3.66 and 3.67. It can concluded that the effect of pile driving or any
other source of vibration is avery significant and should be calculated to avoid

any possible damage on the adjacent structures.
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Figure 3.67: The effect of pile driving on the straining action on the shells (M)

and displacement. The first data reported from an earthquake record is
generally the peak ground acceleration (PGA) which expresses the tip of the

The methodology presented in this part can be used to evaluate the limiting
vibration induced PPV in the Egyptian Code of Practice and/or in the
The amplitudes of motion can be expressed in terms of acceleration, velocity
maximum spike of the acceleration ground motion as shown in Figure 3.68.

international standards.
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Figure 3.68: Recorded ground motion (Holiday Inn, Van Nuys 1994, 270
degrees: 0—10 sec)

3.12 Investigation and comparison between PPV values from insitu

measurements and PPV values from prediction models.

Prediction models of PPV is investigated in chapter two of this thesis, in this
section the validity of each model is investigated by being compared with
infield measurements and different records, for reaching a conclusion to choose

the suitable model for calculating PPV.

Many data for PPV values in different sites and with different conditions (pile
length, pile diameter, pile material, soil type, hammer type, location of
recording ...etc) is collected with the available parameters which given by the
authors. Table 3.13 summarizes the available case studies about PPV

measurements infield.
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Table 3.13: Infield measurements of PPV for different sites.

Pile type and Energy Measurements
Author Soil type Hammer type
Dimensions (m) (joule) depth (m)
Moor et al 0.82m long Surface source &
Yellow fine sand ) 980 Drop hammer )
(1995) Steel pile impeded source
Moor et al 0.82m long Surface source &
Soft to firm clay . 980 Drop hammer .
(1995) Steel pile impeded source
1.8m hurnus Single acting
3m long cast in place 21680
1.Im clayey sand ) express steam
concrete diameter
followed by
vl 0.55m ) K
emag quic
sandy loam 11615 g4
stroke steam
Peter
(1953) Single acting
3.5mfill, 3.2m 8m long cast in place 21680
express steam
peat then gravel concrete diameter
with Sllty sand 0.55m Demag quick
11615
stroke steam
10m long cast in place )
Demag quick
Gravel concrete diameter 11615
stroke steam
0.55m
Cohesive Sheet pile 49050 steam
Sior (1961) 3.2m long cast in
Cohesive ) 117720 steam
place pile
Sat sand 8m long sheet pile 9310 Drop hammer 2.4m
0.5m:
Dulmatov 0.2m buildings 24m long hollow 20430
(1967) waste, >2m reinforced concrete s Drop hammer 3.25m
>5m:
sat.loam diameter 0.6m
58860
] 1350/cy Wet
Fine sand ) )
cle vibrofloatation
2700/cy dry
Uncompacted fill
cle vibroflotation
Stiff silty clay on
Yo 2400 to
firm laminated Sheet pile
Attewell & 60700
clay
Farmere
Coarse sand on 1050 to
(1973) ) Shell boring
stiff clay base 10500
Layered medium 9100 to
H-Piles
sand & silt 36500
Laminated clay Diesel hammer
Layered dense
212000

sand and gravel
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Measurements

Pile type and Energy
Author Soil type Hammer type
Dimensions (m) (joule) depth (m)
Brenner and 25m prestressed
Chittikuladi Clayey sand concrete pile 68670 Drop hammer
-lok (1975) dimensions 0.43*0.43
15,
Clay 000-ft-
Wiss (1967) Concrete pile b
Dry sand
Wet sand
Silty clay 13m concrete pile 39228 Drop hammer 12m
Sandy silt 12m concrete pile 39228 Drop hammer 9.5m
Soft marl 12m H-steel pile 39228 Drop hammer 9m
Silty clay 12m H-steel pile 39228 Drop hammer 10m
Glacial clay 32m H-steel pile 61000 Diesel hammer 25m
Sand stone 27m H-steel pile 61000 Diesel hammer 23.5m
Boulder clay 16m sheet pile 37200 Diesel hammer 12.5m
Sandy clay 32m H-steel pile 31382 Diesel hammer 14.5m
Silty clay 12m H-steel pile 37200 Diesel hammer 8.2m
Glacial clay 21 H-steel pile 11900 Air hammer 15.3m
Alluvial deposits 9m sheet pile 4100 Air hammer 7.2m
Coastal deposits 10m sheet pile 4100 Air hammer 6.2m
Silty clay 12m sheet pile 6400 Air hammer 5.6m
. . . Hydraulic
Glacial stiff clay 23 H-steel Pile 39228 20.5m
hammer
Uromeihy Hydraulic
Glacial stiff clay 23 H-steel Pile 39228 21.5m
(1990) hammer
) ) Hydraulic
Glacial sandy clay 35m H-steel pile 39228 19m
hammer
Hydraulic
Sandy silt 23m H-steel pile 39228 17m
hammer
) ) Hydraulic
Silty clay 9m sheet pile 39228 8.2m
hammer
Hydraulic
Dense gravel 32m H-steel pile 23536.8 30.5m
hammer
) ) Hydraulic
Silty clay 32m H-steel pile 23536.8 21.5m
hammer
Hydraulic
Dense sand 14m sheet pile 68649 10.75m
hammer
) Hydraulic
Brown clay 12m sheet pile 39228 8m
hammer
Dense sand Sm sheet pile 2000 Vibro driver 4.5m
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Author Soil type Flle type and Energy Hammer type
Dimensions (m) (joule) depth (m)

Alluvial clay 20m tube pile 10700 Vibro driver 2.7m
Glacial clay 14m H-steel pile 10700 Vibro driver I1m
Dense gravel 21m tube pile 5600 Vibro driver 14.7m
Silty clay 9m sheet pile 10700 Vibro driver 6.5m
Clayey silt 16m H-steel pile 10700 Vibro driver I1m
Dense silt 9.5m sheet pile 3400 Vibro driver 4.7m
Dense sand 16m sheet pile 10700 Vibro driver 7.5m

Sand & Gravel 14m sheet pile 10700 Vibro driver 6m
Sandy clay 16m sheet pile 10700 Vibro driver 4.8m

The previous records of PPV values for the above mentioned authors have

plotted vs. scaled energy as shown in Appendix D.

The investigation is based on Uromeihy (1990) in-field measurements data, it
provide a very detailed data for each case. Uromeihy(1990) measured the three
component of PPV radial, transverse and vertical but for the comparison with
the available models the resultant PPV is choosed.

By investigating each available prediction models and compared with PPV
infield measurements, it illustrated that the different methods have special

conditions should be adapted to get the correct values of PPV.

Whalley, silty clay, Lpile=13m —o— infield measurments
120 -=— Heckman & Hagerty
(1978)
100 k=0.25 Attewell & Farmer
(1973)
w 80 Best fit Attewell et al
€ (1992)
£ 60 —— Half standard deviation
E \ Attewell et al (1992)
o 40 —=— One standard deviation
T~ Attewell et al (1992)
20 B— — ——J. M. Ko et al. (1990)
r—x%%k/_g§\‘\><p
0 | | ! ? ——k=0.75 Attewell & Farmer
(1973)
66 33 22 15 11 Wiss (1981)
Scaled Energy

Figure 3.69: The comparison between prediction models and infield
measurements, Lpile 13m, whalley site, silty clay soil
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Selby, Sandy silt, Lpile 12m
50 —&— infield measurments
45 '\
—=— Heckman & Hagerty
40 . (1978)
35 —A— Attewell & Farmer
—_ \ (1973)
» 30 X
€ —B— Best fit Attewell et al
£ 25 ~ (1992)
>
& 20 A \: —o— Half standard
4 \O\ deviation Attewell et al
15 a\ ~__ 3 T (1992)
\E \\I\\O ~O— One standard
10 S | deviation Attewell et
\\\Ea\ —y al (1992)
5 \\‘\\\g\ . B J. M. Ko etal. (1990)
. | ﬁtqk
66 33 22 15 11

Scaled Energy

Figure 3.70: The comparison between prediction models and infield
measurements at Lpile 12m in selby site, sandy silt soil.

PPV (mm/s)

Newark, Soft Marl, Lpile 12m

120
—&— infield measurments
100 —=— Heckman & Hagerty
\ (1978)
80 —A— Attewell & Farmer (1973)
—5— Best fit Attewell et al
60 (1992)
—&— Half standard deviation
40 o-\\ Attewell et al (1992)
.\\0\ — ~O— One standard deviation
| ; Attewell et al (1992)
20 — i R — B J. M. Ko et al. (1990)
3 : i% ——=2 —— Wiss(1981)
0 | v .
66 33 22 15 11

Scaled Energy

Figure 3.71: The comparison between prediction models and infield
measurements at Lpile 12m in Newark site, soft marl soil.
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. . —&—infield
Newark, Silty Clay, Lpile 12m measurments
60 —=— Heckman &
Hagerty (1978)
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—A— Attewell & Farmer
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Figure 3.72: The comparison between prediction models and infield
measurements at Lpile 12m in Newark site, silty clay soil.

Blydon, Glacial Clay, Lpile 32m
140
120 A
100
w
g 80
£
a 60
o \
y \\-Q\Q\\i\
'§ —,
— .
IE——
82 41 27 19 13
Scaled Energy

—e&— infield measurments

—=— Heckman & Hagerty
(1978)

—A— Attewell & Farmer
(1973)

—&— Best fit Attewell et al
(1992)

—o— Half standard
deviation Attewell et al
(1992)

—©— One standard
deviation Attewell et al
(1992)

—=— J. M. Ko et al. (1990)

—A— Wiss (1981)

Figure 3.73: The comparison between prediction models and infield
measurements at Lpile 32m in Blydon site, glacial clay soil.
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Blydon, Sand Stone, Lpile 27m
—&— infield measurments
70
—m-— Heckman & Hagerty
60 A (1978)
k —A— k=0.25 Attewell &
50 Farmer (1973)
0
E 40 -5 Best fit Attewell et al
S l\ \:\ (1992)
E 30 —— Half standard
o \ \0\ deviation Attewell et
| — al (1992)
20 —O— One standard
< ) \0 deviation Attewell et
— — : al (1992)
10 \‘\t}\\g\
A— | —#-J.M. Ko etal.
I e—Y (1990)
0
—A— k=0.75 Attewell &
82 41 27 19 13 Farmer (1973)
Scaled Energy

Figure 3.74: The comparison between prediction models and infield
measurements at Lpile 27m in Blydon site, sand stone soil.

Grismby, Boulder Clay, Lpile 16m
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Farmer (1973)

Wiss (1981)

Figure 3.75: The comparison between prediction models and infield
measurements at Lpile 16m in Grismby site, boulder clay soil.
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Keighely, Sandy Clay, Lpile 32m - infield measurments
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—=— Heckman & Hagerty
90 (1978)
80 - k=0.25 Attewell &
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& 40 . . al (1992)
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: al (1992)
20 ~—_ — = J. M. Ko et al. (1990)
10 — %§<O\§> & k=0.75 Attewell &
R = =0. ewe
0 I S e S—— Farmer (1973)
59 29.5 19.7 13.6 9.8 > k=1.5 Wiss (1981)
Scaled Energy

Figure 3.76: The comparison between prediction models and infield
measurements at Lpile 32m in Keighely site, sandy clay soil.
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Figure 3.77: The comparison between prediction models and infield
measurements at Lpile 12m in Sheffield site, silty clay soil.
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—&— infield measurments
Blydon, Glacial clay,Lpile 21m
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Figure 3.78: The comparison between prediction models and infield
measurements at Lpile 21m in Blydon site, glacial clay soil.
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Figure 3.79: The comparison between prediction models and infield
measurements at Lpile 9m in Blydon site, alluvial clay soil.
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Scarborough, Coastal Deposits, Lpile 10m —e— infield measurments
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Figure 3.80: The comparison between prediction models and infield
measurements at Lpile 10m in Scarborough site, coastal deposits soil.
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Figure 3.81: The comparison between prediction models and infield
measurements at Lpile 12m in St.Helens site, silty caly soil.
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Blydon, Glacial stiff clay, Lpile 23m
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Figure 3.82: The comparison between prediction models and infield

measurements at Lpile 23m in Blydon site, glacial stiff caly soil.
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Figure 3.83: The comparison between prediction models and infield
measurements at Lpile 23m in Blydon site, sandy caly soil.
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Blydon, Sandy silt, Lpile 23m —e— infield measurments
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Figure 3.84: The comparison between prediction models and infield
measurements at Lpile 23m in Blydon site, sandy silt soil.
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Figure 3.85: The comparison between prediction models and infield
measurements at Lpile 23m in Blydon site, sandy silt soil.
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Keighely, dense gravel, Lpile 32m
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Figure 3.86: The comparison between prediction models and infield
measurements at Lpile 32m in Keighely site, dense gravel soil.
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Figure 3.87: The comparison between prediction models and infield
measurements at Lpile 14m in St.Annes site, dense sand soil.
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Waltham X, Brown clay, Lpile 12m —e— infield measurments
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Figure 3.88: The comparison between prediction models and infield
measurements at Lpile 12m in Waltham X. site, brown clay soil.

PPV (mm/s)
= A N N W w b
(6] o (@)1 o (6)] o (6] o

Newbiggin, Dense Sand, Lpile 5m

&

s

e
‘\\
\\\\\\
oee———— s — |
14.9 7.45 4.96 3.44 248

Scaled Energy

—&— infield measurments

—=— Heckman & Hagerty

(1978)

k=0.25 Attewell &
Farmer (1973)

Best fit Attewell et al
(1992)

—— Half standard deviation

Attewell et al (1992)

—e— One standard deviation

Attewell et al (1992)

—— J. M. Ko etal. (1990)

——k=0.75 Attewell &

Farmer (1973)

k=1.5 Wiss (1981)

Figure 3.89: The comparison between prediction models and infield
measurements at Lpile 5Sm in Newbiggin. site, dense sand soil.
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Blydon, Alluvival clay, Lpile 20m —e— infield measurments
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Figure 3.90: The comparison between prediction models and infield
measurements at Lpile 20m, tube pile in Blydon site, alluvial clay soil.
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Figure 3.91: The comparison between prediction models and infield
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Figure 3.92: The comparison between prediction models and infield
measurements at Lpile 9m in Keighely site, silty clay soil.
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Figure 3.93: The comparison between prediction models and infield
measurements at Lpile 16m in Keighely site, clayey silt soil.
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Newark, Dense silt, Lpile 9.5m e
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Figure 3.94: The comparison between prediction models and infield
measurements at Lpile 9.5m in Newark site, dense silt soil.
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Figure 3.95: The comparison between prediction models and infield
measurements at Lpile 16m in Rotherhithe site, dense sand soil.
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St.Annes, Sand & Gravel, Lpile 14m
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Figure 3.96: The comparison between prediction models and infield
measurements at Lpile 14m in St.Annes site, sand & gravel soil.
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Figure 3.97: The comparison between prediction models and infield
measurements at Lpile 16m in Swillington site, sand clay soil.

For a better comparison between predicted PPV (by different models) and
measured PPV (from Uromeihy 1990) to show which model gives more

reasonable values of PPV and closer to the measured PPV. The following
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figures show the comparison between PPV (measured and predicted) for
different groups of energies depending on hammers masss were which used in
pile driving by Uromeihy (1990).

e Heckman and Hagerty (1978) model at different energies:-
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Figure 3.98: The comparison between predicted and measured PPV at energy
of driving 4100 joule.
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Figure 3.99: The comparison between predicted and measured PPV at energy
of driving 10700 joule.
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Attewell & Farmer (1973) model at k=0.25 for different energies
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Figure 3.102: The comparison between predicted and measured PPV at energy

of driving 4100 joule.
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Figure 3.104: The comparison between predicted and measured PPV at energy

of driving 39228 joule.

Sand sone,
7m
3 Izl

pilbs hamgdh S2m

$ELTN
By

= 0 | ]
[ T '
="} ___II_.
@ EL %
Py '
m 4= TR A N ——
H w ™ [
— — '
ool T L - ____1
C =T '
L T = |
= = E :
= [T I N
= o .
E < L
Lo} — .
- — R
'
T T '
i (= wn = i (=]
o4 ol — —

FZ 0=H1E |9POWIELGLIIA ULIE
= acay T8 wulag d pego P ad

&

L=l

0

Measured PPV {mmis), atter Uromelhy [1350)

Figure 3.105: The comparison between predicted and measured PPV at energy

of driving 61000 joule.

168



Chapter 3

Pile driving

Attewell & Farmer (1973) model at k=0.75 for different energies:-
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Figure 3.106: The comparison between predicted and measured PPV at energy

of driving 4100 joule.
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Figure 3.107: The comparison between predicted and measured PPV at energy

of driving 10700 joule.
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Attewell et al (1992) best fit model at different energies:
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of driving 10700 joule.
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Attewell et al (1992) half standard deviation model at different
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of driving 10700 joule.
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Wiss (1981) model at k=1.5 for different energies:
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From the previous graphs for the comparison between measured and predicted
PPV it can be seen that for both models of Attewell & Farmer at k=0.25 and

Attewell et al (1992) best fit give a close trend to the infield measurements
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especially at lower values for measured PPV. The following conclusion and
review for each model show reasonable and accepted point of view to illustrate
the difference between PPV values (measured and predicted).

Heckman and Hagerty (1978)

The authors measured the intensity of ground vibration at different distances
away from piles being driven. The piles were of different type, size and
material. Heckman & Hagerty (1978) prediction model is expressed in Eq.3.3,

which is a measure of ground intensity (usually the vertical vibration velocity).

The vibration velocity is not defined in terms of direction (vertical, horizontal
or resultant components). The empirical factor is not dimensionless which has
caused some confusing in the literature (Santos 2008), (Massarsch 2005). The
authors related the K factor with a strong correlation with the pile impedance as
shown in Figure 3.127, the ground vibration increased markedly when the pile

impedance decreased (Massarsch 1992).
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Figure 3.130: Influence of pile impedance on the vibration factor K, Heckman
and Hagerty (1978).

By comparing the results from Heckman and Hagerty prediction model and

other infield measurements it has been found the following:
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e K factor is given for only 5 types of piles neglecting other types starting
from timber piles, composite piles.

e The model shows that PPV depends only on three factors (pile
impedance, source energy and distance from the source), but it has been
found that there are different parameters affecting on PPV such as soil
type, pile length, the cyclic loading effect.

e The type of driving machine and the method of driving are not
mentioned briefly by the authors, it is known that the both parameters
are very important and affect clearly on PPV values.

e Heckman & Hagerty (1978) model always gives a higher values close to
the driving source especially in the first 9m away from the source of

vibration.
Attewell and Farmer (1973) model

The authors analyzed the vibrations from driving various types of piles in
different soil conditions. They proposed that PPV measured at distance from

the energy source can be estimated as shown in Eq.3.10.
V=K (Eq.3.10)

Where V is PPV (mm/s), E is the theoretical energy input at the source (joule),

k is empirical factor (m*s.\j) and r is the distance from the driving source (m).

Attewell & Farmer (1973) concluded that losses due to material damping are
small compared to losses due to geometrical damping. As a result, they
suggested that material damping can be neglected for practical estimates of

vibration from pile driving.

However, Attewell & Farmer (1973) suggested that a constant of
proportionality, k, of 1.5 should be used for practical conservative prediction of

ground vibrations due to pile driving.
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Attewell and Farmer (1973) suggest an upper bound value of 1.5 for sheet piles
and 0.75 for other piles (SI units with velocity in mm/sec).

By comparing the results from Attewell and Farmer prediction model and other

infield measurements it has been found the following:

e The author neglected other factors could affect on PPV values such as
pile material, pile length and soil type.

e The prediction model didn’t give the option for the design engineer to
calculate the PPV at different depths in the ground or at the foundation
base.

e The type of driving machine and the method of driving haven’t been
taken in consideration for the prediction model.

e At k = 0.25 the PPV wvalues give a close trend to the infield
measurements in case of clay soil and medium granular soil.

o At K= 1.5 PPV values relatively higher than other infield measurements.

Whyley and Sarsby (1992) suggested values for factor K depends on soil type,
stated that k = 1.5 as upper bound for stiff or dense sand, k = 0.75 as upper
bound for firm to stiff or medium dense sand and k = 0.25 upper bound for soft

or loose soil.

Other researchers have modified different conditions to reach the optimum
value for the factor k and x for the following term in calculating PPV as shown

in Eq.3.11

V(mm/s) = k(@)x (Bq.3.11)

Where k = empirically determined constant of proportionality (m?/s\J)
W = input energy (hammer energy) (J)
r = radial distance between pile and monitoring point (m)

x = empirically determined index (-).
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simplified models are employed to gain a useful insight; for example, the soil
may be represented as an elastic half-space or as a layered medium (Skipp
1984). Soil is an elasto-plastic material. Since a suitable equation for vibration
propagation cannot be derived for such a material, propagation is assumed as

shown in Eq.3.12.

V=CE/n" (Eq.3.12)

where V = peak particle velocity, E = energy, r = distance between source and

receiver C, X, y = constants.

Martin (1980) stated that a propagation law of the form: V a E*® r* is often

assumed, where the distance is considered equal to radial distance (measured
horizontally) as surface or Rayleigh waves are the main provider of vibration.
The constant x said to take into account both geometrical and internal damping.
The wvalue of x wusually taken between 0.5 and 1.5. The constant of
proportionality (C) is probably influenced by soil conditions and/or source of

energy (i.e. hammer or pile type).

Nilsson (1989) stated that several field studies have shown that k does not

exceed 0.75 for driving of piles and 1.5 for driving of sheet piles.

Table 4:14 summarize the different proposed values for factors k and x for the

best prediction of PPV.
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Table 3.14: Summary of values of parameters used in different prediction

models, modified after Hope & Hiller (2000).

Parameters Velocity
Author
X K component
Attewell & Farmer ’ s
(1973) : Vertical PPV
0.25 (soft or loose soil)
Whyley & Sarsby | 0.75 (stiff or medium dense
(1992) ‘ soil) ‘
1.5 (stiff or dense soil)
Attewell et al. )
0.87 0.76 Vertical PPV
(1992a)
Hiller & Crabb
3 (stiff or medium dense soil)
(1998)
1 1, 5 (for »> 0.5 m)
Head & Jardine
1.54 at SRSS
(1992) foundation 0.2 at foundation base
base
BSI (1992a) 1 0.75
0.5 (soft cohesive soil)
CEN (1998) 1 0.75 (stiff cohesive soil)
1.0 (very stiff cohesive soil)
Impact driving
0.5 (soft cohesive soil, loose
granular media, loose
fill and organic soils)
0.75 (stiff cohesive soils,
ArcelorMittal medium dense granular
1 media, compact fill)
(2008) 1.0 (very stiff cohesive soil,

dense granular media,
rock, fill with large
obstructions)
Vibratory driving
0.7 (all soil conditions)
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Svinkin (2008) empirical model

Svinkin (2008) presented a development of the energy-based relationship for
the prediction of ground vibrations due to pile driving. Svinkin’s model is
based on determination of the vibration velocity on the pile head, and from that
computes the ground vibrations. The relationship in Eq.3.8 is proposed for the

ground vibration due to pile driving

Where Vg = ground vibration (mm/s) (PPV), Vp = pile vibration at the pile
head and it can be calculated from Eq.3.9

The pile impedance Zp is dependent of the pile density, the wave propagation
velocity in the pile and the cross section area of the pile. The pile impedance
can also be expressed as a function of the modulus of elasticity, see Eq. 3.13,

after (Massarsch, 2000).

E.Ap

Zp = p.C.Ap = =22 (Eq.3.13)

Where: Zp = pile impedance [Ns/m], p = pile material density [kg/m3], C =
wave propagation velocity in the pile [m/s], Ap = cross section area of the pile

[m?] and E = modulus of elasticity [Pa]

Taking a general look at Svinkin (2008) model, it can be seen that is the only
model which include a lot of effective parameters on PPV values. Pile
impedance (pile material) and pile length affect directly on energy transfer to
the soil which could lead to higher or lower PPV values. Using the term of
wave propagation velocity in the pile to estimate PPV gives the model more
realistic expectation for calculating PPV because it is confirmed by (Massarsch
1993) that the energy of driving transfer through the pile first then to the soil,
therefore the velocity in the pile could be responsible for producing waves in
soil. Svinkin model shows that the velocity in pile depends on pile density,

modulus of elasticity of the pile which may gives higher prediction of PPV.
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By comparing the results from Svinkin (2008) model and other infield

measurements it has been found the following:

e The velocity in the pile CB at Svinkin model always tend to be very
high due to the high magnitudes of pile impedance and pile stiffness
which leads to high values of PPV.

e Svinkin model at high value of CB and high value of driving energy
gives very high PPV values compared with other infield measurements
at the same conditions.

e Svinkin model could give reasonable PPV values for low energy driving
and low pile impedance.

e Svinkin model don't include soil stiffness and its effect on PPV values.

e Measuring PPV at different depths is not available in Svinkin model.

e The method of driving is not taken into account by the author, it is

known that the method of driving affect clearly on PPV values.
Attewell et al. (1992) model

Attewell et al. (1992a and 1992b) found that a quadratic regression curve was a
better fit to field data from measurements of ground vibrations due to pile
driving than the previously used linear regression curve (Attewell & Farmer,

1973). The developed model is shown in Eq.3.5

Where v (PPV) = vibration velocity (mm/s), x;, X, and X3 = constants of
proportionality, W, = input energy (J), r = distance between source and point of
interest (m). Constants x;, X, and x3 are functions of the soil conditions at the
site of pile driving. Proposed values of the constants of proportionality are
given according to Deckner (2013) as shown in Table 3.6. For impact vibratory

pile driving, Table 3.7 illustrated constants value

The authors proposed that the values for half a standard deviation should be
used for normal construction work while one standard deviation should be used

where high security against vibration is needed. For the best fit line there is a
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risk of exceeding the estimated values of 50%, for half a standard deviation the
risk is 31% and for one standard deviation the risk is reduced to 16% (Attewell

et al., 1992b), adapted from (Deckner 2013).

By comparing the results from Attewell et al., 1992b model and other infield

measurements it has been found the following:

e The model doesn't include soil stiffness and its effect on PPV values.

e Measuring PPV at different depths is not available by the model.

e For the best fit line the PPV is higher than the PPV at using half
standard deviation and one standard deviation.

¢ One standard deviation constants gives lower PPV values.
J. M. Ko, et al. (1990) model

The authors performed an experimental study for calculating PPV values in a
specified distance from the vibration source. PPV values were plotted vs.
distance from the vibration source. The investigation yielded the attenuation
curve which accommodates energy, distance and damping coefficients
(material and geometric damping). J. M. Ko, et al. used data from a study
location and obtained a dan V parameters at distance r = 1m from the driving
source for alluvial silty sand soil. The reference values are a = 0.04m™ dan V =

70 mm/s. J.M.Ko et al. model is given in Eq.3.4.

Where V is PPV, r is the distance from the driving source. It can see that
J.M.Ko et al model included the damping coefficient in calculating PPV and it
consider being one of the few models which depend on soil type effect on PPV
values represented in material and geometric damping. Each different type of
soil has its own damping coefficients. Damping control the propagation of
wave through the soil by attenuates the velocity by the distance from the

driving source.

By comparing the results from J. M. Ko et al. (1990) model and other infield

measurements it has been found the following:
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e The model gives reasonable and accepted values of PPV in general and
a close trend to the infield measurements.

e The model is based on experiments for granular soil (silty sand), it may
be gives other values for damping coefficient for other types of soil
which will affect on PPV results.

e The model doesn't depend directly on driving energy which is very
effective parameters for calculating PPV.

e J. M. Ko, et al model gives relatively high values of PPV close the
vibration source for (r < 6m).

e For the same distance of measuring PPV J. M. Ko et al model gives the
same PPV values however the soil, energy, pile material, pile length or
any other variables are different, this consider technically not realistic.

e The model doesn't include soil stiffness and its effect on PPV values,
however the model depends on geometric and material damping the
model cannot express the different types of soil on PPV.

e Measuring PPV at different depths is not available by the model.
Wiss (1981) model

Wiss (1981) performed an independent research and state that the maximum

particle velocity can be closely related to Eq.3.21.

_ WO (joules)
v = (SR o ) (Eq.3.14)
Wiss suggested that the value from above equation is scaled energy which is
similar with Attewell & Farmer (1973) for determining maximum particle

velocity as shown in Eq.3.2.

Where K is a constant relied on type of soil. Wiss also conclude that vibration
level produced by pile driver is different for clay soil and sand soil, and dry

sand or wet sand as well. Therefore, Wiss used K factor to distinguish the
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effect of soil type. Wiss attributed to different between PPV values for different

types of soil to the difference between the frequencies of soil.

Wiss stated that particle velocity can be expressed as 2nfA, in which f is
frequency (cps) and A is amplitude (displacement). Impact vibrations produced
by pile driving have characteristic frequencies depending on the type of soil. A
loose alluvial fill has natural frequencies of about 5 to 10 cps, clay soils vary
between 15 and 25 cps, sand between 30 and 40 cps. That leads to different
values of PPV depends on soil type. It could be other reason support the effect
of soil type on PPV values with the other views of the effect of damping

coefficients and soil stiffness.
3.14 Conclusions

Pile driving is a serious problem producing vibration due to the increase in
establishing new communities including pile driving, therefore the hazard of
pile driving earthborn vibration on the soil and the adjacent structures have to
be studied to avoid any kind of damage. The chapter is summarized in the

following points:

1. PPV prediction equations show many parameters to calculate PPV. The
most effective parameters as shown in most previous equations were the
hammer energy and the distance from the vibration source. There are
other important not included in the prediction equations such as soil
type. Svinkin (2008) illustrated enough parameters control PPV (i.e.
wave propagation velocity in the pile, pile impedance, pile length beside
hammer energy and the distance from the source.

2. A lot of models proved that the numerical analysis using finite element
programmes such as (PLAXIS, ABAQUS, and COMSOL) are valid to
drive a simply method to predict PPV values.

3. Theoretical, numerical, engineering models predicting PPV were

investigated and show a good agreement with field measurement and
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consider being valid methods to predict PPV and simulate the
construction vibration effect.

4. Pile driving is considered as one of the main sources of vibration which
are very harmful to the soil and the adjacent structures, due to their
higher energy intensity leading to high values of PPV.

5. Plaxis model shows a validity to simulate pile driving effect on soil and
predict PPV values. An agreement is done between Plaxis model and
Pettik et al (2012) infield measurement to complete the verification of
Plaxis model.

6. The decrease in peak particle velocity (PPV) with distance from the pile
driving source is confirmed by the analysis.

7. The PPV of the born vibrations increases with the increase of the
stiffness of surrounding soils.

8. Driving hammer or damping mass increases the levels of PPV in the
surrounding soil due to the increase of the energy level of the vibration
source.

9. For different embedment lengths investigation, show that the PPV
generate at pile toe and confirmed by the analysis. The smallest pile
length gives the large PPV on the ground surface.

10.Ram drop height is very effective parameter controlling the energy of
driving, as the importance of hammer mass the ram drop height is also
very important for the design engineer, the more the ram drop height
increased, the PPV increased.

11. Pile material is a significant parameter in measuring PPV values. timber
piles give high PPV values and keep reducing as using high stiffness
pile material (e.g. steel or precast reinforced concrete).

12. Existing of a building or any other type of structures can lead to
increasing PPV values because of the mass of the structure causes
consolidation to the soil beneath it, which leads to improving soil

properties and increasing soil stiffness.

191



Chapter 3 Pile driving

13. The results of Finite Element analysis of pile driving compare very well
with the prediction of PPV by empirical formula Svinkin (2008) and
Attewell & Farmer (1973) in cases of medium dense sand and loose
sand, respectively.

14.SAP model illustrates the direct effect of vibration on the adjacent
structure close to pile driving.

15. Vibration can increase the straining action in building member, causing
structural or cosmetic damage depends on how close the building to the
driving source or the vibration magnitude.

16.Pile driving earthborn vibration is extremely dangerous to wall bearing
or heritage building.

17. Attewell &Farmer (1973) prediction model consider very suitable to be
used in estimating PPV when K = 0.25 and 0.75 based on the previous
comparison.

18. Attwell et al (1992) prediction model gives reasonable and accepted
values for PPV for the best fit curve.
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Chapter 4
Dynamic Compaction

The effect of dynamic compaction earthborn vibration on soil and adjacent
structures.

4.1 Introduction:

Dynamic Compaction is an effective way for soil improvement; it is used to
achieve deep ground densification for building foundations, or road and rail
embankment foundations, airport runways and facilities, power plant facilities,
dams, tank farms and...... etc, for loose materials, granular soils such as sand
deposits and gravel. It is also used to form Dynamic Replacement, stone pillars

in soft ground (silty clay or peat) as a means to reinforce these soil types.
4.2 Method of compaction:

The method of Dynamic compaction is when al0-40 tone weights are propped
in free or quasi-free fall, from a height of about 10-30m. The spacing of the
impact points and the unit energy, phasing and rest periods, depending on the
soil types and level of improvement required. Specially designed 80-120t

Cranes are normally used.

This technique uses the dynamic effect of high energy impacts, caused by
dropping large steel ram weighing 15 to 40 tons from a height of 10-30 meters
depends on soil condition and the requested densification as shown in Figures

4.1 and 4.2.

For compaction of soils to more than 10-12m, High Energy Dynamic
Compaction can be performed. This technique employs High Energy of more
than 600 t.m using drop weights of more than 30t, drop heights of more than
30m and cranes weighing more than 120t. That higher energy can be very
dangerous to the adjacent structures due to producing high values of PPV

which consider being a sign of damage level.
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Figure 4.1: Dynamic compaction machine (www.vibromenard.co.uk).

POUNDER

" LOOSE SOIL -
FIRM BASE

Figure 4.2: Dynamic compaction, work mechanism (www.densification.com).

4.3 Dynamic compaction technique:

Dynamic Compaction technique was invented by Louis Menard in the late
1960s but the first known technical reference on the subject involved a site in
Germany (Loos, 1936). It has been developed on numerous sites and

applications since this time successfully.

The basic principle behind the technique consists in the transmission of high

energy waves through a compressible soil layer in order to improve at depth its
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geotechnical properties. Dynamic Compaction is normally associated with an
intensive programme of in-situ-testing in order to verify that the
specified improvement has been achieved. Dynamic Compaction (DC) (also
referred to as impact densification, heavy tamping and dynamic consolidation)

has become an accepted method of site improvement, Lauzon et al (2011)
4.4 Rapid impact compaction:

Another type of dynamic compaction technique is also used, is known as the
Rapid Runway Compactor, and is marketed as a ground improvement
technique under the name of Rapid Impact Compaction (RIC), Lauzon et al

(2011), as shown in Figures 4.3 and 4.4.

Dynamic Compaction and Rapid Impact Compaction generate vibrations that
are annoying to neighbors and potentially hazardous to adjacent structures, the
two techniques have many advantages in terms of cost, schedule, and
effectiveness. With less energy per blow, Rapid Impact Compaction is typically
presented as a technique generating lower vibrations than the heavier tampers

used with Dynamic Compaction.
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Figure 4.3: Rapid impact compaction technique,

(http://cofra.com/activities/rapid-impact-compaction/)
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Figure 4.4: Rapid impact compaction machine,

(http://www.menardgroupusa.com)

4.5 Comparison between Rapid impact compaction and Dynamic

compaction:

Both techniques of dynamic compaction and rapid impact hammer were
compared to by Lauzon et al (2011) by measurement in different sites, to
evaluate the PPV values for estimating any possible damage, they concluded

the following:

e At equal distances, vibrations generated by the RIC methods are less
than those produced by the DC method. This could be explained by the
combined effect of a smaller drop height of the hammer used in RIC and
the smaller diameter of the tamper.

e The data also shows that vibration frequencies produced by RIC are
higher than those produced by the DC rig. Since RIC frequencies are
higher than the typical natural frequencies of houses/structures, less
vibration amplification can be expected to make it possible to work
closer to houses since the safe level of vibrations define by USBM RI

8507 increases with increased frequency.
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The process of DC design usually includes the following items: selection of
tamper weight and drop height, selection of tamper base area, determination of
grid spacing, establishing the number of drops per compaction point, and
determination of a number of phases and their tamping patterns. In usual design
approaches, the degree and depth of improvement are assumed to depend on
the applied energy per unit volume of soil, and the applied energy per drop,
respectively, Shahir et al (2009)

4.6 Records of PPV field measurements due to dynamic compaction

A compilation of available PPV data from several dynamic compaction
projects is presented in Figure 4.5. Soil types at these sites included silty sands,

sandy fills, sandy clay, rubble, coal spoil, and debris fill, Mayne et al. (1984).

. \ \[ I I !

4 {maters)
W (tonnes)

or H {maters) 7
g
L
= N
o NO.
9 B 14 FLORIDA
g L @uz virema
w O 84 ALABAMA
| ¢ 82 CALIFORNIA
= € 39 SOUK,SHARJAH
r o5 @ 8 ILLINOIS
& 7 19 INDIANA
o 6 CHICASO
E A 3 INDIANA
i : 15 FRANCE

35 CALIFORNIA
O 41 VIRGINIA
8 72 ILLINQIS
¥ 73 GERMANY

Qly - L
X 0.5 | 5 [ [o]
SCALED DISTANCE d/(WH)?2

Figure 4.5: Attenuation of Ground Vibrations Measured on Different Dynamic
Compaction Projects, Mayne, et al. (1984).

For preliminary estimates of ground vibration levels, a conservative upper limit

appears in Eq.4.1, after Mayne, et al. (1984).

1.4

(Eq.4.1)

PPV < 70 (m)

d
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When PPV is in mm/s, d distance from the impact and H (pounder drop height)
are in meters and W (pounder weight) is in tons. PPV measurements tend to
increase with the number of blows as the materials become more dense after
Dumas (1981) and (1982), Pearce (1977). Recommendations concerning safe
vibration levels during dynamic compaction are given by Mitchell (1979, 1981)
and Wiss (1981).

To normalize the data for energy variations in each project, the PPV has been
plotted against the inverse scaled distance as shown in Figure 4.6. The inverse
scaled distance is the square root of the drop energy, (WH) °~, divided by the
distance, d, from the impact point. The best-fit line for the data points is given

as shown in Eq.4.2.

PPV < 20 (Eq.4.2)

()
Where the PPV is in millimeters per second; W=tamper weight in tons; and
H=drop height in meters. This equation, based on 298 data points, has an r°
value of 0.82. The best-fit line is shown in Figure 4.6 along with the + 2
standard deviation bounds. The upper limit line, defined by Mayne (1985)
based on measurements at a large number of sites involving non collapsible
soils, is also shown in Figure 4.6 for comparison. In general, the PPV values
for collapsible soils are lower for distances close to the drop point but attenuate
at a slower rate with distance from the source than for non collapsible soils as
indicated by the flatter slope. These data suggest that it may be possible to
compact somewhat closer to adjacent buildings when performing the DC on

collapsible soils.
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Figure 4.6: PPV versus inverse scaled distance for collapsible soils along with
best-fit line and £2 standard deviation bounds; upper bound curve for non

collapsible soils (Mayne 1985) is shown for comparison

4.7 Prediction models of PPV due to dynamic compaction

Wiss (1981) has proposed to express peak particle velocity in terms of
distance, d, and energy, E, in a single expression for dynamic compaction as
shown in Eq.4.3. Wiss (1981) reproduced his formula to adapt the soil type

changes as illustrated in Eq.4.4.

PPV = k(%)_n (Eq.4.3)

PPV = K (—V"""(’"‘“es)) (Eq.4.4)

r (m)

Where K is a constant relied on type of soil, Therefore, Wiss used K factor to

distinguish the effect of soil type.

Chapot et al. (1981) founded a new form of equation to predict PPV for

dynamic compaction as shown in Eq.4.4. Where d is the distance from the

impact point.
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PPV = 340d ''mm/s (Eq.4.5)

Mayne et al. (1984) gathered the measurements of fourteen Dynamic
Compaction sites. Soil types at these sites included silty sands, sandy clay,
rubble, coal spoil and debris fill. For estimating of ground vibration levels, a

conservative upper limit appeared to be in Eq.4.6.

m)l.él-

PPV < 70 (3 (Eq.4.6)

When PPV is in mm/s, d distance from the impact and H (pounder drop height)

are in meters and W (pounder weight) is in tons

Later and based on a mix of single maximum component and TVS

measurements of 12 sites,

Mayne (1985) proposed an upper limit conservative PPV in Eq.4.7. When PPV
is in mm/s, d distance from the impact and H (pounder drop height) are in

meters and W (pounder weight) is in tons.

1.7
) (Eq.4.7)

PPV < 92 (225
In order to get a close trend and based on information accrued by monitoring
vibrations realized by different drop heights from a site in Alexandria, Virginia,
Mayne (1985) has also postulated that while pounder weight may affect

vibration frequency, the magnitude of particle velocities is slightly more

influenced by the drop height of the pounder.

Thus as formulated in Eq. 4.8, Mayne (1985) proposed to estimate PPV by
normalization (dividing by the theoretical impact velocity of the falling weight)
and plotting it against the normalized distance to impact by dividing d by the

pounder radius 1,).

PPV d\17
T < 02 (£) " (Eqas)

ro
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Models for PPV due to dynamic compaction are summarized in Table 4.1.

Table 4.1: Models for Prediction of PPV for dynamic compaction

Prediction method /model Reference
d —-n
.pv=Kk (—)
p.-p JE

Where K is the intercept with the ordinate and n is the slope or attenuation rate.

Distance, d, and energy, E
Wiss
(1981)

_ J WO (ioules))
p.pv = K( )
Where K is a constant relied on type of soil, Therefore, Wiss used K factor to
distinguish the effect of soil type
Mayne et al.
. . . . . (1984)
When PPV is in mm/s, d distance from the impact and H (pounder drop height) are in
meters and W (pounder weight) is in tons.
oz (vﬁ)” PRY oo d ]”
PV = M — -
P-P N ng ri
Mayne (1985)

When PPV is in mm/s, pounder radius r., d distance from the impact and H (pounder
drop height) are in meters and W (pounder weight) is in tons.

L1

'WH
p.pv = 560d " 'mm/s p.-pv = 25 (~.,. )
Hamidi et al
d, distance from the impact and H, pounder drop height (2011)
are in meters and W pounder
Chapot et al.
(1981)

d, distance from the impact

4.8 Vibro-Compaction

Some researchers suggested ways to reduce the damage effect of construction

vibration as illustrated before in chapter two, such as wave barriers as simple
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solution to reduce the vibration effect. The ways of vibration isolation will be
investigated in chapter five.

For dynamic compaction another types of compaction start to be used to reduce
the vibration effect on the ground surface and also the adjacent structures,
therefore another technique is used to achieve the needed compaction, it called
vibro-compaction.

Vibro Compaction is an established ground improvement method for
stabilizing granular soils such as loose sands, gravels and some hydraulic fills.
The technique is primarily used for seismic mitigation and in-situ densification
of loose sands up to 30m deep.

The vibrator is typically hung from a crane and lowered vertically into the soil
under its own weight and vibrations. Penetration is usually helped by water jets
integrated into the vibrator assembly. After reaching the bottom of the

treatment zone, the soils are densified as the vibrator is raised in lifts as shown

in Figure 4.7.

Figure 4.7: Consequence of vibro compaction.

In vibro-compaction case the vibration generated under the ground which

makes the values of PPV is lower than the case of surface dynamic compaction
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as shown in Figures 4.8 and 4.9, also it shows the difference between the

effective depths for the both ways of compaction.

DYNAMIC COMPACTION VIBRO COMPACTION

0 25 W y
digigiand ge MPs)

Figure 4.8: The difference between Dynamic compaction and Vibro
compaction.

\ Dynamic compaction

Figure 4.9: The difference mechanisms of Dynamic compaction and Vibro
compaction.
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NUMERICAL MODELING

4.9 Analysis

In this chapter, the analysis of the results of the effect of construction vibration
from dynamic compaction on soil and the adjacent structures are presented. A
series of models were run under both different soil types and other different
parameters to show the effect of construction vibration on soil and the nearby

structures.
4.10 Finite Element Models

Finite element analyses of Dynamic compaction (DC) are carried out using
Plaxis 8.2 2D dynamic version. A set of general fixities to the boundary
conditions of the problem are considered automatically by the Plaxis program.
The Rayleigh damping is considered at vertical boundaries with a, B = 0.01 in
order to resist the Rayleigh waves. While the plastic properties of soil are
defined by using material damping, which is defined in Plaxis by Rayleigh (a
and B), where The Rayleigh damping is considered to be object-dependent in
material data set to consider the plastic properties of soil during the dynamic

analysis in Plaxis.

Plaxis model for dynamic compaction is shown in Figure 4.10. The mesh was
generated and refined twice around the pile to improve the accuracy of the
results as shown in Figure 4.11. For impact hummers, the analysis was based
on three phase's plastic (staged construction) and two phases for dynamic
analysis (total multipliers). The dimensions of the soil model for pile driving
are taken around 50 m in depth and 150 m in width after some mesh
experiments, the Plaxis model for dynamic compaction is taken after case study
of airport Hilton construction at Norfolk, VA after Terra Systems for
geotechnical contracting in 1985 by geotechnical engineer Law Engineering.
Different parameters used in the Plaxis model are illustrated as shown in Table
4.2. "Mohr Columb" undrained model is used for modeling sand, while

"hardening soil" for modeling clay.
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Figure 4.10: Plaxis model for dynamic compaction simulation
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Figure 4.11: Mesh generation of Plaxis model for dynamic compaction
simulation.

4.10.1 Studied parameters

In this research, the parameters are varied to evaluate their effects on the soil
response under the effect of dynamic compaction. The effect of soil stiffness is
investigated on peak particle velocity PPV due to dynamic compaction. On the

other hand, the effect of the compaction energy on PPV is studied
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Table 4.2: The different parameters used in the models under investigation.

Parameter

symbol

Clay1

Sandl

Sand?2

Sand3

Pile | Units

Unit
weight
above
pheratic
line

Yunsat

14

17

18

20

25 kN/m’>

Unit
weight
below

phreatic
line

Vsat

16

19

20

22

— | kN/m?

Elastic
modulus

E;ef

5000

25000

33000
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Poisson's
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0.2

0.3

0.35

0.15 —_—
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— | kKN/m?

Friction
angle

30

35

40

Dilatancy
angle

0.0

0.0

Interface
strength
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Rinter

0.6

0.67

0.67

0.67
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4.10.2 Effect of soil stiffness on Dynamic Compaction PPV

The maximum velocity due to dynamic compaction is shown in Figure 4.12. It
can be noticed that the great values of velocity exist close to the vibration

source, and start to be reduced by the distance from the driving source.

The variations of the PPV with distance from the vibration source in both loose
and medium sand are illustrated in Figure 4.13. As expected, the velocity
decreases with the increase in distance from driving source. The PPV increases

with the increase in the stiffness.

Figure 4.12: Maximum velocity in the sand at E 25000 kPa adapted from Plaxis

model.
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Figure 4.13: Maximum vertical PPV for different soil stiffness at different
distances from the vibration source in case of using dynamic compaction.
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4.10.3 Effect of Damper Weight/ Energy on Dynamic Compaction PPV

Dynamic compaction can cause significant damage to adjacent structures due
to the high impact energy. The generated waves of Dynamic compaction have
very large magnitude comparing to the other sources of vibration. The rammer
weight and the dropping height are very effective parameters controlling the
values of the propagated waves; therefore the design engineer should choose a
suitable rammer weight and the proper dropping height. Pre observation for
the field before starting the dynamic compaction process, monitoring any
adjacent structures or facilities also any underground structures should be set to
avoid any possible damage due to vibration. The maximum velocity due to
dynamic compaction at different rammer weights (5ton, 8ton and 10ton)
adapted from Plaxis model are shown in Figures 4.14, 4.15 and 4.16,

respectively.

For compaction of soil to depths for example exceeding 10 to 12 m, High
Energy Dynamic Compaction (HEDC) can be performed. High compaction
energy of more than 600 t.m 1s achieved using specialized equipment (weights
> 30 tons, drop heights > 30 m, Cranes >120 tons). The effect of damper
weight on PPV is also investigated as shown in Figure 4.27. In general, the
increase in tamper weight increases PPV. Increasing damper weight increases

the input energy to the soil thus higher born vibration levels gives higher PPV.

L = = |

Figure 4.14: Maximum velocity in sand at rammer weight 5ton adapted from

Plaxis model.
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Figure 4.15: Maximum velocity in sand at rammer weight 8ton adapted from
Plaxis model.
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Figure 4.16: Maximum velocity in sand at rammer weight 10ton adapted from
Plaxis model.
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Figure 4.17: Maximum PPV in sand at E, 25000kN/m” adapted from Plaxis
model for different rammer's weight with distance from the vibration source.
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4.10.4 Comparison between pile driving and dynamic compaction
response.

The effect of pile driving on soil and the adjacent structures is illustrated in
chapter three, it was noticed that pile driving has a harmful effect on both soil
and the structures by discussing the PPV values and comparing it with the
standards and the vibration limits. A comparison between PPV values due to
pile driving and dynamic compaction is investigated to figure out which

process of them produces higher values and thus higher damage.

Figure 4.18 shows the variation between PPV values at a different horizontal
distance due to both dynamic compaction and pile driving technique. It can be
noticed that dynamic compaction has a large value of PPV due to the higher
magnitude of energy which increases PPV values at the ground surface. It is
found that there is no loss in energy by friction in comparing with the case of
pile driving where much energy gets loosed through transferring from hammer
to the pile then to the adjacent soil. The degree of damage due to PPV was
classified by Cenek et al (2012) and Dowding (1996) and by comparing PPV
values from dynamic compaction with these classifications of damage or any

other limits, it is clear that they can be classified as "very dangerous".

It can be concluded that dynamic compaction has more significant damage than
pile driving. Studying the effect of vibration on soil should be investigated
before starting any project containing any source of vibration to avoid any
possible occurred damage. Observation and monitoring settlement due to
vibration while pile driving or dynamic compaction process shouldn't be
neglected. Mayne (1985) suggested that if vibration levels are anticipated to
cause off-site problems, isolation trenches can be dug between the point of
impact and the area to be protected. The vibration levels can be reduced by
factors of 2 to 10, depending on some factors such as the soil type, the depth of
the trench and the position of the weight dropping to the trench.
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Figure 4.18: The maximum PPV values for pile driving and dynamic
compaction vs. distance from the vibration source.

4.10.5 Comparison between Finite Element model results and predictive
empirical relationships for calculating Dynamic Compaction PPV

Models for PPV prediction has been set to evaluate the PPV values for helping
design engineers to avoid any possible damage occur to the adjacent structures.
A comparison between Mayne et al (1984) formula for calculating PPV and

PPV values from Plaxis model is investigated.

Mayne et al (1984) proposed a formula for calculating PPV due to dynamic

compaction as shown in Eq.4.3 also see Table 4.1.
PPV (mm/s) = 70 (N(WH) / d)"* (Eq.4.3)

Where; d is the distance from the point of impact, H is the dropping height of

the tamper, and w is the tamper weight.

Figure 4.19 shows the variation between PPV values from Plaxis model at
different soil stiffness and other function proposed by Mayne et al (1984). A
difference is noticed between the values of PPV especially at 3m and 6m far

from the impact point.
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With the increase of the distance from the impact point the values of PPV
become more similar to each other especially between the values of Plaxis and
Eq.2.1. It can be seen that the effect of the tamper weight is a very effective
parameter and shouldn’t be neglected. It can be seen, also, that by increasing
the soil stiffness the PPV increases. It can be concluded that soil stiffness is a

very effective parameter in calculating PPV.

800
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Distance from the vibration source (m)

Figure 4.19: Comparison between PPV values from Finite Element and other

prediction models for PPV values due to dynamic compaction.

4.11 Conclusions

Effect of the dynamic compaction on the Peak Particle Velocity (PPV) is
investigated using Finite Element Analysis. Based on the data and the results of
the analysis presented in this chapter, the following main conclusions can be

drawn.

1. Dynamic compaction is widely used as a tool for soil improvement,
therefore facing a lot of vibration problems in structures and
underground facilities become more common and are important to be
evaluated to avoid damages.

2. There are many types of soil improvement techniques. The main
systems are DC and RIC; both techniques generate vibration but with

different values. RIC produce lower vibration due to its small dropping
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height, so it can be the suitable choice for design engineers to reduce the
vibration effect.

3. Another type of compaction is the vibro compaction; it has the same
concept of generation vibration under the ground, not at the surface like
the case of dynamic compaction. That is why it has less effect on the
adjacent structures.

4. The propagated waves of dynamic compaction have the same features of
pile driving waves; the difference only is the place where dynamic
compaction vibration waves generate.

5. Many researchers developed approaches for calculating PPV values
through field measurements and with a scaled distance approaches, a
formula or models for PPV prediction can be set.

6. Driving hammer or damping weight increases the levels of PPV in the
surrounding soil due to the increase of the energy level of the vibration
source.

7. The PPV values due to dynamic compaction are much greater than those
due to pile driving. This is because of the great difference in the input
energy in the two cases.

8. The prediction of PPV due to dynamic compaction by the empirical
formula Mayne et al (1984) model provides comparable results of
average PPV values computed by Finite Element model for relatively
wide range of sand stiffness. Such an agreement is encouraging and
promotes the idea of introducing the soil stiffness to the empirical

prediction equations.
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Chapter 5

Ground Settlement due to construction vibration

5.1 Introduction

This chapter presents the behavior of the soil layers during construction
vibration processes such as pile driving or dynamic compaction. As illustrated
in pervious chapters when vibration generates through soil in all directions, the
vibrations transfer to the surrounding soil and it begins to vibrate with the same
magnitude which leads to densification to the soil layers. Waves propagate
from the vibration source and by the distance from the source the wave start to
attenuate which cause differences in the values of densification and it may
leads to differential settlement to the adjacent structures. The soil is loaded
cyclically due to these vibrations. It is this loading that is responsible for the
densification and the excess pore pressures. In case of saturated soil at first
some excess pore pressure is developed. Dissipation of the excess pore pressure
results in densification. The process of earth born vibration and its propagation

due to pile driving is shown in Figure 5.1.

Moise

P R (s

File Driving
Structure
Damage
_——sal| Heave
Soil Settlement
Source of
Vibration
Pile

Figure 5.1: Construction vibration induced soil heave and settlement.
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5.2 Examples of damage due to vibration

Existing roads and railways may show local settlements, resulting in
discomfort to the traffic and, in case of railways, risk of derailment. Lifelines as
sewage lines and water mains may suffer differential settlement, bending and
cracking. Another problem may be the development of excess pore pressures.
In saturated sand excess pore pressures precede the settlement. These
temporary excess pore pressures may endanger the stability of buildings, dikes
and etc. The main reason of the damage due to construction vibration is soil
settlement because it affects directly beneath the foundation, for heritage or old

buildings this may cause significant damage and may be failure.

Siskind et al. (1980) and Dowding (1996) defined the possible damage into
three categories depending on the place of cracks (the affected element of the
structures), major or minor cracks and structural or architectural damage as

following.

1. Cosmetic cracking threshold, opening of old cracks and formation of
new plaster cracks.

2. Minor or architectural damage, cracks not affecting structural capacity
(broken windows, cracked plaster).

3. Major or structural damage, cracks affecting the integrity of building
support (large cracks in beams, columns or foundations, shifted

foundations, wall put out of plumb).

Many types of damage can be occurred due to construction induced vibration.
Figure 5.2 shows the settlement of pavement due to vibration. Construction
vibration can cause differential settlement cracks or increasing the existed
cracks in the structures. Figures 5.3 and 5.4 show different types of settlement

cracks are look like.
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Figure 5.2: Cracks in exterior property wall,
(http://vibrationdamage.com/understanding_vibration_damage.htm).

Figure 5.3: Cracks in a wall due to construction vibration,
(http://vibrationdamage.com/understanding_vibration_damage.htm).

Figure 5.4: Sign of damage from the blasting, photo by Molly Moore, West
Virginia USA. (http://appvoices.org/2016/02/18/blasting-homeowners-
property-damage-coal/).
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The following Figures show the damage due to construction of new road which
caused failures for fagade walls. Figures 5.5 and 5.6 show the damage in walls

and plaster

Figure 5.5: Damage in plaster due to road construction, recent insurance
adjustment claim for a home damaged by construction next door, Florida, USA.
(ww.toddclaimservice.com)

R

Figure 5.6: Damage in wall due to road construction, recent insurance
adjustment claim for a home damaged by construction next door, Florida, USA.
(ww.toddclaimservice.com)

217



Chapter 5 Settlement

There are some characteristics of vibration cracks which settling cracks rarely
share. Cracks at drywall corner beads and sheet joins can occur from normal
settling, temperature cycling and construction vibration. However, cosmetic
drywall cracks from vibration often appear at the corners of windows and
doors, running roughly diagonally from the corners. Corresponding cracks
often manifest themselves outside around wall penetrations in rigid finishes
like stucco. These diagonal cracks are due to the house being placed in shear
(i.e. sections of the house moving in different directions or speeds with respect
to one another) by vibrations.

Svinkin (2008) illustrated the possible damge due to dynamic settlement as

following:

5.3 Pre-survey documentation

Most construction sites that involve the use of explosives are required to do
pre-blast surveys to map the existing cracks or other defects in buildings within
a certain radius from the blasting activity and to measure the vibrations
produced during construction. If the vibrations from the blasting exceed the
threshold level and damage is reported by the homeowner or business owner,
the contractor can determine what damage existed prior to the blast so a
comparison can be made, and any damage caused by the construction can be

repaired.

A pre-construction survey is the first step in the control of construction
vibrations to ensure safety and serviceability of adjacent and remote houses,
buildings and facilities. In a situation where the soil has high liquefaction
potential, construction vibration can cause ground settlement or shifting that
significantly reduces support provided by the soil. Rather than vibration itself,
this ground settlement or shifting of the ground can cause damage to the
building. This situation requires a geotechnical engineer and a review of
analysis, mitigation, and monitoring processes. Some types of construction-

caused damage can look very similar to settling damage or can involve
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construction vibration-caused settling, so you will need to try to differentiate

the two.

The steps of pre construction survey to document the damage due to vibration,
because few structures begin free of distress. It is often possible to resolve
construction damage from other sources by comparing post-construction and pre-

construction photographs and elevation surveys, (Svinkin 2008).

e The pre-driving condition survey has to be provided after the
accomplishment of excavating and dewatering at a site.

e A pre-construction survey is the first step in the control of construction
vibrations to ensure safety and serviceability of adjacent and remote
houses, buildings and facilities.

e Surveys of structure responses provide more objective information about
vibration effects on structures than vibration measurements.

There are four goals of preconstruction survey:

e Document the existing cracks and other damage.

e Analyze probable causes of existing damage.

e Classify susceptibility rating of structures.

e Determine mitigation measures of pile driving effects on structures.

5.4 Mechanism of settlement due to vibration

There are two fundamental mechanisms for vibration damage 1) distortion
from inertial loads, and 2) settlement of the soils supporting the foundation. If
the soil settlement is not uniform, distortion and damage can occur. Such
differential settlement can also be due to deep excavations adjacent to existing
foundations.

Massarsch(1993) has, based on a review of existing vibration codes in
different countries, suggested that damage to buildings caused by "pseudo-
static" ground distortions occur at a critical deflection ratio d/L = 1.5-107.
simple relationship can be used to estimate a critical vibration velocity V. in

the following Eq.5.1.
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V,=4.710"C (Eq.5.1)

Where (C), is the wave propagation velocity and it equals to L/f (where L is the
wave length and f is the frequency of the wave. This simple relationship is
valid if the wave length is smaller than twice the building length B (i. e. for

wave propagation in soft soils, Massarsch (1993).

The ground vibration velocity V depends on the wave propagation velocity C
and the two non-dimensional numbers ground distortion (d/L) and relative
building length (B/L). Figure 5.7 shows the effect of wave propagation below

building, subjected to surface waves of different wave length.
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Figure 5.7: Influence of wave length on ground distortion below the building,

(after Massarsch 1993).

Vibration induced settlements can occur in loose soils subject to ground borne
vibrations from any contiguous source like construction operations, forging
operations, or other dynamic event like blasting. The soil may be saturated

in which case liquefaction may occur or non-saturated in which case
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shakedown settlement may occur. The liquefaction process due to construction

vibration is similar to the liquefaction due to earthquake as it shown in Figure 5.8

Before Vibration

Loosely packed
grains. Pore spaces
filled with water.

Water-saturated
granular layer

During Vibration
~ Sand injected into

Sand boils Q) overlying sediment.
Sand dike ( (

S2ad 1

@

B b
&S nmealied | » S Tightly packed layer.
apart by upward
Tlow.

Figure 5.8: The process of soil liquefaction due to vibration, modified from
theconstructor.org
Damage may occur to structures supported on soils due to settlement by
vibrations. Factors that increase the total vibration energy input will increase
settlements. Such factors are: depth of overburden, intensity of final driving

resistance, number of piles and size of the site.

5.5 Soil densification
Clean sands with relative densities less than or equal to (50-55) % are
considered susceptible to densification as illustrated by Lacy and Gould

(1985).

Vibration-induced settlements and soil shakedown is known to occur due to
densification of loose saturated sands subjected to vibrations, Therefore,
understanding vibrations resulting from pile driving is essential to alleviate
risk of damage to buildings and structures in the vicinity of pile driving

activities.

It has been indicated in many cases that settlements can occur even at low
vibration levels in loose granular soils. As the vibration amplitude is largest
close to the ground surface, settlements will be larger in the upper soil

layers, where the confining stress is low.
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5.6 Shear strain effect on soil settlement

Drnevich and Massarsch (1979) and Mohamed and Dobry (1987) have shown
that soil disturbance will not occur if shear strain are below a threshold value of
v, ~0.001% (10*10°). When this level is exceeded, the risk of particle
rearrangement and thus settlement increases. At a shear strain level of ~0.010
%(100*107°), vibrations can start to cause settlement and this value should
not be exceeded. Significant risk of settlements exists when the shear strain
level exceeds ~0.100 % (1,000%10°). It is important to note that shear modulus
and shear wave speed are affected by shear strain. Massarsch (2004a) has shown
that the shear wave speed decreases with increasing shear strain and that this
reduction depends on the fines content (plasticity index) of the soil. The
reduction of shear wave speed is more pronounced in gravel and sand than in silt
and 1s even smaller in clay. The effect must be appraised when determining the
shear wave speed at a given strain level and taking into account the

reduction in shear wave speed with shear strain level.
5.7 Methods of estimating soil settlement

Vibrations, which are caused by driving piles into dry or permeable soils, can
cause settlements. The magnitude of settlement depends on several factors, such
as soil type and stratification, groundwater conditions (degree of saturation),
pile type, and method of pile installation (driving energy). For estimating

settlements in homogeneous sand deposit adjacent to a single pile

Massarsch (1993) suggested an embirical graph for settlement measuring based
on the amplitude of acceleration once the amplitude is available the
corresponding volume strain can be derived from the following graph in Figure

5.9 for vibratory pile driving and vibratory soil compaction.

222



Chapter 5 Settlement
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Figure 5.9: Settlement value as a function of cone resistance and ground

acceleration, after (Massarsch 1993).

It is agreed that the most relevant parameter to assess the risk of settlement is the
ground acceleration. Massarsch (1993) set an empirical graph for pile driving as
shown in Figure 5.6 to calculate settlement value as a percentage of soil layer
thickness. The density of the soil is expressed in terms of cone penetration
resistance. Settlements can range between 10% in very loose sand and silt and
1% in dense sand and gravel. This uneven foundation can lead to large
differential settlement below light weight buildings, even at very low vibration

levels, however it can't be harmful as direct wave propagation.

Massarsch (2000) illustrated a second method to assess settlement. The method
consists of two steps, the first one is to estimate shear strain value, and the

second step is to estimate the volume strain from the shear strain.

It suggests evaluating the total settlement A of a sand layer, due to vibrations
caused by the propagation of superficial waves, by means of the sum of
settlements A, of each single layer then, this result has to be multiplied by the

number of vibration cycles as it shown in Eq.5.2:

Az =), Az.N (Eq.5.2)
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For the evaluation of the settlement A; (mm) of each layer is the following

Eq.5.3:
A= f,.m,.v. AH/ (R.. Cy) (Eq.5.3)

e Where A, is the settlement in the considered layer.

e f) is the empirical parameter relating the plastic vertical strain to the shear
strain amplitude.

e m, is the parameter relating the vibration amplitude at depth z to the
vibration amplitude at ground level. (f; and m, are factors of shear strain)

e v is the vibration amplitude (velocity amplitude of particles) at ground
level,

e AH is the thickness considered layer.

e R, is the ratio between Rayleigh wave velocity and shear wave velocity
(taken as 0.93).

e C; is the shear wave velocity.

The parameter f| is the ratio between the vertical strain ¢, and the shear strain
amplitude Ay. It is a function of the shear strain amplitude and the number of
equivalent cycles. The value of f; is derived from the test results published by
(Seed and Silver 1972) and (Youd 1972) and is presented in a graph. This

graph is reproduced as shown in Figure 5.10.
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Figure 5.10: Shear strain factor f1 as function of shear strain for different values
of load cycles and relative density (data modified after Seed and Silver (1972);
Youd(1972))
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Relative density (DR) is an important parameter in the laboratory testing of the
dynamic properties of sandy soils. Relative density of cohesion less soils is
defined as the ratio of the difference between the void ratio of cohesion- less soil
in the loosest state and in-situ void ratio to the difference between its void ratios
in the loosest and the densest states. Thus relative density (D)), also called

density index (I4), is defined in Eq.5.4.

Dr = [(emax - C) / (emax_ emin)] x 100 (Eq54)

Where e, 1S the maximum void ratio of soil corresponding to the loosest state, e
1s the in-situ void ratio, and e, is the minimum void ratio of soil corresponding
to the densest state.

Relative density represents the initial state of sands and is usually expressed as a
function of soil resistance such as SPT blow counts (Terzaghi and Peck 1967) or
CPT tip resistance (Y1, 2009a).Several relationships between relative density and
SPT blow counts have been proposed in the past (Terzaghi and Peck 1967;
Tokimatsu and Seed 1987; Idriss and Boulanger 2008).

The shear strain amplitude is derived from the vibration velocity amplitude as

shown in Eq.5.5

__ Vs

y== (Eq.5.5)

Where vy is the shear strain amplitude, v, 1s the amplitude of vibration velocity
and C;: is the shear wave velocity. Cs is always fixed equal to 540 m/s (about 7%
major than the Rayleigh waves velocity; Massarch, 2000)

The parameter m,*v is in fact the velocity amplitude at depth z. The value of
m, can be obtained from theoretical values derived for Rayleigh wave. The
relation has been simplified as in Eq.5.6.

m,=09-0.6%z/A (Eq.5.6)
Where z is the depth below ground level, A is the wave length. The wave length
A follows from A = Cr/f with Cy the Rayleigh wave velocity and f the dominate
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frequency of the propagating wave and according to Massarch (1993) at
vibration frequencies on the order of (10-30)Hz the wave length range between
(5-20)m these values are just within the critical range of many buildings
affected by pile driving. The value of m, for a homogeneous soil layer can be

considered equal to 0.5 it can be obtain following the graph in Figure 5.11
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-Figure 5.11: Shear strain factor m, for use with vertical peai( partic-le Veloc-ity,-

with indication of simplified relationship (after Massarch, 2000)

Massarsch (2004b) proposed the basic procedure for estimating ground
settlement due to pile driving, the model description is illustrated in Figure 5.9. It
is presumed that the most considerable densification due to pile driving
occurs within a range corresponding to three pile diameters (3D) around the
driven pile. The volume reduction resulting from ground vibrations will cause
significant settlements in a cone with an inclination 2(V):1(H) after Massarch
(2004b), with its apex at a depth of 6 pile diameters (6D) below the pile toe.
Thus, the settlement trough will extend a distance of 3D + L/2 from the centre of
the pile, with maximum settlement at the centre of the pile. Maximum and

average settlements (Spaxand s, (m)) settlement can be estimated using the
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Eq. 5.7 relationship adapted from Massarch (2004b) , for an appropriate value of

the soil compression factor, o (Table 5.1).

Smax = a(L+6D) | Savg =<t (Eq.5.7)
Table 5.1 shows compression factors, based on experience from soil compaction
projects, which are applicable to driving in very loose to very dense sand.
The intensity of ground vibrations can be assessed based on vibration levels

indicated in Figure 5.12

Figure 5.12: Basic method of estimating settlements adjacent to a single pile in
homogeneous sand. Massarsch(2004).

Table 5.1: Compression factor, a, for sand based on soil relative density and level

of driving energy.(Massarch and Fellenius 2014)

Driving Energy
Soil Density Low Medium High
Compression factor o

Very loose 0.02 0.03 0.04
Loose 0.01 0.02 0.03
Medium 0.005 0.01 0.02
Dense 0.00 0.05 0.01
Very Dense 0.00 0.00 0.005
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Drabkin et al. (1996) proposed a polynomial model to estimate settlement
taking into consideration several factors including soil properties. This
method allows for good estimation of settlement, however, it is based on
a laboratory approach modeling vibration data obtained from field ground
surface measurements. The model describes a method to predict in-situ
settlement of sands caused by pile driving or vehicular traffic with a laboratory

developed polynomial model.

A model of vibration-induced settlement for small to intermediate vibration
levels was developed using multifactorial experimental design. Such factors
affecting vibration-induced settlement as vibration amplitude, deviatoric stress,
confining pressure, soil gradation, number of vibration cycles, relative density,

and moisture content. Settlement evaluation is illustrated in Eq.5.8

LnY=2.27+1.19(X,) - 0.71(X;)*+ 0.49(X>) - 0.68(X,)* - 0.80(X3) +1.09(X5)” -
0.46(X,) + 0.06(X4)* + 0.45(Xs) - 0.38(X5)*- 0.19(Xq) - 0.10(X5).  (Eq.5.8)

The natural values of factors should be replaced by their coded values Xi and

substituted in the polynomial equation as it shown in Tables 5.2 and 5.3.

Table 5.2: Tested Ranges of Factors

Designation
No Factors Tested ranges
coded value
1 Vibration amplitude 2.5-18 m.m/s (v=0.1-0.7 X
n./sec)
2 Deviatoric stress 14-104 kPa (s = 2-15 psi) X5
3 Confining pressure 69-207 kPa (p = 10- 30 psi) X3
4 Sand mixture Coarse, medium, fine X4
5 Number of vibration cycles N =60-500,000 Xs
6 Moisture content Dry, saturated X
7 Initial relative density Loose, medium dense X5
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The method has been validated by the authors with field data. The considered
cases contain situations with impact and vibratory driving of foundation piles and
sheet piles. They concluded that a reasonable agreement between observed and
calculated settlements exists

Table 5.3: Coding of variable factors

No Factors Coding of factors
1 Vibration amplitude X;=-1+(v-0.1)/0.3
2 Deviatoric stress Xy =-1+(s-2)/6.5
3 Confining pressure X3=-1+(p-10)/10
4 Coarse sand X4 =-1
4 Fine sand Xy=1
5 Number of vibration cycles Xs=-1+ (N -60)/26997
6 Saturated sand Xe=-1
6 Dry sand X =2
7 Initially loose sand X;=-1
7 Initially medium dense sand X;=2

Bement and Shelby (1997) used the cyclic loading test for sand samples
vibrated vertically a new formula is developed to determine the densification of
sand. The new formula is derived as a result from large series of cyclic loading
tests. Different parameters are varied: type of sand, relative density, vertical
(static) stress, frequency of loading (25 Hz, 40 Hz and 120 Hz) and degree of
saturation. The vertical acceleration in the tests is increased stepwise. In general
each 10 to 20 minutes the acceleration level is increased. From the test results the

following expression for the volume reduction is obtained in Eq.5.9.

2.8 Ln(Dc) (n)* (Eq.5.9)

0.01x0v0
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With; S: settlement (unit: %), n: acceleration amplitude (unit: g), D.: parameter
describing the grain size distribution (unit mm™), Ip: relative density (unit:

unity), and o: vertical stress (unit kPa), Where D¢ is determined by Eq.5.10.
Dc= Dg()/ ( D60>< D30) (Eq5 10)
Dy particle size with 90% passing

For acceleration levels exceeding 2g and the possible hazard increased, it is
stated by the authors that fluidization will occur and a different equation is given,

as shown in Eq.5.11:

oo 4 Ln(Dc) +0.7In(n) (Eq.5.11)

0.01x6v0+0.75(1-Ip)

(Hergarden 2000), developed a method for assessing the settlement due to
vibratory sheet piling. The densification is a function of the acceleration
amplitude. For the source model empirical data from the Dutch manual on sheet
piling C 166 (CUR 1993) are used. The horizontal and vertical velocity at 5 m
from the sheet pile are given for 6 different soil profiles, that are typical for
Dutch subsoil conditions. The given values are valid for a vibrator with a
centrifugal force of 350 kN. For vibrators with a higher centrifugal force the

velocity amplitude is to be corrected according to Eq.5.12.

Vo .cor=Viert0.002X (Fgn-350) (Eq.5.12)

Where Fgy, 1s the centrifugal force (in kN), V.. is the velocity amplitude (in
mm/s) at reference distance ry, for a centrifugal force of 350 kN and Vs 1s the
corrected velocity amplitude at reference distance ry (in mm/s),corrected for

capacity of the vibrator.

The densification model is based on a publication by Barkan (1962). Following

Barkan, Hergarden assumes that there is a threshold acceleration below which no
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densification occurs. This threshold acceleration is a function of the relative

density and stress level. The threshold acceleration follows from Eq.5.13.

Ln (1-Ip)
= —— Eq.5.13
-0l

Where 1, 1s the threshold acceleration, Ip, is the initial relative density and ag is
the empirical parameter, depending on soil strength and stress level. For ag
values are varied between 3 for high stress and strength level and 5 for low stress

and strength level.

The change in relative density as function of acceleration and time is described

with the following equation, Eq.5.14

Alp(m,t) = [exp(-ap o) - exp (-ap1)] (Eq.5.14)

Where 1 is the acceleration amplitude (a/g).

Knowing the change in relative density the volume strain can be determined as

shown in Eq.5.15.

Cvol = Alp x (€max- €min) / (11€0) (Eq.5.15)

With, €., 1s the maximum void ratio, e, is the minimum void ratio and ¢ is the

initial void ratio.

The amount of densification can be calculated using the mentioned formulas. It is
also possible to use the nomogram of Figure 5.13. Starting point is the cone
resistance and the vertical effective stress. From this follows in the left hand
graph the relative density Ip. For this the correlation of Lunne and Christoffersen
(1983) is used. Going to the right hand graph the threshold acceleration can be
found when the value of ap is selected. If the acceleration at the considered point
is above the threshold value the relative density after vibrating can be found

going from the right hand graph to the left hand graph.
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Figure 5.13: Nomogram for assessing the volume strain, after Hergarden (2000)

The procedure will be illustrated with an example. In the example the cone
resistance is 5 MPa, the effective vertical stress is 100 kPa and the acceleration
amplitude is 2.3 m/s* (n= 0.23). From the left hand graph the relative density is
assessed to be Ip = 0.4. This value is used as input in the right hand graph. It is
assumed that for this situation ag =4. Going horizontally from I3 = 0.4 to the line
of ag =4 and then going vertical downward the threshold acceleration is found to
be 1y = 0.13. The actual acceleration amplitude is n= 0.23, so above this value.
Densification due to vibrating is expected. The final relative density due to
vibrating can be read from the right hand graph. Going from 1 = 0.23 to the line
of oy =4 and then going to the left the final relative density is found to be Ip =
0.5, This gives a change in relative density of Alp = 0.2. From this the volume
strain can be calculated.

This procedure can be performed for each point in the densification zone. The
result is the local volume strain in the subsoil due to vibrating. The settlement at
surface follows from integration of the effect of all local volume strains. It is
assumed that the effect of local volume change spreads to the surface at an angle
0. For 0 a value of 30 is proposed. With this the width of the settlement trough

due to densification of element ij is given from Eq.5.16.

Bjj =2 Z tan0 (Eq.5.16)
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Where Bij: influence width at surface, z: depth of considered point below ground

surface and 0: angle of volume change spreading, as illustrated in Figure 5.14.

ij
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Figure 5.14: Translation of local densification to surface settlement.

The contribution to the settlement follows from the volume change of element |

divided by the width B;; as shown in Eq.5.17.

AZij = Cvol Aij / Bij (Eq517)

Where, Z;; is contribution to surface settlement due to densification of point i,
Gvol 18 the volume strain at point ij and A;j is the representative area (volume per

meter) of point ij.

Meijers (2007) summarized a comparison between the different models for
evaluating settlement as shown in Table 5.4. Most of the methods assess the local
volume strain or vertical strain. For assessing the surface settlements mostly a
vertical integration of the assessed strains is used. This implies that spreading is
neglected. Also the effect of the sheet pile volume on the settlement is neglected.

In fact Hergarden is the only author that takes this aspect into account.
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Settlement

Table 5.4: Comparison models for assessing settlement due to sheet piling

Driving Number of EX((;::S Density of Type of
Model force for cycles P Sand P Remarks
: . . Pressure . Piling
densification | incorporated . Considered
Generation
Massarsch . Vibratory
(1993) Acceleration No No Yes Pile driving
Partly
Massarsch Shear strain (only id Not
(2000) Amplitude Yes No =45%and | Mentioned
60%)
Massarsch N v Not
(2004) one No No | Mentioned
Drabkin, Veloci N
. elocity ot
Kim Amplitude Yes No Yes Mentioned
et al.
. Vibratory
Hergarden | Acceleration No No Yes Sheet piling
. Vibratory
Bement Acceleration No No Yes Sheet piling

5.8 Case Histories records

A lot of documented case histories for settlement infield measurements are
illustrated in previous chapters, it can be noticed that the great values of soil
settlement are ranged between 16m to 300m from the vibration source,
(D’Appolonia 1971 and Kaminetzky 1991 and Bradshaw et al. 2005). By
comparing these values of settlement to the standard limits and with the
Egyptian code, it can be easily expect a great damage to the structures
especially the isolated footings buildings. It becomes very urgent to find ways
or models to expect the values of settlement due to construction vibration.
Massarch (2004) proposed the basic procedure for evaluating settlement due to

pile driving.

Settlement records for case histories are summarized in Table 5.5, for sandy

soil or generally coarse soils.
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Table 5.5: Values of soil settlement due to pile driving in sand soil.

' Measured '
Reference Soil type Pile type
settlement
_ saturated loose fine H-pile
Swiger (1948) ' 1.5 ft
silty sand
sand fill, organic
silt, loose to _
7 1n
Lynch(1960) medium dense sand,
limestone, and
compact sand
Horn (1966) 59in
significant
Feld & Craper uniform medium H-pile
settlements and
(1997) dense sand
severe damage

From a consideration of various vibration-related standards, the following two
criteria are suggested for preliminary assessment of predicted ground vibrations
after AJ Sutherland and IR Mclver (2012) 0.5mm/s PPV for disturbance of
building occupants 5Smm/s PPV for building damage. The above criteria do not
apply to soils susceptible to vibratory densification or liquefaction. In general,
these soils comprise uniform grain size (ie low cohesion) silts below the water
table and have a very low scala count, ie about two blows per S0mm. For such
cases, specialist geotechnical advice should be sought on the vibration levels
that could cause consolidation or densification of the soil, which would result
in differential settlement and consequent building damage.

Settlement and heave records case histories are summarized in Table 5.6. In

case of clayey soils or adhesive soils
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Table 5.6: Values of soil settlement and heave due to pile driving in sand

soil.
Measured )
Measured heave Pile type Reference
settlement
adjacent ) _
38 mm during D’ Appolonia
structures heaved
five years (1971).
up to 9 mm
26 to 86 mm at
the distance about _ Bradshaw et al.
' Concrete piles
16 m from driven (2005).
piles.

Evaluation of case histories of vibration induced settlement by Drabkin et
al.1995.
e Southern Brooklyn Site (New York City)

Differential settlement of aeration tanks was described by Lacy and Gould (1985)
and Lacy et al. (1994). The 5 m high, 80 m wide tanks were supported by timber
piles as shown in Figure. 5.12. Closed-end 10.75 in. (273.1 mm) pipe piles were
driven to depths exceeding 40 m in close proximity to the tanks to support the
new structure. Pile driving in medium dense, fine to coarse sand was performed
with Vulcan 08 impact hammer. Settlement was noticed when about 100 new
piles had been installed. When settlement exceeded 25 mm, all fluid was
removed from the tanks, reducing loading by about one half. Nevertheless, the
settlement continued and reached 70 mm during the driving of additional piles.
Augered cast-in-place piles (ACIP) replaced the remaining piles to be driven,
which were generally those closest to the existing structures. The possible

settlement was assessed using one- and 10 layer extrapolation schemes.

The natural and coded values of factors are shown in Figure 5.15. Calculated
settlement of 58.9 to 74.3 mm matched well the observed settlement Vibrations

were monitored with a seismograph on the surface of both structure and the
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adjacent ground. Peak particle velocities on the structure were always less than
2.5 mm/s. On the ground the vibration amplitude ranged from 2.5 to 23 mm/s.
Estimates of a from ground and surface measurements ranged from 0.02 to 0.05
mm™' These values indicate attenuation in organic soils forming the upper strata
on site. The vulnerable zone was formed by medium dense fine sand, and the
Vulcan 08 impact hammer generated frequencies of about 20 Hz. Hence an

assumed value of a = 10 mm™' was used in 10-layer extrapolation method.

Vibr.Ampl. Meas.Sett. Calc.Settl.* Calc.Settl. **
(mm/sec)  (mm) (mm}) (mm)

175 70 49 61

Factor  Natural Coded
Value Value

175 mm/sec  0.96
154 kPa 1
306 kPa. i

~N W R W —

Fine 1
500000 cycles 0.85
Moist 2
Dense 2

*Sentlement was calculated for in-situ
stress conditions in the middie of the
vuinerable zone

**Settlement was calculated for the
vulnerable zone divided into 10 layers

Figure 5.15: Case History at South Brooklyn Site, New York, after Drabkin et al.
(1996).

e Cedar Creek Site in Wantagh (New York)
Evaluation of vibration effects on settlement was performed by Lacy
(unpublished report, 1986) to permit the use of a vibratory hammer to drive
sheeting in close proximity to existing structures, The study consisted of pile-
hammer testing and monitoring of vibration-induced settlement during pile

driving at the Cedar Creek site.

Several effluent tanks were planned to be constructed close to the existing 2.4 m
diameter effluent and 2.1 m diameter outfall pipes as shown in Figure 5.16.
Subsurface conditions are shown in Figure 5.17 as interpreted from borings made
in the vicinity of the pipes. The upper 4-5 m layer was hydraulically placed lose

to very compact gray and brown medium sand with a trace of silt and gravel. The
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sand's density varied substantially from boring to boring. Next followed 1-2 m of
organic silty clay, peat, and medium dense sand. The pipes were founded below
this layer. Under the pipes to the elevation -12 m is medium compact gray fine to
coarse sand with a trace of silt and gravel. This layer was vulnerable to vibration

densification.

location

Existing 2.4 m @ Surface A Subsurface  ~ Sheet pilesPZ22
effluent pipe transducers geophone's driven for test program
location

Figure 5.16: Settlement Monitoring Location Plan at Cedar Creek
Site, after Drabkin et al (1996)

Elevation, m Sertlement Vibr Ampl. Mcas Sett. Calc.Sett]. *
0 MONHOTINg {mm/sec}- (mm) {mm}
Ava | Fill: hydraulically 5-10 13-19 4-12
., | Placcd medium sand, Factor Natural  Coded
density varied from Value Value
— loose to dense in
4 | _different borings i 5-10 mmy/sec -0.67.0.02
Organic silty clay, 2 46 kPy -0.28
6 [~ Sand 4 Fine 1
medium, loose to z SOU;OUh cycles 0.285
-8+ mech‘um dense, Vulnerable 7 D oSt 1
density 164 g/cm * sone ense }
0 b— saturated *Settlement was calculated for in-situ
| stress conditions in the middle of the
valnerable zone

Figure 5.17: Cedar Creek Site, after Drabkin et al (1996)

Based on the test driving data, settlement was evaluated using a one-layer

extrapolating method. Calculations with the 10-layer extrapolation method were
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unnecessary at this site because of the small thickness of wvulnerable zone.
Settlements were evaluated for vibration amplitudes of 5 mm/s and 10 mm/s. The
vulnerable 7 m zone was below a 5 m sand fill layer, hence confining pressure in
the middle of the zone was 92 kPa and the deviator stress was 46 kPa for the at-
rest earth pressure coefficient condition. The levels of all factors are shown in
Figure 5.14. The predicted settlement due to driving of a small number of test
piles was about 2 mm and could be within the error margins of settlement
observations. The calculated settlement after driving of sheeting along the
pipeline ranged from 9 to 15 mm. Therefore, the polynomial model was able to

predict settlement better than test pile driving.

e Lesaka Site (Northern Spain)
Picornell and del Monte (1985) discussed a case of pile driving-induced
settlement of a pier foundation. The building of a steel mill factory was
supported by cast-in-place concrete 1.08 m diameter piers embedded to a depth
of 20 m into sandy soil. The vertical pressure on each pier did not exceed 534
kPa. New equipment foundations had been designed on steel H-piles to be driven
to bedrock. Upon driving steel H-piles, one of the pier foundations settled 250
mm. The investigation of this settlement included field plate-load tests, pier-load
tests, and laboratory consolidation tests. They showed that static design loads
would cause only minimal settlement (less than 9 mm). At the time the
settlement was noticed, a visual inspection did not reveal the presence of cracks
or any other feature on the ground surface that would suggest some type of cave-
in effect. Using an analogy between this settlement and the settlements observed
at the Embarcadero site (Clough and Chameau 1980) and at the Leningrad site
(Dalmatov et al. 1968), dynamic compaction induced by the pile driving on the
sand layer was considered to be the only cause of settlement. Analysis of the
vibration-induced settlement using the polynomial settlement model raises doubt

as to that conclusion.

In their investigation, Picornell and del Monte provided neither observed

vibration amplitudes and duration of pile driving nor the type of driving
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equipment. A maximum v = 17.5 mm/S was assumed. The mean effective stress
(confining pressure) in the middle of vulnerable zone at a depth of 35 m was 562
kPa assuming an earth pressure coefficient at rest as 0.5. The deviator stress was
188 kPa. The stresses exceed those used for the development of the polynomial
model. Thus, the combination of maximum tested level of confining pressure and
deviator stress was chosen to get the possible upper bound of settlement. The
number of vibration cycles were also maximum. The natural and coded values of

factors are shown in Figure 5.18.

Vibr.Ampl. Meas Sett. Calc.Settl.* Calc. Settl.**

PILE DRIIVING (mm/sec)  (mm) {mm) {mm)
Elevation, m S62kPa 5 - 17.5 250 B0-100  100-120
0 :
—N " [ Conerete Factor Natural  Coded
20 pier Value Value
- 1 175mmsec 096
— v"m]"e":bl"’ 2 188 kPa 1
40 - of fine silty i 3;15“ i
= sand 5 500000 cycles 0.85
60 ﬁ 6  Moist 3
- 7 Loose -1
80— *Settlement was calculated for in-situ
— stress conditions in the middle of the

vulnerable zone

**Settlement was calculated for the
vulnerable zone divided into 10 layers

Figure 5.18: Case History of Pier Settlement in Lesaka, Spain, after Drabkin et
al.(1996).
The calculated settlement using both computational methods is about 120 mm,
which is two times smaller than was observed at the site. Vibration-induced
densification could not be totally responsible for settlement of this magnitude.
Still, pile driving was definitely responsible for settlement. The explanation is
probably the combined effect of vibration on both soil densification and the
reduction of skin friction on the piers. These piers were not supported by
bedrock, so settlement of surrounding soil could cause pier settlement. The
quantitative effect of vibration on stability of friction piles in sands was not

properly investigated.
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e Tri Beca Site in Manhattan (New York City)
The settlement that accompanied pile driving at the Tri-beca site in Manhattan
was described by Lacy et al. (1994). A 52 story residential building, Tri-beca
Tower, was planned in close proximity to two other buildings Figure.5.19. The
original foundation project considered installation of 178 mm outside diameter
open-ended 30 m long pipe piles. The subsurface conditions are shown in Figure
5.20. Medium compact fine to medium sand was expected to density due to
vibrations. Test piles were driven to evaluate expected settlement of an adjacent
two story building and a historic landmark six story building. Extrapolation from
field measurements of ground settlement predicted 25-50 mm settlement for the
two story building and 13-25 mm settlement for historic building. The values of
vibration amplitudes during test pile driving are now not available. They were

limited by 25.4 mm/s to prevent direct damage to the structures from vibrations.

Building 2-story ll;ﬁls“’,‘i"
building 30-40 m uilding
1.5-15m & Scismograph |
i station
Seismograph 2 Pile driving
locations zone at

Tri-beca tower
construction site

NS

Figure 5.19: Plan of Tri-Beca Site in Manhattan, after Drabkin et al (1996).

The observed settlement of the two story building was 38-69 mm at different
stages of construction. Settlement of both buildings was evaluated using the
polynomial prediction model using one-layer and 10-layer extrapolation methods
assuming o= 10° mm" The predicted settlement for the historic building was

less than 10 mm and that matched the observations.
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2 8TORY Vlbl'AlﬂPl Meas.Sett. Calc.Seutl * Calc.Sett] **
BUILDING (mmjsec)  (mm) () {mm)

k 5-13 38-69 12-49 18-65
: i underpummg Factor Nataral  Coded

Value Value

5.13 -0.67.037
53kPa =013
106 kPa 046
Fine 1
500000 cycles 0.85
Moist 2
Dense 2
*Settlement was calculated for in-situ
stress conditions in the middle of the
vulnerable zone
**Sertlement was calculated using
10-layers extrapolation scheme

Vulnerable
zone

= Th VB W R

Figure 5.20: Case History at Tri Beca Site in Manhattan, after Drabkin et al
(1996).

Studied case histories showed that usually the use of the one-layer method was
sufficient for estimation of settlement. The 10-layer extrapolation showed the
effect of different layers on settlement and provided the upper limit of expected
settlement. That approach may be recommended for evaluation of effects of pile
driving in highly non homogeneous soils.

The maximum densification happens when high deviatoric stress is combined
with low confining pressure. In case of high confining pressure, the model will
be valid approximately up to double values of stresses observed in the field as
compared to laboratory tested. The authors (Drabkin et al) do not recommend use

of the model beyond that range.

Drabkin et al (1996) compared the settlement values due to pile driving from
infield measurements and the calculated values using one layer method and 10

layers method as it illustrated in Table 5.7.
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Table 5.7: Case histories of vibration induced settlement, Drabkin et al.(1996)

Vibration Settlement (mm)
Investigated sites amplitude Calculated
Observed in situ
(mm/s) One layer scheme| 10 layers schemg
Back Bay 5.4-15 18-54 18-63 24-78
(Leathers 1994)
Brooklyn, South
17.5 70 59 74
(Lacy et al. 1994)
Brooklyn, West
(Lacy et al. 2.5-15.2 61 5-56 8-63
1985)
Cedar Creek (Lacy
5-10 13-19 9-15 -
1986)
Embarcadero
(Clough and 1-5 8-51 8-58 -
Chaomeau 1980)
Leningrad
(Dalrnalov el al. 2.8 6-11 4.5 8.1
1967)
Lesaka (Picomell 17.5
and del 250 111 117
Monte 1985)
Northbrook
pipeline (Linehan 2.8 38 37 48
1992)
Tri-beca (Lacy el 2.5-18 38-69 15-112 27-135
al. 1994)

5.9 Conclusions
Different methods are available to aid the design engineer in assessing the
surface settlement due to construction vibration. In this chapter, the common
models of settlement prediction are mentioned and briefed. The possible damage
due to settlement is illustrated using lots of figures describing the resulted
damage. Some of case histories represented as measurements of soil settlement
due to construction vibrations. The following points of conclusions are briefed:

1. Cracks in structure systems occurred due to differential settlement

beneath the foundation.

2. Construction vibration could be destructive for old or heritage buildings.
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3. Case histories documented the settlement values along away from the
vibration source show that the settlement can occur at far distances and
with high values and could be harmful.

4. Preconstruction survey should be set before starting any vibration
process to document any cracks exist on the adjacent structures and to
predict and estimate the values of settlement.

5. Shear strain is very effective parameter for calculating settlement due to
construction vibration.

6. Models for settlement prediction were done to estimate the values of
settlement to help the engineers to predict soil settlement to avoid the

possible damage.
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Chapter 6

Wave Barriers

6.1 General:

Ground vibrations are generated by construction activities (i.e. dynamic
compaction, roadbed compaction, pile driving, blasting), are considered as a
serious problem facing the structures and heritage buildings. Many solutions
are discussed by many researchers to control and may be prevent the effect of

construction vibration, which would be the scope of this chapter.

In most cases, the major part of the vibration energy induced by dynamic
sources transferred by the Rayleigh waves propagating in the region nearby soil
surface may cause strong ground motions and stress levels that transmit the
vibrations through the subsoil to the structures. Therefore, the permanent
adversely affects these excessive vibrations on the foundations, particularly
supported on the soft soil deposits, cause structural damage to the adjacent

structures.
6.2 Introduction:

In severe cases, buildings and buried services in the near vicinity may be at risk
of cosmetic or minor structural damage, (Head & Jardine 1992), (Wiss 1967)
and (Todd 1994). This transit vibration can cause feelable movement of
building floors, rattling of doors and windows, and shaking items on shelves

along with rumbling sounds.
6.3 Reduction of construction-induced vibration:

For an effective protection of the buildings from structural damage due to
dynamic loads generated by man-made activities, there are many possibilities

to be considered as vibration screening systems.

The reduction of the structural response may be accomplished as a) by

adjusting the frequency contents of the excitation, b) by changing the location
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and direction of the vibratory source, ¢) by modifying the wave dissipation
characteristics of the soil deposit, and d) by partially interrupting the spreading
of waves into the structure or by providing the structure more damping by
means of installation certain devices such as additional dampers or other base
isolation systems, (Firat et. al.2010). Figures 6.1 to 6.5 show the process of

wave control by using wave barriers with different types of trenches.

Building damage

Vehicle response %
ixcitation of

Trench Barrier

a) Wave control by trench b) Wave propagation

Figure 6.1: Wave propagation from vibration source and path control for

wave reduction.

i)
Barrier

=

—>
(4}
/ (3)
Wave firont () %

Figure 6.2: Reduction in ground vibrations by using barriers, after Persson

et al. (2016)
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Figure 6.3: Vibration Reduction of Plane Waves Using Periodic In-Filled Pile
Barriers, from Huang and Shi (2016)

Measurement line i’ . B0
v ﬂ.\_. o LT ¥

N 'y g - i &
-

b8 [ Tri-axial sensors
W Vertical sensors
| O Wertical sensors on sleeper

Figure 6.4: The site of Furet: (a) track, noise barrier and buildings close to the
track, and (b) plan view with indication of the sheet pile wall and the setup for

the measurement of the free field response due to train passages, adapted from
Dijckmans et al (2016).
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Figure 6.5: Installation of the sheet pile wall: (a) general view after installation

of sheet piles up to a depth of 10=16 m with the small rig, (b) welding of the
top 0.3 m, adapted from Dijckmans et al (2016).

6.4 Methods of reduction vibration:

Selection of the pile installation method may provide the solution to some
difficult pile driving vibration problems. Among the methods that might be
chosen are (1) pre-drilling, (2) jetting, (3) cast-in-place (CIP) or auger cast
piles, (4) non displacement piles like H-piles, and (5) pile cushioning, (Nam et
al 2013). Several researchers have introduced multiple alternatives of pile
installation techniques for minimizing the ground vibrations (Woods 1997;
Svinkin 2010; Jones and Stokes 2004), However, these alternatives could not
be available in most of the construction sites due to special design or different

purposes.

Therefore a new way to protect structures from damage is needed and it is

under investigation by many researchers and it is the wave barriers.
6.5 Wave Barriers:

Controlling a vibration source would be the most effective and easiest method
of minimizing construction vibration (Webb 1976) but they are sometimes
insufficient and inapplicable depending on site and construction conditions.
Therefore, a second mitigation strategy to control vibration and noise is “path

control”, which can be wave barriers (or vibration isolation system).
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The installation of a wave barrier in the soil can significantly minimize ground
vibrations by preventing the transmission of stress waves (Luong 1994). The
barriers absorb or reflect propagated surface wave and reduce the energy of
propagated wave from the source to nearby structures. Wave barrier is typically

either a trench or a thin wall made of sheet piles or similar structural members.
6.5.1 Wave barriers types:

Both open trench and solid barrier, such as an in-filled trench with suitable
materials, can be useful as vibration measures. There is a wide range of
construction types of wave barriers, varying from very stiff concrete walls or
row of piles to very flexible gas mattresses or wave impeding barriers,
bentonite trenches, solid or hollow concrete walls, sheet pile walls, and

expanded polystyrene (EPS) geofoam trenches.

Because of screening efficiency, without great difficulty to realize and low
cost, both open and in-filled trenches are the most common in practical

engineering applications as isolation systems.

Some studies have indicated that open trenches perform better than in-filled
trenches (Beskos et al., 1985); (Ahmad and Al-Hussaini, 1991); (Luong, 1994);
(Segol et al., 1978). On the other hand, (Massarsch 2005) reported that the
performance of in-filled barriers relies on the type and characteristics of filling
materials. As well as reporting that a gas cushion barrier made of cement-
bentonite shows almost the same performance as the open trenches. (Xu et al.
2008) concluded that soil bags can be used to reduce the vibration induced by
traffic and construction machine. The researchers have made further
investigations on the effect of barrier depth, trench filling materials, and

geometrical criteria published.
6.5.2 Case histories of using wave barriers:

6.5.2.1 (Barkan 1962) committed a number of field experiments to study the

isolation performance of open and sheet-wall barriers, trying to isolate a
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building from traffic-induced vibration, as shown in Figure 6.6. After
comparing the vibration of building foundations before and after the
installation of sheet-wall barriers, he found that the vibrations from the streect
continued to affect the building. Based on this, he concluded that the mitigation
effect of the installation of wave barriers was so small that wave barriers were
useless in reducing the ground vibration. However, (Barkan 1962) also
mentioned later in his study that the failure of vibration reduction by wave
barriers could be attributed to the lack of clear understanding of surface wave

propagation in the presence of wave barriers in soil media.
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Figure 6.6: Vibration isolation of buildings from traffic-induced vibrations,
after (Barkan 1962)

6.5.2.2 Dolling (1965) and Neumeuer (1963) used a bentonite-slurry-filled

trench to protect a printing plant from the subway train induced vibrations, as
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shown in Figure 6.7. This application of the trench seemed to be effective since
the magnitude of vibration of the printing plant after the installation of the

trench was only half of the one before the appearance of trench.
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Figure 6.7: Vibration isolation of buildings from train-induced vibration after
(Dolling 1965)
6.5.2.3 McNeill et al. (1965) presented another successful application of wave
barriers by using a trench and a sheet-wall barrier to isolate a sensitive
dimensional-standards laboratory see Figure 6.8. It was reported that the
measured acceleration of the slab met the owner’s specification (maximum

acceleration smaller than 0.1 g).
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Figure 6.8: Isolation of sensitive instrument from vibration after Meneill et al.
1965.
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6.6 Wave Barriers location:

Wave barriers can be divided into two groups: (1) active and (2) passive
systems (Woods 1968). The two wave barrier types are seen in Figures 6.9.a
and 6.9.b respectively. Trenches located close to the vibration source are called
active isolation systems (range between 1 and 1.5 wavelengths from the
vibration source), while trenches far from the source are called passive
systems. The passive systems placed in the far field from the source are
designed to shield surface waves propagated.
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Figure 6.9.a: Active isolation vibration: circular open trench surrounding
vibration footing after (woods 1968).
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Figure 6.9.b: Passive open trench to protect buildings with sensitive
installations after (woods 1968).
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6.7 Barriers Depth

Barriers depth could be the most important parameter for the trench design.
Consequently, using the open trenches is somewhat limited to small to medium
depth because problems regarding soil instability and groundwater table may

occur during construction (Woods, 1968).

May and Bolt (1982) reported that, in the active system, the distance between
vibration source and barrier is not significant from a practical viewpoint but the
depth has a significant influence on the vibration reduction. (Haupt 1995) also
indicated that the effectiveness of passive systems does not depend on the
distance from the vibrating source but the dimension (depth and width) of the
system. There have been studies showing the relationship between the trench
depth and the wavelength of the relevant Rayleigh wave (Ahmad and Al-
Hussaini 1991; Al-Hussaini and Ahmad 1991; Al-Hussaini and Ahmad 1996).
For the influence of trench width, (Fuyuki and Matsumoto (1980) reported that
the width is an important affecting factor for the shallow open trenches whereas
(Woods 1968) and (Segol et al. 1978) concluded that the width is not a relevant

factor.
6.8 Trench Material

Many studies have shown good performance of in-filled trenches and they
addressed the influence of trench filling materials. Beskos et al. (1985), Ahmad
and Al-Hussaini (1991), Luong (1994), and Segol et al. (1978) concluded that
open trenches are more effective wave barriers than in-filled trenches but they
also addressed that the open trench applications are not very practical due to
the soil (or wall) stability. Al-Hussaini and Ahmad (1996) indicated that
concrete, bentonite, soil-bentonite mixtures are the most common filling
materials. Other materials such as extended polystyrene (EPS) and rubber
modified asphalt have been used to fill the trench (Zeng et al., 2001; Zhong et
al., 2002; Itoh, 2003; Itoh et al., 2005). A gas cushion barrier made of cement-
bentonite was introduced by Massarsch (1991) and the study shows the

253



Chapter 6 Wave Barriers

comparable performance to open trenches. Itoh et al. (2005) investigated the
performance of aluminum and geofoam as trench materials and his conclusion
was that geofoam works better than aluminum. Wang et al. (2006) also studied
the performance of geofoam wave barrier and showed the attenuation of stress

waves in a concrete layer barrier.
6.9 Experimental investigation of wave barriers (open-in filled)

An experimental study by (Flrat et al. 2010) was made to investigate the wave
propagation in case of wave barriers, electrodynamic shaker is used to produce
vertical harmonic vibrations in the certain frequency range and accelerometers
are used to obtain generated values that are stored on the computer by using
signal calculator program. Two footings are constructed with clear distance
where Rayleigh wave becomes dominant on site close to Sakarya city (Turkey)
as shown in Figures 6.10 and 6.11. The first footing is used to produce the
harmonic load and the other for accelerometers record and vice versa. A
number of experiments are carried out on site in order to examine the screening
efficiency of open and in-filled trench barriers, such as backfilled with water,
bentonite, and concrete. The screening effectiveness of those barriers is
determined from field measurements by comparing site data without barriers.
Two different approaches are considered for vibration isolation, namely active

and passive isolations.
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(0) (d)

Figure 6.10: Electrodynamic shaker and accelerometers placed on the
foundations, after (Flrat et al. 2010).

Figure 6.11: Trench barriers, after (Flrat et al. 2010).

Flrat et al. (2010) studied the effect of different trench materials, a comparison
between open, in-filled trenches on wave propagation. By doing several infield
experiments with different parameters on the reduction of foundation vibrations
due to a harmonic load which is produced by electro dynamic shaker using a

trench barrier.
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Flrat et al. (2010) reached the following conclusions:

e Using open or in-filled trench barriers can reduce the vibrations of a
structure and the resulting internal forces significantly.

e The use of an open trench is more effective than using an in-filled trench
but its practical application is limited to relatively shallow depths.

e Using softer backfill material increases the effectiveness of in-filled
trench and allows for larger trench depth with no supporting measures of
the vertical walls of the trench.

e The barriers have been found to be generally more effective in passive

isolation compared to active isolation for both measurement points.

6.10Numerical Study on Vibration Isolation by Wave Barrier and
Protection of Existing Tunnel under Explosions (QIU2014):

In his study, Qiu(2014) focuses on the investigation of the influence of various
parameters of a soil-barrier system on the barrier isolation efficiency. It helps
the design engineer to be able to provide a good reference for the optimization
design of wave barrier in reducing ground vibration in protected site and for the
design of practical mitigation measures to protect existing tunnel from nearby

explosions.
Qi1u (2014) has concluded the following:

e Soft barriers with large depth are particularly effective in reducing the
ground motion in protective sites.

e The barrier width and inclination angle seem to have little influence on
the isolation effectiveness in the case of subsurface explosions, but their
influences cannot be ignored in the case of a surface harmonic load.
Specifically, under the surface harmonic load.

e A proper increase in the barrier width is beneficial, wave barrier with a
width slightly larger than its depth performs better than the one with
other widths.
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e Wave barrier with a small inclination angle away from vertical direction
has a better screening effect than vertical ones.

e Other parameters like the barrier Poisson’s ratio, damping ratio, the
barrier location, the magnitude of the external load has negligible or no
influence on the vibration isolation effectiveness under the surface
harmonic source and subsurface explosions.

e Numerical results show that the elastic model can be used for simulating

the dynamic behavior of the main tunnel under weak explosions.
6.11. Numerical analysis

Finite element analyses of pile driving are carried out using Plaxis 8.2 2D
dynamic version. A set of general fixities to the boundary conditions of the
problem are considered automatically by the Plaxis program. The Rayleigh
damping is considered at vertical boundaries with a, f = 0.01 in order to resist
the Rayleigh waves. While the plastic properties of soil are defined by using
material damping, which is defined in Plaxis by Rayleigh (a and ), where The
Rayleigh damping is considered to be object-dependent in material data set to
consider the plastic properties of soil during the dynamic analysis in Plaxis.
Plaxis models for pile driving with and without the existing of wave barriers
are shown in Figures 6.12 and 6.13. For impact hummers, the analysis was
based on three phase's plastic (staged construction) and two phases for dynamic
analysis (total multipliers). The dimensions of the soil model for pile driving
are taken around 50m in depth and 100m in width after some mesh

experiments.

The pile in Plaxis is modeled as a linear elastic nonporous. The pile has a
circular cross-section with a diameter of 0.4 m with length (L) of (10m). For
representing the behavior of reinforced concrete pile in the Plaxis model, the
Poisson’s ratio is taken "v" 0.1, unit weight "y." 25 kN/m’ and modulus of

elasticity of 22E® kN/m®.
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The output of peak particle velocity (PPV) has two components horizontal and

vertical but in this research vertical velocity is used for the analyses.

The layers which used in the model are soft clay stretched to 9m below ground
surface overlaid on a stiff clay soil with a depth of 11m and another layer of
sand stretching into great depths the properties of the soil are taken as

mentioned in the previous chapters .
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Figure 6.12: Active wave barrier system during pile driving, Plaxis model.
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Figure 6.13: Pile driving process without existing the wave barriers, Plaxis

model.
6.11.1 Studied parameters

In this chapter the parameters are varied to evaluate the effect of: 1) wave
barriers existing, 2) the proper dimensions for trenches, 3) the location of the
trench from the vibration source and 4) the type of the material for in filled
trenches on the wave propagation through the soil under the effect of pile

driving.
6.12 Results and discussion

PPV values due to pile driving in case of with and without existing wave

barriers:

The first investigation is to show the clear effect of wave barriers on the
propagation of waves through the soil due to pile driving, therefore the model
is set using Plaxis 2D dynamic analysis V.8.2 to simulate the pile driving
process. A structure consists of 3 floors is placed at a distance of 10m from the
vibration source, an open trench is placed at a distance of 6m from the driving

source.
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Figure 6.14 shows the difference between the values of PPV during the pile

driving process in case of using open wave barriers and in case of nonwave

barriers.
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Figure 6.14: The effect of wave barriers on PPV values during pile driving,
Plaxis model.
It can be noticed that in the case of using wave barrier the PPV reduced with
high percentage compared with the normal case of pile driving. The barrier
prevents the propagation of the wave through the soil due to the properties of
the propagated waves which depends on soil particles to be transferred.
A trench as a wave barrier considers a very efficient way to reduce the

possible hazard of construction vibration on the adjacent structures.
PPV values due to pile driving in case of active and passive wave barriers:

The active wave barrier defines as the barrier that is close to the vibration
source when the passive barrier is placed close to the structure or the purpose

which needed to be protected.

To simulate the effect of both active and passive systems another two models

are done, where the open trench is placed at 3m from the driving source and 9m

260



Chapter 6 Wave Barriers

from the building to represent the active system of protection, while the other
model, the open trench is placed at 9 m from the driving source and 3m from

the building to represent the passive protection system.

Figure 6.15 shows the difference between PPV values while using active and

passive barriers.
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Figure 6.15: The effect of type of wave barriers active and passive on PPV
values during pile driving, Plaxis model.
It can be seen that the passive barrier gives reasonable and accepted values due
to different reasons, one of them is the maximum values of PPV are already
exist close to the vibration source and start to attenuate by the distance from the
source, therefore the passive barrier already reduces a lower magnitude of PPV

that is why the effect of passive barriers is more clear than active barriers.
PPV values due to pile driving at using different widths of wave barriers:

The main idea of wave barriers is to prevent the propagation of the vibration
waves through the soil, therefore, the width of the barrier is a very important
parameter in the barrier efficiency. The long wave length needed a wider length
to overcome the continuity of the vibration. Figure 6.16 shows the different

values for PPV at different widths of trenches.
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Comparison between PPV values at using different widths of trenches
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Figure 6.16: The effect of different wave barriers widths on PPV values during
pile driving, Plaxis model.

It illustrated that by increasing the width of the barrier the PPV start reducing

but for the appropriate dimensions lots of trials should be done to choose the

ideal dimensions.
PPV values due to pile driving at different depths of wave barriers:

The proper dimensions of the barrier are the first and the most important
parameter which controls the PPV values. Figure 6.12 shows the effect of
different trenches depths on PPV values. As it illustrated before by increasing
the width the PPV reduced, also by increasing the trench depth the PPV
decreased. Unfortunately increasing the depth is not always an available option
due to the need of excavation stabilization also the deep depth of a trench can
be harmful to the adjacent structure in case of passive isolation. By comparing
the values from Figure 6.16 and 6.17 it can be seen the increasing the width of

the trench is more effective than increasing the depth for reducing PPV values.
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Comparison between PPV values for using different
depths of trenches
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Figure 6.17: The effect of different wave barriers depths on PPV values during
pile driving, Plaxis model.

PPV values due to pile driving at different materials of in-filled trenches

for wave barriers:

To overcome the previous problem of the deep depths of the open trenches, in-
filled trenches are considered as a practical solution for preventing vibrations
from the adjacent structures. It is already known that the empty trenches give
the lowest values of PPV. A lot of materials are available for in-filled trenches
such as bentonite, soil bags, water, concrete, fill soil and some of petroleum
heavy liquids (Bitumen), these different materials represented in the model
with variety of densities varying from 1000 kN/m? to 4000 kN/m?. Choosing
the material depends on many parameters like the magnitude of vibration, soil
type, the importance of the structure and of course on the cost of the material.
Fill soil and petroleum products are the most common materials for in-filled
trenches. Figure 6.18 shows a comparison between PPV values for different

types of filling materials.

263



Chapter 6 Wave Barriers

Comparison of PPV values at different types of material in-filled

trenches
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Figure 6.18: The effect of different wave barriers materials on PPV values
during pile driving, Plaxis model.

It can be noticed that the open trench is more effective but as it is shown before
it may be difficult to be used especially in passive isolation in great depths.
Bitumen material and fill material give a close trend for reducing PPV values.
Water and plain concrete gives reasonable values in PPV reduction where plain
concrete trench reduce the vibration amplitude by 70% followed by water by
reduction factor reach 75%.
Large impedance change between the wave barrier and the soil is required in
order to achieve significant isolation. An open trench (with impedance close to

zero) is more effective than a stiff barrier, (Massarsch 1993).

The effect of using sheet piles as a wave barrier in reducing PPV:

Another method of isolation is using sheet piles for building or the structure
needs to be protected and it is widely used as it is shown in the literature
previously. Plaxis model is set to investigate the existing of sheet piles on the
behavior of vibration through the soil. The passive system is used by placing
the sheet piles at distance 10m from the vibration source and at a distance of

5m from the building. Trench width is taken 2m with depth 2.5m. Figure 6.19
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shows the variation of PPV values at using both of open trench and open trench

with sheet piles.
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Figure 6.19: The effect of sheet piles as a wave barrier on PPV values during

pile driving, Plaxis model.

It can be noticed that sheet pile as a wave barrier prevents vibration much
better than open trench with higher reduction factor reaches to 60%, maybe
some problem which could face the design engineer such as the economical
issues and how to install the sheet piles in the soil because that installation
produce vibration and that will not be reasonable, but it could be overcome by

using low-frequency vibratory machine.
6.13 Conclusions

In this chapter, the ideas of preventing the vibration hazard from the structures
and heritage buildings are discussed. The focus is how to get the proper
dimensions of the trench, the suitable material for in-filled trenches and the
difference between active and passive isolation. The main ideas of the chapter

can be expressed as the following:

1. The open trench is more effective than infilled trench due to preventing

the waves passing through the soil.
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2. Increasing the depth and the width of the trench increase the efficiency
of the trench in preventing the wave propagation because it helps to
increase the efficiency of path control.

3. Using liquid material to fill the trench reduce the PPV values more than
using fill soil as in filled material the reason behind that is its ability to
attenuate the vibration waves also it helps in excavation stabilization for
the trench.

4. Passive isolation considers being better than active isolation but it could

be difficult to construct the trench next to the structure in many sites.
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Chapter 7
CONCLUSIONS

7.1 General Conclusion:

Construction and industrial dynamic sources can produce environmental
vibration problems for the surrounding soils and adjacent structures.
Construction vibration through soil can cause significant damage to surrounding
structures. Human activity can generate soil vibration with variation in intensity,
which mainly depends upon the source of vibration. This process (construction
vibration) induces vibrations into the ground which can be transmitted to nearby
structures. The vibration waves may cause potential damage of existing building
induced by vibration source. More specifically, these vibrations can cause ground
settlements and deformations that may lead to differential settlements of
foundations and deformations or cracking in the structures. Vibrations create the
stress waves traveling outward from the source through the soil and cause

damage due to dynamic vibration induced settlement.
7.2 Chapter 1

There are many sources for construction vibration activities and they all

considered being harmful to the adjacent structures.
7.3 Chapter 2

In this chapter, the available limits and criteria of vibration are briefed. The
available data could be compared with the measured or the predicted values of
PPV which will be a good sign for damage prediction.

7.4 Chapter 3

Pile driving is a serious problem producing vibration due to the increase in
establishing new communities including pile driving, therefore the hazard of pile
driving earthborn vibration on the soil and the adjacent structures have to be

studied to avoid any kind of damage.
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7.5 Chapter 4

Dynamic compaction process produces very high magnitude of vibration due to
the higher magnitude of the input energy, therefore dynamic compaction

considered to be very harmful to any adjacent structure.
7.6 Chapter 5

Different methods are available to aid the design engineer in assessing the
surface settlement due to construction vibration. In this chapter, the common
models of settlement prediction are mentioned and briefed. The possible
damage due to settlement is illustrated using number of figures describing the
resulted damage. Some of case histories represented as measurements of soil

settlement due to construction vibrations.
7.7 Chapter 6

In this chapter, the ideas of preventing the vibration hazard from the structures
and heritage buildings are discussed. The focus is how to get the proper
dimensions of the trench, the suitable material for in-filled trenches and the

difference between active and passive isolation.
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Appendix A
PLAXIS 8.2
Introduction:

The Finite Element Analysis (FEA) is a numerical method for solving
problems of geotechnical engineering. Useful for problems with complicated
geometries, loadings and material properties where analytical solutions cannot
be obtained and not accurate. Using FEA has helped many researchers to

obtain results by increasing the numbers of solved parameters in short time.
The Purpose of FEA:

Analvytical Solution:

Stress analysis for trusses, beams, and all the other structural members are

carried out based on dramatic simplification and idealization:

— Mass concentrated at the center of gravity for decreasing the eccentricity of

the structure.
— Beam simplified as a line segment (same cross-section).

Design is based on the calculation results of the idealized structure & a large

safety factor (1.5-3) according to the Egyptian code.
FEA:

Design geometry is a lot more complex; and the accuracy requirement is a lot

higher. We need

— To understand the physical behaviors of a complex object (strength, heat

transfer capability, fluid flow, etc.)

— To predict the performance and behavior of the design; to calculate the safety

margin; and to identify the weakness of the design accurately; and
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— To identify the optimal design with confidence
Common FEA Applications:

- Mechanical/Aerospace/Civil/Automotive Engineering

- Structural/Stress Analysis
+ Static/Dynamic * Linear/Nonlinear

- Fluid Flow

- Heat Transfer

- Electromagnetic Fields
- Soil Mechanics

- Acoustics

- Biomechanics

Types of finite elements:

.’_/’-o

1-D plane element:

(Spring, Truss, beam, etc...)

2-D plane element @

(Membrane, plate, shell, etc...)

<=
S

(3D fields, temperature, displacement, stress, flow velocity)

3-D solid element
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Computer program:

PLAXIS is a finite element program for geotechnical applications in which soil
models are used to simulate the soil behavior. The PLAXIS code and its soil
models have been developed with great care. Although a lot of testing and
validation have been performed, it cannot be guaranteed that the PLAXIS code
is free of errors. Moreover, the simulation of geotechnical problems by means
of the finite element method implicitly involves some inevitable numerical and
modeling errors. The accuracy at which reality is approximated depends highly
on the expertise of the user regarding the modeling of the problem, the
understanding of the soil models and their limitations, the selection of model
parameters, and the ability to judge the reliability of the computational results.
Hence, PLAXIS may only be used by professionals that possess the afore
mentioned expertise. The user must be aware of his/her responsibility when
he/she uses the computational results for geotechnical design purposes.
PLAXIS 2D is a two-dimensional finite element program, developed for the
analysis of deformation, stability and groundwater flow in geotechnical
engineering. It is a part of the PLAXIS product range, a suite of finite element
programs that is used worldwide for geotechnical engineering and design. A
large range of geotechnical problems may be analyzed using this high capacity
version. It 1s possible to use extensive 2D finite element meshes. The
PLAXIS2D is supplied as an extended package, including static elasto plastic
deformation, advanced soil models, stability analysis, consolidation, safety

analysis, updated mesh and steady-state groundwater flow.

- Plaxis dynamic:

The PLAXIS Dynamics Module is an extension to PLAXIS 2D. It offers the
tools to analyze the propagation of waves through the soil and their influence
on structures. This allows for the analysis of seismic loading as well as
vibrations due to construction activities. PLAXIS Dynamics offers the

possibility to perform dynamic calculations in individual calculation phases.
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- Modeling:

* Time-dependent dynamic load systems for point loads, distributed loads

and prescribed displacements (velocities, acceleration)

* Independent application of horizontal and vertical displacement (velocity,

acceleration) components
» Absorbent (viscous) boundaries to absorb waves at the model boundaries

* Rayleigh damping (o and Br) per material data set for soil layers and

structures)
» Smooth meshes, to prevent numerical oscillations and internal reflections

- Calculations:

* Automatic time stepping using dynamic sub-steps

* Selection of New mark time integration scheme (o and By)
* Free vibration analysis

* Harmonic loads

* Import of SMC files for time-dependent dynamic loading

- Results:

* Velocities and acceleration in addition to displacements

* Time-displacement, Time-velocity, Time-acceleration curves

* Switch from time-curves to frequency-curves using Fast Fourier

Transform

* Animations (creation of AVI files)
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General Information:
The information given in this chapter applies to all parts of the program
Units and sign conventions:

It is important in any analysis to adopt a consistent system of units. At the
start of the input of geometry, a suitable set of basic units should be
selected. The basic units comprise a unit for length, force and time.The
default units are meters [m] for length, kilo Newton [KN] for force and

seconds [s] for time.
Sign convention:

The generation of a two-dimensional (2D) finite element model in PLAXIS
2D is based on the creation of a geometry model. This geometry model is
created in the x-y-plane of the global coordinate system (Figure 9.1),
whereas the z-direction is the out-of-plane direction. In the global
coordinate system the positive z-direction is pointing towards the user. In
all of the output data, compressive stresses and forces, including pore
pressures, are taken to be negative, whereas tensile stresses and forces are
taken to be positive. Figure 9.1 shows the positive stress directions.

Although

PLAXIS 2D is a 2D program; stresses are based on the 3D Cartesian
coordinate system shown in Figure 9.1. In a plane strain analysis 0,, is the
out-of-plane stress. In an axisymmetric analysis, x represents the radial
coordinate, y represents the axial coordinate and z represents the tangential
direction. In this case, 0y, represents the radial stress and o, represents the

hoop stress.
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Figure 9.1: Coordinate system and indication of positive stress components
(After PLAXIS 2D Reference Manual 2011)

Input program — General over view:

To carry out a finite element analysis using the PLAXIS 2D program, the user
has to create a two dimensional geometry model composed of points, lines and
other components, in the x - y plane and specify the material properties and

boundary conditions.
New project:

When the Start a new project option is selected, the Project properties window
appears in which the basic model parameters of the new project can be defined.
The Project properties window contains the Project and the model tab sheets.
The Project tab sheet contains the project name and description and offers the
possibility to select a company logo. The Model tab sheet contains the type of
the model, the basic units for length, force and time, the unit weight of water
and the initial dimensions of the model. The default values can be replaced by
the current values when selecting Set as default and clicking the OK button. A

more detailed description of all these options is given below.
General model properties

The general options of the project are available in the Model tab sheet of the

Project properties window.
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Model:

PLAXIS 2D may be used to carry out two-dimensional finite element analysis.
The finite element model is defined by selecting the corresponding option in

the Model dropdown-menu in the Project tab sheet.

- Plane strain:

A Plane strain model is used for geometries with a (more or less) uniform
cross section and corresponding stress state and loading scheme over a
certain length perpendicular to the cross section (z-direction).
Displacements and strains in z-direction are assumed to be zero. However,
normal stresses in z-direction are fully taken into account. In earthquake
problems the dynamic loading source is usually applied along the bottom of
the model resulting in shear waves that propagate upwards. This type of

problems is generally simulated using a plane strain model.

- Axisymmetric:

An Axisymmetric model is used for circular structures with a (more or less)
uniform radial cross section and loading scheme around the central axis,
where the deformation and stress state are assumed to be identical in any
radial direction. Note that for axisymmetric problems the x-coordinate
represents the radius and the y-axis corresponds to the axial line of
symmetry. Negative x-coordinates cannot be used. Single-source vibration
problems are often modeled with axisymmetric models like pile driving or
dynamic compaction. This is because waves in an axisymmetric system
radiate in a manner similar to that in a three dimensional system. In this
case, the energy disperses leading to wave attenuations with distance. Such
effect can be attributed to the geometric damping (or radiation damping),
which is by definition included in the axisymmetric model. The selection of
Plane strain or Axisymmetric results in a two dimensional finite element
model with only two translational degrees of freedom per node (x- and y-

)direction) as shown in (Fig.9.2).
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Figure.9.2: Example of a plane strain (left) and axisymmetric problem
(right), (After PLAXIS 2D Reference Manual, 2002)

Elements:

The user may select either 6-node or 15-node triangular elements to model soil

layers and other volume clusters.
- 15-Node:

The 15-node triangle is the default element. It provides a fourth order
interpolation for displacements and the numerical integration involves twelve
Gauss points (stress points). The type of element for structural elements and
interfaces is automatically taken to be compatible with the soil element type as
selected here. The 15-node triangle is a very accurate element that has
produced high quality stress results for difficult problems, as for example in
collapse calculations for in compressible soils (Nagtegaal, Parks & Rice, 1974,
Sloan, 1981 and Sloan & Randolph, 1982). Thel5-node triangle is particularly
recommended to be used in axis-symmetric analysis. The use of 15-node
triangles leads to more memory consumption and slower calculation and
operation performance. Therefore a more simple type of elements is also

available.

- 6-Node:

The 6-node triangle provides a second order interpolation for displacements
and the numerical integration involves three Gauss points. The type of element

for structural elements and interfaces is automatically taken to be compatible
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with the soil element type as selected here. The 6-node triangle is a fairly
accurate element that gives good results in standard deformation analyses,
provided that a sufficient number of elements are used. However, care should
be taken with axisymmetric models or in situations where (possible) failure
plays a role, such as a bearing capacity calculation or a safety analysis by
means of phi-creduction. Failure loads or safety factors are generally over
predicted using 6-nodedelements. In those cases the use of 15-node elements is

preferred.

One 15-node element can be thought of a composition of four 6-node elements,
since the total number of nodes and stress points is equal. Nevertheless, one 15-
node element is more powerful than four 6-node elements. In addition to the
soil elements, compatible plate elements are used to simulate the behavior of
walls, plates and shells and geo-grid elements are used to simulate the behavior
of geo-grids and wovens Moreover, compatible interface elements are used to
simulate soil-structure interaction .Finally, the geometry creation mode allows
for the input of embedded pile rows, fixed-end anchors and node-to-node

anchors.
Prescribed displacement:

Prescribed displacements are special conditions that can be imposed to the
model to control the displacements at certain locations. Prescribed
displacements can be assigned to existing geometric entities by right clicking
the entity and selecting the corresponding option in the appearing menu. The
creation of a prescribed displacement is similar to the creation of a geometric
entity. The options available in the menu displayed as the Create prescribed
displacement button is selected in the side toolbar provide a faster definition of
prescribed displacements. Instead of creating the geometric entity and then
assigning a prescribed displacement to it, the process is completed in one step.
Although the input values of prescribed displacements are specified in the

Structures mode, the activation, deactivation or change of values may be
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considered in the framework of Staged construction. On a geometric entity
where both prescribed displacements and loads are applied and active, the
prescribed displacement has priority over the load during calculations. If both
prescribed and fixed displacement is assigned to a line, the fixed displacement
will be taken into consideration. However, when not all the displacement

directions are fixed, it is possible to apply a load in the free directions.
Material properties and material database:

In PLAXIS, soil properties and material properties of structures are stored in
material data sets. There are four different types of material sets grouped as
data sets for soil and interfaces, plates, geo-grids, embedded pile rows and
anchors. All data sets are stored in the material database. From the database,
the data sets can be assigned to the soil clusters or to the corresponding

structural objects in the geometry model.
Material model:

PLAXIS supports different models to simulate the behavior of soil and other

continua. The models and their parameters are described in detail below.
Linear Elastic model (LE):

The Linear Elastic model is based on Hooke's law of isotropic elasticity. It
involves two basic elastic parameters, i.e. Young's modulus E and Poisson's
ratio v. Although the Linear Elastic model is not suitable to model soil, it may
be used to model stiff volumes in the soil, like concrete walls, or intact rock

formations.
Hardening Soil model (HS):

The Hardening Soil model is an advanced model for the simulation of soil
behavior. As for the Mohr-Coulomb model, limiting states of stress are
described by means of the friction angle, the cohesion, c, and the dilatancy

angle, however, soil stiffness is described much more accurately by using three
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different input stiffness's: the triaxial loading stiffness, ES50, the triaxial
unloading stiffness, E,;, and the odometer loading stiffness, E..q. As average
values for various soil types, E,,~ 3Es; and E,.q= Esy are suggested as default
settings, but both very soft and very stiff soils tend to give other ratios of E,eq
/Eso, which can be entered by the user. In contrast to the Mohr-Coulomb model,
the Hardening Soil model also accounts for stress-dependency of stiffness
moduli. This means that all stiffnesss increase with pressure. Hence, all three
input stiffnesss relate to a reference stress, usually taken asl100 kPa (1
bar).Besides the model parameters mentioned above, initial soil conditions,
such aspre-consolidation, play an essential role in most soil deformation

problems. This can be taken into account in the initial stress generation.
Soft Soil model (SS):

The Soft Soil model is a Cam-Clay type model especially meant for primary
compression of near normally-consolidated clay-type soils. Although the
modeling capabilities of this model are generally superseded by the Hardening
Soil model, the Soft Soil model is better capable to model the compression

behavior of very soft soils.
Soft Soil Creep model (SSC):

The Hardening Soil model is generally suitable for all soils, but it does not
account for viscous effects, i.e. creep and stress relaxation. In fact, all soils
exhibit some creep and primary compression is thus followed by a certain
amount of secondary compression. The latter is most dominant in soft soils, i.e.
normally consolidated clays, silts and peat, and PLAXIS thus implemented a
model under the name Soft Soil Creep model. The Soft Soil Creep model has
been developed primarily for application to settlement problems of
foundations, embankments, etc. For unloading problems, as normally
encountered in tunneling and other excavation problems, the Soft Soil Creep
model hardly supersedes the simple Mohr-Coulomb model. As for the

Hardening Soil model, proper initial soil conditions are also essential when
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using the Soft Soil Creep model. This also includes data on the pre-
consolidation stress, as the model accounts for the effect of over-consolidation.
Note that the initial over-consolidation ratio also determines the initial creep

rate.
Mohr-Coulomb model (MC):

The linear elastic perfectly-plastic Mohr-Coulomb model involves five input
parameters, i.e. E and v for soil elasticity; ¢ and c for soil plasticity and ¥ as
an angle of dilatancy. This Mohr-Coulomb model represents a 'first-order’
approximation of soil or rock behavior. It is recommended to use this model for
a first analysis of the problem considered. For each layer one estimates a
constant average stiffness or a stiffness that increases linearly with depth. Due
to this constant stiffness, computations tend to be relatively fast and one

obtains a first estimate of deformations.

Plasticity is associated with the development of irreversible strains. In order to
evaluate whether or not plasticity occurs in a calculation, a yield function, f, is
introduced as a function of stress and strain. Plastic yielding is related with the
condition f = 0. This condition can often be presented as a surface in principal
stress space. A perfectly-plastic model is a constitutive model with a fixed
yield surface, i.e. a yield surface that is fully defined by model parameters and
not affected by (plastic) straining. For stress states represented by points within

the yield surface, the behavior is purely elastic and all strains are reversible.
Mohr coulomb behavior:

The basic principle of elastoplasticity is that strains and strain rates are

decomposed into an elastic part and a plastic part as shown in (Eq.9.1):

(9.1)
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According to the classical theory of plasticity (Hill, 1950), plastic strain rates
are proportional to the derivative of the yield function with respect to the
stresses. This means that the plastic strain rates can be represented as vectors
perpendicular to the yield surface. This classical form of the theory is referred
to as associated plasticity. However, for Mohr-Coulomb type yield functions,
the theory of associated plasticity over estimates dilatancy. Therefore, in
addition to the yield function, a plastic potential function g is introduced. The
case g # fis denoted as non-associated plasticity. Ingeneral, the plastic strain

rates are written as shown in (Eq.9.1.2):

o, 00
P =
£=A o’ (9.1.2)

In which A is the plastic multiplier. For purely elastic behaviour A is zero,
whereas in the case of plastic behaviour A is positive as shown in relations 9.3

ar !

_ . - il Qc-_ P
A=0 for: <0 or: P D <0 (Elasticity) (9.2)
A>0 for: f=0 and: ﬂr D®¢ >0  (Plasticity)
' B T e =T (9.3)

These equations may be used to obtain the following relationship between the
effective stress rates and strain rates for elastic perfectly-plastic behaviour

(Smith & Griffith, 1982; Vermeer & Borst, 1984) as shown in (Eq.9.4):
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Figure 9.3: Basic idea of an elastic perfectly plastic model (After PLAXIS 2D

material model Manual 2011)

Drainage type:

In principle, all model parameters in PLAXIS are meant to represent the
effective soilres ponse, i.e. the relationship between the stresses and the
strains associated with the soil skeleton. An important feature of soil is the
presence of pore water. Pore pressures significantly influence the (time-
dependent) soil response. PLAXIS offers several options to enable
incorporation of the water-skeleton interaction in the soil response. The
most advanced option is a fully coupled flow-deformation analysis.
However, in many cases it is sufficient to analyze either the long-term
(drained) response or the short-term (undrained) response without
considering the time-dependent development of pore pressures. In the latter
case (undrained), excess pore pressures are generated as a result of stress

changes (loading or unloading). The dissipation of these excess pore

pressures with time can be analyzed in a Consolidation calculation.

The simplified water-skeleton interaction, as considered in a Plastic
calculation, a Safety analysis or a Dynamic analysis, is defined by the

Drainage type parameter. PLAXIS offers a choice of different types of

drainage:
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e Drained behavior:

Using this setting no excess pore pressures are generated. This is clearly the
case for dry soils and also for full drainage due to a high permeability
(sands)and/or a low rate of loading. This option may also be used to
simulate long-term soil behaviour without the need to model the precise

history of undrained loading and consolidation.

e Undrained behaviour:

This setting is used for saturated soils in cases where pore water cannot
freely flow through the soil skeleton. Flow of pore water can sometimes be
neglected due to a low permeability (clays) and/or a high rate of loading.
All clusters that are specified as undrained will indeed behave undrained,

even if the cluster or a part of the cluster is located above the phreatic level.
e Non-porous behavior:

Using this setting neither initial nor excess pore pressures will be taken into
account in clusters of this type. Applications may be found in the modeling
of concrete or structural behavior. Non-porous behavior is often used in
combination with the linear elastic model. The input of a saturated weight is

not relevant for non-porous materials or intact rock.
Saturated and unsaturated weight (ys,; and Yyusa¢):

The saturated and the unsaturated weights, entered as a force per unit volume,
refer to the total unit weight of the soil skeleton including the fluid in the pores.
The unsaturated weight applies to all material above the phreatic level and the
saturated unit weight applies to all material below the phreatic level, where the
phreatic level itself is generally defined as the level where the steady-state pore
pressure 1S zero (Pseady = 0).Only in the case of a fully coupled flow-
deformation analysis, the phreatic level is defined as the level where the current

pore water pressure is zero (Pywaer— 0). This means that during a fully coupled
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flow-deformation analysis the position of the phreatic level and hence the
material weight can change. For non-porous material only the unsaturated
weight 1s relevant, which is just the total unit weight. For porous soils the
unsaturated weight is obviously smaller than the saturated weight. For sands,
for example, the saturated weight is generally around 20 kN/m3whereas the
unsaturated weight can be significantly lower, depending on the degree of

saturation.
Advanced general properties:
e Rayleigh a and f:

Material damping in dynamic calculations is caused by the viscous properties
of soil, friction and the development of irreversible strains. All plasticity
models in PLAXIS 2D can generate irreversible (plastic) strains, and may thus
cause material damping. However, this damping is generally not enough to
model the damping characteristics of real soils. For example, most soil models
show pure elastic behavior upon unloading and reloading which does not lead
to damping at all. There is one model in PLAXIS that includes viscous
behavior, which is the Soft Soil Creep model. Using the model in dynamic
calculations may lead to viscous damping, but also the Soft Soil Creep model
hardly shows any creep strain in load / reloads cycles. There is also one model
in PLAXIS that includes hysteretic behavior in loading / reloads cycles, which
is the HS small model. When using this model, the amount of damping that is
obtained depends on the amplitude of the strain cycles. Considering very small
vibrations, even the HS small model does not show material damping, whereas
real soils still show a bit of viscous damping. Hence, additional damping is
needed to model realistic damping characteristics of soils in dynamic
calculations. This can be done by means of Rayleigh damping. Rayleigh
damping is a numerical feature in which a damping matrix C is composed by
adding a portion of the mass matrix M and a portion of the stiffness matrix K as

shown in (Eq. 9.5):
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C =aM + BK (9.5)

The parameters a and [ are the Rayleigh coefficients and can be specified in
the corresponding cells in the Parameters tab sheet of the Soil window. a is the
parameter that determines the influence of mass in the damping of the system.
The higher a is, the more the lower frequencies are damped. B is the parameter
that determines the influence of stiffness in the damping of the system. The
higher B is, the more the higher frequencies are damped. In PLAXIS 2D, these
parameters can be specified for each material data set for soil and interfaces as
well as for material data sets for plates. In this way, the (viscous) damping
characteristics can be specified for each individual material in the finite

element model.

Despite the considerable amount of research work in the field of dynamics,
little has been achieved yet for the development of a commonly accepted
procedure for damping parameter identification. Instead, for engineering
purposes, some measures are made to account for material damping. A
commonly used engineering parameter is the damping ratio £. The damping
ratio is defined as £ = 1 for critical damping, i.e. exactly the amount of
damping needed to let a single degree-of-freedom system that is released from
an initial excitation u,, smoothly stops without rebounding. Considering
Rayleigh damping, a relationship can be established between the damping ratio

£ and the Rayleigh damping parameters o and B in (Eq9.6) and shown in (Fig. 9.4):
o+ pw’=2wf and w=2xf (9.6)

Where w is the angular frequency in rad/s and f is the frequency in Hz (1/s).
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A £ =1)
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Underdamped (£ < 1)

Figure 9.4 Role of damping ratio £ in free vibration of a single degree-of-
freedom system (After PLAXIS 2D Reference Manual 2011)
The damping parameters (o and () can be automatically calculated by the
program when the target damping ratio (£) and the target frequencies (f) are
specified in the pane displayed in the General tab sheet when one of the cells

corresponding to the damping parameters is clicked.
Material data sets for plates:

In addition to material data sets for soil and interfaces, the material properties
and model parameters for plates are also entered in separate material data sets.
Plates are used to model the behavior of slender walls, plates or thin shells.
Distinction can be made between elastic and elastoplastic behavior. A data set
for plates generally represents a certain type of plate material, and can be

assigned to the corresponding (group of) plate elements in the geometry model.
e Material set:

Several data sets may be created to distinguish between different types of

plates. The material data set is defined by:

Identification: A user may specify any identification title for a data set. It is
advisable to use a meaningful name since the data set will appear in the

database tree view by its identification.
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Comments: A user may write down comments related to the material data set.
Color: Color can be used as a distinction tool in the model.

Material type: There are two available options, describing the material type of a
plate. These options are Elastic and Elastoplastic. The availability of the

parameters defined in the Properties box depends on the selected material type.

e Properties:

The properties required for plates can be grouped into general properties,
stiffness properties, strength properties in case of elasto plastic behavior and

dynamic properties.

- General properties:

A plate has two general properties:

d: The (equivalent) thickness (in the unit of length) is automatically calculated
from the ratio of the axial stiffness EA and flexural rigidity EI (see Stiffness
properties).

W: In a material set for plates a specific weight can be specified, which is
entered as a force per unit of length per unit width in the out-of-plane direction.
For relatively massive structures the weight of a plate is, in principle, obtained
by multiplying the unit weight of the plate material by the thickness of the
plate. Note that in a finite element model, plates are superimposed on a
continuum and therefore 'overlap' the soil. To calculate accurately the total
weight of soil and structures in the model, the unit weight of the soil should be
subtracted from the unit weight of the plate material. For sheet-pile walls the
weight (force per unit area) is generally provided by the manufacturer. This
value can be adopted directly since sheet-pile walls usually occupy relatively
little volume. The weight of plates is activated together with the soil weight by

means of the XM ,.igne parameter.
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- Stiffness properties:

For elastic behavior, several parameters should be specified as material
properties. PLAXIS 2D allows for orthotropic material behavior in plates,

which is defined by the following parameters:

EA: For elastic behavior an in-plane axial stiffness EA should be specified. For
both axisymmetric and plane strain models the value relates to stiffness per unit

width in the out-of-plane direction.

EI: For elastic behavior a flexural rigidity EI should be specified. For both
axisymmetric and plane strain models the value relates to stiffness per unit

width in the out-of-plane direction.
v (nu): Poisson's ratio.

From the ratio of EI and EA an equivalent thickness for an equivalent plate

(deq) 1s automatically calculated from the (Eq.9.7):

[ El

deq- = ||'I 12_

V' “EA 97)

For the modeling of plates, PLAXIS uses the Mindl in beam theory as
described in Bathe (1982). This means that, in addition to bending, shear

deformation is taken into account. The shear stiffness of the plate is determined

from (Eq.9.8):

FEA ~ SE[deq-1m)
12(1 +v) - 12(1 +v)

Shear stiffness = (9.8)

This implies that the shear stiffness is determined from the assumption that the
plate has a rectangular cross section. In the case of modeling a solid wall, this

will give the correct shear deformation. However, in the case of steel profile
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elements, like sheet-pile walls, the computed shear deformation may be too
large. You can check this by judging the value of d.. For steel profile
elements, deq should be at least of the order of a factor 10times smaller than
the length of the plate to ensure negligible shear deformations. In addition to
the above stiffness parameters, a Poisson's ratio is required. For thin structures
with a certain profile or structures that are relatively flexible in the out-of-plane
direction (like sheet-pile walls), it is advisable to set Poisson's ratio to zero. For
real massive structures (like concrete walls) it is more realistic to enter a true

Poisson's ratio of the order of 0.15.

Since PLAXIS considers plates (extending in the out-of-plane direction) rather
than beams (one-dimensional structures), the value of Poisson's ratio will

influence the flexural rigidity of the isotropic plate as follows:

EIl: Input value of flexural rigidity

El/ l—szbserved value of flexural rigidity

The stiffening effect of Poisson's ratio is caused by the stresses in the out-of-

plane direction (0,,) and the fact that strains are prevented in this direction.

Note that the Poisson's ration (V) is assumed to be zero in anisotropic case.

- Strength properties (plasticity):

Strength parameters are required in case of plasticity:
M,,: Maximum bending moment
Njp: Maximum normal force

Plasticity may be taken into account by specifying a maximum bending
moment, Mp. The maximum bending moment is given in units of force times
length per unit width. In addition to the maximum bending moment, the axial
force is limited to Np. The maximum axial force, Np, is specified in units of
force per unit width. When the combination of a bending moment and an axial
force occur in a plate, then the actual bending moment or axial force at which

plasticity occurs is lower than respectively Mp or Np.
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The relationship between Mp and Np is visualized in Figure 9.5. The diamond
shape represents the ultimate combination of forces for which plasticity will
occur. Force combinations inside the diamond will result in elastic
deformations only. The Scientific Manual describes in more detail how

PLAXIS deals with plasticity in plates.

Bending moments and axial forces are calculated at the stress points of the
beam elements. If M, or N,, is exceeded, stresses are redistributed according to
the theory of plasticity, so that the maxima are complied with. This will result
in irreversible deformations. Output of bending moments and axial forces is
given in the nodes, which requires extrapolation of the values at the stress

points. Due to the position of the stress points in a beam element, it is possible

that the nodal values of the bending moment may slightly exceed M,, as shown

in (Figure. 4.5).

Np

Figure 9.5: Combinations of maximum bending moment and axial force (After
PLAXIS 2D Reference Manual 2011)

e Interfaces:

Interfaces are joint elements to be added to plates to allow for a proper
modeling of soil-structure interaction. Interfaces may be used to simulate, for
example, the thin zone of intensely shearing material at the contact between a
plate and the surrounding soil. Interfaces can be created next to plate or geo-

grid elements or between two soil volumes.
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An interface can be created using the Create interface option available in the
menu displayed when the Create structure button in the side toolbar is clicked.
The creation of an interface is similar to the creation of a line. In this case a line
with an interface assigned to it will be created. When the geometric entity (line)
is already available in the model it is advised to assign an interface to it without
recreating the geometry in order to prevent the model from being unnecessarily

large and unwieldy.

The interface appears as a line at the side of the geometry line the interaction
with the soil takes place. The side at which the interface will appear is also
indicated by the arrow in the cursor pointing in the direction of drawing. To
place an interface at the other side, it should be drawn in the opposite direction.
Note that interfaces can be placed at both sides of a geometry line. This enables
a full interaction between structural objects (walls, plates, geo-grids, etc.) and
the surrounding soil. To be able to distinguish between the two possible
interfaces along a geometry line, the interfaces are indicated by a plus-sign
(t)or a minus sign (-).The sign of an interface is only used to enable
distinguishing interfaces at either side of a surface, but it does not affect its

behavior.

Mesh generation:

When the geometry model is fully defined the geometry has to be divided into
finite elements in order to perform finite element calculations. A composition
of finite elements is called a mesh. The mesh is created in the Mesh mode. The
mesh should be sufficiently fine to obtain accurate numerical results. On the
other hand, very fine meshes should be avoided since this will lead to excessive
calculation times. The PLAXIS 2Dprogram allows for a fully automatic
generation of finite element meshes. The generation of the mesh is based on a
robust triangulation procedure. The mesh generation process takes into account
the soil stratigraphy as well as all structural objects, loads and boundary

conditions.
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e Local refinement:

In areas where large stress concentrations or large deformation gradients are
expected, it is desirable to have a more accurate (finer) finite element mesh,
whereas other parts of the geometry might not require a fine mesh. Such a
situation often occurs when the geometry model includes edges or corners or
structural objects. Local refinement is based on a local fineness factor that can
be specified for each geometry entity. This factor gives an indication of the
relative element size with respect to the target element size as determined by
the Element distribution parameter. By default, the Fineness factor value is set
to 1.0 for most geometry entities whereas this value i1s0.25 for structural objects
and loads. A Fineness factor value of 0.5 reduces the element size to half the
target element size. The fineness factor can be changed by selecting the
geometry entity and clicking on the Fineness factor in the Selection explorer.
Values in the range from 0.03125 to 8.0 are acceptable. Using a value larger

than 1.0 coarsens the mesh locally.

Calculation phases:

Finite element calculations can be divided into several sequential calculation
phases. Each calculation phase corresponds to a particular loading or
construction stage. The construction stages can be defined in the Staged

construction mode.

e Types of analysis:

The first step in a PLAXIS analysis is defining a calculation type of a phase in
the Calculation type drop-down menu in the Phases window. The options
available are KOprocedure and Gravity loading for the initial phase to generate
the initial stress state of soil. The Groundwater flow only option can be used
only if groundwater flow analysis will be performed. For deformation analysis
options such as Plastic, Consolidation, Safety, Dynamic and Fully coupled

flow-deformation are available.
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o Initial stress generation:

Many analysis problems in geotechnical engineering require the specification
of a set of initial stresses. The initial stresses in a soil body are influenced by
the weight of the material and the history of its formation. This stress state is
usually characterized by an initial vertical effective stress (0'y). The initial
horizontal effective stress o', ¢ 1s related to the initial vertical effective stress by

the coefficient of lateral earth pressure K, in (Eq.9.10)

(’-7'1’10 = K{; . JIV,D)- (9.10)
e K, procedure

KO procedure is a special calculation method available in PLAXIS to define the

initial stresses for the model, taking into account the loading history of the soil.

In practice, the value of KO for a normally consolidated soil is often assumed to

be related to the friction angle by Jaky's empirical expression in (Eq.9.11):
Ko =1 — sing (9.11)

When the K, procedure is adopted, PLAXIS will generate vertical stresses that
are in equilibrium with the self-weight of the soil. Horizontal stresses, however,
are calculated from the specified value of K,. Even if the value of K, is chosen
such that plasticity does not occur, the K, procedure does not ensure that the
complete stress field is in equilibrium. Full equilibrium is only obtained for a
horizontal soil surface with any soil layers parallel to this surface and a
horizontal phreatic level. Therefore, the K, procedure is not recommended

when dealing with non-horizontal surfaces.

e Results of initial stress generation:

After the generation of initial stresses the plot of the initial effective stresses
can be inspected. It is also useful to view the plot of plastic points.Using KO
values that differ substantially from unity may sometimes lead to an initial

stress state that violates the Mohr-Coulomb criterion. If the plot of the plastic
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points shows many red plastic points (Mohr-Coulomb points), the value of KO

should be chosen closer to 1.0.

If there are a small number of plastic points, it is advisable to perform a plastic
nil-step. When using the Hardening Soil model and defining a normally
consolidated initial stress state (OCR = 1.0 and POP = 0.0), the plot of plastic
points shows many hardening points. Users need not be concerned about these

plastic points as they just indicate a normally consolidated stress state.
e Plastic calculation:

A Plastic calculation is used to carry out an elastic-plastic deformation analysis
in which it is not necessary to take the change of pore pressure with time into
account. If the Updated mesh parameter has not been selected, the calculation
is performed according to the small deformation theory. The stiffness matrix in
a normal plastic calculation is based on the original un deformed geometry.
This type of calculation is appropriate in most practical geotechnical
applications. Although a time interval can be specified, a plastic calculation
does not take time effects into account, except when the Soft Soil Creep model
is used. Considering the quick loading of saturated clay-type soils, a Plastic
calculation may be used for the limiting case of fully undrained behavior using
the undrained option in the material data sets. On the other hand, performing a
fully drained analysis can assess the settlements on the long term. This will
give a reasonably accurate prediction of the final situation, although the precise
loading history is not followed and the process of consolidation is not dealt

with explicitly.

An elastic-plastic deformation analysis where undrained behavior is
temporarily ignored can be defined by checking the Ignore undrained behavior

parameter. In this case the stiffness of water is not taken into account.

In a Plastic calculation loading can be defined in the sense of changing the load

combination, stress state, weight, strength or stiffness of elements, activated by
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changing the load and geometry configuration or pore pressure distribution by
means of Staged construction. In this case, the total load level that is to be
reached at the end of the calculation phase is defined by specifying a new
geometry and load configuration, and/or pore pressure distribution, in the

Staged construction mode.

e Dynamic calculation:

The Dynamic option should be selected when it is necessary to consider stress
waves and vibrations in the soil. With PLAXIS 2D it is possible to perform a
dynamic analysis after a series of plastic calculations. The applied dynamic
load is the product of the input value of the defined dynamic load and the
corresponding dynamic load multiplier. Besides the activation of the dynamic
load or dynamic prescribed displacement, absorbent (viscous) boundary
conditions can be defined for a Dynamic calculation. The possible vibrations of
a system that occur when an existing static load is released can be analyzed by
performing a free vibration analysis. A free vibration analysis can be performed
in a Dynamic calculation type. To perform a free vibration analysis the active
static external load in a previous calculation needs to be deactivated. In a
Dynamic calculation loading can be defined in the sense of applying a
predefined combination of external loads as dynamic forces using dynamic

multipliers activated in the Staged construction mode.
e Dynamic control parameters:

The parameters controlling a Dynamic analysis can be defined in the Dynamic
control parameters sub tree in the Phases window. The New mark alpha and
Beta parameters determine the numeric time-integration according to the
implicit new mark scheme. In order to obtain an unconditionally stable

solution, these parameters must satisfy the following conditions in (Eq.9.12):

Newmark f > 05 and Newmarka > 0.25(0.5 + )’ ©.12)
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For an average acceleration scheme you can use the standard settings (o = 0.25
and B = 0.5). Using a higher B-value and corresponding a-value results in a

damped New mark scheme (e.g. o = 0.3025 and 3 = 0.6).
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Appendix B

SAP. 2000. V.14

Introduction

SAP2000 is the latest and most powerful version of the well- known SAP
series of structural analysis programs. SAP2000 is object based, meaning that
the models are created using members that represent the physical reality. A
beam with multiple members framing into it is created as a single object, just as
it exists in the real world, and the meshing needed to ensure that connectivity
exists with the other members is handled internally by the program. Results for
analysis and design are reported for the overall object, and not for each sub-
element that makes up the object, providing information that is both easier to
interpret and more consistent with the

physical structure.

The physical structural members in a SAP2000 model are represented by
objects.

Using the graphical user inter face, you “draw” the geometry of an object, then
“as -sign” properties and loads to the object to completely define the model of
the physical member.

The following object types are available, listed in order of geometrical
dimension:

e Point objects, of two types:

1. Joint objects: These are automatically created at the corners or ends of
all other types of objects below, and they can be explicitly added to
model supports or other localized behavior.

2. Grounded (one-joint) support objects: Used to model special support
behavior such as isolators, dampers, gaps, 