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ABSTRACT: Pile driving operations are becoming a prevalent practice in Metro Manila due to the presence of 
soft soil conditions. However, ground vibrations are induced in the process, which could cause possible 
structural damages to the nearby existing structures. Ground vibration measurements were recorded at three 
designated sites at 3, 15, and 30 meters away from the pile-driving source through the use of three of Guralp’s 
accelerometers. A defined attenuation behavior of the emitted vibrations was observed when the pile was in 
contact with the predominantly sand and silt layers, vibration prediction models for sand and silt layers were 
formulated and then validated with the measurements obtained at the other two sites, predicted results were 
correlated to existing vibration limits, a zone of influence was then generated and is capable of identifying the 
types of structures that are susceptible to structural damage within a radius of the source of pile driving. 
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INTRODUCTION 

Pile driving operations are becoming a prevalent 
practice in Metro Manila due to the presence of soft 
soil conditions. However, ground vibrations are 
induced in the process which can lead to cause 
several negative impacts on the surrounding 
environment, such as human discomfort, damaging 
of vibration-sensitive facilities, and ultimately, it 
could lead to foundation settlements and structural 
damage.  

The case of pile driving is being given more of a 
concern as many of these operations are being done 
in highly urban areas, where many structures, such 
as residential, commercial, old and even heritage 
buildings are near the project site.  

Several vibration limits were established by 
international agencies to minimize the negative 
impact these ground vibrations may impart on the 
environment and vibration prediction models are 
being constantly formulated and used to predict 
ground vibration magnitudes, but these models are 
either too simple or too complicated to be used 
effectively on site [4], [15].  

Since modern construction work is usually done 
in urban areas, it is essential to determine the 
different levels of risks that neighboring structures 
may have when exposed to ground vibrations at 
different distances away from the vibration source. 

 BACKGROUND 

The transmission of energy from the hammer 
down to the pile and then to the surrounding soil 
governs the entire vibration transmission process 
and forms a crucial part in analyzing the behavior of 

ground vibrations. A simple concept of the energy 
transmission is then presented.  

When the hammer hits the pile head, energy is 
being transferred down to the body of the pile in the 
form of a compressional body wave [1]. S-waves are 
generated in the pile shaft and propagate conically 
from the pile. Compressional (P) – waves and Shear 
(S) - waves are also generated in the pile toe and 
they propagate in spherical waveforms in all 
directions. As these S and P – waves reach the 
ground surface, a part of the waves are being 
converted into Rayleigh (R) – waves, as seen in Fig. 
1, which attenuate in amplitude in proportion to the 
square root of distance [2],[3]. 

Fig. 1 Waves generated from pile driving operations 
[5] 

Vibration Attenuation and Frequency 

Ground vibrations, depending on its type and 
source of emission, attenuate due to geometric 
damping. Its attenuation is also influenced by 
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material damping, due to the presence of different 
ground properties [5], [18]. 

The Bornitz Equation considers the combined 
effect of both material and geometric damping, 
allowing the propagation of ground vibrations to be 
extensively characterized as it moves away from the 
vibration source, it is then expressed in Eq. (1): 

 
𝐴𝐴2 =  𝐴𝐴1  �𝑟𝑟1

𝑟𝑟2
�
𝑛𝑛
𝑒𝑒−𝛼𝛼(𝑟𝑟2−𝑟𝑟1)            (1) 

 
𝐴𝐴1  and 𝐴𝐴2  are vibration amplitudes at distances 

𝑟𝑟1 and 𝑟𝑟2, 𝑛𝑛 is the geometric damping coefficient = 1 
(surface waves), and 𝛼𝛼  is the material damping 
coefficient. According to [1] and [2], the material 
damping coefficient ( 𝛼𝛼)  can be estimated as a 
function of vibration frequency (𝑓𝑓), and is expressed 
in Eq. (2): 

 
𝛼𝛼 = 2𝜋𝜋𝜋𝜋𝜋𝜋

𝑐𝑐
               (2) 

 
Where, 𝑐𝑐 is the propagation velocity of R-waves 

and 𝐷𝐷 is the damping ratio.    
The dominant frequency of vibration can then be 

approximated by knowing the pile and hammer 
properties and specifications utilized in the pile 
driving operation, as suggested by [11], and is given 
in Eq. (3): 

 
𝑓𝑓𝑤𝑤 = 𝑘𝑘 ((𝑐𝑐)𝜀𝜀

2𝜋𝜋𝜋𝜋
)             (3)  

 
Where,  𝜀𝜀  is the adjustment factor which is 

dependent on the pile to ram weight ratio denoted by 
𝜂𝜂 , 𝐿𝐿  is the pile length in meters, and 𝑘𝑘  = 0.5 
(Concrete Piles at restrike). 
 
Table I Adjustment factors (𝜀𝜀) [11] 

 
Empirical Prediction Models 

 
Two empirical vibration prediction models were 

utilized in the study as a basis for validation against 
the actual vibration measurements obtained on site. 
These were the empirical models presented by [6] 
and [7] respectively.  

The model suggested by [6] only takes into 
account the hammer energy (𝑊𝑊𝑜𝑜) and the distance 
away from the vibration source  (𝑟𝑟) , where no 
consideration is made on the geological conditions 
of the site; it is then presented in Eq. (4): 

 
𝑣𝑣 =  𝑘𝑘(𝑊𝑊𝑜𝑜

𝑟𝑟
)𝑥𝑥              (4) 

Values of k = 1.5 and x = 1 were adopted for 
conservative measurements of vibrations [4].  

The said model was then utilized in contrast to a 
more sophisticated vibration prediction model 
presented by [7], wherein imperative aspects of 
energy transfer at the hammer-pile and pile-soil 
interface, and the influence of the soil properties on 
the vibration magnitude are considered. The model 
is then expressed in Eq. (5): 
 

𝒗𝒗𝒔𝒔𝒔𝒔 = 𝒌𝒌𝒔𝒔𝑭𝑭𝒗𝒗𝑬𝑬𝑻𝑻
(𝑭𝑭𝑯𝑯𝑾𝑾𝟎𝟎)𝟎𝟎.𝟓𝟓

𝒓𝒓𝒓𝒓
𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄                      (5)

  
Where, 𝑣𝑣𝑠𝑠𝑠𝑠  is the vertical PPV measurement in 

mm/s, and 𝑘𝑘𝑠𝑠 , 𝐹𝐹𝑣𝑣  and 𝐹𝐹𝐻𝐻 are the vibration 
amplification and efficiency factors associated with 
the model. 𝐸𝐸𝑇𝑇  is the toe vibration efficacy, 𝜃𝜃 is the 
angle of incidence of P-waves and 𝑟𝑟𝑟𝑟  is the radial 
distance from the pile toe to a certain point away 
from the pile on the ground surface. 
 
Vibration Limits 
 

Several vibration limits were established by 
various international agencies that can be used as 
references alongside the empirical vibration 
prediction models [16]. This is mainly to aid in 
mitigating the negative effects of vibrations, 
specifically by providing threshold values for 
vibration magnitudes in relation to structural damage. 

There are 4 frequently used standards on 
vibration limits [17], and they were incorporated 
into a single graph, refer to Fig. 2, as presented by 
[5]. The graph served as the basis for vibration 
assessment in the study. The graph can be utilized in 
identifying structures that are vulnerable to 
structural damage given a certain magnitude of 
vibration, in terms of the peak particle velocity, and 
as well as the frequency of vibration. 
 
 

Fig. 2 Vibration Limits suggested by [1] 
METHODOLOGY 

𝜼𝜼 0.01 0.10 0.30 0.50 0.70 0.90 1.00 1.50 

𝝃𝝃 0.10 0.32 0.52 0.65 0.75 0.85 0.86 0.98 

𝜼𝜼 2.00 3.00 4.00 5.00 10.0 20.0 100 ∞ 

𝝃𝝃 1.08 1.20 1.27 1.32 1.42 1.52 1.57 𝝅𝝅 
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Data Acquisition 

Vibration measurements in terms of the vertical 
peak particle velocity were taken in AMAIA Steps 
Pasig condominium in Eusebio, Pasig City (Site A); 
Three E-com Center in Bayshore Avenue, Pasay 
City (Site B); and Meridian Park along Diosdado 
Macapagal Avenue, Pasay City (Site C) through the 
use of three of Guralp’s Digital Tri-axial 
Accelerometers positioned at distances 3, 15 and 30 
meters away from the vibration source, as seen in 
Fig 3.  
 
 
Fig. 3     Placement of accelerometers 

 
Vibration measurements were then recorded 

throughout the entire duration of the pile-driving 
operation, they were digitally logged in a computer 
and were extracted through the use of the SCREAM 
Software, as provided by Guralp Systems.  

The raw data obtained on the three sites were 
then exported through a strong motion analysis tool, 
named ART, in which the vibration measurements 
were analyzed and documented in corresponding 
measurements of peak particle acceleration, velocity 
and displacement taken in the North, East and 
Vertical directions.  

Site Information 

Geotechnical conditions, determined through the 
acquisition of the borehole data, revealed that Site A 
was underlain with predominantly sand and silt 
deposits having varying soil densities across several 
layers. Site B was underlain with a top sand layer 
followed by multiple predominantly silt layers and a 
sandstone layer at the bottom most soil profile. 
While, Site C was underlain with a combination of 
sand, clay and silt layers, with weathered rock layers 
located at the bottom most layer of the soil profile. 

The number of hits needed to drive the piles 
down to a certain depth below the ground surface 
were also properly documented together with the 
corresponding hammer and pile specifications 
utilized on the three sites, refer to Table II. 

 

Table II Hammer and Pile Specifications 

 Hammer Pile 

Site Type Weight Square Length 

A Bruce 7100 450 23 

B, C NH70 7000 450 21 

 
ANALYSIS AND RESULTS 
 
Ground Vibrations Measurements 
 

Ground vibration measurements were only taken 
on the ground surface at the three sites. Upon 
referring to the times histories, the peak particle 
velocities (PPV) at each soil type transition were 
obtained and plotted at three distances away from 
the vibration source, against the pile penetration 
depth as shown in Fig. 4.  

 

 
 
Fig. 4 Vertical PPV readings of the 3rd pile in Site A 
 

During the entire driving process, the highest 
vertical PPV measurement was obtained when the 
pile was being driven into the medium dense silty 
sand layer, situated at 0 - 1.75 m below the ground 
surface.  

It is known that in the case of pile driving in sand 
deposits, the surrounding soil is being compacted 
through static pressure [8]. The acquisition of the 
highest vibration magnitude can be attributed to the 
compaction of the surrounding soil during pile 
penetration and as well as the increasing shaft-soil 
contact area, leading to an increase in the shaft 
friction of the pile [9].  

A sharp decline of the vertical PPV measurement 
followed upon the transition of the driving from the 
predominantly sand layer to the stiff clayey silt layer 
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at a depth of 1.75 - 4.75 m below the ground surface. 
Pile driving in clayey silt soil layers remoulds the 
surrounding soil and excess pore water pressures are 
generated, which could have resulted to the decrease 
in the shear resistance of the surrounding soil 
[3],[10], thereby leading to the acquisition of a 
smaller magnitude of vertical PPV measurement.  

The influence of the dynamic soil properties on 
the vibration magnitude can be evidently seen at a 
distance near the vibration source, but at a farther 
distance, it becomes more difficult to determine the 
influence of the soil types as the vibration 
magnitudes cluster to a closer range and are almost 
similar in magnitude.  

 
Frequency Content 

Another important parameter in the study is the 
frequency of vibration, as it is found to be directly 
proportional to the rate of attenuation, as seen in Eq. 
(1) and (2). The corresponding frequencies of the 
vibration measurements were then obtained through 
the Fourier Transform of the time histories and were 
analyzed in the Fourier Spectra (Frequency Domain).  

In Site A, the frequencies of the vertical PPV 
measurements ranged from 6 to 15Hz, having an 
average frequency of 9.33Hz, see Table III. The 
dominant frequency of the propagating waves due to 
impact sources has a span of values within 3 to 60 
Hz [11], the acquired values were found to fall 
within the specified range.  

 
Table III Vertical Vibration Frequency in Site A 

 
 
Upon using the model suggested by [11], which 

is specified in Eq. (3), the dominant frequency of 
vibration in Site A was calculated and yielded a 
value of 9.778Hz, It was then compared to the 
average frequency of the vertical PPV measurements 
obtained on the three driven piles at Site A and 
percentage errors less than 10% were obtained as a 
result. 

This would entail to the rationale that dominant 

frequencies of ground vibrations could be estimated 
with accuracy prior to pile driving if pile-hammer 
properties and specifications are known. Leading the 
frequency parameter to serve as a reliable reference 
in analyzing the attenuation behavior of vibrations 
even before the start of any pile driving activity. 

 
Predicted and Actual Vibration Measurements 

 
The actual vertical PPV measurements obtained 

at the three distances at Site A were plotted against 
the calculated theoretical values obtained through 
the empirical models suggested by [6] and [7] as 
shown in Fig. 5 and 6 respectively. 

 

 
 
Fig. 5 Actual and Calculated Vertical PPV readings 
from the model suggested by [6]  
 

 
 
Fig. 6 Actual and Calculated Vertical PPV readings 
from the model suggested by [7] 

Conservative measurements of vibration 
magnitudes were obtained upon using the model 
suggested by [6], however no consideration was 
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made on the possible influence of the different soil 
properties on the vibration readings, which resulted 
to the calculation of similar magnitudes even at 
different depths below the ground surface, as seen in 
Fig. 5. On the other hand, vibration measurements 
obtained through the use of the model suggested by 
[7] have shown to satisfactorily depict the influence 
of the soil properties on the vibration magnitude, as 
seen in Fig. 6.  

However, it can be seen in Fig. 6, that 
overestimations of the vertical PPV measurements 
are made on the upper layers while there is an 
underestimation on the lower layers correspondingly, 
the overestimation of the measurements on the upper 
layers can be attributed to the use of a low 
associated P-wave velocity in calculating the 
vibration magnitude, while the underestimation can 
be attributed to the use of the radial distance, refer to 
Eq. (5), in determining the vertical PPV 
measurements at the lower layers.  

Upon comparing the predicted and actual values 
of the vertical PPV readings, it was observed that it 
is still difficult to predict vibration measurements 
with high accuracy, as many factors such as the soil, 
hammer, and pile properties, and possible events of 
wave interference can greatly contribute to the 
changes in the vibration magnitude. Despite the 
complex nature of predicting ground vibrations, the 
attenuation behavior was found to hold substantial 
information on the extent to which the ground 
vibrations would be of significance in the study.  
 
Attenuation of Ground Vibrations 
 

The attenuation behavior of the vertical PPV 
measurements in Site A were generated and 
analyzed by plotting the vibration readings at three 
different distances away from the vibration source. 
They were subdivided into two main groups, 
vibration readings emitted on the predominantly 
sand and predominantly silt layers, this was made in 
order to analyze the difference between the 
attenuation behavior of the two different types of 
soils, as seen in Fig. 7 and 8. 

The vertical PPV measurements at a distance of 
three meters away from the vibration source were 
found to be dispersive and yielded higher 
magnitudes as it is near the source of vibration; this 
was seen on both the attenuation graphs of the 
predominantly sand and silt layers. The said 
behavior can be attributed to the influence of the 
dynamic soil properties on the vibration magnitude, 
thereby explaining the acquisition of a dispersive set 
of readings. 

 

 
 

Fig. 7 Attenuation of vertical PPV in Sand Layers at 
Site A (3rd Pile) 

 
 
Fig. 8 Attenuation of vertical PPV in Silt Layers at 
Site A (3rd Pile) 
 

However, the measurements obtained on the 
predominantly sand layers damped considerably to a 
narrow range at a distance of 15 and 30 meters away 
from the vibration source. While measurements 
obtained on the predominantly silt layers did not 
come to a closer range until a distance of 30 meters 
from the vibration source. 

Having observed a defined attenuation behavior 
on both the predominantly sand and silt layers, a 
best fit line was then developed through the 
regression analysis of the field data of Site A, 
involving two main parameters, the dominant 
frequency of the vibrations and the distance from the 
vibration source. Vibration prediction models for 
sand and silt layers were then generated and are 
being proposed in the study, they are expressed in 
Eq. (6) and (7): 

 
𝑦𝑦 =  𝑒𝑒0.3649 ln(𝑥𝑥1)−1.1780 ln(𝑥𝑥2)+4.8072          (6) 
𝑦𝑦 =  𝑒𝑒−1.144 ln(𝑥𝑥1)−0.0902 ln(𝑥𝑥2)+5.0949          (7) 
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Where, 𝑦𝑦  is the vertical PPV in mm/s at a 
distance 𝑥𝑥2 from the vibration source having a 
dominant frequency of 𝑥𝑥1.  

The vibration velocities obtained through the use 
of Eq. (6) and (7) showed to have correlated well 
with the actual vibration measurements of Site A, 
yielding an R square value of 0.94 and 0.86. The 
predicted values were then validated with the 
measurements of Sites B and C and good agreement 
was found between the predicted values and the 
actual vibration measurements obtained in the other 
two sites. The magnitude of vibration can then be 
predicted by using the proposed models. 

The predicted vibration measurements obtained 
through the use of Eq. (6) and (7) can then be 
correlated with the vibration limits suggested by [5], 
which can be referred to in Fig. 2 and a zone of 
influence can then be generated, with the origin on 
the location of the vibration source, refer to Fig. 10, 
the zone of influence can be utilized to identify 
nearby existing structures, located at different 
distances away from the vibration source, and 
determine if they are vulnerable to structural 
damages caused by the ground vibrations induced by 
pile-driving.  
 

 
Fig. 10 Zone of Influence 
 

The zone of influence can be used as means for 
allowing government officials, engineers and even 
concerned parties to be more aware of the negative 
effects that pile-driving can bring to the surrounding 
environment. By having the information provided by 
the proposed models, vibration limits and the plotted 
zone of influence, means of minimizing and 
preventing possible structural damages to existing 
structures can be sought after, to fully safeguard the 
lives of the people nearby and as well as the 
occupants of the buildings from unwanted life 
hazards.  

 Several limitations bind the use of the proposed 

prediction models and they are stated as follows, 
only vibration measurements generated through 
impact pile-driving operations obtained at the 
ground surface, at a distance of at least 15 meters 
away from the pile-driving source can be predicted 
with higher accuracy, as measurements near the 
vibration source were found to be dispersive. The 
energy imparted by the hammer unto the pile should 
be within the range of 41,000 – 41,130 Joules and 
that there should be a minimum individual layer 
thickness of 0.75 meters as indicated in the site 
borehole data for both sand and silt layers.  
 
CONCLUSION 
 

There has long been a concern for the damages 
that impact pile driving may bring to nearby existing 
structures. Therefore, it is necessary to establish 
reliable references to ensure the safety of the 
structures within a certain radius from the source of 
pile driving. 

Based on the findings in the study, different 
types of soils, possessing varying dynamic 
properties, greatly influence the vibration magnitude, 
which makes the geological conditions of the site a 
highly important consideration in analyzing ground 
vibrations, however, the influence of the soil 
dynamic properties can only be evidently seen at a 
distance near the vibration source, in this particular 
case at a distance of three meters where dispersive 
sets of readings were obtained.  

At farther distances, vibration measurements are 
more suited to be analyzed based on their 
attenuation behavior. Measurements obtained on the 
predominantly sand and silt layers on Site A damped 
considerably and clustered at a closer range at a 
distance of 15 and 30 meters away from the 
vibration source, regardless of the type of soil layers 
the vibrations were emitted from.  

Upon having observed a defined attenuation 
behavior, two vibration prediction models were 
developed through regression analysis and are 
capable of predicting vibration magnitudes at a 
certain distance away from the vibration source just 
by knowing the dominant frequency of vibration. 
The prediction models were validated with the data 
on Sites B and C and good correlation was found to 
exist between the obtained measurements.  

The prediction models can then be correlated 
with the vibration limits presented in the study to 
map a zone of influence, where structures that are 
vulnerable to structural damage within a certain 
distance or radiusof pile driving can be identified.  
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