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ABSTRACT 

This project is about the comparison of different methods in estimating the capacity of 

a pile. The methods are generally divided into empirical methods based on the Standard 

Penetration Test and analytical methods based on soil properties. Method by Florida 

Department of Transportation (FDOT), and the methods by Meyerhof are involved. 

Field testing results of four piles, including piles in Macau and in Bolivia, were also 

used in this study as reference capacity value. Their ultimate capacities of four piles 

were interpreted by using the Davisson Interpretation Method. A comparison of tip 

resistance and side friction calculated by each method is carried out to the compare the 

difference in biases of each method. Performance of each method is determined by the 

conservative state. After the studying, comparison of each method makes a conclusion 

that which method provided the best performance result and recommend use in Macau 

region. 
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CHAPTER 1 INTRODUCTION 

1.1 BACKGROUND  

In the evaluation process of pile capacity, it is mainly an experimental basic problem. 

The reason of obtaining a reliable or accuracy capacity of a pile, is that the cost of a 

foundation work, including site investigation, will take a great amount of total project 

cost. For a 15,243m2, 31-story with 5-story basement residential building, it will take 

34.871% of total budge (Chen 2014). In this case, if more reliable pile capacity provided, 

the more budget will be saved and the bid can have a better competitive.  

 

Although pile capacity prediction is important, is a very specific problem. As mention 

above, the experience on the site will be great help to predict the capacity. However, it 

might be only work on a certain region. For example, in mainland China, the standard 

of Guangzhou (DBJ15-60-2008) is very different from that in Shanghai (DGJ08-11-

2010). It is because soil profile in shanghai mainly consists of sandy clay and 

Guangzhou is granular soil. Due to the limitation of Macau, the most commonly method 

used in calculating the pile capacity is Hely Formula. It is sometimes a complicated 

method to operate.  

 

1.2 SCOPE AND OBJECTIVES OF STUDY 

In this study, 4 kinds of evaluation method are provided for comparing. Based on 

standard penetration test, method provided by Florida Department of Transportation of 

America (FDOT), Davisson Interpretation method and Meyerhof method (1956) are 
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provided as empirical method. For considering the soil propriety, Meyerhof (1956) still 

have an evaluation method based on cohesion and friction angle of soil, as analytical 

method. 

 

4 piles are provided as full scale test. Piles TP1 and TP2 are done by Dr. Bengt H. 

Fellenius on March 2013 in Santa Cruz, Bolivia. Pile A1 and A2 are done by Dr. Ao 

Peng Kong on January 2011 on construction site of Macau Olympic swimming pool.  

Pile capacity consists of tip resistance 𝑄𝑝 and side friction 𝑄𝑠. After calculating by 

each method, a comparison of 𝑄𝑝 and 𝑄𝑠 for each method will be carried out and 

commented on these result. Additionally, there is a recommend result of each pile 

provided in the data source. These results are measured directly form in-suit test, and 

the accuracy of these results should be quite closed to the real values. 

 

1.3 ORGANIZATION OF THE REPORT 

Chapter 1 is the introduction of this report, about the background and meaning of this 

project. Chapter 2 reviews the relevant methods involved. Chapter 3 gives descriptions 

of four pile in detail. In chapter 4, methodology will include the calculation process 

based on each method as illustration. Chapter 5 is the result of analysis, including the 

discussion of the result. Conclusion and further improvement of the method specified 

in Macau is in chapter 6.  
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CHAPTER 2 LITERATURE REVIEW 

In order to figure out the pile capacity, some calculation methods should be conducted. 

However, there are so many methods that can provide the estimation with various 

degrees of accuracy. But due to the limitation of data source, the calculation is often 

based on the value obtained from in-situ tests such as the SPT-N value from the 

Standard Penetration Test or based on the parameters of soil. 

 

In general, the calculation methods are mainly divided into two categories. One is based 

on the soil properties such like soil friction angle, unit weight, and undrained cohesion, 

etc. By using these parameters, together with failure mechanism of soil, to evaluate the 

ultimate capacity. This category is called analytical method. 

 

The second category is the method based on the site testing results, such as the SPT-N 

values from the Standard Penetration Test. The capacity of pile is evaluated by empirical 

methods suggested by experienced engineers or organizations (e.g. method provided by 

Meyerhof or method from Florida Department of Transportation (FDOT)). Based on a 

large database, these methods generally perform satisfactorily in some specific regions. 

However, the performance in Macau is not well known.  Therefore, to evaluate the 

predictability of these methods is the purpose of this project. 

(Note: Interpretation of pile tests is different from calculation of pile capacity.  

Therefore, interpretation of pile tests should be discussed separately.) 

 

Finally, there are also a number of methods to interpret the field test results of load-

deformation curve of piles.  For example, one commonly used method is called the 

Davisson method. This kind of methods can be applied very quickly and straight 
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forward if a load-deformation curve is available. Logically, the interpretation of pile 

test will provide the referenced capacity while the empirical method or analytical 

method will only provide an estimation. However, the interpretation of pile tests can 

provide the ultimate capacity of pile in conventional tests, and additional 

instrumentation such as strain gauges along the pile has to be provided if tip resistance 

and side friction are required separately. This shortage means that conventional tests 

cannot be used to compare the capacity components predicted by other methods 

 

2.1 ANALYTICAL METHODS 

Analytical methods were developed to estimate the pile capacity using some common 

parameters of soil based on fundamental soil mechanics.  

 

2.1.1 Meyerhof Analytical Method 

Tip resistance  

Meyerhof (1976) has point out that the tip resistance 𝑄𝑝 of the pile in sand would 

generally increases with the depth of embedment in the bearing stratum and then reach 

the maximum value. 

For a pile in sand, c′ = 0 

 * *

p p q p a qQ A q'N A 0.5P N tanφ    (1.1) 

Where 

𝑞′ = The effective stress at the tip 

𝑁𝑞
∗ = Bearing factor 

𝑃𝑎 = Atmospheric pressure 101.325KPa 
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φ′ = Effective soil friction angle of the bearing stratum 

 

As for tip in saturated clays under undrained conditions, an assumption is made that 

 ’ =0, hence, from the figure provided by Meyerhof,  

 

Figure 2.1 Variation of values of Nc
* and Nq

* with soil friction angle . 

In Figure 2.1 as =0 

𝑁𝑐
∗ ≈ 9 and 𝑁𝑞

∗ = 1  

the ultimate tip resistance 

𝑄𝑝 = 𝑁𝑐
∗𝐶𝑢𝐴𝑝 

is then given as 
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 9p u pQ C A   (1.2) 

Where 

𝐶𝑢 = Undrained cohesion of the soil below the pile tip 

This equation indicates that in a certain layer of soil, tip resistance is bounded by 

strength of the soil itself. It is also required that the axial force will never be greater than 

the structural strength of the pile.  

 

Side Friction  

For different kinds of soil, the nature of side friction varies significantly. For example, 

side friction in sandy soil is mainly due to its friction between pile body and soil 

particles. But for clayey soil, it is mainly due to adhesion between clay and the pile 

surface. So it is very important to make it clear that what kind of soil is being considered 

and which method should be applied. 

 

𝛂 Method (for clayey soil) 

According to the α Method, the unit skin friction in clayey soil can be obtained by  

 f α uC   (1.3) 

Where α = empirical adhesion factor.  

Actually α is a function of vertical effective stress and undrained cohesion. Sladen 

(1992) indicated 

 

Note: Also include the  proposed by Sladen (1992)  

 

0.45
'

α C o

uC

 
  

 
  (1.4) 

Where 
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𝜎𝑜
′
 = Average vertical effective stress 

C ≈ 0.4 to 0.5 for bored piles 

≥ 0.5 for driven pile 

Then the ultimate side friction can be given as 

 s uQ C p L    (1.5) 

Where 

𝐶𝑢 = Undrained cohesion of clayey soil 

𝑝 = The perimeter of pile  

∆𝐿 = The length of pile under consideration 

 

𝛃 𝐌𝐞𝐭𝐡𝐨𝐝 (for sandy soil) 

When the pile is driven into soil, the excess pore water pressure will increase 

significantly. After this pressure has dissipated, the side friction can be evaluated using 

the effective stress, at any depth: 

 'f β o   (1.6) 

After f is obtained, the side friction will be 

 sQ fp L    (1.7) 

For driven pile in sand, the vibration during pile driving would help densify the soil 

around the pile. The zone of sand densification may be as large as 2.5 times pile 

diameter. 

 

 sQ fp L    (1.8) 

At this time, actually, 

 '

0 tan 'f K    (1.9) 

Where 
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𝐾 = Effective earth pressure coefficient 

𝜎0
′  = Effective vertical stress at the depth under consideration 

𝛿′ = Soil-pile friction angle 

 

The value of  is a function of K and . K in turn is a function of soil the soil properties, 

stress history, and pile installation method, and  is a function of the interface properties 

which depends on the pile material and installation method.  There are many proposed 

values for K and  to account for some of these conditions, which are described below.  

However, the actual value of K and  should be assessed based on the actual soil and 

pile conditions. 

Note: present the value of K and  by Kulhawy (1984)  

Table 2.1 Interface Friction Angle 
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Table 2.2 Horizontal Soil Stress Coefficients K 

 

Based on presently available, value of K are recommended as 

Table 2.3 Recommend Value of K 

Pile type K 

Bored or jetted ≈ 1 − sin𝜑′  

Low-displacement driven ≈ 1 − sin𝜑′  𝑡𝑜 1.4(1 − sin 𝜑′)  

High-displacement driven ≈ 1 − sin𝜑′  𝑡𝑜 1.8(1 − sin 𝜑′)  

The value of 𝛿′ appear to be in range from 0.5 𝜑′ 𝑡𝑜 0.8 𝜑′. 

 

However, as the soil can be divided into either normal consolidated soil and over 

consolidated soil. For over consolidated soil, the K may adjust by over consolidated 

ratio. Which is  

  K 1 sin OCR     (1.10) 

2.2 EMPIRICAL METHOD 

The empirical methods can be divided into two categories for driven piles and drilled 

piles. The method for drilled piles is included in this review because one of four pile 

tests in this study is a drilled pile. And by listing out the two different methods, it is able 
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to recognize the difference in calculating capacity of piles constructed by driven and 

drilled method 

Driven pile 

2.2.1 Florida Department of Transportation (SPT97 method, manual of SPT94) 

This calculation method is based on empirical correlations on SPT-N for typical Florida 

soil types. The method has be implemented into a well-known computer program 

SPT97 and later modified into the software FB-DEEP. For different soil types, unit tip 

resistance and unit side friction versus N value are given in FDOT Research Bulletin 

No. 121-B.  

In order to provide the estimation, firstly is to classify the soil. 

Classification of soil types as following: 

Table 2.4 Soil Type Classification 

Soil Type Description 

1 Plastic clay 

2 Clay-silt-sand mixture, very silty sand, silts and marls 

3 Clean sands 

4 Soft limestone, very shelly sand 

 

As described before, it is very important to classify the soil type and apply proper 

calculation equations. The very first step of SPT97 method is to select among the 4 

different types of soil in order to detail the calculation equation.  

 

Empirical method should be strictly referred to which type of soil it is calculating. In 

order to match the best kind of soil that the empirical method was originally developed 
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and to provide the accuracy in calculating result, this procedure requires a lot of 

experience, which is probably the major limitation of this study. 

 

After classifying the soil, calculation of tip resistance and skin friction can be carried 

out. 
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Unit tip resistance 

 

Figure 2.2 Range of Tip Resistance 

 

One of the assumptions of this procedure is that the soil of 3.5B below and 8.0B above 

the pile tip contributes to the end bearing capacity as shown in Figure 2.2. Where B is 

the diameter of a circular pile or the width of a rectangular pile. An exception occurs 

when the bearing layer is weaker than the overlying layer. In this case, the upper limit 

terminates at the layer interface instead of 8.0B, this assumption is to prevent punching 

type failure. Tip resistance is calculated in this region. When the upper and lower limit 

does not have N values, Interpretation can be provided.  

 

Unit tip resistance is the force of tip resistance divided by cross sectional area of pile 

tip. At a given depth, it is based on the soil type and its corresponding N value. Typically, 

the empirical equation is as follows: 
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Table 2.5 Empirical Equations for Tip Resistance for Drive Piles (36”) 

Soil 

type 

Description 

Mobilized unit tip resistance 

capacity (TSF) 

1 Plastic clay q = 0.7N/3  

2 

Clay-silt-sand mixture, very silty sand, 

silt and marls 
q = 1.6N/3  

3 Clean sands q = 3.2N/3  

4 Soft limestone, very shelly sand q = 3.6N/3  

To convert tons per square foot (TSF) to kPa multiply by 95.76 

 

As the equations indicate, the calculation is very different for different soil in calculation. 

Tip resistance in clean sands may as twice as it in clay-silt-sand mixture. This indicates 

how important it is to have a right classification of soil.  

For each equation, the unit tip resistance divided by 3 is for factor of safety, therefore, 

resulting the allowable resistance.  In order to get back to the ultimate resistance, it 

should be multiplied by 3. 

 

To account for anomalies in N values, the average unit tip resistance is determined by 

taking weighted average of tip resistance within range, as mentioned before (i.e., 8D 

above and 3.5D below the tip are averaged separately). Then the above and below value 

are summed and divided by 2 to give the average unit tip resistance. After this, another 

factor for Critical Depth Correction will be applied, which will be discuss in subsequent 

section. 
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Unit Side Friction 

Side friction should be considered separately as above the bearing layer and in the 

bearing layer. A weight average should be used to establish the ultimate unit side 

friction in each range in consideration. Then the unit value is multiplied by 

corresponding surface area in each range to cumulative the side friction capacity. Here, 

a correction factor for the bearing layer condition is required, it is the same as 

calculating for tip resistance. 

 

Unit side friction at a given depth is also based on the type of soil and the N value. The 

empirical equations are given as follows: 

 

Table 2.6 Empirical equations for side friction for drive piles (36”) 

Soil 

type 

Description 

Ultimate side friction 

(TSF) 

1 Plastic clay 

f = 2N(110 − N)/

4000.6  

2 

Clay-silt-sand mixture, very silty sand, silt 

and marls 

f = 2N(110 − N)/

4583.3  

3 Clean sands f = 0.019N  

4 Soft limestone, very shelly sand f = 0.01N  

To convert tons per square foot (TSF) to kPa multiply by 95.76 
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2.2.2 Meyerhof’s Method. 

Tip Resistance 

Basic on the field observations, Meyerhof (1976) suggested that the ultimate tip 

resistance 𝑄𝑃 in a homogeneous granular soil may be obtained from the SPT-N value 

as  

 60 600.4 4b
P P a P a

L
Q A P N A P N

D
    (1.11) 

Where 

𝐴𝑃 = Cross section area of pile head 

𝑃𝑎 = Atmospheric pressure, 101.325kPa 

𝐿𝑏 = The embedment length of the pile in the bearing stratum 

D = The diameter of pile 

𝑁60 = The average value of the standard penetration number about 10D above and 

4D below the pile tip 

 

In this equation, comparing with Meyerhof analytical method described before, the 

boundary in here is the actual embedment rather than friction angle. It can be seen that 

Meyerhof suggested the capacity has an upper limit which is determined either by 

friction angle or embedment depth. It is true that the pile capacity has a boundary, but 

not sure for determining by which factor. 

 

Side Friction  

Meyerhof also suggested the average unit friction resistance 𝑓𝑎𝑣 can be obtained from 

average standard penetration test value 

For highly displacement pile 
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 600.02av af P N   (1.12) 

Where  

𝑃𝑎 = Atmospheric pressure 101.325KPa 

𝑁60
̅̅ ̅̅ ̅ = Average value of standard penetration test 

Similarly, for low displacement pile 

 600.01av af P N   (1.13) 

2.2.3. Drilled Shaft in Clean Sand (FB-DEEP) 

The method to calculate pile capacity of drilled pile is based on FHWA (The Federal 

Highway Administration) Design Methods for sand, clay & Intermediate Geomaterials 

in FHWA Publication-IF-99-025. The method was originally implemented in the 

computer program SHAFT98 and later modified into the software FB-DEEP, 
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Tip resistance  

The calculation for tip resistance is based on the SPT-N value, for pile less than 50 

inches in diameter is 

 
600.6 )(bq N tsf   (1.14) 

Or for shafts greater than 50 inches in diameter 

 50 ( )b
br

b

q
q tsf

B

 
  

 
  (1.15) 

To convert tons per foot (TSF) to kPa multiply by 95.76 

Then the tip resistance 

 

 p p bQ A q    (1.16) 

 

 

Side resistance  

The side resistance is mainly based on the soil property 

 tansz c z zf K       (1.17) 

 

Where  

𝑓𝑠𝑧 = Ultimate unit side shear resistance in sand at depth z 

𝜎𝑧 = Vertical effective stress at depth 

 s zQ dA    (1.18) 

𝑑𝐴 = Differential area of perimeter along the side of drilled shaft. 

 

The equation is similar to  method. But in this method,  is determined by the depth. 
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 1.5 0.245 z     (1.19) 

For z in meter for SI unit or  

 1.5 0.135 ?z     (1.20) 

For z in feet for British unit 

The value of 𝛽 in the above equations is modified in certain cases, depending on depth 

and blow count  

0.25 ≤ 𝛽 ≤ 1.2 

And if the SPT-N value is less than 15, 𝛽 should be adjusted as following 

 
15

N
 

 
  
 

  (1.21) 

  '

0K tan 0.8sQ p L     (1.22) 

Up to here, the calculation of capacity is described. For SPT97 method. To consider the 

interaction between the bearing and overlying layer, a critical depth correction is applied. 

 

2.3 CRITICAL DEPTH CORRECTION 

The concept is used for both tip resistance and side friction. The ultimate end bearing 

capacity of a pile cannot be fully mobilized with the bearing layer until the pile tip 

reaches a critical depth/width ratio (D/B). Where D is the depth of embedment in the 

bearing layer and B is the diameter or width of pile. And the bearing layer is the layer 

where the pile tip is embedded. Typical D/B values for different kind of soil are listed 

below: 
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Table 2.7 Critical Depth Ratio for Different Soil 

Soil 

type 

Description 

Critical Depth Ratio 

(D/B) 

1 Plastic clay 2 

2 

Clay-silt-sand mixture, very silty sand, silt and 

marls 

4 

3 

Clean sand 

(N = 12 or less) 

(N = 30 or less) 

(N ≥ 30) 

 

6 

9 

12 

4 Soft limestone, very shelly sands 6 

 

Correction for tip resistance 

If the actual depth of embedment is less than the critical depth, and when the bearing 

layer is stronger than the overlying layer, a reduction is required for the tip resistance. 

It is interpolated between the bearing capacity at the top of the bearing layer and the 

bearing capacity at the pile tip 

  q A
Lc T LC

C

D
q q q

D
     (1.23) 

Where  

q = Corrected unit tip resistance at pile tip 

𝑞𝐿𝐶 = Unit end bearing at layer change 

𝑞𝑇 = Uncorrected unit end bearing at pile tip 

𝐷𝐴 = Actual embedment in bearing layer 

𝐷𝐶  = Critical depth of embedment 
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Correction for the side friction 

Condition 1  

If the actual depth of embedment is less than the critical depth, and when the bearing 

layer is weaker than overlying layer, a reduction is required for the side friction: 

  CSFBL
2

A
LC T LC

T C

DSFBL
q q q

q D

 
   

 
  (1.24) 

Where 

CSFBL = Corrected side friction in the bearing layer 

SFBL = Uncorrected side friction in the bearing layer 

𝑞𝐿𝐶 = Unit end bearing at layer change  

𝑞𝑇 = Uncorrected unit end bearing at pile tip 

𝐷𝐴 = Actual embedment in bearing layer 

𝐷𝐶  = Critical depth of embedment 

 

Condition 2 

Or, if the actual depth of embedment is greater than theoretical depth, and when the 

bearing layer is stronger than overlying layer, the reduction is as follows: 

  CSFACD 0.5LC CD LC

CD

USFACD
q q q

q
       (1.25) 

Where 

CSFACD = Corrected side friction from top of bearing layer to the critical depth 

USFACD = Uncorrected side friction from top of bearing layer to critical depth 

𝑞𝐶𝐷 = Unit end bearing at critical depth 

𝑞𝐿𝐶 = Unit end bearing at layer change 
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2.4 PILE CAPACITY 

After calculating of critical depth, the two resistances are then sum up to obtain pile 

capacity. As mentioned by the above the empirical equation in RB-121, they require 

excessive pile movement to mobilize the calculated ultimate pile capacity. To have a 

more realistic result, the mobilized tip resistance has been set equals to 1/3 of the 

ultimate end bearing value, as mentioned before. In this project, to comparing for the 

ultimate capacity, the tip resistance should be the ultimate value, which should be the 

allowable value multiplied by 3 and then add up the side friction. 

 

2.5 INTERPRETATION METHOD FOR STATIC LOAD TEST 

2.5.1 Davisson’s Method 

Davisson’s method is one of the most popular interpretation method for static load test 

of piles. It is based on the load-deformation curve and taking the elastic deformation of 

pile body in consideration. 

 

Davisson’s method defined the ultimate capacity as the interpretation point on the load-

deformation curve. Besides the load deformation curve, the straight line defined by the 

elastic deformation value points 

 

  4 B /120 PD / AE    (1.26) 

Where  

B = Foundation Diameter in mm 

P = Applied Load in KN 
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D = Foundation Depth in mm 

A = Foundation Cross-Section Area in m2 

E = Foundation Modulus of Elasticity in kPa 

 

In the formula, a residual deformation is assumed as a certain number plus a scale of 

pile diameter, which may be determined by the local situation. Elastic deformation of 

pile will occur. This assumption may be more close to the reality because the pile body 

is not the rigid body, which is considered in elastic part. Load-deformation curve is 

recorded as the pile head settled due to surcharge, and the data surely includes the pile 

shorting. Thus interpretation is closer to the actual behavior. The Davisson’s method is 

generally conservative, but is also well accepted in practice. 

 

2.5.2 Chin’s Method 

Another method bases on load-deformation curve is Chin’s Method.  

 

Figure 2.3 Illustration of Chin’s Method 
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To perform Chin’s method, first steps is to draw the (Settlement/Surcharge) versus 

deformation curve as shown in Figure  2.3, where surcharge means the corresponding 

applied load as recorded by static load test. 

 

Secondly, find the regression line of data above, only for the data in the increasing 

deformation region.  Then the pile capacity equals to 1 divided by value of slope. 

To explain this method, the straight line can be written as 

 

 
1 2/ Q C C     (1.27) 

Then if Q is the ultimate value, ∆ reaches its maximum value. Equation may be rewrite 

to  

 
1 21/ /uQ C Q     (1.28) 

And 𝑄2/∆ may approximate to 0 since ∆ is large. 

At last 

 1  1/UQ C   (1.29) 

Where 𝐶1 is the slope of the straight line. 

 

2.6 INTRODUCTION OF STANDARD PENETRATION TEST (SPT) 

SPT is an in-suit testing, with advantages of its simplicity, the availability of a wide 

variety of correlation for its data, and the fact that a sample is obtainable with each test.  

 

SPT also called split-spoon test. A standard split barrel sampler is advance into the soil 

by dropping a 140-pound (63.5 kg) safety or automatic hammer on the drill rod from a 

height of 30 inch (760 mm ), ) (Attention: using of donut hammer is not permitted). The 
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split barrel sampler is advanced a total of 18 inch (450 mm). Counting the number of 

blows to advance the sampler for 18 inches (150 mm) increments, the sum of the blow 

count for the second and third increments is called the Standard Penetration value or N-

value.  

 

During design, the N-value may need to be corrected for energy loss or overburden 

pressure. The standard value in the U.S. is to express the N-value to an average energy 

ratio of 60% (𝑁60) correction can be perform as 

 60
60

H B S RN N
   

   (1.30) 

Where  

𝑁60 = Standard penetration number, corrected for field conditions 

N = Measured penetration number 

𝜂𝐻 = Hammer efficiency in percentage 

𝜂𝐵 = Correction for borehole diameter 

𝜂𝑆 = Sampler correction 

𝜂𝑅 = Correction for rod length 

Variations of 𝜂𝐻 , 𝜂𝐵, 𝜂𝑆  𝑎𝑛𝑑 𝜂𝑅, recommendations by other research is not shown here. 

In this project, it is assumed that all the N value had been corrected to 𝑁60 without 

further modification. 

 



 

25 

 

2.7 CALCULATION OF SOIL PROPERTIES BASED ON STANDARD 

PENETRATION NUMBER 

If the friction angle of soil is not provided in this project, empirical methods were used 

to evaluate the value through SPT-N value. 

2.7.1 Correlation of Friction Angle and SPT-N value 

The correlation between 𝑁60,  𝜎0
′  𝑎𝑛𝑑 𝜑′ was provided by Schmertmann (1975). And 

the mathematically correlation was approximated as (Kulhawy and Mayne, 1990) 

 

 

0.34

1 60

0

' tan
'

12.2 20.3
a

N

P






 
 
 
  
   
   

  (1.31) 

Where  

𝑁60 = Field standard penetration number 

𝜎𝑜
′
 = Effective overburden pressure 

𝑝𝑎 = Atmospheric pressure 101.325 KPa 

∅′ = Friction angle in degree 

 

2.7.2 Correlation between Undrained Cohesion of Soil and SPT-N Value 

Even though the correlation of cohesion 𝑆𝑢  and SPT-N value are weak, an 

approximated developed primarily using unconfined compression test can be 

established as  

 0.06N PauS     (1.32) 
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𝑝𝑎 = Atmospheric pressure 101.325 KPa 

𝑆𝑢 = Undrained shear strength 

 

2.8 PREVIOUS STUDIES ON THE CONCEPT OF CRITICAL DEPTH 

As Meyerhof (1976) suggested that the resistance of pile will increase with depth till 

reaching a typical one called critical depth and then will remain constant, the critical 

depth is determined by the type of soil, empirically. 

 

However, Kulhawy (1984) suggested that the tip and side resistance of deep foundation 

do not reach a limit at a critical depth but continually increase. The rate of increase is 

decreased for the tip. It is primarily because of decreasing rigidity with depth. 

 

For side resistance, the increasing rate is a function of increasing overburden and 

decreasing static pressure coefficient 𝐾0 with depth.  

 

Additionally, as Fellenius (1995) indicated, the method of using model-scale pile test 

to interpret the full-scale test, will lead to a false result, hence the result of critical depth 

concluded by model-scale test might be wrong as well. 

 

In a full scale test, there exists a residual load but being neglected. It cause the side 

friction linearly increase to a certain depth. Which is called the “critical depth”. 

Meanwhile, in model-scale test, the neglecting of stress-scale effects gives as similar 

result. By this way the two independent observations can be drawn to the same 

conclusion. 
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Figure 2.4 Residual Loads Present In The Pile Immediately Before The Start Of 

The Static Loading Test. 

 

Figure 2.5 Resistance Distributions As Determined From Four Load Gauges 

Placed In The Pile And Set Zero Before The Start Of The Test. Compare With 

The True Distribution. 
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Figure 2.4 and 2.5 indicated that residual increase to a certain value and then begin to a 

linear decrease. There is not an obviously constant value which can imply an existing 

of critical depth.  

 

 

Figure 2.6 Distribution of True Unit Side Friction in Two Piles,  

11 m and 15 m Long In Sand. 

 

 

Up to here, from Figure 2.6, it can be seen that capacity of pile increases linearly and 

suddenly drop near the pile tip. An assumption from the author is that when the dial 

gauge obtained the real value of the resistance along the pile axis, which neglects adding 

up the residual load together to obtain a true value. The performance in Figure 2.6 agrees 

with the result in Figure 2.5. It is doubtful for the author whether there is a critical depth 

exists.  
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CHAPTER 3 DESCRIPTION OF PILE TESTS  

In this chapter, a description of four piles included in this study is provided. A 

comprehensive description is not only for listing the pile data but also for providing 

required information in calculations. The four piles are taken from two different sources, 

one in Macau and one in Bolivia. This also allows us to evaluate the sensitivity of the 

calculation method to different site conditions. 

 

3.1 TP1 AND TP2 

First two piles are TP1 and TP2, which were constructed during 8 to 13, March, 2013 

at Santa Cruz, Bolivia for the first International Conference and Seminar on Deep 

Foundation of the ISSMGE coordinated by Dr. Bengt H. Fellenius (2013). There are 

actually four piles tested in this testing program as shown in Figure 3.1, but only two of 

them will be used in this study since the other two contain an expander body at the base 

which is beyond the scope of this study. 

 

The concrete for the pile was designed to have 30 MPa cylinder strength. The reinforce 

cage consisted of six 12 mm bars for the piles without Expander Body and 5 mm spiral 

with a 250 mm pitch.  
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Figure 3.1 Location of Pile Provided by Fellenius. TP3 and TP4 are not involved. 

 

 

Figure 3.2 The front side view of 4 piles and the GWT 

 

Figure 3.2 shows the pile dimension and the location of strain-gage level. It is clear that 

piles are only 5m apart from each other. Therefore, it can be assumed that the soil profile 

of these piles is similar. When it is necessary, data to evaluate the soil parameter can be 
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putted together, and this will increase the validity of the data and lowering the possible 

abnormal SI data. 

 

Figure 3.3 SPT-N value of three bore hole 

 

Three similar series of SPT-N value indicate the three bore holes (BH1-BH3) had gone 

through a similar soil profile. As Figure 3.3 indicates, SPT1 always gives the minimum 

value of N except 9 m to 12 m, and SPT2 lies in between of SPT1 and SPT3. And based 

on this similarity, an averaging process appears to be more logical and more accurate. 
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Figure 3.4 Grain size distribution of BH1 

 

 

Figure 3.5 Grain size distribution of BH2 
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Figure 3.6 Grain size distribution of BH3 

 

From Figure 3.4-3.6, the soil from ground to about 5 m is mainly consisted of fill clay. 

Fine to medium size sand is distributed from the 5 m to 14 m of depth. At depth around 

14 m, the grain size shifts to a large value, which may increase side friction value. 

Between 14 m to 16 m of depth, there is a thin zone of clay and clayey sand, which 

appears in the BH2 and BH3 but not in BH1. Below 16m, gravel is found in all three 

boreholes. 

 

3.1.1 Pile TP1 

As described by Fellenius (2013), pile TP1 was constructed as the method normally in 

Bolivia. The pile is 17.5m in length and 400mm in diameter.  A hole will be drilled 

using a rotating cutting tool with 400 mm helix attached to the end of a drill pipe. The 

drilling was carrying while continuous pumping of bentonite slurry up to a swivel entry 

at the top of the drill pipe, down through the drill pipe and to the cutting tool. As the 

drilled advances into the ground, the cutting tool mixes the soil with the slurry, and 
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continuous infection of slurry to send the mixture up to the ground, to a collection pit. 

When the drill pipe had reached the desired depth, the injection of slurry was still 

continuous but become slower and slower. The drill pile is then withdrawn and reinforce 

cage was lowered into the hole where after a tremie pipe is inserted through the slurry 

to the pile toe to replace the slurry with concrete in a regular tremie process. 

 

3.1.2 Pile TP2 

Pile TP2 is 11.6m in length and 360mm in diameter.  The pile is a fully displacement 

pile. It was constructed without removing any soil. The equipment consisted of a 360 

mm O.D. pile with a 25 mm wall attached to an auger length. The auger rotation pulls 

down the pile body. The auger has a short conical tip, which was left in the hole. The 

inside diameter of the system is 230 mm. When the desired depth was reached, 

reinforced cage was lowered down and then concrete was pumped through the inside 

tip during withdrawal of the driving system. 

 

 

  

 



 

35 

 

3.2 A1 AND A2 

 

Figure 3.7 Site Test Locations. 
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Figure 3.7 shows the location of the pile test. It is located on site A in Taipa Island. 

Which was a reclaimed area. This kind of area is common in Macau SAR as about 

nearly 50 % of area was reclaimed from sea site. 

 

Site Condition 

As recorded in paper by Ao P.K. (2006), soil profile of these two boreholes are 

described as follow: 

Table 3.1 Soil Profile description of A1 

Depth (m) Soil Type 

0-6 Fill (clayey sand and boulders) 

6-11.5 Marine deposit (MUD) 

11.5-44.5 Alluvium(Clayey sand, sand or clay) 

41.8-63.5 C.D.G. 

63.5-65.7 Bedrock 

 

Similarly, for A2 

Table 3.2 Soil Profile description of A2 

Depth (m) Soil Type 

0-3 Fill (clayey sand and boulders) 

3-11.5 Marine deposit (MUD) 

11.5-41.8 Alluvium(Clayey sand, sand or clay) 

41.8-63.5 C.D.G. 

63.5-65.7 Bedrock 
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From Table 3.1 and 3.2, it can be seem that the soil profile from these two boreholes 

are quite similar to each other, which means that the soil is homogenous between these 

two boreholes.  

 

Piles A1 and A2 were built at the construction site of Macau Olympic Swimming Pool 

in Taipa, Macau. The site is on a reclaimed area called “Basia de Taipa” in Taipa Island, 

which is the most common type of ground condition in Macau. And the type and 

dimensions of the pile are also popular in Macau, which is the Prestressed High strength 

spun Concrete (PHC) with outer diameter of 500 mm and thickness of 125 mm. The 

piles were manufactured by Zhuhai Da Chang concrete Pile Co. Ltd in ZhuHai, 

Guangdong province, China.  The piles are designed with elastic modulus of 40000 

MPa and they were driven by a DELMAG diesel hammer D80-23. 

 

Figure 3.8 Static Load Test of Borehole A1 
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3.2.1 Pile A1 

Pile A1 was a PHC with 500 mm outer diameter and 125 mm thickness. The pile was 

vertically driven into the soil and the embedded length was 30 m, with total length 31 

m.  

 

Figure 3.9 Borehole Data of SPT-N value vs. Depth for A1 
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Figure 3.9 shows the data of SPT-N value and its distribution in different soil layer, it 

can be seen that the N value varies in alluvium. The variation of SPT-N in alluvium is 

reasonable because it is very difficult to determine the component or the soil type in 

alluvium. 

3.2.2 Pile A2 

Pile A2 was also a PHC pile with the same diameter of A1. The embedment was 41 m 

with total length of pile 42 m. The total length and its embedment are the only difference 

between A1 and A2.  

 

 

Figure 3.10 Borehole Data of SPT-N Value vs. Depth for A2 
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Figure 3.10 shows the SPT-N value in borehole A2. The variation of N value of A2 is 

smoother than A1, this can be seen from the smooth incensement of N value in C.D.G. 

and variation in alluvium. 
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CHAPTER 4 ESTIMATION OF PILE CAPACITY 

To perform the comparison of pile capacity estimation, an accurately calculation should 

be provided. The pile capacity is consisted of tip resistance and side friction, and 

separately calculation of the two resistance makes the comparison more clearly and 

easily to assess the satisfactory of the certain method in Macau.  

 

However, due to the complexity of soil, in the calculation process, some approximation 

will be made to have a remedy of lacking some parameter missing in the site 

investigation report. The assumption would be provided by some experienced 

geotechnical engineers to ensure that the approximation has the local characteristic.  

 

The calculation takes pile A1 as an example. It is mainly because pile A1 is a local pile, 

the calculation result may have more representative of Macau area. The pile details are 

listed in Table 4.1. 

 

Table 4.1 Details of Pile and Soil in Borehole A1 

Diameter  (D)  500 mm 

Area (𝐴)  0.147262156 m2 

Perimeter (P) 1.570796327 m 

Pile lengh (𝐿)  31 m 

Pile embedment  (𝐿𝑒) 30 m 

Elastic moduls of pile (𝐸)  40000000 kPa 

Average unit weight of soil (γ ) 17.2 KN/m3 

Plastic index (PI) 22 % 
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And for the soil profile is given in Table 4.2 for convenience, which is the same as Table 

3.1. 

Table 4.2 Soil Profile in Borehole A1 

Depth Description 

0-6 Fill (clayey sand and boulders) 

6-11.5 Marine deposit (MUD) 

11.5-44.5 Alluvium (Clayey sand, sand or clay) 

41.8-63.5 Completed Decomposed Granit (C.D.G) 

63.5-65.7 Bedrock 

 

Secondly, the pile type, the PHC pile is the most commonly used in Macau region and 

the depth is common, either. This reason increase the value of the studying in a point of 

view of application. 

 

The ground water level (GWL) is missing in original paper, but as recommend by other 

local experience for projects in Taipa (陆万海 2011), GWL is assumed at 1.5 m depth 

from ground surface. 

 

4.1 ANALYTICAL METHOD 

Analytical method is based on the properties of soil, and this method provided by 

Meyerhof is mainly considering friction angle and cohesion of soil.  
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However, because the original report doesn’t provide φ′𝑎𝑛𝑑 𝐶𝑢 value measured on 

site. It is then calculated by empirical method based on SPT n value and build up soil 

profile. 

Average unit weigh provided by original report  

Pile A1:   Unit weight = 17.2 KN/m3 

Pile A2:   Unit weight = 17.94 KN/m3 

Take average of two values to obtain the average unit weight 

Average unit weigh = 17.57 KN/m3  

And level of ground water Table was not available. Assumed it is 1.5 m below the 

ground surface. Perform the calculation of effective stress, friction angle and cohesion. 

Table 4.3 Calculation Results of Effective Stress, Friction Angle  

and Cohesion of Soil. 

Depth(m) SPT for A1 SPT for A2 SPT average 
Unit weight(KN

/m3 ) 
σ (KPa) u(KPa) σ′(KPa) φ′ 𝐶𝑢 (𝐾𝑃𝑎) 

6 2 2 2 17.57 105.42 44.15 61.28 23.11 12.16 

7 2 2 2 17.57 122.99 53.96 69.04 20.37 12.16 

9 2 2 2 17.57 158.13 73.58 84.56 19.29 12.16 

11 2 3 2.5 17.57 193.27 93.20 100.08 18.40 15.20 

13 8 11 9.5 17.57 228.41 112.82 115.60 27.02 57.76 

14 11 11 11 17.57 245.98 122.63 123.36 29.12 66.87 

15 9 14 11.5 17.57 263.55 132.44 131.12 27.05 69.91 

17 30 15 22.5 17.57 298.69 152.06 146.64 36.59 136.79 

18 35 15 25 17.57 316.26 161.87 154.40 37.59 151.99 

19 5 17 11 17.57 333.83 171.68 162.16 21.36 66.87 

22 25 N/A 25 17.57 386.54 201.11 185.44 32.94 151.99 

23 36 11 23.5 17.57 404.11 210.92 193.20 35.90 142.87 

24 28 15 21.5 17.57 421.68 220.73 200.96 33.27 130.71 

26 18 19 18.5 17.57 456.82 240.35 216.48 28.87 112.47 

27 10 13 11.5 17.57 474.39 250.16 224.24 24.05 69.91 

28 11 21 16 17.57 491.96 259.97 232.00 24.51 97.27 

30 8 21 14.5 17.57 527.10 279.59 247.52 21.84 88.15 

Take depth of 13 m as example. By Kulhawy and Mayne, 1990  
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To calculate the friction angle of soil 

φ′ = tan−1

[
 
 
 
 

𝑁60

12.2 + 20.3(
𝜎𝑜

′

𝑝𝑎
)
]
 
 
 
 
0.34

= tan−1 [
9.5

12.2 + 20.3 (
110.79
101.325

)
]

0.34

= 27.02° 

And undrained shear strength might be 

𝑆𝑢 = 0.06 N × Pa = 0.06 × 9.5 × 101.325 = 57.76 KPa 

After plotting out the SPT-N vs. Depth curve, it can be found that the SPT value is 

located in some certain range rather than the soil profile as indicated. So divide it into 

several layers according to the distribution of SPT-N value. And for each layer, its 

representative value of friction angle and cohesion is taken the average value in the 

region. 
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Figure 4.1 Average SPT-N Value Distributions 

 

In here, the soil is divided into three layers according to the variation of SPT-N value. 

Table 4.4 Layer Classification of Soil Body. 

Layer No.  Depth (m)  φ′  𝐶𝑢  (𝐾𝑃𝑎)  

1 6-11 20.29 12.92 

2 13-15 27.73 64.85 

3 17-45 27.70 125.49 
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The soil body is divided into different soil layers according to the distributions of 

SPT-N value. It is then carry out the resistance calculation. 

 

Tip resistance  

According to Meyerhof method. 

𝑄𝑝 = 𝐴𝑝𝑞′𝑁𝑞
∗ ≤ 𝐴𝑝0.5𝑃𝑎𝑁𝑞

∗ tan𝜑′ 

𝐴𝑝𝑞′𝑁𝑞
∗ = 0.147262156 × 247.52 × 39.7 = 1634.569 𝐾𝑁 

And  

𝐴𝑝0.5𝑃𝑎𝑁𝑞
∗ tan𝜑′ 

= 0.147262156 × 0.5 × 101.325 × 39.7 × tan 27.7° 

= 155.514 𝐾𝑁 

So the tip resistance is taken as 

𝑄𝑝 = 155.514𝐾𝑁 

 

Side Friction 

The pile is in marine deposit and alluvium layer, in here, classified marine deposit as 

clay layer. As for alluvium, it is a mixture of sand and clay, and its behavior is very 

complex. In here simplify the alluvium as some kind of sand. 

 

Side friction in clay, layer 1 calculated by α Method 

Take 6 m depth as example. C = 0.5 for conservative 

α = C(
𝜎𝑜

′

𝐶𝑢
)

0.45

= 0.5 × (
61.28

12.92
)
0.45

= 1.0077 

𝑄𝑠 = ∑𝛼𝐶𝑢𝑝∆𝐿 = 1.0077 × 12.92 × 1.570796327 × 6 = 122.66 KN 
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Side friction in sand, layer 2 and 3 is calculated by β Method  

Take 13 m depth as example. 

For normally consolidated soil, very straight forward, 

K = 1.4 × (1 − sinΦ𝑅
′ ) = 1.4 × (1 − sin 27.73) = 0.749  

β = KtanΦ𝑅
′ = 0.535 × tan 27.73 = 0.2812  

𝑄𝑠 =  

= 

= 

K𝜎0
′̅̅ ̅ tan(0.8𝜑′) 𝑝∆𝐿  

0.749 × 115.6 × tan(0.8 × 27.73) × 1.570796327 × (13 − 11)  

110 KN  
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Table 4.5 Calculation of side resistance of pile A1 

Depth(m) SPT average σ′(KPa) φ′ 𝐶𝑢 (𝐾𝑃𝑎) Qs(KN) 

6 2 61.28 23.11 12.16 122.66 

7 2 69.04 20.37 12.16 21.57 

9 2 84.56 19.29 12.16 47.26 

11 2.5 100.08 18.40 15.20 50.98 

13 9.5 115.60 27.02 57.76 110.85 

14 11 123.36 29.12 66.87 59.15 

15 11.5 131.12 27.05 69.91 62.87 

17 22.5 146.64 36.59 136.79 140.57 

18 25 154.40 37.59 151.99 74.01 

19 11 162.16 21.36 66.87 77.72 

22 25 185.44 32.94 151.99 266.65 

23 23.5 193.20 35.90 142.87 92.60 

24 21.5 200.96 33.27 130.71 96.32 

26 18.5 216.48 28.87 112.47 207.52 

27 11.5 224.24 24.05 69.91 107.48 

28 16 232.00 24.51 97.27 111.20 

30 14.5 247.52 21.84 88.15 237.28 

Summation =  1886.11 KN 

 

In this analytical method, the pile capacity is 

𝑄𝑢 = 155.514 + 1886.11 = 2042.212 KN 
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4.2 EMPIRICAL METHOD  

4.2.1 Method of SPT97 from FDOT 

Tip resistance 

To match the soil type classification in FDOT method, soil type is then simplify as 

following: 

Table 4.6 Classification of Soil Profile by FDOT Method 

Depth Description 

Classification in 

FDOT 

Marking 

0-6 

Fill (clayey sand and 

boulders) 

Plastic clay 1 

6-11.5 

Marine deposit 

(MUD) 

Clay-silt-sand 

mixture 

2 

11.5-44.5 

Alluvium (Clayey 

sand, sand or clay) 

Clay-silt-sand 

mixture 

2 

 

As introduce in chapter 2, the distance above 8 times diameter above and 3.5 times 

diameter below the pile tip.  

8 × 0.5 = 4 m (above) 

3.5 × 0.5 = 1.75 m (below) 

 

And SPT-N value is introduced:  
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Table 4.7 The SPT-N Value of The Depth Originally 

Depth Soil Type SPT-N 

7 1 2 

9 1 2 

11 1 2 

13 2 8 

14 2 11 

15 2 9 

17 2 30 

18 2 35 

19 2 5 

22 2 25 

23 2 36 

24 2 28 

26 2 18 

27 2 10 

28 2 11 

30 2 8 

31.75 2 7.125 

 

For this pile, the pile tip is at a depth of 30 m, and the consider range is between  

30 − 4 = 26 m  

And  

30 + 1.75 = 31.75 m 

As high light in Table 4.6. 
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Then calculation provide by following 

Table 4.8 Calculation of Tip Resistance 

Depth (m) Soil Type SPT-N Unit Tip Resistance (KPa)  

26 2 18 919.296  

    (919.296 + 510.72) × 1 ÷ 2 = 715.008  

27 2 10 510.72  

    (510.72 + 561.792) × 1 ÷ 2 = 536.256  

28 2 11 561.792  

    (561.792 + 408.576) × 2 ÷ 2 = 970.398  

30 2 8 408.576 Summation  = 2221.662 

The weighted average unit tip resistance for 8D above pile tip is 2221.662 KPa 

30 2 8 408.576  

    (408.576 + 363.888) × 1.75 ÷ 2 = 675.906  

31.75 2 7.125 363.888 Summation  = 675.906 

The weighted average unit tip resistance for 8D above pile tip is 675.906 KPa 

 

𝑞𝑝 = (
2221.662

30 − 26
+

675.906

31.75 − 30
)/2 = 470.8235 𝐾𝑃𝑎 

And the tip resistance is  

941.647 × 0.147262156 × 3 = 208.002 𝐾𝑁 

 

Critical Depth Correction 

The critical depth ratio for the bearing layer in soil type 2 is 4 (Table 2.2), this means 

that the critical embedment in bearing layer is 

4 × 0.5 = 2 m < actual embedment 

 

Thus, no correction is required. Actually after calculation pile TP2, A1 and A2 are not 

required critical depth correction for tip resistance except TP1. 
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However, TP1 is using method of drilled shaft from FHWA instead of driven pile 

method from FDOT, so no critical depth correction is required. 

 

Thus, the tip resistance is  

2897.568 × 0.147262156 = 426.702 KN 

 

Side Friction 

Again, following the method introduced by SPT97 in chapter 2. Calculation of side 

friction divided into two parts, above the bearing layer and in the bearing layer to 

perform the correction. 
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The side friction above the bearing layer is 

Table 4.9 Calculation of Side Friction 

Depth (m) Soil Type SPT Unit side friction (KPa) KPa × ∆L × P  

6 1 2 10.34 10.34 × 6 × 1.571 = 95.46  

7 1 2 10.34 10.34 × 1 × 1.571 = 10.34  

9 1 2 10.34 32.49 

11 1 2 10.34 32.49 

The unit side friction above the bearing layer Summation  = 178.67 KN  

13 2 8 34.10 107.12 

14 2 11 45.51 71.48 

15 2 9 37.98 59.66 

17 2 30 100.29 315.06 

18 2 35 109.69 172.30 

19 2 5 21.94 34.46 

22 2 25 88.80 418.44 

23 2 36 111.32 174. .80 

24 2 28 95.94 150.70 

26 2 18 69.20 217.39 

27 2 10 41.79 65.64 

28 2 11 45.51 71.48 

30 2 8 34.10 107.12 

The unit side friction in the bearing layer Summation = 1965.73 KN  

 

Since the actual depth of embedment is greater than critical depth, and bearing layer is 

stronger than over lying layer. Correction is then performed. 
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CSFACD =
𝑈𝑆𝐹𝐴𝐶𝐷

𝑞𝐶𝐷

[𝑞𝐿𝐶 + 0.5(𝑞𝐶𝐷 − 𝑞𝐿𝐶)] 

=
1965.73

561.792
× [44.688 + 0.5 × (561.792 − 44.688)] = 1061.05 𝐾𝑁 

 

Thus, total side friction would be  

178.67 + 1061.05 = 1239.72 KN 

And the total pile capacity is 

1239.72 + 208.0019044 = 1447.72 KN 
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4.2.2 Meyerhof Method  

Similarly, from Table 4.7. The SPT-N value at different depth is shown below. 

Table 4.10 The SPT-N value of the depth originally 

Depth(m) Soil Type SPT 

6 1 2 

7 1 2 

9 1 2 

11 1 2 

13 2 8 

14 2 11 

15 2 9 

17 2 30 

18 2 35 

19 2 5 

22 2 25 

23 2 36 

24 2 28 

26 2 18 

27 2 10 

28 2 11 

30 2 8 

32 2 7 

 

Tip resistance calculated by Meyerhof method is  
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𝑄𝑃 = 𝐴𝑃0.4𝑃𝑎𝑁60

𝐿𝑏

𝐷
≤ 𝐴𝑃4𝑃𝑎𝑁60 

In here N60 should be taken the average value of the standard penetration number 

about 10D above and 4D below the pile tip 

 

10D above:  30 − (0.5 × 10) = 25 m  

4D below:  30 + (0.5 × 4) = 32 m 

 

Because the data at depth of 25 m is not available, round the depth down to 26 m. Take 

the average value 

N60 =
18 + 10 + 11 + 8 + 7

5
= 10.8 

Then 

𝐴𝑃0.4𝑃𝑎𝑁60

𝐿𝑏

𝐷
 

= 0.147262156 × 0.4 × 101.325 × 10.8 ×
17

0.5
 

= 2191.614 KN 

And the upper limit is 

𝐴𝑃4𝑃𝑎𝑁60 

= 0.147262156 × 4 × 101.325 × 10.8 

= 644.602 KN 

Tip resistance should be taken as  

𝑄𝑝 = 644.602 KN 
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Side Friction  

As the pile is highly displacement one, side friction in Meyerhof method  

𝑓𝑎𝑣 = 0.02𝑃𝑎𝑁60
̅̅ ̅̅ ̅ 

 

For example  

At depth of 17 m SPT-N value is 30 

𝑓𝑎𝑣 = 0.02𝑃𝑎𝑁60
̅̅ ̅̅ ̅ = 0.02 × 101.325 × 30 = 60.795 𝐾𝑃𝑎 

 

The average side friction contributes to the upper length to the upper SPT point.  

Where  

𝑓𝑎𝑣 × ∆L × P = 60.795 × (17 − 15) × 1.57 = 190.99 𝐾𝑁 
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For the rest of points 

Table 4.11 Calculation of Side Friction 

Depth(m) SPT 𝑓𝑎𝑣  (KPa) 𝑓𝑎𝑣 × ∆L × P 

6 2 4.053 4.053 × 6 × 1.57 = 38.20 

7 2 4.053 4.053 × 1 × 1.57 = 6.366 

9 2 4.053 12.73287502 

11 2 4.053 12.73287502 

13 8 16.212 50.9315001 

14 11 22.2915 35.01540632 

15 9 18.2385 28.64896881 

17 30 60.795 190.9931254 

18 35 70.9275 111.4126565 

19 5 10.1325 15.91609378 

22 25 50.6625 238.7414067 

23 36 72.954 114.5958752 

24 28 56.742 89.13012517 

26 18 36.477 114.5958752 

27 10 20.265 31.83218756 

28 11 22.2915 35.01540632 

30 8 16.212 50.9315001 

Summation = 1177.79 KN 

The side friction 

𝑄𝑠 = 1177.79 𝐾𝑁 

And the pile capacity is 
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𝑄𝑢 = 𝑄𝑡 + 𝑄𝑠 = 644.60 + 1177.79 = 1822.39 𝐾𝑁 

4.3 STATIC LOAD TEST OF PILE 

 

Figure 4.2 Static Load Test Result of A1 

 

Figure 4.2 shows that the static load test reached a maximum value of 2900 KN, and 

plastic deformation for about 17 mm.  

 

The load-deformation curve also indicates that the soil under the pile tip had reached a 

plastic state. When releasing the apply load, settlement remained a constant at beginning. 

This phenomena means that the soil did not rebound just as the surcharge decreased. 

Additionally, the soil was also not cracked. These two reason means the static load test 

is efficient.  

 

In order to present the ultimate capacity of pile, method of Interpretation of Static Load 

Test is provided. 
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4.3.1 Davisson Method  

The original data was provided below 

 

Table 4.12 In-site Data of Loading vs. Settlement 

Test pile A1 

Test Increment Loading (KN) Settlement(mm) 

1 0 0 

2 667.08 2.06 

3 1324.35 5.09 

4 1991.43 7.8 

5 2648.7 15.33 

6 2844.9 28.32 

7 2766.42 28.47 

8 2707.56 28.61 

9 2648.7 28.65 

10 1324.35 26.67 

11 667.08 23.61 

12 0 17.75 

*The original loading is in tons, converting loading tons to KN, multiply by 9.81. 

 

By Davisson interpolation, a series of elastic settlement points is calculated. Where 

4 mm + B/120 + PD/(AE) 

Take the third increment as example, the movement is  

4 +
500

120
+

1324.35 × 31000

0.147262156 × 40000000
= 15.136 𝑚𝑚 
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Similarly, 

Table 4.13 Calculation of Elastic Settlement Points 

Test pile A1 

Test Increment Loading (KN) Settlement(mm) Davisson (mm) 

1 0 0 8.166666667 

2 667.08 2.06 11.67732423 

3 1324.35 5.09 15.13635447 

4 1991.43 7.8 18.64701203 

5 2648.7 15.33 22.10604227 

6 2844.9 28.32 23.13858861 

7 2766.42 28.47 22.72557008 

8 2707.56 28.61 22.41580618 

9 2648.7 28.65 22.10604227 

10 1324.35 26.67 15.13635447 

11 667.08 23.61 11.67732423 

12 0 17.75 8.166666667 

 

Then, plot the Settlement-Force curve (q-z curve). 
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Figure 4.3 Davisson Interpretation  

The round curve in Figure 4.3 represents the load-deformation curve. Initially, the 

displacement is 0 while the applying surcharge is zero. After a loading cycle, it is found 

out that about 17.5 mm settlement occur without any additional force. This is the 

residual displacement of the entry pile. The occurrence of a turning is that the pile is 

pressed nearly to be crashed, and then release the applying force to zero.  

 

Usually, the consideration of pile capacity is based on that the soil is in elastic condition 

in order to simplify the calculation process. But not the same as Davisson method. It 

has added up a residual settlement as 4 + B/120 𝑚𝑚 at beginning. Then considering 

the pile as an elastic column, by applying deformation equation, this method combining 

the two real condition rather than single plastic or elastic condition.  

 

But however, for engineering purpose, there is no way to force soil around pile to 

become a plastic state. In this case, Davisson Interpolation should be located at the force 

increasing region instead of decreasing, which may also provide a result but wrong. 
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After plotting out the interpretation curve, the interpolation value can be read as 2800 

KN.  

4.3.2 Chin’s Method  

Based data on Table 4.12, perform value of Chin, Settlement/Surcharge (∆/𝑄𝑣). 

 

Table 4.14 Calculation of Chin’s Method 

Test pile A1 

Test 

Increment 

KN Settlement(mm) Chin 

1 0 0 0 

2 667.08 2.06 0.003088085 

3 1324.35 5.09 0.003843395 

4 1991.43 7.8 0.003916783 

5 2648.7 15.33 0.005787745 

6 2844.9 28.32 0.009954656 

7 2766.42 28.47 0.010291279 

8 2707.56 28.61 0.01056671 

9 2648.7 28.65 0.010816627 

10 1324.35 26.67 0.020138181 

11 667.08 23.61 0.035393056 

12 0 17.75 0 

 

Then plot the data accordingly.  
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Figure 4.4 Chin’s Method to Obtain Ultimate Capacity. 

 

There is a tricky in selecting the points in the diagram. Chin’s method is to find the fit 

line for all the data. If some data points with large difference involving in the figure, the 

regression result may not be as good as the data after selecting.  

 

According to Chin’s method, the capacity of the pile equals to 

1/0.00026171 = 3821.02327 KN 

 

 

 

  

y = 0.00026171 x + 0.00225089 
R² = 0.98025483 

0

0.002

0.004

0.006

0.008

0.01

0.012

0 5 10 15 20 25 30

C
h

in

Deformation (mm)



 

65 

 

CHAPTER 5 ANALYSIS AND DISCUSSION 

After calculation, the result of the pile capacity can be estimated as below. 

 

Table 5.1 Capacity of Each Pile Calculated By Different Methods. 

Pile Resistance 
Empirical Method Analytical Method 

Interpretative 

Method Recommend 

FDOT Meyerhof Meyerhof Davisson Chin 

TP1 (Drilled) 

Qs (KN) 1590.657 955.6023 609.9082 N/A N/A N/A 

Qp (KN) 160.5915 893.4044 801.7112 N/A N/A N/A 

Qu (KN) 1751.248 1849.007 1411.619 1750 2511 2000 

TP2 (Driven) 

Qs (KN) 322.62 480.8234 439.3173 N/A N/A N/A 

Qp (KN) 803.42 726.0913 838.7561 N/A N/A N/A 

Qu (KN) 1126.04 1206.915 1278.073 1890 2916 2500 

A1 (Driven) 

Qs (KN) 1239.72 1177.791 1886.70 N/A N/A N/A 

Qp (KN) 208.0019 644.6018 155.514 N/A N/A N/A 

Qu (KN) 1447.720 1822.393 2042.212 2730 3821 2913 

A2 (Driven) 

Qs (KN) 2021.112 1935.397 3611.279 N/A N/A N/A 

Qp (KN) 600.3347 1564.254 116.8674 N/A N/A N/A 

Qu (KN) 2621.447 3499.651 3961.881 3730 13717 4806 

 

In Table 5.1, Qs represents the side friction, QP is the tip resistance and Qu is ultimate 

capacity.  

 

The recommend value is provided by the source data. Those result are obtained from 

static load test, but not only by method of Davisson. For example, recommend values 

of TP1 and TP2 are not only consider of Davisson method, but also consider of method 

of Decourt. As the value has considered about the result from other methods and then 

make a recommendation, the value is then named recommend value. 
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5.1 PRELIMINARY OF INTERPRETATION METHOD 

In case there are many interpretation methods to provide the ultimate capacity from 

static load tests of piles. Two of the commonly used methods, Davisson and Chin, are 

selected here. A preliminary analysis to examine which one may be used in later 

analysis. 

 

As there is static load test result as recommend, comparison of these two methods can 

be performed. 

 

Figure 5.1 Comparison of Chin’s Method vs. Davisson Method 
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In Figure 5.1, the diagonal line indicates the equal value of vertical axis and horizontal 

axis. Values along vertical axis are from Chin’s method while values along horizontal 

axis are from Davisson method. 

 

It is obviously, values from Chin’s method are greater than Davisson method. And from 

the figure, values from Chin’s method are about 1000 KN larger than Davisson method. 

A great difference occurs at the fourth pile A2.  

 

Table 5.2 Comparison with Interpretation Results 

Pile Recommend 

Davisson value 

(source) (KN) 

Decourt's Value 

(source) (KN) 

Davisson value 

(this study) (KN) 

Chin's Value 

(this study) 

(KN) 

TP1 2000 1700 2600 1750 2511 

TP2 2500 2300 3900 1890 2916 

A1 2908 2908 N.A. 2730 3821 

A2 4800 4800 N.A. 3730 13717 

 

From this Table, it can be seen that the Davisson method can provide a smaller value 

than Chin’s method. It is important to determine the pile capacity in a conservative value 

to ensure the safety of the pile. Additionally, for pile TP1 and TP2, the method of 

Decourt has provided. Compared with Davisson method and Chin’s method, it is even 

larger. However, in providing the recommend value, the larger values are also taken 

into account, this means Davisson method is somehow over conservative in estimating 

the pile capacity.  
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Together with Figure 5.1, Chin’s value of A2 is 13717 KN, while Davisson method is 

only 3730 KN (4800 KN in source). Source data and interpretive value agree that the 

ultimate capacity is around 4000 KN. In this case, the application of Chin’s method is 

not suitable for A2. 

 

In this study, for conservative purpose, the Davisson method is chosen.  

 

5.2 RESULTS FOR PILE TP1 

In the pile TP1 analysis, it should be aware that TP1 is a drilled pile instead of driven 

pile like other three. However, method of Meyerhof Empirical method is mainly 

subjected to driven pile. This error makes the evaluation of TP1 may larger than its 

reality.  

 

Figure 5.2 Davisson Interpretation Method in TP1 
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The square points represent the static load test result, at the front of the curve, the 

repeated line is caused by the test accident, and then the settlement was then measured 

by several time. Elastic settlement computed by Davisson method is then plotting to 

interpretive the pile capacity.  

The interpretive result is 1750 KN. 

 

Figure 5.3 Pile Capacity Comparison of TP1 
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To compare the calculation result, the result of pile capacity is picked out. It can be 

seems that the result of FHWA and Davisson is very closed, with maximum loading of 

2000 KN as recommended. The difference of these result remains in a range from 70.6% 

to 92.45%, this can be treated as that the result after calculation is good. As for 

conservative interpretation method, Davisson, provides 87.5% of recommend result, the 

calculation can be treated as reasonable. Since Meyerhof methods should not be used 

in drilled pile, surprisingly, the results are very good. . 

 

 

Figure 5.4 Result of TP1 
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Figure 5.5 Percentage Diagram of Side Friction and Tip Resistance for TP1. 

 

In this diagram, the percentage shows the consistence of pile capacity. 

 

Obviously, in FHWA method, over 90% of capacity is carried by side friction and tip 

resistance only contributes smaller than 9%. But in Meyerhof method, tip resistance 

contributes about 50% of total capacity. This difference is very important because when 

in pile designation, if side friction contributes too much resistance, it should be very 

careful about the construction process, otherwise the quality of pile is very low.  
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5.3 RESULTS FOR PILE TP2 

 

Figure 5.6 Davisson Interpretation Method in TP2 

 

As can be seen in Figure 5.6, the load-deformation curve is better than TP1, clear and 

continuous. The circle line represents the result of static load test and square line 
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Plot the result of TP2 calculated by different method. As following 

 

Figure 5.7 Pile Capacity Comparison of TP2 
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Together with Figure 5.7 and Table 5.4. At this time, the result varies a lot. The range 

is floating between 45 % and 75 % and mainly in range of 45 % to 51 % that is half of 

the recommend value. Different from TP1, it can be found that the calculation method, 

FDOT, Meyerhof Empirical method and Analytical method are closed to each other, at 

about 1200 KN of pile capacity. And Davisson interpretation method gives 75.6 % of 

recommend result, which means the value is reasonable.  

 

An assumption can be made that will the real capacity of pile is around 1200 KN. It can 

be found that the calculation value is lying between 1120 KN to 1278 KN, in a quite 

narrow region. Especially, for Meyerhof method, the results calculated by Meyerhof 

empirical method is 1207 KN while result from Meyerhof analytical method is 1278 

KN. The two values are quite closed. Is there is a possible that an error exist between 

the result from static load test and Meyerhof method.   

 

 

Figure 5.8 Result of TP2 
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In Figure 5.8, it can be seen that the component of ultimate capacity has changed. 

Different from TP1, the side friction calculated by all three calculation methods is 

decreased. This result is strange. As TP2 is a driven pile. The side friction should control 

the ultimate capacity. But in this case, it is found that tip resistance instead of side 

friction takes a large number of capacities of pile. 

 

Figure 5.9 Percentage Diagram of Side Friction and Tip Resistance for TP2. 

 

In this diagram, more details can be shown. It can be found that it is in conflict of TP1, 

tip resistance contribute more than 50% of pile capacity, even it is a driven pile.  

 

But in this case, one thing should be known that this pile is only 11.6 m depth comparing 

with 17.5 m depth of TP1. When the pile is short, the side friction cannot be too large 

to control the capacity. It sounds possible that the side friction will increase to 50% of 

capacity if pile is longer than now, just like TP1. In this case, the phenomena of smaller 

side friction seems become reasonable.  
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However, the interpretative method has proved the ultimate capacity should be around 

1900 KN. Although it is slightly different from the result of recommend value. Then 

the assumption can be made as mentioned before:  

Is there an existing error between the calculating method and interpretative method? 

5.4 RESULT OF A1 

 

Figure 5.10 Davisson Interpretation Method in A1 

 

The load-deformation curve for A1 is a close loop, continuous and flat. It is very 

important to exam whether the quality of this curve or the interpolation result may 

wrong. 

 

In this case, it can be seen that the surcharge is up to about 2780 KN, at this time, 

surcharge was reduced leaving a relative constant settlement, and this means soil dose 

not rebounded. This phenomenon means soil is in plastic state. If continually applying 

surcharge, the pile may failed. It is good if the pile had been pressed to failure and the 

load-deformation data should be very high quality in such condition. 
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The result of Davisson method is 2730 KN.  

 

 

Figure 5.11 Pile Capacity of A1 

 

 

Table 5.5 The Difference Between the Result From Recommend  

and Other Methods for A1 

Method Difference (%) 

FDOT 49.68887 

Meyerhof Empirical 62.54845 

Meyerhof Analytical 70.09313 

Davisson 93.69948 

Recommend 100 

 

For pile A1, again FDOT method provides the most conservative value of result. It is 

similar to pile TP2, as capacity of 50 % of recommend value.  The performance of 

Meyerhof method is better than it in TP2, in a range from 60% to 70% of recommended 

pile capacity.  
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The calculation method provides a capacity of about 1800 KN. However, it is still 

different from the interpretation method. The assumption made before seems reasonable.  

 

 

Figure 5.12 Results of A1 

 

Figure 5.12 shows the improvement of calculation method. It is different from TP1 and 

TP2, the side friction is taking control of ultimate capacity. As the discussion in TP2, 

will the percentage of side resistance in ultimate capacity increase when pile getting 

longer? A1 gives the answer is yes.  

 

But in this case, the percentage of tip resistance of Meyerhof analytical method is 

smaller than in Meyerhof empirical method. Different from pile TP2. In TP2, the 

percentage of tip resistance in empirical method is smaller than analytical method.  
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Figure 5.13 Percentage Diagram of Side Friction and Tip Resistance for A1. 

 

Indicate by Figure 5.13. It shows that Meyerhof analytical method makes the side 

friction as the main part of total pile capacity. At this time, the result is standing against 

the result of TP1 and TP2. Combining with Figure 5.11, the value of Meyerhof 

empirical method and analytical method are quire closed. But the component of these 

two values is different. Empirical method has about 40% contributed by tip resistance 

while it is less than 10% for analytical method. This means that empirical method and 

analytical method has its own intention either for tip resistance or side friction. But at 

last，the comprehensive consideration makes two values look the same.  
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5.5 RESULTS OF A2 

 

Figure 5.14 Davisson Interpretation Method for Pile A2 

 

After insuring the calculation of settlement points are right. It can be pointed out that 

the initial point of the Davisson line is greater than the settlement when there is no 

surcharge, which means that the ‘assume settlement’ is even larger than the actual 

residual settlement, and it is not possible. This means Davisson method use in here is 

not corrected. 
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Figure 5.15 Pile capacity of A2 

 

 

Table 5.6 The Difference Between the Result from Recommend  

and Other Methods for A2 

Method Difference (%) 

FDOT 54.5351 

Meyerhof Empirical 72.80473 

Meyerhof Analytical 82.4207 

Davisson 77.59679 

Recommend 100 

 

According to Table 5.6. Method of FDOT provides the most conservative result, only 

54.5% of the recommended value. But at this time, the calculating value varies from 54% 

to 82.4%. 
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For A2, the performance if calculation method has improved again, the results of 

Meyerhof methods are about 70 % to 80 % of the recommend value. At this time, 

Davisson method is not so good because the problem in static load test result. In this 

case, there is much more confident that the calculation method can provide accuracy 

estimation. 

 

 

Figure 5.16 Result of A2 

 

In this figure, the performance of Meyerhof analytical method is agreed with the result 

in A1. The percentage of tip resistance in ultimate capacity is less than that in empirical 

method.  

 

The tendency of side friction is also the same as A1. Meyerhof analytical method 

provides the largest percentage of side friction, following by FDOT and Meyerhof 

empirical method. This agreement shows the characteristic of each method. However, 
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the conclusion does not stand in TP2; it might mean that this conclusion is only suitable 

typically for Macau region. 

 

Figure 5.17 Percentage Diagram of Side Friction and Tip Resistance for A2. 

 

According to this diagram, together with Figure 5.3.3, it can be said that Meyerhof 

analytical method is focusing on the side friction comparing with his empirical method. 

Another reason is that during the incensement of pile length. The percentage of side 

friction is surely increased.  

 

5.6 SUMMARY 

5.6.1 Comparison and Common on the Results 

The results of calculating the ultimate capacity are plotted together on Figure 5.6.1. In 

this figure, diagonal line shows the predicted capacity equal to the measured values, the 

upper region represents conservative calculations while lower region represents over 
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conservative results. Circle line represents results from the empirical method and square 

is for the analytical method. 

 

Figure 5.18 Pile Capacity of Predicted Result vs. Measured Value.  

 

In this figure, it can be figured out that, during the ultimate capacity increase, the 

performance of analytical method is getting better and better. And the difference 

between FDOT method and Meyerhof empirical method is getting larger. 

 

To explain this phenomenon, tracing back to the basic assumption of these two kinds of 

method. For empirical method, both for Meyerhof and FDOT, it is based on the standard 

penetration test, by the sampler is driven into the soil. The sampler is somehow like a 

small scale of driven pile. And the N value is a kind of performance to describe the 

resistance of the sampler in different soil layer. However, as described by Fellenius, it 
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is doubly that the small scale test is correct or not. When the pile is light in soil, the 

effect of scaling might not obvious, but during the depth increase, the effect no longer 

can be neglected. This might explain why the empirical method performs well in TP1. 

 

On the other hand, the analytical method is based on the soil property. When the depth 

is light, there might be many kinds of parameter can affect the pile capacity. In this case, 

the accuracy calculation of pile capacity might be very complex. But when the depth 

getting deeper, some parameters like friction angle, cohesion of soil play more 

important in calculation of capacity. The result from calculation method is becoming 

more accuracy. 

 

Another saying to explain this is that empirical method is based on the case that had 

been done and find out the most common value or curve to work out result. The 

limitation of empirical method is here, how about those pile that had seldom done before. 

If the empirical method is based on large capacity pile, will the equations still suitable 

for the small capacity pile? 

 

It can be said that all the calculations are conservative. It is good in design process 

because it can lead to a safe dimension of foundation. But for the client, this means an 

additional payment. As a good design, it is necessary to define the capacity that is 

‘economical’ conservative rather than ‘over’ conservative.  

 

In this project, the result shows that in a relative low capacity, the analytical method 

provides a good prediction when the capacity is large; it is quite closed to the actual 

value.  
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5.6.2 Comparison of Capacity Components 

 

Figure 5.19 Percentage of Side Friction in the Pile Capacity 

Note: For TP1, the empirical method is FHWA method instead of FDOT method. 

 

 

Figure 5.20 Percentage of Tip Resistance in the Pile Capacity 

Note: For TP1, the empirical method is FHWA method instead of FDOT method. 
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In these two Figure s, each point shows the percentage of either side friction or tip 

resistance in its method of ultimate resistance. E.g. in Figure 5.6.1, square point in A2 

presents the percentage of side friction calculated by Meyerhof Analytical Method is 

about 90 % of total capacity. 

 

It can be seen that, except pile TP2, all the capacity of pile is mainly consisted of side 

friction in all method. Especially, for two local piles A1 and A2, it can say that side 

friction takes about 90% of total capacity in Meyerhof analytical method and FDOT 

method. For drilled pile TP1, FHWA method for side friction is based on SPT-N value, 

as an empirical method, is also provided about 90 % of capacity.  

 

As for a drilled pile, this result may be a little bit higher than common sense. 

 

It can say that FDOT method and FHWA method are two kinds of empirical method, 

this two methods mainly count the capacity as side friction, at about 80 % to 90 %. Even 

it is the most conservative method in this study, but the consistence of capacity seems 

reasonable. 

 

For Meyerhof Empirical method, from Figure 5.6.1 and 5.6.2. Unlike other method, it 

provides a relative balance consistence of each resistance, however, it is not reasonable 

for a driven pile because it should be quite a large portion of capacity is from side 

friction. As driven process densify the soil around the pile, it increase the side friction 

than original situation. Additionally, tip resistance is reduced to a value which is relative 

to the densify process as introduced by Kulhawy (1984).  
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The Meyerhof Analytical method is somehow shows a regional characteristic. For two 

piles in Macau region A1 and A2, the performances are similar. Above 90 % of capacity 

is consisted of side friction. While for the piles in Bolivar, the percentage is less than 

60 %.  

 

Take into a look of the pile length, it can be found that when the pile is getting longer, 

the percentage of side friction also increase. This result is logical because when the pile 

body is getting longer, the friction taken by the side of pile is increase. Piles in Macau, 

A1 and A2, are three times as long as TP1 and TP2, the higher percentage of side friction 

may be due to the longer length. 

 

Comparing with the soil profile of this two regions, the soil profile is quite different. As 

Bolivar is mainly consisted of sand, Macau region is subjected to alluvium. The 

complex of alluvium makes the analytical method an advantage that can provide a more 

accuracy result due to analyzing the soil parameters. Together with the assumption 

before, this may explain the best performance of Meyerhof analytical method in three 

methods  

 

There is a very strange pile TP2, for this pile, the capacity is mainly consisted of tip 

resistance instead of side friction. In fact, side resistance is less than 40 %.  

 

An assumption can be carried, noticed that TP2 is the shortest pile in all four, with 

length of 11.6 m. As for other three, TP1 with 17.5 m, A1 with 31 m and A2 is even up 

to 42 m, while their embedment are 17.5 m, 30 m, 41 m correspondingly. The length of 
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pile limits the mobilization of side friction. This caused a relative low value of 

consistence of side friction. 

 

Another things to be noticed, is that analytical method of side friction is relative smaller 

than it should be compared with A1 and A2. It can be seen that side friction is a huge 

portion of capacity, this phenomenon does not occur in TP2. First reason may the same 

as above, and the pile is not long enough to mobilize the side friction. Another 

assumption is that in such length, the parameters used to calculate the pile capacity is 

not enough. Or should say the controlling of effective, friction angle and cohesion used 

in analytical method is not playing as important as them in long pile like A1 and A2. 
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CHAPTER 6 CONCLUSION AND RECOMMENDATIONS 

In this project, calculation of bearing capacities for 4 piles were made using methods of 

FDOT, Meyerhof Empirical Method, and Meyerhof Analytical Method. Referring to 

the ultimate capacity from Davisson method’s interpretation of static load tests, it can 

be concluded that Meyerhof analytical method provided the best comparison with the 

testing results than the other two methods in this study. 

 

The limitation of empirical method is that it might perform a good estimation of pile 

capacity in a certain region. But when it is applied in another area, the estimation may 

become over conservative. 

 

Take FDOT method as an example. As the classification of this method (Table 2.4). It 

shows four kinds of soil type for classifying the soil. But in Macau region, where 

alluvium is commonly occur. FDOT method cannot provide an accuracy classification. 

And because of this, it is also unable to provide a corrected evaluation of the soil 

capacity. 

 

6.1 FEDERAL DEPARTMENT OF TRANSPORTATION METHOD (SPT97) 

This method provided the most conservative result from all three methods. This method 

is based on empirical equation to correlate capacity with SPT-N value. Despite of the 

complexity of soil, it only considers the SPT-N value. It is simple but also some kind of 

rough estimation. In addition, further conservatism was included because of the 

implementation as a federal design method. 
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If taken the sampler as a small scale of pile, the SPT-N value could be some 

representative of its capacity. However, due to the incorrect of small scale model, the 

result may meet some problem of the real value. 

 

6.2 MEYERHOF METHOD BASED ON SPT-N VALUE (EMPIRICAL METHOD) 

This method provided less conservative results than the FDOT method but is still 

conservative compared with the testing results. Comparing with FDOT method, 

Meyerhof empirical method not only considers the SPT-N value, but also the 

embedment length in the calculation of tip resistance. Similarly, side friction is simply 

related to SPT-N value. This combination provided less conservative results comparing 

with FDOT method. An assumption can be made that this method can provide better 

match with static load test results than the FDOT method in Macau region. 

 

6.3 MEYERHOF METHOD BASED ON SOIL PROPERTIES (ANALYTICAL 

METHOD) 

This method, even the soil properties are estimated from SPT-N value by empirical 

method, it provides the best comparison with the testing results than the other two 

methods.  

 

The pile capacity of this method is determined by the soil properties. It is just like to 

have the value of tension force of a beam, by the method of calculating of its elastic 

modulus with its cross section instead of measuring its stiffness.  Therefore, the 

accuracy of this method depends very much on the estimation of soil properties.   
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6.4 RECOMMENDATIONS 

In this project, after analyzing four piles from two different sources, performance of 

three different methods was investigated. Further research might be provided to analyze 

the application of these methods in Macau region. 

 

1. Is the estimated capacity of FDOT method, and Meyerhof empirical method, 

always lower than the testing results?  

As the calculation method is provided a more conservative result. More piles’ 

calculation may be provided to compare with their testing result. If possible, 

modification of either the FDOT method or the Meyerhof empirical method may 

improve the performance of these methods. 

 

2. Is the Meyerhof analytical method suitable for Macau region? 

As indicated by piles A1 and A2, it is found that the performance of Meyerhof analytical 

method is better than the empirical methods. Because the complex of the alluvium, 

which is a common soil type in Macau, the estimating method by empirical ones shows 

too conservative. Thus a further research may be provided to find out the application of 

this method in Macau.  

 

  



 

93 

 

6.5 CONCLUDING REMARKS 

In Macau reclaimed area, the soil is mainly marine clay and alluvium overlying C.D.G, 

while most capacity of driven piles are given by the alluvium, which is very complex. 

If the capacity is determined by just empirical method of N value, it would not be 

accurate enough.  

 

On the other hand, if the capacity is calculated using the soil parameters, the quality of 

results may be improved as shown in this study. However, the determination of soil 

parameters can be based on both field and laboratory testing results. In this study, only 

SPT-N values were used in the estimation of soil properties. Therefore, the better 

predictions by the analytical method may imply the estimation of soil properties by 

SPT-N values happen to be reasonable. The results may be further improved if more 

testing data (from both field and laboratory) are available to determine the soil 

properties. On the other hand, this kind of improvement by more testing test cannot be 

taken into account by other empirical methods which only consider SPT-N values. 

 

Moreover, because the empirical method is a summary of lots of result. In this case, it 

is possible to update some factors of empirical method in this project to make the 

calculation more similar to the interpretative result.  
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