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Part Il Port Facility Section, Chapter 1 General

Chapter 1 General
In this Part, matters related to waterways and basins, protective facilities for harbors, mooring facilities, port

transportation facilities, cargo sorting facilities, storage facilities, facilities for ship services, other port facilities and
facilities subject to the Technical Standards are described
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Chapter 2 Items Common to Facilities Subject to Technical Standards

1  Verification of Structural Members

[Ministerial Ordinance] (Performance Requirements for Structural Members Comprising the Facilities Subject
to the Technical Standards)

Article 7

1 The performance requirements for the structural members comprising the facilities subject to the  Technical
Standards shall be such that the functions of the facilities are not impaired and the continuous use of the facilities
is not affected by damage due to the actions of self-weight, earth pressure, water pressure, variable waves, water
currents, Level 1 earthquake ground motions, collisions with floating objects, etc., in light of the conditions of
the facilities during construction and in service.

2 Beyond what is provided for in the preceding paragraph, the performance requirements for the structural members
comprising the facilities of which there is a risk that damage may seriously affect human lives, property or
socioeconomic activity following a disasterare as prescribed respectively in those items:

(1) In the event that the functions of the facilities are impaired by damage due to design tsunamis, accidental
waves, Level 2 earthquake ground motions, etc., the structural stability of the facilities shall not be affected
significantly. Provided, however, that in the performance requirements for the structural members
comprising the facilities in which further improvement of performance is necessary due to environmental
conditions, social circumstances, etc., to which the facilities are subjected, the damage due to the actions
shall not affect the restoration through minor repair work of the functions of the facilities.

(2) In the performance requirements for structural members comprising facilities which are required to protect
the landward side of the facilities from design tsunamis, it is necessary that damage due to design tsunamis,
Level 2 earthquake ground motions, etc., shall not affect the restoration of the function of the facilities
through minor repair work.

3 In addition to the provisions of the paragraph (1), the performance requirements for the structural members
comprising high earthquake-resistance facilities shall be such that the damage, etc., due to Level 2 earthquake
ground motions, etc., shall not affect the restoration of the functions required of the facilities through minor
repair work in the aftermath of the occurrence of Level 2 earthquake ground motions. Provided, however, that
in the performance requirements for the structural members comprising the facilities in which higher earthquake-
resistant performance is required due to environmental conditions, social circumstances, etc., to which the
facilities are subjected, the functions required of the facilities in the aftermath of the occurrence of Level 2
earthquake ground motion shall be maintained for the continuous use of the facilities without impairing the
functions.

4 In addition to the provisions of the preceding three paragraphs, necessary matters concerning the performance
requirements for the structural members comprising facilities subject to the Technical Standards shall be
provided by the Public Notice

[Public Notice] (Structural Members Comprising the Facilities Subject to the Technical Standards)

Article 21

The items to be specified by the Public Notice under Article 7, paragraph (4) of the Ministerial Ordinance concerning
the performance requirements of the structural members comprising the facilities subject to the Technical Standards
shall be as provided in the following Article through Article 28.

Article 22

1 The performance criteria common to the structural members comprising the facilities subject to the Technical
Standards shall be as provided respectively in the following items:

(1) The structural members comprising the facilities damage of which may seriously affect human lives,
property, or socioeconomic activity shall be such that the degree of the damage under tha accidental
situation, in which the dominating actions are design tsunamis, accidental waves or Level 2 earthquake
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ground motions, is equal to or less than the threshold level corresponding to the performance requirements.

(2) The structural members comprising the facilities which are required to protect the landward side from design
tsunamis shall be such that the degree of damage under tha accidental situation, in which the dominating
actions are design tsunamis, accidental waves or Level 2 earthquake ground motions, is equal to or less than
the threshold level.

2 In addition to the provisions of the preceding paragraph, the performance criteria for the structural members
comprising high earthquake-resistance facilities shall be such that the degree of damage under tha accidental
situation, in which the dominating actions are Level 2 earthquake ground motions, is equal to or less than the
threshold level corresponding to the performance requirements.

3 In cases where the effects of scouring and sand washing-out on the integrity of the structural members may
impair the stability of the facilities, the appropriate countermeasures shall be taken.

[Interpretation]

8. Structural Members Comprising the Facilities Subject to the Technical Standards

(1) The performance criteria not specific to structural type but common to all structural members (hereinafter
called “structural members”) requiring integrity to ensure stability of the facilities subject to the Technical
Standards are set forth.

(D Structural members of facilities prepared for accidental incident (except protection facilities against
tsunamis) (Paragraph 2, Item 1 of Article 7 of the Ministerial Ordinance and the interpretation related to
Paragraph 1, Item 1 of Article 22 of the Public Notice)

(a) Facilities, the damage of which may seriously affect human lives, property or socioeconomic
activity, are called “facilities prepared for accidental incident.”

(b) The performance requirements for structural members of facilities prepared for accidental incident
(except protection facilities against tsunamis) where dominating actions are against accidental
situations of Level 2 earthquake ground motions, design tsunamis and accidental waves shall be
safety or restorability. The performance verification items and the standard indices to determine the
limit value for these actions are indicated in Attached Table 8-1. “Damage” in the verification item
in Attached Table 8-1 comprehensively represents the items while considering that the verification
items differ according to the structural members of the facilities concerned. The proper indices shall
be set determining the limit value when verifying their performance.

Attached Table 8-1 Performance Verification Items and Standard Indices to Determine the Limit Value
Corresponding to Performance Requirements Common to Structural Members of Facilities Prepared for
Accidental Incident (Except Protection Facilities against Tsunamis)

Ministerial . . T
iisteria Public Notice Design situation
Ordinance
o ©
S & .
g 2 : 9 Standard index to
% = 5} = E o g Vet il determine limit
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[Accidental waves]

* [ ] indicates that dominating actions are replaced in the design situation.
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® Structural members of facilities prepared for accidental incident (protection facilities against
tsunamis) (Paragraph 2, Item 2 of Article 7 of the Ministerial Ordinance and the interpretation related to
Paragraph 1, Item 2 of Article 22 of the Public Notice)

(a)

(b)

Facilities required to protect the landward side from design tsunamis are called “protection facilities
against tsunamis.”

The performance requirements for structural members of protection facilities against tsunamis where
the dominating actions are against accidental situations of Level 2 earthquake ground motions and
design tsunamis shall be restorability. The performance verification items and the standard indices to
determine the limit value for these actions are indicated in Attached Table 8-2. “Damage” in the
verification item in Attached Table 8-2 comprehensively represents the items while considering that
the verification items differ according to the structural members of the facilities concerned. The
proper indices shall be set determining the limit value when verifying their performance.

Attached Table 8-2 Performance Verification Items and Standard Indices to Determine the Limit Value
Corresponding to Performance Requirements Common to Structural Members of Facilities Prepared for

Accidental Incident (Protection Facilities against Tsunamis)

Ministerial . . L
Ordinance Public Notice Design situation
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* [ ] indicates that dominating actions are replaced in the design situation.

® Structural members of high earthquake-resistance facilities (Paragraph 3 of Article 7 of the
Ministerial Ordinance and the interpretation related to Paragraph 2 of Article 22 of the Public Notice)

(a)

(b)

The performance requirements for structural members of high earthquake-resistance facilities where
dominating actions are against accidental situations of Level 2 earthquake ground motions shall be
restorability or serviceability. The performance verification items and the standard indices to
determine the limit value for these actions are indicated in Attached Table 8-3. “Damage” in the
verification item in Attached Table 8-3 comprehensively represents the items while considering that
the verification items differ according to the structural members of the facilities concerned. The
proper indices shall be set determining the limit values when verifying their performance.

The serviceability in Attached Table 8-3 is indicated as a limited performance to be delivered as a
facility function necessary for the transportation of emergency supplies after an earthquake, and is
not related to performance for normal cargo handling and other operations at the facilities
concerned.
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Attached Table 8-3 Performance Verification Items and Standard Indices to Determine the Limit Value for
Accidental Situations Common to Structural Members of High Earthquake-Resistance Facilities

Ministerial . . . o
. Public Notice Design situation
Ordinance
® T
g § Standard ind
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*

Serviceability in this table is for “functions necessary after an earthquake (transportation of emergency supplies).”
* Restorability in this table is for “functions of the main body” or “functions necessary after an earthquake (transportation of
emergency supplies).”

(2) Scouring and washout (Paragraph 1 of Article 7 of the Ministerial Ordinance and the interpretation related to
Paragraph 3 of Article 22 of the Public Notice)

If the stability of facilities may be impaired by scouring of the foundation, ground and such of the facilities
concerned and by washout of sediment in the hinterland ground of the structures, it is necessary to take the
appropriate measures to prevent scouring and washout while considering the structural type of the facilities
concerned.

1.1 General

(1)

)

3)

“

(6))

(6)

O]

(8)

Part 111, Chapter 2, 1 Verification of Structural Members describes the verification and other items concerning
the structural performance of concrete members, steel members, composite structural members and other members
comprising port facilities.

Part III, Chapter 2, 1 Verification of Structural Members targets structural members that are constructed
according to the specified method and precision using materials selected according to Part II, Chapter 11
Materials.

The verification of structural members basically sets forth verification indices suitable for the performance of
structural members based on the performance criteria specified by the performance required for the facilities.

Actions to structural members may refer to descriptions for each facility according to Part III, Chapter 4
Protective Facilities for Harbors.

Environmental actions acting on structural members are set appropriately while considering the surrounding
environments of the structural members.

Performance is basically verified using a mathematical model based on the dynamic mechanisms of the materials or
structures, or is demonstrated with experiments and other means. Extensive achievements and experiences in the
past may permit using quantitatively verified load-carrying capacity equations or experimental rules. A method
based on the specifications which have been confirmed to meet the performance requirements as necessary may be
considered performance verification.

When verifying the performance of structural members, methods described in Standard Specifications for
Concrete Structures,” Standard Specifications for Steel and Hybrid Structures? or Standard Specifications
for Composite Structures® may be referred to according to the type of structural members or material properties.

When examining the performance of structural members using the limit state design method, the appropriate values
need to be set for five partial factors (material factor, action factor [load factor], structural analysis factor, structural
member factor and structure factor) while considering the properties of the facilities, materials and load.
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(9) Loading tests or high precision analysis should be done on joints, corners, abrupt changes in cross sections,
openings, steel material anchorage zones and other locations where the modeling of load carrying mechanisms is
difficult.

(10) When verifying the performance of structural members, it is necessary to make sure that the performance of the
structural members is not affected by deterioration of the materials during their design working life, etc. The
concept of the maintenance level indicated in Part I, Chapter 2 Construction, Improvement or Maintenance of
Facilities Subject to the Technical Standards needs to be complied with.

1.11 Verification Method of Structural Members
(1) Verification of Safety of the Structural Members

The verification of safety of the structural members shall determine the verification indices considering the type of
structural members, material properties and other factors, and shall compare their responses to their limit values.

@ Verification of cross-sectional failure

Cross-sectional failure shall be verified by confirming that the value obtained by multiplying the ratio of the
design force resultant Sy, to the design cross-sectional force R, by the structure factor y; is 1.0 or less.

7:Sq /Ry <1.0 1.1.1)

The design force resultant Sy can be obtained by calculating the force resultant S (S is a function of Fy) using
the design load Fy, and then summerizing values of multiplying S by the structural analysis factor y,.

S, =>7.5(F,) (1.12)

The design cross-sectional force R, can be obtained by calculating the resistance R (R is a function of f;) of the
member cross section using the design strength 7z, and dividing by the member factor ys.

R, =R(f, )7, (1.13)

@ Verification of fatigue failure

Fatigue failure shall be verified by confirming that the value obtained by multiplying the ratio corresponding to
the value dividing the design fatigue strength f4 of the design variable stress 6,4 by the member factor y, by the
structure factor y; is 1.0 or less.

Y00/ (fa ' 7,) <10 (1.1.4)

The design fatigue strength f4 shall be the value obtained by dividing the characteristic value of the material’s
fatigue strength f;x by the material factor y,,.

The fatigue failure may also be verified by confirming that the value obtained by multiplying the ratio of the
design fluctuating cross-sectional force S, to the design fatigue resistance R4 by the structure factor y; is 1.0 or
less.

7Sq /Ry <10 (1.1.5)
The design fluctuating cross-sectional force S,; shall be the value obtained by multiplying the fluctuating cross-

sectional force S,(F4) obtained by using the design variable action F, by the structural analysis factor y,.

The design fatigue resistance R,s shall be the value obtained by dividing the member’s cross-sectional fatigue
resistance R,(f.4) obtained by using the material’s design fatigue strength f,» by the member factor ys.

(2) Verification of Serviceability of the Structural Members

The verification of serviceability of the structural members shall determine the proper verification indices such as
stress, cracks, displacement and deformations while considering the type of structural members, material properties
and other factors, and shall compare their responses to their limit values.

When the serviceability concerning damage to the structural members is verified by examining their displacement
and deformation, confirm that the value obtained by multiplying the ratio of the design response d4 of displacement
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and deformation occurring to the structural member to the design limit value J, of displacement and deformation by
the structure factor y; is 1.0 or less.

7,0,/d, <10 (1.1.6)

The design response dq shall be obtained by calculating the response ¢ (0 is a function of F,) using structural
analysis and the design action Fy;, and then summerize values of multiplying J by the structural analysis factor y..
The design limit value Jd, must be set according to the service objective or function of the structural members.

1.1.2  Examination of Changes in Performance over Time

(1) The performance of structural members must not fall below that which is required due to the degradation of
materials during the design working life, etc. Thus, changes in the performance of members over time shall be
examined as appropriate while considering the maintenance level set to the structural members.

(2) Changes in the performance of structural members over time shall be examined by confirming that no or slight
damage over time occurs, such as the corrosion of steel materials and deterioration of concrete due to
environmental actions.

(3) Changes in the performance of concrete members, steel members or composite members over time shall be
basically examined according to the methods described in each section of this Chapter.

1.1.3 Partial Factors

The partial factors listed in Table 1.1.1 can be used for the verification of structural members. This table presents
standard values for the partial factors; other methods may be used when appropriate for determining the partial factors.

Table 1.1.1 List of Partial Factors® 5 6)

Partial factor Cross—§ect10nal Fatigue failure Other
failure
. Concrete 13 1.3 1.0
Ni:iir)lral Reinforcing bars and PC steel 10 1.05 1.0
members
" Other steel members 1.05 1.05 1.0
Permanent actions ((l)gj(l)) 1.0 1.0
Variable actions
Load factor Wave force 1.2 1.0 1.0
bid Actions other than wave 1.0-1.2 1.0 10
force (0.8-1.0)
Accidental actions 1.0 - -
Actions during construction 1.0 - -
Structural analysis factor YVa 1.0 1.0 1.0
Member factor Vb 1.1-1.3 1.0-1.3 1.0
Structure factor Vi 1.0-1.2 1.0-1.1 1.0
Note 1: The figures in parentheses in the table are applied when a smaller action results in a
large risk.
Note 2: The values below may be used for the member factor when examining cross-sectional
failure:

* When calculating bending and axial force: 1.1

» When calculating the maximum value of axial compressive force: 1.3
* When calculating shear capacity carried by concrete: 1.3

* When calculating shear capacitycarried by shear reinforcing bars: 1.1

Note 3: Since variations in the fatigue damage accumulated so far in the existing structural
members need to be considered in designs for improvement, the member factor is set to
an adequate value between 1.0 and 1.3 when examining the fatigue failure.

Note 4: When examining cross-sectional failure, the following values may be used as the

structure factor:
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Permanent Variable Accidental
situation situation situation
Superstructure of piled Slab 1.2 1.2 1.0
piers Beams 1.1 1.1 1.0
Breakwaters 1.0 1.1 1.0
1.1
Quay walls (caissons, etc.) 1.0 (only during 1.0
earthquakes: 1.0)
Other (sheet pile superstructures, etc.) 1.0 1.0 1.0

1.2 Concrete
1.21 Basic Policy for Performance Verification

(1) The verification and other items regarding the structural performance of reinforced concrete members and
prestressed concrete members comprising port facilities are described in this section. This section can also be
applied to similar members such as non-reinforced concrete members while considering their characteristics.

(2) Part III, Chapter 2, 1 Verification of Members targets structural members and other components that is
constructed according to the specified method and precision using materials selected according to Part II, Chapter
11 Materials and Standard Specifications for Concrete Structures [Construction]” and other documents.

(3) When verifying the performance of concrete members, Standard Specifications for Concrete Structures
[Design]” may be complied with for methods not described in this section.

1.2.2  Setting of Basic Cross Sections and Characteristic Values

(1) The cross sections of structural members need to have specifications conforming to the performance criteria of the
facilities concerned and shall follow the details of structures shown in Part III, Chapter 2, 1.2.6 Details of
Structures.

(2) Characteristic values used for performance verification can be determined following the descriptions in Part II,
Chapter 11 Materials. The standard design strength can be the characteristic value of the compressive strength of
concrete. The lower limit of the JIS Standards can be the characteristic value of the tensile yield strength and tensile
strength of steel members.

(3) Cross-sectional force (bending moment, torsional moment, shear, axial force) applied to structural members is
generally calculated by elastic analysis.

1.2.3  Verification Methods of Members

(1) Verification of Safety
Safety of the concrete members shall be verified using cross-sectional failure and fatigue failure as indices.
@ Verification of cross-sectional failure

(a) Design cross-sectional force for the bending moment and axial force can be calculated in accordance with
Standard Specifications for Concrete Structures [Design]."

(b) Design cross-sectional force for shear can be calculated in accordance with Standard Specifications for
Concrete Structures [Design]" while considering the type of beam members, plane members and other
members and shear properties.

* Since shear failure of a beam member can occur by diagonal tensile failure mechanism and shear
compression failure mechanism, these conditions need to be taken into consideration when calculating
the design cross-sectional force. Which failure node will be taken can generally be determined from the
span and height ratio of a member.

¢ If a plane member is subject to out-of-plane shear, the shear force needs to be calculated in accordance
with a beam member. Moreover, when a concentrated load partially acts, the punching shear force needs
to be calculated.

(c) An examination of torsion may usually be omitted since structural members in general port facilities are
often less affected by torsion moment or are acted on by deformation conforming torsion moment. In other
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cases, it is desirable to examine these stresses in accordance with Standard Specifications for Concrete
Structures [Design]."

@ Verification of fatigue failure

(a) The design fatigue strength f,s and the design fatigue resistance R,; can be calculated in accordance with
Standard Specifications for Concrete Structures [Design]."

(b) Other points of attention
* When the rate and degree of variable actions among all actions are high, fatigue needs to be examined.

* In the verification of fatigue failure, properly rank the cyclic actions, calculate the influence to each
fatigue failure and the total influence to all action ranks, and evaluate the safety for fatigue failure. Since
not only the magnitude of actions but also the number of cyclic actions significantly influences the
safety for fatigue failure, the latter needs to be properly determined. Any influence from actions of a rank
that does not reach the fatigue limit even after the two-millionth cycle may be ignored.

(2) Verification of serviceability

The compressive stress and crack width of concrete can be an index for concrete structural members in general port
facilities. However, when the response value of the crack width cannot be properly calculated, serviceability may be
verified using the stress of a reinforcing bar. When other special functions are required, it is desirable to verify by
setting an adequate index referring to the relevant guidelines.

(@D Verification of the compressive stress of concrete in a permanent situation can be performed using equation

(1.2.1):
o, < 0-4fc',, (1.2.1)
where
o', . compressive stress generated in concrete by a permanent action (N/mm?);
f& : characteristic value of compressive strength of concrete (N/mm?).

@ When verifying with the crack width, confirm that the value, which is obtained by multiplying the ratio of the
design response value wy of the crack width generated in the structural member to the design limit value of the
crack width w, by the structure factor y;, is 1.0 or less.

W, /w, <1.0 (1.2.2)

(® When verifying with the reinforcing bar stress, confirm that the value, which is obtained by multiplying the
ratio of the reinforcing bar stress g corresponding to the design response value of the crack width generated in
the structural member to the reinforcing bar stress g, corresponding to the design limit value of the crack width
by the structure factor y;, is 1.0 or less.

y.0,/0,<1.0 (1.2.3)

@ Calculation of the design response value

(a) The design response value of the crack width caused by bending may be calculated using equation (1.2.4):

0-52 r
w=11kk, k, [ 4c+0.7( ¢, — ¢)}[ E +&., ] (1.2.4)
where
w : design response value of the crack width (mm);
ki : coefficient expressing the influence of the surface profile of reinforcing bars on crack width

(when deformed bars = 1.0);

k> . coefficient expressing the influence of concrete quality on crack width;
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(b)

(c)

15
i, =———+0.7
S/, +20
fe : compressive strength of concrete (N/mm?). It can normally be the design value of the compressive
strength f'cq;
k3 . coefficient expressing the influence of the number of layers on the tensile bars;
S(n+2
g, =30+
Tn+8
n : number of layers of tension bars;
c : concrete cover (mm);
Cs : distance between the centers of the reinforcing bars (mm);
¢ : diameter of the tension reinforcing bar; nominal diameter of the smallest reinforcing bar (mm);
E, : Young's modulus of reinforcing bars (N/mm?);
e'sa © value for considering the increase in crack width due to concrete shrinkage, creep, etc. In general

cases, on the order of 100 x 107

Ose : stress increment of reinforcing bars near the surface (N/mm?).

The increment of reinforcing bar stress oy can be obtained using equation (1.2.5) assuming the cross
section is in the elastic range.
M, 1.2.5
o, = 2.
“ =4 d 1.2.5)
where
M;  : design value of the bending moment (N-mm);
j=1-k3
k - neutral axis ratio ( =y/2mp, + (np,)" —np, )
n : Young's modulus ratio (= E/E.);
DPw : reinforcing bar ratio (= Ay/(bwd));
d . effective height (mm);
by : width of the member (mm);
Ay : cross-sectional area of the reinforcing bars (mm?).

The design stress of a material can be calculated in accordance with Standard Specifications for
Concrete Structures [Design]."

® Setting of a design limit value

(a)

The limit values of the crack width w, shall generally be those listed in Table 1.2.1. However, this table is
applicable only when the concrete cover is 100 mm or less.
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3)

“4)

Table 1.2.1 Limit Values of Crack Width wa

Environmental classification

Deformed bar/normal round bar

PC steel member

Particularly severe corrosion

. 0.0035 ¢ -
environment
Corrosion environment 0.004 ¢ -
Ordinary environment 0.005 ¢ 0.004 ¢

(crefers to cover.)

Here, “particularly severe corrosion environment” is applied to regions and members that are exposed to
severe marine environments such as parts in direct contact with seawater, or those that are washed with
seawater or blown by severe sea breezes. “Corrosion environment” can be applied to other normal cases,
but “ordinary environment” may also be applied to regions and members where previous performance
confirms that the possibility of significant corrosion of reinforcing bar is extremely low.

When epoxy-coated reinforcing bars and stainless reinforcing bars are used, the limit values of crack width
may be set as shown in Table 1.2.2 according to References 8) and 9). However, this table is applicable
only when the concrete cover is 100 mm or less.

Table 1.2.2 Limit Values of Crack Width wa When Epoxy-Coated Reinforcing Bars and
Stainless Reinforcing Bars Are Used

Type of reinforcing bar Limit values of crack width

Epoxy-coated reinforcing bars 10% more than for non-coated reinforcing bars

SUS-304-SD 0.5mm
SUS-316-SD 0.5mm
SUS-410-SD 0.005¢ or 0.5 mm (whichever is smaller)

(crefers to concrete cover.)

(b) When an aesthetically pleasing appearance for a structure is required, the limit value of the maximum
crack width of the concrete surface for appearance can be on the order of 0.3 mm.

(c) Cracks in the structure due to causes other than the acting load (e.g., cracks originating in initial defects,
which do not close when the load is removed) are excluded from application of this method. Therefore, a
separate examination is necessary.

When water-tightness is required, verification can be performed using the crack width as an index. In this case, it is
necessary to specify the limit value of the crack width appropriately while considering the service conditions of the
facilities and the characteristics of the acting loads, etc. In general, the limit values presented in Table 1.2.3 can be
used.

Table 1.2.3 Limit Value of Crack Width w, for Water-Tightness

. . When high water-tightness is to | When normal water-tightness is
Level of water-tightness requirement
be ensured to be ensured
. . . . =
Predominant action Axial tension P 0.1mm
cross-sectional force Bending moment ™ 0.1 mm 0.2mm

*1) All cross sections are compressed and the minimum compressive stress shall be 0.5 N/mm?,
If an examination is carried out with a detailed analysis, the value shall be determined separately.

*2) When subjected to reversed cyclic loadings, the limit crack width is determined according to cases where the axial
tension is predominant.

In cases where the action of cargo handling equipment is comparatively large and deflection to an extent that will
hinder cargo handling can be expected, as in the superstructures of piled piers, verification is made using deflection
as the index as necessary. The limit value of deflection in this case can be determined referring to the performance
of the crane and Specifications for Highway Bridges and Commentaries.'?
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1.24

Examination of Changes in Performance over Time

(1) It shall be basically verified that the performance of structural members is not deteriorated during the design
working life. However, an examination of changes in performance over time can be omitted for existing facilities
which have a design working life of about 50 years and which show no significant reduction of performance so far
due to deterioration caused by chloride-induced deterioration during the design working life, provided that the
facilities satisfy all of the following conditions:

)

&)

®

As the concrete cover for reinforcing bars, a value equal to or greater than the standard value specified in Table
1.2.4 is set.

A quality equal to or better than the concrete with the water-cement ratio specified in Table 3.2.2 of Part II,
Chapter 11, 3 Concrete shall be ensured.

Construction work shall be performed with care.

Table 1.2.4 Standard Values of Concrete cover

Environmental classification Cover (mm) Remarks

Parts in direct contact with seawater
70 Parts washed with seawater
Parts exposed to severe sea breezes

Particularly severe corrosion
environment

Ordinary environment 50 Parts other than the above

(2) Measures to Suppress or Prevent Corrosion of Reinforcing Bar

o)

@

There are many examples so far where the performance of concrete structural members in ports is remarkably
reduced during the design working life because of corrosion of reinforcing bar due to chloride-induced
deterioration. Therefore, measures to suppress or prevent corrosion of reinforcing bar occurring during the
design working life should be taken for structural members where performance is expected to be reduced due to
chloride-induced deterioration while considering the maintenance level set to the members.

Typical measures to suppress or prevent corrosion of reinforcing bar in concrete structural members that have
been applied to port structures so far include the use of high durability reinforcement such as epoxy-coated
reinforcing bars, stainless reinforcing bars and continuous fiber reinforcement; suppression of penetration by
external deterioration factors such as chloride ions by surface coating, densification of cement matrix or other
means; and suppression of the corrosion of steel members with cathodic protection. When applying these
measures, refer to References 8), 9), 11) and 12) for high durability reinforcement, References 13) to 16) for
preventing the penetration of deterioration factors and Reference 17) for cathodic protection. In addition,
Reference 18) may also be referred to.

When examining the application of newly developed materials and construction methods in addition to these
measures, it is necessary to fully understand their characteristics and consider their construction conditions and
maintenance methods after construction.

References 19) and 20), which show proposals for methods to develop plans for performance verification and
maintenance when applying measures to improve the durability of concrete structural members, can be referred
to.

(3) Corrosion of reinforcing bar Due to the Penetration of Chloride Ions

o)

The verification of corrosion of reinforcing bar due to the penetration of chloride ions can generally be
performed using equation (1.2.6).

,Cy [ Chy 1.0 (1.2.6)
where
Vi . structure factor. It may be 1.0 in general, but should be 1.1 for important structures;
Ca : design value of chloride ion concentration at the position of the reinforcing bars (kg/m?);
Cim  : limit concentration for initiation of corrosion of reinforcing bar (kg/m?).

- 564 -



Part Il Port Facility Section, Chapter 2 Iltems Common to Facilities Subject to Technical Standards

Setting various limit values is possible for the verification of corrosion of reinforcing bar by the penetration of
chloride ions; here, however, the limit state is defined as the point of time when corrosion of reinforcing bar
initiates, while considering the availability of a safety assessment and the possibility of an assessment at the
current technical level.

The design value Cy of chloride ion concentration at the position of the reinforcing bars can be obtained using
equation (1.2.7).

C, =74 Cy|l—af Ol +C, a.2.7)
2yD,1
where
ye : safety coefficient considering the design value C, of chloride ion concentration at the position of the
steel. It should be 1.3 in general, but may be 1.1 if high construction precision is ensured;
Co : chloride ion concentration at the surface of the concrete (kg/m?);
c . design value of the concrete cover (mm);
Dy : design diffusion coefficient for chloride ions (cm?/y);
t : design working life (y);

(efls)==[re "an)
T

erf . error function

C; : initial chloride ion concentration (kg/m?). It shall be determined using actual data or past performance
data. When no actual data is available, it shall be set to 0.3 kg/m?.

It is preferable to set the chloride ion concentration on the surface Cy based on actual data measured under
environmental conditions similar to those at the location where the structural member is to be installed. In cases
where the distance between the water level (HWL) and the bottom surface of the members of the concrete
superstructure of a piled pier is on the order of 0 to 2.0 m, Cy can also be set using equation (1.2.8) based on
the actual data in Referneces 21) and 22).

C, =—6.0x+15.1 (1.2.8)
where
Co : chloride ion concentration on the surface (kg/m?); it shall not be less than 6.0 kg/m?;
X : distance between the HWL and the bottom surface of the member (m).

The design diffusion coefficient for chloride ions Dy can be obtained using equation (1.2.9).

D,=y.D, +A [%J D, (1.2.9)
where
Ye : material factor of concrete. In general, it may be 1.0;
Dy : characteristic value of diffusion coefficient for chloride ions in concrete (cm?/y);
A : coefficient expressing the effect of crack on the diffusion coefficient. In general, it may be 1.5;
Dy : constant expressing the effect of crack on the migration of chloride ions in concrete. In general, it may
be 400 cm?/y;
w/l  : ratio of crack width to crack interval;
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w/] = (O-s'e /ES + SCIS(I)

Ose : increment of reinforcing bar stress (N/mm?);
E; : Young’s modulus of reinforcing bars (N/mm?);
e'sa : value for considering an increase in crack width due to concrete shrinkage and creep, etc. It may be set

in accordance with equation (1.2.4).

(® When the concrete which will actually be used is known in advance, the characteristic value Dy of the diffusion
coefficient for chloride ions in the concrete shall be set by the experiments > 24 using specimens prepared from
the concrete. In other cases, Dy may be set using equations (1.2.10) and (1.2.11).%9

When using ordinary Portland cement (0.35 < W/C < 0.55)
log;oD,=3.4 (W/IC)—1.9 (1.2.10)
When using blast-furnace slag cement or silica fume (0.40 < W/C < 0.55)

logioDy = 2.5 (WIC)— 1.8 1.2.11)

® The limit concentration for the initiation of corrosion of reinforcing bar Cj» shall be set appropriately while
considering the conditions of similar structures, etc. If port and harbor facilities are constructed in ordinary
marine environments and the concrete cover specified in Part III, Chapter 2, 1.2.6 Details of Structures is
ensured, Cj, can generally be set at 2.0 kg/m?®. This is the lower limit of the chloride ion amount to initiate
corrosion of reinforcing bar based on the results of experiments at the Port and Airport Research Institute
(PARI).2®

(4) Examination for Other Deterioration Factors
@ Corrosion of reinforcing bar due to carbonation

(a) Corrosion of reinforcing bar due to carbonation shall be verified when performance deterioration of
structural members due to carbonation is expected. There are not many cases so far where the performance
of concrete structural members in ports is remarkably reduced during the design working life because of
corrosion of reinforcing bar due to carbonation.

(b) Verification of corrosion of reinforcing bar due to carbonation may be performed using equation (1.2.12).

Vi ValVipw <1.0 1.2.12)
where
Vi : structure factor. It may be 1.0 in general, but should be 1.1 for important structures;
Vd : design value of carbonation depth (mm);
viim - limit depth for the initiation of corrosion of reinforcing bar (mm).

(c) Standard Specifications for Concrete Structures [Design]” may be referred to for details on the
verification of corrosion of reinforcing bar due to carbonation.

@ Freezing and thawing actions

In cold regions and other similar environments, the performance of structural members must not be degraded
by the deterioration of concrete due to freezing and thawing actions. In this case, verification may be replaced
by using the concrete indicated in Part II, Chapter 11, 3 Concrete.

® Chemical Attack

The performance required for structural members must not be degraded by the deterioration of concrete due to
chemical attack. In this case, if the concrete used meets the chemical attack resistance indicated in Part II,
Chapter 11, 3 Concrete, the performance of structural members is not considered to be lost with chemical
attack, and it may replace the verification of the chemical attack.
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@ Alkali-aggregate reaction

As indicated in Part II, Chapter 11, 3 Concrete, the verification of alkali-aggregate reaction may be replaced
by ensuring deterioration resistance to the alkali-aggregate reaction of concrete.

1.2.5 Examination of Initial Cracks

(1) Part III, Chapter 2, 1.2.3 Verification Methods of Members and Part III, Chapter 2, 1.2.4 Examination of
Changes in Performance over Time assume that any initial cracks that may affect the performance required for
structural members do not occur in the construction stage. Therefore, it must be confirmed that the performance
required for structural members is not affected by the initial cracks. However, the verification of initial cracks may
be more reasonably performed in the construction stage, in addition to cases where it is required in both the design
stage and the construction stage.

(2) The verification of settlement cracks and plastic shrinkage cracks can generally be omitted. Moreover, the
verification of carefully constructed structural members which are known to have no problems from previous
construction records may be omitted for cracks due to cement hydration.

(3) If cracks due to cement hydration are a problem, the performance required for structural members shall be judged to
be maintained by confirming that no cracks occur or that the crack width does not exceed the limit value.

(D Whether cracks have occurred can be verified using equation (1.2.13).
1,0)=>y, (1.2.13)

where

I. (f) : crack index;
1.0 =71,0)/0,(1)

fu (t) : concrete tensile strength on the #th day of material age;
o, (f) : concrete maximum main tensile stress on the sth day of material age;

YVer . safety factor concerning the probability of crack occurrence.

The crack index shall be obtained by either temperature stress analysis or a highly reliable simplified evaluation
method with a definite application range.

® Verification of the crack width

The response value of crack width may be calculated according to Standard Specifications for Concrete
Structures [Design]."

The limit value of crack width shall be set while considering the environmental conditions, dimensions and
shapes of the structures, construction methods, concrete mix proportions and types of reinforcements. In
general, the limit values indicated in Table 1.2.1 may be used.

1.2.6  Details of Structures
(1) Concrete Cover

(D The concrete cover ensures the adhesive strength of the reinforcing bars and concrete which is the prerequisite
for the verification of concrete structural members and significantly affects their durability. Therefore, the
concrete cover needs to be properly determined while considering the required durability, functions of the
facility and construction errors.

@ The cover of reinforced concrete members in marine environments shall generally not be less than the values in
Table 1.2.4. However, control of the crack width needs to be fully noted when adopting concrete cover more
than 100 mm. Moreover, provided that the concrete cover is properly managed and inspected in the
construction stage, construction errors involving the concrete cover may not be considered in performance
verification.
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(@ If the above does not apply, the concrete cover may be in accordance with Standard Specifications for
Concrete Structures [Design]."

@ The concrete coverin @ and @ can be reduced in the following cases:
(a) Fully examined product from a concrete factory
(b) Measures to prevent corrosion of reinforcing bar are taken
(c) Non-corrosive reinforcement is used

(2) Other details of structures may be in accordance with Standard Specifications for Concrete Structures
[Design]."

1.3 Steel
1.3.1 Basic Policy for Performance Verification

(1) Part III, Chapter 2, 1 Verification of Members describes the verification and other items regarding the structural
performance of steel members composing port facilities.

(2) Part III, Chapter 2, 1 Verification of Members targets structural members and other components that are
constructed according to the specified method and precision using materials selected according to Part II, Chapter
11 Materials and Standard Specifications for Steel and Compound Structures [Construction]? and other
documents.

(3) When verifying the performance of steel members, Standard Specifications for Steel and Compound Structures
[Design]? and Standard Specifications for Composite Structures [Design]® may be complied with for methods
not described in Part IT1, Chapter 2, 1 Verification of Members.

1.3.2  Setting of Basic Cross Sections and Characteristic Values

(1) Cross sections of the structural member must have specifications conforming to the performance criteria of the
facility concerned and shall follow the details of structures shown in Part III, Chapter 2, 1.3.6 Details of
Structures.

(2) Characteristic values used for performance verification can be determined following the descriptions in Part II,
Chapter 11 Materials. The lower limit of the JIS Standards can be the characteristic values of the tensile yield
strength and tensile strength of steel materials.

1.3.3 Verification Methods for Members

Safety and serviceability of the steel members shall be verified against the limit state set for each item by setting the
proper indices which can express performance.

1.34 Examination of Changes in Performance over Time

It shall be basically verified that the performance of the structural members is not deteriorated during the design
working life. Since steel members used in facilities subject to the Technical Standards are generally installed under
severe corrosion environmental conditions, they are properly corrosion controlled with the cathodic protection method,
the coating method or other corrosion protection methods. As such, changes in the performance of steel members over
time shall be basically examined for the corrosion protection design of the steel members.

1.3.5  Corrosion Protection Design of Steel Members
(1) General

(D Corrosion protection methods for steel members shall be properly taken with the cathodic protection method,
the protective coating method or other corrosion control methods according to the natural situations in which
the steel members exist. In this case, the standard corrosion protection methods shall be the cathodic protection
method for the portion below the mean low water level (M.L.W.L.), and the protective coating method for the
portion higher than the mean monthly-lowest water level (L.W.L.) minus 1 m.
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@ Corrosion protection using a corrosion allowance shall not be performed in tidal zones or underwater since
significant corrosion such as concentrated corrosion may occur depending on the corrosion environmental
conditions. However, the concept of corrosion control using a corrosion allowance may be applied to temporary
structures.

(@ The backfilling side of steel sheet pile has a slower corrosion rate than that of the seaward side, and thus no
corrosion protection is required in particular. It is desirable to investigate in advance and take the proper
measures if backfilling soil is supposed to be highly corrosive because of the effects of the waste material.

@ Application of the protective coating method for portions higher than the L.W.L. minus 1 m and cathodic
protection is used for submerged sections below M.L.W.L and for sections in the sea bottom soil, and their
reliability has been verified. If the coating method is also used underwater, it is necessary to select a coating
material with a particular focus on durability, and to take care of damage incurred in the construction stage and
due to collisions with driftwood. In cases where the coating method is applied to a marine atmosphere and
underwater and the cathodic protection to marine soil, any degraded or damaged coating portions can be
supplemented with cathodic protection; provided that the performance verification of cathodic protection is set
to allow ample margin for degradation or damage of the coating material.

(® The applicable corrosion protection methods differ depending on whether the target facility is newly built or
already existing. In other words, some methods can be applied only to newly built facilities or may have some
restrictions in their construction conditions when applied to existing facilities. The applicable methods also
differ depending on whether the target region of corrosion protection is in a tidal zone or underwater. Reliable
methods need to be selected considering the characteristics of each corrosion protection method in terms of the
corrosion environmental conditions, construction conditions and working life in addition to these conditions.

® Since the maintenance of corrosion protection method is indispensable during the working life in order to
maintain the performance of corrosion protection for a long period of time, inspection and diagnosis of the
corrosion protection method needs to be done at a proper frequency and at required times to evaluate its
performance of corrosion protection and repair the corrosion protection method or steel members as
appropriate.

(@ In general, refer to the Manual on Corrosion Prevention and Repair for Port and Harbor Steel Structures
(2009 edition).?”

(2) Corrosion Rate of Steel Members

D It is desirable to determine the corrosion rate of steel members by referring to past examples in the vicinity or
to results of surveys under similar conditions, since it is largely affected by the environmental conditions of the
water area such as the climate conditions, salinity density of the seawater, the degree of water pollution and the
existence of river water flow.

@ Table 1.3.1, which summarizes the results of surveys of existing steel structures, can be referred to in general
for the corrosion rate of steel members. However, as Table 1.3.1 only lists average figures, which may be
exceeded in certain service conditions of the steel members, it is desirable to refer to the results of corrosion
surveys under conditions as similar as possible when determining the corrosion rate of steel members. Since the
figures in Table 1.3.1 are corrosion rates for one side, use them together with figures for both sides while
considering the conditions of both sides of the steel members.

@ The figure for “H.W.L. or higher” in Table 1.3.1 is the corrosion rate immediately above H.W.L.. Moreover, it
is desirable to determine the corrosion rate between the H.-W.L. and the seawater section by referring to actual
corrosion records in the water area concerned, because a field survey of corrosion has clarified that the
corrosion rate varies depending on the water area and water depth. Table 1.3.1 shows reference values as a
range; in the water depth direction, it is desirable to correspond by distinguishing the tidal zone and the
underwater area where the environmental conditions differ. L.W.L. — 1.0 m or so is suitable for the boundary in
this case.

The figures in Table 1.3.1 are not applicable to the concentrated corrosion rate since such rates greatly exceed
the figures in the table.
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Table 1.3.1 Standard Values of Corrosion Rates for Steel Members2”)

Corrosive environment Corrosion rate (mm/year)
3 H.W.L. or higher (Splash zone) 0.3
'_; HW.L.to LW.L.— 1 m (Tidal 0.1 to 0.3
5 | zone)
% Submerged zone 0.1t00.2
“ | Under seabed 0.03
3 Above ground and exposed to air 0.1
'_g Back side* in soil
g Residual water level and above 0.03
- Residual water level and below 0.02

*Back side of sheet piles, etc.

(3) Cathodic Protection Method

D Range of application

(a)

(b)

(©

(e)

)

The range of application of the cathodic protection method shall be at or below the M.L.W.L.. The effect of
the cathodic protection increases as the period of immersion of the steel members subject to corrosion
protection in seawater is longer and decreases when it is shorter. Moreover, since a greater amount of
protective current flows into tidal zones than underwater, more anode will be consumed. As a result, the
cathodic protection method is generally applied to the M.L.W.L. or lower.

The M.L.W.L. is the average of all tide levels at low water and is calculated by subtracting half of the tidal
range (Hm) of the principal lunar semi-diurnal tide (M;) from the mean water level (M.S.L.). It may be
considered to be the mean value of the M.S.L. and the L.W.L. where there is no harmonic constant data.

Corrosion protection with the coating method is necessary at or above the M.L.W.L.. In this case, since the
period of immersion in seawater of a range between the M.L.W.L. and L.W.L. is shorter than at or lower
than the L.W.L., the corrosion protection rate is somewhat inferior, and the portion immediately below the
M.L.W.L. is easily corroded, it is desirable to apply coating corrosion control to some range below the
M.L.W.L. and to combine it with the cathodic protection.

In general, 90% is often used for the corrosion prevention percentage (generally defined in equation
[1.3.1]) at or below the M.L.W.L.. However, the corrosion prevention percentage generally far exceeds
90% if properly maintained and is kept at or below the protective potential.?® 2 30 The corrosion
protection ratio may be set to a proper value based on the actual corrosion protection ratio in the target
environment.

Mass loss of Mass loss of

. nonprotected steel protected steel
Corrosion control rate = X100 (%) 1.3.1)

Mass loss of
nonprotected steel

In marine construction works, there may be a period without corrosion protection after the steel pipe piles
or steel sheet piles are driven and before the superstructure is installed, or during the anode renewal period
for cathodic protection. Since significant concentrated corrosion may occur during this period without
corrosion protection, it is desirable to give this matter thoughtful consideration.

@ Protective potential

(a)
(b)

(c)

In general, the protective potential of port steel structures shall be -780 mV vs. the Ag/AgClseaw) electrode.

When applying a protective current through a steel structure using the cathodic protection method, the
potential of the steel structure gradually shifts to a low level. When it reaches a certain potential, corrosion
is suppressed. This potential is known as the protective potential.

To measure the potential, an electrode that indicates stable values even in different environmental
conditions is used as a reference. The electrode is called the reference electrode. In seawater, in addition to
the Ag/AgCl electrode, the saturated copper sulfate electrode and the zinc electrode are sometimes used.
For the protective potential of each verification electrode, refer to Reference 31).
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(d)

When combining the coating method and cathodic protection methods (particularly, the external power
source method), care should be taken not to let the coating film deteriorated due to excessive current. The
preferable potential in this case is -800 to -1,100 mV vs. the Ag/AgCl electrode.

@ Protective current density

(a)

(b)

(c)

(d)

(e)

)

(2)

The protective current density shall be set to an appropriate value because it varies greatly depending on
the water area environment.

When applying cathodic protection, the current per unit surface area of the steel member which is needed
to polarize the potential of the steel member to a more base value than the protective potential is called the
protective current density. The value of protective current density decreases to a constant value with the
elapse of time from the initial value at the start of cathodic protection. The constant value often decreases
at or less than 50% of the initial value.

The protective current density varies with water temperature, velocity, waves, water quality and other
factors. Where there is an inflow of river water or various discharges, or the concentration of sulfides is
high, the required protective current generally increases. Furthermore, where the velocity is high, the
required protective current increases. When verifying performance, it is desirable to set a characteristic
value by referring to the actual results of the existing facilities in the area concerned.

The values listed in Table 1.3.2 may be used as the protective current density at the start of cathodic
protection for the bare steel member surface in normal water areas.

The value of protective current density in soil has been reported to vary due to physical properties (grain
size, water content, soil resistance rate, etc.) and chemical properties (pH, dissolved oxygen, activities of
microorganisms, etc.) of the soil.? 3 For example, the protective current density reduces if the soil
resistance rate is very high.’» However, the protective current density in masonry having wide gaps with
grain sizes of about 15 to 20 cm is on the order of 1/2 of that in seawater>®, but about the same value of the
protective current density as in seawater will be needed as the grain size becomes bigger.*>

As the duration of protection goes on, the generated current weakens. Therefore, the average generated
current for calculating the lifetime of the anode is often taken as the following depending on the duration
of protection:

When protected for 5 years: 0.55 X initial current density
When protected for 10 years: 0.52 x initial current density
When protected for 15 years: 0.50 x initial current density

If the protection is intended to last for more than 15 years, the value for 15 years shall be applied.

If there is a corrosion-resistant coated area within a cathodic protected area, the coefficient for density of
protective current as in Table 1.3.3 shall be set assuming the conductivity (corrosion-resistant metal
coating, etc.), deterioration and damage of the corrosion-resistant material.?® The protective current
density flowing into the corrosion-resistant coated area can be obtained by multiplying the density value of
protective current in Table 1.3.2 by this coefficient. The area into which the current flows when calculating
the protective current may be set at or below the H.-W.L. or M.S.L..

Table 1.3.2 Protective Current Density at the Start of Cathodic Protection®) (mA/m?)

Clean sea area Contaminated sea areas
In seawater 100 130-150
In rubble mound 50 65-75
In soil (below seabed) 20 26-30
Back side in soil 10 10
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Table 1.3.3 Coefficient of Protective Current Density for Corrosion-Resistant Coating?®)

Coating method (OB 6l r.ot?l:tlve Remarks
current density
Painting 0.25 Damage rate is set in the early
stages
Heavy duty plastic coating (steel pipe pile) 7 Small deterloizttg)sn and damage
Heavy duty plastic coating (steel sheet 0.10 Joint fitting part f?all be
pile, steel pipe sheet pile) ’ considered
Organic . . . 2 Small deterioration and damage
coating Super high build coating - rates )
Underwater coating (paint type) 0.25 Damage rate is set in the carly
stages
Underwater coating (putty type) 2 Small deterloizttleosn and damage
Petrolatum coating 2 Small deterioration and damage
rates
Inorganic . *4
coa%ing Mortar coating 0.10 Conductive
Metal coating 1.00 Conductive

*1 This coefficient shall be applied when [bare steel member area/ coating area] > 1.

*2 This can be excluded from the cathodic protection area because of high insulation performance and resistance to
deterioration and damage.

*3 Heavy corrosion-resistant coating steel sheet piles and steel pipe sheet piles have partially uncoated areas in joint
fitting parts. Although the ratio of uncoated areas in joint fitting parts to the coated areas ranges from 8% to 13%
depending on the type of steel sheet pile, 10% of the coated area is factored in the design here as the uncoated area.

*4 Conductivity of the mortar coating will be factored in the design as 10% of that of metal. If a high insulation
material such as FRP is used as a protection form of mortar coating, the area of coating can be excluded from the
cathodic protection area.

(4) Protective Coating Method
D General

(a)

(b)

(©)

(d)

@ Selection of protective coating methods

It is better to use the protective coating method because cathodic protection cannot be applied to the
regions in port steel structures where the duration of seawater immersion is short.

As described in (3), the range of application of the cathodic protection method is designated as at or below
the M.L.W.L.. However, because concentrated corrosion is liable to occur in the vicinity of the M.L.W.L.,
and the duration of immersion in seawater may be shortened by the effects of waves and seasonal
fluctuations in tide levels, the protective coating method shall generally be used in combination with
cathodic protection to the region above the depth of 1 m below the L.W.L..

In steel sheet pile revetments in shallow sea areas and the like, the coating method may be applied
depthwise to the whole length of the structure. By combining the cathodic protection and protective
coating methods in seawater sections, extended life of the galvanic anode may be expected.?”

The details of each corrosion-resistant coating method are described in Part II, Chapter 11, 2.4
Corrosion Protection of Steel Members.

36)

As each coating method has its own features, the method most suitable to the target structure must be selected
by fully examining (a) through (d) below.

(@)

Conditions of the target steel structure

As the protective coating method to be applied to the target steel structure may differ depending on
whether it was coated at a factory or at the site, or depending on the situation surrounding the steel
structure, it is necessary to examine the following items after adequately understanding the situation of the
steel structure. The primary target of description here is newly built steel structures.

* Environmental conditions: It is desirable to fully investigate the environment where the steel structure is
built because it directly affects the durability of the protective coating method. Corrosion environment
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(b)

(©)

conditions include the constituents of seawater (salinity, etc.), pH, water temperature and velocity.
Whether freshwater (rivers, etc.) or polluted water (industrial wastewater, etc.) flows into the seawater or
mixes with warm water should be investigated as this influences corrosion. The possibility of damage
due to the actions of waves or collisions with floating matter should also be investigated.

* Range of corrosion protection: The classification of the corrosion environment to which the coating
method is applied ranges widely from marine atmosphere to marine soil. Therefore, the corrosion
protection range of each protective coating method is determined by the shape of the steel structure and
how it combines with the cathodic protection method and with multiple protective coating methods.
Thus, it is necessary to select an appropriate coating method for the steel structures since each method
has its own applicability.

When trying to apply the coating down to the normal range (L.W.L. — 1 m) of an existing steel structure
whose lower edge level of upper concrete is around the LWL, the construction becomes more difficult
and expensive. If the cathodic protection method, which is guaranteed to be effective below the
M.L.W.L., is adequately maintained, the coating method is not frequently required.>?

* Structural type of steel structures: The main steel structural types in ports are open-type piled piers, pipe
sheet pile quay walls and sheet pile quay walls, and their materials are steel pipe piles, steel pipe sheet
piles and steel sheet piles. Applicability of the protective coating method needs to be examined since the
applicability to structural type differs depending on the type of protective coating methods. Items to keep
in mind from the structural point of view, such as the height of the superstructure and existence of
protrusions, also need to be examined.

Required Performance for the protective coating method

One of the most important performance items required for the protective coating method is the effect of
corrosion protection to the structures and the durability of the coating itself. Furthermore, it is necessary to
apply the method while considering the expected working life and its expected economic purpose from
among those that comply with the situation of the aforementioned target structures.

It is difficult to say whether the expected working life of the coating method is adequately understood, but
one standard rule of thumb targeted primarily at steel pipe piles is indicated in Reference 36).

* Effects of corrosion protection: Protective coating depending on the situation of the aforementioned
target steel structures needs to be examined since the effect of corrosion protection varies by the type of
protective coating method. Since the splash zones and tidal zones under extremely severe corrosion
environments are difficult to maintain or repair, coating with a high corrosion protection effect needs to
be applied.

* Durability: The marine atmosphere requires enough durability for factors such as direct sunlight and sea
salt particles. Splash zones, tidal zones and seawater also require seawater resistance and physical
strength against waves and collisions with floating matter, etc. When selecting coating, these factors and
characteristics of deterioration of each coating must thoroughly be examined. Referneces 37) and 38)
examine the characteristics of deterioration, durability under actual marine environments and
performance evaluation methods of several coating methods for a long period of 30 years.

Factors in the application of protective coating methods

When selecting a coating method, consideration for construction is also needed since the construction
quality of coating greatly affects the performance of corrosion protection, durability and the maintenance
cost

* Constructability: The construction location of the protective coating may be restricted to factories or
sites. When constructing at a site, conduct examinations while considering the applicability of the
protective coating method, restrictions in working spaces and working hours due to weather, waves, tidal
levels, structural types and difficulties in surface preparation since these conditions affect the
construction. The effects on the surrounding environment during construction also needs to be examined.

* Construction period: Seasons and periods including the surrounding oceanographical phenomena and
situations of working sites which permit construction must be considered.
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(d) Actual results

Actual results under similar conditions shall be investigated since the evaluation of reliability of the
coating method refers to these results. It is necessary to evaluate protective coating without past results by
thoroughly investigating supportive experiment data or theories.

The protective coating methods applied to port steel structures are suitable for either coating at factories or
at sites. Typical coating methods at factories include painting, heavy duty plastic coating, super high build
coating and corrosion-resistant metal coating, while frequently applied coating methods at sites are
underwater coating, petrolatum coating and mortar coating.

1.3.6 Details of Structures

(1) The details of structures of steel members shall be in accordance with those of each facility and each structural type
indicated in Part III, Chapter 3 Waterways and Basins to Chapter 11 Other Port Facilities.

(2) Other details of structures may comply with Standard Specifications for Steel and Compound Structures
[Design]? and Standard Specifications for Composite Structures [Design].?

1.4 Composite Structure
1.4.1 Basic Policy for Performance Verification

(1) Part III, Chapter 2, 1 Verification of Members describes the structural performance verification and other items
regarding composite structural members composed of steel, concrete and other materials composing port facilities.

(2) Part III, Chapter 2, 1 Verification of Members targets structural members and other components that are
constructed according to the specified method and precision using materials selected according to Part I1, Chapter
11 Materials and Standard Specifications for Composite Structures [Construction]*® and other documents.

(3) When verifying the performance of composite structural members, Standard Specifications for Composite
Structures [Design]® may be complied with for methods not described in Part III, Chapter 2, 1 Verification of
Members.

1.4.2  Setting of Basic Cross Sections and Characteristic Values

(1) Cross sections of structural members must have specifications conforming to the performance criteria of the facility
concerned and shall follow the details of structures shown in Part III, Chapter 2, 1.4.5 Details of Structures.

(2) Characteristic values used for performance verification can be determined following the descriptions in Part II,
Chapter 11 Materials. The standard design strength can be the characteristic values of the compressive strength of
concrete. The lower limit of the JIS Standards can be the characteristic values of the tensile yield strength and
tensile strength of steel members.

1.4.3 Verification Methods of Members
(1) Verification of Safety

Safety of the composite structural members shall be verified using cross-sectional failure and fatigue failure as
indices.

@ Verification of cross-sectional failure

(a) The design cross-sectional force for the bending moment and axial force can be calculated in accordance
with Standard Specifications for Composite Structures [Design].”

(b) The safety for shear force must be verified considering the type of beam members and plane members,
direction of shear force action and displacement of shear connectors. If the displacement of shear
connectors does not affect the load carrying mechanism of the members, it can be calculated in accordance
with the following items as well as Standard Specifications for Composite Structures [Design].>)

* For composite beam structural members, the yield and shear of reinforcing steel members, buckling,
design shear resistance complying with failure conditions such as diagonal tensile failure and
compression failuer of concrete shall be calculated and verified individually.
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(c)

* If a plane member is subject to out-of-plane shear, the out-of-plane shear force shall be examined in
accordance with a beam member. Moreover, when a concentrated load partially acts, punching shear
failure shall be verified against the concentrated load.

* If the interface of different materials or plane members is subject to in-plane shear, the in-plane force
shall be verified.

* If shear needs to be transmitted, the direct shear transmission on the shear plane shall be verified.

An examination of torsion may usually be omitted since structural members in general port facilities are
often less affected by torsion moment or are acted on by deformation conforming torsion moment. In other
cases, it is desirable to conduct examinations in accordance with Standard Specifications for Composite
Structures [Design].”

@ Verification of fatigue failure

(a)

(b)

(c)

The fatigue failure must be verified for members and shear connectors in the combined state after steel and
concrete have been integrated considering the effects of the characteristics of actions whether variations or
movements of actions exist or not.

The verification of fatigue failure for concrete, reinforcing bars and steel members may be calculated in
accordance with Standard Specifications for Composite Structures [Design]® using the design variable
stress that is calculated assuming that steel and concrete have been integrated.

Other points of attention
* When the rate and degree of variable actions among all actions are high, fatigue needs to be examined.

* In the verification of fatigue failure, properly rank the cyclic actions, calculate the influence to each
fatigue failure and the total influence to all action ranks, and evaluate the safety for fatigue failure. Since
not only the magnitude of actions but also the number of cyclic actions significantly influence the safety
for fatigue failure, the latter needs to be properly determined. Any influence from actions of a rank that
does not reach the fatigue limit even after the two-millionth cycle may be ignored.

(2) The compressive stress and crack width of concrete can be an index for verification of the serviceability of
composite structural members. However, when the response value of the crack width cannot be properly calculated,
serviceability may be verified using the stress of a steel member. When other special functions are required, it is
desirable to verify by setting an adequate index referring to Standard Specifications for Composite Structures
[Design]® and the relevant guidelines.

3)

4)

144

Since the type and magnitude of actions and load-carrying mechanisms against actions for composite structural
members vary before and after steel and concrete are integrated, verification must be properly performed before and
after integration.

Other examinations on limit states may be in accordance with Standard Specifications for Composite Structures
[Design]® and shall be in accordance with Standard Specifications for Concrete Structures [Design]" and
Standard Specifications for Steel and Compound Structures?, if necessary.

Examination of Changes in Performance over Time

(1) It must be confirmed that changes over time, such as the corrosion of steel members and deterioration of concrete
due to environmental actions, do not occur or are restricted to small areas if they occur for composite structural
members.

(2) Examination of the Corrosion of Steel Members

D It must be confirmed that corrosion does not occur or remains within a degree that does not affect the
performance of members even if it occurs for externally exposed steel members. When corrosion protection
measures are taken with a proper method considering the characteristics of the structures and environmental
conditions, it may be assumed that the steel members shall not be corroded.

@ Corrosion protection measures for steel members shall be properly set while considering the performance

requirements, maintenance level and construction conditions. In this case, it is desirable to examine the proper
construction method utilizing an actual result investigation of the existing port steel structures and corrosion-
related data. Corrosion protection measures shall comply with the concept indicated in Part III, Chapter 2,
1.3.5 Corrosion Protection Design of Steel Members and Part II, Chapter 11, 2.4 Corrosion Protection of
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Steel Members. For the selection of construction methods, refer to the Manual on Corrosion Prevention and
Repair for Port and Harbor Steel Structures.?”

@ For the corrosion of steel members covered with concrete, it must be confirmed that initial cracks or cracks in
concrete due to external forces and corrosion of steel members accompanied by the carbonation of concrete and
penetration of chloride ions do not occur or remain within a degree that does not affect the performance of the
members even if they occur. Corrosion of steel members covered with concrete can be examined in Part III,
Chapter 2, 1.2.4 Examination of Changes in Performance over Time.

@ It must be confirmed that steel members at the boundaries of the steel members and concrete are not corroded
due to floods or other hazards, or remain within a degree that does not affect the performance of the members
even if such events occur.

(3) The deterioration of concrete can be examined in Part III, Chapter 2, 1.2.4 Examination of Changes in
Performance over Time for the effects of the corrosion of steel members due to the penetration of chloride ions,
carbonation, freezing and thawing actions, chemical attack and alkali-aggregate reaction.

1.4.5 Details of Structures

Details of structures may be in accordance with Part III, Chapter 2, 1.2.6 Details of Structures, Part I1I, Chapter 2,
1.3.6 Details of Structures, and Standard Specifications for Composite Structures [Design]®, and shall be in
accordance with Standard Specifications for Concrete Structures [Design]) and Standard Specifications for Steel
and Compound Structures [Design]?, if necessary.
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2 Members of Structures
2.1 General

(1) Part III, Chapter 2, 1 Verification of Members describes performance criteria of caisson structures, L-shaped
block structures, cellular-block structures, upright wave-absorbing caisson structures and hybrid caisson structures
that are composed of concrete members, steel members and/or hybrid members.

(2) For performance verification of members of respective structures, refer to Part III, Chapter 2, 1 Verification of
Members.

(3) Considerations for improved design of existing port facilities

(D When designing and constructing a new facility by utilizing existing structures or members, it is necessary to
verify the members in an appropriate way in consideration of design conditions, site conditions and other
conditions of the facility. For the basic flow of designing a facility by utilizing an existing structure or existing
members, refer to Part I, Chapter 2, 2.4 Improved Design of Existing Facilities Subject to the Technical
Standards.

@ When designing a new facility by utilizing existing structures or members, it is preferable to clarify
deterioration, damage and other changes in the states of concrete, steel and other materials through an on-site
survey and conduct the verification of the members in consideration of the states of the materials.

@ For the method of verifying members to be utilized for a new facility, refer to References 1) and 2).
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2.2 Caissons

[Public Notice] (Performance Criteria of Caissons)

(1)

2

3)

“

Article 23

The performance criteria of a reinforced concrete caisson (hereinafter referred to as a “caisson” in this Article) shall be
as prescribed respectively in the following items in consideration of the type of facility:

Bottom slab and footings of a caisson shall be such that the risk of impairing the integrity of the bottom slab
and footings of the caisson is equal to or less than the threshold level, under the permanent state in which the
dominating action is self-weight, and under the variable situation in which the dominating actions are
variable waves, water pressure during floating, and Level 1 earthquake ground motions.

Outer walls of a caisson shall be such that the risk of impairing the integrity of the outer walls of the caisson
is equal to or less than the threshold level, under the permanent state in which the dominating action is the
internal earth pressure and under the variable situation in which the dominating actions are variable waves,
water pressure during floating, and Level 1 earthquake ground motions.

Partition walls of a caisson shall be such that the risk of impairing the integrity of the partition walls of the
caisson is equal to or less than the threshold level under the variable situation in which the dominating action
is water pressure during installation.

A caisson which requires flotation shall be such that the risk of overturning of the floating body during
flotation is equal to or less than the threshold level under the variable situation in which the dominating
action is water pressure.

[Interpretation]

8. Members Composing Facilities Subject to the Technical Standards

©))

Performance Criteria of Caissons (Article 57, Paragraph 7 of the Ministerial Ordinance and the
interpretation related to Article 23. paragraph 1 of the Public Notice)

Serviceability shall be the required performance for caissons under the permanent or variable situations in
which the dominating actions are those shown below. Required performance verification items and indices
for caissons under respective design situations shall be set appropriately depending on the type of facility in
accordance with the performance criteria.

D Bottom slab and footings

Shown below are the performance verification items and indices for the bottom slab and footings of a
caisson under respective design situations in accordance with the performance criteria.

(a) Permanent situation in which the dominating action is self-weight

Performance verification items for the bottom slab and footings of a caisson under the permanent
situation in which the dominating action is self-weight and standard indices for setting limit values
shall be in accordance with Attached Tables 8-4. Required performance verification items shall be
set appropriately depending on the type of facility.
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Attached Table 8-4 Performance Verification ltems and Standard Indices for Setting Limit Values for
Bottom Slab and Footings of Caisson
(permanent situation in which the dominating action is self-weight)

Mln%stenal Public Notice Design situation
Ordinance
8 &
s é Standard index f
< = g & er 8 t
K] = K] =] é 1 5 L L Verification item andard index for
S S = 51 8| € 2 p= Dominating | Non-dominating setting limit value
b= = i1 = i i
3] g = 3] g = £ 2 é action action
~ ~
Cross-sectional Desien ultimate
failure of bottom slab ca agi +
and footing pacity
2 - .
= = Water pressure, Concrete stress in
= E subgrade cross section of Bending compressive
7010 =230 -1 3 £ | Self-weight reaction, P
.2 g bottom slab and stress
2 o) surcharge, earth .
5 [ footing
) pressure
Extrusion of bottom
slab and footing
from partition wall | Design yield stress
(yield of reinforcing
bars)

(b) Variable situation in which the dominating action is variable waves

Performance verification items for the bottom slab and footings of a caisson under the variable
situation in which the dominating action is variable waves and standard indices for setting limit
values shall be in accordance with Attached Tables 8-5. Required performance verification items
shall be set appropriately depending on the type of facility.

Attached Table 8-5 Performance Verification ltems and Standard Indices for Setting Limit Values for Bottom
Slab and Footings of Caisson
(variable situation in which the dominating action is variable waves)

Mm!sterlal Public Notice Design situation
Ordinance
9z
25 .
< < . Lo
L F 20 g Es g . L Verificationitem || CLdar index for
st B E|l Sl B El €3] = Dominating | Non-dominating setting limit value
g g1 = g £ = & g 2 action action
~ ~ 2
Cross-sectional . .
. Des Itimate
failure of bottom ca ;fln U
slab and footing pacity
Variable .
*) Self-weight,
waves water pressure, | Extrusion of bottom
subgrade slab from partition . .
z . reaction, wall (yield of Design yield stress
'_g —T@ surcharge, earth | reinforcing bars)
7 1 - 23 - 1 Y g pressure
Z > . g
A Variable Cra(.:klng Il Cross Crack widthcaused
+2) section of bottom by bending
waves slab and footing
Cyclic action of Fatigue failure of Design fatigue
*3) bottom slab and strength
waves footing
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*1): Waves here shall be the waves that were defined in accordance with Item (1), Paragraph 1, Article 8 of the Public
Notice and considered in performance verification of the structural stability of the facility of interest.

*2): In principle, waves here shall be the waves that were defined, in accordance with Item (2), Paragraph 1, Article 8 of
the Public Notice, as the standard waves on the assumption that waves higher than the standard waves will strike the
facility about 10,000 times during its design service life.

*3): Waves here shall be the waves that were defined, in accordance with Item (2), Paragraph 1, Article 8 of the Public
Notice, as the waves having the height and period that were set appropriately depending on the frequency of
occurrence during the design service life.

(c) Variable situations in which the dominating actions are the water pressure during flotation and Level
1 earthquake ground motions

Performance verification items for the bottom slab and footings of a caisson under the variable
situation in which the dominating actions are the water pressure during flotation and Level 1
earthquake ground motions and standard indices for setting limit values shall be in accordance with
Attached Tables 8-6. Required performance verification items shall be set appropriately depending
on the type of facility.

Attached Table 8-6 Performance Verification ltems and Standard Indices for Setting Limit Values for
Bottom Slab and Footings of Caisson
(variable situation in which the dominating actions are the water pressure during flotation and
Level 1 earthquake ground motions)

Mln%stenal Public Notice Design situation
Ordinance
S o
< g
g . Lo
K] § K] —é é 1 5 L L Verification item Star%darq lqdex o
S 51 Bl 2 51 8| € 2 p= Dominating | Non-dominating setting limit value
k=1 = = = . 3
3] g = 3] g = £ 2 é action action
~ ~
Cross-sectional . .
. D Itimat
failure of bottom caf;fﬁ; 1mate
Water pressure . slab and footing
. . Self-weight
during flotation Cracking in cross .
. Crack width caused
2 section of bottom by bendin
= = slab and footing Y 8
_ _ S < ]
7 1 23 1 2 s Cross-sectional Desien ultimate
E > ) failure of bottom ca afiri
» Level 1 Self-weight, slab and footing pacity
water pressure, -
carthquake subgrade Extrusion of bottom
ground motion reaction slab frqm partition Design yield stress
wall (yield of
reinforcing bars)

® Outer walls

Performance verification items for outer walls of a caisson under the permanent situation in which the
dominating action is the caisson internal earth pressure and under the variable situation in which the
dominating actions are variable waves, Level 1 earthquake ground motions and the water pressure
during flotation and standard indices for setting limit values shall be in accordance with Attached
Tables 8-7.
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Attached Table 8-7 Performance Verification ltems and Standard Indices for Setting Limit Values for

Outer Walls of Caisson
Mln}sterlal Public Notice Design situation
Ordinance
9z
< < . Lo
o = o = Es 5 L L Verification item Stagdarq m@ex e
St Bl E|l Bl B E|l €3 = Dominating | Non-dominating setting limit value
=1 = =1 = o . 3
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'_g pressure
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<
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ground motion | earth pressure
Cross-sectional Design ultimate
Water pressure | failure of outer wall | capacity
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*1):

*2)
*3)

*4);

Waves here shall be the waves that were defined in accordance with Item (1), Paragraph 1, Article 8 of the Public

Notice and considered in performance verification of the structural stability of the facility of interest.
: Limited to outer walls affected by waves.
: In principle, waves here shall be the waves that were defined, in accordance with Item (2), Paragraph 1, Article 8 of
the Public Notice, as the standard waves on the assumption that waves higher than the standard waves will strike the
facility about 10,000 times during its design service life.

Waves here shall be the waves that were defined, in accordance with Item (2), Paragraph 1, Article 8 of the Public

Notice, as the waves having the height and period that were set appropriately depending on the frequency of
occurrence during the design service life.

® Partition walls

Performance verification items for partition walls of a caisson under the variable situation in which the
dominating action is the water pressure during installation and standard indices for setting limit values

shall be in accordance with Attached Tables 8-8.

Attached Table 8-8 Performance Verification ltems and Standard Indices for Setting Limit Values for
Partition Walls of Caisson

Mm}stenal Public Notice Design situation
Ordinance
g 8
g g Standard index fi
< < e
L0 & L0 g Es g o L Verification item tandard index for
o) 51 E| = &1 8| €= = Dominating | Non-dominating setting limit value
g gEi = g Ei =] & g £ action action
~ ~ 2
Cross-sectional Desien ultimate
E o failure of partition g +
'_g 5 | Water pressure wall capacity
741 -l 238 - 403 8 g during -
E > | installation Cracking in partition | Crack width caused
%2} wall by bending
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@ Caissons requiring flotation

Performance verification items for caissons that require floatation under the variable situation in which
the dominating action is the water pressure during flotation and standard indices for setting limit values
shall be in accordance with Attached Tables 8-9. In verification of the performance of caissons that
require flotation against overturning of the floating body, the standard index for setting the limit value
shall be set appropriately.

Attached Table 8-9 Performance Verification ltems and Standard Indices for Setting Limit Values for
Caissons Requiring Flotation

Ministerial . . P
inisteria Public Notice Design situation
Ordinance
9z
<l < . - Standard index for
o = o = Es 5 L L Verification item L
) 51 E| = £ 8| €= = Dominating | Non-dominating setting limit value
=1 = h=1 = o . .
= g =] = g = L2 g £ action action
~ ~ 2
Z
= 2
= .
7 1 ) 23 ) 4 § g Wa'ter pressure | o f-weight Ove@mlng of B
= ks during flotation floating body
o

2.21 Fundamentals of Performance Verification

(1) The concept of verification described here may be applied to the performance verification of structural members of
ordinary caissons.

(2) For the concept of verification of structural members, refer to Part 111, Chapter 2, 1.1 General.

(3) An example of the performance verification procedure for caissons is shown in Fig. 2.2.1.
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| Setting of design conditions |

| Assumption of dimensions of caisson members I<

v

| Evaluation of actions

—Performance-verification
X Permanent situation, and variable situation associated
v with waves and Level 1 earthquake ground motion

| Verification of safety (against cross-sectional failure and fatigue failure) and serviceability of outer walls *1 |

v

| Verification of safety (against cross-sectional failure) and serviceability of partition walls I

v

| Verification of safety (against cross-sectional failure and fatigue failure) and serviceability of bottom slab |

v

| Verification of safety (against cross-sectional failure and fatigue failure) and serviceability of footings I

A
| Verification of ancillaries |

v

| Determination of dimensions |

*1 For outer walls which are not affected by waves, the safety verification may be omitted.

*2 For high earthquake-resistance facilities or the facilities to which damage might have a serious impact on
human life, property, and social activity, it is preferable to verify the performance under accidental situations, as
necessary. Verification of accidental situation associated with waves shall be performed in cases where damage
to those facilities might have a serious impact on hazardous material handling facilities located just behind
them.

Fig. 2.2.1 Example of Performance Verification Procedure for Caissons

2.2.2  Determination of Basic Cross Section and Characteristic Values
(1) The dimensions of members of a caisson shall be determined in view of the following factors:

Capacity of caisson fabrication facilities

Draft of the caisson and the water depth at the place of installation (depth above the crown of foundation
mound)

Floating stability if the caisson is designed to float unassisted

Service conditions during towing and installation: tidal currents, waves, wind, and other conditions

Service conditions after installation of the caisson: filling and superstructure construction

@M 06

Bending and torsion stresses acting on the caisson

(2) As a caisson becomes longer (mainly in the direction of the face line), it will be subjected to larger bending and
torsion stresses caused by jack-up, uneven settlement and other factors. Therefore, it is necessary to examine the
effects of those factors. It must be noted that towing and installing the caissons may be difficult in sea areas with
high waves and/or strong currents and caissons may get damaged because it may take a long time to complete the
filling work.

(3) There are many cases where caissons have outer walls with a thickness of 0.3 to 0.6 m, the bottom slab with a
thickness of 0.4 to 0.8 m and partition walls with a thickness of 0.2 to 0.3 m.

(4) As the keel clearance of a caisson during installation, it is common to set the difference between the draft of the
caisson and the mound crown to 0.5 m or more. This value allows for the inclination, rolling, pitching and yawing
of the caisson and errors in the draft calculation. It is common to set the tide level during installation to the mean
sea level (MSL) or so.
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(5) For a caisson designed to float unassisted, the cross section that ensures the stability during flotation shall be
determined.

(D The stability of the caisson while floating may be examined using equation (2.2.1) (see Fig. 2.2.2). This

equation can be applied to cases where the caisson cross section is nearly bilaterally symmetrical and its
inclination is relatively small.

%E_Wm @.2.1)

where
: displacement volume (m®)

: geometrical moment of inertia with respect to long axis at water level (m*)

14

1

C : center of buoyancy
G : center of gravity
M

: metacenter
CG : distance between center of gravity and center of buoyancy (m)

GM : distance between metacenter and center of gravity (m)

A

Fig. 2.2.2 Stability of Caisson

@ The stability of the caisson while towed with a counter ballast placed may be examined using equation (2.2.2)
or (2.2.3).

(a) When using water as a counter ballast:

1 P
F(f’ ~3i)-C'G'>0 (2.2.2)
(b) When using sand, stone, concrete or the like as a counter ballast:

' —
——-C'G™>0 2.2.3)
%

where

14 : displacement volume for caisson with counter ballast (m?)

- 585 -



Technical Standards and Commentaries for Port and Harbour Facilities in Japan

T : geometrical moment of inertia with respect to long axis at water level for caisson with counter
ballast (m*)

c : center of buoyancy for caisson with counter ballast

G' . center of gravity for caisson with counter ballast

CG' : distance between center of gravity and center of buoyance for caisson with counter ballast (m)

i : geometrical moment of inertia with respect to centerline parallel to axis of rotation of caisson at
water level in each chamber (m?)

(® Equation (2.2.4) shall be used in cases where a ballast is placed in a caisson with a footing on only one side in
order to keep it in balance. (See Fig. 2.2.3.)

Wil + W1, =Fl, (2.2.4)

where
Wi : weight of ballast (kN)
w : weight of caisson (including weight of footing) (kN)

F : buoyancy acting on caisson (including footing) (kN)
L : distance from outside of caisson outer wall to point where W, acts (m)
Ly : distance from outside of caisson outer wall to point where W acts (m)
Iy : distance from outside of caisson outer wall to point where F acts (m)
U4}
A F
A
- ; >
- >
by
- T
i
‘ w

Fig. 2.2.3 Stability of Caisson with Counter Ballast

2.2.3 Actions

(1

2)

The combinations of actions to be considered in performance verification and load factors shall be set appropriately
for each facility.

The combinations of actions to be considered in performance verification and the standard values of the load factors
to be used for multiplying the characteristic values of actions are shown in Table 2.2.1. Here, the values used for
the bottom slab can also be used for footings. The value in the top row in each cell of each table is the load factor to
be used in examination of safety (against cross-sectional failure); the value shown in square brackets in the middle
row is the load factor to be used in cases where the smaller the action, the larger the design load. These values were
determined in consideration of the relationship with external stability and other factors based on reliability
analysis.”> ¥ The value shown in parentheses in the bottom row of each cell is the load factor to be used in
examination of serviceability. For accidental situations, a load factor of 1.0 may be used.

If the leveling accuracy of a rubble mound is alleviated, a reaction greater than that in case of the normal leveling
accuracy of +5 cm will act on the caisson bottom slab, and in this case, the values shown in Table 2.2.1 cannot be
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used. In the case where the leveling accuracy of the rubble mound is alleviated to the range of +30 cm, the factors
can be set by reference to References 5) and 6).

(3) For setting conditions of waves to be considered in the verification of serviceability under the variable situation
associated with waves, refer to Part II, Chapter 2, 4.1.2 Setting of Wave Conditions to be Used for Verification
of Serviceability of Structural Members.

Table 2.2.1 Combinations of Actions and Load Factors
(a) Breakwaters

I 5 = = =
= z = 2 5 g 9 53 B g 8
o 5 2 5o B <) 2% o 8-(; ) § S o | = £ Z 2
2 B & | 53 : 55| & |8 E-5 & 5| 2238 £
g g a Q — @ el —_— = =) = o < @ Q @ <
E Design situation z = g % = ER o Sg83l 5E g ) E% | 28¢ g
£ = g e E8| P |288|2eg =5 SE|858] &
2 5| 2| E%| 8| & -t ¥ b
= s o >
i £ | = E% |£% 8 | 2%
= M > > bS]
Permanent
situation 0.9 1 1. Bottom
associated with (1.0) (1.0) (1.0) slab
self-weight
Permanent
situation
associated with (i ’ (1)) (} (1)) %l;ﬁr
internal earth : :
pressure
8 1.1 1.1 1.1 1.2 1.2 Bottom
= . [0.9] [0.9] [0.9] [0.8] [0.8] slab
g \_’zlible 1.0) | (1.0 (1.0) (1.0) | (1.0
= situation 0.9 12
associated with
waves (1.0) 1.0 Outer
1.1 1.1 1.2 wall
(1.0) (1.0) (1.0)
Variable
situation
associated with 1.0 1.0 1.0 Outer
Level 1 (—) (—-) (—) wall
earthquake
ground motion
Variable 0.9 1.1 Bottom
situation (0.5) (0.5) slab
§ | associated with
S| water pressure 1.1 Outer
g while afloat (0.5) wall
§ Variable
& situation
g associated with 1.1 Partition
Q| water pressure (0.5) wall
during
installation
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(b) Quaywalls

o ?5) g £ g Loads during
- 2 2 2 '§ 5 '§ % g| _construction
g 5 ) & & g | Ep|B88%F
o= L C 5 = S 2 B g 5
E Design situation 2 2 < 5 § %s é 2 § 3 E 2 2 Remarks
B o s 3 151 & = 1] IR =] =
= 2 2 > S & = E = 3
2] X o = = g n g g = .4 < —
- £ g 2 5‘ 23% b7} =
> o o bS] 2©° “ S e}
T kS| k= Mm m
Permanent Bottom slab (Surcharge
situation 0.9 1.1 1.1 0.8 is equivalent to bottom
associated with | (1.0) (1.0) (1.0) (0.5) slab reaction
self-weight component.)
Permanent
° situation 11 11
.2 | associated with ’ ’ Outer wall
% internal earth (1.0) (1.0)
= pressure
Variable 1.0 1.0 1.0 1.0 Bottom slab (Surcharge
situation (_) (_) (_) (_) is that during action of
associated wit] seismic motion.
iated with . .
Level 1
1.0 1.0 1.0
earthquake - o o Outer wall
ground motion ) ) )
Variable 0.9 1.1 .
situation 0.5) 0.5) Bottom slab while afloat
‘S associated with N
g | water pressure 0' 5 Outer wall while afloat
g while afloat (0.5)
§ Variable
& situation
g associated with 1.1 Partition wall during
A | water pressure (0.5) installation
during
installation

2.2.4 t0 2.2.6. The standard values of the load factors are shown in Tables 2.2.2 to 2.2.4.

During wave action (wave crest)

Wave
pressure

Internal
earth pressure

While afloat during
construction
Hydrostatic pressure

Internal earth
pressure

During wave action (wave trough)

Internal water

pressure

in permanent situation

R 1
Variable component

water pressure

of internal

water pressure

(D Actions to be considered in performance verification of outer walls of breakwater caissons are shown in Figs.

During action of seismic motion

Dynamic

Internal
earth pressure

1
Internal
water pressure
in permanent situation

L.

|

> g LWL :\ - \
+ & -+ |-+ ﬁ + [ ~
— == < - I
] | —] /L— - |
- e «
e -
©

® ©

®

» O o0 O

*In this figure, Ha stands for design wave height. In verification of the safety (against cross-sectional failure),
Ha=Hmax may be assumed.

Fig. 2.2.4 Actions on Front Wall (parallel to face line: seaward side) (Breakwater)
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Table 2.2.2 Combinations of Actions and Load Factors for Front Wall (Breakwater)

Safety (against cross-

Design situation Direction of action . . Serviceability
sectional failure)
Variable s@matior.l associated with 1 2H—09D 1.0H—1.0D
waves during action of wave crest
Variable situation associated with | From outside of caisson
water pressure while afloat during 1.1Sr 0.5

construction

Variable situation associated with

. . 1.1D+1.18+1.2A8 1.0D+1.08+1.04S8
waves during action of wave trough

- . : - From inside of caisson
Variable situation associated with

. 1.0D+1.08+1.0P Not examined
Level 1 earthquake ground motion
* For the symbols in the table, see Fig. 2.2.4.
During wave action During action of seismic motion
[ 1
While afloat during I I )
construction Internal Internal water pressure Dynamic Internal Internal water pressure in
Hydrostatic pressure earth pressure in permanent situation water pressure earth pressure permanent situation
"_‘ -
o LWL A P D
-
+ [ + M+
- | -l <_'
< < - < <

®) ® ©® ® © O

Fig. 2.2.5 Actions on Rear Wall (parallel to face line: landward side) (Breakwater)

Table 2.2.3 Combinations of Actions and Load Factors for Rear Wall (Breakwater)

Design situation Direction of action Safety' (agalns.t Cross- Serviceability
sectional failure)
Variable situation associated with water From outside of
. . . . 1.18; 0.5
pressure while afloat during construction caisson
Permaqent situation associated with o L1D+1.1S 1.0D+1.0S
internal earth pressure From inside of
i ituati i i caisson .
Variable situation associated w¥th Level 1.0D+1.08+1.0P Not examined
1 earthquake ground motion

* For the symbols in the table, see Fig. 2.2.5.
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During wave action (wave trough)
[ 1

While afloat during Internal Internal water ~Variable component
construction earth pressure pressure in of internal

Hydrostatic pressure permanent situation water pressure

-

= L.W.L. - \ <
Hy < | —| *In this figure, Ha stands for design wave height.
3 + +
< [ [~

]+
©) ® ©

Fig. 2.2.6 Actions on Side Wall (perpendicular to face line) (Breakwater)

Table 2.2.4 Combinations of Actions and Load Factors for Side Walls (Breakwater)

Safety (against cross-

sectional failure) HamEEnlly

Design situation Direction of action

Variable situation associated with water From outside of

. . . . 1.18; SAYY
pressure while afloat during construction caisson S 0.55

Variable situation associated with waves From inside of
during action of wave trough caisson

* For the symbols in the table, see Fig. 2.2.6.

1.1D+1.15+1.2 AS 1.0D+1.05+1.0 AS

@ Actions to be considered in performance verification of outer walls of quaywall caissons are shown in Fig.
2.2.7. The standard values of the load factors are shown in Table 2.2.5.

Internal earth pressure Internal water pressure

-
-

LWL

1
|||;<1

) N

A AL AL

ol 111

©

(a) Under calm conditions (actions from inside)

Hydrostatic pressure

Draft +1.0m

»

®

(b) While afloat (actions from outside)

Fig. 2.2.7 Actions on Outer Wall (Quaywall)
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Internal
earth
pressure

Internal Dynamic
water water
pressure pressure

3

LWL

=
ik

E‘

A A A T/A

AA AL A

0

® @

(¢) During action of seismic motion (action to seaward side)

Fig. 2.2.7 Actions on Outer Wall (Quaywall)

Table 2.2.5 Combinations of Actions and Load Factors for Outer Wall (Quaywall)

Safety (against cross-

internal earth pressure

Variable situation associated with Level
1 earthquake ground motion

Design situation Direction of action . . Serviceability
sectional failure)
Variable situation associated with water | From outside of
. . . . 1.18; 0.55;
pressure while afloat during construction caisson
Permanent situation associated with L1D+1.18 1.0D+1.0S

From inside of

caisson

1.0D+1.05+1.0P Not examined

* For the symbols in the table, see Fig. 2.2.7.

(@ Actions to be considered in verification of the bottom slab of a breakwater caisson during construction can be
determined by multiplying the characteristic values of the actions by the load factors shown in Table 2.2.1. In
verification of a caisson in service, the composite load under calm conditions Dy, the variable component of
bottom slab reaction 4R and the uplift U shown in Fig. 2.2.8 may be determined using the equations shown in
Table 2.2.7 in accordance with the classification of actions shown in Table 2.2.6.

Permanent situation

.

Self-weight of
filling and
concrete lid

®

Hydrostatic
pressure

®

womaoy [T TFTTTY
bottom slab
load

@-@®+®

Deadweight of

filling and
concrete lid

Hydrostatic
pressure

Reaction of
bottom slab

Variable component

of bottom slab
reaction

Uplift

During wave action

©),
T ®

Fig. 2.2.8 Actions on Bottom Slab (Breakwater)
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Table 2.2.6 Classifications of Actions during Wave Action (Breakwater)

Classification of action Action

Permanent action Composite load under calm conditions Dy

Variable component of bottom slab reaction

Variable action AR, Uplift U

Table 2.2.7 Combinations of Actions and Load Factors (Breakwater)
(a) Safety (against cross-sectional failure)

Design situation Direction of AR and W Combination of actions
Permanent situation — 09Dy +1.1F+1.1R

Variable situation associated with water
pressure while afloat during construction

- 09D+ 1.1F

S . . AR Ty w1 1.1D¢+1.2 ARH1.2U

Varlabhe s!tuatlor} associated with waves w1 1.1D0 +0.8 AR+ 2U
uring action of wave crest

AR Liw |l 0.9Dy+1.2 ARH0.8U

w1 1.1Dg +1.2 AR+0.8U

Variable situation associated with waves AR 1 w ! 0.9D¢10.8 AR+1.2U

during action of wave trough w i 1.1Dy+0.8 AR+0.8U

AR Llw] | 0.9Dg+1.2 ARH1.2U

(b) Serviceability

Design situation Combination of actions
Permanent situation 1.0Dg+1.0F+1.0R
Variable situation associated with waves 1.0Dy+1.0 AR+1.0U

Note that W=Dy+4R+U is assumed to hold. Each action is represented as a signed value, which
is positive for an action in the same direction as W or negative for an action in a direction
opposite to . For the symbols in the table, see Fig. 2.2.8.

Note: When the variable component of bottom slab reaction (4R) acts downwards and
1.2|4R>1.1|R| holds, the combination of actions shall be as follows:

0.9D+1.1|RI+0.8U or 0.9Dg+1.1|R|+1.2U

@ Actions to be considered in verification of the stability of the bottom slab of a quaywall caisson during
construction can be determined by multiplying the characteristic values of the actions by the load factors shown
in Table 2.2.1. Actions to be considered in verification of the stability in service can be determined by using
the equations shown in Table 2.2.8 in consideration of the combinations of actions shown in Fig. 2.2.9.

(During action of .
(Permanent situation) apcetlgl r?;lfillllte to seismic motion) (While afloat)

m D concrete lid, m D ED:DJ Dy Self-weight of slab
filling etc. '
pressure

CE T g Suchargein g g g duine
action of seismic motion

permanent situation
Djjjj R Bottom slab reaction R’ Bottom slab reaction during
In permanent situation action of seismic motion

Permanent situation: Situation in which surcharge is imposed.

Fig. 2.2.9 Actions on Bottom Slab (Quaywall)
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Table 2.2.8 Combinations of Actions and Load Factors (Quaywall)

Safety (against cross-
sectional failure)
Permanent situation 0.9D+1.1Do+1.1F+0.8W 1.0D+1.0Do+1.0F+0.5W

Variable situation associated with
Level 1 earthquake ground motion

Design situation Serviceability

1.0D+1.0F+1.0R’+1.0W” Not examined

Variable situation associated with water
pressure while afloat during construction

* For the symbols in the table, see Fig. 2.2.9.

0.9D/+1.15; 0.5Ds+0.55;

® As the action to be considered in verification of partition walls during construction, the hydrostatic head
difference between chambers during construction (during installation) shall be used in principle.

® As the action to be considered in verification of partition walls in service, the action in the state where
extrusion force becomes the largest among the actions related to the bottom slab and actions related to the outer
walls shall be used in principle.

(4) Actions to be considered in performance verification of caissons during fabrication may be set as follows.

(D When a caisson is fabricated on a dry dock, floating dock or the like, it is unnecessary to examine the actions
during fabrication. However, when the caisson is raised with jacks to move it on a slipway or caisson platform,
or loaded on a launch truck, its self-weight acts as a concentrated load.

@ When examination of a caisson during fabrication is necessary, it may be performed by assuming that the
whole caisson is a beam.

(5) Actions to be considered in verification of caissons during launching and floating may be set as follows.

D 1In cases where a dry dock, floating dock or slipway is used, the hydrostatic pressure with an allowance added
to the design draft may be used as the action during launching and floating. In cases where there is a danger
that a greater hydrostatic pressure may act on the caisson temporarily during launching, separate examination is
necessary.

@ When a caisson is slid into water from a slipway or the like, not only the hydrostatic pressure but also the
dynamic water pressure act on the caisson. When a caisson on a launch truck is put into water by using a winch
or braking post, the speed is generally 3 to 5 m per minute and is not large enough to cause the dynamic water
pressure to act on the caisson. However, depending on the inclination of the slipway, the front side of the
caisson is subjected to the hydrostatic pressure equivalent to that at the water level deeper than the draft by 1 to
1.5 m, although the duration is very short. When a caisson is launched from a slipway, the dynamic water
pressure acts on it, but this is a temporary action and there has been no study that provides measured values. In
view of this, it is enough to add an allowance of about 1.0 m to the draft as measures against the dynamic water
pressure. Note that the allowance of 1.0 m was determined in consideration of the facts described below in (a)
and (b).

(a) When a caisson is launched at a dry dock, floating dock or the like, the extra hydrostatic pressure acts on

the caisson at the moment when the bottom slab leaves the platform. This hydrostatic pressure is generally
equivalent to that at the water level deeper than the draft by 0.1 to 0.4 m.

(b) The draft of a caisson increases by about 0.2 to 0.3 m due to bulge of the formwork during concrete
placement. The draft also increases or decreases by about 0.2 to 0.3 m due to a difference between the
calculated and actual unit weights of reinforced concrete.

(@ The water pressure acting on outer walls may be considered as a load with a triangular distribution in which the
base is the distance to the crown and the height is the intensity of the hydrostatic pressure at the centerline of
the bottom slab (p;) as shown in Fig. 2.2.10.
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-
Allowance of approx. 1.0 m o
. \ /é pog : unit weight of sea water (kN/m3)

= N H : depth to be considered in calculation of hydrostatic pressure (m)
v H=Hy—t/2
- [ Ho: water depth with an allowance of approximately 1.0 m

H, § H added to design draft (m)
ED [ t : thickness of bottom slab (m)
O
A s _t ;
o, o —

T*_
/% pr=pgH

Fig. 2.2.10 Water Pressure Acting on Outer Wall

@ As the action on the bottom slab, the value obtained by subtracting the self-weight of the bottom slab from the
intensity of the hydrostatic pressure at the bottom edge of the bottom slab (pw) shall be used as shown in Fig.

2.2.11.
% 9 P'=pw—w =pygH,—w
p' : action on bottom slab (KN/n?)
pw - hydrostatic pressure acting on bottom slab with an allowance of
approximately 1.0 m added to design draft (kN/m?)
w :self-weight of bottom slab (kN/m?)
pog : unit weight of sea water (kN/nr')
H, : water depth with an allowance of approximately 1.0 m added to design draft (m)
J—7i
Y Y ;
P p,
2 W
p WP OgHO

Fig. 2.2.11 Actions on Bottom Slab

(® When a partition wall has a thickness of 0.2 m or more, it generally has sufficient bearing strength as a column.
Thus, the examination of the bearing strength of the partition wall may be omitted.

® When a caisson is launched from a steeply-sloped slipway, the whole caisson will sink under water. Therefore,
it may be necessary to attach a temporary lid to the caisson.

(D When a caisson is craned for launching, its outer walls are subjected to different actions depending on whether

lifting accessories are used. Therefore, it is necessary to examine the actions that can occur with or without
lifting accessories.

(6) Actions to be considered in performance verification of caissons during towing may be set as follows.

(D Tt is unnecessary to take account of the hydrostatic pressure, dynamic water pressure and wave pressure that act
on caissons while they are towed.

@ The tensile force during towing of caissons can be calculated using equation (2.2.5). (See Fig. 2.2.12.)

1
T=—pCol 4

(2.2.5)
where
T : design value of tensile force during towing (kN); this value may be calculated by assuming that the
partial factor to be used for multiplying the action term is 1.0.
Cp  : drag coefficient
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Vv : towing speed (m/s)
A : wetted surface area on caisson front side (m?), 4=a(D +d)
a : width of caisson (m)
D : draft (m)
: water level on front side (m)
Po : density of sea water (t/m®)
/ : length of caisson (m)
- / g T
< > )
A -
T
—» T -
a Ll
v 5y
= A
D
\ Y -
Side view Plan view 21

Fig. 2.2.12 Tensile Force during Towing

Since caissons have no superstructure like the ones of ships and towing will not take place in a strong wind, it
is enough to consider only the fluid resistance by taking no account of the wind resistance.

Though the drag coefficient varies depending on the shape of the surface perpendicular to the current, the drag
coefficient for the rectangular board that is given in Table 7.2.1 in Part II, Chapter 2, 7.2 Fluid Force due
to Current may be used.

The towing speed is generally 2 to 3 knots.

Caissons being towed are generally subjected to the pressure resistance and the wave making resistance.
However, in view of the fact that towing will not take place when waves are high, the verification of caissons
under the water pressure during towing may be omitted provided that an allowance of 1.0 m is added to the
draft.

(7) Actions to be considered in performance verification of caissons during installation may be set as follows.

)

&)

The water pressure caused by the hydrostatic head difference between chambers shall be set as the action on
partition walls, considering construction conditions.

Caissons may be put under water by filling them with water using a siphon, pump, valve or the like. When
using a valve, it is enough to take account of the hydrostatic head difference of 1.0 m. When using a siphon or
pump, it is desirable to keep the hydrostatic head difference within 1.0 m through supervision of construction
work, for example, by moving the hose frequently.

A caisson shall be installed by pouring water into it first, and pouring a filling material into it after the water
levels in all the chambers have reached the crest of the caisson. When pouring the filling material into the
caisson, it is necessary to take care not to cause a difference in the earth pressure. The filling material is
subjected to buoyancy, so it is unnecessary to consider the action of the filling material on partition walls
during installation provided that the hydrostatic head difference caused by the filling material does not exceed
about 1.6 times the hydrostatic head difference that occurs while water is poured into the caisson.

(8) Actions to be considered in performance verification of caissons in service may be set as follows.

)

As actions on outer walls, the internal earth pressure and the internal water pressure shall be considered. For
outer walls of breakwater caissons, the influence of the actions of waves shall also be considered. In addition to
the actions of waves, breakwaters covered with wave-dissipating blocks are also affected by the impact of the
wave-dissipating blocks against the front wall, and depending on the region, by the impact load of drift ice,
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driftwood and other drifting objects, ice formations, and other factors. Therefore, when these influences are
remarkable, they must be considered as actions.

@ Internal earth pressure

(a) It can be assumed that the internal earth pressure increases as the depth increases, but does not increase
any more after the depth becomes larger than the inner width b of the wall as shown in Fig. 2.2.13.

b gk

- > -

45°

— p=KH)'

AA A

Fig. 2.2.13 Determination of Internal Earth Pressure

(b) In the case where sand or rubble is used as a filling, the coefficient of earth pressure at rest K can be
generally set at 0.6. However, the internal earth pressure may be disregarded when the filling consists of
blocks or concrete.

(c) In cases where strong cast-in-place concrete is located on top of caissons and it can be regarded that the
effect of the surcharge does not reach the filling, the surcharge may be disregarded. However, the self-
weight of the cast-in-place concrete shall be taken into account.

(d) The way of determining the internal earth pressure shown in Fig. 2.2.13 was established for convenience
based on past records and experiments, not based on measurements. For example, according to Reference
7), the earth pressure distribution of filling sand increases almost monotonically as the depth increases, and
the coefficient of earth pressure is about 0.3 to 0.35 or about 0.4 when the ratio of wall height H to wall
width B, H/B, is 4 or more or 2 or less respectively. This can be used as a reference in performance
verification of a caisson. However, when determining the internal earth pressure in this way, it is necessary
to ensure that the caisson has sufficient stability against combinations of other actions.

@ Internal water pressure

The internal water pressure shall be considered as the head difference between the water level in the caisson
and the lowest water level (LWL). In verification of the front wall of a breakwater caisson and its side walls
perpendicular to the face line, the external water level may be considered as the difference between LWL and
(Hmax)/3 when the wave troughs act on the surface of the front wall, as shown in Fig. 2.2.14(a). The internal
water pressure may be disregarded when the wave crests act on the surface of the front wall. For the rear wall,
the external water level may be considered as LWL as shown in Fig. 2.2.14(b).

@ For the front wall of a breakwater caisson, the wave force shall be taken into account when wave crests act on

the wall surface.®- %

(® Determination of the internal earth pressure and the internal water pressure in each structural member is as
shown in Fig. 2.2.14.
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*In this figure, H,stands for design wave height.
In verification of the safety (against cross-sectional failure), Hd = Hmax may be assumed.

(a) Breakwaters (front wall and side walls perpendicular to face line)
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(b) Breakwaters (rear wall)
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Internal Interna Composite
earth pressure water pressure load

(c) Quaywalls (front wall, rear wall, and side walls perpendicular to face line)

v W.L -
R e DN W S NP B e imm e e Ll
Wave Internal Composite
pressure earth pressure load

(d) Actions of waves

Fig. 2.2.14 Determination of Internal Earth Pressure and Internal Water Pressure and Actions of Waves
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(9) Actions to be considered in performance verification of the bottom slab may be set as follows.

D For fixed parts surrounded by outer walls and partition walls, the bottom reaction, the hydrostatic pressure, the
uplift, the weight of the filling material, the weight of the concrete lid, the weight of the bottom slab, and the
surcharge shall be taken into account.

@ The bottom reaction acting on a caisson or wall body can be calculated by using equation (2.2.7) or (2.2.8) in
accordance with the relationship between the eccentricity of total resultant force e and the width of the bottom
b calculated by using equation (2.2.6), as shown in Fig. 2.2.15.

H
7
/
A )/ ™
000C OO 200OC
=x=l: € -
b2 | b2
- b -

) %)
P

In the case of eséb

b!

‘

P In the case ofe>%b

Fig. 2.2.15 Bottom Reaction

(2.2.6)

e : eccentricity of total resultant force (m)

b : width of bottom (m)

V : characteristic value of vertical resultant force per unit length in direction of caisson face line (kN/m)
H : characteristic value of horizontal resultant force per unit length in direction of caisson face line (kN/m)
M, : characteristic value of moment around point A due to vertical resultant force (kNm/m)

My, : characteristic value of moment around point A due to horizontal resultant force (kNm/m)
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(a) Inthe case of e< éb

o o=[1+ 6e \V
' b )b
N\ 7r 2.2.7)
be |V
p=|l-—|=
b )b
1
(b) In the case of €= Eb
b2 7
b3 (b J
——e
2 (2.2.8)
b
=3 ——e
2
where
pi : characteristic value of reaction at front toe (kN/m?)
D2 : characteristic value of reaction at rear toe (kN/m?)
1
b : action width of bottom reaction in the case of e > gb

(@ The hydrostatic pressure shall be the water pressure acting on the caisson bottom slab at the design tide level.

@ The uplift shall be taken into account in cases where waves act on a caisson or wall body. For calculating the
uplift, refer to Part I1, Chapter 2, 6 Wave Force.

(® The unit weight of the filling material is normally determined by testing the material to be used.
® The weight of the concrete lid and bottom slab shall be the weight without consideration of buoyancy.

(@ The surcharge acting on the bottom slab of a caisson includes the weight of soil on top of the caisson and the
live load. However, the surcharge may be disregarded in the case where cast-in-place concrete is placed on top
of the caisson and it can be regarded that the influence of the surcharge does not reach the bottom slab.

In performance verification of the bottom slab, the action on it can be considered to be linearly distributed as
shown above. In reality, however, the bottom reaction is uneven and discrete due to roughness of the mound
surface. According to results of various tests including a loading test, the degree of discretization of the bottom
reaction varies depending on the design situation.!” Refer to Reference 5), in which authors presented a
reliability analysis conducted by using a stochastic model developed for distribution of bottom slab reaction
based on the said test results, and proposed load factors that can be used in verification of the bottom slab in
cases where the mound leveling accuracy deviates from the standard value.

(10) Actions to be considered in performance verification of footings may be set as follows.

(D The bottom reaction, the weight of the footings, and the surcharge on the footings shall be taken into account.
Actions may be set considering the distributions shown in Fig. 2.2.16.
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ﬁ—m_ B Y YV S bottom reaction (kKN/n?)

iy oy v weight of footing (with consideration of buoyancy) (kN/m?2)

w; :surcharge on footing (kN/m?)

\AAAA

W p, : composite load (kN/m?)

Fig. 2.2.16 Actions on Footings

@ For the bottom reaction acting on footings, the values calculated using equation (2.2.7) or (2.2.8) can be used.

©

The weight of a footing shall be the submerged weight with consideration of buoyancy.

@ As the surcharge on footings, the weight of wave-dissipating blocks with consideration of buoyancy below the

design water level, the weight of overburden soil on the land side of a quaywall, the live load, and other loads
shall be considered, depending on the type of facility.

(11) Actions to be considered in performance verification of partition walls may be set as follows.

@ In verification for extrusion of outer walls from partition walls, the internal earth pressure and internal water

pressure acting on the outer walls shall be considered. It may be assumed that these act on the joints between
the partition walls and the outer walls (see Fig. 2.2.17).

Partition
Outer wall wall Outer wall
Load bearing e P .
/ 4 Design load
area / /
/ P=Pja
a e ZBBN
2 345° % 459N
f - I D
Py
a Internal earth pressure and Action on partition Equivalent design load
e——— | internal water pressure per wall and joint with
meter of width outer wall

Fig. 2.2.17 Actions to be Considered in Examination of Extrusion of Outer Wall from Partition Wall

@ In verification for extrusion of the bottom slab from partition walls, the weight of the filling material acting on
the bottom slab, the surcharge, the weight of the bottom slab, the weight of the concrete lid, the bottom
reaction, the uplift, and the hydrostatic pressure shall be taken into account. It may be assumed that these act on
the joints between the partition walls and the bottom slab (see Fig. 2.2.18).
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w : design load acting

E:BIB on bottom slab (kN/m?)

P :load acting on joint
W&‘;t & between partition wall

and bottom slab (kN/m) l-

I

2 +— =771 Py equivalent design load to T - EEEa .
3 wls ¢_$—H ”1 be considered in W&CL 52 l * P
'

examination of extrusion
(kN/m)

BARA i“ipd

fo l_ﬁ
(1=

Fig. 2.2.18 Actions to be Considered in Examination of Extrusion of Bottom Slab from Partition Wall

(@ If there is a possibility that a caisson might be subjected to an action caused by non-uniformity of the
supporting soil layer, this action shall be examined. In this case, verification of the individual members of the
caisson may be performed assuming that they are cantilevers with a span equivalent to 1/3 of the length or
width of the caisson (see Fig. 2.2.19). Verification may also be performed using a structural analysis model in
which only the parts of the ground which can be expected to have the bearing capacity are replaced with ground
springs.

LSS //|
113

Fig. 2.2.19 Examination of Action due to Non-uniformity of Ground Bearing Capacity

@ The standard load factors for actions to be considered in verification of partition walls are shown in Table
2.2.9.
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Table 2.2.9 Combinations of Actions and Load Factors

Safety (against cross-

Design situation Direction of action . . Serviceability
sectional failure)
Variable situation associated with water Direction of action due to
pressure during installation during hydrostatic head difference 1.15r 0.55¢
construction between chambers

Permanent situation associated with internal | Direction of extrusion of outer

Maximum outward
design load that acts | Not examined

earth pressure wall from partition wall
on outer wall

Permanent situation associated with self-

weight Direction of extrusion of Maximum downward
Variable situation associated with waves bottom slab from partition design load that acts Not examined
Variable situation associated with Level 1 wall on bottom slab

earthquake ground motion

224

Performance Verification

(1) Performance verification of structural members shall be performed based on Part II1, Chapter 2, 1.1 General.

)

3)

o)

Performance verification of structural members shall be performed by setting the verification indices for the
corresponding limit states for the actions on the members calculated using the methods described in Chapter 2,
2.2.3 Actions. The settings of the verification indices shall be based on Part III, Chapter 2, 2 Structural
Members. The partial factors to be used in the performance verification may generally be set based on Table
1.1.1 in Chapter 2, 1.1.3 Partial Factors.

The cover of reinforcing bars for caissons is set to a value equal to or larger than the standard value shown in
Table 1.2.5. Examination of changes in performance over time may be omitted in cases where caissons are
constructed carefully using concrete with the water-cement ratio shown in Table 3.2.2 in Part II, Chapter 11,
3.2 Concrete Quality and Performance Characteristics and the design service life is set to about 50 years.

In performance verification of structural members, sectional forces may be determined by modeling the structural
members as slabs fixed on three sides and free on one side or slabs fixed on four sides according to constraint
conditions and making calculations based on References (Part III), Chapter 4, 2 Tables for Calculating Bending
Moments in Slabs. The sectional forces may also be calculated by using the finite element method or other
structural analysis techniques, regardless of the descriptions below in (3) through (7).

Performance verification of outer walls can be performed as follows:

)

&)

An outer wall can be assumed as a slab fixed on three sides and free on one side. It can also be assumed as a
slab fiexed on four sides in cases where sufficient reinforcing bars are placed at joints and sectional forces can
be smoothly transmitted between the outer wall and the concrete lid.

When the ratio of longer to shorter span of an outer wall is 5 or more, sectional forces can be calculated by
using the values for a slab where the ratio of longer to shorter span is 5.

The values of unbalanced moments between outer walls and the bottom slab can be used directly without
distribution.

The span to be considered in calculations shall be a center-to-center distance in principle. According to test
results given in Reference 11), fixed points of members of a caisson outer wall are located inside the haunch
and within the inner width of the outer wall.

In cases where extremely large unbalanced moments occur at points that are regarded as fixed points between
outer walls, the bending moments at the edges of the outer walls may be distributed based on the slab stiffness
ratio and the span moments may be corrected by adding one half of a distributed moment. For internal
supporting points and spans except the first span, it is unnecessary to distribute unbalanced moments because
the effect of distribution is small (see Fig. 2.2.20).

Fig. 2.2.20 shows an example of distributing unbalanced moments that occur between outer walls, and
equation (2.2.9) expresses the moments after distribution.
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K
M, =M, M, M, )J—2—
BA BA ( BA BC)Ka n Kb
K
4‘Mr =M__+(M,, —M ——b5
BC BC ( BA BC)Ka T Kb
1 K
M =M ——\M,,—-M,. ) —>*— 2.2.9)
a a 2( BA BC)Ka T Kb
1 K
M =M, +—(M, —-—M — b
b b 2 ( BA BC)Ka —l—Kb
*‘M;B =M 45
4 é:a =Mcp

where
M43, M's4, M'c, M'cs, M's, M, :bending moments after distribution of unbalanced moments (kN -m)
Mus, Mpa, Mpc, Mcs, Mo, M :bending moments before distribution of unbalanced moments (kN -m)

K., K : relative stiffness of outer wall

It should be noted that moments are positive or negative signed values.

Mcp C
K,
M,
K,
Mpc B
\\/ A
Mz, M, Mz

Fig. 2.2.20 Example of Distribution of Unbalanced Moments

(4) Performance verification of partition walls can be performed as follows.

)
)

During installation, a partition wall can be regarded as a slab supported on three sides and free on one side.

The span to be considered in calculations shall be the distance between the centerlines of walls.

(5) Performance verification of the bottom slab and footings can be performed as follows.

o)

@

®

The part of the bottom slab surrounded by outer walls and partition walls can be regarded as a slab fixed on
four sides. Footings can be regarded as cantilever slabs.

The span to be considered in calculation of a slab fixed on four sides shall be a center-to-center distance in
principle.

The cross section to be considered in calculations in connection with bending and shearing of a footing shall be
the front surface of the wall. However, the cross section to be considered in examination of diagonal tensile
shear failure may be assumed to be the cross section at the base of the front face of the wall. In this case, the
part of the haunch where the gradient is shallower than 1:3 shall be considered effective in calculations of the
height of members at the front face of the wall.
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@

In the case of reinforced concrete footings of normal dimensions, the caisson body is assumed to be rigid;
therefore, it may be considered that the moments occurring in the footings do not reach the caisson body.

(6) Other Structural Members

The performance verification methods described in Part III, Chapter 2, 2 Structural Members shall be applied
correspondingly to slit members of slit caissons and other structural members that are not covered in the said
section, considering the dimensions of the structural member to be verified, the characteristics of the actions on it,
and other factors.

(7) Others

o)
&)

®

225

In the case of quaywall caissons, verification of the safety (against fatigue failure) may be omitted in principle.

In cases where a caisson is to be lifted with a jack or other device for transportation or there is a possibility that
uneven settlement might occur after installation of a caisson, verification may be performed considering the
entire caisson as a beam. In this case, verification for punching shear of the bottom slab is necessary.

Outer walls of breakwaters covered with wave-dissipating blocks might exhibit local failure due to repeated
collisions of wave-dissipating blocks. Refer to Reference 12), which provides methods for design and
verification against local failures of caisson outer walls.

Verification of Suspension Hooks during Lifting

(1) The load to be caused by one suspension hook shall be determined appropriately in consideration of the weight of
the caisson to be lifted, the adhesion acting on the bottom surface of the caisson, and other conditions.

)

The action on one suspension hook can be determined by using equation (2.2.10).

:w k (2.2.10)
Nsind
where
Py : design value of action on one suspension hook (kN); this value may be calculated by assuming that the
partial factor to be used for multiplying the action term is 1.0.
w . characteristic value of weight of caisson (kN)
w' : characteristic value of additional weight of caisson (kNN)
W=0.05w
F : characteristic value of bottom friction of caisson (kN)
F=3.04
A : bottom area of caisson (m?)
k : imbalance coefficient
N : number of suspension hooks
% : angle formed by rope and top surface of caisson (°); this angle may be assumed to be 90° in cases

where it will be used for calculating the embedded length of suspension hooks or a suspension frame
will be installed.

The imbalance coefficient £ may be generally set to 1.8. According to results of measuring the actions that
occurred during lifting of actual caissons, the maximum imbalance coefficient was 1.24 and 1.56 for 3,300-kN
caissons (8-point lifting) and 9,800-kN caissons (16-point lifting) respectively, and the overall average was
1.36. The general value of 1.8 means that the probability of exceeding 1.8 is about 0.3%. The imbalance
coefficient is set to a larger value for lifting with a smaller number of suspension hooks, and this value may be
reduced when it is considered appropriate to do so based on results of a lifting test or the like. According to
results of measuring the actions that occurred during lifting of an actual caisson, the weight of the caisson was
slightly larger than the design value due to bulge and stagnant water in the caisson, and the bottom adhesion
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was slightly smaller than the design value. As a whole, the measurement results of actions were almost equal to
design values.

(@ The load factor may be assumed to be 1.0 on condition that the imbalance coefficient has been set
appropriately.

@ When the unit weight of a caisson was assumed to be 24.0 kKN/m? and stagnant water in the caisson was taken
into consideration, the bulge of the caisson by weight was 4.5% and 5.8% on average for 3,300-kN and 9,800-
kN caissons respectively and the standard deviation was 2.2%. The overall average was 5.5% and the standard
deviation was 2.1%. From these results, the additional weight of a caisson was set to 5% of the design value of
the weight of the caisson.

(® When sand mat and geotextile fabric were laid underneath a caisson, the bottom adhesion was in a range from 0
to 1.2 kN/m? with the average of 0.45 kN/m? and the standard deviation of 0.47 kN/m2. However, it is expected
that the actual bottom adhesion will be significantly affected by the shape of the bottom surface and by sand
mat and other underlaid materials. In view of this, the design value of the bottom adhesion per unit area was set
to 3.0 kN/m?.

(2) Verification in cases where plain bars are used for suspension hooks

(D Verification of suspension hooks may be performed by using equation (2.2.11) and using the shear yield
resistance of the suspension hooks or the bonding and fixing resistance of the embedded parts of the suspension
hooks, whichever is smaller (see Fig. 2.2.21).

P .
v —d4 <10
min(7} .7, )
xD’ f..
y = —3“' (2.2.11)
2-10°y,
27 Df,, mal
2% T 108,
¢ 107y,
where
i : structure factor
Twa  : design value of shear yield resistance of suspension hook (kN)
Toa  : design value of bonding and fixing resistance of embedded part of suspension hook (kN)
Py : design value of action on one suspension hook (kN); this value may be calculated by using equation
(2.2.10).
D : diameter of suspension hook (mm)
fwa  : design value of shear yield strength of suspension hook (N/mm?); this value may be calculated by
assuming that the material factor y.is 1.0.
froa : design value of bond strength of concrete (N/mm?); this value may be calculated by assuming that the
material factor y.is 1.0.
m . effect of hook; this may be generally assumed to be 1.5.
o : factor to be used for taking account of bond strength of plain reinforcing bars; this value may be
generally set to 1.1.
l : embedded length of suspension hook (mm)
Yo : member factor (= 1.1)
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(W+W'+F)

Fig. 2.2.21 Actions on Suspension Hooks during Direct Lifting

@ It was found in full-scale failure tests of caisson suspension hooks ' 13 that caisson walls crack in different
ways before the failure load is reached. However, it was also proved that caissons are sufficiently safe when
they are subjected to loads within the range of the design load, so it is allowable to omit examination on failure
of caisson walls.

(@ Actions on suspension hooks are transmitted by the adhesion between concrete and straight parts of suspension
hooks and by the hook fixing effect. According to test results, the action on suspension hooks that was 3 times
the action on the hook starting point was almost equivalent to the design load, and it was about 40 to 60% of
the ultimate failure load. The test results also indicated that the failure load was governed by the tensile strength
of concrete in parts close to the hooks, not by the bond between suspension hooks and concrete. Based on the
mechanism of these eventual failures and results of measuring failure loads, it can be considered that hooks
have sufficient strength even when they bear 1/3 of the overall load.

@ According to test results concerning the bond strength during lifting of a caisson, the maximum bond strength
of concrete with compressive strength of 24.0 N/mm? was 1.2 to 1.4 N/mm? when the age of concrete was 11
days.

® According to test results, the strength of suspension hooks was significantly affected by not only the tensile
force but also the bending moment and the shearing force, and the suspension hooks reached the yield point
when they were subjected to a very small action. However, suspension hooks are temporary tools and it was
proved that they would not fracture under loads in the range of the design load. In view of this, it was decided
that verification should be performed in terms of the tensile yield or the shear yield. In general, the design value
of the shear yield strength is smaller than the design value of the tensile yield strength, so performance
verification can be performed by using the shear yield strength.

® To prevent cracking between embedded parts of suspension hooks used in combination with a suspension
frame, it is effective to shape the suspension hooks in such a way as to reduce the horizontal force that occurs
due to the structure (see Fig. 2.2.22) and to provide reinforcing bars between suspension hooks to reduce the
crack width.
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1IN I\ 777

Fig. 2.2.22 Shape of Suspension Hook

@ For direct lifting, performance verification shall be performed against shear failure at points where suspension
hooks are embedded on top of an outer wall. On the assumption that a fracture on top of the outer wall is
shaped as shown in Fig. 2.2.23, verification of performance against shear failures on top of the outer wall can
be performed by using equation (2.2.12).

R
7, —~<1.0
Vea
R, =P, cos@sin¢ (2.2.12)
f;@ Ar
Vm’ = : 3
10
where
Yi : structure factor
Ry : design value of horizontal force acting on suspension hook in direction perpendicular to outer wall
(kN)
Vea  : design value of shear resistance (kN)
0 : angle formed by rope and top surface of caisson (°)
@ : angle formed by outer wall and projection on top surface of caisson (°)

_ 0.208,5,8,\[ 1.,
Vs

B, =31000/d <15

B, =3100/p <15
f.=1.0

fea  : design value of compressive strength of concrete (N/mm?); this value may be calculated by assuming
that the material factor y.is 1.0.

Ved

d : distance from center of suspension hooks to horizontal reinforcing bar (mm)

p= 4
b2d
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As : amount of horizontal reinforcing bars in shear plane (mm?)

b : length obtained by adding d to spacing of suspension hooks (mm); spacing of suspension hooks shall
not exceed 5D in principle.

D : diameter of suspension hook (mm)

A : shear resistance area (mm?), 4. = bﬁd

Vb : member factor (= 1.3)

b
s
’ ¢y
\

IN7 7amumy|

M

Shaded areas in the figure
show the broken part.

Fig. 2.2.23 Fracture of Outer Wall

If the design shear resistance calculated by using equation (2.2.12) is lower than the design horizontal force,
the required shear resistance shall be secured by increasing the amount of reinforcement on top of the outer
wall or by using the reinforcing method shown in Fig. 2.2.24. Test results indicated that, when a suspension
hook was subjected to a horizontal force, a bending strain occurred in the suspension hook in the part from the
top surface of the caisson wall down to a depth 3 to 4 times the diameter of the suspension hook. Therefore,
two or three layers of reinforcing bars shall be arranged in this part.

According to results of a tension test of improved suspension hooks shaped like a nut (see Fig. 2.2.25) or a
hairpin and secured not relying on bonding, cracking occurred under a load in the range from 780 to 1,200 kN
and the maximum load was 2,200 to 2,800 kN when the test wall was 0.4 meter thick, the compressive strength
of concrete was 24 N/mm?, the suspension hooks were made of SV70, the diameter of suspension hooks was 80
mm and 70 mm, the concrete was 10 to 11 days old, and the embedded length of suspension hooks was 2 m.
The test results also indicated that the suspension hooks were removable and reusable after testing.
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Dlrecthi‘l of load @
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Bearing board

Reinforcing bars are arranged in the part
from top of caisson to a depth 3 to 4 times
the diameter of the suspension hook.

Fig. 2.2.24 Example of Reinforcing Method for Fig. 2.2.25 Shape of Improved Suspension Hook

Top of Outer Wall (Nut-Shaped)

(3) Verification of Suspension Hooks Made of High Tensile Strength Deformed Steel Bars

)

&)

When suspension hooks for caissons or similar structures are made of high tensile strength deformed steel bars,
performance verification of the suspension hooks can be performed in the following way.

Performance verification of suspension hooks made of high tensile strength deformed steel bars can be
performed by using equation (2.2.13) and using the tensile yield resistance of the suspension hooks or the
bonding and fixing resistance of the embedded parts of the suspension hooks, whichever is smaller.

P
y———t——<1.0
min(7,;,7,,)
2
zD°f
T, = 7D o (2.2.13)
3
4.10%y,
T = Dfyactl,
2d 10° Vs

where
Yi . structure factor
Py : design value of action on one suspension hook (kN)
Twa  : design value of tensile yield resistance of suspension hook (kN)
T>a  : design value of bonding and fixing resistance of embedded part of suspension hook (kN)
D : diameter of suspension hook (mm)
fra : design value of tensile yield strength of suspension hook (N/mm?); this value may be calculated by

assuming that the material factor y.is 1.0.
froa : design value of bond strength of concrete (N/mm?); this value may be calculated by assuming that the

material factor y.is 1.0.
o : factor to be used for taking account of bond strength of deformed bars; this value may be generally set

t0 0.9.
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L : length of bonded part of suspension hook (mm)

) : member factor (= 1.1)

@ According to results of a test of suspension hooks made of high tensile strength deformed steel bars, the
suspension hooks satisfied performance requirements with no need to take special reinforcement measures
under the condition that the concrete strength is 24 N/mm? or higher, the wall into which the suspension hooks
were embedded was 0.4 meter thick, and the action on one suspension hook was 1,600 kN or less and on the
assumption that the required bonded length of suspension hooks /; is 30D.

@ In principle, suspension hooks shall be longer than the length calculated by using equation (2.2.14) (see Fig.

2.2.26).
L=5+1,+L 2.2.14)
where
L : length of bonded part of suspension hook (mm)
b : length of unbonded part (6D or more)
I3 : length of protruding part (2D to 200 mm)

N
A \

Y
v
A A
v
A
NS
A\ / \j

Fig. 2.2.26 Embedded Length of Suspension Hook

5

(® Performance verification of suspension hooks regarding tensile yield resistance and shear resistance at their
hinges shall be performed based on equation (2.2.15) (see Fig. 2.2.27).
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P
Y —4 < 1.0y;
3d
Sy, QR—dH)t

3d 1 03 v,
P
—4 <10 (2.2.15)
1d
—
dH
2
2fw, 10+,/R _[7J t
V pu—
1; 1 03 ¥y
where
Yi : structure factor
Py . design value of action on one suspension hook (kN)
T3¢ : design value of tensile yield resistance at hinge of suspension hook (kN)
Viae : design value of shear resistance at hinge of suspension hook (kN)
R : diameter of ring (mm)
dH  : diameter of ring hole (mm)
t . thickness of ring (mm)
fra : design value of tensile yield strength of suspension hook (N/mm?); this value may be calculated by

assuming that the material factor y.is 1.0.

fwa  : design value of shear yield strength of suspension hook (N/mm?); this value may be calculated by
assuming that the material factor y.is 1.0.

b : member factor (= 1.1)

Ring thickness
t Ring width 2R |

2

Ring hole diameterdH

>

0z
el
\/—
P

O 6‘.}';
R
. .

cehot

\‘Vinyl chloride pipe or the like

L

Unbonded part
(>60) N

Product length L

Unit: mm

ARV

Fig. 2.2.27 Detailed Drawing of Suspension Hook
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2.3 L-shaped Blocks

[Public Notice] (Performance Criteria of L-shaped blocks)

Article 24

The performance criteria of a reinforced concrete L-shaped block (hereinafter referred to as a “L-shaped block™ in this
Article) shall be such that the risk of impairing the integrity of the front wall, bottom slab, buttress, and footing of the
L-shaped block is equal to or less than the threshold level, under the permanent state in which the dominating actions
are self-weight and earth pressure, and under the variable situation in which the dominating actions are Level 1
earthquake ground motions and variable waves in consideration of the type of facility.

[Interpretation]

8. Members Composing Facilities Subject to the Technical Standards

(4) Performance Criteria of L-shaped Blocks (Article 7, paragraph 1 of the Ministerial Ordinance and the
interpretation related to Article 24 of the Public Notice)

(D Performance criteria of caissons and their interpretation, except those related to flotation and installation,
shall be applied correspondingly to L-shaped blocks, provided that the terms “outer wall,” “partition
wall” and “internal earth pressure” shall be replaced with “front wall,” “buttress” and “earth pressure”
respectively.

@ Serviceability shall be the required performance for L-shaped blocks under the permanent situation in
which the dominating action is earth pressure and under the variable situation in which the dominating
actions are Level 1 earthquake ground motions and variable waves. Performance verification items for
those actions and standard indices for setting limit values shall be in accordance with Attached Table 8-
10.

Attached Table 8-10 Performance Verification Items and Standard Indices for Setting Limit Values for
L-shaped Blocks

Ministerial . . L
0;2;151;11 Public Notice Design situation
Q8
ISER=] .
g 2 Verificati Standard index
o | & o | & ES 5 CLICAHON 1 for setting limit
—_ < —_ < = .S . . g g limi
S g1 E S g gl €3 =i o . Non-dominating item 1
£ = o £ o 2 5 & = Dominating action . value
< = = < 5 i -} £ action
[ov [ov 2
Extrusion of
Water pressure,
. . front wall or
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Note: The action shown in brackets is an alternative dominating action.
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2.31 Fundamentals of Performance Verification
(1) An example of the performance verification procedure for L-shaped blocks is shown in Fig. 2.3.1.

(2) For performance verification of L-shaped blocks, refer to the Technical Manual for L-shaped Block Quaywalls
19 and Part II1, Chapter 2, 2.2 Caissons.

Setting of design conditions

Assumption of dimensions of L-shaped block members |<

v

Evaluation of actions

—Performance verification
Permanent situation, and variable situation associated

with waves and Level 1 earthquake ground motion

A 4
| Verification of safety (against cross-sectional failure) and serviceability of front wall I

v

| Verification of safety (against cross-sectional failure) and serviceability of buttress |

v

| Verification of safety (against cross-sectional failure) and serviceability of bottom slab |

v

| Verification of safety (against cross-sectional failure) and serviceability of footing |

y
I Verification of ancillaries I

v

I Determination of dimensions I

*1: For high earthquake-resistance facilities and the facilities to which damage might have a serious impact on
human life, property, and social activity, it is preferable to verify the performance under accidental situations,
as necessary.

Fig. 2.3.1 Example of Performance Verification Procedure for L-shaped Blocks

2.3.2 Determination of Basic Cross Section and Characteristic Values

(1) It is desirable that the dimensions of the members of L-shaped blocks be determined considering the following
items:

(D Capacity of L-shaped block fabrication facilities

@ Hoisting capacity of crane

(@ Water depth at which L-shaped blocks are to be installed (mound water depth)

@ Service conditions after installation of L-shaped blocks (backfilling and superstructure construction)

(2) The wall height of L-shaped blocks should be determined so that the superstructure may be easily constructed,
considering the water depth at the front face and the tidal range when the L-shaped blocks form the main body of a
facility.

2.3.3 Actions
(1) For setting of actions, refer to Part III, Chapter 2, 2.2.3 Actions.

(2) Actions on the members of L-shaped blocks can be considered as shown in Fig. 2.3.2.

- 613 -



Technical Standards and Commentaries for Port and Harbour Facilities in Japan

(3) For calculating the earth pressure, refer to Part II, Chapter 4, 2 Earth Pressure and the Technical Manual for L-

S VAN §%K1 wihi
Dynamic <—LEar thu.re
< press
water  /+~—| =P

pressure

—]
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\
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\
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::\
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(a) Actions on front wall and buttress

where

q : surcharge (kN/m?)

Y1 : unit weight of soil above residual water level (kN/m?)

Y2 : unit weight of soil below residual water level (kN/m?)

png  : unit weight of sea water (kN/m?)

m . thickness of layer of soil above residual water level (m)

hy : thickness of layer of soil below residual water level (m)

h3 : tidal range (m)

hy : thickness of bottom slab (m)

K . coefficient of earth pressure of soil above residual water level
K : coefficient of earth pressure of soil below residual water level
wi : weight of soil above residual water level (kN/m?)

wa : weight of soil below residual water level (kN/m?)

ws  : self-weight of bottom slab (kN/m?)

Surchar§ (
overburden soil
pw-g, h3

Residual bottom slab
water

pressure

Self- @
weight
MBottom reaction

(b) Actions on footing

e+ weightiof

and sand + self-weight of

haw2

q+(W1h1+W2h2)+Wh4

— YRV

f
%tom reaction

(c) Actions on bottom slab

Fig. 2.3.2 Actions on L-shaped Blocks

shaped Block Quaywalls '¥.

(4) For calculating the bottom reaction, refer to Part III, Chapter 2, 2.2.3 Actions (9).

(5) In the fabrication process of an L-shaped block, its concrete wall may be constructed in the upright position or in
the lying position. In cases where the wall is constructed in the lying position, the block needs to be raised before
installation; therefore, in performance verifications, it is necessary to study the actions that occur when the block is

(6)

raised.

In general, the actions on L-shaped blocks are not distributed uniformly. However, these non-uniformly distributed
actions may be considered to be a combination of appropriately divided, uniformly distributed loads. In this case,
the combination of divided loads should not cause weak points in strengths of members. Examples of ways to

divide loads are shown in Fig. 2.3.3.
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(a) Earth pressure (b) External forces acting on footing and bottom slab

Fig. 2.3.3 Examples of Ways to Divide Loads

Performance Verification

(1) Front wall

)
)

®©@ e e e

Performance verification of the front wall can generally be performed assuming it as a buttressed slab.

In cases where the front wall is supported by a single buttress or by two or more buttresses, performance
verification can be performed assuming the front wall as a buttressed cantilever slab or a continuous slab
respectively.

The member length of the front wall shall be measured from the centerline of a buttress in principle.

Actions that work on the front wall from behind can be generally regarded as acting on the entire member
length.

The member length of the front wall and the actions on it can be considered as shown in Fig. 2.3.4.

Structurally, the front wall is supported by the bottom slab as well as by one or more buttresses. Therefore, the
front wall may be regarded as a slab which is supported on two or three sides. For an L-shaped block with a
high front wall, it is generally possible to assume the front wall as a cantilever slab or continuous slab in the
performance verification, giving consideration to complicatedly arranged reinforcing bars at the joint between
the front wall and the bottom slab. It is also possible to assume the front wall as a slab supported on two or
three sides, instead of a cantilever slab or continuous slab, if it is more reasonable to do so.
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Fig. 2.3.4 Member Length of Front Wall and Actions on It

(2) Footing

(D Performance verification of the footing can be performed assuming it as a cantilever slab supported by the front
wall.

@ The member length of the footing may be regarded as the distance between the front edge of the footing and the
front face of the front wall.

(® The member length of the footing and the actions on it can be considered as shown in Fig. 2.3.5.

Front wall

S

Footing S

p= (bottom reaction) — (self-weight of footing)

Fig. 2.3.5 Member Length of Footing and Actions on It

(3) Bottom Slab

(D Performance verification of the bottom slab can generally be performed assuming it as a buttressed slab. When
the bottom slab is supported by a single buttress or by two or more buttresses, it can be treated as a buttressed
cantilever slab or a continuous slab respectively.
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“)

®

The member length of the bottom slab may be regarded as the distance measured from the centerline of a
buttress.

Actions from the upper surface of the bottom slab can generally be regarded as acting on the entire member
length.

The bottom slab may be regarded as a structure supported by the front wall as well as by one or more
buttresses. Therefore, performance verification of the bottom slab may be performed assuming it as a slab
supported on two or three sides. However, for the same reason as stated in (1), verification may generally be
performed assuming that the bottom slab is a cantilever slab or a continuous slab. Accordingly, in the cases
where it is advantageous in performance verification to assume the bottom slab as a slab supported on two or
three sides, it is not necessary to assume the bottom slab as a cantilever slab or continuous slab as described in

.

Among actions on the bottom slab, the bottom reaction acts on the entire member length, but the action
transmitted by backfilling and coming from the upper surface of the bottom slab can be considered as acting on
the net span of the bottom slab. However, considering the action from the upper surface of the bottom slab in
this way requires troublesome calculations and does not have a large effect on performance verification.
Therefore, the action transmitted by backfilling and coming from the upper surface of the bottom slab may
generally be considered as acting on the entire member length.

In performance verification of the bottom slab, it is necessary to set the load factor considering the load under
which the member is at the greatest risk.

Buttresses

Q ©® © 60 006

Performance verification of a buttress can be performed assuming it as a T-beam integrated with the front wall.

A buttress may be examined assuming it as a cantilever beam supported by the bottom slab against the reaction
from the front wall.

Performance verification of a buttress shall be performed for the cross sections parallel to the bottom slab.

The buttress(es), the front wall, and the bottom slab shall be ligdly connected. The amount of reinforcing bars
required for this purpose shall be calculated independently from that of stirrups against shearing forces.

When performance verification of the front wall and the bottom slab is performed as described here, actions
from behind the buttress(es) may be disregarded.

The member length of a buttress can be considered to be the total height including the bottom slab, as shown in
Fig. 2.3.6. However, it is necessary to consider actions that work on the superstructure as well as the buttress.

When the cross section of a buttress is calculated assuming it as a T-beam, attention shall be paid to the
position of the neutral axis which is located either in the front wall or in the buttress.
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Crown

Superstructure—| \

A A
P
H Ch
/
/ / D)
< b .y
where
p : sum of earth pressure and residual water pressure (kN/m?)
In : member length of buttress (m)
b : width of block (m)

H . height of block (m)

Fig. 2.3.6 Member Length of Buttress and Actions on It

2.3.5  Verification of Lifting Points

(1) For performance verification of lifting points, refer to Part III, Chapter 2, 2.2.5 Verification of Suspension
Hooks during Lifting.

(2) Part III, Chapter 2, 2.2.5 Verification of Suspension Hooks during Lifting gives the imbalance coefficient of
1.8, and this is the value set for multipoint lifting. When the number of lifting points is small, the imbalance
coefficient may be set to a value less than 1.8. It is common to set the imbalance coefficient to 1.8 for lifting at five
points or more, 1.33 for lifting at four points or more, and about 1.2 for lifting at three or two points.

(3) In cases where an L-shaped block is lifted by a floating crane or is expected to be affected by waves during lifting,
it is necessary to consider the impact load acting on the L-shaped block. The impact load acting on an L-shaped
block lifted by a floating crane can be considered as about 20% of the weight of the block. It may be considered
that the bottom adhesion and the impact load will not act on the block simultaneously.
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2.4 Cellular Blocks

[Public Notice] (Performance Criteria for Cellular Blocks)

Article 25

The provisions of Article 23 apply mutatis mutandis to the performance criteria of cellular blocks made of reinforced
concrete.

[Interpretation]

8. Members Composed of Facilities Subject to the Technical Standards

(5) Performance Criteria of Cellular Blocks (Article 7, paragraph 1 of the Ministerial Ordinance and the
interpretation related to Article 25 of the Public Notice)

The performance criteria of caissons and their interpretation shall be applied correspondingly to cellular
blocks made of reinforced concrete.

2.41 Fundamentals of Performance Verification

(1) “Cellular blocks” generally refer to blocks that are composed of outer walls without a bottom slab. A single block or
stacked blocks function as a wall body. As a special type, cellular blocks with a bottom slab are also used. It is
necessary to adopt an appropriate performance verification method on the basis of an adequate understanding of the
characteristics of the block shape.

(2) Cellular blocks have various cross-sectional shapes. Fig. 2.4.1 shows examples of cellular blocks.
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Fig. 2.4.1 Examples of Cellular Blocks
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(3) Fig. 2.4.2 shows an example of the performance verification procedure for cellular blocks.

Setting of design conditions

v

Assumption of dimensions of cellular block members I

v

Evaluation of actions

A

— Performance verification
Permanent situation, variable situation associated
v with waves, and Level 1 earthquake ground motion

| Verification of the safety (against cross-sectional failure) and serviceability of the front wall I

v

| Verification of the safety (against cross-sectional failure) and serviceability of the rear wall I

v

| Verification of the safety (against cross-sectional failure) and serviceability of the side walls |

v

| Verification of the safety (against cross-sectional failure) and serviceability of the partition walls |

v

| Verification of the safety (against cross-sectional failure) and serviceability of the bottom slab I

v

| Verification of the safety (against cross-sectional failure) and serviceability of the footing [

| Verification of ancillaries |

v

| Determination of dimensions |

*1: For outer walls that are not exposed to waves, verification may be limited to serviceability.

*2: For high earthquake-resistance facilities or facilities to which damage might have a serious effect on human
life, property, and social activity, it is preferable to verify the performance under accidental situations. The
verification of accidental situations associated with waves shall be performed in cases wherein damage to those
facilities might have a serious effect on hazardous material handling facilities located just behind them.

Fig. 2.4.2 Example of Performance Verification Procedure for Cellular Blocks

(4) For the performance verification of cellular blocks, refer to Part III, Chapter 2, 1 Verification of Members.

(5) For the various types of cellular blocks, refer to Part III, Chapter 2, 2.2 Caissons and Part I1I, Chapter 2, 2.3 L-
Shaped Blocks depending on structural type.

When cellular blocks will be used as members of breakwaters, revetments, or other structures subject to the action
of the wave force, safety (against fatigue failure) should be studied separately.

2.4.2  Setting of the Basic Cross Section
(1) The dimensions of members of cellular blocks shall be set by considering the following items:

Capability of cellular block fabrication facilities

Hoisting capacity of the crane

Water depth at the location where cellular blocks will be installed

Work conditions after the installation of cellular blocks (backfilling and superstructure construction)

©®0e

Formation of a mutually integrated block structure when blocks are stacked in tiers
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24.3 Actions

(1) The rear wall is subject to the backfill earth pressure, the residual water pressure, and other external forces.
However, the examination of these external forces may generally be omitted because they are canceled out by the
internal earth pressure.

(2) The internal earth pressure and residual water pressure acting on cellular blocks can generally be considered as
shown in Fig. 2.4.3. In cases wherein the wall body composed of cellular blocks is backfilled, the stresses on the
side walls and rear walls due to the filling in the cellular blocks are reduced by the active earth pressure, the
residual water pressure, and other forces after backfilling is completed. However, in view of the fact there are many
cases wherein filling precedes backfilling in the process of construction, performance verification should be
performed for members in this state.

Outer wall (front wall)

Earth pressure of the filling +
residual water pressure

Outer wall
Outer wall

Outer wall (rear wall)

Fig. 2.4.3 Actions on the Cellular Block]

(3) Actions on the front wall, rear wall, and side walls

(D As actions on the front wall, rear wall, and side walls of a cellular block, the internal earth pressure and residual
water pressure shall be taken into account. However, in cases wherein cast-in-place concrete is placed on top of
the cellular block to a degree such that the surcharge may not affect the interior of the cellular block, it is
generally not necessary to consider the surcharge imposed on the cast-in-place concrete.

@ Internal earth pressure

(a) The coefficient of earth pressure for the internal earth pressure may be set as 0.6. However, it is not
necessary to consider the internal earth pressure when the filling consists of blocks or concrete.

(b) It may be considered that the internal earth pressure increases as the depth from the crown of the wall
increases but does not increase any more after the depth becomes larger than the inner width b1 of the wall.

(c) The earth pressure acting on cellular blocks stacked in tiers may be considered as shown in Fig. 2.4.4.
However, when the inner width of the lower cellular blocks is smaller than that of the upper blocks (in the
case of cellular blocks partitioned by partition walls), the earth pressure obtained for the upper blocks may
be extended to the lower blocks without increasing its value.

- 621 -



Technical Standards and Commentaries for Port and Harbour Facilities in Japan

D1 =K Y1 1H>
© P2=KY2(H1- H>)
o 5
Residual
H, t water level
H{| —
- .....
y -
H; -
o - P3=KY>(H5- Hy)
| %
v A
- |
where
q : surcharge (kN/m?);
Y1 : unit weight of the filling material above the residual water level (kN/m?);
Y2 : unit weight of the filling material below the residual water level (kN/m?);
K : coefficient of internal earth pressure K = 0.6;
bi : inner width of the wall (m) (b1 = H1).

Fig. 2.4.4 Method of Calculating the Internal Earth Pressure

(d) For the internal earth pressure in cellular blocks, refer to Part III, Chapter 2, 2.2 Caissons.
esidual water pressure
® Residual P
(a) For breakwaters

The residual water pressure (internal water pressure in a cellular block) is generally obtained by
calculating the hydraulic head difference between the water level inside the block and LWL. However,
when the wave trough acts on the front of a breakwater, the resultant increase in the internal water pressure
shall be considered on the basis of the circumstances.

(b) For quaywalls

The residual water pressure is generally obtained by calculating the hydraulic head difference between the
residual water level and LWL.

@ When the wave trough acts on the front of a cellular block used for a breakwater, revetment, or similar facility,
the resultant increase in the residual water level difference needs to be examined. For the action that occurs in
this state, refer to Part II, Chapter 2, 6.2 Wave Force on Upright Walls.

(4) Actions on partition walls

Partition walls shall be designed to ensure that outer walls will not fall forward, i.e., outer walls will not be extruded
from partition walls, due to the internal earth pressure and residual water pressure. As an action that might cause the
extrusion of outer walls from partition walls, the earth pressure acting on the shaded areas in Fig. 2.4.5. shall be
taken into consideration.
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Outer wall Outer wall
(front wall) ! Partition (rear wall)
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£ ; ‘ Earth pressure of filling Earth pressure of filling

2 >l > + residual water pressure  + residual water pressure
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Fig. 2.4.5 Determination of Actions That Affect the Extrusion of the Outer Walls from the Partition Wall

(5) Wave forces are generally not considered. However, in cases wherein a particularly strong impact wave pressure
acts on the wall, it is necessary to consider this action.

(6) For actions during construction, refer to Part III, Chapter 2, 2.3 L-Shaped Blocks.

(7) For the combinations of the general actions to be considered in the performance verifications and the load factors to
be used for multiplying the characteristic values of the respective actions, refer to the combinations of actions and
the load factors shown in Part III, Chapter 2, 2.3.3 Actions.

(8) In the cases wherein the actions on the members of cellular blocks are divided for calculation convenience, refer to
Part ITI, Chapter 2, 2.3.3 Actions.

244 Performance Verification
(1) Rectangular Cellular Blocks
@ Outer walls

(a) Actions on a rectangular cellular block may be divided into stages and calculated for the unit width of the
wall surface by assuming that the cellular block is a rigid frame. The methods for analyzing rigid frames
include the slope-deflection method and the moment distribution method.

(b) The span to be considered in calculations shall be a center-to-center distance in principle. According to the
results of a model test, the fixed points of members of a caisson outer wall are located inside the haunch
and within the inner width of the outer wall.'V

(c) For a rigid frame shown in Fig. 2.4.6, the moment about the axis can be calculated by using equation
(2.4.1).
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The end shearing force shall be calculated by using equation (2.4.3).

where 04 and 6z shall be calculated by using equation (2.4.2).

(2.4.2)
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Fig. 2.4.6 Actions and Stresses on Rigid Frame

Bending moments at the given points of members shall be calculated by using equation (2.4.4).

Bending moment of member BC

Wy 2
M, =M+ Spex + 73x
Bending moment of member AB
W, 2
A/[xAB =M, +SAB‘x+72x
Bending moment of member AD

M, = MAD+SADX+%X2

X

N

> (2.4.4)

Symbols in Fig. 2.4.6 and equations (2.4.1) to (2.4.4) stand for the followings:

M;  : end moment (kN *m);

S; . end shearing force (kN);

M,;  : bending moment at point x between supporting points (kN -m);
E : modulus of elasticity (kN/m?);

K; : relative stiffness (m?);

I; : geometrical moment of inertia (m*);

l; : span (m);

Wi : load intensity (kN/m);

Or : end deflection angle (rad).
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® Partition walls

(a) The member forces acting on partition walls can be calculated in the same way as described in (D Outer

walls.

(b) In cases wherein earth pressure might be generated owing to a difference in the filling height between
neighboring chambers in the process of construction, partition walls shall be designed to be strong against
the earth pressure. The member length and actions can be determined as shown in Fig. 2.4.7. Bending
moments in a partition wall can be calculated by assuming the wall as a beam with both ends fixed (refer

to equation (2.4.5)).

B wl*
Me=—77

B wi?
T

where

Mc  : moment at end (kKN-m);

Mp  : moment at center (kN-m);
w : load intensity (kN/m);
l : span (m).
Outer wall (front wall) | Fixed
~ /777
[ N
| -
E 5 b
= =
/ B .2 -
S 5
o -
N\ Outer wall (rear wall) / '\ J =
y <
RN
| Fixed

Fig. 2.4.7 Determination of the Member Length of the Partition Wall and the Actions on It

(c) The span to be considered in calculations shall be the center-to-center distance in principle.

@ Footings

(2.4.5)

(a) In performance verification, footings may be assumed as cantilever slabs supported by the outer walls.

(b) The member length of a footing may be considered the distance from the front of the outer wall to the tip

of the footing.
(2) Other Types of Cellular Blocks
@ Front wall

(a) The performance verification of the front wall may be conducted by assuming it as a slab supported by
side walls in principle. For the front wall protruding from the right and left sides of the frame, unbalanced
moments at supporting points shall be assumed to be conveyed to the side walls.

(b) The member length of the front wall shall be the distance between the centerlines of side walls in principle.
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(c) Actions that work on the front wall from behind can be determined as shown in Fig. 2.4.8. Actions in the
vertical direction can be calculated as uniformly distributed loads.

Side wall

|
|
T~

77, T

N

I: span
p: load intensity

Front wall

~J

Fig. 2.4.8 Member Length of the Front Wall and the Actions on It on a Cross Section with a Projected Edge

® Rear wall

(a) When a cellular block is used for a mooring facility or a revetment, the rear wall differs from the front
wall: the front surface of the front wall is free, whereas the surface of the rear wall is subjected to the earth
pressure generated by the soil behind it. However, it is common that filling precedes backfilling in the
process of construction, thus making the front wall and rear wall subjected to the same condition. In view

of this, the performance verification of the rear wall may be conducted in the same way as that of the front
wall.

(b) The earth pressure generated by filling shall be considered the action on the rear wall. It is generally
unnecessary to consider the active earth pressure behind the rear wall.

@ Side walls

(a) The performance verification of side walls shall be conducted in terms of performance against reactions

from the front wall and rear wall and against the moments transmitted from them. The member length of a
side wall and the actions on it may be considered as shown in Fig. 2.4.9.

Front wall Rear wall
Side wall
A MF £NM3
-~
r 7 Pp
/

Fig. 2.4.9 Member Length of the Side Wall and the Actions on It on a Cross Section with Projected Edges
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Symbols in Fig. 2.4.9 stand for the following:

Pr : reaction from front wall (kN);

Mr  : moment transmitted from front wall (kN -m);
Pp : reaction from the rear wall (kN);

Mp  : moment transmitted from rear wall (kN-m);
l : span (m).

(b) The member length of a side wall may be considered the distance between the centerlines of the front and
rear walls.

(c) In cases wherein earth pressure might be generated owing to a difference in the filling height between
neighboring chambers in the process of construction, side walls shall be designed to be strong against the
earth pressure.

@ Bottom slab

In cases wherein the bottom slab is provided at the bottom of a cellular block, performance verification shall be
conducted in terms of the surcharge acting on the upper surface of the bottom slab, the self-weight of the
bottom slab, and the bottom reaction acting on the lower surface of the bottom slab.

2.4.5  Verification of Lifting Points

(1) For the performance verification of lifting points, refer to Part III, Chapter 2, 2.2.5 Verification of Suspension
Hooks during Lifting or Part III, Chapter 2, 2.3.5 Verification of Lifting Points.

(2) The lifting points of a cellular block should be carefully arranged out of the center of a member.

(3) When stacking cellular blocks in tiers, it is advisable to take measures to prevent suspension hooks from interfering
with the stacking of blocks, e.g., by recessing the surface in which a suspension hook is embedded. Fig. 2.4.10
shows an example of recessing the surface.

7

N
\ S

Cellular block Cellular block
E’ - <
£ Suspension Suspension
E < |hook hook

Fig. 2.4.10 Example of Recessing the Surface in which a Suspension Hook is Embedded
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2.5 Upright Wave-Absorbing Caissons

[Public Notice] (Performance Criteria of Upright Wave-Absorbing Caissons)

Article 26

1 The provisions of Article 23 apply mutatis mutandis to the performance criteria of an upright wave-absorbing
caisson made of reinforced concrete (hereinafter referred as an “upright wave-absorbing caisson” in this Article)
with modifications as necessary.

2 In addition to the provisions of the preceding paragraph, the performance criteria of an upright wave-absorbing
caisson shall be as subscribed respectively in the following items in consideration of the type of facility:

(1) The risk of impairing the integrity of the members of the wave-absorbing part of an upright wave-absorbing
caisson shall be equal to or less than the threshold level, under the variable situation in which the dominating
action is variable waves.

(2) The degree of damage under the accidental situation in which the dominating action is the impact of drifting
objects shall be equal to or less than the threshold level.

[Interpretation]

8. Members Composed of Facilities Subject to the Technical Standards

(6) Performance Criteria of Upright Wave-Absorbing Caissons (Article 7, paragraph 1 of the Ministerial
Ordinance and the interpretation related to Article 26 of the Public Notice)

The performance criteria of caissons and their interpretation shall be applied correspondingly to upright
wave-absorbing caissons. Furthermore, the following provisions shall be applied to the wave-absorbing parts
of upright wave-absorbing caissons.

(D Under a variable situation in which the dominating action is variable waves

Serviceability shall be the required performance for members of the wave-absorbing part of an upright
wave-absorbing caisson under the variable situation in which the dominating action is variable waves.
The performance verification items and standard indices for setting the limit values for each member of
the wave-absorbing part shall be as follows:

a) Front wall slits

The performance verification items and standard indices for setting the limit values for front wall
slits, which are members of the wave-absorbing part, in terms of performance against actions on
them shall be in accordance with Attached Table 8-11.

Attached Table 8 -11 Performance Verification ltems and Standard Indices for Setting the Limit Values for
the Front Wall Slits of the Wave-Absorbing Part of an Upright Wave-Absorbing Caisson (under variable situation)

Mm}stenal Public Notice Design situation
Ordinance
L ©n
Qe .
= - g g Standard index
K} =3 K} S g g g L Verification item | for setting the
21 &l | 2! & §| €3 g A g Non-dominating limit val
B 2| E 9y 8l 5 5 Dominating action . imit value
S = S =]l 22 £ action
< s < = 2 =
-9 [-v
" Cross-sectional Desien ultimate
Variable waves ) failure of the front en
. capacity
o wall slit
= E2) Water pressure,
g g axial force
7 1 - |26 2 1 0 = . -
.9 5 transmitted from the | Width of a crack
2 > . Crack
3 . *2) top of the front wall | in the cross widthcaused b
Variable waves section of the B y
front wall slit g
Repeated action of Fatigue failure of | Design fatigue
waves™ the front wall slit | strength
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*1) The waves indicated here shall be the waves that were defined in accordance with Item (1), Paragraph 1, Article 8 of the
Public Notice and were considered in the performance verification of the structural stability of the facility of interest.

*2):In principle, the waves indicated here shall be the waves that were defined in accordance with Item (2), Paragraph 1, Article
8 of the Public Notice as the standard waves on the assumption that waves higher than the standard waves will strike the
facility approximately 10,000 times during its design service life.

*3): The waves here shall be the waves that were defined in accordance with Item (2), Paragraph 1, Article 8 of the Public Notice
as the waves with heights and periods that were set appropriately depending on the frequency of occurrence during the
design service life.

(b)

(c)

(d)

Partition wall slits and side wall slits

The performance verification items and standard indices for setting the limit values that are shown
in Attached Table 8-11 shall be applied to the partition wall slits and side wall slits, which are
members of the wave-absorbing part, provided that the non-dominating actions shown in the table
shall be replaced with the water pressure alone. Furthermore, the term “front wall slits” shall be
replaced with “partition wall slits and side wall slits.”

Upper beams

The performance verification items and standard indices for setting the limit values that are shown
in Attached Table 8-11 shall be applied to upper beams, which are members of the wave-absorbing
part, provided that the non-dominating actions shown in the table shall be replaced with the water
pressure, the support reaction transmitted from the slit part, the wave force acting on the ceiling slab,
the self-weight of the ceiling slab, and the self-weight of the upper beams. Furthermore, the term
“front wall slits” shall be replaced with “upper beams.”

Lower beams

The performance verification items and standard indices for setting the limit values that are shown
in Attached Table 8-11 shall be applied to lower beams, which are members of the wave-absorbing
part, provided that the non-dominating actions shown in the table shall be replaced with the water
pressure and the support reaction transmitted from the slit part and lower slabs. Furthermore, the
term “front wall slits” shall be replaced with “lower beams.”

Under an accidental situation in which the dominating action is the impact of drifting objects

Serviceability shall be the required performance for the wave-absorbing part of an upright wave-
absorbing caisson under the accidental situation in which the dominating action is the impact of drifting
objects. The performance verification items for the action and standard indices for setting the limit
values shall be in accordance with Attached Table 8-12.

Attached Table 8-12 Performance Verification ltems and Standard Indices for Setting the Limit Values for
Front Wall Slits in the Wave-Absorbing Part of an Upright Wave-Absorbing Caisson
Ministerial . . L
Ordinance Public Notice - Design situation
2 % Standard index
=< < g £ e for
o = ) = £ 0 g o Verification item . o
& 5| 5| 2 5| §| €2 ki Dominating action Non-dominating seting the limit
El el =| | €| =|&8| £ i action value
~ ~ 2
- e
= = | Impact of drifting gﬁ?jrsesggttﬁ);al
< 8 objects, such as Self-weight, Design ultimate
7 1 - 26 | 2 2 g = : . members of the .
2 5 | driftwood carried | water pressure - capacity
z 3 wave-absorbing
5] < | by water
»n part

2.51

(1) Upright wave-absorbing caissons are caissons with a slit wall at the front and have one or more internal water
chambers, which serve to absorb waves; this type of caisson is used in quaywalls, breakwaters, and similar
facilities. Upright wave-absorbing caissons can be broadly classified as permeable or impermeable. Regarding the
slit shape, the vertical slit type is most commonly used, and the horizontal slit type and perforated-wall type have

Fundamentals of Performance Verification
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also been used in actual facilities. In the performance verification of the members of upright wave-absorbing
caissons, it is preferable to adequately study the characteristics of the respective structures and to perform hydraulic
model experiments that are suited to the conditions.

(2) For the performance verification of upright wave-absorbing caissons, refer to Part III, Chapter 2, 2.2 Caissons.

(3) Fig. 2.5.1 shows the names of the members of a relatively common vertical slit-wall caisson.

C
r> Ceiling slab@ @

Upper beam

Side wall slit column

®

Slit column

> <)

Slit column

0©,

Front wall

Partition wall slit column

Rear wall (9)

Conventional caisson part

©)
Lower beam // Lower beam
’ o :
Lower slab| [Lower slab Side wall
@
Iéwer slab ® Partition wall
Bottom Bottom
Bottom slab@ ) () slab slab @0
Lo C
Section (B-B) Front view (C-C)
Side wall slit column Side wall @
o Wat g
Slit col ater 5
@1 cotumn chamber (® =
(SDlit column 2
Partiti 11 s
Partition wall slit column artion wa %/
A E }
N

Plan view (A—A)

Fig. 2.5.1 Names of the Members of a Vertical Slit-Wall Caisson

(4) The vertical slit width (opening width) is generally set to approximately 0.4 to 0.5 m. The slit width is determined
from the opening rate that minimizes the reflectance. However, the opening rate might decrease owing to shells,
algae, and other marine organisms adhering to caissons; therefore, it is advisable to perform a thorough research of
existing facilities in the vicinity in advance and to determine the appropriate slit width on the basis of the
thicknesses of adhering organisms.

(5) In general, a slit caisson has an asymmetric cross section; therefore, the center of gravity is not located at the center.
It is necessary to consider putting a ballast into the caisson before lifting it with a crane or floating it on water as a
means to keep the caisson in balance. When providing the slit part with a joint board to allow the caisson to float, it
is necessary to consider doing appropriate water sealing work that maximizes the water sealing effect.

2.5.2 Actions

(1) For the actions that are considered in the performance verification of upright wave-absorbing caissons, refer to Part
II1, Chapter 2, 2.2 Caissons.

(2) Wave forces acting on the members of upright wave-absorbing caissons vary significantly depending on the
structure of the water chamber and whether it has a ceiling slab. Therefore, it is advisable to examine wave forces
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via performance verification by referring to the examples of upright wave-absorbing caissons installed in the past
and by conducting appropriate model experiments depending on the conditions in each case.

(3) For the wave forces acting on members, refer to Part I, Chapter 2, 6.2.7 Wave Forces Acting on Upright Wave-
Absorbing Caisson and Reference 15).

(4) Fig. 2.5.2 and equation (2.5.1) show an example of the determination of wave forces acting on the members of an
upright wave-absorbing caisson based on model experiments ' 17,

pH] pH] ’
Py >
vy ]
YYYYYYYYYYYY
- IYYYYRYY)
> - ,’ - Pu
- - > Y
Pl
- -
f - —>
i S
d ——1
> —
> —»
D —
: l— |
: —
—
Ph, PH,

Fig. 2.5.2 Example of the Distributions of Wave Forces Acting on Members

py = 10w H__
Py =15wH__
Py =15wH
2.5.1)
Py = 20w H___
Py, = 20w, H
Pu, = 1.0w,H ..
where
DH . intensity of wave pressure acting on the front wall (kN/m?);
p'm : intensity of wave pressure acting on the parapet on top of a caisson (kN/m?);
pv : intensity of wave pressure acting on the ceiling slab from above (kN/m?);
pu . intensity of wave pressure acting on the ceiling slab from below (kN/m?);
pm  : intensity of wave pressure acting on the upper part of the water chamber (kN/m?);
pm  : intensity of wave pressure acting on the lower part of the water chamber (kN/m?);
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Hpax  : maximum wave height (m);

)

(6)

()

)

Wo : unit weight of sea water (kN/m?).

If the top of a water chamber is completely sealed by the ceiling slab, an impulsive pressure may be generated by
the compression of the air trapped in the upper part of the water chamber due to waves. The impulsive pressure can
be reduced by providing the ceiling slab with ventilation holes with a suitable opening rate. The opening rate of
these holes should be carefully determined. If it is too great, the wave surface collides directly with the ceiling slab,
and this could produce a greater impulsive uplift than that acting on the nonporous ceiling slab. For details, refer to
References 16) and 17).

Fig. 2.5.3 shows an example of a model experiment that indicates how the experimental value P;; of uplift intensity
changed when the ceiling slab opening rate ,; was changed.!” By providing the ceiling slab with ventilation holes
with the opening rate of approximately 0.5% to 1.0%, it is generally possible to reduce the air pressure acting on the
ceiling slab to 50% to 70% of that acting on the ceiling slab with no ventilation holes.

25 I —
2
g (cﬁﬂ (cfm%f‘ﬁ i o 1 —
2.0—1|©(33.8/19.4]3.36/0.674 hlr A
@ [37.5/15.6]3.80]0.520 T
©(41.3(11.9]3.33]0.397 N
15— [®45.0] 8.1]3.51]0.270 \
n, ©|50.0| 3.1]3.23]0.103
By ®550]-1.9]3.27]-0.063

/ I
—<7 \

\ #
0.5 T ©
1=20s, H=30cm
€1 :ceiling slab opening rate o Q )\:
Py :uplift intensity when €1 is zero IR E
0 P, - uplift intensity when £1 is any given valuc
0.1 02 03040.5 1 2 3 45 10 20 30 40 50 100
&1(%)

Fig. 2.5.3 Example of an Experiment Indicating the Changes in Uplift Intensity Depending on
Ceiling Slab Opening Rate'”

Front wall slit columns are tall and slender vertical supports. It must be noted that when a drifting object such as
driftwood collides with the central part of a slit column and a concentrated load acts on the column, large sectional
forces are generated at supporting points. There are many actual cases wherein the impact load caused by a drifting
object was assumed to be approximately 78.4 kN, and collisions were treated as accidental actions. The impact load
of 78.4 kN was calculated for driftwood under the following conditions on the assumption that slit columns are
elastic bearing slabs.

Shape of driftwood: length of 10 m, diameter of 0.5 m, and specific gravity of 0.75
Speed at the moment of collision: 0.5 m/s (approximately 1 kt)
Shape of slit column: length of 4 m and cross section of 0.5 m x 0.7 m

Table 2.5.1 shows the actions to be considered in the performance verifications of the members of wave chambers
of an upright wave-absorbing caisson. In general, these actions shall be assumed to work on the members in the
following ways.
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Table 2.5.1 Actions to Be Considered for the Members of the Water Chambers of Wave-Dissipating Caisson

Member

Member
number

Actions

Remarks

Slit column

» Water pressure while afloat

* Wave pressure (parallel/perpendicular to face
line)

* Impact load caused by driftwood and other
drifting objects

* Axial force transmitted from the upper part of
front wall

Partition wall
slit column

» Wave pressure including the wave force
transmitted from the partition wall

Side wall
slit column

» Water pressure while afloat including the
wave force transmitted from side walls
» Wave pressure (ditto)

Front wall

Upper beam

* Axial loads from above and below

» Water pressure while afloat (reaction
transmitted from slit columns)

» Wave pressure (wave force acting on the
beam itself and slit column reaction)

Examine the extraction that
might occur when the reaction of
a side wall slit column to the
wave pressure acts on the upper
beam.

Lower beam

» Water pressure while afloat (the reaction from
slit columns and lower slabs and the load
acting on the beam itself)

» Wave pressure (ditto)

Ditto

Lower slab

* Water pressure while afloat
* Wave pressure

Side wall

» Water pressure while afloat
* Wave pressure

Partition wall

* Wave pressure acting on both sides separately
in the directions parallel to the face line
* Fender reaction

Examine the extraction that might
occur when the internal wave
pressure acts on the slit columns.

Rear wall

* Wave pressure
* Earth pressure and residual water pressure

Ditto

Bottom slab

* Bottom reaction and bottom slab weight in
each design situation, water head difference,
and water pressure while float

Ceiling slab

@

» Wave pressure (upwards, downwards)
* Surcharge
* Self-weight

Note: Member numbers correspond to those shown in Fig. 2.5.1.

@ Slit columns

(a) The actions to be considered in the examination of sectional forces in the slit columns shall be 1) water
pressure while afloat, 2) waves, and 3) impact load caused by driftwood and other drifting objects. For the

distributions of actions, refer to Figs. 2.5.4 (a) to (c).

1) Water pressure while afloat (Fig. 2.5.4 [a])

P=p
where
P,
) 2%
/

2) Waves (Fig. 2.5.4 [b])

: design value of the load acting on one slit column (kN/m);
: water pressure acting when caisson is afloat (kN/m?);

: distance between the centerlines of slit columns (m).

(255.2)

i.  When the wave pressure acts from the direction perpendicular to the face line
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Py =pu'B (2.5.3)
where
Py : design value of the load acting on one slit column (in direction perpendicular to face line)
(kN/m);
pm' : intensity of wave pressure acting in direction perpendicular to the face line (kN/m?);
B : width of the slit column in the direction parallel to the face line (m).

ii. When the wave pressure acts from a direction parallel to the face line

Py, =py,'B, 2.54)
where
P design value of the load acting on one slit column (kN/m);
pm' : intensity of wave pressure acting in the direction parallel to the face line (kN/m?);
B : width of a slit column (m).

3) Impact load caused by driftwood and other drifting objects (Fig. 2.5.4 [c])

Although the intensity of the impact load caused by driftwood and other drifting objects has not been
fully clarified yet, there was a case in which the impact load was calculated to be the following values
under the conditions shown in Part ITI, Chapter 2, 2.5.2 (7).

P =78.4 (kN per slit column) (accidental action); 2.5.5)
P'"=52.3 (kN per slit column) (variable action). (2.5.6)

It is preferable to examine the points at which the loads act both in the case wherein the water level is
LWL and in the case wherein the water level is HWL.
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Fig. 2.5.4 Actions on Slit Columns

(b) The axial forces on slit columns shall be calculated by referring to equations (2.5.7) and (2.5.8).

P=P+w+w, 2.5.7)
P=F -w-w, 2.5.8)
where
P, : design value of the axial compressive force acting on slit columns (kN);
P, : design value of the axial tensile force acting on slit columns (kN);
P, : downward wave force acting on the ceiling slab and borne by the upper beams as load (kN);
P, : uplift acting on the ceiling slab and borne by the upper beams as load (kN);
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w . self-weight of the ceiling slab (kN);
Wy : self-weight of the upper beams (kN).

For the axial actions on upper beams, refer to Fig. 2.5.5.

- le .

3 -5 p
v Ceiling slab (w;)
I
Upper beam (w,)
(]
X

Fig. 2.5.5 Axial Actions on Slit Columns

@ Partition wall slit columns

The wave pressure acting on the inside of water chambers shall be considered in the examination of sectional
forces in a partition wall slit column. The actions on the partition wall slit column can be calculated by using
equation (2.5.9) and by referring to the distributions of the wave pressure shown in Fig. 2.5.6.

P, =p,(b+1,/2) (2.5.9)
where
P, : design value of the action on the partition wall slit column (kN/m);
Pa : intensity of the wave pressure (kN/m?);
b : width of the slit column (m);
lo : width of the water chamber (m).
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Pa

Pa

Fig. 2.5.6 Wave Pressure Acting on Partition Wall Slit Column

® Side wall slit column

The water pressure while afloat and the wave pressure acting on the inside of water chambers shall be
considered in the examination of sectional forces in a side wall slit column. The actions on the side wall slit
column can be calculated by using equation (2.5.10) and by referring to the distributions of the wave pressure

shown in Fig. 2.5.7.
P =p, (b+1,/2) (2.5.10)
where
P . design value of action on side wall slit column (kN/m);
Pa : intensity of water pressure or wave pressure (kN/m?);
b : width of slit column (m);
lo : width of water chamber (m).
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Fig. 2.5.7 Water Pressure and Wave Pressure Acting on the Side Wall Slit Column
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@ Upper beams
(a) Horizontal actions

The horizontal actions to be considered in the examination of sectional forces in the upper beams shall be
the support reaction transmitted from the slit columns and the direct actions on the beams themselves, i.e.,
the water pressure while afloat and the wave pressure. For the actions on upper beams, refer to the
distributions of the water pressure while afloat and the wave pressure shown in Fig. 2.5.8. An upper beam
shall be assumed as a continuous beam supported by side walls and partition walls, and the action that
maximizes sectional forces shall be taken into consideration.

(b) Vertical actions

The wave pressure acting on the ceiling slab and the self-weights of the ceiling slab and upper beams shall
be considered vertical actions on the upper beams. In the examination of sectional forces in an upper beam,
it shall be assumed a beam fixed at both ends of which the span is the distance between the centerlines of
slit columns. Furthermore, the axial forces and vertical forces on the slit columns shall be determined.

PH1 (Load from the seaward side)

/ \ |

sz (Load from; th harbor side)é

\ A \J

P P P P P P P P P : support reaction (kN)

' l y w=pu X b

pH: water pressure, wave pressure
b: width of the beam

Fig. 2.5.8 Actions on the Upper Beam

® Lower beams

The actions to be considered in the examination of sectional forces in lower beams shall be the support reaction
transmitted from the slit columns and lower slabs and the direct actions on the beams themselves, i.e., the water
pressure while afloat and the wave pressure. For the actions transmitted from lower slabs, refer to the
distributions of actions shown in Fig. 2.5.9. The support reaction transmitted from slit columns and the actions
on the beams themselves can be determined in the same way as that for upper beams.

- 639 -



Technical Standards and Commentaries for Port and Harbour Facilities in Japan

~——Lower beam ————

N

]

Lower slab

Water pressure

Fig. 2.5.9 Actions on the Lower Beam

® For actions on the other members of upright wave-absorbing caissons, refer to Part III, Chapter 2, 2.2
Caissons and descriptions about the relevant matters of similar facilities. Fender reaction acting on partition
walls may be determined in accordance with Part ITI, Chapter 5, 9.2 Fender Systems.

2.5.3 Performance Verification of Members

(1) The span to be considered in calculations shall be the distance between the centerlines of bearing members in
principle.

(2) Table 2.5.2 shows the common methods for calculating the sectional forces in the members of water chambers.

(3) For mooring facilities composed of upright wave-absorbing caissons, it is common that a rubber fender or another
type of fender is installed on the front surface of a partition wall slit column located in the central part of a caisson.
For a partition wall in such a state, it is advisable to examine the stress on its members caused by the ship berthing
force.

(4) For the ceiling slab, upper beams, slit columns, and other slit caisson members that will be exposed to an
environment where they might be damaged by seawater, appropriate measures should be taken to prevent the
members from losing their required performance during the design service life owing to material deterioration. For
the performance verification of the members, refer to Part III, Chapter 2, 1.2.4 Examination of Change in
Performance over Time.
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Table 2.5.2 Analytical Models for the Members of the Water Chambers of Slit Caissons

Member

Member Analytical model Remarks
number
Slit column ) Beam fixed at both ends Perfomapce verlﬁcatlon shall include the
examination of axial forces.
Pa}rtltlon wall @) Beam fixed at both ends
slit column
= Side wall slit column ©) Beam fixed at both ends
= . Performance verification shall include the
g Upper beam @ Continuous beam examination of changes in performance over
e Beam fixed at both ends ; . .
23 time for intermediate beams.
Performance verification shall include the
. examination of changes in performance
Continuous beam . . .
Lower beam ® over time for lower beams, if they might
Beam fixed at both ends .
be exposed to a severe marine
environment.
Lower slab ® Slab fixed on four sides
Slab fixed on three sides and
Side wall @ free on one side If integrated with the ceiling slab
Slab supported on four sides
Slab fixed on three sides and
Partition wall free on one side If integrated with the ceiling slab
Slab supported on four sides
Slab fixed on three sides and
Rear wall ©) free on one side If integrated with the ceiling slab
Slab fixed on four sides
Bottom slab Slab fixed on four sides
Slab free at four sides
Ceiling slab @ Slab fixed on four sides Depending on the ceiling slab structure and

Slab fixed on three sides and free
on one side

bearing conditions

Note: Member numbers correspond to those shown in Fig. 2.5.1.

(5) For the performance verification of lifting points for an upright wave-absorbing caisson that will be lifted, refer to
Part I11, Chapter 2, 2.3.5 Verification of Lifting Points.
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2.6 Hybrid Caissons

[Public Notice] (Performance Criteria of Hybrid Caissons)

Article 27

The provisions of Article 23 apply mutatis mutandis to the performance criteria of a hybrid caisson (a caisson having a
composite structure of steel plates and concrete)

[Interpretation]

8. Members Composed of Facilities Subject to the Technical Standards

(7) Performance Criteria of Hybrid Caissons (Article 7, paragraph 1 of the Ministerial Ordinance and the
interpretation related to Article 27 of the Public Notice)

(D Performance criteria of caissons and their interpretation shall be applied correspondingly to hybrid
caissons.

@ In addition to the provisions of the preceding item, serviceability shall be the required performance for
hybrid caissons under the permanent situation in which the dominating action is the internal earth
pressure of caissons and under the variable situation in which the dominating actions are water pressure
during installation, variable waves, and Level 1 earthquake ground motions. The performance
verification items for the actions and standard indices for setting the limit values shall be in accordance
with Attached Table 8-13.

Attached Table 8-13 Performance Verification Iltems and Standard Indices for Setting the Limit Values for
Hybrid Caissons

I\O/I;E;rslfriael Public notice Design situation
g 3z
g g 3
- - 3 g - . o Standarfi index
o & . o & £ g 2 8 Non-dominati Verification item | for setting the
E Bi 3§ E @i 3 = § Dominating action on-dominating limit value
< E = < E =l £ 2 £ action
Cross-sectional | Design ultimate
failure of the capacity
partition wall Design ultimate
(axial force, capacity
Water pressure B bending, and considering local
during installation shear) buckling
_% Design ultimate
£ Extrusion of capacity
E 5 members for the extrusion
7 | YRR ) _§ g : of n?embeljs
8 ‘g Self-weight, Cross-sectional | Design ultimate
E g surcharge, failure of the capacity
A g bottom slab reaction, | partition wall Design ultimate
& Variable wave internal earth (axia.l force, capa_city_
pressure, bending, and considering local
[Level 1 carthquake internal water shear) buckling
ground motion] - -
pressure, earth Design ultimate
pressure, and force Extrusion of capacity for the
transmitted from members extrusion of
footing members
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Ministerial . . . . .

. Public notice - Design situation
Ordinance 838
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= | £ =]
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Verification item

Standard index
for setting the
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Internal earth
pressure
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*1): Action to be considered under situations in which the dominating action is variable waves or Level 1
earthquake ground motions

*2): A slab member (composite slab) comprising steel plates and concrete integrated by appropriate shear
connectors

2.6.1 General

(1) Fig. 2.6.1 shows an example of a hybrid caisson structure used in port and harbor facilities. Hybrid caisson
structures are commonly comprised of two types of members as shown in Fig. 2.6.2: a composite slab structure
with steel plates arranged on one side only, and a steel-reinforced concrete (SRC) structure with embedded H-
shaped steel.

Partition wall

Outer wall
(composite slab)

Footing
(SRC slab)

Concrete

Base steel frame

Bottom slab (SRC slab) (fabricated H frame)

Fig. 2.6.1 Example of a Hybrid Caisson Structure
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Concrete

Concrete

Shear connectors
(Example of stud
shear connector)

Reinforcing bars
Steel plate Steel frame

(1) Composite slab structure (2) SRC structure

Fig. 2.6.2 Hybrid Caisson Structural Members

(2) Hybrid caissons have the following structural and functional characteristics, which require careful attention:
@® Materials used

(a) Steel plates and steel frames are placed as substitutes for reinforcing bars. This improves the mechanical
properties of caissons and allows them to have the required load bearing capacity and deformability
(toughness) even with thin members, thereby increasing the flexibility of the structure.

(b) It is necessary to take measures to prevent steel plates from corroding.
@ Cross-sectional shape

(a) Generally, the footings of hybrid caissons can be made longer than those of conventional reinforced
concrete caissons, and long footings can contribute to the reduction of the subgrade reaction that occurs on
the bottom of the caisson.

(b) It is possible to design large caissons with a hybrid structure. However, when doing so, it is necessary to
pay close attention to the effect of torsion.

@ Self-weight of a box-shaped structure
It is possible to design lightweight caissons with a small draft.
@ Others
(a) The presence of steel plates ensures sufficient watertightness even after cracking occurs in concrete.

(b) It is possible to facilitate the reinforcing bar arrangement work, e.g., via the automatic welding of bars in a
workshop. Timbering, concrete formwork, and construction joint treatment work can also be reduced by
utilizing steel plates for forms that are used for concrete placement.

(c) Itis possible to achieve the weight reduction of structures and improve constructability.

(d) Shear connectors and other steel materials are densely arranged in members; therefore, it is necessary to
place concrete carefully.

2.6.2 Fundamentals of Performance Verification

(1) For the performance verification of hybrid caissons, refer to the Hybrid Caisson Deign Manual '® and References
19) and 20).

(2) For the performance verification of hybrid caissons, refer to Part III, Chapter 2, 2.2 Caissons in principle. For the
performance verification of composite slabs, refer to Fig. 2.6.3.
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Setting of design conditions

v

Assumption of specifications of composite slab

v

Evaluation of actions

— Performance verification

A 4

Calculation of design sectional force
* Bending moment
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v

Verification for bending
o Safety (against cross-sectional failure)
® Serviceability
(@ Safety (against fatigue failure))

A 4
Verification for shear

o Safety (against cross-sectional ;
failure) Verification for shear transfer
resistance
o Safety (against cross-sectional
failure)
¥ v
Determination of steel plate thickness Determination of shear Determination of number of
and arrangement of reinforcing bars reinforcing bars stiffner studs
N\ I
A 4
Consideration of the buckling of the
steel plate on the compressive side
Y

Determination of specifications of composite slab

Fig. 2.6.3 Example of the Performance Verification of the Composite Slab of Hybrid Caisson

2.6.3 Actions

For the actions to be considered in the performance verification of hybrid caissons, refer to Part III, Chapter 2, 2.2.3
Actions. In cases wherein partition walls in a hybrid caisson are made of steel, it is preferable to consider the actions
due to the difference in water pressure between the inside and outside of the caisson while afloat and during installation;
the actions of earth pressure, waves, and others; and the bottom reaction of the bottom slab and footings as actions on
the partition walls.

2.6.4  Performance Verification
(1) Calculation of Sectional Forces

(D Sectional forces in the footings, bottom slab, outer walls, partition walls, corners, and other members of a
hybrid caisson shall be examined in principle. For the calculations of sectional forces, refer to Part III,
Chapter 2, 2.2.4 Performance Verification.

@ In cases wherein a caisson has long protruding footings and their bases are subjected to large bending moments,
it is advisable to consider the effects of the bending moments on the bottom slab and outer walls in the way
described in the Hybrid Caisson Deign Manual '¥.

@ Some in-plane deformation occurs in the partition walls of a caisson when they are subjected to actions. This
in-plane deformation affects sectional forces. Specifically, bending moments occur in outer walls serving as
fixed slabs and additional bending moments occur in the corners of outer walls owing to the deformation of
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@

®

partition walls. These effects can generally be disregarded for a hybrid caisson with ordinary dimensions and
specifications. However, there are cases wherein these effects cannot be disregarded owing to the dimensions
of a caisson and the magnitudes of actions on it. In such cases, it is advisable to examine the effects in the way
described in the Hybrid Caisson Deign Manual '¥.

It is important to examine the performance of steel plates subject to compressive stress against buckling.
Therefore, it is advisable to carefully determine the buckling length and boundary conditions with
consideration to the relative stiffness of the shear connectors to be used and other conditions.

When designing large caissons, it is advisable to examine torsions.

(2) Performance Verification of Composite Slabs

In the performance verification of composite slabs, the following items shall be considered in principle:

)

@)
®

Bending moments in a composite slab can be calculated as bending moments acting on a cross section of a steel
plate or as the tensile or compressive reinforcement of a double-reinforced concrete member.

The shear force in a composite slab can be calculated in the same manner as that in a reinforced concrete slab.
Integration of Steel and Concrete

Shear connectors are particularly important structural elements for the integration of materials in a hybrid
structure. In composite slabs, stud shear connectors and shape steel are most commonly used as shear
connectors. The required quantity and arrangement of shear connectors shall be determined appropriately to
ensure that they work adequately to prevent steel plates from separating from concrete in the out-of-plane
direction (particularly when compressive stress is active) and transmit the shear force occurring on the interface
between steel plates and concrete.

(3) Performance Verification of SRC Members

)

@

SRC members shall be verified against the bending moments and shearing force by taking into account the
mechanical characteristics due to the differences in the structural type of steel frame.

SRC members can normally be classified as follows, depending on the structural type of steel frame:
(a) Full-web type
(b) Truss-web type

The bending moments in an SRC member can be calculated as bending moments acting on a cross section of a
reinforced concrete member with reinforcements converted from steel frames. When the fixing of steel frame
ends with concrete is insufficient in a full-web-type SCR member, the bending moments acting on the cross
section may be calculated separately for the steel frame part and the reinforced concrete part of the SRC
member, and the sum of the calculated bending moments may be considered the strength of the entire SRC
member.

The shear force in a truss-web-type SRC member can be calculated as a shear force acting on a cross section of
a reinforced concrete member with reinforcements converted from steel frames. For a full-web-type SRC
member, performance verification can be conducted by giving appropriate consideration to the fact that the
steel frames can resist the shear force.

(4) Performance Verification of Partition Walls

o)

&)

Considering that partition walls function as the supported edges of outer walls and the bottom slab, it shall be
confirmed by performance verification that the cross sections of partition walls have stability against the
sectional forces calculated on the basis of the actions on these supported edges.

The performance verification procedure for the partition walls of a caisson should include the examinations of
performance during flotation and the installation of the caisson and the verification of the examination results at
the time of completion of the caisson in principle.

(a) Itis advisable to examine performance against the buckling of members during the flotation of the caisson.

(b) It is advisable to examine performance against the buckling and out-of-plane bending of members during
the installation of the caisson.
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(©))

(6

@)

(c) It is advisable to verify the performance of partition walls against the in-plane stress of members at the
time of completion of the caisson.

Performance Verification of Corners and Joints

(D Corners and joints shall be designed to smoothly and firmly transmit sectional forces and to be easily fabricated
and constructed.

@ To secure sufficient strength at corners and joints, it is desirable to firmly connect the steel materials on the
tensile side to those on the compressive side. It is also desirable to provide shear reinforcing steel stiffeners
(haunches) against concrete tensile stress that occurs in joints.

Performance Verification for Fatigue Failure

(D Hybrid caissons have a large number of welded joints that connect steel plates to each other and attach shear
connectors, shear reinforcing steel stiffeners, and the like. Therefore, the hybrid caissons with members that
will be subjected to a repeated action require the verification of the fatigue strength of the welds of the
members.

@ Revetments and quaywalls are less affected by repeated actions. However, in the performance verifications of
breakwaters, it is necessary to examine the performance of hybrid caissons against fatigue failure if the stress
on members due to the repeated action of waves varies significantly.

Verification of Caissons during Lifting

For the performance verification of the lifting points of hybrid caissons that will be lifted, refer to References 18)
and 21) and Part I1I, Chapter 2, 2.3.5 Verification of Lifting Points in consideration of the structure of the lifting
points.

2.6.5 Corrosion Protection

(1

2

)

4)

The corrosion protection of hybrid caissons shall be determined appropriately by considering the performance
requirements, maintenance level, construction conditions, and other relevant factors.

The main cause of deterioration of hybrid members is the corrosion of their steel materials. Furthermore, there are
cases in which the corrosion of the steel materials may result in the cracking of concrete. Therefore, appropriate
corrosion prevention measures should be taken for steel plates in order to improve the durability of the hybrid
members. The deterioration characteristics of the concrete itself of hybrid caissons may be considered to be the
same as those of concrete of reinforced concrete caissons.

When corrosion protection is applied to hybrid caissons, an appropriate method shall be determined on the basis of
research on the performance of existing steel port facilities and by utilizing data on corrosion.

Steel materials used on the outside of hybrid caissons are generally covered with concrete or asphalt mats. The steel
materials used on the inside of hybrid caissons are isolated from the external atmosphere by concrete lids and are in
contact with filling sand in a static state and with seawater. Therefore, when designing a hybrid caisson, it is
common to adopt a structure that prevents direct contact between the steel plates of members and the marine
environment by placing steel plates inside so that they will not be directly exposed to wave actions but will be
protected by concrete from corrosion. If steel plates will be in direct contact with seawater, appropriate measures
should be taken to prevent them from losing their required performance during the design service life due to
material deterioration. For performance verification, refer to Part III, Chapter 2, 1.4.4 Examination of Change in
Performance over Time.
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2.7 Armor Stones and Blocks

[Public Notice] (Performance Criteria of Armor Stones and Blocks)

Article 28

Performance criteria of rubbles and concrete blocks armoring a structure exposed to actions of waves and water
currents, as well as the armor stones and armor blocks of a foundation mound, shall be such that the risk of exceeding
the allowable degree of damage under the variable situation, in which the dominating actions are variable waves and
water currents, is equal to or less than the threshold level.

[Interpretation]

8. Members Composed of Facilities Subject to the Technical Standards

(8) Performance Criteria of Armor Stones and Blocks (Article 7, paragraph 1 of the Ministerial Ordinance
and the interpretation related to Article 28 of the Public Notice)

(D Serviceability shall be the required performance for armor stones and blocks under the variable situation
in which the dominating actions are variable waves and water currents. The performance verification
items for the actions and standard indices for setting the limit values shall be in accordance with
Attached Table 8-14.

Attached Table 8-14 Performance Verification Iltems and Standard Indices for Setting the Limit Values for
Armor Stones and Blocks

Ministerial . . . S
Ordi Public Notice Design situation
rdinance -
g5 Standard ind
< = % g o Verification andarg ncex
Lo | 2 =y e gl s Non-dominati item for setting the
g1 B | ! B § % 3| & | Dominating action on-dominating limit value
i g5l 2B =R 2 action
oo ~ 2
g © Damage rate,
B = . . degree of
< 2 | Variable waves Self-weight, water Extent of g
7 1 - |28 ¢ - - Q = damage, or
2 = | [Water currents] pressure damage .
z > deformation
R level

* The action shown in brackets is an alternative dominating action.

@ Standard indices for setting the limit values shall be determined appropriately by considering the design
service life of the facility of interest, its construction conditions, the time and cost required for its
restoration, conditions of waves and water currents, and other factors.

2.7.1 Fundamentals of Performance Verification

(1) The performance verification of armor units, such as slope armor units for sloping breakwaters, armor stones and
blocks for the mounds of composite breakwaters, and rubble and other materials for mounds exposed to water
currents, shall be conducted on the basis of Part II, Chapter 2, 6.6 Stability of Armor Stones and Blocks against
Waves.

(2) When plain concrete members are used as armor stones and blocks, the verification of lifting points shall be
conducted in accordance with Part III, Chapter 2, 2.7.2 Verification of Plain Concrete Members during
Lifting.

2.7.2  Verification of Plain Concrete Members during Lifting

(1) Verification of Suspension Hooks
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For the verification of suspension hooks to be used for lifting plain concrete members, refer to Part III, Chapter 2,
2.3.5 Verification of Lifting Points.

(2) Verification of the Cross Section of Members during Lifting

(D The verification of plain concrete members during lifting for relocation or installation may be conducted by
using equation (2.7.1).

M
y,—=<10 2.7.1)
‘A/fmf

where
My : design value of the bending moment (kN *m/m);
M.,q : design bending strength of a plain concrete member (kN - m/m);

Yi : structure factor (=1.1).

@ The design value of the bending moment of a plain concrete member may be calculated as the bending moment
generated by its self-weight on the assumption that the concrete member is a projecting beam supported at the
positions of the suspension hooks.

(@ The bending strength of plain concrete shall be calculated as the strength against a crack caused by bending.
Joer = kopkw fix

1
+
0.85+4.5(h/1,) (2.7.2)

0.55
ky=—=(=04)

Yn

where
foer  : characteristic value of the strength of concrete against a crack caused by bending (N/mm?);
kob : factor that expresses the relationship between bending strength and tensile strength due to the tension
softening property of concrete;
kip : factor that expresses the reduction in crack strength due to drying, heat of hydration, etc.;
h : height of a member (m) (> 0.2);
Lo : characteristic length (m) (=GrEd/fu?);
Gr  : fracture energy of concrete (N/m) (=10(dax)"* f1r);
Ec : Young’s modulus of concrete (kN/mm?);
ik . characteristic value of tensile strength (N/mm?);
dmax  : maximum dimension of an aggregate (mm);
i . characteristic value of compressive strength (N/mm?).
M, :l-fbm, -ﬁ-b-z (2.7.3)
2 2
where
frca  : design value of the strength of concrete against a crack caused by bending (=fe+/yc) (This value may

be calculated by assuming that the material factor y. is 1.3);
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M, : design bending strength of a plain concrete member (kKN * m/m);

b : width of a member (m)

z : center-to-center distance of a member for tensile stress and compressive stress (=24/3).
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3 Foundations

3.1 General Comments

(1) The foundation structures of the port facilities shall be selected appropriately, giving due consideration to the
importance of the facilities and soil conditions of the foundation ground.

(2) When the stability of the foundation structures seems not to be secured, countermeasures such as introduction of
pile foundation or soil improvement, etc. should be applied as necessary.

(3) When the foundation ground is soft, excessive settlement or deformation arises owing to the lack of bearing
capacity. When the ground consists of loose sandy soil, liquefaction of the ground induced by seismic ground
motion may cause facility failure or significant damage to its functions. In such cases, the in-situ stress generated by
the weight of facilities needs to be reduced or the foundation ground needs to be reinforced by improvement.

(4) For the stability of foundations, Part III, Chapter 2, 3.2 Shallow Foundations, Part III, Chapter 2, 3.3 Deep
Foundations, or Part I1I, Chapter 2, 4 Stability of Slopes can be used as reference. For settlement of foundations,
Part III, Chapter 2, 3.5 Settlement of Foundations, and for liquefaction induced by seismic ground motion, Part
I1, Chapter 7 Ground Liquefaction can be used as reference. For the performance verification of pile foundations,
Part III, Chapter 2, 3.4 Pile Foundations can be used as reference. In cases where the performance of facility under
seismic ground motion needs to be verified, the verification shall be performed corresponding to the characteristics
of the respective foundations.

(5) Methods of Reducing In-situ Stress
The followings are methods of reducing in-situ stress generated by the weight of structures.
D Reduction of the weight of the structure itself

@ Expansion of the area of the bottom of the structure
@ Use of a pile foundation, etc.

Reduction of shear stress induced by weight of facilities, namely improvement of stability, can also be achieved by
reduction of eccentricity of actions, which is carried out by increasing resistant by counterweight fill, or reducing
load by light weight soil or others.

(6) Soil Improvement Method

For method of soil improvement, Part III, Chapter 2, 5 Soil Improvement Methods can be used as reference.

3.2 Shallow Foundations
3.2.1 General

(1) When the embedment depth of the foundation is less than the minimum width of the foundation, the foundation
may generally be examined as a shallow foundation.

(2) In general, the bearing capacity of a foundation is expressed as the sum of the bottom bearing capacity and the side
resistance of the foundation. Bottom bearing capacity of a foundation is the pressure applied to the foundation
bottom considered necessary to cause plastic failure in the ground. The side resistance of a foundation is the
frictional resistance or the cohesion resistance acting between the sides of the foundation and the soil. Although
considerable research has been done on the bottom bearing capacity, relatively little research has been done on side
resistance. In the case of shallow foundations, since the magnitude of the side resistance will be small in
comparison with that of the bottom bearing capacity, it is not generally necessary to consider the side resistance.

(3) When examining foundations subjected to an eccentric and inclined action, Part III, Chapter 2, 3.2.5 Bearing
Capacity for Eccentric and Inclined Actions can be used as reference.

3.2.2 Bearing Capacity of Foundations on Sandy Ground

(1) The following equation derived from the Terzaghi’s bearing capacity formula shown in (3) can be used to examine
the bearing capacity of the foundations on sandy ground.

1 B
Gy = m_( Pou8 5 Ny + poeD(N, 1)] + poygD 3.2.1)

B
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2)

©))

where

qd : design value of foundation bearing capacity considering buoyancy of submerged part (kN/m?)

mp . adjustment factor for bearing capacity

p : shape factor of a foundation (refer to Table 3.2.1)

pikg  : characteristic value of unit volume weight of soil of ground below the foundation bottom, or unit volume
weight in water, if submerged (kN/m?)

B : minimum width of foundation (m)

Nyx, Ny : characteristic value of bearing capacity coefficients for strip foundation

pxg  : characteristic value of unit volume weight of soil of ground above the foundation bottom, or unit volume
weight in water, if submerged (kN/m?)

D : embedment length of foundation in the ground (m)

The adjustment factor mg for the bearing capacity of shallow foundation is a factor to consider the safety margin of
bearing capacity and may be set to an adequate value of 2.5 or more for sandy ground. The bearing capacity of
shallow foundation on sandy ground is verified by confirming that the design value of the load strength (the value
divided the design value of vertical action load by the ground contact area of foundation) does not exceed the
design value of bearing capacity gq calculated using equation (3.2.1). In the case of sandy ground, attention is
required because the adjustment factor regarding bearing capacity is significantly different from the partial factor
(the partial factor regarding the resistance moment is identical to the one regarding the shear resistance force) to
multiply to resistant term used for circular slip failure analysis and others.

As the application of action to the ground is increased, the ground initially settles in proportion to the action. When
the action reaches a certain value, the settlement rapidly increases and a shear failure occurs in the ground. The load
strength required to occur a shear failure of the ground is called the ultimate bearing capacity of foundation. The
design value of the bearing capacity of foundation can be calculated by dividing the ultimate axial bearing capacity
obtained from the bearing capacity formula by the adjustment factor ms. However, the bearing capacity
corresponding to overburden pressure at embedment depth, the stability of which is guaranteed, needs not to be
divided by the adjustment factor msg.

Terzaghi’s Bearing Capacity Formula

The bearing capacity gx is given in equation (3.2.2) following the ultimate axial bearing capacity formula for sandy
ground indicated by Terzaghi.

G = )Bp]kggN)k + P &DN (3.2.2)

where

qx : characteristic value of the ultimate axial bearing capacity (value considering buoyancy of submerged
part) (kN/m?)

B : minimum width of foundation (diameter in the case of round foundation) (m)

D : embedment length of foundation (m)

£ g : characteristic value of unit volume weight of soil of ground below the foundation bottom, or unit volume
weight in water, if submerged (kN/m?)

£ 2Ag : characteristic value of unit volume weight of soil of ground above the foundation bottom, or unit volume

weight in water, if submerged (kN/m?)

Ny, Ny : characteristic value of the bearing capacity coefficient (refer to Fig. 3.2.1) V. The characteristic value of
the bearing capacity coefficient is expressed in the following equation:

_ l+sing,
% 1-sing

N, =N, —Dtan(1.4¢;)  (Solution of Meyerhof)

exp(ntang,) (Solution of Prandtl)
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p : shape factor of foundation (refer to Table 3.2.1)

The first term of the right side of equation (3.2.2) is the bearing capacity exerted by self-weight p1g of the soil in
the ground when there is no pressing load above the foundation bottom. The bearing capacity coefficient of this
term is called N ,. The second term of the right side is the bearing capacity exerted by the pressing load when there
is no soil weight below the foundation bottom. The bearing capacity coefficient of this term is called N,.

The design value gq of the bearing capacity is expressed as the load strength by subtracting buoyancy from the
whole actions including self-weight of the foundation. Based on the concept that there will be no shear in the
ground unless the load strength applied to the foundation bottom exceeds the effective overburden pressure acted at
the position of the foundation bottom before excavation, it is reasonable to use the following equation which gives
the net ultimate bearing capacity where effective overburden pressure is subtracted rather than using equation
(3.2.2). The right side is divided by the adjustment factor mg as in equation (3.2.1).

1 B
9y — Pu&D = m_(ﬁp]kgj Ny + pugD(N, — I)J 3.2.3)
B .

If the second term of the left side is moved to the right side, equation (3.2.3) coincides with equation (3.2.1).

Table 3.2.1 Shape Factors

Shape of foundation Continuous Square Round Rectangular
B 1 0.8 0.6 1-0.2 (B/L)

B: length of short side of rectangle, L: length of long side of rectangle

—_
=
(=]

Characteristic values of bearing capacity factort Nqx and Ny,
S

[

0 10 20 30 40 50
Characteristic value of angle of shear resistance ¢, (°)

Fig. 3.2.1 Relationship between Bearing Capacity Coefficients Ny and Ny and Angle of Shear Resistance ¢

(4) General Shear and Local Shear

Fig. 3.2.2 shows the plastic equilibrium condition in ground supposed on Terzaghi’s bearing capacity theory.
Sliding surface is considered only below the depth of foundation bottom, and the soil above it is considered as
pressing load. In the plastic equilibrium condition of the ground shown in Fig. 3.2.2, shear failure reaches to the
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ground level (to the depth of foundation bottom in Fig. 3.2.2). This is the shear failure that occurs when the ground
is much dense or stiff and failure strain is small; which Terzaghi called the general shear failure. On the contrary, if
the soil is loose or soft and highly compressive, local shear failure of the soil below foundation induces large
settlement before plastic failure reaches the range shown in Fig. 3.2.2 and may result in a practical failure. This
type of failure is called local shear failure (or partial shear failure). Fig. 3.2.3 shows these two failures in terms of
the relation between the load strength and the settlement in loading test.

The types of these two shear failures are mainly discriminated base on individual judgment. Terzaghi advocates to
empirically use two thirds of tan¢g when local shear failure is expected, which can be adopted.
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Fig. 3.2.2 Plastic Equilibrium Condition in the Ground below Continuous Foundation
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Fig. 3.2.3 Relation between Load Strength and Settlement in Loading Test

3.2.3  Bearing Capacity of Foundation on Clayey Ground

(1) The next equation can be used for examination of bearing capacity of foundations on clayey ground.

1 B
9a =— N [1 +n— J%k +pngD (3.2.4)
Mg L
where
qd : design value of foundation bearing capacity considering buoyancy of submerged part (kN/m?)
mp  : adjustment factor for bearing capacity
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Neqok  : characteristic value of bearing capacity coefficient for strip foundation adhesive force

n : shape factor of foundation (refer to Fig. 2.2.4)

B : minimum width of foundation (m)

L : length of foundation (m)

Cok : characteristic value of undrained shear strength of clayey soil at the foundation bottom (kN/m?)

p g : characteristic value of unit volume weight of soil of ground above the foundation bottom, or unit volume
weight in water, if submerged (kN/m?)

D : embedment length of foundation in the ground (m)

The adjustment factor mg for the bearing capacity of shallow foundation is a factor to consider the safety margin of
bearing capacity and may be set to an adequate value of 1.5 or more for clayey ground. When it is expected that
slight settlement or deformation of the ground significantly impair the function of superstructure such as crane, it is
desirable to set an adequate value corresponding to characteristic of facilities such as an adjustment factor mg of 2.5
or more.

Bearing Capacity Coefficient of Clayey Ground Considering the Increase in Strength in Depth Direction

As the shear strength of clayey ground in port areas often increases linearly with depth, the characteristic value Nk
of bearing capacity coefficient in equation (3.2.4) can be calculated using Fig. 3.2.4 that takes account of the
change in shear strength within the ground. Here, k is the increase rate of strength in the depth direction. If the
surface strength is co, the undrained shear strength at depth z is expressed by co + kz. The characteristic value N.ox of
bearing capacity coefficient for strip foundation shown in Fig. 3.2.4 was given by Davis et al 2 who numerically
resolved the Koétter Equation. The shape factor n for homogeneous soil ground is 0.2, while for ground where
strength increases in depth direction, it is determined based on the broken line in Fig. 3.2.4. The broken line
indicates interpolated values using the result of circular slip failure analysis®. Round foundations can be considered
to correspond to square foundations.

12 0.30
r Load intensity
ol m 023
i B
4 L — 010
2 — 0.05
O i 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 0
0 1 2 3 4 5
kB/co,

Fig. 3.2.4 Bearing Capacity Coefficient Ncok of Clayey Ground in which Strength Increases in
Depth Direction and Shape Factor n
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Examination of Bearing Capacity by Stress Distribution in Ground

In the analysis of bearing capacity, the stability, settlement, and deformation properties of the ground at the
foundation of facilities are examined. Traditionally, the bearing capacity in the ground at each depth is examined
considering the underground stress distribution generated by actions from facilities. If the stability as a whole is
ensured by stability of slope analysis and others, there is no need to consider the stress distribution in the ground
from the viewpoint of stability evaluation, but it is meaningful as a simple way from the viewpoint of verifying the
possibility of relatively large settlement in the ground induced by actions from facilities.

Practical Equation to Calculate the Bearing Capacity

The design value of bearing capacity in the case of continuous foundation can be calculated from the bearing
capacity coefficient shown in Fig. 3.2.4 in the range of kB/cox < 4 using equation (3.2.5). Same symbols are used as
in equation (3.2.4).

1
q, =m—(1.018kB +5.14¢, )+ P, gD (where, kBlcy,<4) (3.2.5)
B

3.2.4  Bearing Capacity of Multi-layered Ground

(1

2)

Examination of stability for the bearing capacity when the foundation ground has a multi-layered structure can be
performed by circular slip failure analysis. Assuming the overburden pressure above the level of the foundation
bottom as the surcharge, circular slip failure analysis, which is described later in detail in Part III, Chapter 2, 4.2
Examination of Stability, is performed by the modified Fellenius method for an arc passing through the edge of
the foundation, as shown in Fig. 3.2.5. A value of 1.5 or more can generally be set as the adjustment factor mg
regarding the bearing capacity of multi-layered ground, but in cases where settlement will have a large effect on the
functions of the facilities like crane foundation, it is preferable to set a value of not less than 2.5.

l/l/HHHHHHMW Soillayer |

Soil layer 2

Soil layer 3

Soil layer 4

Fig. 3.2.5 Calculation of Bearing Capacity of Multi-layered Ground by Circular Slip Failure Analysis

If the cohesive soil layer thickness H is significantly less than the smallest width of the foundation B (i.e., H <
0.5B), a punching shear failure, in which the cohesive soil layer below the surcharge plane is squeezed out, is liable
to occur. The bearing capacity used for design against this kind of squeezed-out failure can be calculated by the
following equation .

q,= mL(4.0 +0.5B/H)e,, + p,.gD (3.2.6)
B
where
qd : design value of bearing capacity considering the buoyancy of the submerged part (kN/m?)
B : smallest width of foundation (m)
H : cohesive soil thickness (m)
Cuk : characteristic value of mean undrained shear strength in layer of thickness H (kN/m?)
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pg o characteristic value of unit volume weight of soil of ground above the level of the foundation bottom or
unit volume weight in water, if submerged (kN/m?)

mg  : adjustment factor for bearing capacity (refer to Part III, Chapter 2, 3.2.3 Bearing Capacity of
Foundation on Clayey Ground)

D : embedment length of foundation (m)

3.25 Bearing Capacity for Eccentric and Inclined Actions

(1) Examination of the bearing capacity for eccentric and inclined actions acting on the foundation ground of gravity-
type structures can be performed by circular slip failure analysis with the simplified Bishop method using the
following equation. Partial factors » and jr and adjustment factor m shall be appropriate values corresponding to
the characteristics of the facilities. It is necessary to appropriately set the strength constant of the ground and others,
the forms of the actions, and other factors considering the structural characteristics of the facilities, etc. m is the
parameter corresponding to the safety factor considering designing with the traditional safety factor method since x
and j are usually set to 1.00, as described later.

m Vs > A7, + g, )sin0+aPy /R} o
1+ tan@tang, /(m/y,)
where
R : radius of slip circle in circular slip failure (m)
ck : characteristic value of undrained shear strength in case of clayey ground, or characteristic value of
apparent cohesion in drained condition in case of sandy ground (kN/m?)
W'y characteristic value of effective weight of divided segment per unit length (weight of soil; effective weight
in water if submerged) (kN/m)
qx : characteristic value of vertical action from top of divided segment (kN/m)
% : angle of bottom of divided segment to horizontal plane (°)
D : 0 in case of clayey ground, or characteristic value of angle of shear resistance in drained condition (°) in
case of sandy ground
Wi : characteristic value of total weight of divided segment per unit length (total weight of soil and water)
(kN/m)
Pux @ characteristic value of horizontal action on lumps of soil in slip circle in circular slip failure (kN/m)
a : arm length from the center of slip circle in circular slip failure at position of Py action (m)
s : width of divided segment (m)
7% : partial factor to multiply to the action term
R : partial factor to multiply to the resistance term
m : adjustment factor
The basic form of verification is expressed in the following equation:
m3Lc10  S,=rS. R=nk (3.2.8)
d
where
Sk : characteristic value of the action term
S : value to be used for design of the action term
Ry : characteristic value of the resistance term
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Sk : value to be expected in design of resistance term

Equation (3.2.7) described after this shall be the following:

R, (3.2.92a)

Sy =¥sSe =¥s- > AW, + ¢, )sin6 + aPy [R} (3.2.9b)
. sec @

R, =y R = yRZ{{cker (7 + qk)tan¢k}l+ tmgtan@/(m/h)} (3.2.9¢)

In the strict sense, the above equation cannot be expressed in the form of equation (3.2.8), since Rq4 includes an
adjustment factor m in the equation. Because it is also important to confirm the expected failure mechanism by
determining an arc that gives the computationally minimum stability in the circular slip failure calculation using the
simplified Bishop's method, the stability can be verified by calculating the minimum m with the iterative calculation
and confirming that the value is greater than the value of the adjustment factor m given as a set value.

The concept of divided segment and its weight (Wi and W) in the circular slip failure analysis is shown in Fig.
3.2.6, where divided segment also including water mass part without soil (including structures), i.e. water between
the water surface and the ground surface, is considered. If the arc reaches the ground surface, but not the water
surface, let the hydrostatic pressure act on the vertical surface of the divided segment of an edge.

Sliding moment is calculated based on the total weight (W) of soil mass and water mass. If the sliding moment of
soil mass considering the total weight (W) and the sliding moment by water mass part and the hydrostatic pressure
are added (actually subtracted), it coincides with the sliding moment of soil mass considering the effective weight
(W%). This is because the moment attributable to the hydrostatic pressure that acts on a total system composed of
soil mass and water mass generally coincides with the moment attributable to buoyancy. The hydrostatic pressure
that acts along the arc is not necessary to calculate the moment because it points to the center of arc.

On the other hand, the shear strength to calculate the resistant moment is calculated from the effective overburden
pressure based on the effective weight (W) of soil mass.

Y

Hydrostatic pressure

. to the end surface
Hydrostatic pressure

to the end surface Wi: Weight of water

Used for calculation of
sliding moment

Water
> Wi: Total weight of soil
Rubble mound Used for calculation of sliding moment
[~ W'k Weight of soil in water
Used for calculation of resistant moment
Ground

Fig. 3.2.6 Divided Segment in Circular Slip Failure Analysis and Concept of Its Weight

(2) In gravity-type quaywalls and gravity-type breakwaters, actions due to self-weight, earth pressure, wave force,
ground motion and others shall be considered. The resultant forces of these actions are normally both eccentric and
inclined. Therefore, examination for eccentric and inclined actions is necessary in examination of the bearing
capacity of foundations. Here, eccentric and inclined action means an action with an inclination ratio equal to or
greater than 0.1.
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Because normal gravity-type structures are two-layered structures with a rubble mound layer on foundation ground,
an examination method which adequately reflects this feature is necessary. It has been confirmed that circular slip
failure calculations by the simplified Bishop method can accurately express stability (safety factor) for bearing
capacity in a series of research results, including laboratory model experiments, in-situ loading experiments, and
analysis of the existing breakwaters and quaywalls; therefore, this method is used as a general method.”

Analysis of Bearing Capacity by Circular Slip Failure Calculation Based on the Simplified Bishop Method

Circular slip failure analysis based on the simplified Bishop method is considered more precise than the normal
circular slip failure analysis based on the modified Fellenius method, except when a vertical action exerts on
horizontal sandy ground (in this case, the bearing capacity formula shown in Part III, Chapter 2, 3.2.2. Bearing
Capacity of Foundation on Clayey Ground is used rather than the circular slip failure). Therefore, the circular
slip failure analysis by the simplified Bishop method is applied under the condition that eccentric and inclined
forces act. As shown in Fig. 3.2.7 (a), the start point of the sliding surface is set symmetrical to one of the
foundation edges that is closer to the load acting point. In this case, the vertical action exerting on the wall bottom
is converted into uniformly distributed load acting on the width between fore toe of the wall bottom and the start
point of the sliding surface as indicated in Figs 3.2.6 (b) and (c). The horizontal force shall act at the wall bottom.
However, when calculating the bearing capacity during an earthquake action, actions on mound and the ground due
to seismic force will not be considered.

, e (prp2)
When subgrade reaction has a trapezoidal distribution; g=— 4 B
When subgrade reaction has a triangular distribution; g= le—z,
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Fig. 3.2.7 Analysis of Bearing Capacity for Eccentric and Inclined Actions

Verification and Partial Factors

(D The verification of safety shall be performed by confirming that the ratio of the action moment by action and
soil weight multiplied by the partial factor % (S¢ in equation (3.2.9b)) to the resistant moment by shear
resistance multiplied by the partial factor »& (R4 in equation (3.2.9¢)) multiplied by the adjustment factor m is
1.0 or less (equation (3.2.9a)). The values in Table 3.2.2 may be used as general values for the partial factor.

@ In normal soil structures, 1.00 is set to partial factors s and jr and a value more than 1.00 is set to an
adjustment factor m. For the performance verification of the permanent state of mooring facility subject to
long-term actions, an adjustment factor value m equal to or more than 1.20 can generally be used.

@ Regarding actions on breakwaters due to ground motion, few examples of damage are available, and the degree
of damage is also small. As the reasons for this, in many cases, large displacement does not occur because
actions due to seismic ground motion are basically equal in the harbor direction and the outer sea direction and
have the short duration. Accordingly, examination of the bearing capacity at the time of actions of seismic
ground motion may be omitted in the case of ordinary breakwaters. However, detailed examination by dynamic
analysis is desirable for breakwaters where stability at the time of actions of seismic ground motion may be a
serious problem.
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Table 3.2.2 Standard Lower Limit Values of Adjustment Factor m in Analysis Method for Bearing Capacity for
Eccentric and Inclined Actions (Simplified Bishop Method)

Quaywalls, etc. Breakwaters
Permanent state 1.20 or more g
Variable situation for Lgvel 1 earthquake ground 1.00 or more 0
motion
Variable situation for waves U 1.00 or more

Note) In case partial factors are indicated by structural type, the partial factor for the part
concerned shall be used.
The partial factor s to be multiplied to the action term shall be 1.00 and the partial
factor jr to be multiplied to the resistance term shall be 1.00.
The standard value of the adjustment factor m shall be set as the lower limit of the
minimum value m obtained by the simplified Bishop's method.

(6) Strength Constants for Mound Materials and Foundation Ground
@® Mound materials

Model and field experiments on bearing capacity subject to eccentric and inclined actions have verified that
accurate results can be obtained by conducting circular slip failure analyses based on the simplified Bishop
method, applying the strength constants obtained by triaxial compression tests 3. Large-scale triaxial
compression test results of crushed stone have confirmed that the strength constants of large diameter particles
are approximately equal to those obtained from similar grained materials with the same uniformity coefficient®.
Therefore, triaxial compression tests using samples with similar grained materials are preferably conducted in
order to estimate the strength constants of rubbles accurately. If the strength tests are not conducted, the values
of cohesion cp = 20 kN/m? and shearing resistance angle ¢p = 35° are applied as the characteristic values as the
standard strength constants for normal rubbles generally used. The strength of rubbles is expected to differ
corresponding to the packing density of actual rubbles in the field, but as it is quite difficult to understand the
situation of rubbles in the field, values of standard strength constants may be used.

The standard values have been determined as slightly safe side values based on the results of large-scale triaxial
compression tests of crushed stones. The values are also appropriate from the analysis results of the existing
breakwaters and mooring facilities. Cohesion cp = 20 kN/ m? as a strength constant is the apparent cohesion to
take account of variations of the shear resistance angle @p of crushed stones under variable confining pressures
(tendency of decrease in shear resistance angle due to increase in confining pressure). Fig. 3.2.8 is the summary
of ¢p obtained assuming cp = 0 as the results of triaxial tests on various types of crushed stones . It shows that
as the confining pressure increases, ¢p decreases due to particle crushing. The values indicated by the solid line
in the figure represents the calculated values under the assumption that the apparent cohesion is ¢p = 20 kN/m?
and gp= 35°. Here, the dependency of ¢p on the confining pressure is reflected by taking the apparent cohesion
into account. According to the result of investigation of the relation between unconfined compressive strength
in the mother rock and the strength constant, these standard values can be applied only to the stone material
with an unconfined compressive strength in the mother rock of 30 MN/m? or more. If weak stone material with
the strength of the mother rock of 30 MN/m? or less are used as a part of the mound, the strength constants will
be around cp= 20 kN/m? and ¢p = 30°7.
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Fig. 3.2.8 Relationship between ¢p and Lateral Confining Pressure g3 and Apparent Cohesion

® Foundation Ground

As foundations subject to eccentric and inclined actions often have shallow sliding surfaces, the strength in the
vicinity of surface of the foundation ground becomes a problem. In case of sandy ground, the strength constant
@ p is usually estimated from SPT-N value, but the estimation formulas until now did not consider the influence
of the effective surcharge pressure in-situ and thus ¢p obtained from the SPT-N value in shallow sandy
grounds tended to be underestimated.

Fig. 3.2.9 shows the compiled result of triaxial compression tests on undisturbed sand in Japan compared to the
formulas proposed in the past. Even with the SPT-N values equal to or less than 10, around 40° has been
obtained as a ¢p value. The following values are generally used as characteristic values for ¢ pin foundation
ground considering results of inverse analysis of past damage examples and that the bearing capacity for
eccentric and inclined actions becomes a problem in performance verification against not static actions in
permanent state but dynamic actions such as wave and ground motio.

Sandy ground with SPT-N value of less than 10: ¢ p = 40°
Sandy ground with SPT-N value of 10 or more: ¢ p = 45°
In case of clayey ground, the strength may be set in the method indicated in Part II, Chapter 3, 2.3.3 Shear

Characteristics.
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Range according to Meyerhof .
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Fig.3.2.9 Relationship between ¢ o and the SPT-N value Obtained by Triaxial Tests on Undisturbed Sand Samples
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3.3 Deep Foundations
3.3.1 General

(1) Deep foundations transmit and support the load acting from the superstructure and so on to the strong soil strata in
deep locations in the ground. The foundation is generally verified as deep one when its embedment depth is larger
than its minimum width.

(2) The type of deep foundations includes caisson foundation, steel pipe sheet pile foundation, consecutive
underground wall foundation and pile foundation. Here, foundation types except pile foundation are considered as
deep foundations and the verification method for them is described. The verification method for pile foundations is
described in Part IT1, Chapter 2, 3.4 Pile Foundations.

(3) Methods to distinguish the deep foundations from pile foundations include the one by judging that BL (B:
characteristic value of pile, L: embedment length of pile) calculated by Chang’s method (see Part III, Chapter 2,
3.4.7 Calculation of Deflection of Piles by Chang’s Method) is 1 or less. However, fL may exceed 1 when
applying a deep foundation to the foundation of large structures or on other cases.

3.3.2 Fundamentals of Performance Verification

(1) The performance of a deep foundation shall be properly verified taking into account the soil conditions, the
structural property, the method of construction, etc.

(2) For the performance verification of caisson foundation, steel pipe sheet pile foundation and consecutive
underground wall foundation, Standard Specifications for Road Bridges and Their Manual, IV Substructures
® may be referred to.

(3) Deep foundations used for relatively small structures and so on may be verified in the method described in Part III,
Chapter 2, 3.3.3 Performance Verification.

3.3.3 Performance Verification

(1) The bearing capacity of deep foundations shall be verified by examination of the subgrade reaction generated by the
action of vertical force and horizontal force to deep foundations. The subgrade reaction is determined by assuming
that the surrounding ground is an elastic body and has modulus of subgrade reaction proportional to the depth from
the ground surface as shown in equation (3.3.1) 9.

p=Kxy (3.3.1)
where
p : subgrade reaction (kN/m?)
K : rate of increase in modulus of subgrade reaction with depth (kN/m*)
x : depth (m)
y : displacement at depth x (m)

Subgrade reaction is composed of the vertical subgrade reaction acting on the foundation bottom and the horizontal
subgrade reaction acting on the foundation side. K is generally considered to have different values for the horizontal
subgrade reaction and the vertical subgrade reaction because the soil of deep foundation differs in side and bottom.

(2) Deep foundations are assumed to be rigid bodies and rotate by the action of horizontal force. Then, the horizontal
subgrade reaction shows a parabolic distribution taking a value 0 at the ground surface. On the other hand, the
distribution profile of vertical subgrade reaction differs if the action position of the resultant force of loads at the
bottom slab of deep foundation is inside the core or not. The distribution of the subgrade reaction is assumed to be
trapezoidal when the action position of the resultant force of loads is inside the core, while it is assumed to be
rectangular when outside of the core. The distribution profile of the subgrade reaction is shown in Fig. 3.3.1 and
Fig. 3.3.2.
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Fig. 3.3.1 Distribution of the Subgrade Reaction When the Action Position of the Resultant Force of Loads Is
Inside the Core
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Fig. 3.3.2 Distribution of the Subgrade Reaction When the Action Position of the Resultant Force of
Loads Is Outside of the Core

(3) When the action position is within the range of 1/6 of the basic width (width in the direction parallel with the
horizontal force) from the center line of the foundation, the action position of the resultant force of loads at the
bottom slab of deep foundation is called to be inside the core. At this time, the whole foundation bottom behaves as
if it is pressed to the ground and the vertical subgrade reaction acts to the whole bottom surface. This is the reason
why the trapezoidal distribution of the subgrade reaction as shown in Fig. 3.3.1 is assumed.

On the other hand, if the action position of the resultant force of loads is outside of the core, one side of the
foundation bottom behaves as if it floats and the vertical subgrade reaction acts only to the limited range of the
foundation bottom. At this time, the vertical subgrade reaction acting on the foundation bottom shows triangular
distribution, but assuming such distribution profile makes the calculation of subgrade reaction complex. Therefore,
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(4)

)

a method assuming a rectangular vertical subgrade reaction distribution ' as shown in Fig. 3.3.2 is used here as a

simple method.

If equation (3.3.2) is true, the action position of the resultant force of loads is judged to be inside the core.

No+wil 3aK’ (low” + 4By +6M, )

4 p(P 240K
where
No : vertical force acting at ground level position (kN)
Py : horizontal force acting on structure above ground surface (kN)
M,y : moment due to Py at ground surface (kN-m)
wi : self-weight of foundation per unit depth (kN/m)
/ : embedment depth (m)
A : bottom area (m?)
2a : width of a foundation parallel to horizontal force (m)
2b : width of a foundation perpendicular to horizontal force (m)
K’ : K'=Ko/K;
K : rate of increase in coefficient of vertical subgrade reaction in the depth direction (kN/m*)
K> : rate of increase in coefficient of horizontal subgrade reaction in the depth direction (kN/m*)
k : horizontal seismic coefficient
a : constant determined by bottom shape

(1.00 for rectangular shape and 0.588 for round shape)

(3.3.2)

When the action position of the resultant force of loads at the bottom slab is inside the core, the maximum vertical
subgrade reaction acting on the foundation bottom, the maximum horizontal subgrade reaction acting on the
foundation side and the depth where horizontal subgrade reaction is maximum can be obtained from equations

(3.3.3) — (3.3.5), respectively.

Ny 30K (low? + 4B +6M, )

G
A b(P* +24aK'a’)
2
3{bmi* 3R +4MI +8aK'a (kwl + 5 )}
4bi* (P +24aK'a’ ) (lwl? + 4Ry + 6M, )
_ Jwl* +3R1° +4AMI” +8aK '@ (kwl +E,)
21 (kwi” + 4By +6M, )

where
q1 : maximum vertical subgrade reaction acting on the foundation bottom (kN/m?)
pi : maximum horizontal subgrade reaction acting on the foundation side (kN/m?)
h : depth where horizontal subgrade reaction is maximum (m)

(3.3.3)

(3.3.4)

(3.3.5)

When the action position of the resultant force of loads at the bottom slab is outside of the core, the vertical
subgrade reaction acting on the foundation bottom is calculated assuming that it equals to the design value of the
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(6)

vertical bearing capacity of deep foundation (see Part III, Chapter 2, 3.3.4 Vertical Bearing Capacity of Deep
Foundations). The maximum horizontal subgrade reaction acting on the foundation side and the depth where
horizontal subgrade reaction is maximum for rectangular foundation bottom can be obtained from equations (3.3.6)
and (3.3.7), respectively.

3(kWI+4My —4Nye—4We +3R)])’

- (3.3.6)
4b1* (kW1 +6M, —6N,e—6We+4R)])

Y4

. I(kWI+4M, —4Nye—4We+3L)) (3.3.7)

2(kWI+6M,—6Nye—6We+4R)])

where

/4 : self-weight of foundation (kN)

e : eccentricity (m)
_ W+ N,
cTar 4bqad
gaa  : design value of the vertical bearing capacity of deep foundation (kN/m?)

When the shape of a foundation bottom is circular, a method to obtain the eccentricity by converting it to a
rectangular bottom using equations (3.3.8) and (3.3.9) has been proposed '".

2a==D (3.3.8)
4
w=2p (3.3.9)
3
where
D : diameter of the foundation bottom (m)

Adaptability of equations (3.3.8) and (3.3.9) needs to be carefully examined since they are approximate conversion
equations induced to equalize the area of the foundation bottom and the section modulus.

Stability of the foundation is verified with equations (3.3.10) and (3.3.11) when the action position of the resultant
force of loads at the bottom slab of a deep foundation is inside the core, and with equation (3.3.10) when outside of
the core.

Vs P
m——x<1.0
YRD pi (3.3.10)

Gad =% (3.3.11)
where
ppe  : characteristic value of passive earth pressure at depth h (kN/m?)
gaa : design value of vertical bearing capacity of deep foundations (kN/m?)

(see 3.3.4 Vertical Bearing Capacity of Deep Foundations in this Chapter)
s . partial factor to multiply to action
7R . partial factor to multiply to resistance
m . adjustment factor
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Partial factors ys and yz to multiply to action and resistance shall be 1.0. Adjustment factor m for important facilities
shall be 1.5 or more, otherwise 1.1 or more. However, adoption of more sophisticated verification method should be
examined than using equations (3.3.10) and (3.3.11) when verifying important facilities (see Part II1, Chapter 2,
3.3.2 Fundamentals of Performance Verification).

3.3.4  Vertical Bearing Capacity of Deep Foundations

(1) The design value of vertical bearing capacity of a deep foundation can be calculated as the sum of bearing capacity
at foundation bottom and friction resistance force at foundation sides as shown in equation (3.3.12).

Qod = 9ua T 9u2a 3.3.12)
where
gaa  : design value of vertical bearing capacity of deep foundation (kN/m?)
gua : design value of bearing capacity at foundation bottom (kN/m?)
gua : design value of friction resistance force at foundation sides (kN/m?)

However, if the surrounding ground may become loose due to construction of deep foundations, the bearing
capacity at foundation bottom is considered to be the vertical bearing capacity of deep foundations, ignoring the
friction resistance force at foundation sides.

(2) The design value of bearing capacity at foundation bottom can be considered to be equal to that of bearing capacity
of shallow foundation. For the design value of bearing capacity of shallow foundations, Part III, Chapter 2, 3.2.2
Bearing Capacity of Foundations on Sandy Ground or Part III, Chapter 2, 3.2.3 Bearing Capacity of
Foundation on Clayey Ground can be referred to according to the nature of the soil of foundation bottom.

(3) The design value of friction resistance at foundation sides in sandy ground can be calculated by equation (3.3.13).

(B2 3.3.13
Yu2d my I B akV 2k HMr ( e )

where
B : minimum width of foundation (width in the direction of narrow side) (m)
L : maximum width of foundation (width in the direction of wide side) (m)
D : embedment depth of foundation (m)
Kau @ characteristic value of coefficient of active earth pressure (0=0°)

(see Part II, Chapter 4, 2 Earth Pressure)
¥2r  : characteristic value of unit volume weight of soil of ground above the foundation bottom, or submerged

unit weight if submerged (kN/m?)
Lk : characteristic value of friction coefficient between foundation sides and sandy soil

2
My = tan §¢k

Dk : characteristic value of shear resistance angle of sandy soil (°)
mp  : adjustment factor for bearing capacity of foundation

The friction angle between the foundation sides and sandy soil does not exceed the shear resistance angle of soil.
Equation (3.3.13) determines the friction coefficient between the foundation sides and sandy soil assuming that the
foundation sides are made of concrete and the friction angle between concrete and sandy soil is (2/3) ¢.

The value of adjustment factor mp for bearing capacity of foundation is determined according to Part III, Chapter
2, 3.2.2 Bearing Capacity of Foundations on Sandy Ground.

(4) The design value of friction resistance force at foundation sides in clayey ground can be calculated by equation
(3.3.14).
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2 B\D.—
Du2d = . 1+ T |5 Car (3.3.14)
where
D, : embedment depth of foundation below groundwater level (m)
Cak : characteristic value of mean adhesion in embedment depth of foundation below groundwater level (kN/m?)
mp : adjustment factor for bearing capacity of foundation

The soil above the groundwater level of clayey ground has a possibility of drying shrinkage during summer;
therefore, the friction resistance force of foundation sides in this portion is not to be expected. Equation (3.3.14)
determines the characteristic value of friction resistance force of foundation sides using the area and mean adhesion
of foundation sides below groundwater level.

For practical adhesion in clayey ground, see Table 3.3.1. Friction resistance force on foundation sides cannot be
expected if the ground surrounding the foundation is soft sandy soil.

The value of adjustment factor mp for bearing capacity of foundation is determined according to Part III, Chapter
2, 3.2.3 Bearing Capacity of Foundations on Clayey Ground.

(5) The negative skin friction acting on the foundation sides shall be examined if deep foundations penetrate the ground
generating consolidation and reach the bearing layer. For the method of examination, see Part III, Chapter 2,
3.4.11 Negative Skin Friction Force.

Table 3.3.1 Relationship between Unconfined Compression Strength and Mean Adhesion of Clayey Soil

Unconfined Compression Mean Adhesion
(kN/m?) (kN/m?)
Soft clayey soil 20-50 -
Medium clayey soil 50 - 100 6-12
Hard clayey soil 100 - 200 12 -25
Extremely hard clayey soil 200 - 400 25-30
Consolidated clayey soil 400 or more 30 or more

3.4 Pile Foundations
3.4.1 General

(1) Pile foundation means a type of foundation which transfers actions on the facilities to the ground by means of a
single pile or multiple piles.

(2) Pile means a columnar structure which is provided underground in order to transfer actions on the superstructures
or the foundation to the ground. Piles are classified into steel pile, concrete pile, wooden pile, and so on by their
material, and into driven pile, bored pile, cast-in-place pile, and so on by their construction method.

Piles are used as a single pile or as coupled piles in port facilities. Single piles are individually used straight pile
(built in vertical direction) or batter pile (built with a certain angle of inclination to the vertical line). Coupled piles
connect two batter piles having a different angle of inclination to the vertical line at the head and used as an integral
structure.

(3) A pile whose bottom is embedded in so-called bearing stratum such as dense sandy ground, gravel ground, and rock
ground are called bearing piles. On the other hand, piles whose bottom is not embedded in stratum considered to be
supportive but remains in a relatively soft stratum are called friction piles.

In the past, piles were classified into bearing piles where the base resistance is dominant and friction piles where the
skin friction force is dominant by focusing on the ratio of base resistance to skin friction force in the pushing
resistance force of a pile in its axial direction. On the other hand, some people noted that the classification of
bearing and friction piles is not absolute because the ratio of base resistance to skin friction force in the pushing
resistance force in its axial direction varies by the amount of load, loading rate, loading time, etc. Here, a definition
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capable of distinguishing the bearing pile and the friction pile regardless of load conditions is adopted in order to
avoid confusion due to such circumstances.

342 Fundamentals of Performance Verification of Pile Foundations

(1) The performance of pile foundations is verified from the viewpoint of bearing capacity of pile foundations,
displacement, stress caused in pile body, etc. The verification procedure is often complex and needs trial and error
because the bearing capacity of pile foundations, displacement, and stress caused in pile body are interrelated. High
degree of freedom in selection of the shape of pile foundation and setting of the pile arrangement necessitates
adequate consideration of economy in their examination. Fig. 3.4.1 shows an example of performance verification
sequence of pile foundations.

Assume basic shape, pile arrangement,
> and pile specifications
+ [

Examine bearing capacity

Axial directional pushing resistance force
(3.4.3)
Ground Axial directional pulling resistance force
.. (3.4.4) Calculate actions to pile head
/ __ conditions / . . .
Bearing capacity of coupled piles (3.4.9)

Bearing capacity of a pile group (3.4.10)
Negative skin friction force (3.4.11)

Verification of
bearing capacity

A

NG
OK

Examine the displacement

Displacement of pile head due to axial directional force (3.4.5)
- Deflection of a pile subjected to force in the direction
perpendicular to axis (3.4.6)

A

Verification of Allowable
NG displacement displacement

OK

A

Calculate stress to pile body

-< Verification of stress Characteristic
NG of pile body

OK

Verification of
economy

OK

Determine basic shape, pile arrangement,
and pile specifications

NG

Fig. 3.4.1 Example of Performance Verification Sequence of a Pile Foundation
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The vertical load acting on the pile foundation shall be supported only with piles. The bearing capacity of floor slab
in superstructure or ground contacting the bottom surface and others of footing of pile foundations shall not be
expected.

As time goes by, the floor slab of superstructure or the bottom of footing contacted with the ground at the end of
construction may be separated due to difference in the amount of settlement between the pile foundation and the
ground. Friction piles are relatively less prone to cause such difference, but when the ground turbulence occurred at
the time of pile construction is recovered after construction, the consolidation phenomenon accompanies, and the
ground relatively and slightly settles. Thus, for the sake of safety, the bearing capacity of floor slab in superstructure
or ground contacting the bottom surface of footing of pile foundations shall not be expected.

The horizontal load acting on the pile foundation shall be supported only with piles. The passive earth pressure
resistance of the ground in the front of the superstructure or pile foundation embedment shall not be expected.

If the passive earth pressure resistance of the ground in the front of structures or pile foundation embedment can be
properly evaluated, the resistance may be considered. Then, it is necessary to confirm that both of the passive earth
pressure resistance and the resistance force perpendicular to the axis of pile take reasonable values against the
displacement of foundation. That is, care should be taken so that increase in displacement of the pile head part
before the passive earth pressure resistance reaches an expected value does not cause flexure fracture of piles. The
evaluation of the passive earth pressure resistance considering such influence is generally difficult, and it often
requires sophisticated examination.

When single piles and coupled piles are used together in a pile foundation, horizontal force is considered to be
totally borne by coupled piles in general. This takes into consideration that coupled piles have a structure less prone
to cause horizontal displacement than single piles and that they exert significantly large bearing capacity to the
same horizontal displacement than single piles.

When verifying the bearing capacity of a pile foundation, it is necessary to examine whether each pile has enough
bearing capacity for load acting on the head of the pile composing a pile foundation. Coupled analysis of
superstructure and pile foundations may be needed depending on the kind of facilities supported by the pile
foundations or the kind of load that acts.

The bearing capacity of a pile used as a single pile is examined in each direction by breaking down the load acting
on the pile head into the element in the pile axis direction and the element in the direction perpendicular to the pile
axis.

If pulling force in the axial direction acts on a pile, particularly careful examination is needed since the pulling
failure may fatally damage the facilities the foundation bears. The pulling force in the axial direction acting on a
pile behaves as if it raises the ground. In other words, the effective stress in the ground surrounding the pile
decrease, and the ground tends to lose. The contact area of pile and the ground decreases as upward displacement of
piles by pulling increases. Therefore, increase in upward displacement of piles by pulling and continuation of
loading time are disadvantageous elements to pulling resistance force of a pile in its axial direction. In clayey
ground, in particular, it is anticipated that creep phenomenon occurs more prominently than in the case of pushing.
As seen above, as the behavior to displace piles upwardly by pulling promotes instability of the structure as a
whole, it is desirable to minimize the pulling force in the axial direction acting on piles to the extent possible. In
particular, when there exists a pile that is subjected to large pulling force in the axial direction for a long time,
examine rearrangement of piles. Moreover, when the pile head and superstructure are insufficiently connected,
verify that the pile and superstructure are surely connected if the pulling force in the axial direction acts on the pile
since the pulling resistance force of a pile in its axial direction is not exerted.

Care should be taken as the pile head is greatly displaced when force in the direction perpendicular to the axis acts
on piles in soft clayey ground. There are many issues, such as the necessity of considering the influence of the
ground consolidation or creep phenomenon. Thus, it should be avoided to design expecting resistance force in the
direction perpendicular to the axis of piles in soft clayey ground.

The bearing capacity of a single pile in its axial direction shall be verified by comparing the force acting on the pile
head in the axial direction and the resistance force of the pile in its axial direction. Also, confirm that the pile body
does not fail by the axial stress caused in the pile body. It shall also be confirmed that the settlement and upward
displacement of the pile head does not exceed the value determined from the allowable displacement of the facility
the foundation bears.
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For calculation of resistance force of a pile in its axial direction, refer to Part III, Chapter 2, 3.4.3 Pushing
Resistance Force of a Pile in Its Axial Direction and Part III, Chapter 2, 3.4.4 Pulling Resistance Force of a
Pile in Its Axial Direction.

For resistance of a pile body used in verification of its failures, refer to Part II, Chapter 11, 2.2 Characteristic
Values of Steel Members and Part II, Chapter 11, 3.6 Concrete Pile Materials. When using a spliced pile, the
minimum value of resistance of each part and joint shall be the resistance of a pile body. The effective cross-
sectional area of a pile needs to be properly evaluated when verifying failures of a pile body. In general, the
minimum cross-sectional area shall be used for a concrete pile or a wooden pile, whereas the cross-sectional arca
considering the influence of corrosion shall be used for a steel pile. Safety margin depending on the structural type
shall be properly considered in verification. When force in the axial direction and the direction perpendicular to the
axis acts to a single pile at the same time, the failure of a pile body shall be verified in the condition where axial
stress and bending stress calculated from the examination for each direction are overlaid.

For the examination of settlement and upward displacement of piles, refer to Part III, Chapter 2, 3.4.5
Displacement of Pile Head due to Axial Directional Forcer.

The bearing capacity in the direction perpendicular to the axis of a single pile shall be verified by calculating the
deflection of a pile when the force in the direction perpendicular to the axis acts on the pile head and confirming
that the bending stress caused in the pile body does not fail the pile body and the displacement and the angle of
inclination of a pile head do not exceed the value determined from the allowable displacement of facilities that the
foundation bears.

For calculation of deflection of the pile on which the force in the direction perpendicular to the axis acts, refer to
Part III, Chapter 2, 3.4.6 Deflection of a Pile Subjected to Force in the Direction Perpendicular to the Axis.
The verification of failure of a pile body shall be performed similarly to the bearing capacity of a pile in its axial
direction (see (6)).

For the verification of bearing capacity of coupled piles, see Part III, Chapter 2, 3.4.9 Bearing Capacity of
Coupled Piles.

The influence of behavior as a pile group or negative skin friction force shall be considered when verifying bearing
capacity of a pile. For behavior as a pile group and negative skin friction force, see Part III, Chapter 2, 3.4.10
Bearing Capacity of a Pile Group and Part I1I, Chapter 2, 3.4.11 Negative Skin Friction Force, respectively.

(10) For structural types such as piled-raft foundation '? and soft-landing-moundless structure with piles (see Part III,

Chapter 4, 3.9 Breakwater Sitting on Soft Ground) which control the settlement of facilities by utilizing piles as
friction piles, it shall be reasonable to add the bearing capacity of the grounds at the floor slab of structures.
Performance verification considering the behavioral characteristic of structures in full is needed for such structural

types.

(11) When constructing piles at the final waste disposal site built on the sea level, an appropriate construction method

shall be selected according to the property of waste ground at the construction position. Care should be taken not to
drive the waste together with the pile bottom at that time. In case piles penetrate the bottom water sealing stratum of
the disposal site, it is necessary to ensure sufficient water sealing performance after penetration of piles in
construction design. A report on an example of pile field trial at an actual disposal site ' may be referred to.

3.4.3 Pushing Resistance Force of a Pile in Its Axial Direction

(1

2)

The characteristic value of pushing resistance force of a pile in its axial direction is generally determined in
reference to the pushing resistance force of a pile in its axial direction exerted when the ground failure condition is
reached by the action of pushing force in the axial direction on the pile head. Normally, the second-limit-resistance
force of piles (see Reference (Part II), Chapter 1, 3.10.5 Pile Load Test) shall be the characteristic value.
Depending on the kind or purpose of structures the pile foundation bears, the first-limit-resistance force (see
Reference (Part II), Chapter 1, 3.10.5 Pile Load Test) where the pushing resistance force of a pile in its axial
direction becomes a yield situation may be the characteristic value.

As shown in equation (3.4.1), the characteristic value of pushing resistance force of a pile in its axial direction is
expressed as the sum of pile’s characteristic values of base resistance and skin friction force.

R,=R, +R, (3.4.1)
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where

Ry : characteristic value of the pushing resistance force of a pile in its axial direction (kN)
Ry : characteristic value of the base resistance force of a pile (kN)

Ry : characteristic value of the skin friction force of a pile (kN)

In the case of an open-ended pile, which is the pile with its bottom opened such as a steel pipe pile, the pushing
resistance force of a pile in its axial direction may be considered as the sum of three, namely the base resistance
force of a pile tip, the skin friction force acting on the inner surface of a pile, and the skin friction force acting on
the outer surface of a pile. However, since little is known as to the base resistance force of a pile tip and the skin
friction force acting on the inner surface of a pile, equation (3.4.1) is used, and the method to separately consider
the plugging ratio (see (8)) is actually adopted even for an open-ended pile.

As shown in equation (3.4.2), the characteristic value of the skin friction force of a pile shall be considered to be
determined by multiplying the skin friction force per unit contact area of the pile shaft and the ground by the
perimeter surface area of the pile.

R, ~ erh A, (3.4.2)
where
rsw - mean skin friction force per unit contact area of pile and the ground in the i-th layer (kN/m?)
Asi : contact area of pile and the ground in the i-th layer (m?)
Asi = Usi°l;
Us  : perimeter length of pile cross section in the i-th layer (m)
l; . length of pile in the i-th layer (m)

The characteristic value of the pushing resistance force of a pile in its axial direction shall be determined by the
loading test of the pile. The test pile used for the loading test shall have the same specifications as far as possible as
the pile to be used for actual construction. If the specifications and ground conditions for test piles and actual piles
coincide, the characteristic value of the pushing resistance force in the axial direction can be directly obtained from
the result of the loading test. If the specifications or ground conditions of test piles and actual piles are different,
individually obtain the characteristic values of the pile base resistance force and the skin friction force per unit
contact area in each layer from the result of the loading test and calculate the characteristic value of the pushing
resistance force in the axial direction with equations (3.4.1) and (3.4.2). At this time, it is necessary to carefully
determine each characteristic value by fully considering the influence of the difference in conditions between the
test pile and the actual pile to the pushing resistance force of a pile in its axial direction. Note also that the influence
of consolidation or creep of clayey ground cannot be confirmed because of the short duration time of load in the
loading test of piles.

It is important to collect and verify the information concerning the pile construction method during the construction
of a test pile together with the loading test. If the premised pile construction method is judged to be problematic, it
is necessary to examine the way to resolve issues, change the construction method of piles as needed, verify the
bearing capacity of the piles, etc. If different construction methods are adopted for the test pile and the actual pile,
determine the characteristic value taking it into consideration as the bearing capacity of a pile is affected by the
construction method. The same is true if different supplementary construction method is used for construction of
piles.

For the loading test methods, see Reference (Part IT), Chapter 1, 3.10 Pile Load Test.

When verifying the bearing capacity of a pile, the design value determined by considering the safety margin based
on the characteristic value of the pushing resistance force of a pile in its axial direction shall be used. The safety
margin to allow for varies according to the kind or purpose of facilities the foundation bears.

The purpose of this safety margin is to take into consideration uncertainties contained in ground conditions, pile
conditions, construction conditions, loading conditions, etc. Therefore, the size of safety margin should properly be
set in accordance with the quality and quantity of given information, analysis method, etc. When a loading test of a
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pile is performed, the characteristic value of the pushing resistance force in the axial direction can generally be
estimated more precisely than using an estimation formula. Thus, it has been proposed to change the foctor of
safety by taking it into account '¥.

The safety margin was allowed for in the past by setting a safety factor of 2.5 or more for stationary load, 1.5 or
more for load on bearing pile, and 2.0 or more for load on friction pile during earthquake. These values can be
referred to as they are considered to give a safe side result in performance verification of port facilities in general.
These safety factors have been determined corresponding to the pushing resistance force of a pile in its axial
direction when the ground reaches the failure condition. Using a safety factor of 2.5 for stationary load is
considered to ensure a safety factor on the order of 2.0 against a yield situation.

In the past, verification was performed with a safety factor of 3.0 or more by estimating the pushing resistance force
of a pile in its axial direction using the calculation result with the dynamic bearing capacity management equation
(see Reference (Part II), Chapter 1, 3.10.10 Dynamic Bearing Capacity Management Equation) such as
Hiley’s equation. However, this method must not be used except in special cases where information to confirm the
validity of the calculation result is available and so on, because the dynamic bearing capacity management equation
has no precision enough to estimate the characteristic value of the pushing resistance force of a pile in its axial
direction.

If preliminary loading test is difficult to perform, it is necessary to estimate the characteristic value of the pushing
resistance force in the axial direction based on various estimation formulas. In this case, it is required to perform the
loading test to confirm the bearing capacity of piles at the beginning of construction and check the validity of
values used for performance verification. However, if the applicable range of used estimation formula and the error
and dispersion of estimated values in that range is clearly indicated, the verification fully considering that error and
dispersion can replace the loading test.

There are many estimation formulas for characteristic value of the pushing resistance force of a pile in its axial
direction with different theoretical background and targeted pile construction methods. When using an estimation
formula in verification, it is necessary to confirm that conditions of piles to be verified are included in the
applicable range of each estimation formula.

When examining the applicability of an estimation formula, pay attention to the construction method, specifications
of piles (diameter, length, shape of the bottom, etc.), soil of the bearing stratum, ground conditions (failure
condition, yield situation, etc.) corresponding to estimated characteristic values, etc. Estimated formula shall be
used after investigating references and confirming their prerequisites and basis, such as conditions for data
acquisition, because even if the applicable range of an estimation formula is not specified, there may be implicitly
assumed applicable ranges.

Even a slight difference in construction method or procedure changes the ground condition around the piles and
influences the bearing capacity of piles. The same is true in the case where a supplementary construction method is
used to improve constructability when constructing piles. High degree of judgment for the applicability of an
estimation formula is required in this case. Estimated formulas must not be used beyond their applicable range.

Many estimation formulas of the pushing resistance force of a pile in its axial direction do not consider the self-
weight of piles as pushing force in the axial direction, unlike in the case of loading tests. The influence of self-
weight of piles is generally ignored when determining the characteristic value of the pushing resistance force of a
pile in its axial direction, but if the pile is extremely heavy, it is necessary to subtract the self-weight of the pile
(underwater weight if in water) from the characteristic value estimated with the estimation formula.

The characteristic value of the base resistance force of piles constructed with the hummer driving method and
having sandy ground as the bearing stratum can be estimated with equation (3.4.3).

= g
Rp},c =300\ Ap (3.4.3)
where
Ap : cross-sectional area at the pile bottom (m?)
If pile’s diameter is B,
A, = nB/4
N : SPT-N value of the ground around the pile bottom
N N, +N,
2
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N : SPT-N value of the ground at the pile bottom (N; < 50)
N : mean SPT-N value in the range above the pile bottom to distance of 4B (V> < 50)
B : diameter or width of a pile (m)

Equation (3.4.3) is a corrected equation by adding results of the test performed in Japan based on the equation '>
proposed with the results of pile loading tests in sandy ground performed in many foreign countries and others.

It should be noted that the characteristic value of the base resistance force estimated from equation (3.4.3) may be
excessive if the bearing stratum is not good. It is necessary that these effects shall be considered if the depth of
bearing stratum is insufficient and there is soft layer below the bearing stratum or the ground weakens in the
direction of depth within the bearing stratum.

The characteristic value of the base resistance force of piles constructed with the hummer driving method and the
bottom of which is embedded in clayey ground can be estimated with equation (3.4.4).

Rpk = 6CP 4, (3.4.4)
where
Cp : undrained shear strength in the ground at the pile bottom position (kN/m?)

Equation (3.4.4) is induced according to the bearing capacity of shallow foundation on clayey ground (see Part
II1, Chapter 2, 3.2.3 Bearing Capacity of Foundation on Clayey Ground). The equation (3.4.4) is induced since
B/L =1.0 and KB/c, < 0.1 are generally true for piles, and thus the bearing capacity coefficient at the pile bottom is
6. The undrained shear strength obtained from the unconfined compression test is often used in equation (3.4.4).

The characteristic value of the base resistance force of a pile estimated from equation (3.4.3) or (3.4.4) assumes
that the pile bottom is completely closed. The characteristic values estimated by these equations are overmuch for
an open-ended pile, which is the pile with its bottom opened, such as a steel pipe pile.

The behavior of the bottom of open-ended piles is quite different from that of closed-ended piles. However, the
behavior of the ground in the vicinity of the bottom of open-end piles and interaction between piles and ground are
still in the process of research, and no versatile estimation formula on the base resistance force of open-ended piles
have been devised yet. As such, in practical use, the base resistance force of closed-ended piles estimated from
equation (3.4.3) or (3.4.4) is reduced by multiplying a coefficient called the plugging ratio, as shown in equation
(3.4.5) and used as the estimated value of the base resistance of open-ended piles.

R =nR, (3.4.5)

where
Rpor  : characteristic value of the base resistance force of open-end piles (kN)

n : plugging ratio

Plugging ratio is affected by different factors such as diameter of piles, embedment length of piles, characteristic of
the ground, and construction methods. Although various methods to estimate the plugging ratio taking these factors
into consideration are examined, currently, no standard method has been established. Therefore, when using open-
ended piles, it is necessary to estimate the pushing resistance force of a pile in its axial direction by way of a
loading test. The specifications of the pile bottom and construction conditions in the loading test must be as close as
possible to actual piles.

Past performance shows that the plugging ratio may be considered to be 100% provided that the pile diameter is 60
cm or less for steel pipe piles and the short side is 40 cm or less for H-shaped steel piles. Large-diameter steel pipe
piles frequently used in port facilities are reported to have significant effect of the pile diameter on the plugging
ratio '® and may be referred to, as shown in Fig. 3.4.2.
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Fig. 3.4.2 Relation between Diameter of Open-ended Piles and Plugging Ratio
(Kikuchi et al. 9, added and altered)

(9) Partition boards are sometimes provided to the pile bottom to increase the plugging ratio of large-diameter steel
pipe piles. Some reports indicated that this method contributed to improve the plugging ratio !” '8 1) whereas
others indicated that there was no clear effect??. The effect of partition boards is difficult to uniformly evaluate
since it is affected by the shape of cross-section and length of installation of the partition board, diameter of piles,
property of the ground around the pile bottom, etc. When improvement of plugging ratio with the partition board is
anticipated in performance verification, it is required to confirm the effect with the loading test.

Note that providing partition boards narrows the range of options for countermeasures when the pushing resistance
force of a pile in its axial direction is insufficient. Partition boards at the pile bottom may make it difficult to take
countermeasures such as improvement of the ground around the pile bottom through the space inside of the piles.

(10) The characteristic value of the skin friction force per unit contact area of piles constructed by the hummer driving
method in sandy ground can be estimated by equation (3.4.6).

r,, =2N (3.4.6)
where

N : mean SPT-N value in the i-th layer

(11) The characteristic value of the skin friction force per unit contact area of piles constructed by the hummer driving
method in clayey ground can be estimated by equation (3.4.7).

I, =, (3.4.7)

where

Ca : mean adhesion of pile and the ground in the i-th layer (kN/m?)

The mean adhesion of pile and the ground in equation (3.4.7) is often calculated by equation (3.4.8) from
undrained shear strength of the ground.
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c, =9 . _ (3.4.8)
100 ¢>100
where
c : undrained shear strength of the ground in the i-th layer (kN/m?)

However, it has been suggested that obtaining the mean adhesion of piles and the ground from undrained shear
strength of the ground is theoretically problematic 2. The mean adhesion may be weaker than undrained shear
strength in over consolidated ground or when the pile length is extremely long 2?. The value of mean adhesion
should be determined by taking due care of property of the ground, pile conditions, etc.

(12) For the estimation formula for characteristic value of the pushing resistance force of a pile in its axial direction
constructed in cast-in-place pile method, inside digging pile method, pre-boring pile method, steel pipe soil cement
pile method, and other methods, see Specifications for Highway Bridges, IV Substructures >. Equations for
extended bearing capacity theory of shallow foundations2* and equations based on the cavity expansion theory 2
are also proposed and can be referred to for verification. If an estimation formula for the pushing resistance force in
the axial direction corresponding to the new pile construction method developed in recent years is indicated, it can
be used by fully confirming its applicable range.

Vibratory hammer has been used for the construction of actual piles in recent years. As the principle of pile driving
by vibratory hammer is different from that of hummer driving using hydraulic or other hammers, various estimation
formulas concerning piles constructed by hummer driving cannot be used. When using the vibratory hammer
method, constructional devices, such as compacting the ground by using the hummer driving method in the vicinity
of depth to stop driving and confirmation of pile’s resistance force by loading test, are needed.

(13) The embedment length of the bearing pile in the bearing stratum shall be determined considering the soil of the
bearing stratum, constructability of piles, etc. When driving piles by the hummer driving method, the embedment
length into bearing stratum is often determined as about 1-3 times of the diameter of piles. Previously, examples of
long embedment into the bearing stratum were seen in order to improve the plugging ratio of open-ended piles.
However, the embedment length into bearing stratum should not be unreasonably long since the diameter of piles is
considered to dominantly influence the plugging ratio of large-diameter piles than the embedment length into
bearing stratum (see (8)).

If the unflat surface of bearing stratum is anticipated, or in other cases, device such as making allowance for
embedment length into bearing stratum in advance is desirable to cope with insufficiently embedded piles during
construction. If the bearing stratum is solid ground, such as rocks, it is necessary to carefully examine the
construction method as well as the embedment length into bearing stratum, because there is concern for difficulties
in pile driving into such a stratum.

If a bearing stratum is thin, and a weak stratum exists below it, or in other cases, it is necessary to set the
embedment length into the bearing stratum taking into account punching failure and others of the bearing stratum.
As little knowledge is available concerning the problem of thin stratum bearing of piles constructed by hummer
driving method, the pushing resistance force of a pile in its axial direction in this case shall be confirmed by the
loading test. For the concept of bearing capacity in the case of thin stratum bearing of piles constructed in other
construction method, Pile Design Handbook for Highway Bridge Foundation % may be referred to.

(14) If the bearing stratum is composed of soft rock, hard clay, bedrock, and others, the pushing resistance force of a pile
in its axial direction shall be confirmed by the loading test as little knowledge is available concerning the base
resistance force of piles constructed by the hummer driving method. For the cases constructed by other methods,
Pile Design Handbook for Highway Bridge Foundation >” may be referred to. Since little knowledge is available
concerning the skin friction force of piles in such ground, the design in such ground needs not to expect the skin
friction force or the skin friction force needs to be confirmed by the loading test.

When the top surface of rigid bearing stratum, such as bedrock, is inclined, the pile bottom needs to be embedded to
some extent into bearing stratum to avoid sliding of piles when load acts on them. When driving a pile into bedrock,
care needs to be taken not to break the pile bottom during construction.

(15) Adequate care needs to be taken as the action of seismic wave significantly lowers the shear strength of the ground,
and thus the pushing resistance force of a pile in its axial direction is also known to reduce significantly. For
example, since the seismic wave liquefies sandy ground or sensitive clayey ground loses strength, it is important to
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determine the characteristic value of the pushing resistance force of a pile in its axial direction by considering the
influence.

(16) When piles are jointed, construct under proper control and check the reliability of the joint by inspection since the

joint may become a weak point of piles. If the joint is structurally uncertain, reduce the design value of the pushing
resistance force of a pile in its axial direction. The rate of reduction shall be properly determined considering the
structure of the joint and other factors. The rate of reduction used to be 20% per joint in the past, which may be
referred to.

Field circumferential welding using a semi-automatic welding method is commonly used for steel pipe piles. In this
case, there is no need to reduce the design value of the pushing resistance force in the axial direction if constructed
under proper control and the reliability of the joint is checked by inspection.

For the structure of joints and others, see also Part 111, Chapter 2, 3.4.12 (3).

(17) Although piles are elongated and compressed members, the surrounding ground eliminates the need to consider

buckling provided that there is no problem in pile body and construction of piles. However, inclination of piles
occurring during construction may lower the bearing capacity of piles, and thus the design value of the pushing
resistance force of a pile in its axial direction shall be reduced considering the accuracy of construction for piles
whose rate of length to diameter is quite high. However, when the design value has been determined based on the
result of pile loading test, there is no need to reduce the design value since the influence of construction accuracy is
considered to have been added.

For the reduction rate, see equation (3.4.9) for steel piles and equation (3.4.10) for other than steel piles.

0 i <120
d
a=y ; 3.4.9)
—-60 —>120
2d d
0 é <60
“=y ; (3.4.10)
——60 —>060
d d
where
o : reduction rate (%)
/ . length of pile (m)
d : diameter of pile (m)

Equations (3.4.9) and (3.4.10) have been determined considering that piles may incline on the order of 1 degree
during normal construction of piles. The reduction rate for steel piles is less than that of other piles considering
certainty in construction of joints, resistance to bending, high accuracy in construction of pile bodies, etc.

3.4.4 Pulling Resistance Force of a Pile in Its Axial Direction

(1)

)

The characteristic value of the pulling resistance force of a pile in its axial direction is generally determined based
on the pulling resistance force of a pile in its axial direction exerted when ground reaches its failure condition by
the pulling force in the axial direction acting on the pile head.

The characteristic value of the pulling resistance force of a pile in its axial direction is expressed by the sum of the
characteristic value of skin friction force of the pile and the characteristic value of self-weight (underwater weight if
in water) of the pile. Although the weight of the soil stuck in a pile, filling material, or others may be included in the
self-weight of a steel pipe or other piles, it is safer not to consider their weight since soil and others in a pile may
drop from the pile of large diameter. If there is a device to surely integrate the soil in a pile, filling material, or
others with the pile, their weight may be considered even for a pile of large diameter.

The characteristic value of the skin friction force of a pile is considered to be determined by multiplying the skin
friction force per unit contact area of the pile shaft and the ground by the perimeter surface area of the pile as in the
case of the pushing resistance force of a pile in its axial direction (see equation (3.4.2)). However, the value of skin
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friction force per unit contact area differs since behavior of the ground around the pile differs when the pile is
pushed in and pulled out.

The characteristic value of the pulling resistance force of a pile in its axial direction shall be determined by the
loading test of the pile. The test pile used for the loading test shall have the same specifications as far as possible as
the pile to be used for actual construction. If the specifications and ground conditions for test piles and actual piles
coincide, the characteristic value of the pulling resistance force in the axial direction can be directly obtained from
the result of the loading test. If the specifications or ground conditions of test piles and actual piles are different, the
characteristic value of the pulling resistance force in the axial direction shall be calculated from the characteristic
value of the skin friction force of a pile per unit contact area in each layer and the characteristic value of self-weight
of a pile. When the characteristic value of the pulling resistance force of a pile in its axial direction is determined
based on the characteristic value of the skin friction force per unit contact area obtained from the pile loading test
other than pulling test, the difference in behavior of piles between pushing in and pulling out needs to be properly
considered.

The detail in Part I11, Chapter 2, 3.4.3 (3) should also be referred to.

When verifying the bearing capacity of a pile, the design value determined by considering the safety margin based
on the characteristic value of the pulling resistance force of a pile in its axial direction shall be used.

The safety margin was considered in the past by setting a safety factor of 3.0 or more for stationary load and 2.5 or
more for load during earthquake. These values can be referred to except in the cases where the pulling force in the
axial direction acting on the pile is extremely strong or of extremely long duration. However, as pulling failure of a
pile tremendously affects the whole structure, measures such as re-examination of pile arrangement should be taken
if the pulling force in the axial direction acts on the pile for a long time in permanent state or others (see Part II1,
Chapter 2, 3.4.2 (5)).

There is an opinion to exclude the self-weight of piles from the target to consider safety margin assuming that it is
surely expected as pulling resistance. However, such method is generally avoided if the ratio of self-weight of piles
to the pulling resistance force in the axial direction is not so large.

The detail in Part ITI, Chapter 2, 3.4.3 (4) should also be referred to.

If preliminary loading test is difficult to perform, it is necessary to estimate the characteristic value of the pulling
resistance force in the axial direction based on various estimation formulas. In this case, it is required to perform the
loading test to confirm the bearing capacity of piles at the beginning of construction and check the validity of
values used for performance verification. However, if the applicable range of used estimation formula and the error
and dispersion of estimated values in that range is clearly indicated, the verification fully considering that error and
dispersion can replace the loading test.

When using an estimation formula, care should be taken for the handling of self-weight of piles. In many cases, the
characteristic value of the pulling resistance force in the axial direction is obtained by calculating the characteristic
value of the skin friction force of a pile using an estimation formula and adding the characteristic value of self-
weight of a pile. Care should be taken since the handling of self-weight of a pile may be different according to the
used estimation formula.

The detail in Part ITI, Chapter 2, 3.4.3 (5) should also be referred to.

For the characteristic value of the skin friction force per unit contract area of piles constructed by the hummer
driving method in sandy ground and in clayey ground, see Part III, Chapter 2, 3.4.3 (10) and 3.4.3 (11),
respectively. If other construction methods are used, see Part III, Chapter 2, 3.4.3 (12).

Since little knowledge is available concerning the skin friction force of piles in the ground composed of soft rock,
hard clay, bedrock, and others, the design in such ground should not expect the skin friction force or the skin
friction force needs to be confirmed by the loading test.

For the influence of seismic wave, see Part III, Chapter 2, 3.4.3 (15).

As how much pulling force in the axial direction can be transferred by a joint is mostly unknown, the skin friction
force below the joint shall be ignored. The skin friction force below the joint may be taken into account if a good
joint can be installed in steel pipe or other piles and its reliability can be confirmed. The verification of joint failure
due to pulling force is needed in this case.
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3.4.5 Displacement of Pile Head due to Axial Directional Force

(1)

)

)

4)

In the verification of settlement and upward displacement by pulling of a pile head, the pile head displacement of
each pile due to action of axial directional force in pile head and, as needed, differential settlement and deformation
of foundation and superstructure due to difference in settlement between piles shall be examined. In facilities where
live load such as piled pier and crane foundations is dominant, elastic settlement of pile heads also needs to be
examined.

The settlement of pile heads where pushing force in the axial direction acts on a pile is expressed by equation
(3.4.11).

S, :SP+SS =8 + 8+ S + S5, (3.4.11)

where

So . total settlement of the pile head (m)

Sp : deformation of the pile body (m)

Ss : deformation of the ground at the pile bottom (m)

Spe : elastic deformation of the pile body (m)

Spp : plastic deformation of the pile body (m)

Ssg @ elastic deformation of the ground at the pile bottom (m)

Ssp : plastic deformation of the ground at the pile bottom (m)

The elastic return of a pile head and the residual settlement when pushing force in the axial direction is removed are
expressed by equations (3.4.12) and (3.4.13), respectively.

Sor = Spr + 8 =5 (3.4.12)
where
Sor  : elastic return of a pile head (m)
Sy : restraint of elastic return due to skin friction (m)
Sop =Spp + 85 + Sf (3.4.13)
where
Sop  : residual settlement of a pile head (m)

It is generally difficult to measure each value in equations (3.4.11), (3.4.12), and (3.4.13) separately in the pile
loading test. Practically, examination will be performed based on the load-settlement relations of pile heads
obtained from the loading test and the vertical spring constant of pile heads keeping equations (3.4.11), (3.4.12),
and (3.4.13) in mind.

In the pile loading test, behavior as a pile group cannot be confirmed, and short loading time provides no
information about the influence of creep and consolidation of clayey ground. Therefore, it is necessary to calculate
the settlement of a pile head from the result of loading test fully considering the influence .

When setting the characteristic value of the resistance force of a pile in its axial direction by fully considering the
safety margin, the creep of clayey ground on the circumferential surface of the pile may not influence much.

The elastic settlement of a pile head can be obtained as a sum of elastic deformation of the pile itself and that of the
ground at the pile bottom. Although elastic return (see equation (3.4.12)) instead of elastic settlement of a pile head
is measured in the loading test of a pile, measured elastic return can practically be used as elastic settlement of a
pile head. Moreover, there is a method to calculate the elastic deformation of a pile body and ground at the pile
bottom, or the spring constant in the axial direction at the pile head assuming the distribution of skin friction force
in depth direction, etc. ¥ 29,
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In friction piles in clayey layer or bearing piles having soft clayey layer below the bearing stratum, clayey layer is
consolidated by the load transmitted from piles. The settlement of pile foundation at this time can be assumed to be
the consolidation settlement occurring in clayey layer.

When calculating the consolidation settlement of clayey layer for friction piles in clayey layer, where to set the
plane where load acts (loading plane) in clayey layer becomes the issue. The depth of loading plane can be assumed
somewhere between the pile head and the pile bottom. Practically, methods such as setting the loading plane at the
depth 1/3 from the lower edge of the pile embedment portion, replacing the pile foundation with a deep foundation
embedded to the plane, and examining the consolidation settlement at the foundation bottom are used *?. However,
if the settlement of pile foundation has a profound impact on the facility the foundation bears, it is desirable to
calculate the case where the loading plane is also set to the head or bottom of a pile and compare. Moreover, if the
superstructure is not stiff, an unexpected event may happen by differential settlement of piles due to settlement of
the whole foundation. In the ground where especially big settlement is anticipated, care needs to be taken to make
structures safe for settlement.

For friction piles in sandy soil layer where weak layer exists below the pile bottom, the settlement of a foundation
can also be calculated with a similar method. At this time, care needs to be taken for penetration failure into the
weak layer when the pile bottom is not separated by on the order of 3 times of the pile diameter from the upper
edge of the weak layer.

When piles behave as a pile group, note that the settlement may be greater than behaving as a single pile of the
same load acting per one pile 3). For behavior as a pile group, see Part III, Chapter 2, 3.4.10 Bearing Capacity as
a Pile Group.

Pile foundations using bearing piles on bearing stratum of good quality bedrock settle less. Plastic deformation and
residual deformation do not normally exceed several millimeters since the elastic deformation of pile body accounts
for the most part of settlement of a pile head. Pile group may settle more to a certain degree, but no special
consideration for it is necessary.

If the quality of bedrock is not so good, the settlement needs to be examined after exploring the ground,
understanding the compression characteristics, etc.

Design Recommendations for Foundations of Buildings®? indicates proposed values for allowable settlement,
which may be referred to.

It is desirable to judge the upward displacement of piles when the pulling force in the axial direction acts on the pile
by individually performing loading test (see Reference (Part IT), Chapter 1, 3.10 Pile Load Test) as few existing
documents are available. Since creep and others in clayey soil induced by long-term load affect the upward
displacement, it is needed to consider long-term deformation and other properties of clayey soil together with the
result of loading test. However, if the pulling resistance force in the axial direction is verified fully considering
safety margin, influence of creep and others are generally considered to be moderate.

3.4.6 Deflection of a Pile Subjected to Force in the Direction Perpendicular to the Axis

(1)

If force in the direction perpendicular to the axis acts on piles, the resistance force corresponding to failure
conditions of the ground cannot be defined unambiguously since the range of resisting ground gradually extends
from the surface to deeper range (small ground failure phenomenon happens gradually) as deflection of piles
increases. Thus, the bearing capacity in the direction perpendicular to the axis of a single pile is generally verified
by calculating the deflection of a pile when the force in the direction perpendicular to the axis acts on the pile and
confirming that the failure of pile body is not induced by the bending stress caused in the pile body and the
displacement and angle of inclination of the pile head do not exceed the values determined from the allowable
displacement of facilities the foundation bears.(2) The behavior of piles to which the force in the direction
perpendicular to the axis acts is greatly influenced by various conditions such as specifications of piles, ground
conditions, loading conditions, and securing conditions of pile heads. Therefore, even when the horizontal loading
test of piles has been performed, the behavior of test piles obtained in the test rarely coincides with the behavior of
actual piles, and thus it is difficult to examine the bearing capacity of a pile in the direction perpendicular to the axis
from the loading test only. In many cases, the ground constant (mainly modulus of subgrade reaction) is determined
from the result of loading tests and the behavior of actual piles is estimated with an analytical method using the
constant.

When performing a loading test using a test pile whose specifications, ground conditions, loading conditions, and
others completely coincide with those of an actual pile and the load can be loaded until bending failure of a pile
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body occurs or the displacement of the pile head reaches a predetermined value, the load in the direction
perpendicular to the axis at that time can be the characteristic value of the resistance force of a pile in the direction
perpendicular to the axis. In this case, the bearing capacity for the force of a pile in the direction perpendicular to
the axis can be verified by determining a design value considering the safety margin based on the characteristic
value of the resistance force in the direction perpendicular to the axis and confirming that the force in the direction
perpendicular to the axis acting on the pile head does not exceed it. A safety factor of 3.0 or more was used as the
safety margin in the past, which may be referred to.

For the method of loading test, see [Reference (Action)] Chapter 1, 3.10 Pile Load Test.

When estimating the behavior of a pile based on the ground constant obtained from the loading test or others, the
method of analysis which assumes a pile as a beam on elastic foundation is commonly used. The basic equation that
represents the behavior of a beam on elastic foundation is expressed by equation (3.4.14).
d'y
EFl—=-P=-pB 3.4.14
ax ? ( )

where

EI : bending stiffness of a pile (kN-m?)

x . depth below the ground level (m)

y : displacement of a pile at depth x (m)

P : subgrade reaction per unit length of a pile at depth x (kN/m)

p : subgrade reaction per unit area of a pile at depth x (kN/m?)
p=P/B

B : width of a pile (m)

How to express the subgrade reaction in equation (3.4.14) has been largely discussed. Typical ways include
Chang’s method and the Port and Harbour Research Institute (PHRI) method. For the calculation method of
deflection of a pile by Chang’s method and by the PHRI method, see Part III, Chapter 2, 3.4.7 Calculation of
Deflection of a Pile by Chang’s Method and Part III, Chapter 2, 3.4.8 Calculation of Deflection of a Pile by
the PHRI Method, respectively.

Chang’s method is simple to use as an analysis method, whereas the PHRI method is said to be able to express the
behavior of a pile more accurately. Therefore, analysis by the PHRI method shall be generally used. If the PHRI
method is difficult to apply in cases such as an analysis coupling the pile foundation and superstructures, Chang’s
method may be used.

The behavior of a pile on the head of which the force in the direction perpendicular to the axis acts is extremely
affected by the embedment length of a pile.

Even if the force in the direction perpendicular to the axis acts on a long embedment pile, there will be almost no
displacement in a portion close to the end of the pile. The subgrade reaction does not change in a portion where
there is no change in displacement and does not act effectively on the force in the direction perpendicular to the
axis. The length of the portion which resists effectively to the force in the direction perpendicular to the axis within
the embedment length is called effective length.

A pile the embedment length of which is longer or shorter than its effective length is called a long pile or short pile,
respectively. The behavior of a long pile on which the force in the direction perpendicular to the axis acts is
determined irrespective of the embedment length of a pile and is something as if its bottom were fixed to the
ground. On the other hand, the behavior of a short pile changes according to the embedment length. Short
embedment length makes close to circulating rather than bending behavior of a pile when the force in the direction
perpendicular to the axis acts on it. In an extreme case, the ground around the pile is totally destroyed, and the pile
may fall down when the force in the direction perpendicular to the axis exceeds a certain value. Therefore,
examination on the failure of pile body, pile head displacement, as well as failure of the ground will be necessary
for short piles. Moreover, short piles tend to be more subjected to the effect of repeated load and creep of clayey
ground than long piles. These facts make it difficult to accurately forecast the behavior of short piles. As such, short
piles should not be used when the force in the direction perpendicular to the axis acts on them. For details of the
behavior of long and short piles, see 3.4.8 (8) in this Chapter.
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The calculation of deflection of piles by Chang’s and the PHRI methods assumes that the ground in the range where
the subgrade reaction is caused by the action of the force on the pile head in the direction perpendicular to the axis
is homogeneous in the direction of depth. Therefore, special caution is required when anticipating the behavior of a
pile in multilayer ground which has a layer structure in the direction of depth.

Both Chang’s method and the PHRI method are applicable to multilayer ground by numerical calculation or other
means, but their validity has not been fully examined yet. The validity of a ground model used for analysis and the
stability of calculation results need to be examined when the ground property changes abruptly at layer boundaries
of multilayer ground or thin weak layer is sandwiched. Moreover, estimation of the behavior of piles in multilayer
ground often supposes that the ground continues indefinitely in the horizontal direction. Thus, care needs to be
taken in handling when there is a layer which extends definitely in horizontal direction such as replacement sand
layer.

In very inhomogeneous ground in horizontal direction like clayey ground improved by sand compaction piles, the
behavior of a pile when the force in the direction perpendicular to the axis acts is subjected to the property of weak
parts in the ground. The resistance force of a pile in the direction perpendicular to the axis in such improved
grounds is not expected to increase from the condition before the ground improvement in many cases ¥ 4.

The contact condition between piles and riprap in riprap layer may not be good because of wide gaps between
ripraps or quasi self-standing riprap. Thus, the subgrade reaction is not sufficiently exerted, and the resistance force
of a pile in the direction perpendicular to the axis becomes small when the force in the direction perpendicular to
the axis acts on the pile head, especially when deflection of piles is small or in other occasions 3939, However,
bigger deflection of piles may improve the contact condition between riprap and piles, and the bigger subgrade
reaction may be exerted. Given this situation, when verifying the resistance force of a pile in the direction
perpendicular to the axis in riprap layer, it is better to examine the case also where the modulus of subgrade reaction
is different from the design condition and confirm the change in behavior of piles against the change in modulus of
subgrade reaction.

The validity of the method to analyze the piles embedded into bedrock as a beam on elastic foundation has not been
well examined. It is necessary to examine whether modeling the bedrock as a spring is problematic or not, how to
set the modulus of subgrade reaction in that case, etc. Moreover, an examination from many angles is required (i.e.,
to examine if piles break at the top end of bedrock or not).

Construction of piles may change the ground condition around the piles from the time of preliminary ground
exploration and affect the resistance force of a pile in the direction perpendicular to the axis. Especially, when piles
are constructed in a way to loosen the surrounding ground, it is necessary to pay full attention as the resistance
force of a pile in the direction perpendicular to the axis may decrease.

(10) The displacement of pile heads tends to increase gradually when the force in the direction perpendicular to the axis

repeatedly acts in one direction. The displacement of piles with enough embedment length increases in proportion
to the logarithm of the repeat count 3”. Practically, when the force in the direction perpendicular to the axis
repeatedly acts in one direction on a pile in sandy ground, it is enough to anticipate 1.4 times of pile head
displacement when the force in the direction perpendicular to the axis acts once *®. Increase in the pile head
displacement may be bigger when the force in the direction perpendicular to the axis repeatedly acts on a pile in
clayey ground*. The same is true in cases where the force in the direction perpendicular to the axis continuously
acts for a long time.

The pile head displacement when the force in the direction perpendicular to the axis repeatedly acts in two
directions is almost unchanged from the case where the force in the direction perpendicular to the axis acts once in
sandy ground*?. In this case, it is enough to anticipate 1.1 times of pile head displacement when the force in the
direction perpendicular to the axis acts once. In clayey ground, attention is needed because the displacement tends
to increase as the repeat count increases.

The difference in the behavior between piles in sandy ground and those in clayey ground comes from the difference
in the intensity change in surrounding ground of the piles subjected to repeated shear. The density of sandy ground
tends to increase due to repeated shear, whereas increase in excess pore water pressure in clayey ground due to
repeated shear leads to reduction of shear resistance. When action continues for a long time, the creep phenomenon
of the surrounding ground affects the behavior of piles.

(11) When the force in the direction perpendicular to the axis repeatedly acts on piles in sandy ground, the maximum

bending moment of the piles may be considered the same as when the force in the direction perpendicular to the
axis acts once on piles, and the embedment length may be determined by anticipating an effective length about 1.1
times when the force in the direction perpendicular to the axis acts once.
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When the force in the direction perpendicular to the axis repeatedly acts on piles in clayey ground, extra maximum
bending moment caused in piles and extension of embedment length of piles need to be examined *V.

(12) When the force in the direction perpendicular to the axis dynamically acts, the bearing capacity of piles can
generally be verified according to the case where statistical load is repeatedly applied. However, the reduction of
subgrade reaction due to dynamic action or the influence of ground liquefaction needs to be considered. For
structures where piles of long free length are used such as piled piers, verification should be performed using
dynamic analysis and others considering dynamic interactions between piles and the ground (see Part II1, Chapter
5, 5.2 Vertical Pile Type Piled Pier).

(13) When calculating the circular slip failure of the ground, assume that there are no piles if the slip failure crosses the
pile unless the pile is intended to suppress slip and the effect has been adequately evaluated. Sheet pile walls can be
handled as piles.

(14) When liquefaction in earthquake flows a part of the ground to a side, large force in the direction perpendicular to
the axis will act on piles from the ground. Behavior of piles in this case has scarcely been clarified, but some
indicated concepts **) may be referred to.

3.4.7  Calculation of Deflection of a Pile by Chang’s Method

(1) Chang’s method *» assumes that a pile subjected to force in the direction perpendicular to the axis is a beam on
elastic foundation and analyzes its behavior. Chang’s method assumes that the subgrade reaction per unit area is
expressed by equation (3.4.15) in equation (3.4.14), which expresses the behavior of a beam on elastic foundation.

ES
p=—y=key (3.4.15)
B
where
E; : modulus of elasticity of the ground (kN/m?)
ke : coefficient of lateral subgrade reaction (kN/m?)

The basic formula for Chang’s method is expressed individually for above the ground level and below the ground
level as in equation (3.4.16), considering that the subgrade reaction does not act above the ground level when the
pile protrudes above the ground level.

4

d
Above the ground level ~ ET —y; =0

dz (3.4.16)

4
Below the ground level  EJ d—)’;‘* + BkCny =0

where

EI : bending stiffness of a pile (kN-m?)
z : height above the ground (m)

0 at the pile head, h on the ground level

h : protrusion length of a pile (m)

X : depth below the ground level (m)

Vz : displacement of a pile at height z (m)

Py . displacement of a pile at depth x (m)

ke : coefficient of lateral subgrade reaction (kN/m?)
B : width of a pile (m)

Equation (3.4.16) can be resolved analytically assuming that the modulus of elasticity of the ground Es = Bkcy is
constant.
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Although Chang’s method assumes that pile length is semi-infinite (embedment length is infinite), it is deemed that
there is no big difference between the behavior of finite length piles and semi-finite length piles provided that
equation (3.4.17) is true *Y.

T
L> E (3.4.17)
where
L : embedment length of a pile (m)
I : characteristic value of a pile (m™)

’BkCH
— 4
P 4E17T

That is, the behavior of a pile satisfying equation (3.4.17) is not subjected to the embedment length and thus
considered to be a long pile. On the other hand, a pile not satisfying equation (3.4.17) needs to be handled as a
finite length pile, and another simple solution * is shown. As stated in 3.4.6 (4) in this Chapter, as it is difficult to
accurately estimate the behavior of short piles, they should not be used when piles are subjected to force in the
direction perpendicular to the axis.

(2) When rotation of a pile head is allowed (free head pile), the deflection curve of the pile obtained from equation
(3.4.16) is expressed by Equation (3.4.18) (sce Fig. 3.4.3).

M H
=y -0z +—t P
YT E LT ek
17 (3.4.18)
)= ' _ e {(1+pBh,)cos Bx—Bh, sin fx
.};\ ZEI ﬂj {( ﬂ 0) ﬁ ﬁ 0 ﬂ }
where
H; . force in the direction perpendicular to the axis acting on a pile head (kN)
M; : moment acting on a pile head (kN-m)
ho :ho=h+ M/H,
Vi : displacement of a pile head (m)
2(1+ BhY +1 1+ Bh)
Y = ( 3 a, +( — M,
CEIpS 2FEIp
6, : inclination of a pile (rad)
2
1+ph
9,:( p ) o+ B0y,
2EI B EIpB
Then, the displacement of a pile on the ground level is expressed by equation (3.4.19).
, _ Lt fh
Yo = 2EIR (3.4.19)
where
0 . displacement of a pile on the ground level (m)

The bending moment and shear caused in a pile body are expressed by equations (3.4.20) and (3.4.21),
respectively.
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M =M —H:

M_= —% e {Ph, cos fx+(1+ Bh,)sin fx} (3.4.20)
S =-H,

S =-He" {cos Px—(1+2ph,)sin ﬂx} (3.4.21)

where

M. : bending moment at height z (kN-m)
M, : bending moment at depth x (kN-m)
S: : shear at height z (kN)

Sy : shear at depth x (kN)

The maximum bending moment caused in a pile body below the ground level is expressed by equation (3.4.22).

max

M —_% (1+28h,)" +1 b (3.4.22)

where
Mmax  : maximum bending moment below the ground level (kN-m)

Immax : depth at which the maximum bending moment below the ground level is caused (m)
. 1

1 V4
lmmax:_tan_ lmmax:_ h h=0 d M=0
R ﬂ l+2ﬁh0 N 4ﬁ when an ‘

The depths at which the displacement, angle of deflection, and bending moment of a pile become zero are
expressed by equations (3.4.23), (3.4.24), and (3.4.25), respectively.

1, 1+ph
1= Lant 0 l,= == when #=0 and M,=0 (3.4.23)
' B Bh, 2p
1 _ 3w
I, = 5 tan H-a+28m)) I, = m when #=0 and M,= 0 (3.4.24)
1 o —Ph T
[, =—tan P ly=— when h=0 and M,=0 (3.4.25)
B 1+ ph B
where
L . depth of the first zero point (the first fixed point) of displacement (m)
In : depth of angle of deflection first zero point of a free head pile or depth of angle of deflection second zero
point of a fixed head pile (m)
I : depth of bending moment first zero point of a free head pile or depth of bending moment second zero point

of a fixed head pile (m)

When the pile head coincides with the ground level, calculate the above equations with # = 0 (use equations for
underground part for equations (3.4.18), (3.4.20), and (3.4.21)).
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bending moment

Fig. 3.4.3 Deflection Curve and Distribution of Bending Moment for Free Head Piles

(3) When the pile head does not rotate (fixed head pile), the deflection curve of the pile obtained from equation
(3.4.16) is expressed by equation (3.4.26) (see Fig. 3.4.4).

7(l+ﬁh)Hr ,2+ Hp =3

L=, z z
a7 4E1p 6ET
1% (3.4.26)
) = e ? {1+ Bh)cos fx+(1—Bh)sin fx
ve=gprp ¢ At phycospri (1 fh)sin )
where
Vi : displacement of a pile head (m)
(14 phY 42
ETYo) o T
The displacement of a pile on the ground level at this time is expressed by equation (3.4.27).
- 1+8h
Yo AEIp (3.4.27)
The bending moment and shear caused in a pile body are expressed by equations (3.4.28) and (3.4.29),
respectively.
H
M. = 2[’3 (1+Bh-2p2)
% (3.4.28)
M, = 2[’3 e ’x {(lfﬁh) COSﬁX*(I‘Fﬂh)SinﬂX}
S. =-H, '
g . (3.4.29)
S.=—H,e " (cos fx—pfhsinfx)

The maximum bending moment caused in a pile body below the ground level is expressed by equation (3.4.30).

H, Y Pl
M, = Y \/H (Bh) e (3.4.30)

where

Lmmax  depth at which the maximum bending moment below the ground level is caused (m)
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T
=—— when h=0

1
m,max ﬁ ﬁ h m,max 2 ﬂ

The depths at which the displacement, angle of deflection, and bending moment of a pile become zero are
expressed by equations (3.4.31), (3.4.32), and (3.4.33), respectively.

- N
1 4 ph+l 3
[,=—tan —— l,=— hen /=0 4.
vl ﬂ ﬁh_l vl 4ﬁ w (3431)
- J
- N
1 4 T
ly=—tan  (—Bh) ly=— when h=0 (3.4.32)
p B
- J
1 a1 —=ph Sx
/[ =—|tan” + [ === when h=0 4.
ml ﬁ ( 1+ﬁh T ) ml 4ﬂ W (3 33)

When the pile head coincides with the ground level, calculate the above equations with 2 = 0 (use equations for
underground part for equations (3.4.26), (3.4.28), and (3.4.29)).

‘YI‘ Mmax
s Y
} [h /
\\ \\\\ lm,maxj
by R L -
lll Y()
Deflection curve Distribution of

bending moment

Fig. 3.4.4 Deflection Curve and Distribution of Bending Moment for Fixed Head Piles

(4) A method to obtain the coefficient of lateral subgrade reaction for clayey soil from equation (3.4.34) and for sandy
soil from equation (3.4.35) has been proposed 9.

ke = 0_82 ke (3.4.34)
where
ke : coefficient of lateral subgrade reaction (kN/m?)
kcm  : value shown in Table 3.4.1 (kN/m?)
B : width of a pile (m)
kew =1, — (3.4.35)
B
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where
ny : value shown in Table 3.4.2 (kN/m?%)
X : depth (m)

In the case of sandy soil, equation (3.4.35) shows that the coefficient of lateral subgrade reaction is a function of
depth and thus cannot be introduced to Chang’s method as it stands. Then, it is believed that the coefficient of
lateral subgrade reaction at depth of 1/3 of the first fixed point may be used when using the coefficient of lateral
subgrade reaction for sandy soil calculated from equation (3.4.35) in Chang’s method. However, the depth of the
first fixed point is a function of the coefficient of lateral subgrade reaction (see equations (3.4.23) and (3.4.31)),
and thus repeated calculation is required. A method to calculate using a chart instead of repeated calculation has
been proposed 4.

The coefficient of lateral subgrade reaction is inversely proportional to the width of a pile in the proposed equation
shown in equations (3.4.34) and (3.4.35). On the other hand, it has been suggested that the modulus of subgrade
reaction does not depend on the width of a pile (see (5) and Part III, Chapter 2, 3.4.8 (9)).

Table 3.4.1 Proposed Values for kch1

Consistency of clayey soil

Hard

Very hard

Solid

Unconfined compressive strength of clayey soil
(kN/m?)

100-200

200400

400 or greater

Range of ke (KN/m?) 16,000-32,000 32,000-64,000 | 64,000 or greater
Proposed value of kcin (KN/m?) 24,000 48,000 96,000
Table 3.4.2 Proposed Values for np
Relative density of sand Loose Medium Dense
ny, for dry or wet sand (kN/m?) 2,200 6,600 17,600
ny, for submerged sand (kN/m?) 1,300 4,400 10,800

(5) Results of the horizontal loading test of steel piles performed in Japan show the relation between the coefficient of
lateral subgrade reaction and the SPT-N value of the ground as in Fig. 3.4.5%.

It is assumed that the coefficient of lateral subgrade reaction is not affected by the width of a pile based on the
results of the horizontal loading test. Moreover, as the coefficient of lateral subgrade reaction obtained from the
horizontal loading test tends to reduce as the load increases, the relation shown in Fig. 3.4.5 uses the coefficient of
lateral subgrade reaction when displacement of a pile on the ground level is 1 cm. On the other hand, the mean
SPT-N value corresponding to the depth from the ground level to the inverse of characteristic value of a pile 4!
(also called the characteristic length of a pile) is used as the SPT-N value of the ground.

Fig. 3.4.5 may be referred to when a horizontal loading test is difficult to perform and the coefficient of lateral
subgrade reaction at site cannot be confirmed. When calculating the displacement of a pile using the coefficient of
lateral subgrade reaction estimated from Fig. 3.4.5, confirm that the displacement of a pile on the ground level is on
the order of 1 cm. If the displacement of a pile is large, care needs to be taken as the coefficient of lateral subgrade
reaction may be overestimated.
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Fig. 3.4.5 Relation between the Coefficient of Lateral Subgrade Reaction Obtained from Horizontal Loading Test of
a Pile and the SPT-N value of the Ground (Yokoyama #®), added and altered)

(6) Equation (3.4.36) has been proposed as an estimation formula since it has been suggested that the coefficient of
lateral subgrade reaction is affected by the section stiffness per unit width of a pile in the ground where the SPT-N
value increases in the depth direction *”.

EI 0.207 _ N
Free head pile, S-type ground k., =103 (?) py WSRO0 N0

( ~0.001 > (3.4.36)
Free head pile, C-type ground ke, =721 (%) y, 42 ph00 NOSY
. . EI\"™
Fixed head pile, C-type ground %, = 705 (?) yo O RO N
where
ke : coefficient of lateral subgrade reaction (kN/m?)
EI : bending stiffness of a pile (kN-m?)
B : width of a pile (m)
h : height of loading (protrusion length of a pile) (m)
Yo . displacement of a pile on the ground level (m)
N : increase rate of SPT-N value in depth direction (m™)
N : SPT-N value

For classification of the S-type ground and the C-type ground, increase rate of the SPT-N value in depth direction
used in Equation (3.4.36) and setting method of the SPT-N value, see Part III, Chapter 2, 3.4.8 Calculation of
Deflection of a Pile by the PHRI Method.
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(7

Equation (3.4.36) shows that the coefficient of lateral subgrade reaction depends on the displacement of a pile on
the ground level. However, as the displacement of a pile on the ground level is a function of the coefficient of
lateral subgrade reaction (see equations (3.4.19) and (3.4.27)), it is necessary to repeat calculations and explore a
solution in which the coefficient of lateral subgrade reaction becomes consistent with the displacement of a pile on
the ground level.

Specifications for Highway Bridges, IV Substructures > shows a method to estimate the coefficient of lateral

subgrade reaction based on the result of various ground explorations, which can be referred to.

3.4.8  Calculation of Deflection of a Pile by the PHRI Method

(1)

2)

The PHRI method *) analyzes the behavior of piles subjected to force in the direction perpendicular to the axis by
assuming them as beams on elastic foundation. The PHRI method assumes that the subgrade reaction per unit area
is expressed by equation (3.4.37) in Equation (3.4.14) which expresses the behavior of a beam on elastic
foundation.

p=lkx"y* (3.4.37)
where
k : lateral resistance coefficient of the ground (kN/m?3 or kN/m?3~)
m : variable 1 or 0 according to the ground property

As seen in equation (3.4.37), the feature of this method is that nonlinearity is introduced between the subgrade
reaction per unit area p and the displacement of a pile y (p is proportional to y*3 rather than y). This makes it
possible to express the actual behavior of piles more faithfully.

The PHRI method needs to rely on numerical analysis to obtain a solution since it cannot reach a general solution
analytically. Moreover, care needs to be taken that the introduction of nonlinearity makes it impossible to apply the
principle of superposition of solution. Solution method using mathematical formula or numerical table shown for
specific conditions makes it possible to find a solution without numerical analysis.

The PHRI method is an analytical method for fully embedded piles (long piles). Its general application condition is
that the embedment length into the ground is 1.5 /,,1 or more. /,,1 is the depth of the bending moment first zero point
of a free head pile or depth of bending moment second zero point of a fixed head pile. For effective length of a pile,
see the details in (8).

The PHRI method classifies ground into the S-type ground and the C-type ground. S-type ground is the ground the
SPT-N value of which increases linearly with the depth such as sandy ground of uniform density and clayey ground
in normal consolidation condition. C-type ground is the ground the SPT-N value of which is constant regardless of
depth such as sandy ground with compacted surface and clayey ground subjected to large preconsolidation.

In equation (3.4.37), m = 1 in S-type ground and m = 0 in C-type ground. In other words, equation (3.4.37) can be
replaced with equation (3.4.38).

S-type ground  p =k, xy "’ }

C-type ground p =k, y* (3.4.38)
where
p : subgrade reaction per unit area of a pile at depth x (kN/m?)
ks : lateral resistance coefficient in the S-type ground (kN/m*?)
ke . lateral resistance coefficient in the C-type ground (kN/m??)
x : depth (m)
y : displacement of a pile at depth x (m)

When classifying ground into the S-type ground and the C-type ground, focus on the range of the ground which
affects the lateral resistance of piles. Generally, consider a range from the ground level to (0.5-1.0)/,,1. Although
many grounds have intermediate properties, they can be handled as the ground closer to them.
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(3) A method to obtain displacement of a pile head, the maximum bending moment below the ground level, deflection,
and others from a numerical table based on the PHRI method has been shown *? for piles in relatively simple
condition on the head of which only the force in the direction perpendicular to the axis acts. This method is to
obtain displacement of a pile head and others of a pile to analyze (model pile) by multiplying the pre-calculated
curve (reference curve) indicating relations between load and the displacement of a pile and others for a pile having
the specifications shown in Table 3.4.3 (reference pile) by a ratio determined based on a scaling law. A specific
calculation method follows:

First, define the ratio of several values concerning characteristic or behavior of a model pile and the reference pile,
as shown in equation (3.4.39).

R =2 (3.4.39)
aS
where
a : several values concerning characteristic or behavior of piles such as bending stiffness, displacement,
bending moment.
R, : ratio of a for a model pile to the reference pile
ap : a of amodel pile
as . a of the reference pile

Here, equation (3.4.40) is obtained by taking the logarithm of the both sided of Equation (3.4.39).

logR =loga, —loga, (3.4.40)

In actual calculation, the relation in equation (3.4.40) is more convenient to use than equation (3.4.39). The
numerical table of the reference curve indicated below is also shown in logarithm corresponding to this.

When the ratio of several values for a model pile to the reference pile is defined as in equation (3.4.39) or (3.4.40),
scaling law induces the following equation (3.4.41).

logR; =(2m+5)logR, —logR,, +2logRy,
logR, =(2m+6)logR_—log Ry, +2log Ry,
logR =(2m+7)logR, —2log Ry +2log Ry,
logR, =(2m+8)logR, —2log R, +2log Ry,

(3.4.41)

where
Ry : ratio of shear of a model pile to the reference pile
Ry @ ratio of bending moment of a model pile to the reference pile
R; : ratio of angle of deflection of a model pile to the reference pile
R, : ratio of displacement of a model pile to the reference pile
R, : ratio of depth of a model pile to the reference pile
Rer : ratio of bending stiffness of a model pile to the reference pile
R : ratio of Bk of a model pile to the reference pile
B : width of a pile (m)
k : lateral resistance coefficient of the ground

ky (kN/m>%) for S-type ground, k. (kN/m?%) for C-type ground
m : variable 1 or 0 according to the ground property

1 for S-type ground, 0 for C-type ground
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Here, R, (ratio of depth of a model pile to the reference pile) can be understood as a scale ratio of a model pile to
the reference pile in the direction of depth or height. That is, all ratios of these values concerning depth and height
including protrusion length and embedment length of a pile, zero point depth of displacement, and the depth at
which the maximum bending moment is caused follow this ratio. As piles are generally designed to have enough
embedment length, the height of load from the ground level (protrusion length of a pile) often becomes the only
given value among several values concerning depth. Thus, equation (3.4.42) is deemed to be true.

logR_=logR, (3.4.42)

where

Ry, : ratio of protrusion length of a model pile to the reference pile from the ground level

On the other hand, log Rgr and log Rpk can be calculated from equation (3.4.40) based on specifications of a model
pile to examine and specifications of the reference pile shown in Table 3.4.3. Consequently, every term in the right
side of equation (3.4.41) becomes a known amount. However, if the loading condition for a model pile is loading
on the ground level (protrusion length = 0), log R, = log R will not be defined, and thus equation (3.4.41) cannot
be used. A method to calculate with another mathematical formula has been proposed in this case (see (4)).

Shear caused in a pile body above the ground level can be obtained from the balance to the force in the direction
perpendicular to the axis acting on the head of a pile on which only the force in the direction perpendicular to the
axis acts. Therefore, it is assumed that the ratio of the force in the direction perpendicular to the axis acting on a
model pile to the reference pile is equal to the ratio of shear, and thus equation (3.4.43) is true.

log R, =log R, 3.4.43)

where

Rr : ratio of the force in the direction perpendicular to the axis acting on the head of a model pile to the
reference pile

Every value concerning the behavior of a model pile can be obtained by converting values read from the reference
curve using the ratio of a model pile to the reference model for each value calculated above. Four reference curve
groups have been calculated according to the pile head and ground conditions and given as numerical tables shown
in Tables 3.4.4-3.4.7. Meaning of symbols in the tables are as follows:

Ts : force in the direction perpendicular to pile axis acting on the head of the reference pile (kN)
yis displacement of the head of the reference pile (m)

Mpax s : maximum bending moment of the reference pile below the ground level (kN-m)

M,,ps : bending moment at the head of the reference pile (kN-m)

Imis : depth of the bending moment first zero point of a free head reference pile or of the bending moment
second zero point of a fixed head reference pile (m)

vos : displacement of the reference pile on the ground level (m)
irs : angle of deflection of head of the reference pile (rad)
ios  : angle of deflection of the reference pile on the ground level (rad)

As an example, consider a case where the displacement of pile head is to be obtained when the force in the direction
perpendicular to the axis 7, acts on the head of a model pile. First, a log 75 of the force in the direction
perpendicular to the axis acting on the head of the reference pile can be calculated from the log Rr of the ratio of the
force in the direction perpendicular to the axis acting on the heads of a model pile to the reference pile. Next, select
a numerical table coinciding with the condition from Tables 3.4.4 to 3.4.7 and search for a row corresponding to the
previously calculated log 7s. Then, read a log y; of the displacement of the reference pile head on the same row.
The displacement of a model pile head y;, can be calculated from this log y,, and the log R, of the ratio of
displacement of a model pile to the reference pile. To obtain other values, the value for a model pile may also be
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calculated from the value for the reference pile read from the table and the ratio of a model pile to the reference pile
for the value.

There are many cases where no row is shown that coincides with the targeted value (in the above example, when a
row coinciding with log 7y is not found) when reading a value from Tables 3.4.4 to 3.4.7. In such a case, it may be
allowed to select a row corresponding to the next lower and next higher than the targeted value, create a row
corresponding to the targeted value by linear interpolation of the values and use the row.

Table 3.4.3 Specifications of the reference pile

Protrusion length 4, (m) 1.0
Bending stiffness (EI)s (kN-m?) 10,000
Pile width Bs (m) 0.5
S-type ground ks,s (kN/m3) 2,000
C-type ground kc,s (kN/m?®) 2,000
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Table 3.4.4 Reference Curve of a Free Head Pile on the S-type Ground

log Ts lOg yt,s lOg Mmax,s lOg lml,s lOg yO,s lOg it,s lOg iO,s
13.0 14.1219 14.5236 2.1062 14.1139 12.3820 12.3819
12.5 13.4108 13.9540 2.0348 13.4014 11.7416 11.7415
12.0 12.7003 13.3847 1.9634 12.6892 11.1016 11.1014
11.5 11.9905 12.8158 1.8919 11.9774 10.4621 10.4619
11.0 11.2814 12.2474 1.8205 11.2660 9.8232 9.8229
10.5 10.5733 11.6795 1.7491 10.5551 9.1849 9.1845
10.0 9.8662 11.1122 1.6777 9.8448 8.5475 8.5469
9.5 9.1604 10.5455 1.6063 9.1352 7.9110 7.9101
9.0 8.4560 9.9797 1.5349 8.4263 7.2755 7.2743
8.5 7.7533 9.4148 1.4635 7.7184 6.6413 6.6397
8.0 7.0525 8.8510 1.3922 7.0115 6.0085 6.0064
7.5 6.3540 8.2884 1.3208 6.3057 5.3774 5.3745
7.0 5.6581 7.7272 1.2495 5.6013 4.7481 4.7442
6.5 4.9653 7.1676 1.1782 4.8984 4.1210 4.1158
6.0 4.2758 6.6098 1.1069 4.1973 3.4963 3.4894
55 3.5902 6.0540 1.0357 3.4981 2.8744 2.8652
5.0 2.9090 5.5005 0.9645 2.8010 2.2556 2.2434
4.5 2.2327 4.9494 0.8935 2.1063 1.6403 1.6242
4.0 1.5619 4.4009 0.8225 1.4142 1.0286 1.0078
35 0.8972 3.8553 0.7516 0.7248 0.4212 0.3944
3.0 0.2391 3.3128 0.6809 0.0385 -0.1817 -0.2161
2.5 -0.4119 2.7735 0.6104 -0.6447 -0.7799 -0.8234
2.0 -1.0552 2.2374 0.5401 -1.3245 -1.3730 -1.4275
1.5 -1.6904 1.7047 0.4700 -2.0010 -1.9607 -2.0285
1.0 -2.3173 1.1752 0.4002 -2.6740 -2.5430 -2.6263
0.5 -2.9355 0.6490 0.3307 -3.3434 -3.1197 -3.2211
0.0 -3.5450 0.1259 0.2616 -4.0094 -3.6907 -3.8129
-0.5 -4.1458 -0.3942 0.1928 -4.6719 -4.2560 -4.4018
-1.0 -4.7381 -0.9116 0.1245 -5.3311 -4.8160 -4.9881
-1.5 -5.3221 -1.4265 0.0565 -5.9871 -5.3705 -5.5720
2.0 -5.8980 -1.9392 -0.0110 -6.6401 -5.9200 -6.1535
2.5 -6.4664 -2.4499 -0.0782 -7.2902 -6.4646 -6.7329
-3.0 -7.0277 -2.9589 -0.1449 -7.9376 -7.0046 -7.3103
3.5 -7.5824 -3.4663 -0.2113 -8.5827 -7.5404 -7.8860
-4.0 -8.1310 -3.9725 -0.2772 -9.2254 -8.0723 -8.4601
4.5 -8.6742 -4.4776 -0.3428 -9.8662 -8.6006 -9.0329
-5.0 -9.2123 -4.9818 -0.4081 -10.5051 -9.1257 -9.6043
-5.5 -9.7459 -5.4853 -0.4731 -11.1423 -9.6478 -10.1747
-6.0 -10.2755 -5.9881 -0.5378 -11.7781 -10.1673 -10.7441
-6.5 -10.8014 -6.4903 -0.6023 -12.4125 -10.6844 -11.3125
-7.0 -11.3241 -6.9922 -0.6665 -13.0458 -11.1995 -11.8803
-71.5 -11.8440 -7.4937 -0.7305 -13.6780 -11.7126 -12.4473
-8.0 -12.3614 -7.9949 -0.7944 -14.3094 -12.2241 -13.0138
-8.5 -12.8766 -8.4959 -0.8580 -14.9399 -12.7342 -13.5797
9.0 -13.3898 -8.9967 -0.9216 -15.5697 -13.2429 -14.1452
9.5 -13.9013 -9.4973 -0.9850 -16.1989 -13.7506 -14.7103
-10.0 -14.4113 -9.9978 -1.0483 -16.8275 -14.2572 -15.2751
-10.5 -14.9200 -10.4983 -1.1114 -17.4557 -14.7630 -15.8396
-11.0 -15.4276 -10.9986 -1.1745 -18.0834 -15.2680 -16.4038
-11.5 -15.9344 -11.4989 -1.2376 -18.7109 -15.7726 -16.9678
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Table 3.4.5 Reference Curve of a Fixed Head Pile on the S-type Ground

log T log v log Miop,s log linys log yo,s log Minaxs log iy
13.0 13.5685 14.5204 2.1178 13.5683 14.0436 10.5138
12.5 12.8569 13.9502 2.0463 12.8566 13.4738 9.9425
12.0 12.1457 13.3802 1.9748 12.1453 12.9043 9.3711
11.5 11.4350 12.8105 1.9032 11.4345 12.3351 8.7997
11.0 10.7251 12.2410 1.8316 10.7244 11.7663 8.2284
10.5 10.0158 11.6719 1.7600 10.0148 11.1980 7.6571
10.0 9.3075 11.1032 1.6884 9.3061 10.6303 7.0857
95 8.6002 10.5350 1.6168 8.5984 10.0632 6.5145
9.0 7.8941 9.9673 1.5451 7.8916 9.4969 5.9432
8.5 7.1895 9.4002 1.4733 7.1861 8.9314 5.3720
8.0 6.4865 8.8338 1.4016 6.4819 8.3670 4.8008
7.5 5.7855 8.2683 1.3297 5.7793 7.8038 4.2296
7.0 5.0869 7.7037 1.2579 5.0784 7.2420 3.6585
6.5 43908 7.1403 1.1859 4.3794 6.6818 3.0875
6.0 3.6979 6.5780 1.1139 3.6826 6.1235 2.5165
5.5 3.0085 6.0172 1.0418 2.9881 5.5673 1.9456
5.0 2.3232 5.4579 0.9697 2.2962 5.0136 1.3748
45 1.6426 4.9005 0.8975 1.6071 4.4627 0.8041
4.0 0.9673 4.3449 0.8252 0.9209 3.9148 0.2336
35 0.2979 3.7914 0.7529 0.2377 3.3704 -0.3368
3.0 -0.3649 3.2403 0.6806 -0.4421 2.8297 -0.9069
25 -1.0204 2.6916 0.6084 -1.1186 2.2931 -1.4769
2.0 -1.6679 2.1456 0.5361 -1.7917 1.7607 -2.0466
1.5 23071 1.6023 0.4640 2.4614 1.2326 26161
1.0 2.9374 1.0617 0.3921 3.1277 0.7088 -3.1852
0.5 -3.5584 0.5241 0.3204 -3.7906 0.1894 3.7541
0.0 -4.1701 -0.0106 0.2491 -4.4502 -0.3290 43225
0.5 47724 -0.5425 0.1781 -5.1066 -0.8376 -4.8906
-1.0 -5.3654 -1.0716 0.1076 -5.7601 -1.3459 -5.4584
15 -5.9495 -1.5980 0.0375 -6.4107 -1.8514 -6.0257
2.0 -6.5251 2.1218 -0.0320 -7.0587 2.3544 -6.5926
25 -7.0927 2.6431 -0.1010 277042 -2.8554 -7.1592
3.0 -7.6529 3.1623 -0.1694 -8.3474 -3.3550 277253
35 -8.2062 3.6793 -0.2373 -8.9886 -3.8534 -8.2912
4.0 8.7534 -4.1944 -0.3047 9.6279 -4.3510 -8.8566
45 -9.2949 -4.7078 -0.3716 -10.2655 -4.8481 9.4218
5.0 9.8314 -5.2196 -0.4380 -10.9016 -5.3449 -9.9867
55 -10.3634 -5.7300 -0.5040 -11.5364 -5.8415 -10.5513
6.0 -10.8914 -6.2391 -0.5696 -12.1699 -6.3381 -11.1156
6.5 -11.4159 -6.7471 -0.6348 -12.8024 -6.8347 -11.6798
7.0 -11.9373 -7.2541 -0.6997 -13.4340 -7.3315 -12.2437
75 -12.4559 -7.7602 -0.7643 -14.0647 -7.8285 -12.8075
8.0 -12.9721 -8.2656 -0.8286 -14.6947 -8.3257 -13.3711
85 -13.4862 8.7702 -0.8928 -15.3240 -8.8230 -13.9345
9.0 -13.9985 9.2743 -0.9567 -15.9528 9.3206 -14.4979
95 -14.5092 9.7778 -1.0204 -16.5811 9.8185 -15.0611
-10.0 -15.0185 -10.2809 -1.0840 -17.2089 -10.3165 -15.6243
-10.5 -15.5266 -10.7835 -1.1474 -17.8364 -10.8147 -16.1873
-11.0 -16.0336 -11.2859 -1.2107 -18.4636 -11.3131 -16.7503
-11.5 -16.5396 -11.7879 -1.2739 -19.0905 -11.8117 -17.3132
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Table 3.4.6 Reference Curve of a Free Head Pile on the C-type Ground

log T logy s 10g Minaxs log ln1s logyos logi; s log i s
13.0 15.7181 14.9153 2.7519 15.7161 13.3980 13.3980
12.5 14.9194 14.3162 2.6519 14.9168 12.6991 12.6991
12.0 14.1211 13.7174 2.5518 14.1178 12.0005 12.0005
11.5 13.3231 13.1190 2.4518 13.3189 11.3023 11.3023
11.0 12.5257 12.5209 2.3517 12.5204 10.6046 10.6045
10.5 11.7289 11.9233 2.2516 11.7223 9.9074 9.9073
10.0 10.9330 11.3263 2.1515 10.9246 9.2109 9.2107
9.5 10.1380 10.7301 2.0514 10.1276 8.5153 8.5151
9.0 9.3445 10.1348 1.9512 9.3313 7.8209 7.8205
8.5 8.5525 9.5407 1.8510 8.5358 7.1277 7.1272
8.0 7.7625 8.9480 1.7508 7.7416 6.4362 6.4354
75 6.9751 8.3572 1.6505 6.9487 5.7469 5.7457
7.0 6.1909 7.7685 1.5501 6.1575 5.0602 5.0583
6.5 5.4105 7.1825 1.4497 5.3685 43766 43737
6.0 4.6349 6.5997 1.3493 4.5819 3.6968 3.6924
55 3.8652 6.0207 1.2488 3.7984 3.0215 3.0149
5.0 3.1026 5.4462 1.1483 3.0185 23516 23418
45 2.3485 4.8768 1.0479 2.2427 1.6880 1.6737
4.0 1.6046 43132 0.9476 1.4719 1.0317 1.0110
35 0.8724 3.7560 0.8475 0.7065 0.3836 0.3542
3.0 0.1536 3.2055 0.7477 -0.0529 -0.2554 0.2964
25 -0.5503 2.6621 0.6484 -0.8056 -0.8845 0.9406
2.0 -1.2376 2.1256 0.5498 -1.5512 -1.5030 -1.5783
1.5 -1.9083 1.5955 0.4520 -2.2898 2.1108 2.2100
1.0 2.5612 1.0715 0.3552 -3.0210 2.7076 2.8355
0.5 -3.1968 0.5527 0.2595 -3.7451 -3.2937 -3.4555
0.0 3.8155 0.0384 0.1650 4.4622 -3.8694 4.0703
0.5 -4.4188 -0.4724 0.0717 -5.1730 -4.4356 -4.6806
-1.0 -5.0076 -0.9803 -0.0204 -5.8778 -4.9927 -5.2867
15 -5.5834 -1.4861 0.1114 6.5772 -5.5419 -5.8893
2.0 -6.1479 -1.9903 -0.2013 72718 -6.0838 -6.4888
25 -6.7021 2.4932 -0.2903 -7.9621 6.6192 -7.0856
3.0 -7.2482 2.9953 -0.3784 -8.6489 -7.1494 -7.6803
35 -7.7867 -3.4967 -0.4658 9.3324 7.6748 -8.2730
4.0 -8.3189 -3.9977 -0.5526 -10.0133 -8.1960 -8.8641
45 -8.8459 -4.4984 -0.6388 -10.6918 8.7138 9.4540
5.0 9.3683 -4.9989 -0.7245 -11.3684 -9.2287 -10.0427
5.5 -9.8869 -5.4993 -0.8099 -12.0433 9.7410 -10.6305
6.0 -10.4025 -5.9995 -0.8949 -12.7168 -10.2513 -11.2175
6.5 -10.9153 -6.4997 -0.9796 -13.3892 -10.7599 -11.8039
7.0 -11.4260 -6.9998 -1.0641 -14.0606 -11.2670 -12.3898
75 -11.9348 -7.4998 -1.1484 -14.7312 -11.7729 -12.9752
8.0 -12.4422 7.9999 -1.2325 -15.4011 -12.2777 -13.5603
8.5 -12.9482 -8.4999 -1.3165 -16.0705 -12.7818 -14.1450
9.0 -13.4533 -8.9999 -1.4004 -16.7394 -13.2851 -14.7295
95 -13.9574 -9.5000 -1.4842 -17.4079 -13.7879 -15.3138
-10.0 -14.4608 -10.0000 -1.5679 -18.0761 -14.2902 -15.8980
-10.5 -14.9637 -10.5000 -1.6515 -18.7440 -14.7921 -16.4820
-11.0 -15.4660 -11.0000 -1.7351 -19.4117 -15.2936 -17.0659
115 -15.9682 -11.5000 -1.8187 20.0793 -15.7951 -17.6497
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Table 3.4.7 Reference Curve of a Fixed Head Pile on the C-type Ground

log T log v log Myop,s log Linys logyos 10g Minaxs log iy
13.0 15.2757 15.0193 2.7926 15.2757 14.4285 11.0171
12.5 14.4766 14.4199 2.6925 14.4765 13.8292 10.4172
12.0 13.6775 13.8205 2.5924 13.6774 13.2298 9.8172
115 12.8787 13.2215 2.4923 12.8786 12.6308 92173
11.0 12.0803 12.6226 2.3921 12.0802 12.0319 8.6174
10.5 11.2822 12.0240 2.2919 11.2821 11.4334 8.0175
10.0 10.4847 11.4259 2.1917 10.4845 10.8353 7.4176
9.5 9.6878 10.8281 2.0913 9.6875 10.2376 6.8178
9.0 8.8918 10.2310 1.9909 8.8913 9.6406 6.2180
8.5 8.0968 9.6345 1.8904 8.0961 9.0443 5.6183
8.0 7.3031 9.0389 1.7898 7.3020 8.4491 5.0186
7.5 6.5111 8.4445 1.6890 6.5093 7.8551 4.4190
7.0 5.7213 7.8513 1.5880 5.7185 7.2627 3.8196
6.5 4.9340 7.2597 1.4867 4.9297 6.6723 3.2202
6.0 4.1502 6.6701 1.3852 4.1435 6.0844 2.6210
55 3.3708 6.0828 1.2833 3.3605 5.4998 2.0220
5.0 2.5969 5.4983 1.1810 2.5811 4.9194 1.4233
45 1.8299 49171 1.0783 1.8061 4.3440 0.8248
4.0 1.0717 43395 0.9750 1.0361 3.7751 0.2266
3.5 0.3240 3.7662 0.8713 0.2716 3.2139 0.3711
3.0 -0.4109 3.1975 0.7671 -0.4867 2.6617 -0.9684
25 -1.1304 2.6339 0.6626 -1.2381 2.1200 -1.5650
2.0 -1.8327 2.0756 0.5580 -1.9825 1.5893 2.1610
15 2.5157 1.5230 0.4538 2.7193 1.0699 2.7562
1.0 -3.1789 0.9760 0.3504 -3.4487 0.5606 -3.3506
0.5 3.8217 0.4344 0.2481 4.1707 0.0598 -3.9439
0.0 -4.4450 0.1019 0.1475 -4.8858 -0.4345 -4.5362
05 -5.0501 0.6332 0.0487 -5.5943 -0.9246 -5.1275
-1.0 -5.6390 -1.1602 -0.0483 -6.2968 -1.4124 57177
15 -6.2135 -1.6831 -0.1433 -6.9941 -1.8994 -6.3069
2.0 -6.7758 2.2025 -0.2367 -7.6866 2.3866 -6.8952
25 273277 2.7189 -0.3285 -8.3752 2.8746 7.4827
3.0 -7.8708 3.2327 -0.4189 9.0602 3.3637 -8.0696
35 -8.4066 3.7442 -0.5081 9.7423 -3.8541 -8.6558
4.0 -8.9363 4.2539 -0.5963 -10.4218 43457 9.2416
45 -9.4609 4.7619 -0.6838 -11.0992 -4.8385 9.8269
5.0 9.9813 -5.2686 -0.7705 -11.7748 -5.3323 -10.4119
55 -10.4983 5.7742 -0.8566 -12.4489 -5.8271 -10.9966
6.0 -11.0123 6.2788 -0.9422 -13.1217 -6.3227 -11.5810
6.5 -11.5239 -6.7826 -1.0275 -13.7935 -6.8191 -12.1653
7.0 -12.0335 -7.2858 -1.1124 -14.4644 -7.3160 -12.7494
75 -12.5414 7.7885 -1.1970 -15.1346 -7.8134 -13.3334
8.0 -13.0480 -8.2906 -1.2814 -15.8042 8.3113 -13.9172
8.5 -13.5534 -8.7924 -1.3656 -16.4732 -8.8095 -14.5010
9.0 -14.0579 9.2939 -1.4497 -17.1419 9.3081 -15.0847
95 -14.5616 9.7952 -1.5336 -17.8102 -9.8069 -15.6683
-10.0 -15.0647 -10.2962 -1.6175 -18.4782 -10.3058 -16.2519
-10.5 -15.5672 -10.7970 -1.7012 -19.1460 -10.8050 -16.8354
-11.0 -16.0693 -11.2977 -1.7849 -19.8136 -11.3043 -17.4189
115 -16.5711 -11.7983 -1.8685 20.4811 -11.8037 -18.0024
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(4) Several values for a ground level loading model pile the head of which coincides with the ground level (pile
protrusion length = 0) can be calculated by squations (3.4.44) to (3.4.47) > .

S-type ground, free head pile
4 6 10
logy, = 0.38958—? 10gEI—5 log Bk, +— logT
logM , =-0.05825+— logE]——logBk logT

(3.4.44)
logi, =0. ZZ’SwaflogEIfflogBk + logT

mil

logl = 53473+7 logEIff logBk, +— logT
S-type ground, fixed head pile
logy, = —0.16047—i logEI—é log Bk, +Q logT

logMO*—00§787+ IOQE[——IOQBA +— logT

(3.4.45)
loghM_ =-0.53703 +? logEI - logBkS +7 logT

logl | =0.54689+— ! logEI—2 log Bl +%10gT

C-type ground, free head pile
2 6 8
logy, = 0.113287; logElf— logBr, +§ logT

logM . =—0. 28846+ logEI— log Bk, + IOHT
(3.4.46)

logi, =—0.00634 - logElf logBk, +— logT

= | w

o

log/ , = 0.55205+§ logE I —=logBk, +% logT

h

C-type ground, fixed head pile
logy, = —0.32731—% logEI—E log B, +§ logT

logM, = 7018%01+—102E17—1023A += logT

(3.4.47)
logM__ =-0.77377+— logEI < logB k.. +; logT

logl | 70§9296+ IOQE]— logBkC-kélogT

where

Yo : displacement of a pile on the ground level (m)

My : bending moment caused in the pile body on the ground level (kN-m)
io : angle of deflection of a pile on the ground level (rad)

Myee  : maximum bending moment below the ground level (kN-m)

I : depth of bending moment first zero point of a free head pile or depth of bending moment second zero point
of a fixed head pile (m)

EI : bending stiffness of a pile (kN-m?)
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)

(6)

B : width of a pile (m)

ks . lateral resistance coefficient in S-type ground (kN/m3-)

kc : lateral resistance coefficient in C-type ground (kN/m??)

T :force in the direction perpendicular to the axis acting on the pile head (kN)

Relation between the lateral resistance coefficient in the S-type ground and the increment of SPT-N values per unit

depth as in Fig. 3.4.6 has been shown 3. Here, the increment of SPT-N values per unit depth means the inclination
of a line approximating the distribution of SPT-N values in depth direction obtained from a ground exploration. The
increment of SPT-N values in the range from the ground level to (0.5-1.0)/,; which greatly influence the lateral
resistance of piles is generally used. Even when the distribution of SPT-N values in depth direction is not 0 on the
ground level, the inclination approximating with a line passing 0 on the ground level may be used.

The line in Fig. 3.4.6 is a regression line obtained by the least squares method and is expressed by equation
(3.4.48) %,

kg =592 N1 (3.4.48)
where
N : increment of SPT-N values per unit depth (m™)
104 1. ALTON.ILLINOIS (FEAGIN)
2. WINFIELD.MONTANA (GLESER)
3. PORT HUENEME (MASON)
o~ 4. Hakkenbori No.1
B 5. Hakkenbori No.2
Z 6. Ibaragigawa (GOTO)
2 7. Osaka National Railways (BESSHO)
] 8. Tobata No.6
103 9. Tobata No.9
10. Tobata K-I (PHRI)
11. Tobata K-II (PHRI)
12. Tobata L-IT (PHRI)
13. Kurihama model experiment
14. Shin-Kasai Bridge (TATEISHI)
15. Yamanoshita (IGUCHI)
10°

N (m")

Fig. 3.4.6 Relation between lateral resistance coefficient in S-type ground and increment of SPT-N values N per
Unit Depth (Kubo %4, added and altered)

Relation between the lateral resistance coefficient in the C-type ground and SPT-N value of the ground as in Fig.
3.4.7 has been shown *®, Mean SPT-N values in the range from the ground level to (0.5-1.0)/,; which greatly
influence the lateral resistance of piles are generally used for SPT-N values.

The line in Fig. 3.4.7 is a regression line obtained by the least squares method and is expressed by Equation
(3.4.49)%,

ke =540 N°** (3.4.49)

where

N : mean SPT-N value in a dominant range of lateral resistant of piles.
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If no SPT-N value of clayey ground is obtained from a ground exploration, it is difficult to estimate an SPT-N value
from the strength of unconfined compression. Experimental conversion formula and others are often used for
estimation of strength of unconfined compression from SPT-N values. Care needs to be taken in using the
conversion formula in reverse direction for estimation of SPT-N values from the strength of unconfined
compression since it lacks sufficient reliability and leads to estimation on the dangerous side. Fig. 3.4.7 was
prepared by using the data which directly estimated SPT-N values on the clayey ground by ground exploration and

others.

k. (KN/m>9)

10*

10°

10?

N-value

WX B W=

Tobata K-I (TTRI)
Tobata K-III (TTRI)
Tobata K-IV (TTRI)
Tobata L-1I (TTRI)
Tobata L-IV (TTRI)
Hakkenbori No.1
Hakkenbori No.2

Osaka National Railways
Yahata Seitetsu No.6
Yahata Seitetsu No.9

. Tobata preliminary test-1 (TTRI)-1

Tobata preliminary test-2 (TTRI)-2
WAGNER (Calif.) No. 15
WAGNER (Calif.) No. 25
WAGNER (Alaska) -1

WAGNER (Alaska) -2

Tokyo National Railways b

Tokyo National Railways A4
Tokyo National Railways B

Fig. 3.4.7 Relation between lateral resistance coefficient in the C-type ground and SPT-N values
(Port and Harbour Technical Research Institute and Yawata Iron & Steel Co., Ltd. 56), added and altered)

(7) The following relation expressed by equations (3.4.50) and (3.4.51) has been reported between cohesion and lateral
resistance coefficient of clayey ground from the result of field experiment in clayey ground and others 7.

®)

where

Cu

qu

€50

k= a 2
&, B
2

kC: u ~
&5, B

: increment of ¢, per unit depth (kN/m?)

(3.4.50)

(3.4.51)

: undrained shear strength obtained from unconfined compression test (kN/m?)

Cu = qu/2
: unconfined compression strength (kN/m?)
: strain at ¢,/2 in unconfined compression test

: width of a pile (m)
The upper limit of B is 0.3 m.

The behavior of piles is classified by embedment length as shown in Table 3.4.8 as a result of examination of the
variance in behavior of piles based on model experiment®. As seen from the behavioral characteristics shown in
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Table 3.4.8, the effective length of piles is considered 1.5/,1. [ is the depth of bending moment first zero point of
a free head pile or depth of bending moment second zero point of a fixed head pile.

In1 generally tends to increase as the stiffness of a pile increases and tends to decrease as the lateral resistance
coefficient of the ground increases. On the other hand, the height of load or securing conditions of pile heads do not
influence much. Here, care needs to be taken that the value of [, increases as load increases. In other words,
behavioral characteristic of the same pile may vary as the load changes.

Table 3.4.8 shows that the behavior of piles, even if they are short, is not different from that of long piles provided
that their embedment length is 1.0/m1 or more. However, it has been noted that more residual displacement
accumulates than in the case of long piles when repeated load acts on short piles. Moreover, it is known that short
piles are prone to be affected by soil creep and others. Therefore, the embedment length of piles should ensure
1.5/m1 or more.

Table 3.4.8 Classification of the Behavior of Piles by Embedment Length

Classification Embedment Behavior characteristics
Length
. The lower edge of a pile is fixed in the ground. The
Long pile 1:5im1 or more embedment length of a pile is irrelevant to its behavior.
First transient area 1.00m1-1.5Im1 The lqwer edgg of a pile is incompletely ﬁxe.d, but the
behavior of a pile is same as that of a long pile.
Short | Second transient Displacement and inclination are significantly larger than
. 0.6/m1-1.0lm1 . .
pile area those of a long pile. The pile bends extremely.
Stiff pile Less than 0.6/m1 Benq of a pile is negligible. The pile moves almost
rotationally.

)

The relation between the lateral resistance coefficient and the width of piles in sandy S-type ground found in a
model experiment is shown in Fig. 3.4.8%” 60, Fig. 3.4.8 shows that the lateral resistance coefficient reduces as the
width of piles increases while the width of piles is small. On the other hand, when the width of piles exceeds 0.3 m,
the lateral resistance coefficient seems independent to the width of piles. Therefore, the influence of the width of
piles is generally not considered when estimating the deflection of piles by the PHRI method.

x10%
125
10
°
81\
. \
i \o
g \
z %
e \
<& O\
°
4 \@
S~
W\_Q_________€
2
0
0 0.1 0.2 0.3 0.4 0.5 0.6

B (in)

Fig. 3.4.8 Relation between lateral resistance coefficient in the S-type ground and the width of piles
(Sawaguchi ), added and altered)
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(10) The resistance force of a batter pile in the direction perpendicular to the axis varies according to the angle of a pile’s

inclination. The resistance force of a pile in the direction perpendicular to the axis generally tends to become
smaller when load acts in the direction to raise a pile. Conversely, it tends to become larger when load acts in the
direction to push a pile to the ground. Therefore, the influence of the angle of a pile’s inclination shall be considered
by correcting the lateral resistance coefficient of the ground in calculating the deflection of batter piles. Fig. 3.4.9
shows the relation between the angle of a pile’s inclination and the ratio of the lateral resistance coefficient of the
ground. Here, the ratio of lateral resistance coefficient of the ground means that of the lateral resistance coefficient
used for calculation of batter piles to the lateral resistance coefficient used for calculation of vertical piles.

When the surrounding ground is reclaimed after construction of batter piles or in other occasions, and the ground
around the piles has not been sufficiently compacted yet, care needs to be taken since the resistance force of a pile
in the direction perpendicular to the axis does not grow even if the angle of inclination is negative. For the case of
coupled piles, see Part III, Chapter 2, 3.4.9 (3).

2.5

4 > N
o
\\
2.0 H
\\ 3
O
\‘\ 0
1.5 LN |
® B
g 2] ko is the value &
oy d\\ \_ when 8 =0 Y,
~N i i
1.0 \A\ . i
\\
O\\
O>. @
0.5 O~
~O<
0
=30 -20 -10 0 10 20 30
0()

Fig. 3.4.9 Ratio of angle of pile’s inclination to the lateral resistance coefficient of the ground
(Kubo 8", added and altered)

3.4.9  Bearing Capacity of Coupled Piles

(1

2)

The bearing capacity of coupled piles is examined by resolving the vertical load and the horizontal load acting on
the head of coupled piles into two elements in the axial direction of two piles composing coupled piles or into four
elements in the axial direction and the direction perpendicular to the axis.

It is known that when the displacement of pile heads of coupled piles is small, most load acting on the pile heads of
the coupled pile acts as the force in the axial direction of two piles composing the coupled pile ®». Therefore, it is
reasonable to verify in the method to resolve the load to two elements for coupled piles designed considering
enough safety margin. On the other hand, when assuming a certain amount of displacement in structures like in
examination of L2 earthquake, care needs to be taken since resolving the load into two elements may underestimate
the bearing capacity of coupled piles.

When resolving the load acting on the pile heads of coupled piles into two elements in the axial direction of the two
piles composing the coupled piles, the force in the axial direction acting on the head of each pile can be calculated
by equation (3.4.52) (see Fig. 3.4.10).

~ V.sin6, + H, cosé,
~ sin(g+6,)
_ V. sin6 —H, cos6,
 sin(4,+6,)

(3.4.52)

2
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where

Py, P> : force in the axial direction acting on the head of each pile (pushing force is defined as positive) (kN)
61, 6, : angle of inclination of each pile (°)

Vi : vertical force acting on coupled piles (kN)

H; : horizontal force acting on coupled piles (kN)

H; +——]

0, 0,

P/ \32
Fig. 3.4.10 Resolution of load acting on coupled piles into elements in the axial direction

The bearing capacity of coupled piles shall be verified by confirming if each of the two piles composing the
coupled piles has enough bearing capacity for force in the axial direction acting on the pile head. For the
verification method, see 3.4.2 (6) in this Chapter.

It is difficult to determine the displacement of heads of coupled piles in the method to resolve and examine the load
into two elements. Sufficient examination is necessary when the displacement of pile heads becomes an important
issue in the design of structures. However, the displacement of coupled piles is generally much smaller than that of
single piles, and it may become a problem in a few cases.

When resolving the load into four elements, the behavior (displacement of pile heads, deflection of each pile, etc.)
of each pile greatly influences the bearing capacity of coupled piles as in the case of single piles on which the force
in the direction perpendicular to the axis acts. Therefore, verification needs to be performed after analytically
estimating the behavior of each pile.

Analysis methods such as (D to analyze under the condition that displacement of each pile coincides at the
intersection of coupled piles assuming that the spring of pile heads in the axial direction and the direction
perpendicular to the axis are elastic®®, @ to determine the ultimate resistance of coupled piles assuming that the
resistance force of piles in the axial direction and the direction perpendicular to the axis shows elasto-plastic nature
), @ to calculate the load, displacement, settlement, or upward displacement by pulling of pile heads with an
empirical formula assuming that the pile shows nonlinear behavior in both axial direction and the direction
perpendicular to the axis®, and @ to utilize the result of loading test of single piles ®® have been proposed and
can be referred to.

The setting method of constants, such as modulus of subgrade reaction, becomes an important issue in analysis
using these methods. Specifically, the effect of evaluation of the ground properties between piles to the result of
analysis needs to be fully confirmed since the subgrade reaction in the ground between two piles composing the
coupled piles may not be fully expected. Moreover, since the connection condition of two pile heads composing the
coupled piles is known to significantly influence, it is also necessary to pay attention to its handling. Moreover,
these analysis methods assume that displacement occurs in pile heads. Multifaceted verification is required whether
the displacement of pile heads of coupled piles analytically calculated is reasonable for the displacement of the
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entire pile foundation, whether it conforms to the displacement of pile heads of other piles composing the pile
foundation, etc.

The method to increase the bearing capacity of coupled piles is under research by improving the ground between
piles since the behavior of the ground between piles greatly influences the bearing capacity of coupled piles 7.

3.4.10 Bearing Capacity of a Pile Group

(1)

2)

€)

When arranging several piles densely in close interval, they tend to behave as one group of piles because of
overlapping of stress transmitted from each pile to the ground, and others. The behavior as a group of piles
represents a different characteristic from the bearing capacity, settlement, and others of a single pile. These
phenomena are called pile group effects. A group of piles arranged to exert pile group effects is called a pile group
in contrast to a single pile. When there are pile group effects, it is necessary to consider the behavior of a pile group
separately from the one of a single pile when verifying the pile foundations.

Note that a group of piles may generally and simply be called a pile group even if it has no pile group effect.

The pile group effect is largely affected by the ground condition around and below piles. Specifically, when the
ground condition changes abruptly around and below piles, the pile group effect may become noticeable.

For example, as shown in Fig. 3.4.11, consider a situation where piles are embedded in sandy layer of good quality
but there is a soft clayey layer below it. In the case of a single pile, the range of stress caused in the ground by load
acted on a pile and transmitted to the ground remains within the sandy layer of good quality. Then, the clayey layer
existing below the sandy layer does not greatly affect the behavior of piles. Whereas, even if the load acting on a
pile in a pile group is comparative with the case of a single pile, the range of stress caused in the ground extends
much deeper. Thus, the behavior of the pile group is dominated by the clayey layer below and will show a tendency
substantially different from the case of a single pile.

This situation requires the ground exploration in the preliminary survey in both sufficiently broad horizontal range
and the depth direction against the dimension of structures and careful examination of the pile group effect.

Single pile Pile group

Range of stress

Fig. 3.4.11 Comparison of Ranges Where Stress in the Ground Is Caused in a Single Pile and a Pile Group

If the ground condition around and below piles is relatively homogeneous, the pile group effect against the pushing
resistance force of a pile in its axial direction can be considered as follows.

If the interval of bearing piles is normal (see Part III, Chapter 2, 3.4.12 (1)), the stress concentration in the bottom
bearing stratum is not a problem. Therefore, the pile group effect is not generally considered when determining the
pushing resistance force of bearing piles in their axial direction.

The pushing resistance force of friction piles in the axial direction embedded in sandy ground per pile in a group of
piles is prone to become greater than that of a single pile due to the compaction effect of the ground by pile driving 6.
Therefore, the pile group effect becomes an important issue in just a few cases.
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On the other hand, in the case of friction piles in the clayey ground, the pushing resistance force of a group of piles
in the axial direction may become smaller than the value calculated based on that of a single pile due to the pile
group effect. In this case, the behavior as a pile group needs to be fully considered along with the behavior as a
single pile.

When a pile subjected to the pulling force in the axial direction is used as a group of piles, the pulling resistance
force of a pile group in the axial direction, together with the pulling resistance force of each pile composing a group
of piles in the axial direction as a single pile shall be verified.

Although various research has been done so far about the pile group effect for resistance force in the direction
perpendicular to the axis, many uncertainties still remain. As the heterogeneity in the ground or a slight difference
in conditions such as fixing of pile heads greatly influence the behavior of piles on which large force in the
direction perpendicular to the axis acts, it is more difficult to introduce the pile group effect against the resistance
force in the direction perpendicular to the axis to performance verification. Therefore, it is desirable to arrange piles
on which the force in the direction perpendicular to the axis acts to ensure enough separation so that no pile group
effect becomes effective.

If the ground condition around and below piles is relatively stable, the pile group effect against the resistance force
in the direction perpendicular to the axis may not be considered provided that the center interval between piles
ensures the values shown in Table 3.4.9. The values for sandy soil in Table 3.4.9 have been determined considering
the result of model experiment or compaction effect of the ground by pile driving. Larger values than for sandy soil
are set for clayey soil to assure safety as insufficient data is available for clayey soil.

Table 3.4.9 Minimum Interval between Piles for Which No Pile Group Effect on Resistance Force in the Direction
Perpendicular to the Axis May Be Considered

Direction in which the force in the

. . . . Directi icular t ti
direction perpendicular to the axis acts rsGiion pETpETeiETleT D Asiion

Sandy soil 2.5 times of the pile diameter 1.5 times of the pile diameter
Clayey soil 4.0 times of the pile diameter 3.0 times of the pile diameter

A concept in which the soil and the pile shown in the shaded area in Fig. 3.4.12 behave as one united block has
been proposed as a method to evaluate the pile group effect®. According to this concept, the characteristic value of
the pushing resistance force of a pile group in the axial direction can be calculated by equation (3.4.53).

Ry=qu 4, +s, U, L—y, 4L (3.4.53)
where
Rg  : characteristic value of the pushing resistance force of a pile group in the axial direction (kN)
qux  : characteristic value of the bearing capacity on the bottom of a block (kN/m?)
A, : base area of a block (m?)
Sk : mean shear strength of soil contacting a block (kN/m?)
U; : circumference of a block (m)
L : embedment length of a pile (m)
Ve : mean unit volume weight of an entire block containing pile and soil; calculated from the submerged unit

volume weight at or below the groundwater level, from the wet unit volume weight at or above the
groundwater level (kN/m?)

Equation (3.4.53) calculates the pushing resistance force of a pile group in the axial direction by adding the bearing
capacity of the bottom of a block and the skin resistance force and then subtracting the self-weight of block. For the
bearing capacity on the bottom of a block, see Part III, Chapter 2, 3.2.2 Bearing Capacity of Foundations on
Sandy Ground and Part III, Chapter 2, 3.2.3 Bearing Capacity of Foundation on Clayey Ground.

When verifying the pile foundation and if the pile group effect on the pushing resistance force of a pile in its axial
direction needs to be considered, verify both of the pushing resistance force in the axial direction of a pile group

- 704 -



Part Il Port Facility Section, Chapter 2 Iltems Common to Facilities Subject to Technical Standards

and each pile composing a pile group as a single pile. When verifying the pushing resistance force of a pile group in
its axial direction, use the design value determined by considering the safety margin based on the characteristic
value calculated by equation (3.4.53). For the safety margin to allow for, see Part II1, Chapter 2, 3.4.3 (4) .

_A,A_A A_‘,/J_‘

Fig. 3.4.12 A block Comprising a Group of Piles and Soil between the Piles (Shaded Part in the Figure)

(7) The pulling resistance force of a pile group in its axial direction shall be calculated by equation (3.4.54)
considering that the group of piles and the soil between the piles behave as a block same as in (6).

R =5 U, L+ ?"; 4,L 3.4.54)

where

Rpungr : characteristic value of the pushing resistance force of a pile group in the axial direction (kN)

The pile foundation shall be verified for both of the pulling resistance force in the axial direction of a pile group and
each pile composing a pile group as a single pile. When verifying the pulling resistance force of a pile group in its
axial direction, use the design value determined by considering safety margin based on the characteristic value
calculated by equation (3.4.54). For the safety margin to allow for, see Part III, Chapter 2, 3.4.4 (4). For the part
of the pulling resistance force in the axial direction deriving from the self-weight of a block, the safety factor is
commonly reduced to about 2/3 of a normal value as the variance of the resistance force is assumed small.

When a structure borne by a group of piles is subjected to eccentric moment, pulling force will act on some piles.
The kind of resistant force that acts on each pile at this time is not well known. A simple method is to verify by
defining the piles the pulling force acts on as a pile group when assuming a linear resistant force distribution, as
shown in Fig. 3.4.13 and considering that the resultant of pulling force acts on the pile group 7.
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Distribution of
resistant force

" Verify as a pile
group subjected to
pulling force

o 0 WA

Fig. 3.4.13 Verification Method of Pulling Resistance Force on Foundation Subjected to Eccentric Moment

3.4.11 Negative Skin Friction Force

(1) When a bearing pile penetrates ground that may consolidate, the effect of negative skin friction force needs to be
considered when examining the resistance force of a pile in its axial direction.

Consider a case where a weak layer consolidates and settles at a bearing pile embedded into a bearing stratum
through a weak layer. As piles are borne by a bearing stratum and hardly settle, the friction force to the direction to
push the piles is exerted in weak layer (see Fig. 3.4.14). As seen above, the downward friction force exerted on the
skin of piles is called negative skin friction force (negative friction).

At this time, sandy layer sandwiched by consolidated and settled weak layers, sandy layer existing above the weak
layer or other layer also settles relatively to the piles. As such, care needs to be taken that negative skin friction
force may act irrespective of soil type in the soil layer shallower than the lower edge of the weak layer.

\ \

Weak layer

(Positive) skin friction
JE S S U S S S S
-— - - - - - - -
Negative skin friction

Bearing
stratum

': - . "

Bottom
resistance

Fig. 3.4.14 Negative Skin Friction Force
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The negative skin friction force is caused by the relative displacement of settling ground and a pile. The negative
skin friction force generally originates around the ground level where ground settles a lot and the action range of
the negative skin friction force extends to the depth direction as ground subsidence proceeds. The boundary point of
the range where negative skin friction force acts and its lower range where positive skin friction force acts is called
the neutral point.

When the pile bottom is embedded in extremely rigid rock just below the weak layer, or in other cases, the neutral
point is located at the lower edge of the weak layer (upper edge of rigid rock stratum) as the pile bottom is hardly
displaced (settled) even if a large load acts on the pile. However, in normal cases, as the pile bottom penetrates the
ground as the axial force due to negative skin friction force increases, the situation where the negative skin friction
force is caused in the whole range from the ground level to the lower edge of the weak layer is not reached even the
ground subsides to the maximum degree, and the neutral point settles somewhere between the ground level and the
pile bottom. The depth of the neutral point differs according to the property of the ground, but past actual
measurements give values on the order of (0.70-0.95)L, Y. Here, L, means the depth of the lower edge of weak
layer. However, the depth of neutral point can be considered L, unless special result of investigation and others
exist.

When examining the bearing capacity of piles, many unclear aspects still exist about the way to consider the
negative skin friction force. However, the characteristic value of the negative skin friction force acting on a single
pile may normally be obtained by equation (3.4.55).

R, = [ZNLS +% L. J ? (3.4.55)
where
R.x  : characteristic value of the negative skin friction force acting on a single pile (kN)
Ls : thickness of sandy layer contained down to depth L, (m)
Lc . thickness of clayey layer contained down to depth L, (m)
L, : depth of lower edge of a weak layer (m)

Lo=Ls+ Lc

N : mean SPT-N value of sandy layer contained down to depth L,
qu : mean unconfined compression strength of clayey layer contained down to depth L, (kN/m?)

: circumference of a pile (closed circumference for H-shaped steel piles) (m)

In the case of a pile group, the characteristic value of the negative skin friction per pile acting on a pile group may
be obtained by equation (3.4.56) considering a block comprising a group of piles and the soil between the piles
(see Part III, Chapter 2, 3.4.10 (6)).

s UL +yA L
— g 4 g a

nfgk

(3.4.56)

n
where

R.m @ characteristic value of the negative skin friction per pile acting on a pile group (kN)

Sk : mean shear strength of soil contacting a block (kN/m?)

v : mean unit volume weight of soil contained in a block (kN/m?)
U; : circumference of a block (m)

A'g : bottom area of a block (except pile portion) (m?)

n : number of piles composing a pile group (piece)

In the case of a pile group, the negative skin friction force is considered to act on the block shaft same as a single
pile. This corresponds to the first term of the numerator in equation (3.4.56). On the other hand, soil in a block is
borne by piles, and no relative displacement is assumed between soil and piles. At this time, a value corresponding
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to the self-weight of soil may be considered as the negative skin friction force caused inside of a block. This
corresponds to the second term of the numerator in equation (3.4.56).

Short distance between piles in a pile group makes the weight of soil inside of a block that should be borne by each
pile of the pile group small, and piles bear the soil inside of the block. Then, the negative skin friction force is
calculated by equation (3.4.56). The longer the distance between piles becomes, the more weight of soil each pile
needs to bear, and the more the negative skin friction force per pile calculated by equation (3.4.56) becomes. More
separated piles cannot bear the soil inside of the block, and a relative displacement appears between piles and soil.
Then, the negative skin friction force acting on the pile is calculated by equation (3.4.55). This is the reason why it
is considered reasonable to set whichever is smaller of the values calculated by equation (3.4.55) or (3.4.56) as the
characteristic value of the negative skin friction force actually acting on piles. The actually acting negative skin
friction force largely varies with the amount of consolidation settlement, the rate of consolidation, the creep
characteristics of weak layer, and the deformation characteristics of bearing stratum. The characteristic value of the
negative skin friction force calculated here is the maximum value of the negative skin friction force possible to be
actually caused.

In the examination of bearing capacity of piles, as verification of the negative skin friction force, confirm that the
sum of the skin friction force of a pile deeper than the neutral point (generally the lower edge of weak layer) and the
characteristic value of the base resistance is greater than the sum of pushing force in the axial direction acting on
the pile head and the characteristic value of the negative skin friction force (see Fig. 3.4.14). The design value of
the pushing resistance force of a pile in its axial direction is generally used as the force in the axial direction acting
on a pile head. For characteristic values of pushing resistance force of a pile in its axial direction, skin friction force
and base resistance, see Part III, Chapter 2, 3.4.3 Pushing Resistance Force of a Pile in Its Axial Direction.
Safety margin needs to be allowed for in verification. A safety factor on the order of 1.2 was used as a safety margin
in the past, which may be referred to.

Verification of a pile body failure shall be performed. In the verification of the pile body failure, it is common to
calculate the axial force acting on the neutral point from the sum of pushing force in the axial direction acting on
the pile head and the characteristic value of the negative skin friction force and confirm that the stress caused in the
pile body does not exceed the characteristic value of yield stress of material of the pile.

A large expected negative skin friction force makes it important to perform detailed verification such as full
consideration of the depth of neutral point. An analysis method assuming an elasto-plastic relation between the
relative displacement caused between piles and the ground and the skin friction force has been proposed as a
method 7?. Another simple calculation method has been suggested to examine the negative skin friction force
considering the neutral point by ignoring the compression of a pile based on the above method 7. However, as
these methods are quite simplified, they need to be applied after closely examining the ground constant used for
calculation, etc.

Various construction methods have been proposed as countermeasures against negative skin friction force. Such
methods include a method to apply thin film of asphalt and others on the skin of piles, a method to use a double
pipe so that the negative skin friction force does not act on the pile’s main body (inner pipe) bearing the structure,
and a method to drive a dummy pile outside of the pile foundation considering the pile group effect 7. It is
desirable to use these countermeasure construction methods after fully confirming the applicability based on the
past performance.

If the negative skin friction act on batter piles, care needs to be taken for large bending of piles induced by it. The
negative skin friction force acting on batter piles may be examined according to vertical piles, but bend is difficult
to treat. A bend analysis method of batter piles based on the experimental study has been proposed >, which may be
referred to.

Although not enough knowledge is available about the generation status of negative skin friction force when
seismic force or others act, the negative skin friction force is not generally considered.

3.4.12 Details

(1

When determining the driving center distance between piles, effects of constructability, deformation behavior of
surrounding ground, pile group effect, and so on need to be considered. Large distance between piles is generally
advantageous in that each pile can fulfill a function as an individual pile. However, note that too much distance
requires increase in bearing capacity for each pile and consequently in pile diameter and wall thickness, sometimes
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making the facility uneconomical as a whole. The following items shall be fully considered in determining the
distance between piles.

the closest distance a pile driver can approach

possibility of collision with neighboring piles due to errors in piles’ center location, inclination of piles, and so
on in driving construction

mound of soil or pressing of neighboring piles by soil removed when driving piles
effect of soil disturbance by driving into clayey ground on bearing capacity of neighboring piles

effect of soil compaction by driving into sandy ground on driving efficiency of neighboring piles

®©@ 0 6 o 06

bearing capacity or negative skin friction force as a pile group

Many constructions restrict the minimum pile driving distance to on the order of 2.5-3 times of the pile diameter.
When driving bearing piles into bearing stratum of rigid clayey layer, the distance between pile centers is normally
3-3.5 times or more in order to reduce the disturbance of bearing stratum by pile driving.

What is described here targets piles used as a foundation of structures and is not applied to cases using pile-shaped
members such as steel pipe sheet pile wall and box-type sheet pile wall.

When verifying performance of piles, actions in construction such as transport, erection, and driving shall also be
examined. Although these examinations are often performed in the construction stage, it is desirable to perform
examination corresponding to construction conditions along with the performance verification of pile foundations.

Piles are generally transported horizontally by supporting 2—4 points. Bending moment and shear due to the self-
weight of piles are caused at this time. Care should be taken for the cases where load greater than the self-weight
may act by application of impact and others during transportation. As the self-weight of a steel pipe pile is small
relative to its cross-section, the cross-section is seldom determined by the stress during transportation. However,
care should be taken not to have the cross-section deformed when stacking large-diameter thin-wall piles during
transportation or temporary placement.

As to erection of piles, it is necessary to examine the tensile force in the axial direction caused by self-weight when
hanging piles.

Massive dynamic compressive force and dynamic tensile force are exerted when driving piles. Specifically, massive
dynamic tensile force may be exerted when a pile rapidly sinks into weak ground with an impact of hammer or in
other cases. Examination is necessary so that dynamic tensile force does not disconnect or damage joints as the
dynamic tensile force is said to indicate an absolute value on the order of dynamic compressive force. Also, care
should be taken so that protruding part of a pile (above the ground level) does not buckle during driving.

Joints shall be arranged to be completely safe against actions during construction and after completion of structures.
The positions of joints shall be basically selected so as to ensure cross-sectional performance margin of piles. When
examining the cross-sectional performance, positions of joints need to be selected according to the characteristic of
their structures to avoid actions disadvantageous to their structures. Care needs to be taken as there is a case where
a pile buckled at the joint part or wall thickness changing point below it by deformation behavior of the ground or
other reasons even at deep portion where bending stress does not act under normal conditions. As the corrosion
control performance of steel pile may be deteriorated by welding or other processing of joint part, joints shall be
installed at a position not prone to the effect of corrosion, especially and hopefully avoiding where drying and
wetting repeat due to fluctuation of the sea surface elevation.

The position of joints determines the single material allocation length of piles. Therefore, length of a single material
determined with such constraint conditions as transportation, construction equipment, working space needs to be
considered when examining the position of joints. Generally, it is structurally and economically advantageous to
reduce the number of joints by using a single material as long as conditions permit.

Ensuring construction accuracy of joint part is harder than in shop fabrication because the construction
accompanies field work. When selecting a joint structure, it is necessary to fully confirm its reliability. Although
field welding is often used for joint part of steel pile, other methods have been developed in recent years, and they
can be utilized after fully checking their safety. It is desirable not to install joints to wooden piles if horizontal force
or pulling force acts on them.

Sectional force caused in a pile body generally varies in depth direction and becomes smaller in deep underground
locations. Therefore, plate thickness or steel type of a steel pipe pile is changed according to the depth even for one
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pile from the economic point of view. The location where the plate thickness or steel type is changed is selected
considering the distribution of sectional force of a pile and constructability. It should be noted that the plate
thickness or steel type may not be changed when negative skin friction force acts. The portion where the plate
thickness or steel type is changed is generally bonded by factory circumferential welding.

The structure of the pile bottom is determined considering the ground condition and the construction method.
Although steel piles are often used as open-ended piles with the bottom opened, they may be used as closed ended
piles (closed-ended piles) attaching flat steel bottoms or pointed shoes. Closed-ended piles can expect large base
resistance but on the other hand have less penetrability into the ground than open-ended piles. Moreover, closed-
ended piles may rise when driving into weak ground. On the other hand, open-ended piles can be more accurately
driven in terms of displacement, rotation, and others and have better constructability as a whole. Additionally, open-
ended piles less vibrate ground and remove less soil when driving and are advantageous also from the viewpoint of
influence to adjacent structures. Care needs to be taken when using hollow closed-ended piles since the soil
pressure may buckle them in radial direction.

Thickness of steel piles shall be set considering reduction due to corrosion. For the amount of corrosion of steel
members, see Part II, Chapter 11, 2.3 Corrosion of Steel Members. Actions to which piles are subjected during
construction may be verified assuming that the whole cross-section works effectively, without considering
corrosion.

When piles become hollow, e.g., closed-ended piles, or open-ended piles when soil inside of them is to be removed
to fill the inside with concrete or for other reasons, verify concerning buckling in radial direction due to soil or
water pressure acting on the side wall of piles. Special care needs to be taken when the wall of piles is extremely
thin compared to their diameter or when embedment length of piles is very long. The external pressure causing
buckling can be expressed by equation (3.4.57) when assuming the steel pile is subjected to uniform external
pressure 7).

__E (1Y
P _4(1_1/2)[]#] (3.4.57)

where

Py : external pressure to cause buckling (kN/m?)

E : modulus of elasticity of a steel member (kN/m?)
v : Poisson ratio of a steel member

t : wall thickness of a steel pipe (mm)

r : radius of a steel pipe (mm)

Moreover, steel pipe piles of thin wall compared to their diameter may cause local buckling due to load in the axial
direction. Examination based on static compression test of steel pipes shows the relation as in equation (3.4.58)
between the buckling stress and the tensile yield stress in the axial direction’”.

%o 086+271L [0.01<£<0.10J (3.4.58)
o, r r

where

Ocr : buckling stress of a steel pipe (kN/m?)

oy . tensile yield stress of a steel member (kN/m?)

Thin wall piles the radius thickness ratio (ratio of pile diameter to wall thickness) of which exceed 100 should not
be used in normal cases.

For detailed specifications and others of piles, see Part II, Chapter 11, 2 Steel Members and Part II, Chapter 11,
3.6 Materials of Concrete Pile.

Specifications for Highway Bridges, IV Substructures ¥, Design Recommendations for Foundations of
Buildings’ may be referred to according to kind, structural type, and others of facilities. Pile Design Handbook

- 710 -



Part Il Port Facility Section, Chapter 2 Iltems Common to Facilities Subject to Technical Standards

for Highway Bridge Foundation ” and Pile Construction Handbook for Highway Bridge Foundation ®) may
also be referred to. When referring to these reference books, it is necessary to carefully take stock of assumed type
of structures, size of structures, foundation conditions, action external force, and others and examine the
applicability of the description. Moreover, take care not to easily or partially quote the content of these reference
books, as it may be inadequate to combine a quotation from a book with one from the other books.

3.5 Settlement of Foundations
3.5.1 Stress in the Ground

(1) The stress in the ground induced by load of a foundation can be estimated by assuming that the ground is an elastic
material. For uniformly distributed load, the underground stress may also be estimated by a simple method
assuming linear stress dispersion.

(2) A reasonable approximate solution of stress induced in the ground when a structure having enough stability against
shear failure of ground exists on the ground can be obtained even when assuming the soil to be an elastic material.
The elastic solution used for calculation of stress in the ground is mainly Boussinesq’s solution, which is based on
the solution in the case where a vertically concentrated load acts on the surface of an isotropic and homogeneous
semi-infinite elastic body. The stress in the ground for a line load and a surface load can be obtained by integrating
this. In addition to the elastic solution, the Kogler method assuming linear dispersion of the stress can be used for
estimating the stress in the ground for a strip load or a rectangular load 3?.

(3) Note that the following solution of stress in the ground is used to obtain only the increment of stress in the ground
due to applied load and that stress due to the self-weight of soil is not contained.

(@ Stress in the Ground due to Concentrated Load

When the ground is assumed to be a semi-infinite elastic body without self-weight, the stress in the ground
induced by the concentrated load P applied on its surface is given in equation (3.5.1) by Boussinesq.

P
o.=—1,
=2 (3.5.1)
where
0z : vertical stress in the ground (kN/m?)
P : concentrated load (kN)
z : depth from the ground level (m)
1, : influence value of vertical stress in the ground (see Fig. 3.5.1)
0.5
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Fig. 3.5.1 Influence Value of Vertical Stress in the Ground due to Vertical Concentrated Load
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@ Stress in the Ground due to Line Load

When an infinitely long line load (p per unit length) is applied vertically, the underground vertical stress o at
depth z from the ground level is expressed by equation (3.5.2).

p
o ==1
= e (3.5.2)
where
o, : vertical stress in the ground (kN/m?)
z : depth from the ground level (m)
P : line load per unit length (kN/m)

&

: influence value (see Fig. 3.5.2)
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Fig. 3.5.2 Influence Value of Vertical Stress in the Ground due to Vertical Line Load

@ Stress in the Ground due to Strip Load
(a) Uniformly Distributed Strip Load

The stress in the ground induced by uniformly distributed strip load (width of load application: B (m)) is
given by equation (3.5.3).

o, =pl, (3.5.3)
where
0z : vertical stress in the ground (kN/m?)
p : strength of the load (kN/m?)
1, : influence value (see Fig. 3.5.3)
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Fig. 3.5.3 Influence Value of Vertical Stress in the Ground due to Uniformly Distributed Strip Load
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Not only the above elasticity solution, but the Kogler method assuming linear dispersion of the stress may
also be used for uniformly distributed strip load. There are two methods, namely so-called the Boston
Code Method, which was Kdgler’s first proposal but was so named after the building code in Boston City
to which this was adopted, and the modified Kogler’s method, as shown in Fig. 3.5.4 (a) and Fig. 3.5.4
(b).

The Boston Code Method assumes that the vertical load on the ground level uniformly disperses at a
certain angle a (o > 30°). The vertical stress in the ground on a surface at any depth due to uniformly
distributed strip load (width: B (m)) can be obtained by equation (3.5.4) from Fig. 3.5.4.

1+ 2(;}'Jtan o (3.54)
where
o: : vertical stress in the ground (kN/m?)
p : strength of the load (kN/m?)
B : application width of uniformly distributed load (m)
z : depth from the ground level (m)
a . load dispersion angle (°), normally, o = 30°

The modified Kogler’s method was advocated to avoid irrationality of discontinuous stress in the ground
when overlapping with the Boston Code method in Fig. 3.5.4 8%. As shown in Fig. 3.5.4, this assumes that
the ground stress is trapezoidally distributed extending at an angle of § (normally, f = 55°) and the vertical
ground stress in this case is given by equation (3.5.5).
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(a) Boston Code method (b) Modified Koegler method
Fig. 3.5.4 Linear Stress Dispersion
%= (3.5.5)
14| = |tan e
[5)ms
where
o : vertical stress in the ground (kN/m?)
p : strength of the load (kN/m?)
B : application width of uniformly distributed load (m)
z : depth from the ground level (m)
s : load dispersion angle (°), normally, § = 55°

(b) Strip Load
The vertical stress in the ground due to strip load can be obtained by equation (3.5.6) using Fig. 3.5.5.

o, =pl, (3.5.6)
where
0z : vertical stress in the ground due to strip load (kN/m?)
p : strength of the load (kN/m?)
1, : influence value (see Fig. 3.5.5)

The vertical stress in the ground due to strip load can be obtained as in Fig. 3.5.6 (b) by algebraically
overlapping triangular loads shown in Fig. 3.5.6 (a). Fig. 3.5.5 is the influence value obtained by
Osterburg 3 by such method.

The stress in the ground o obtained by equation (3.5.6) from the influence value given in Fig. 3.5.5 is
within one vertical cross-section perpendicular to the normal line of infinitely continuing dam bodies and
the influence value assuming trapezoidally distributed load (embankment load) on one side. Therefore,
when the location the stress in the ground of which is going to be calculated is below the center line of
symmetric embankment, double the influence value. Moreover, because influence value can be added or
subtracted as they are obtained by assuming a linear elastic body, influence values corresponding to strip
loads of various distribution profiles can be obtained.
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Fig. 3.5.5 Influence Value of Vertical Stress in the Ground due to Strip Load
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Fig. 3.5.6 Strip Load Consisting of Overlapped Triangular Loads

@ Stress in the Ground due to Surface Load
(a) Uniformly Distributed Load in a Circle Shape

The vertical stress in the ground when uniformly distributed load is applied on a circle shape of radius R
can be obtained by equation (3.5.7).

o.=pl_ (3.5.7)
where
02 : vertical stress in the ground due to uniformly distributed load in a circle shape (kN/m?)
p : strength of the load (kN/m?)
R : radius of the loading surface (m)
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1, : influence value (see Fig. 3.5.7)
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Fig. 3.5.7 Influence Value of Vertical Stress in the Ground due to Uniformly Distributed Load in a Circle Shape

(b) Uniformly Distributed Load in a Rectangular Shape

The vertical stress in the ground at any depth below a rectangular corner point when uniformly distributed
load is applied to a rectangular loading surface (B (m) X L (m)) can be obtained by equation (3.5.8) using

Fig. 3.5.8.
o, =pls (3.5.8)
where
o: : vertical stress in the ground due to uniformly distributed load in a rectangular shape (kN/m?)
p : strength of the load (kN/m?)
1, : influence value (see Fig. 3.5.8)

The stress in the ground at a point other than rectangular corner points can be obtained by separating to
several rectangles having the point as a corner point and algebraically summing the influence values of
each rectangle.
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Fig. 3.5.8 Influence Value of Vertical Stress in the Ground due to Uniformly Distributed Load in a Rectangular Shape

® Westergaard’s Formula

Thin coarse-grained lenticular soil layer may exist in a clayey layer. If this type of soil layer exists, occurrence
of lateral strain is considered to be avoided. Thus, Westergaard derived an elasticity solution assuming an
elastic material where countless densely spaced elastic sheets continue infinitely, and no lateral strain is caused
as a whole. Note that Boussinesq’s formula is given irrespective of Poisson ratio, whereas Westergaard’s
solution contains Poisson ratio.

It cannot be easily determined which formula is better when applying to actual ground. Although Westergaard’s
formula seems to be closer to the condition of sedimentary soil than the isotropic condition Boussinesq
assumed in that Westergaard derived an elastic formula considering the bedding condition of the ground, but
Westergaard’s formula is inconvenient because it needs to give a Poisson ratio.

3.5.2 Immediate Settlement

(1) In estimation of immediate settlement, it is preferable to apply the theory of elasticity by appropriately setting the
modulus of elasticity of the ground.

(2) Immediate settlement, unlike consolidation settlement, which will be described in the following, is caused by shear
deformation and occurs simultaneously with loading. Because sandy ground does not undergo long-term
consolidation settlement like that in clayey ground, immediate settlement in sandy ground, as described here, can be
considered to be total settlement. On the other hand, the immediate settlement of clayey ground is a phenomenon
which is caused by settlement due to undrained shear deformation in the lateral direction. In soft clayey ground,
there are cases in which immediate settlement may be ignored in performance verification because it is smaller than
the consolidation settlement described below.

In calculations of immediate settlement, the ground is usually assumed to be an elastic body, and the theory of
elasticity and the modulus of elasticity £ and Poisson’s ratio v are used. As the modulus of elasticity of soil varies
greatly depending on the strain level, it is important to make calculations using a modulus of elasticity that
corresponds to the actual strain level. For example, the strain in soft ground with a small safety factor is on the
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order of 0.5% to 1.5%, whereas that in excavation of hard ground and deformation of foundations is no more than
0.1%. The relationship between the strain level and the elastic modulus shall follow Part II, Chapter 3, 2.3.1
Elastic Constants.

Settlement due to Vertical Concentrated Load

The settlement of the ground surface S subjected to the vertical concentrated load P as an action is given by
equation (3.5.9) (see Fig. 3.5.1).

P(1-v?)

S= o 3.5.9)
where
S . settlement (m)
P : concentrated load (kN)
v : Poisson’s ratio
E : modulus of elasticity of soil (kN/m?)
r : horizontal distance from the load action point (m)
Settlement due to Vertical Line Load
The settlement of the ground surface S in this case is expressed by equation (3.5.10) (see Fig. 3.5.2).

S —Zpsgv)ln(ij (r=<d) (3.5.10)
where
d : horizontal distance (m) between the point where the settlement becomes 0 on the ground surface and the

loading location of the line load, which should be appropriately estimated

p . vertical line load (kN/m)
S : settlement (m)
v : Poisson’s ratio
E : modulus of elasticity of soil (kN/m?)
r : horizontal distance from the load action point (m)
Settlement due to Uniformly Distributed Load in a Circle Shape
The settlement of the ground surface S at the center of a circle is given by equation (3.5.11) (see Fig. 3.5.7).

S= M R 3.5.11)

E

where
S . settlement (m)
R : radius of a circular load (m)
p : uniformly distributed load (kN/m?)
v : Poisson’s ratio
E : modulus of elasticity of soil (kN/m?)
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(6) Settlement due to Uniformly Distributed Load in a Rectangular Shape

The settlement of the ground surface S at the corner point N’ of a rectangle is given by equation (3.5.12) (see Fig.
3.5.8).

(1-v’)
S=pB I 3.5.12)
E
where
S : settlement (m)
Is : influence value against settlement. Is is a function of proportion of a rectangle (L/B), which is shown in
Fig. 3.5.9.
14 : uniformly distributed load (kN/m?)
v : Poisson’s ratio
E : modulus of elasticity of soil (kN/m?)

0 0.4 0.8 1.2

M ose ]

Fig. 3.5.9 Influence Value to Settlement of Corner Points due to Uniformly Distributed Load in a Rectangular Shape

3.5.3 Consolidation Settlement

(1)

2)

©))

Time-dependent changes in the final consolidation settlement and the consolidation settlement of a foundation shall
be examined in accordance with Part II, Chapter 3, 2.3.2 Compression Consolidation Characteristics.
Consolidation-related physical properties for the ground can be set by using an appropriate method based on the
results of consolidation tests.

Calculations of settlements due to consolidation can be performed based on the results of consolidation tests on
undisturbed samples of clayey soils. The final consolidation settlement, which is the amount of soil settlement when
consolidation settlement caused by a certain surcharge has finally completed, depends on by the compressibility
properties of the soil skeleton structure and can be calculated directly from the results of consolidation tests. Time-
dependent changes in settlement up to the final consolidation settlement of a foundation can be calculated based on
the theory of consolidation.

Calculation Methods of Final Consolidation Settlement of Foundation

Final consolidation settlement of a foundation can be calculated by using the following equations as described in
Part I, Chapter 3, 2.3.2 Compression Consolidation Characteristics.
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@D When using a compression curve (e-log p curve):

S =h- Ae (3.5.13)
1+ e,
where
S . final consolidation settlement due to pressure increment Ap (m)
h : layer thickness (m)
Ae : change in void ratio for pressure increment Ap (read from a compression curve)
€o : initial void ratio

® When obtained from Cc:

Application of this method is limited mainly to the cases in which consolidation of the normal consolidation
area is considered.

§=hCe og,, Tra TAP (3.5.14)
l+e, o,
where
S : final consolidation settlement due to pressure increment Ap (m)
h : layer thickness (m)
C. : compression index
€o : initial void ratio
d'vo : effective overburden pressure before loading (kN/m?)
Ap : pressure increment (kN/m?)

® when obtained from m»:

Application of this method is limited to cases in which the increment of consolidation pressure is sufficiently
small that mv can be considered constant.

S =m_ Aph (3.5.15)
where
S : final consolidation settlement due to pressure increment Ap (m)
my  : coefficient of volume compressibility when consolidation load is /o, (c},+Ap) (m?kN)
o'vo : effective overburden pressure before loading (kN/m?)
Ap  : pressure increment (kN/m?)
h : layer thickness (m)

(4) Calculation Method of Time-Settlement Relationship

The rate of consolidation settlement can be calculated from the relationship between the average degree of
consolidation U and the time factor 7y that is obtained from Terzaghi’s consolidation theory, where the dissipation
of excess pore water pressure is expressed as a differential equation of thermal conductivity type. The amount of
settlement s(¢) at a given time ¢ can be calculated by multiplying the final settlement S with the average degree of
consolidation U(?) by the following equation:

s(r)=sU(r) (3.5.16)
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The finite element analysis with visco-elasto-plasticity model for clayey soil is desirable to be utilized for accurate
analysis of the consolidation secttlement that takes account of inhomogeneity on compression consolidation
characteristics of the ground, the effect of self-weight of clayey layer and time-related changes in consolidation
load.

Division of Clayey Layer subject to Consolidation

When calculating the final consolidation settlement, the clayey layer is divided into a number of segments as shown
in Fig. 3.5.10. This is because the consolidation pressure increment Ao, the consolidation yield stress p., and the
coefficient of volume compressibility mv vary with depth. The final consolidation settlement Sy of foundation can
be calculated using equation (3.5.17) as a sum of settlement S of segments calculated by equation (3.5.13),
equation (3.5.14) or equation (3.5.15) when assuming the layer thickness / is the thickness of each segment.

Sy=>8 (3.5.17)

AUZ

y

/17RY
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doz,
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Fig. 3.5.10 Division of the Clayey Layer in Calculating the Consolidation Settlement

The thickness of segments A/ is usually set at 3 to 5 m. It should be noted that the consolidation settlement of soft
clayey layer will be underestimated when A% is taken too large because the initial void ratio ey of the surface layer
is very large and it governs the total settlement.

The increment of consolidation pressure Aoz in each segment is calculated at the center of each segment using the
distribution with depth of the vertical stress in the ground, which is described in Part III, Chapter 2, 3.5.1 Stress
in the Gound. The term Aoz is the increment in consolidation pressure due to loading. In the natural ground, it is
usually assumed that consolidation due to the overburden pressure has finished.

Although the distribution of subgrade reaction at the bottom of rigid loading plate is not uniform, the highly rigid
loading plate settles uniformly, and the distribution of stress in the ground at a certain depth practically becomes
irrelevant to the distribution of subgrade reaction immediately below the loading plate. Therefore, the distribution
of vertical stress in the ground may be determined considering only the load distribution form on rigid loading
plates.

Vertical Coefficient of Consolidation ¢y and Horizontal Coefficient of Consolidation cn

When pore water of soil flows vertically, the coefficient of consolidation ¢y is used in calculation. But when vertical
drains are installed and consolidated, drained water flows mainly to the horizontal direction and the horizontal
coefficient of consolidation ¢, should be used. The value of ¢, obtained from experiments on the clay in Japanese
port areas ranges from 1.0 to 2.0 times the value of ¢, ). However, in performance verification cn = ¢y is
acceptable, considering a decrease in ¢y due to disturbance caused by installation of drains, inhomogeneous
consolidation constants in the ground, and others.

Coefficient of Consolidation cv of Overconsolidated Clay 3

The coefficient of consolidation of clayey soil in overconsolidated state is generally larger than that in normally
consolidated state. When the clayey soil seems to be clearly in overconsolidated state, the value of ¢, used should
be the one at the mean consolidation pressure between the effective overburden pressure before loading and the
final consolidation pressure based on the result of a consolidation test. However, rather than simply calculating ¢ at
the mean stress, it would be better to consider the settlement and use a weighted ¢y, as it were a mean amount of
settlement.
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Rate of Consolidation Settlement in Inhomogeneous Ground

When layers with different ¢, are alternate, the rate of consolidation settlement is analyzed using the equivalent-
layer thickness method 7, numerical solution using the finite difference method ¥, or the analysis method using
the finite element method 8 °%-°V, The equivalent-layer thickness method is used as a simplified method, but it
sometimes yields significant errors. When the ground is inhomogeneous to a large extent, or when accuracy is
required, it is recommended to use the finite element method.

Settlement due to Secondary Consolidation

The shape of the settlement-time curve in long-term consolidation tests on clayey soil is well consistent with
Terzaghi’s consolidation theory up to the degree of consolidation of around 80%. When the degree of consolidation
exceeds this level, the settlement increases linearly with logarithm of time. This is due to the secondary
consolidation that arises with the time-dependent compression properties of soil skeleton (easily understood by
imagining viscosity), besides the primary consolidation that causes the settlement accompanying dissipation of
excess pore water pressure induced in the clayey soil due to consolidation load.

The settlement due to secondary consolidation is particularly significant in peat and other organic soils. In ordinary
Holocene clay grounds, the consolidation pressure caused by loading is often several times greater than the
consolidation yield pressure of the ground. Under such conditions, the settlement due to secondary consolidation is
smaller than that due to the primary consolidation and is not significant in the performance verification. But when
the pressure acting on the ground due to loading does not greatly exceed consolidation yield stress, the settlement
due to secondary consolidation tends to continue over a long time, even though the settlement due to primary
consolidation may be small. In this case, the secondary consolidation settlement needs to be fully taken into account
in the performance verification. When a large-scale reclamation is conducted on the seabed containing thick
Pleistocene clay layer accumulating in deep portion, the ratio of secondary consolidation becomes large due to
consolidation settlement of Pleistocene clay layer with reclamation load and others.

The settlement due to secondary consolidation can be calculated using the following equation. But the time when
secondary consolidation started is generally unclear, and comprehensive consideration is required when applying
the following equation.

S, = 1?;0 h 1ogw(;0J (3.5.18)
where
Ss : settlement due to secondary consolidation (m)
Cq : secondary compression index (also called coefficient of secondary consolidation)
t : time (d) (d means day)
to . start time of secondary consolidation (d)
h . clay layer thickness (m)

The secondary compression index C, can be obtained from consolidation tests. However, in the long-term
consolidation test conducted in laboratories, C, and the compression index C. empirically have the relation
expressed by the following equation, and thus C, may be estimated from C, %?.

C, =(0.03~0.05)C, (3.5.19)

(10) Estimation of Long-term Settlement by Introduction of Isotache *>

If the consolidation pressure slightly higher than the consolidation yield stress acts in the ground by construction of
a facility, the settlement caused by secondary consolidation may become bigger than that caused by primary
consolidation. This case includes development of a huge artificial island on thick Pleistocene clay seabed grounds.
Estimation of long-term settlement in design and maintenance stages becomes important in this case since residual
settlement occurs continuously even after service has started. As a result of the study aiming at improvement of
prediction accuracy of the long-term consolidation settlement, a chart to simplify prediction of long-term settlement
has been shown. This chart formulates the concept of isotache * as a creep model, which was advocated focusing
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on the dependability of consolidation settlement behavior on the rate of strain. The more detailed description can be
found in Part I1, Chapter 3, 2.3.2 Compression Consolidation Characteristics. For details, see Reference .

This method assumes that the compression curve obtained from the Stage Loading Consolidation Test (JIS A
1217) is the one corresponding to the rate of strain on the order of 1.0 x 107 s”!, expresses in an equation that the
amount of strain increases as the rate of strain in-situ is smaller than this and schematizes as a chart. Increment in
strain corresponding to a set rate of strain can simply be obtained such as the increment from the consolidation
settlement strain directly predicted from the result of stage loading consolidation test with the traditional calculation
method to the final consolidation settlement strain corresponding to the point where the rate of strain finally
reached zero and the rate of strain corresponding to the permissible rate of settlement when considering
performance and working life of structures.

3.54 Lateral Displacement

(1)

2)

3)

In wharfs or revetments constructed on soft clayey ground, countermeasures are preferable when lateral
displacements due to shear deformation of the ground have an effect on structures.

In wharfs or revetments on soft ground, there are cases in which it is necessary to estimate lateral displacements
caused by shear deformation of the ground. Lateral displacements include displacement accompanying immediate
settlement occurring immediately after loading, and displacement which occurs continuously over time thereafter.
In cases where the imposed load is significantly smaller than the ultimate bearing capacity of the ground, lateral
displacement accompanying immediate settlement can be predicted by analyzing the ground as an elastic body.

Lateral displacement, which becomes problematic with soft ground, is the phenomenon where there is no margin in
stability and creep deformation caused by shear occurs in addition to consolidation. A method to determine whether
this kind of lateral displacement will occur or not using a simple constant based on past experience has been
proposed “». When making a more detailed analysis, programs which obtain changes over time in settlement and
lateral displacement by finite element analysis are widely used, by applying an elasto-plastic model or an elasto-
visco-plastic model to clayey ground. Because the importance of lateral displacement differs greatly depending on
the functions of the facilities, it is necessary to select an appropriate calculation method considering these functions.

3.55 Differential Settlements

(1

@)

When constructing structures, uneven settlements of the ground surface (this is called differential settlement)
caused by inhomogeneous settlement of ground shall be taken into account and countermeasures as appropriate are
preferable when differential settlements have an effect on structures. Differential settlements are specifically
predominant in soft clayey ground.

Causes and Types of Differential Settlements
Differential settlements that cause problems in port structures are as follows:
(D Differential settlements occurring between foundations of structures and reclaimed land

Ex. Differential settlements occurring between buildings borne by piles and reclaimed ground, settlement
occurring between pile-supported type bridges and their attaching portions

@ Differential settlements occurring between improved ground portions and intact portions

Ex. Differential settlements occurring between grounds improved with drains or deep layer mixed processing
and intact grounds

@ Differential settlements occurring by difference in the amount of load acting on grounds or the history of
construction

Ex. Settlement of fill and accompanying settlement in its vicinity, settlement around the buried structures
@ Differential settlements caused by inhomogeneous compressibility or consolidation characteristics of grounds

@, @, and @ out of the above four items should be considered in performance verification of structures or
ground improvement, and the prediction of differential settlements becomes important. Differential settlements
in @ can also be predicted to some extent by numerical analysis considering inhomogeneous nature of

grounds %V %)
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(4)

Countermeasures against Differential Settlements
Countermeasures against differential settlements are as follows:

@D Avoid damages due to differential settlements by installing flexible joints between structures and buried
structures.

@ Use light materials so that surcharge acting on grounds can change smoothly, or heavy materials to adjust load.
@ Install a runoff section of improved ground area and intact area.

A method to easily estimate differential settlement in reclaimed land in port areas has been proposed. This method
classifies the ground of reclaimed land into the following four types:

@ Extremely inhomogeneous ground
@ Inhomogeneous ground

@ Ordinary ground

@ Homogeneous ground

Fig. 3.5.11 shows the mean differential settlement ratios for each type of ground. The mean differential settlement
ratio means the ratio of the difference in the average settlement occurring between two arbitrary points to the total
settlement. For example, because the mean differential settlement ratio for two points separated by a distance of 50
m in inhomogeneous ground @ can be read as 0.11, when settlement of AS occurs from a certain reference time,
the average differential settlement occurring in the distance of 50 m can be calculated as 0.11AS. When applying
this method to actual problems, it is preferable to correct the values in Fig. 3.5.11 for the reference time and the
depth of the ground, which is the object to settlement -,

0.5 O Extremely inhomogeneous ground
A Inhomogeneous ground

@ Ordinary ground

=
N
|

A Homogeneous ground
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|
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Mean uneven settlement ratio
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Fig. 3.5.11 Relationship between Distance and Differential Settlement Ratio in Reclaimed Land

3.5.6 Ground Subsidence in Wide Area

(1)

@

In ground subsidence areas, it is desirable to take appropriate measures by investigating the situation and
mechanism of subsidence in detail and estimating subsidence in future.

Causes of Ground Subsidence

Several causes of ground subsidence may be noted. The previous analysis results of subsidence phenomenon in
ground subsidence areas show that main causes are the contraction and consolidation of soil layer caused by
increase in effective stress due to drawdown of ground water by rapid pumping of groundwater.

Pumping of massive groundwater for industrial water and irrigation water, oil and natural gas mining, snow
melting, and other purposes decreases the water pressure in water-bearing strata. When the water pressure in water-
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bearing strata, which are often gravel bed, decreases, the gravel bed contracts by increased effective stress in the
gravel bed. Decreased water pressure in water-bearing strata causes the hydraulic gradient near the boundary with
their neighboring clayey layer, and the water in clayey layer is drained to water-bearing strata to promote
consolidation. The rate or amount of ground subsidence confirmed in Japan shows evident correlation with
reduction in pumpage of groundwater or groundwater pressure. These are the main causes of the ground
subsidence.

Countermeasures against Ground Subsidence

Current technology does not make it possible to raise subsided ground surface to its original height. Therefore, a
feasible countermeasure is to reduce the rate of subsidence and the amount of subsidence in future. Thorough
investigation of the situation of ground subsidence and the mechanism of subsidence is required in order to take
such countermeasures. Major items to investigate are as follows:

@O Amount and rate for the whole ground subsidence area

@ Strata, geology, and soil properties of the subsidence area

@ Changes over time in groundwater pressure in each water-bearing stratum
@ Amount of compression per layer

The results of the above investigation enable estimation of the amount of consolidation and compression assuming
reduction in water pressure in future. The regulation of groundwater pumping has been fruitful as a specific
countermeasure against ground subsidence. Pouring water in the ground successfully stopped subsidence in Long
Beach, US. The countermeasures described in Part III, Chapter2, 3.5.5 Differential Settlements are required for
performance verification of facilities installed in ground subsidence area
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4

Stability of Slopes

4.1 General

(1)

2)
€)

“)

(©))

(6)

Stability of slopes against slip failure caused by self-weight of soil or surcharge may be analyzed as a two-
dimensional problem, assuming a circular arc slip surface or a straight sliding surface.

It is necessary to perform slope stability analysis for the case in which a slope becomes least stable.

In slope stability analysis, the stability of the soil mass comprising a slope against the self-weight of the soil or
surcharge is verified by the ultimate equilibrium state method. It is necessary to confirm that the design value of
shearing resistance exceeds the design value of shearing force caused by actions. Calculation methods used in the
slope stability analysis can also be used to calculate the bearing capacity of foundations as these calculation
methods are used to examine the stability of soil masses. The method described below can be used in verification of
stability against variable situations in respect of Level 1 earthquake ground motion in addition to the permanent
situation.

Shapes of Slip Surface
@ Types of shapes of slip surfaces

Theoretically, shapes of slip surfaces in slope stability analysis may be combinations of linear, logarithmic
spiral, and/or circular arc shapes V. In practice, however, linear or circular arc slip surfaces are assumed. When
there is a particularly weak layer, and a slip surface is expected to pass over it, that slip surface or other
appropriate slip surfaces may sometimes be assumed. An assumed slip surface, in general, should be the one
along which the slip of the soil mass smoothly takes place. Thus, a slip surface with sharp bends or curves that
seems to be kinematically unnatural should not be used.

@ Slip failure of slope on sandy soil ground

Slip failure of slopes of dry sand or saturated sand usually takes a form in which the slope collapses, and as a
result, its inclination decreases. Therefore, it is more appropriate to consider failure surface of a slope of these
types as a straight sliding surface than as a circular slip failure surface. Even when considering a circular slip
failure surface, the form is close to a straight line passing through the vicinity of the surface layer. The
inclination of a sandy slope when the slope is in a state of equilibrium is termed the angle of repose. This angle
of repose is equivalent to the angle of shear resistance, which corresponds to the void ratio of the sand
comprising the slope. In the case of unsaturated sand, the slope possesses apparent cohesion resistance caused
by the suction due to the surface tension of the pore water. As a result, its angle of repose is far larger than in
the cases of dry sand and saturated sand. However, saturation may increase due to infiltration of rainwater or a
rise in the groundwater level, causing a sudden decrease in apparent cohesion resistance, or angle of repose.
Therefore, adequate consideration is necessary so that enough stability can be secured under the supposed
conditions.

@ Slope failure of cohesive soil ground

The actual slip failure surface of cohesive soil ground is close to a circular arc, and a deep slip called the base
failure often takes place, whereas a shallow slip appears near the surface layer in sandy slope.

Slope stability analysis is often treated as a two-dimensional problem. Although actual slip surface in slopes
with long extension takes the form of three-dimensional curved surfaces, a two-dimensional analysis gives a
solution on the safer side. When the stability is expected to decrease due to surcharge over a finite extension,
however, the resistance of both sides of a cylindrical failure surface may be taken into account.

Actions in Slope Stability Analysis

Important causes of slip failures are self-weight of soil, surcharge, water pressure, and others. Beside them,
repeated actions such as seismic force, wave force, and others may be included. Resistance against the slip is given
by shear resistance of soil and counterweight.

Because the shear strength of soil is related with time, the stability problems on soil mass are classified into two
cases; loading on the ground in normally consolidated state and unloading by excavation. The former is referred to
as a short-period stability problem and the latter a long-period. It is preferable to set shear strength appropriate to
each case (see Part II, Chapter 3, 2.3.3 Shear Characteristics).

Stability verification in slope stability problems can be performed by confirming that the ratio of the design value of
shear stress to the design value of the shear strength of soil in an assumed slip surface is equal to or smaller than
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1.0. The value of the obtained ratio will differ depending on the assumed slip surface. The result with the largest
ratio of “shearing force”/“shearing resistance” among combinations of the shearing resistance and shearing force
obtained assuming several slip surfaces based on the given conditions shall be regarded as the limit state for slip
failure of the slope under study.

(7) Partial Factors

In examination of the stability of slopes, the partial factors for each structural type of facilities, or partial factors by
type of improved soil can generally be used. The parts to be referenced on partial factors are as shown in Table
4.1.1.

Because the position of the slip surface will differ depending on how the partial factors are determined, caution is
necessary when the range of soil improvement is to be determined based on the stability verification. For example,
if the partial factor that multiplies the resistance term is set small, the range of slip failure, which is the limit state,
will be narrow. This means that the necessary range of soil improvement will be underestimated.

Table 4.1.1 Parts to be Referenced on Partial Factors for Use in Verification of Slip Failure

Applicable facilities for

o - Parts to be referenced Applicable facilities

Upright breakwater, sloping caisson

Composite breakwater Part III, Chapter 4 Protective Facilities breakwater, upright wave-dissipating

for Harbors block type breakwater, wave-

3.1 Gravity-type Breakwaters (Composite | dissipating caisson type breakwater
Breakwater armored with | Breakwaters), Table 3.1.1 Sloping top caisson breakwater
wave-dissipating blocks armored with wave-dissipating blocks

Gravity-type revetment, placement-
Part III, Chapter 5 Mooring Facilities type cellular-bulkhead quaywall
2.2 Gravity-type Quaywalls, Table 2.2.1 Sheet pile revetment, cantilevered

Gravity-type quaywall

Sheet pile quaywall sheet pile quaywall
Part 111, Chapter 2, 5 Soil Improvement
. . Methods Gravity-type quaywall or sheet pile
SCP improved soil 5.10 Sand Compaction Pile Method for quaywall applying SCP improvement
Cohesive Soil Ground, Table 4.10.2
Others In accordance with this section (4 Stability | Sloping breakwater and other similar

of Slopes) facilities

4.2 Examination of Stability
421 Stability Analysis by Circular Slip Failure Surface

(1) Examination of the stability of slopes can be performed by circular slip failure analysis with the modified Fellenius
method, which is given by the following equation, or by an appropriate method equivalent to the bearing force in
Part III, Chapter 2, 3.2.5 Bearing Capacity for Eccentric and Inclined Actions, depending on the
characteristics of the ground. For partial factor s that multiplies the action term, partial factor jr that multiplies the
resistance term, and adjustment factor m in equation (4.2.1), those for each structural type of facility or those by
type of improved soil should be used. The conventional design, using the safety factor method, is equivalent to the
design where both jsand jr are 1.00: Factor m, that is, equivalent to the safety factor, was set at 1.30 or higher for
permanent situations, but in cases where the reliability of the constants used in verification can be considered high,
based on actual data for the same ground, and monitoring work is carried out by observing the displacement and
stress of the ground during construction, factor m could be set at 1.10 or more for the same situations. " In line with
these rules, when partial factors ys and & have not been determined, they can be set as 1.00, in accordance with the
conventional method, and the adjustment factor m can be set to a value equivalent to the conventional safety factor
to verify stability.

Vs - [Z{r(lﬂ + gy )+ aPy }]

e R ey 0+(77, +q, )cos Otangsy |

(4.2.1a)
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2)

3)

. . 1
Vs -Z{(Wk +g, )sin@+ Rapm}

(4.2.1b)
m- > <1
Ve Z{cks +(W7, + g, )cos” Btang, }‘sec ]

where

R : radius of circular slip failure (m)

ck : in case of cohesion soil ground, characteristic value of undrained shearing strength, and in case of sandy
ground, characteristic value of apparent cohesion in drained condition (kN/m?)

/ : length of bottom of slice segment (m)

W' : characteristic value of effective weight of slice segment per unit of length (weight of soil. When
submerged, unit weight in water) (kN/m)

gk : characteristic value of vertical action from top of slice segment (kN/m)

% : angle of bottom of slice segment to horizontal (°)

o : in case of cohesion soil ground, 0, and in case of sandy ground, characteristic value of angle of shearing
resistance in drained condition (°)

Wi : characteristic value of total weight of slice segment per unit of length, total weight of soil and water
(kN/m)

x : horizontal distance between center of gravity of slice segment and center of circular slip failure (m)

Py : horizontal action on slice segment of soil mass per unit of length in circular slip (kN/m)

a : length of arm from center of circular slip failure at position of action of Py (m)

s : width of slice segment (m)

% : partial factor multiplying the action term

m : partial factor multiplying the resistance term

m . adjustment factor

The slice segment contains water mass(es) where no soil (including a structure) exists; in other words, it includes
water from the water surface to the ground surface. When a circular arc does not reach the water surface, even when
it has reached the ground surface, hydrostatic pressure should be applied to the vertical plane of the slice segment at
the edge. Details for how to determine a slice segment and its weight (Wi and W) in circular slip failure analysis
are shown in Part III, Chapter 2, 3.2 Shallow Spread Foundations.

In equation (4.2.1a), the length of the base of the slice segment (/) is used. In equation (4.2.1b), the width (s) is
used. The notation is different, but they are essentially same.

In slope stability analysis, the causes of slip failure include the self-weight of the soil, surcharge, water pressure,
wave pressure, and action due to seismic ground motion. Elements that resist slip failure include the shearing
resistance of the soil and counterweight. Verification of safety against slip failure of slopes is performed assuming
that the shearing force in the assumed slip surface falls below the expected shearing resistance of the soil. When
assuming a circular slip failure surface, this is equivalent to the moments that cause slip falling below the moments
that work to resist slip for the center of the circle.

In the slice method used in circular slip failure analysis, the soil mass inside the slip circle is divided into a number
of slices by vertical planes, the shearing stress at the bottom surface of each slice segment and the resistant stress of
the soil estimated based on the failure criterion of the soil are calculated considering the balance of forces in each
slice segment. The fact that the shearing resistance obtained by adding the stresses for all of the slice segments
exceeds the shearing force along the slip line is then verified. In order to solve the inter-slice segment balance of
forces in the slice method, it is necessary to assume statically the determinate conditions. Various methods have
been proposed, which vary depending on the assumptions used. In general, the modified Fellenius method and the
simplified Bishop method are used.
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(4) Stability Analysis Method using Modified Fellenius Method?>>¥

Various calculation methods have been proposed for the slice method, depending on how the forces acting on the
vertical planes between the slice segments are assumed. The modified Fellenius method assumes that the direction
of the resultant force acting on vertical planes between slice segments is parallel to the base of the slice segments.
This method is also referred to as the simplified method or Tschbotarioff method. When a circular arc and a slice
segment are as shown in Fig. 4.2.1, equation (4.2.1) according to the modified Fellenius method is applicable. In
performing slope stability analysis, first, the center of the slip circle is assumed. Of the slip circles that take this
point as their center, the one with the largest ratio of Sq¢ (value obtained by multiplying Si characteristic value of the
shearing force or action moment caused by action) by partial factor s to Rq (value obtained by multiplying Ri
characteristic value of shearing resistance or resistant moment by partial factor jr) is obtained. Its value is used as
the maximum ratio for that center point. The maximum ratio of S¢/Rq (shearing force (action moment)/shearing
resistance (resistance moment) for other center points is then obtained by the same method. Verification can be
performed for the limit state for slip failure of the slope by confirming that the value obtained by multiplying the
maximum value of the maximum ratios obtained by the contour for the maximum ratios by adjustment factor m is 1
or smaller.

The equations below show the basic form for verification.

m- Sa <1.0 S =75, R, =y R, 4.2.2)
d
where
Sk . characteristic value for the action term
Sd : value used to design the action term
Rx . characteristic value for the resistance term
Sk : value expected in designing the resistance term

The equations below are obtained by converting equation (4.2.1b) in line with the conditions above.

m-isl
Rd

) . 1
Sq =75 =7s -Z{(Wk +gq, )sin® +Eapm} 4.2.3)

R; =R =7 'ZJFkS + (7", + g, )cos® Otang, }secﬁ

Fig. 4.2.1 Circular Slip Failure Analysis using Modified Fellenius Method
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®)

(6)

Stability Analysis by Simplified Bishop Method >

Bishop® proposed an equation that considers the vertical shearing force and horizontal force acting in the vertical
plane of a slice segment. In actual calculations, a calculation method assuming that the vertical shearing forces are
in balance is often used, which is called the simplified Bishop method. In the simplified Bishop method, stability
can be verified by (1) determining partial factors y and & (usually, 5= = 1.00), (2) calculating the minimum
value of adjustment factor m that satisfies equation (4.2.4)” with repeated convergent calculation, and (3)
confirming that the value is larger than the standard lower limit of the adjustment factor.

m . Vs 2 AW, +q,)sn6+aBy [R} .

" 2 teus + (7 + qk)tan¢k}l + tan(?:j;;c/(m/;/k )} 9

where

R : radius of circular slip failure (m)

ck : in case of cohesion soil ground, characteristic value of undrained shearing strength, and in case of sandy
ground, characteristic value of apparent cohesion in drained condition (kN/m?)

W' : characteristic value of effective weight of slice segment per unit of length (weight of soil. When
submerged, effective weight in water) (kN/m)

qx : characteristic value of vertical action from top of slice segment (kN/m)

% : angle of bottom of slice segment to horizontal (°)

D : in case of cohesion soil ground, 0, and in case of sandy ground, characteristic value of angle of shearing
resistance in drained condition (°)

Wy : characteristic value of total weight of slice segment per unit of length, total weight of soil and water
(kN/m)

Pux @ characteristic value of horizontal action on soil mass of slice segment (kN/m)

a : length of arm from center of circular slip failure at position of action of Py (m)

s : width of slice segment (m)

% : partial factor multiplying the action term

m : partial factor multiplying the resistance term

m : adjustment factor

The slice segment contains water mass(es) where no soil (including a structure) exists; in other words, it includes
water from the water surface to the ground surface. When a circular arc does not reach the water surface even when
it has reached the ground surface, hydrostatic pressure should be applied to the vertical plane of the slice segment at
the edge. Details for how to think a slice segment and its weight (W and W) in circular slip failure analysis are
shown in Part III, Chapter 2, 3.2 Shallow Spread Foundations.

For details of the simplified Bishop method, Part III, Chapter 2, 3.2 Shallow Spread Foundations can be
referred to.

Applicability of Stability Analysis Methods®?”

Verification results in stability analysis by the modified Fellenius method and the simplified Bishop method are in
agreement for cohesive soil in which ¢ = 0, when both partial factors y and j are 1.00, but differ when the circular
arc passes through sandy ground. In Japan, circular slip failure analysis by the modified Fellenius method is widely
used. This is because it has been reported that the modified Fellenius method reasonably explains the actual
behaviors of slope failure based on the results of analysis of case histories of slip failures for banks in port areas in
Japan,® and also gives a safety side solution for sandy ground.

However, when a slip circle cuts through the foundation ground consisting entirely of sandy soil layers, or when a
slip circle cuts through ground consisting of an upper thick sandy layer and lower cohesive soil layer, it is known
that the modified Fellenius method tends to underestimate stability.” From the viewpoint of the basic principles of
the stability calculation method, evaluation by the simplified Bishop method is more accurate than that by the
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modified Fellenius method under such conditions. Therefore, the simplified Bishop method is generally used in
case of eccentric and inclined loads, which are particularly a problem when examining the bearing capacity of
mounds. It should be noted that the simplified Bishop method has the problem of overestimating adjustment factor
m when actions on near-horizontal sandy ground apply vertical loads. In such cases, a method of stability
calculation can be used which assumes that the ratio of the vertical to the horizontal forces between slice segments
is 1/3.5 of the angle of slice segment inclination.® In stability verification in this case, calculations are made using
the following equation.

" o A0+ a Jsiné+ ary ) .
Y ne,s + (W ang fx secd ) (4.25)
Z{{ o T g tand n+{tanﬁ—tan(ﬁﬁ)}tangék/(m/yRJ

Stability can be verified by (1) determining partial factors s and & (usually, = r = 1.00), (2) calculating the
minimum value of adjustment factor m that satisfies the equation (4.2.5) with repeated convergent calculation, and
(3) confirming that the value is larger than the standard lower limit of the adjustment factor. The calculation
procedures are the same as those for the simplified Bishop method.

Where n = 1 + tanf tan (#6), f is a parameter that provides the ratio of the vertical force to the horizontal force
acting on the sides of the slice segment, and can be assumed to be f = 1/3.5. The other symbols are the same as
those in equation (4.2.4).

4.2.2  Stability Analysis Assuming Slip Surfaces other than Circular Slip Surface

(1

2)

Despite the provisions stated in the previous sections, a linear or a compounded slip surface shall be assumed in
stability analysis when it is more appropriate to assume a slip surface other than a circular arc slip surfaces
according to the ground conditions.

When linear slip is assumed, examination of stability against slip failure of a slope with a straight sliding surface is
calculated using the following equation.

s Z{(Hk +Qk)8i119+PHk cos 9}

T S Tent + (07 74, )c0s 0By sinOtangy] (4.2.6)

where

Ck : characteristic value of cohesion of soil (kN/m?)

P : characteristic value of angle of shearing resistance of soil (°)

/ : length of base of slice segment (m)

W'  : characteristic value of effective weight of slice segment per unit of length (weight of soil. When
submerged, effective weight in water) (kN/m)

Wy : characteristic value of total weight of slice segment per unit of length, total weight of soil and water
(kN/m)

o : inclination of base of slice segment, assumed to be positive in the case shown in Fig. 4.2.2 (°)

Pux @ characteristic value of horizontal action to soil mass of slice segment (kN/m)

% : partial factor multiplying the action term

m : partial factor multiplying the resistance term

m . adjustment factor

The slice segment contains water mass(es) where no soil (including a structure) exists; in other words, it includes

water from the water surface to the ground surface. When a circular arc does not reach the water surface, even when

it has reached the ground surface, hydrostatic pressure should be applied to the vertical plane of the slice segment at
1

the edge. Details for how to determine a slice segment and its weight (Wx and W¥%) in circular slip failure analysis
are shown in Part III, Chapter 2, 3.2 Shallow Spread Foundations.
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When partial factors ps and s have not been determined, they can be set as 1.00 in accordance with the
conventional method and adjustment factor m can be set to a value equivalent to the conventional safety factor to
verify the stability. In this case, adjustment factor m for slip failure can be 1.2 or more in the permanent situation
and 1.00 or more for variable situations in respect of Level 1 earthquake ground motion.

Fig. 4.2.2 Examination of Slope Stability Analysis using Linear Sliding Surface
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5

Soil Improvement Methods

5.1 General

(1)

2)

©))

“)

)

When facilities to be constructed are unstable under the given actions and original ground conditions, or the
facilities are expected to be unable to fulfill the desired functions due to unacceptably large ground deformation
during and after construction, the ground concerned is called soft ground. That is, whether or not the ground is
defined as soft ground is not only determined by the ground conditions but is inseparably linked to the types and
sizes of the facilities to be constructed, the construction speeds and the expected functions of the facilities. Soft
ground requires countermeasures to cope with several problems, not only in the design and construction stages, but
also in the post-construction stage. These countermeasures may be taken for coping with stability and deformation
issues facing the facilities to be constructed, stabilizing the facilities during the temporary stage, treating
groundwater during and after construction, alleviating adverse impacts on neighboring existing structures, and
reinforcing existing structures.

The countermeasures against soft ground can be largely classified into the following four approaches.
(D Approach to