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1. INTRODUCTION

Thin Layer Element Method was originally developed by Tajimi and Shimomura in 1976
to describe layered soil - embedded foundation interaction in a rigorous manner. Konagai
(2003) then formulated a stiffness matrix for an upright beam, which is practically
equivalent to a group of piles beneath a rigid pile cap. Given these formulations,
“TLEM1_2” was developed in 1999 to analyze dynamic layered soil - pile group
interaction effects in the frequency domain.

2. WHAT CAN WE DO WITH “TLEM”?

A soil-structure system is divided into two substructures, the super-structure and the
unbounded soil extending to an infinity; the latter includes an embedded foundation as
illustrated in Fig. 2.1. In the lower substructure of soil, an earthquake will cause soil
displacements {u/}. The foundation embedded in this soil deposit, however, do not
follow the free-field deformation pattern. This deviation of the displacements from the
free-field soil displacements {u/} is denoted by {u}. The mass of the super-structure
then causes it to respond dynamically, and the forces {p} transmitted to the lower
substructure of soil and foundation will produce further deformation of soil {u"} (inertia
interaction) that cannot occur in a fixed base structure. Thus, the displacements of soil
{u} are eventually expressed by the following equation as:

{u} =W} + {3} +{u)} (2.1)
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Fig. 2.1 Super and sub-structures to analyze
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Fig. 2.2 Kinematic and inertia soil-pile interaction

In TLEM, a pile group is approximated by a single equivalent beam with a circular cross-
section of radius R embedded upright in a stratified soil, and this foundation is shaken
in x direction, which direction is set as the polar axis (Fig. 2.1). This assumption calls for
the displacement components of both the foundation (upright single beam) and its side
soil to be proportional to either cos¢@ or sing with ¢ as the angular coordinate.
Components of inertia interaction displacements {u"} at the top rigid pile cap are
denoted by u}, ug (= R-6y)and uj respectively (Fig. 2.2).

The interaction forces {p} (={px pe(=M,/R) p;}f,,)from the super-structure
causes the inertia interaction motions {u"};,, (= {ux w(=R-63) uz}i,,) in the
frequency domain as:

Uy Hyy Hyq O Dy
{u;(: R- 937; } =|Hgx Hgq pq(= My/R)} (2.2)
u; top 0 0 H,, Pz top
Hyy Hyq O
with [Hye Hgq 0 |=[H]=[s]™ (2.3)
0 0 H,

where [H] and [S] are the flexibility and the stiffness matrices at the rigid pile cap.
This program provides the following data sets in the frequency domain:
1) Free-field ground motion {u’} of a horizontally layered soil subjected to a
constant-amplitude sinusoidal shake given to its bedrock
2) Motions of the pile group {u/}+ {u’} caused by the incoming free-field ground




3)

4)
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motion {u/}.

Kinematic displacement effect Tecway: Terocking @Nd Teperticar transfer rates
of free-field ground motion to grouped pile foundation. These rates are evaluated at
the ground surface level, namely:

f s
u, +u
Tesway = (—"u - x> (2.4a)
x top
Ug
Te,rocking =\77 (2.4b)
X’ top
f s
u, +u
Teverticat = ( Zuf Z) (2.4¢)
Z top

Note that definitional equation (2.4b) of T, ocking has no u{; but uj: as the
denominator, because the incoming ground motion has practically no rotational
component u{;. The horizontal component of the incoming ground motion u,’; only

when transferred to the pile foundation, can cause the pile cap to rotate.

Flexibility components H,, , Hy, (=Hg ), Hgq, Hy, and stiffness
components Sy, Sxq, Sqq: Szz In the flexibility and the stiffness matrices,
respectively (See equations (2.2) and (2.3)).

Equivalent single upright beam
The soil and N,, piles are divided into N, horizontal slices as shown in Fig. 2.3. The

following assumptions are adopted to derive the stiffness matrix for the equivalent single
upright beam:

1)

@)

(3)
(4)

Pile elements within a horizontal soil slice are deformed all at once keeping their
intervals as they are, and the soil caught among the piles moves in a body with the
piles. The cross-section A, of the equivalent single upright beam, thus, comprises
both the firmly joined piles and the soil.

Frictional effects due to bending of piles (moments exerted on each pile from the
surrounding soil) are ignored.

Top ends of the piles are fixed to a rigid cap.

All upper or lower ends of the sliced pile elements arranged on each cut-end of a soil
slice remain on one plane AA4’(Note this assumption does not necessarily mean that
each pile’s cross-section remains in parallel with this plane 44" See Fig. 2.3 next

page).

This plane AA’ works like a “rigid coupling rod for locomotive wheels” allowing all
ends of pile slices spaced at regular intervals to rotate freely. From this viewpoint, the
equivalent single upright beam is neither Euler—Bernoulli nor Timoshenko beam.
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Fig. 2.3 Equivalent single upright beam
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Fig. 2.4 Lateral pile group effects in different pile-to-pile spacing. (Konagai et al, 2003)

To examine the validity of this single-equivalent-upright beam approximation, values of
pile cap stiffness in lateral static loading Sy, approx are obtained for different pile groups
with different pile-to-pile spacings. Each approximate value of lateral pile cap stiffness
Sxx,group 15 then normalized by that for an individual single pile (Syx singie) Multiplied
by the number of piles grouped together beneath a pile cap (n,):

Sxx,group

n= (2.5)

ny- Sxx,single
This ratio n, which converges on 1.0 as the pile-to-pile spacing increases, is a measure
for describing pile group effect, which values are compared in Fig. 2.4 with their
corresponding rigorous solutions. The single equivalent upright beam analogy is found to
provide good approximations for the cases of close spacing. As the pile spacing becomes
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larger, however, the approximation deviates from the rigorous one because piles in the
group behave as individual piles rather than behave as what has been assumed in the
equivalent beam analogy. See more details in (Konagai et al, 2003).

3. LET’S GET “TLEM” STARTED!

TLEM1_2.exe was developed by Kazuo Konagai in 1999 using FORTRAN 77. The
original version of TLEM1_2.exe as well as TLEMz.exe for vertical response of piles
required a lot of work to prepare necessary input data files using a text editor in strict
accordance with fixed formats. Since Microsoft EXCEL has become a standard platform
of spreadsheet, an EXCEL Macro, “TLEM1_3.xIsm”, was developed in 2018 to automate
all the tasks for preparing data files, running TLEM and showing the results.

Requirements:
TLEMZ1_3 requires Microsoft EXCEL (preferably Version 14 (EXCEL 2010) or above)
installed on your Windows machine.

1St, save the following two EXCEL macros and three executable files on the same folder
(Fig. 3.1). These files are:

(1) TLEM1_3.xIms

(2) TLEM_Output.xIms

(3) TLEM1_2.exe

(4) TLEMz.exe

(5) PLPRM.exe

o £\ i g

Enter ¢,
that . 1€ name
You desite for ghyg 1
T.
TLEM1_2 TLEM_Output
TLEM1_2.exe TLEMz.exe
PLPRM.exe

Fig. 3.1 Necessary files for TLEM1_2.
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2nd’ run TLEM1_3.xIms.

Click “TLEM1_3.xIms”, and the spreadsheet “To begin with” appears (Fig. 3.2).

= s TLEM1_3.xlsm - Excel

Insert Page Layout Formulas Data Review View Developer Help  ACROBAT £ Tall me

— @b General ~ E‘%Conditional Formatting ~ Em\nsert - |3 -ar.
- 2.9 £ Format as Table ~ DxDelete - [¥]- O -

= X Cambria {11 -
DE@' BIU-AA

Paste

[l 1
il

%

4

. ~ - & . A~ abg o TP Cell Styles - iil Format ~ -
Clipboard =~ Font K Alignment & Number & Styles Cells Editing ~
E29 - J v
A B © D -
1 TLEM (Ver. 1.3)
2 | by Kazuo KONAGAI
3 | (July 29, 2018)

TLEM was developed by Kazuo Konagai in 1999 using FORTRAN 77 for analyzing soil-pile group interaction in a

rigorous manner. A group of piles clustered together beneath a rigid pile cap is assumed to be a single equivalent

upright beam embedded in a stratified horizontal ground with an infinite spread in horizontal radial direction
(Konagai et al., 2003).

: 1. Put all necessary files in the same directory. These files are:
TLEM1_2.xlsm, TLEM_Output.xlsm, PLPRM.exe, TLEM1_2.exe and TLEMz.exe

W 00~ o U

|2. Click on each of yellow tags "LAYER", "FREQ", "SDISP", "ARRANGE" and "PILEPRM" shown below for editing:
* Lame's constants, density and depth of the lower boundary of each soil slice in LAYER

* Number of repetition of frequency domain calculation, initial circular frequency, circular frequency increment
11| inFREQ

* Parameters to create a file for storing spatial distribution of side soil displacement (See details in the manual)
12| in spDISP

13 | *Arrangement of piles grouped together beneath a pile cap in ARRANGE (Piles are shaken in x direction), and
14 | *Outer and inner radi, Young's modulus and density of each sliced pile element in PILEPRM.

%g | Orange tagged spreadsheets are automatically renewed. Don't edit anything on orange Tagged spreadsheets.

17 |3. Run TLEM

—
(=]

18 Click on the button to the right to run TLEM. Run TLEM ‘ .
3 To begin with | LAYER | FREQ = SDISP | ARRANGE | PILl.. () © « ’
Ready 15 fH o) = i + 100%

Fig. 3.2 Spreadsheet “To begin with”

Five yellow worksheet tabs that appear the bottom of the window are for editing input
data of TLEM1_ 2.

» | Tobegin with [ LAYER | FREQ | SDISP = ARRANGE | PILEPRM | LAYER.dat | FREQ.dat | SDISP.da
From the 2" left, they are:
“LAYER” for Lame's constants, density and depth of the lower boundary of each soil
slice,
“FREQ” for number of repetition of frequency domain calculation, initial circular
frequency, circular frequency increment,
“SDISP” for parameters to create a file for storing spatial distribution of side soil
displacement,
“ARRANGE” for arrangement of piles grouped together beneath a pile cap, and
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“PILEPRM” for mechanical properties (outer and inner radii, Young's modulus and
density) of each sliced pile element.

Contents in orange tabbed spreadsheets will be automatically renewed. Don't edit
anything on orange tabbed spreadsheets.
\ /

 LAYERdat FREQ.deat - PILEPRM.dat

“LAYER”

On this spreadsheet,

(1) Select Cell B4 first and type the number of layers (soil slices). Then the layer numbers
are automatically shown in red in an ascending order on the leftmost column A.

(2) This array of layer numbers shows the required range to input the following
parameters for side soil slices. From the 2" left, these parameters are:
Columns B and C: Real and imaginary parts of Lame’s constant A (kPa), respectively,
Columns D and E: Real and imaginary parts of Lame’s constant x (kPa), respectively,
Column F: Density of side soil slice (t/m?), and
Column G: Depth of each soil slice bottom (m)

H &- » TLEM1_2 - Saved ]
Insert Page Layout Formulas Data Review View Developer Help ACROBAT }:) Tell me what you want to do
Y e . .
L & Arial 1 AN T =% 2 Custom - F_ 4 = art E ?7 /O
S . L. - - i Delete - -
Paste B J U- Y .| = 3 : . @ .0 s 9 .00 Conditional Formatas Cell e . . Sort & Find &
- ¥ A === v e Formatting = Table = Stylos ~ = SO Filter ~ Select ~
Clipboard . Font A Alignment 5 Number . Styles Cells Editing S
BS = fi 470400 v
A B C D E F G H | J K L -
1 This data set provides ters that describe mechanical features of side soil slice-wise.
Lame's constant A Lame's constant p : T T T
2 (kPa) (kPa) Density p | Layer bottom
tim’ depth (m) :
3 Real() | Imag(n) | Real(w | Imag(w iy Swave | Pware | by, [ Hysteretic
- ' velocity velocity = damping
4 No. of layers[10 o " —— o o (m/s) (m/'s) factor
5 I 1| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 2.00 80.00 571.31 0.49 0.05
6 2| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 4.00 80.00 571.31 0.49 0.05
7 3| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 6.00 80.00 5713 0.49 0.05
8 4| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 8.00 80.00 571.31 0.48 0.05
9 5| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 10.00 80.00 571.31 0.48 0.05
10 6| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 12.00 80.00 571.31 0.49 0.05
11 7| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 14.00 80.00 57131 0.48 0.05
12 8| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 16.00 80.00 571.31 0.458 0.05
13 9| 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 18.00 80.00 571.31 0.49 0.05
14 10( 4.704E+05| 4.704E+04| 9.600E+03| 9.600E+02| 1.500E+00 20.00 80.00 571.31 0.49 0.05
16 b
« » .| LAYER | FREQ | SDISP | ARRANGE | PILEPRM | LAYERdat | FREQdat SDISPd ... (= 4 v
Ready %3 N E M- 1] + 100%

Fig. 3.3 Spreadsheet “LAYER”

Automatically, S-wave and P-wave velocities (m/s), Poisson’s ratios and hysteretic
damping factors for all soil slices are given in the left table for your information.
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“FREQ”
On this spreadsheet, fill up cells from A3 to D3 the followings:
A3: Number of repetition of frequency domain calculation,
B3: At this count of frequency domain calculation, a large data set “space_dsp.dat” of
spatial distribution of side soil displacements is created,
C3: Initial value of circular frequency (rad/s), and
D3: Circular frequency increment (rad/s)

(] s TLEM1 3xlsm - Excel
Home Insert Page Layout Formulas Data Review View Developer Help ACROBAT ,O Tell me |j
= X Aral 11 - = General - [FdConditional Formatting ~ &FInsert - 2 ~ 47~
D By~ BT U- A A = - E.00 9 [ #Format as Table ~ X Delete ~ ' JoR
Pafte ~ & . A TR = (-o‘g ;)08 L_‘."Cell Styles ~ EI Format ~ -
Clipboard Font I Alignment & Number Styles Cells Editing ~
G18 - fe v
A B © D E F G H | J -
1 For the frequency domain solutions of soil-pile interaction, the following parameters are to be given.
.Large data SFTt Initial value | Circular
is stored at this .
Repeat of circular | frequency
count of .
count e frequency | increment
5 computation (rad/s) (rad/s)
3 63 63 | 1.000E+00| 1.000E+00
4 -
» | Tobeginwith | LAYER FREQ  SDISP | ARRANGE | PILl... () © « ’
Ready %5 H = i + 100%
Fig. 3.4 Spreadsheet “FREQ”
“SDISP”

A data file “space_dsp.dat” for spatial distribution of side soil displacements is created at
a specified count of repeating frequency domain calculation (see B3 on “FREQ”). On this
spread sheet (Fig. 3.5 on the next page), fill up cells from A4 to E4 the followings:

A4: Index Iy, to specify which displacement component will be saved (/- =1, 2 and

3 for radial, tangential and vertical, respectively),

B4: Index K to specify which unit force / unit displacement will be applied to the pile
cap (Kr =1, 2, 3 and 4 for lateral unit force, unit M, /R, lateral unit displacement
and unit R - 6, respectively),

C4: Number of partitions along radial distance (rad/s) for 3D plot of soil displacement,

D4: Initial value of radial distance normalized by R, 7;,;:/R, and

E4: Increment of normalized radial distance Ar/R
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=

O
/O Tell me

= s

TLEM1_3.xlsm - Excel

Home Insert Page Layout Formulas Data Review View Developer Help ACROBAT |5

m

o X Arial -1 | === 2 General ~ Conditional Formatting ~ g~ Insert ~ 2 ~ 57~
; tDFE'E. BIU- A A = =g .9 {_#Format as Table ~ Z<Delete ~ ]~ P~
af € ¢ - &-A- - <= 8- G o [ Cell Styles ~ %] Format ~ v
Clipboard Font I Alignment & MNumber Styles Cells Editing ~
D7 = I v
A . B . C D E . F ‘ G . H [~
1 This data set "SDISP.dat" provides necessary parameters for storing spatial distribution of side soil displacement.
Sl Direction of applied nzn;ﬁgnzf Initial value of | Increment of
component ) PP P > |radial distance |radial distance
force / displacement Kf | along radial
2 Idr . ini/ R Ar/lR
distance
ldr=1: radial Kf=1: Lateral unit force
o __ |Kf=2: Moment/R (=1.0) where, R is the equivalent
Idr=2: tangential |, ..~ o . .
Idr=3: vertical Kf=3: Lateral unit disp. radious of grouped piles
3 T Kf=4: Unit rotation (R*8)
4 2 3 50 1] 0.1
5 -
» | Tobeginwith | LAYER | FREQ  SDISP ARRANGE | PILl.. &) | < ’
Ready 03 H o - 1 + 100%
Fig. 3.5 Spreadsheet “SDISP”
“ARRANGE”

First, type the number of piles grouped beneath a pile cap, and pile numbers will be shown
in red on the leftmost column A. Then fill up columns B and C with x and y coordinate
values for these piles. Note piles are shaken in x direction.

H ©- TLEM1_2 - Saved
Insert Page Layout Formulas Data Review View Developer Help ACROBAT ,O Tell me b’,
"D X Arial N e =B ab General - [FdConditional Formatting ~ %mlnsert D) 24
By - ==l- 2.9 9 [ Format as Table ~ PxDelete - 4]+ P~

Pafte ¢y BT U- DA G- €S 3I= B - b o E#Cell styles ~ (%] Format ~ -
Clipboard = Font I Alignment = Number = Styles Cells Editing ~
E7 < e v

A ‘ B . © ‘ D E F ‘ G . H J . K i
1 |This data set provides arrangement of piles grouped together beneath a rigid pile cap

Number of
piles
3 |Pile Number | x (m) y {m) |Note: piles are loaded in x direction.
4] 1 0.00 0.00
5 | 2 1.50 0.00
6 3 3.00 0.00
7 4 0.00 1.50
8 | 5 1.50 1.50
9 | 6 3.00 1.50
10| 7 0.00 3.00
11 8 1.50 3.00
12 | 9 3.00 3.00 =
<« » .| FREQ | SDISP | ARRANGE | PILEPRM | LAYERdat |FREQdat .. () “ »

Ready 2 B m - 1 + 100%

Fig. 3.6 Spreadsheet “ARRANGE”
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“PILEPRM”

This spread sheet is for editing the following mechanical properties of piles embedded in
each soil slice:

Column A: Layer numbers are shown automatically.

Columns B and C: Outer and inner radii of sliced piles,

Columns D and E: Real and imaginary parts of Young's moduli of sliced piles, and
Column F: Densities of sliced piles

For friction piles, mechanical properties for slices below the pile ends can be replaced
with those for soils.

H ©- s TLEM1_2 - Saved

Insert Page Layout Formulas Data Review View Developer Help ACROBAT /O Tell me \j

iy X == @ General - [FEConditional Formatting ~ &=Insert - > - 47~
D Avrial 11 T AA — =
By - N = - .00 L?-‘Format as Table - < Delete ~ - P~

Pafte ~ BIU- -~ & - .A. - - - edg _.)og Lj-‘CeII Styles ~ EI Format ~ -
Clipboard = Font [ Alignment & | Number Styles Cells Editing ~
H6 - f\ v

A B © D E F G H J K -
1 This data set provides mechanical properties of pile sice-wise.

@tes e Young's modulus Density

2 |Layer No. radius (m)|radius (m) (kPa) t/m’
3 Real (E) [ Imag (§)| '™
4 1 0.3 0.291| 2.06E+08 0 7.85
5 2 0.3 0.291| 2.06E+08 0 7.85
6 3 0k 0.291| 2.06E+08 0 7.85 |
7 4 0.3 0.291| 2.06E+08 0 7.85
8 5 0.3 0.291| 2.06E+08 0 7.85
9 6 08 0.291| 2.06E+08 0 7.85
10 7 0.3 0.291| 2.06E+08 0 7.85
1 8 0.3  0.291| 2.06E+08 0 7.85
12 9 03]  0.291| 2.06E+08 0 7.85
13 10 0.3 0.291| 2.06E+08 0 7.85 -
4 » .| FREQ | SDISP | ARRANGE  PILEPRM = LAYERdat 'FREQdat .. (®) : < 3
Ready %5 izl o - 1 + 100%

Fig. 3.7 Spreadsheet “PILEPRM”

After you finish editing all yellow tabbed spreadsheets, go back to the leftmost startup
spreadsheet “To begin with” (Fig. 3.2), and click on _*" ™M ' to start TLEM1_2.exe
and TLEMz.exe.

Calculation will over in a moment, and “TLEM_Output.xIms” will open automatically.
Numerical results will be shown on its 6 spreadsheets (see the following pages).

10
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3rd’ check out your results on TLEM_Output.xIms.

TLEM_Output.xIms has 6 spreadsheets. They are:

} Pile head stiffness ‘ Pile head flexibility ‘ Effective motion ‘Vibrationmodes ‘ Ground vib, SR ‘ Ground vib, Vertical ‘

“Pile head stiffness”
Four figures appear on this spreadsheet. From left to right and continuing down, they are;
(1) Real and imaginary parts of the stiffness for sway motion uy of the pile cap S,,.,
(2) Real and imaginary parts of the off-diagonal pile cap stiffness S,, (to describe
transferring effect from q to x); Note that S,, = S,, and
(3) Real and imaginary parts of the stiffness, S,,. See in Fig. 2.2 and in Equation (3.1)
the relation between the pile cap rotation 6; and the displacement ug at the
outermost edge of the equivalent upright beam.
(4) Real and imaginary parts of the stiffness for vertical motion u}, of the pile cap, S,,
Px Sxx qu 0 uarc
Pq(=My/R)t = [Sqx  Sqq 0 |{uq(= RO}) (3.1)
2 0 0 S, uy

TLEM_Output.xlsm - Excel

Home Insert Page Layout Formulas Data Review View Developer Help ACROBAT ,O Tell me \5

IS Arial 11 - General = Conditional Formatting ~ EInsert -+ % - AT~
o tD Ey- BT U- A A - $-% 9 [Z#Format as Table - X Delete - -0~
aste I
0 ; b €0 .00 ,.4 - - -
- ~ - B A%~ ar a1 E Cell Styles ] Format
Clipboard = Font ] Alignment & Number &~ Styles Cells Editing ~
N33 2 I v
A B & D E F G H 1 J K L M | &
Circular freq  Real(Sy) Imag(S,) Real(S,,) Imag(S,,) Real(Sg,) Imag(Sg,) Real(S.) Imag(S.) R (m)
1 (radfs) (kN/m) (kMN/m) (kN/m) (kN/m) (kMN/m) (kN/m) (kN/m) (kN/im)
2 1.00E+00 2.09E+05 1.77E+04 -7.54E+04 -1.44E+03 1.03E+06 273E+04 1.84E+06 2.91E+04 2.03
3 2.00E+00 4 . . +04
i 3.00E+00 = oosios ® Real(Sxx)... ® Imag{Sxx)... q . Real(Sxg)... ® Imag(Sxa)... +04
5 400E+00 = o i o0 200 200 60.0 0 +04
6 5 00E+00 = + > 2006404 v +04
& 3.00E+05
7| sooEs0  E YT oo 3 04
8 TO0E+00 = 250805 ty +04
9 800E+00 ¥ 200505 %y g BO0EOT +04
itl) 9.00E+00 F: 1506405 A § _8.00E:04 ,\‘ +04
1.00E+01 o ig +04
12 1.10E+01 E 1 00Ex0s y 4 & -1o00E:05 404
5.00E+04 =1
13 1.20E+01 2 Ye 1206005 +04
14 1.30E+01 0005200 1o +04
15 1 40E+01 0.0 00 400 60.0 00 | 140605 405
16 150E+01 Circular frequency (rad/s) i Circular frequency (rad/s) +05
17 1.60E+01 # Real(Sq) ® ImaglSaa) + ®Real(szz) @ Imag{szz) +05
18 1 TOE+01 (kN/m)  (kN/m) + (kN/m) (kn/m) +05
197 1.80E+01 . 1208405 4 oS +05
20 £ E 1308406
1.90E+01 2 1006406 4 +05
21 zo0Ev01 | = —— 1 =2 tamos 405
22 210E+01 < soosios 1 £ Laoeos +05
23 2. 20E+01 £ 4 € 1208006 +05
241 230E+01 8 60005 4 100E405 *05
25| 240E+01 S ooeos + 2 soomos (05
26 250E+01 g ' F soome0s ki
27 260E+01 £ 200005 * B aooe +05
@ 3 405
28 2.70E+01 k- 15 omes +05
281 280E+01 £ 0006100 PE +05
30 Z 0.0 200 400 60.0 800 0.00E+00
= 2.90E+01 & Circular frequency (rad/s) A O00EH00 200F+01 4(OF+01 6.00EH01 O0E+0L | OO
3.00E+01 f Circular frequency (rad/s) (o5
32 310E+01 1.89E+05 1.69E+05 -9.21E+04 6.T1E+u~ R roreuw wue cuu wooue H05
33 3.20E+01 1.84E+05 1.70E+05  -9.27E+04  -6.66E+04 9.50E+05 161E+05 1.65E+06 3.46E+05
34 3.30E+01 1.77E+05 1.74E+05 -9.21E+04 -6.70E+04 9.57E+05 166E+05 165E+06 3.56E+05 -
3 Pile head stiffness Pile head flexibility | Effective ... (3 ‘ »
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Fig. 3.8 Spreadsheet “Pile head stiffness” in TLEM_Output.xIms



“TLEM”, Thin-Layered-Element Method

The idea about complex stiffness with its real and imaginary parts may be unfamiliar to

some of you, and the illustration below in Fig. 3.9 will probably help you to understand
it.

‘“—Equivalent

[ upright beam ¢

Substructure  /
: N~ —

Fig. 3.9 Super and sub-structures to analyze

When a lateral dynamic load p, is applied to the pile cap not allowing the cap to rotate,

you need to apply a counter-clockwise moment M, to the cap. These loads are given by:

Dx = SxxlUx (3.2a)

My /R = Sy uk (3.2b)

For simplicity however, only equation (3.2a) is discussed in the frequency domain. The

stiffness of the pile cap in its sway motion can be approximated as a parallel assemblage

of a spring k and a damper ¢ with a mass m attached on its end (Fig. 3.8). The motion of
this simple mechanical model is given by:

d*ul  dul

Px =M= +c T + kuj (3.3)
In the frequency domain, p, and u} are given by:
Dy = Pei®t (3.4a)
ul = ULe'®t (3.4b)
Substituting equations (3.4a) and (3.4b), one obtains:
% = S, = (k — mw?) + iwc (3.5)

X
It is now clear that S,, has its real part k — mw?, which is a gently decreasing parabola

with increasing w? and imaginary part wc, which increases linearly with increasing w.
Thus, the simple mechanical model in Fig. 3.8 is a good analogy of the frequency domain
nature of S,, that can be seen on the upper-left figure on the spreadsheet “pile head
stiffness™, though there are some downward spikes on the curves, which spikes appear
when the side soil is brought into resonance.

Note that real part of S, begins with a negative value indicating that when the rotation
of a pile cap is not allowed, positive sway motion of the pile cap can exert a negative
counter-clockwise moment as shown in Fig. 3.8.
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“TLEM”, Thin-Layered-Element Method

“Pile head flexibility”

Four figures appear on this spreadsheet. From left to right and continuing down, they are;

(1) Real and imaginary parts of the flexibility for lateral loading p, to the pile cap H,,,

(2) Real and imaginary parts of the off-diagonal pile cap flexibility (to describe
transferring effect from q to x), H,g4; Note that H,, = Hgy,

(3) Real and imaginary parts of the flexibility for p,(= M,,/R), H,,. See equation (3.6)
below, and

(4) Real and imaginary parts of the flexibility for vertical loading p,, H,,.

Uy Hiyx qu 0 Px
ug(=ROy) ¢t = [Hgx Hgq 0 |1Pq(= My/R) (3.6)
uy 0 0 Hy 12
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Fig. 3.10 Spreadsheet “Pile head flexibility”



“TLEM”, Thin-Layered-Element Method

“Effective motion”
Two figures that appear on this spreadsheet show real and imaginary parts of both T 4, ,
Terocking ON the left, and T, yersicqr ON the right, transfer rates of free-field ground
motion to grouped pile foundation evaluated at the ground surface level, namely:
wl +us
X X
Tesway = | ——F— (2.4a, as referred on page 3)
x top
uS
Terocking = —? (2.4b, as referred on page 3)
X’ top
u£ + u;
Tevertica = | —F— (2.4c, as referred on page 3)

Uy top
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Fig. 3.11 Spreadsheet “Effective motion”

It is noted that the real part of T, 4, decreases gradually from 1.0 to smaller values as

the frequency increases indicating that piles start not to follow the incoming free field
ground motion as the frequency increases. On the other hand, T, ,cking Startsto increase

from zero showing that the sole horizontal incoming ground motion can cause rotational
motion of the pile cap.
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“TLEM”, Thin-Layered-Element Method

“Vibration modes”

As mentioned above, the seismic incoming motion can be changed along grouped piles,
and this kinematic interaction effect can be examined in a more specific manner by
comparing two figures that appear on this spreadsheet (Fig. 3.12). The lower figure shows
the incoming ground motions along the pile axes in the frequency domain, while the upper
figure shows the response of the piles to the incoming ground motion.
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Fig. 3.12 Spreadsheet “Vibration modes”
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“TLEM”, Thin-Layered-Element Method

“Ground Vib, SR”

Real and imaginary parts of either radial or tangential ground displacement caused by a
unit sinusoidal pile-cap loading are shown in upper and lower figures on this spread sheet,
respectively. Each of these 3D images is a snapshot, with the lateral axis r/R as the
radial distance r normalized by R, the depth axis as the depth of the ground and the
vertical axis as ether real or imaginary part of ground displacement, at a particular count
of repeating frequency-domain calculation, which count is given in advance in Cell “B3”
on the spreadsheet “FREQ” of TLEM1_3.xIms. The displacement component is specified
in advance by an integer parameter I;. in Cell “A4” on the spreadsheet “SDISP” of
TLEMZ1_3.xIms. The direction of applied load/ displacement is also specified by another
integer parameter Ky in Cell “B4” on the same spreadsheet (See more details on page 8
to 9). The direction (type) of loading is automatically shown in the text box near the top
of this spreadsheet “Ground Vib, SR” (Fig. 3.13).
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Fig. 3.13 Spreadsheet “Ground Vib, SR”
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“TLEM”, Thin-Layered-Element Method

“Ground Vib, Vertical”

Real and imaginary parts of both vertical (left two figures) and radial (right two figures)
ground displacements caused by a unit vertical pile-cap loading are shown on this spread
sheet “Ground Vib, Vertical”. Each of these 3D images is a snapshot, with the lateral

axis r/R as the radial distance r normalized by R, the depth axis as the depth of the
ground and the vertical axis as ether real or imaginary part of ground displacements, at a
particular count of repeating frequency-domain calculation, which count is given in
advance in Cell “B3” on the spreadsheet “FREQ” of TLEM1_3.xIms.
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Fig. 3.13 Spreadsheet “Ground Vib, Vertical”
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“TLEM”, Thin-Layered-Element Method

Others
TLEM1_2.exe and TLEMz.exe create total 31 output data files in the same folder where
both TLEM1_2.exe and TLEMz.exe exist.

@ deflec_Pyz.dat

@ react_Px.dat

B TLEM1_3.xlsm

@ deflec Vyz.dat @ react_Vx.dat B PLPRM.exe
7 off motionz.dat 7% react Vz.dat [ TLEMz.exe
@react_Pyz.dat ‘/@ space_dsp.dat [ TLEM1_2.exe
@react_\/yz.d at @ stf_rock.dat Manuals
«/@ space_dspz.dat \/@ top_flx.dat source
V7 top flxz.dat V2 op stfdat
,/@top_stfz.d at \/@ vib_mode.dat
@deﬂec_Fr.d at @ EQ_STFz.dat

@ deflec_M.dat @ equi_stiff.dat

7 deflec_Px.dat /% ARRANGE.dat
@deﬂec_‘\!x.dat @ FREQ.dat
@deﬂec_\!z.d at @ LAYER.dat

V7 eff_motion.dat 7% PILEPRM.dat
@react_Fr.dat @SDISP.dat
7# react M.dat B3 TLEM_Output.xlsm

TLEM_Output.xIms has only 6 spreadsheets for the 9 data files with check marks +/,
because the others can be less frequently used in practice. Details of the other files are
available in (Konagai K., 2000).
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