PileCap.exe User Manual

General

The PileCap.exe PC-program is used for the analysis of 3-D pile groups cast into a rigid cap.
The soil and the pile top conditions (fixed or hinged) can be considered in the calculations.
The number of piles and loading cas es are only restricted by the resources of the user.

Pile/Soil/Load —data are input by means or a user friendly interface and modifications of the
task are easy to implement. In this way, the optimum design of a pile group within given
conditions can be obtained in an interactive manner, fast and effective

The method for analysis, direct stiffness method, is well proven for pile group design. The
output is all the time checked for numerical stability and accuracy, meaning the user can feel
confident that the results calculated. In case of attempts to analyse an instable structure, the
application will issue a warning.

Soil and pile properties are easy and hands on to input. It is possible to design a pile group
with every pile different from their neig hbours, although this is of course never the case in
practice. Nevertheless, the ability to analyse a pile group with one, or several, piles different
from the others is many times of great value. Pile group analysis after installation and
checking the piles, when unenviable deviations from original design usually shown up, is one
example.

The input data as well as the output can be stored for repeated use. The user can build a
library of data and thereby simplify the pile group design commonly performed.

The PileCap.exe is designed to run under MS Windows XP or later.

Calculation method
The method used for the analysis is described in detail in Appendix A. In short, the
calculation flow is as follows:

- for a single pile, calculate the forces and mome nts required at a pile top to give top the
translations and rotations = 1 in the 6 possible directions (3 translations, 3 rotations). The
coordinate system used is one with one axis parallel to the pile axis.

- transform these forces and moments to a coordinate system the axis parallel to the axis of
the pile cap.

- the transformed forces and moments are moved to the origin of the pile cap

- the process is repeated for all piles. The contributions of all piles are summed in a stiffness
matrix (6x6) at the pile cap origin. The element of the matrix expresses the force and
moment respectively to give the pile cap a specified translation/rotation when loaded in a
specific way.

- the loads (3 forces, 3 moments) are applied to the pile cap origin. Using the stiffness matrix
assembled, the corresponding translations/displacements of the pile cap origin are
calculated.

- the translation and rotation of a pile top is calculated, using the cap movements. These are
expressed in the pile cap coordinate syste m. The cap is assumed perfectly rigid.
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- the pile top movements are transformed into the coordinate system of the pile. The pile
direction and slope provides input data for the transformation.

- finally, the pile forces and moments are calculated using the relationship between
movements and forces/moments established in the first item mentioned in the list.

- the process is repeated for all piles in the pile group. It is then assessed whether the
movements and forces/moments are acceptable. Usually, the design must be modified and
reanalysed a couple of times before a satisfactory result is obtained. Further, when the piles
have been installed, there are usually deviations, as for example in slope and direction,
who’s influence must be analysed and maybe must also additional piles be installed,
meaning further calculations.

It is obvious that the calculation process demands a vast amount of numerical calculations.
Fortunately, this can be handed over to a computer, a PC doing Win XP. Doing so, the
guestion arises how reliable are the results?

The computer uses a limited number if digits in its number crunching. In PileCap.exe all
calculations are carried out in so called floating point double precision, meaning the results
are as accurate as possible. Further, the reactions at each pile top are transformed and
moved back to the pile cap origin, where they are compared to the applied loads (forces and
moments). The difference is due to numerical truncations during all the calculations
performed, and the residual vector (difference between applied and back calculated load) is
a measure of the accuracy of the analysis.

It should be mentioned that numerical stability mirrors the physical stability of a pile group.
For example, a pile group with only vertical piles when subjected to a horizontal force
responds with an infinite translation, no matter how small the force is. Thus, such a pile
group can not be analysed by the direct stiffness method described above. However, by
cheating a little by applying a small amount of lateral soil resistance even such pile groups
can be analysed.


www.bredenbergteknik.se

Start Page
At start, the PileCap.exe displays it's Start Up for, figure 1.

PileCap.exe ver 2.12 uppdate 2007-08-09 / Bredenberg Teknik
File Help About

=10l x|

PiIeCap.exe - analyses a 3-D pile group

Below the installed components are shown, Press the component to be uged. At 'File' other options are found, as for example Save and Open data-files.
Click the component icon to show the form. To hide the form, click the icon again.
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Fig 1. PileCap.exe start form

On this form there are several items aimed at guide the user through the design process.

On the topmost bar the program version is displayed.

The menu row below shows the three items File, Help and About. The Help option simply
points to this manual. The About choice can give detailed information about the system
where PileCap.exe is run. This facility is useful in tracing eventual difficulties running the

application. The content of the File option is described later.

Below the title row and some general information using the appl ication, there are two main
frames containing Input Data and Calculated Data respectively. In between there is a
command button making analysing the Input Data to happen. The function of each button is

outlined later.

Next below there are two frames. The left one gives a schematic description of the usual
calculation flow. The frame to the right contains the names of the input data files loaded.
This frame also holds a status box, coloured green when a successful calculation has been
performed using the Input Data loaded. When some Input has changed and a calculation

has not yet been done, the status box is red.
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Below the right frame is a frame containing 3 command buttons. The rightmost button
marked Exit offers the user the choice to stop the program. Th e leftmost button labelled
Open Project opens up a dialogue, enabling the user to load a complete set of Input Data

Files, see Figure 2.

L IE}ProiectData j - £ ER-
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Skrivbord
Mina dokument
-
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-
5 Filnarnr: IPéIkomm R54 j Oppna I
Filfarrnat: IF‘roiect Data Files [F.pcp) j Avbryt /l
2

Fig 2. Dialogue box for loading a Project Data File (= a set of Input Data Files).

The function of this input box follows the standard Windows way to handle file input and is

not further explained here.

The button Save Project opens up a similar dialogue box making it possible for the user to
save the assembly of loaded Input Data files into a Project Data File containing the

assembly, figure 3.

Save Project Data File as ...

Spata i |kf_) Project Data :] - EI ﬂ( v
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Fig 3. Dialogue box for saving a Project Data File. (= an assembly of Input Data Files)

As is the case with the Input Dialogue, this is standard Windows stuff and no fu rther

explanation is given here. Consult the Windows manual, if necessary.
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The user can save his files where ever he wants in his system. However, it is recommended
to maintain a systematic way of building a folder structure in order to make it easy to fi nd and
use stored data files. The picture below is shown as a recommend structure .

Leta i I I PileCap j = I‘j( EH-
|2 Elastic File Constants
|2 General data
i |7 Geometric Data
anwanda dok... ) 1C0NS
m | ) LoadData
I Manual
| Project Data
Mina dokument
Den har datarn
-
bina - . -
ity Filrammn: || J Oppna I
Filformat: I Project Data Files [* pcp] j Abryt |

g

Fig 4 Recommended folder structure for storing data for Pile Cap calculations

If the user tries to open a Project Data File which is not such a file, an error message is
displayed and the load is cancelled. The file extension (.pcp) is checked as well as a header
written into every Project Data File saved.

When a valid Project Data File has been loaded, the name of the file is shown in upper case
letters in the frame containing the names of the loaded data files. Further, the names of the
individual input data files contained in the Project Data file are displayed in the frame.

Returning to the Start page, the bottom frame contains some information about Bredenberg
Teknik, the copy right holder of PileCap.exe.

At the upper right corner on the Start form, the usual min, max, and stop buttons are found.
If the stop button is pressed, a confirmation message box is shown, in order to avoid
unintentional escape from the program.

The Start form can be minimised, maximised, moved and area modified the standard
Windows way. These facilities are handy when arranging the different forms on the screen,
when a pile group design is in progress.

Input Data
Input data are supplied by means of four different Input Data files for a Project. These Input
files are :

File Extension Example
General Data .gdt Pgroup2.gdt
Geometrical Data .geo Group 9.geo
Material Data .ela New Piles.ela

www.bredenbergteknik.se
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Cap Load Data Adt LoadCase IV.Idt
Project Data .pcp ProjA1l.pcp

The organisation of input data contained in the first four input files is described below
together with the functionality of the respective input forms. The content of a project data file
is an assembly of the data in the four basic files. The Project File Open/Save facilities makes
it easy to load or save all project data in a single sequence, whereas the individual data in
each of the four Input Data sets can be edited using the respective input form.

The user can save his files where ever he wants in his system. However, it is recommended
to maintain a systematic way of building a folder structure in order to make it easy to find and
use stored data files.

The file format for all Input Data files is simple ASCII -files (.txt-files). They can be edited by
using any text editor, as for example Notepad. However, such editing may result in corrupted
files, resulting in an error message when trying to make a calculation, or otherwise handling
such a faulty file. Avoiding such editing eliminates the risk of such errors.

If the user tries to open an Input Data File which is not a valid such a file, an error message
is displayed and the load is cancelled. The file extension is checked as well as a header
written into every Input Data File saved.

Each Input Data form contains two buttons labelled Open and Save. They operate the same
way as described above for Project Data files. The forms for the Input Data files can be
minimised, maximised, moved and re -shaped the standard Windows way. This makes it
possible to tailor the screen to the oultfit that is best suited for the analysis being made. As
for example, when inputting geometrical data describing the location and direction of
individual piles, it is practical to make the geometrical input form and the pile plan view form
visible side by side. Doing so, the user gets an immediate check that each pile are given
correct coordinate and direction values.

If the user presses the X-button at the upper right corner of an Input Data form, a
confirmation request message is shown, in order to avoid unintentional loss of data
contained in the form, see fig 4 (as a bonus, you learn some Swedish, “Ja” =Yes and “Ngj”
=No, ).

PileCap : General Data =

2] If this Farm is closed all data loaded in the form will be lost,
‘-—'.'(" Do vou really want ko close the Form 7

Ja [ej |

Fig 4. Confirmation request when attempting to close an Input Data form

Should the form be closed this way anyhow, the data on the form are lost - however, if they
have been saved, they can easily be retrieved using the Open button on all Input Data forms.
It is recommended that input data are saved frequently.
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On each Input form there is also a status box. The status box turns green when the data in
the text boxes have been Saved. If a box is changed the status box will turn red, alerting the
user the data should be saved in order not to be | ost in case the form is closed.

Below follows a description of the functionality of each of the four Input Data forms.

General Data Input form
Pressing the button General Data opens up an Input Form for such data, see Fig 5.

B pileCap : General Data o ] 4
Title : |Title of Project Date - |0?;21;us
Client [Froiect Client Time: [2007-08-21

Pile Cap D - IF'iIe EaplD Set Time and Date |

MHame Il:lperatc-l Hame
Comment:  IProject Comments
Status Data Sawve - Open ... Save ...

Fig 5. Form for Input of General Data.

The title bar contains the name of the input form, in this case General Data. Then there are a
set of input text boxes where the user can input project data. The time and date, taken from
the user system, can be put into the corresponding text boxes pressing the button labelled
Set Time and Date.

The Open and Save buttons gives the user the option to Open and Save files containing
General Data, by opening up dialogues as described above at the description of the
functions of the Start Form. The function of the status box has also been described, as well
as the control buttons in the upper rightmost corner.

Note that there is no exit button on the form. Usually the text boxes are filled and the data
saved, and the form is then minimised and maybe kept in this shape until the session is
ended. However, in case the user wants to close the form instead of minimising it, this ca be
accomplished by clicking the X up right and confirm the intention to close the form.

Geometric Pile Data

The next input form to be filled is the form where the geometrical data for each pile in the
group is typed. The form is activated by pressing the corresponding button in the input
frame. The geometrical data input form is shown in fig 6 .
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S PileCap : GeometricPileData i =10] x|
= = -Hotations
Pile nr File ID Type ¥ [mm] y [mim] Z [mm] nn:t) alpha {deg) |L {mm) m ftop)
1nri 1 1310 -810 0 455 360 10000 0
2| vertikal 1 1 1450 -80 0 0 1] 10000 0 S
3|nr 2 1 1310 640 0 455 360 10000 0 Xeap
dfnr 3 1 470 -300 [i 417 270 10000 0 #y
&fnr 4 1 650 790 i 5.00 a0 10000 a E‘E\—
Bjnr 5 1 -520 -1030 0 4.55 270 10000 1] alpha
o6 1 -300 800 i 5.00 a0 10000 [ o ] b
Blnr7 1 -1270 -1200 0 385 180 10000 0
9} vertikal2 1 -1420 a0 0 0 0 10000 1] i
10jnr & 1 -1130 670 0 333 160 10000 0
1
Zeap n
m=0 hinged pile tog
m=1 fixed pil lop
n= 0 for vertical ple
Stahus Data Save : [ Save... I Inzest Rove I Delete Bow | Dirawe plan | Number of Ples - 10 Setanchscio| D setical e

Fig 6. Form for Input of pile geometrical data

Data are typed into the cells in the grid. A completed cell input should be confirmed by
pressing keyboard Enter. Piles can be inserted and deleted using the Insert and Delete
buttons. The rightmost part of the form gives a description of the input data. This can be a
handy reminder in case the user does not make pile group calculations very often, but this
part of the form is usually removed during a design session , by resizing the form. The data
to be filled in are as follows from left to right;

Pile ID : Any description the user wants to input to label the pile .

Type : a pointer to the material characteristics of the pile (see next form, material
properties).

X,Yy,Z : coordinates of the pile top, related to the cap coordinate system, note millimetres.

n : slope of the pile expressed as n:1, as for example 4:1. Input O (zero) for a vertical pile.
alpha: direction of the pile, degrees, projected to onto the horizontal plane.

L : pile length, where elastic compression is supposed to occu, note millimetres.

m : factor defining how the pile top is connected to the cap. Fixed is m = 1. Hinged is m=0.
The function of the Open and the Save buttons have been described above, as well as the
control buttons in the upper rightmost corner and the Status box down left.

In the control frame at the bottom of the form, the number of active piles in the grid is shown,
to the right. To the left of this info, there is a button labelled Draw plan.

Clicking this button shows a plan view of the piles fed into the grid on the Geometrical Data
input form, see figure 7.
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Fig 7. Plan view of piles in input grid

The plan view can be zoomed in or out in order to get a suitable picture resolution. A grid
with 1 m grid line spacing can be turned on and of, as can the Pile ID:s also be. The center
of the plan view is always the center of the cap. This is the horizontal projection of the pile
cap origin, that is, where the loads acting on the cap are assumed to be situated (more
about that below, at the description of the Cap Load form).

The cap dimensions can be changed using the leftmost up/down buttons above the view.
However, these dimensions have no influence of the calculation results.

Pile and soil material data

When the geometrical data of each pile has been defined, it's time to define the material
properties of the piles and also the soil surrounding the piles. This is done by calling up the
form called Pile Elastic Constants, see figure 8.

In order to calculate the cap response of external loads, the sum of all piles contributions to
the cap stiffness must be assembled. Therefore the relationship between forces and
moments and the corresponding translations and rotations for each pile top must be
evaluated. This is what the form in fig 8 is for.

The values used in the calculation are the ones in the uppermost boxes. Since there are 6
degrees of freedom (3 translations and 3 rotations) for the pile top, there should be 6 boxes,
but since symmetrical conditions for eac h pile top are assumed the number of stiffness
factors are reduced. The stiffness factor kij defines the force (moment) required in direction
“I” to give the pile to a translation (rotation) equal to 1 length unit (one radian) in direction “j".
The direction of “i” and “j" are defined in the appendix describing the numerical method for
the analysis. For example, k33 is the force applied to the pile top which causes a unit
compression of the pile at the pile top.
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The form shown in fig 8 is created to simplify the evaluation of the factors kij. Often the soll
resistance around the piles is neglected and then only factor kij to be considered is the axial
stiffens. In the form, a different cross section shape, the side/diameter length and the pile
material can be selected and the corresponding stiffness calculated. The E -modulus can be
selected as standard values, or modified using text box input.

In case the user wants to consider soil resistance around the piles (recommended),
PileCap.exe offers the option to do that by the input of a soil E-modulus ( see rightmost input
frame). The kij values are then calculated assuming the piles are equivalent to semi infinite
beams in a Winkler (linear spring) environment.

In case another way to calculate the stiffne ss factors are preferred by the user, maybe
factors evaluated from a load test, this can be accomplished by typing in the factors and then
upload them by pressing the button Upload all boxes. Upload is done to the row pointed at.

It should be mentioned that it is possible to use different stiffness properties for every pile in
a group. However, usually it is assumed that all piles have the same stiffness characterises.

[7=] Pile Cap : Elastic Pile Constants _I_I_ = ll

Typer| TypelD | k11=k22 kN/m | k15=k51, kNm/rad| k24=k42, kNm/rad| k33 kN/m/m | k44=kE5, kNm/rad| kEEkNmiad/m |
1|BtgPale | [ [ -0 2187000] [ [

Status Data Save : [ Save .. | Insert Type Delete Type MNumber of bypes : I 1
— Single pile stiffnes factors ki
.:1913_.:2323. T e DRI B kd4=kES - KB :
L [kMmérad] [kNmAad] [kM mdm] ’ [kMrm/rad/m]
[kN/m] [rote mirwz-sign] [far 1 m pile) [kH/rad] [far 1 m pile)
32 | 0 | 0 | DEIE | 0 | 0
Forcesmoment ki gives displacement/ratation =1
in direction "} when applied in direction """ To upload single boxes to grid use Chil+C use Chilsy. Upload all boxes |
—Pile cross section — Calculated section data —— —Pile Material — E-maduli

. & square, massive “Width or Diameter, mm | | Inner- I + concrete E-moduls pile, GPa ZI 21 j

235
5 diameter, mm :
235 = " steel f . -
Q ™ circular, massive :I Aracm3: =3 E-modulus sail, kPa I 200 j
e " steel and concrete
-
I 3558

Calculated Elastic Length, m: 4.15
wiood

@r‘ e, ey Koy | 25415

@ " tube, concrete filed Twist mament-

factar, cmd :

[ pile fixed into cap

Fig 8 Pile and soil material data, elastic properties

The Open and Save as also the control buttons up to the right have the same functionality as
is the case for the other Input Forms.

Pile Cap Load Data

The loads acting at the cap are input into the last of the four input forms, se figure 9.
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& pileCap : Load Data -10] x|

Load Case |Case D Ft [kI] Fy [kI] Fz [kN] Mz [kNIm] Mty [kim] Witz [kim] Motations for loads :
1|LastFall A -75 -45 1840 -284 anz o | T
2|LastFall B 0 1 2000 0 0 0 Bpaim . /|
; F=
,fr;/
Fz

Foszitive axes for forces Fryp.z are shown,

Status Data Save : [ |{ Save... | Insert Row Delete Row Load Cases: 2 ‘ Positive direction for moments Mxy.z : right

Fig 9. Pile Cap Load form.

The loads are related to an origin usually chosen as the gravity centre of the cap. There are
6 generalised forces, 3 forces and 3 moments.

The directions of the positive axis are shown in a picture to the right of the input data grid.
Vertical loads (z-axis) are parallel to the direction of gravity, usually. If so, the x —y —
directions establishes the horizontal plane. The respective moment is assumed positive
turning right wise when looking in the respective axis.

In the form, info about sign conventions is given in the picture to the right of the input grid.
This part of the form can be removed when the user has understood the force direction
rules. In case he will return to this form without a clear memory of the direction signs used
the picture may serve as a reminder.

Any number of load combinations can be loaded. The active number is shown at the right in
the control frame below the grid.

The functionality of the Open and the Save buttons, as well as the Status box different
states (green /red ) has bees described above.

Menu bar, the File option
As mentioned above, the File option at the menu bar have a special function. Pressing the
File item, a drop down list is presented, as shown | fig 10.
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E PileCap.exe ver 2.12 uppdate 2007-08-09 / Bredenberg Teknik y =10] x|
File Help &bout

Hew Pile Group ... r

Open Projecct Data Fils ... EXe - analyses a 3-D pile group

Open General Data Fie ...
Open Geometric Pile Data File ...

Open Elastic Pie Data File ... jents are shown. Press the component to be used At 'File' other options are found, a2 for example Save and Open data-files,
Open Cap Load Data File ... shiow the form. To hide the fom, click the icon agan.
Save Project Data File ... Calculated Data

Save General Data File ..,
Save Geometric Pde Data File.., File Plan View

Save Elastic Pie DataFile ... ~ Caloulste— =
[] Stiffness Matix, Flex Matis and Cap Displacements

Save Cap Load Data File ...
e Data
Exit bristants | ! File Loads
1| Pie Displ
@ CapLoad Data m‘J le Displacemsnts

— Loaded data files and calculation status

Calculation flow Project Data Fie : nons
i General Data File : none
1. input general data Geomelic Pile Data Fie: none
2. input geometical data Elastic Pile DalaFie:  none
32 input elastic pile data (sai and pile properties) CaploadDataFile:  PALKOMM RS4 TVA LASTFALL LDA
4, input cap load data
5 calculate Catculation Statve [l
B aszes results - change and re-analyze ;
DOpen Project .. | Save Project ... | ‘
Bredenberg Teknik adress© Trndehvagen 4 phone : +46 708120138
copyright Bredenberg Tekrik 2007 21611 Limhamn  fax:  +46 40970315
i bredenbergteknik s Sweden mail:  hakan tiedenberg@teba.com |

Fig 10.The File Option at the menu bar

From this list it is possible to make the same type of Open/Save operations as described
above.

Any attempt to load an input data file not compatible with the type assumed, will result in an
error alert from the program. It is recommended that input data files are created using
PileCap.exe, and that the input data file are kept in the format used by PileCap.exe.

Calculated data

O k, now the PileCap.exe has got enough info about your pile group. So let us analyse it ;
easiest part of the manual . Jus the press Calculate button between the two frames at the
top of the start6 page.

When you do so, a considerable amount of numerical analysis is done for you. It involves
matrix inversion, pivoting, and lots of number crunching. In case anything goes wrong during
the calculation, an error message is generated. However, if the input data files have passed
the tests the program generates and the pile group is reasonably stable in a physical sense,
the calculation should not raise any error flags. A successful calculation gives a green status
light for the status box at the calculation frame at in the Start form.

Stiffness matrix, flexibility matrix, cap displacements

The primary calculation result is the stiffness S matrix for the pile cap. It is a 6*6
symmetrical, positive definite, matrix containing the forces and moments required to
translate and rotate the cap one length unit for translation and one radian for moments,
respectively. The 6*6 order of the matrix reflects the 6 degrees of freedom (3 translations, 3
rotations) the cap can do. The element Sij of the stiffness matrix is thus the force (moment)
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required to give a translation (rotation) equal to 1 length (rotation) unit. The stiffness matrix is

symmetrical.

& Pile Cap : StiffnessMatrix, FlexMatrix, ControlMatrix and Cap Displacement:

StiffnessMatiix [S]

Element Sij means force (kN) in drection 1 conesponding to cap displacement = 1 m in drection | Also moment [KMm] in rotation-direction T giving rotation = 1 rad in rotation-drection . | numibes of decimals ITj I

i=1 i=2 i=3 i=d4 |i=5 |i=6 |
i=1 BZ0E7, 4249136844 2,85355060755692E 03] -21755 B441307853| 15700 5583550738 -2Ha7 A7 B33633538 6178 57449343533'
j=2 2.86355060755692E-03 HEPE3 3011448462 1329 7727 G005 156733.030582438 1047 BEEE0497 76 2452 4501 6958659
=g -21755. 6441907353 11323 7723160028 20196139.27334147| -211373 437715569 -107557 162195308 -4B52 EFOE0410219
= 15700 5503390738 158733 030532435 -211373 437715563 1265245 30035552 125523 33397 2586 GY36T E51 2644782
= -256?8?.8998335&{ 11047 88868457 75| 075571621 36208 125523 335972555 2428032, 21424029 -46E45.991919891
= 5178 F7446043559 2452 48016568655 4552 670:30410213] 59367 6512644752 4564555131 3591 | 43015 8515965638]
Flexibility Matriz [S1]  (Inverse of Stifnasehatnia)
i=1 li=2 |i=3 i=4 i=5 i=B
=1 40817373201 3656E 05/ 2 JETSEZEE]E]ES]E-@} £ 3165896111822 07 -2 45732336900487E-07 AN ZEFEN551E-06 -7 S0E27IE5361032E-07
i=2 ' 467902059361861E-06 5 50391543731 707E-05 -3.83324005316521E-07 -7 25376044651 937E -06  F240ERE2S023TE-0T 5 905433069561 96E-06
j=3 31658961118282€ 07 -3 83324005816522€ 07 4.9991 33001567 14E-07 1. 3719249201651 6E-07 | Z2E0RE0A 293523 08 -9.055000887931 31E-08
i=4 -2.45792336300486€ -07 | -7. 26376044661 338E 06, 1.3719243201651EE-07 1510503603527 35 06 438272271357 21E-03 -1 7797731 7244849E-06
i=5 4.31126776411551E-05) 2324086525202305E 07 9 22026004233524E-00 6430272271 5714E-09 | 7ES971 7AZE2THE-07 2.84051 7381 88889E-07
1= -7, 90E2796E361036E 07 5 906483069561 36E 05 -9 086000857531 256 -08 -1.7797TE1 724484598 06 2840517, "?l 226241924927 75E-05
IS = 1I5] Matnx check multiply. Rezuk zhal ba identty matix [1] [ diagonal elementz =1, other elements = 0. devistions are dus to tuncation enars)
i=1 =2 i=3 i=4 i=5 i=6
=1 1 -1.2214215099407E-17) 5.93346579551637E 19| 2.227696651 27881E 19 141114630221 382E-17] -1.34308544116642E17
=2 8466341 34075333E-18 1 1,97 757 046893258E 18 -2 7797927 2629916E 17 2 0361 0838652173E-18] 1.458251521933€-17
=3 -1.7EESTEO4665450E-16 1.2146960683395E-16 1 -3.554531 64502051 18] -1.59904997 J65035E 17| 3.272935308193062E18)
=4 -7 1184542587251 4E17 -B.711554455921 03E-16| 2819899736351 B5E 17| 1 5.19570003845735E -15] -5.0740EBT6723216E-17)
=5 9 84320047 527 TE-TE 2.341 334591 48245E 16| 330800247 220634E 17| -1.84111081415195E17 1 -8.56519716263543E 181
=B 311020432231 779E-18 14291 265064436 2E17) 1.52169458974235E 18] E.261 2675461 0375E 15§ E.31039545704454E 121 1
Cap displscemerts {u} = [ST1{F}  Cap Inad vectar 61 = {F}
Laattall # [mm] ' [mm] 2 [mm] rot [rad*1000 rott’ [rad*1000) | o2 frad*1
1 1.530521 61780436 AR 30 1.004311082B0476 0.487078377706861 0622130251637262 B.5571 232255667 4E 02
2] 1.26331 792223650 0. 8011633042 0.99983060031 3428 0.274304504033031 0.184565360858705 018192001 7750526

Fig 11 Stiffness matrix, flexibility matrix and pile cap displacements

The stiffness matrix is made visible by clicking the Stiffness button on the Start form. An
example is shown in fig 11.

Below the stiffness matrix on this form, there are also the flexibility matrix, the check matrix
and the cap displacements.

The flexibility matrix is the inverse matrix S "L of the stiffness matrix. The check matrix is

calculated by the matrix multiplication

-1

S S

which shall yield the 6*6 identity matrix I, in which all diagonal elements are equal to 1 and all
others 0. A look at figure 11 shows that the off diagonal elements of the check matrix are not
really zero, but instead something like 10 © to 10 19 The reason is truncation errors, since
real number multiplication is carried out using a limited nu mber of digits. However, a number
that small is in most pile cap calculations something that can be considered zero.

As can be seen from fig 11, the results are given with lots of decimals. In order to make grids
presenting the output easier to read, the number of decimals can be decreased using the
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up-down button at the upper right corner of the form. For example, letting the number of
decimals tick down to zero gives the example shown in fig 11 the following look :

w. Pile Cap : StiffnessMatrix, FlexMatrix, ControlMatrix and Cap Displacements =10] x|
StiffnessMatriz [5] E |
Element 5§ means force (kM) m diection T conesponding to cap displacement = 1.m in drechon . Al it [kml in rotabon-diechon 1 gving =1 rad n rotahon-drechon 7, _fElltEd?C!“_ﬁk_'T_j_

i=1 i=2 i=3 i=d [i=5 i=b
i= 52067 0 -2 756 15701 -255788 6179
i= 1) 36793 -11330) 158733 -11048 2452
j= -21756 -113?@ 2096139 2113734 107557 -1653)
i=4 157m 158733 211373 1265245 4126523 59368]
i=5 255784 11048 107557 125623 2420032 -4E846)
i=6 179 2452 -4E53) 59368 -4EB46 ETE
Flexibility Matrix [S1]  (Inverse of ShifnessMatix)
i=1 i=2 i=3 i=4 i=5 =6
0j 0| 0 0 0j 0|
0 1]
[ [
[1] 0|
= 5 0 0|
=5 0 1]
15'1 1181 Matre check mulliphy. Resul shall be entity matis [1] [ dagonal elements =1, other elements = [ devistions are due to nuncation erfors].
=1 i=2 =3 i=4 i=5 i=6
i= 1 [ [ 0]
- [1] 1 [i 0]
[ i 1 0]
0| 0 0 0|
1] 1} 0j 0j 1 0
(L] 0 [t} 0 0j (1] 1
Cap displacements {u} = [ST1{F} Cap load vector 61 - {F}
Lasttal % {mem} ¥ [mm} 2 [mm) rof [rad*1 000 rof’ [rad1000) 1ot [rac 1 000]
1 1 -1 1
F 1 f] 1 0 [ i

Fig 12. Same as fig 11, but with zero decimals

In the 3:d grid, the check matrix, it is now seen that the diagonal elements are all 1 and the
others zero. However, information about the elements of the flexibility matrix (not often
required, though), and the pile cap displacements require more decimals than zero in order
to find out actual values. This is easily done with the up-down button up right.

The last grid shows the translations (millimetres) and the rotations (radians) of the cap. The
values are calculated as

ur=s R

where {F} is a column vector holding the forces (F1, F2, F3) and the moments (M1, M2, M3)
acting at the cap origin. As for the grids above, the numbers of decimals shown are set by
means of the up-down button at the upper right corner of the form. The first column of the
grid gives the number of the load case corresponding to the loads and displacements.

Pile loads, pile displacements

Next two calculation-show buttons that can be clicked at the Start Up form makes the pile
load grid and the pile displacement grid visible, se fig 13 and fid 14. Again, the number of
decimals can be set by an up-down button situated upper right. Note that the moments and
the rotations for hinged pile-cap connections are 0, as in the figures shown.
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In the pile force grid, the maximum and the minimum axial force are shown in bold red and
bold blue font, respectively.

i
= i ted test = maimum axdal pile load . N
Pile Loads - forces (kM) and bending moments [kNm) | mh*-mMaﬂ:km e S lTj|
LoadCaze | pile @ | Fu kN Fy. kN Fz. kN . kNm My, kNm Mz, kNm -]
1 1 0.0000000 0.0000000 46 9592532 00000000 00000000 000 |
1 2 0.0000000 0.0000000 13.8340653 0.0000000 00000000 0000
1 3 00000000 0.0000000 1933484524 00000000 00000000} 0000
1 4 0.0000000 0.0000000 263 2968558 0.0000000 00000000 00010
1 5 0,0000000 0.0000000 31761214 00000000 00000000 0000
1 3 0.0000000 0.0000000 368 3302584 00000000 0 D000000 000
1 7 0,0000000 0.0000000 1773517415 00000000 00000000 0001
1 8 0.0000000 00000000 148, 3697006 00000000 00000000 0000
1 3 0.0000000 0.0000000 422 4350475 00000000 00000000 0.000
1 10 0.0000000 00000000 3104318916 0.0000000 0 0000000 0000
1 0,0000000 0000000 166.2396689 0.000000C 00000000 0000
2 0.0000000 000000 155 3356178 01000000 010000000 00001
3 0.0000000 00000 264 2154495 01.000000C 1000000 0.000
4 0,00 00000 155.1293448 0.00000¢ 1000000 .00
5 [T 00000C 197 2229501 0.00000¢ 11000000 .00
[ 000000 Q0000C 206 250003 000000 0LO00000C 0008
7 0000000 0000000 247 5638322 00000000 0.0000000 0000
g 0000000] 0000000] 1341058385 0.0000000] 0.0000000] 0.000
9 DUUWU! 0000000] 281 323325! 0.0000000] 0.0000000] 0000
] e e _ LJJ

Fig 13. Pile reaction forces and moments (at the pile-cap interface)

& Pile Cap : Pile Displacements

=101

File Displ (mm) och trad*1000) ruanbes of decimals:| 2 =
lastiall #] 2, mm ., mrm, kN Z.mm Peack, rad™1 000 “¥-not, rad™1 000 Z-tot, rad™1000 ﬂ
1 1 1.93298228477667 -3 9665481160048 0. 214719350474373 1] 0 0
1 2 1, 88607532112483 -3957E6047169199) 632555997141 7855 02| 0 1] i
1 3 1.6883735722003 -3 9BEE54 7932507 (08240807151 27865 0) 0 0
1 4 3.847301 73027533 1.83392622090811 1.20391 808759087 1] 0 0
1 5 4125441 51035257 -1.82894111082858 0173131785103075 1] 0 0
1 3 3 81442829025342 1.94246247555035 1. 541 8042236706 0 1] 0
1 7 -4 32N 2282045813 1. 8228439470616 (0510936175051 846 1) 0 0
1 g -2 2008531 721 4136286668501 39 0.6784165549617) 1) 0 0
1 3 1.67451120150133 -4 1461 3708046633 1.53157314812329| 0 0 0
1 10 -2, 34411524455805 A4 12709257618798 1.4194416E240633 1] 0 0
2| 1 0.97453431 0247075 1. 00496344204225 (0 7E2865427118905) 0) 0 0
2| 2 1.24876432061589 1030432037 38305 0.710268028345663) 0 0 0
2| 3 1.14716633012141 -1.004363453100533 1 Z0607247135345) 1] 0 0
2| 4 0.B7331 341661442 1055589 7E7E2142 1] S31316] 1] 0 0
2| 5 -1.08277987185028 1 4070346552022 0501 79653564 226 0) 0 0
2| B 0.4818256790E7955 1.07594021038559 093350024 3636211 0) 0 0
2| 7 -0.93401 7426041508 -1 4058535042439 1.13197511365554) 1] 0 0
2| 8 -1.238961 01715748 0 535609686057542 0 613195420303934) 1] 0 0
2| 9 1.27596907 2383485 -0 5021586415794 1285616061 29576 0) 0 0 ;I

Fig 14. Pile translations and rotations (at the pile -cap interface)

Like the input data forms, a warning is given if the user presses the close button for any of

the forms presenting calculated data. Should however an unintentional close be done, this is
not critical, since the calculation can be repeated just by pressing the Calculation b utton on
the Start form again.

Equilibrium check
On screen there are a lot of pile loads and pile top displacements displayed. How do you
know they are accurate? Well, actually you ca’nt unless you get some support. If there are
huge and obvious errors it's safe to conclude the calculated data are not reliable. But if there
are errors say 10 — 30 %, it's generally not possible to figure out something is wrong.
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The stiffness matrix, the flexibility matrix and the calculation of the product of these will give
one indication of the reliability of the results displayed. The fact that the matrix inversion was
possible to carry out means that the pile group analyzed is stable from an engineering point
of view — that is, there is no direction in the cap coordinate system where a infinitely small
force (moment) will give a huge (unlimited) translation (rotation).

Further, as a check maybe easier to understand, an equilibrium check is made, se figure
15.. All the calculated forces and moments at each pile top are rotated into the cap
coordinate system and the corresponding force and moment at the cap origin is calculated.
The contribution from each pile is accumulated, and when all piles have been calculated this
way, the sum is compared to the loads applied to the cap. The difference is calculated and
presented. An example is shown in fig 15.

01X
Input Cap Loads and Moments
LoadCase Fx. kN | Fu.kN Fz. kN M. kNm | My, kMm Mz, kNm
LasiFal & -75.00) -38.00) 1940.00) -264.00 902.00 0.00
LasiFal B 0.00) 0.00) 2000.00 0.00 0.00 0.00]

Back Calculated Cap Loads and Moments (= sum of pile reactions moved 1o cap origin)

LoadCase Fx. kN Fly. kN Fz. kN My, kNm W'y, kNm [ Mz ENm

LaziFal & -75| -98| 1340 -2B4 o902 1.4210854715202E-14
LaziFal B T105427357B0ME-1S) 3 33462186793935E-14 2000] O.52651 26091 212E-14)  -1.13686037721616E-13 0
Difference = abs[Given] - abs[Back Calculated ]

LoadCase Fx-Fx kN Fy-Fy kN Fz-F'z kN b - M'% . kNm by - My . kNm Mz - M'z . kNm

LasiFal & -2.8421709430404E-14 0j 0| 0 2.27373675443232E-13]  -1.4210854715202€-14
LaziFal B 7105427357601E-15) -2 33452188733935E-14] GE2121026329696E-13)  -8.5265128291212E-14]  1.13686837721616E-13 0

Fig 15. Equilibrium check. Cap Loads, back calculated loads and differences.

Form fig 15 it there are errors in the magnitude of 10~ -14 or less. This is pretty close to
zero, which is the correct value of course. For engineering purposes such a small resulting
truncation error means that the results of the calculation are validated. The reason exact
zero is not obtained is that the computer uses a limited number of digits doing the math.

The double precision math, and the numerical method used a re very powerful when dealing
with marginally stable pile groups. If you are interested in testing the abilities of PileCap.exe
in this respect, you will find that un unstable configuration of piles ( as for example only a few
vertical piles with hinged connection to the cap) cap be analyzed applying only a very small
soil support to one of the piles in the group.

A division by zero situation ( e g a horizontal pile) can not yield a result, by there will be no
crash to your desktop, and the error messages are not intimidating. Not by purpose, anyhow.

The results of the equilibrium check are displayed by pressing the Equilibrium Check button
on the Startup form.
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Pile Cross Section capacity check

When the axial load and the bending moments at the pile top has been calculated, it 's time
to check whether the pile cross section can take these load effects. Usually, this is checked
using an interaction formula,

Ns/Nd + Ms/Md <=1

where

Ns = axial load

Nd = axial load capacity

Ms = bending moment acting together with the axial force
Md = moment capacity

Usually reduction factors are added in order to consider local buckling and other effects
affecting the bearing capacity of the cross section. However, the basic formula for a section
subjected to both a normal force (for piles usually a compressive force) and a connected
bending moment is the one shown above.

For a 3D pile group, the individual piles will usually have bending moments in three
directions, two bending moments Mx and My acting around the two horizontal axis’s x and y
respectively and a twisting moment Mz. The moment Ms to feed into the interaction formula
is the resulting moment from Mx and My, that is

Ms = sqr(Mx"2+My"2)

That is, the resultant of the two moments if they are looked at as vectors, se fig 16.

Mx
'

M'y'\

Ms:\‘\_llxz + My2

Fig 16. Resulting bending moment from Mx and My

The influence of the twisting moment Mz must also be considered when the cross section is
checked. The moment Mz gives shear stresses in the section. These stresses are combined
with stresses caused by compression/tension and the other two bending moments. National
building codes have rules how to take such situations into consideration.

PileCap.exe has a facility to make the calculation of the necessary pile cross section
capacity. This option is activated by pressing the Cross Section button on the Start Up form.
A new form is the “displayed, se fig 17.
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[ frmPileCap_PileCapacityCheck _|ol x|

. Fx ‘ Pile cross section capacity:  Nd = aial capacity, kN Md = mament capacity, kNm |
‘ Hmax -\/FHZ* sz Mmax -‘/Mﬂ2+ My? Nd.kN =| 410.00 Md, kNm = | 50.00 W | ‘
LoadCase | Pilernr [ Hmax kN M. kN max, kNm N/MNd b /M d M/MdeMMd | Pile ID LoadCaselD
1 1 0,00 46.96 0,00 011 0,00 0.11) rrd LastFall A
1 2 000 13.83 0,00 0.03 0.00 0.03] wertikal 1 LastFall A
1 3 000 193.35 0,00 0.47 0,00 047 nr 2 LastFall A
1 4 0,00 263.30 0,00 0.64 0.00 0.64] nr3 LastFall A
1 5 0,00 3918 0.00 0.10 0.00 0.10] nr 4 LastFall A
1 E 0.00 368.33 0.00 0.90 0.00 0.90] ne & LastFall A
1 7 0.00 177.35 0.00 0.43 0.00 0.43] nr b LastFall A
1 8 0.00 148.37 0.00 0.36 0.00 0.36] i 7 LastFall A
1 9 0,00 422,44 0,00 1.03 0,00 1.03( vertikal2 LastFall A
1 10 0,00 30,43 0,00 0.76 0,00 0.76] nr 8 LastFall A
2 1 0,00 166.84 0,00 0.4 0,00 0.41) rrd LastFall B
2 2 0,00 155.34 0,00 0.38 0,00 0.38] wvertikal 1 LastFall B
2 3 000 264.21 0,00 0.64 0,00 064 nr2 LastFall B
2| 4 0.00] 18513 0.00 0.45 0.00 0.45) nr 3 LastFal B
2 5 0,00 197.22 0,00 0.48 0,00 0.48] nr 4 LastFall B
2 B 0,00 205.25 0,00 0.50 0.00 0.50] ne & LastFall B
2 7 0,00 247.56 0.00 0.60 0.00 0.60| nr b LastFall B
2 8 0.00 13411 0.00 0.33 0.00 0.33] ne ¥ LastFall B
2| 9 0.00 281.38 0.00 0.69 0.00 0.69] vertikal2 LastFal B
2] 10 0.00 204,49 0.00 0.50] 0.00 050 rr 8 LastFall B

Fig 17. Pile cross section check form. The capacity of pile 9 seems too low (red).

On this form, the values of resulting bending moment Ms, as outlined above, is calculated.
Then the interaction quotient is calculated. If >= 1, it is displayed in red. The value is
calculated for every pile in the pile group and also for each load case. The capacity values
Nd and Md can be input to boxes above the grid, se e fig 17. The calculation is invoked by
pressing the UpDate button. A status box displays red when a change input data of Nd or Md
ahs been made and an Update calculation is to be done.

In case a value >1 is displayed, the capacity of the pile section must usually be increased. In
case of a steel tube pile, this can be accomplished by increasing the diameter and/or the wall
thickness of the tube, for example.

Further cross section examination

The horizontal forces Fx and Fy at the pile head will cause a bending moment in the pile at
sections below the pile/cap interface. The resultant of these two forces (Hmax) is calculated
in the same manner as for the bending moments, that is

Hmax = sqr(Fx"2 + Fy"2)

See also fig 16. The resultant Hmax is calculated in PileCap.exe and displayed in column 3
on the form shown in figure 17.

The bending moment at the pile top will decrease downwards the pile, whereas the bending
moment from the horizontal force Hmax will increase downwards until a peak | reached, and
after that the moment will decrease. The value of this moment depends on the soil and the
pile properties. The two bending moments will interact and a maximum is reached at some
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depth. This is the section of peak interaction factor. The shear is zero where the bending is
max.

Note also that the interface section between the pile and the cap must be analyzed taking
the shear Fs on the stresses into account, together with the stresses caused by the resulting
bending and the twisting moment and the axial force. In practice, this can be difficult to
validate for some types of piles.

This dilemma is sometimes ‘solved’ by assuming that the piles are ball point connected to
the cap, and thus no moments will occur. Further the influence of the soil is neglected. With
these assumptions, the piles are loaded by an axial force only, making the analysis easier to
carry out. Considering that both numerical models and calculation tools are ¢ ommonly
available, such an over simplification appears hardly justified. There is no longer any reason
to treat piles different than other structural members for building structures , as far as
analysis of structural issues are considered.

A closer look down along the pile

In order to simplify the calculation of the peak bending moment, the option “Pile Bending
Moment” is given in the Cross Section Analyse form shown in fig 17. The bending moment
down along the pile is made, se fig 18. The calculated bending moments are assuming the
pile acts as a beam in an semi infinite elastic surrounding.

Fig 18 Bending moments caused by a moment and a horizontal force at the pile top

The resulting horizontal force and the resulting bending moment are assumed to act in the
same vertical plane. The corresponding bending moments are shown in figure 19. These
results ca be used for design of pile groups and other engineering structures possessing
same characteristics as a pile group, a for example elements bolted together in order to
avoid welding.

Modifying Input data

When an calculation run has been made, modification of input data, as for example
additional piles, changing cap load data, changing pile and soil data, and so on can be
analysed without saving any data. Bring up the form(s) where the changes are required, hit
Enter to get rid of any yellow grid markers, and make a new calculation. Used this way,
PileCap.exe is a very powerful design tool.

Presentation of results. Distribution of results from PileCap.exe.

In order to print out data on paper, or sending them to some application converting data into
Adobe pdf-format for mailing them somewhere, the use of some application taking care of
information on screen is assumed.

One solution not demanding any software other than components supplied with a standard
Windows installation is as follows:

Bring up the forms to be printed

Press the PrintScreen command.

Start Paint and press Paste to copy the screen image to the Paint canvas.
Cut the part you are interested in of the pasted image

Start new, don’t save, and paste. The copied part will appear alone.

Print, mail, and store the image, as required.

oakrwppE
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In order to make a pdf of the image, you need a pdf-converter. Many freeware such
applications ca be found for free on the internet, or be purchased from Adobe in case you
will go for the full functionality of the pdf-file format.
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