Benchmarking Traditional PTI Design
Against Advanced Finite Element Method

on a Ribbed 40x70 Slab-on-Ground and
Design of a Wafflemat Using FEM Approach

Florian Aalami Anna Olveda

PT-Structures L X X WAFFLEMAT
X

POST-TENSIONING

CONVENTION i




ENGINEERING

GISTERED CONTINUING EDUCATION FROGRAM

RE

“The Post-Tensioning Institute has met the standards and
requirements of the Registered Continuing Education Program. Credit

earned on completion of this program will be reported to RCEP at

RCEP.net. A certificate of completion will be issued to each participant.
As such, it does not include content that may be deemed or construed

to be an approval or endorsement by the RCEP.”

POST-TENSIONING

CONVENTION

April 30 - May 3, 2023 | Miami, FL, USA



Copyright Materials

This educational activity is protected by U.S. and International copyright
laws. Reproduction, distribution, display and use of the educational
activity without written permission of the presenter is prohibited.

© Post-Tensioning Institute, 2023

POST-TENSIONING

CONVENTION

April 30 - May 3, 2023 | Miami, FL, USA



Learning Objectives

At the end of this presentation, you will be able to...

e Assess differences between traditional PTlI and FEM design methods for
slab-on-ground foundations

 Understand FEM design approach
 Evaluate a Wafflemat design

 Confidently apply FEM-based design method to non-traditional slabs

POST-TENSIONING

CONVENTION

April 30 - May 3, 2023 | Miami, FL, USA



Demand for cost-effective
and well performing
foundations on expansive
soils is very high, however,
the existing PTI method of
design is very restrictive
and does not allow for the
implementation of
innovative foundation
solutions.
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N
Existing Design Methodology Extremely Limited

* Prescriptive and not performance-based

* Limited to rectangular shapes

* Overly conservative — worst-case rectangle governs

* Maximum allowable difference in beam depths not greater than 1.2
* Moment calculation discontinuity for Center Lift e > 5 ft

* Is not set up to analyze and check any other configuration...
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L
PTISlab 3.5 Software Limitations

The PTI design method has been implemented by many companies using their own
spreadsheets. For our comparison, we chose PTISlab 3.5 as one of the commonly used and
commercially available implementations of the PTI design method.

 Can only model rectangular slabs
e Cannot model beams spaced closer than 6 ft apart
* No flexibility in tendon profiling or placement

* No flexibility in detailed load modeling
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An alternative design
approach needs to be
accepted so that new,
innovative solutions can be
evaluated and approved.
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| PTI Journal Industry News |

SLAB-ON-GROUND ALTERNATIVE DESIGN
(SOGAD): A BLEND OF ART AND SCIENCE

By

We are not the first to
recognize the need for a O ¢ Sronan DS AP
more flexible and
improved design
methodology.
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Leveraging Capabilities of Advanced Finite Element Analysis

A finite element analysis may be performed in lieu of
the specific structural design formulas and procedures
for slabs on expansive soils presented in this chapter.
The finite element model should consider the interac-
tion of the concrete foundation and the soil (see 1.2).
The expansive characteristics of the soil should be
established using the criteria specified in Chapter 3.

PTl Section 6.1.13
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N
Agenda

* Detailed comparison of PTISlab 3.5 vs FEM design for ribbed 40 x 70 slab
e Parametric study of different soil conditions

* Proposed desigh method using FEM

* Use of new design method to check and design 40 x 70 Wafflemat slab

* Concluding remarks
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N
Outline of Design Procedure using GTK PTISlab Software

- Soil bearing pressure check
- Based on Load/Area
- Center lift design checks
Bending stress
Stiffness
Shear stress
Cracked moment capacity
- Edge lift design checks
- Bending stress
- Stiffness
- Shear stress
- Cracked moment capacity
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40x70 Foundati

Project

PVR 4.5” with a 2ft embedment depth

Center Lift
1.5

6.7

Edge Lift
3.5
2.1

Edge Moisture Distance, ft (em)
Differential Soil Movement, inches (ym)

Select Soil Parameters:
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N
PTISlab 3.5 Input Data: Ribbed Foundation Analysis Model

[ 40.00 FT x 70.00 FT x 4.00 Inches ]

Slab Dimensions :

Material Properties Soil Properties

Concrete Strength, f'c: 4,000 PsSI
Tendon Strength, Fpy: 270 KSI - .
Tendon Diamater - p 172 Inch Allowable Bearing Pressure : 1,500.0 PSF
Center Lift Edge Lift
Material Quantities Edge Moisture Variation Distance, em : 6.70 Feet 3.50 Feet
Concrete Volume : 69.8 Cubic Yards Differential Soil Movement, ym: 1.500 Inches 2.100 Inches
Prestressing Tendon : 1,392 Linear Feet
Number of End Anchorages : 52
L Load, Deflection and Subgrade Properties
In the LONG direction ...
Type | Beam Type Il Beam Slab Loadin
; . =lab Loading
Quantity of Beams : 2 3 Uniform Superimposed Total Load : 40.00 PSF
Depth of Beams : 28.0 Inches 24.0 Inches Total Perimeter Load - 120000 PLF
Width of Beams : 10.0 Inches 10.0 Inches ' ! '
Tendons per Beam : 1 1 Stiffness Coefficients
Beam Tendon Centroid : 2.25 Inches 2.25 Inches Center Lift : 480

Edge Lift : 960
Beam Spacing : 10.00 Feet O.C.

Prestress Calculation

Number of Slab Tendons : 5 Subgrade Friction calculated by method prescribed in PTI Manual

Slab Tendon Spacing : 9.00 Feet O.C.

Slab Tendon Centroid : 2.25 Inches from top of slab Prestress Loss - 15.0 KSI
In the SHORT direction ... Type | Beam Type Il Beam Subgrade Friction Coefficient : 0.75

Quantity of Beams : 2 6

Depth of Beams : 28.0 Inches 24 .0 Inches

Width of Beams : 10.0 Inches 10.0 Inches

Tendons per Beam : 1 1

Beam Tendon Centroid : 2.25 Inches 2.25 Inches

Beam Spacing :
Number of Slab Tendons :

Slab Tendon Spacing :
Slab Tendon Centroid :
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N
PTISlab 3.5 Analysis Parameters: Ribbed Foundation Analysis Model

Short Long

Direction Direction
Cross Sectional Area (Inchz) ) 5,053 3,010
Moment of Inertia (Inch?) : 245,897 161,491
Section Modulus, Top (Inch®): 39,560 24,203
Section Modulus, Bottom (Inch3) : 12,977 8,441
Center of Gravity of Concrete - from top (Inch): 6.22 6.67
Center of Gravity of Prestressing Tendons - from top (Inch) : 12.58 12.90
Eccentricity of Prestress (Inch) : -6.37 -6.23

[ Beta Distance (Feet) : 11.55 10.40 |

Equivalent Beam Depth (Inches) : 25.16 25.80

Note: All Calculations above and other reported values which
depend on depths use the equivalent depths as shown above.

Jacking Force : 33.06 KIPS
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3D Finite Element Ribbed Foundation Analysis Model
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3D Finite Element Ribbed Foundation Analysis Model

s
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Line Load Magnitude
Load Case: All
Direction: Fz

Dead load; 1.200 k/f

Patch Load Intensity
Load Case: Live load

0.040 ksf, 2846 ft2
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N
PTISlab - Soil Bearing Analysis

* Assumes uniform soil support
e Equally distributes all load to supporting soil
* Max pressure on soil 163 PSF << allowable 1,500 PSF

Soil Bearing Analysis

Total Applied Load 385,266 LB
Bearing Area 2,367 FT?
Applied Pressure on Soill 163 PSF
Soil Pressure Safety Factor 0.00
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FEM - Soil Bearing Analysis

Slab, Stress (contour map), Soil pressure (Psf)

Load Combination: Service(Total Load) (SERVICE_TOTAL_LQAD)
Max -51.07@(87.90, 15.15, 10.00)
Min -1248.50@(68.02, 70.40, 10.00)

e Assumes uniform soil support 508s

-210.72

* Max pressure on soil 1,249 PSF < allowable 1,500 PSF 7038

-450.21
-530.04
-609.87
-689.70
-769.52
-849.35
-929.18
-1009.01

Min -1242.50

-1088.84
-1168.67
-1248.50

Deflected Shape
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L
PTISlab — Effective Prestress Calculations

» Effective PT force/tendon at Beta distance
* Short direction

e 22.93 kips
* Long direction
e 23.58 kips
* We assume the same valued in the FEM model
Prestress Summary
Subgrade Friction calculated by method prescribed in PTI Manual
Short Long
Direction Direction
Number of Slab Tendons 8 5
Number of Beam Tendons 8 5
Spacing of Slab Tendons (Feet) 943 9.00
Center of Gravity of Concrete (from top of slab) (Inch) 6.22 6.67
Center of Gravity of Tendons (from top of slab) (Inch) 12.58 12.90
Eccentricity of Prestressing (Inch) -6.37 -6.23
Minimum Effective Prestress Force (K) 323.5 163.7
Beta Distance Effective Prestress Force (K) [ 3668 2358 |
Minimum Effective Prestress (PSI) 64 94
Beta Distance Effective Prestress (PSI) 73 78
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FEM — Effective Prestress Calculations
Exact same PT force applied to FEM model as in PTSlab.

Manual Design Sections, Actions, Axial (Kip)
Load Combination: Effective PT (NO_CODE_CHECK)

Tension positive
. . Slab, Stress (contour map), Mid-depth along YY (Psi) Max: -235.80
Slab, Stress (contour map), Mid-depth along XX (Psi) s . =
Load Combination: Effective PT (NO_CODE_CHECK) b;idegc’c’)‘l%‘fgg’g;‘Eg%‘;"\qeoFE)TogNo-CoDE_CHECK) Min: -343.95
Max 86.64@(93.57, 70.90, 10.00) ax . 54, 0.02, 10. -
Min -149.32@(96.65, 0.02, 10.00) Min -165.99@(68.02, 56.95, 10.00) ;
65.04 : !
86.64 j
= 49,64 .
o ; iz | 2358(K
39.45 ;8433 = _ 1
i
000 T -11.97
774 -27.38
5347 4278 i
3920 58.18 FEM has one
54.93 -73.58 )
70,66 8898 ° less tendon in
86.39 70,66 -104.39
102,12 C -119.79 . .
s [fess | 13819 S long direction
13358 § -150. 5
149.32 SN -165.99 S I
ol 1 .
/\)\/\ Effective prestress: 34178,
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/ —sg 349:95,(K)
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.98 | | - B
~I066 ///7
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Center Lift Mode

PERIMETER PERIMETER
LOAD LOAD

1
INITIAL MOUND SHAPE
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PTISlab — Moment Analysis — Center Lift Mode

Moment Analysis - Center Lift Mode

Maximum Moment, Short Dir| (calculated with Em=5.0 per PTI 4.3.2) 10.10 FT-K/FT
Maximum Moment, Long Dir.|(calculated with Em=5.0 per PT1 4.3.2) 9.62 FT-K/FT
Tension in Top Fiber (KSI) Compression in Bottom Fiber (KSI)
Short Long Short Long
Direction Direction Direction Direction
Allowable Stress -0.379 -0.379 Allowable Stress 1.800 1.800
Actual Stress -0.167 -0.150 Actual Stress 0.307 0.301

POST-TENSIONING

CONVENTION

April 30 - May 3, 2023 | Miami, FL, USA



FEM- Center Lift Mode — Analysis Method

To simulate Center Lift Mode, soil support is removed the distance of em (5ft) from perimeter of slab.

Slab, Deformation, Z-Translation (in)

Slab, Stress (contour map), Soil pressure (Psf) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
//\ Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Max 0.06@(87.92, 50.45, 10.00)
/ Max 0.00@(76.18, 69.56, 10.00)

Min -0.60@(108.02, 70.90, 10.00 .
Min -5003.55@(104.63, 66.75, 10.00) " el ) =0:60in
0.08 ™~ <060
0.00 0.01 =y
-333.57 0.00 I N
667.14 -0.03 4_3 A7ine ] _“\:\
-1000.71 -0.08 b H i
-1334.28 -0.12
-1667.85 -0.16 ( /\7,)\ w
-2001.42 -0.21 4 ! 5
-2334.99 025 / N
-2668.56 -0.29
-3002.13 -0.34
-3335.70 -0.38
-3669.27 -0.42 /( /M o
: -4002.84 -0. T | i Tt
%Q'Tllédqg&g.&t; -4336.41 o8
LIS LBETE,S | 2o89.98 0.5 Uncracked
[emj=I5TH 50035 oc0 Deflection
L} < ) < /\ J\ > ) !
, i\:\wﬁ--ﬁ)_ﬂﬂin
7 7 (0151 &\ﬂ\ % ——
-0:5/1in =
L i )
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N
FEM — Moment Analysis — Center Lift Mode

Design Sections, Actions, Bending (Kip-ft) Design Sections, Actions, Shear (Kip)

Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)

Max: 237.41 Max: 184.48

Min: -954.03 Min: -188.22 //\
: 11,

T 5 1 Maximum

- 1 moments and
2 | shears don’t
-, coincide with
Beta distance.

Moment Dis_tribglgon I
¥ S_he_ar'Distribu[t‘i’gn

999999

\\\\\
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FEM — Moment Analysis @ Beta — Center Lift Mode

Stresses @ beta distance pass.

Manual Design Sections, Actions, Bending (Kip-ft) Manual Design Sections, Stresses, Top (Psi) Manual Design Sections, Stresses, Bottom (Psi)

: ' . Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Tg:sile z:’;eg‘:;g;mvzr"'ce( otal Load) ( - _ ) T e rore oo ( )( _ _LOAD)
Max: -633.62

in: -808.10 - Nin: 245 d Mim: 863,11
M / /\ Manx 2‘145375521 /_/,\ Max: 1116.20 /ﬂ

PTISlab Moment is ! ; —— L
404 FT-K

PTISIab Moment | { -
is 673 FT-K .

A

| qes2euERK | [ 0:2447KS| [ 1:126/KS|

fit T i T T 1
M ‘ ’\
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N
FEM — Moment Analysis @ All Sections — Center Lift Mode

All slab stresses are within allowable limits if integrated over entire slab width.

Design Sections, Stresses, Top (Psi) Design Sections, Stresses, Top (Psi) . . i Design Sections, Stresses, Bottom (Psi)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Design Sections, Stresses, Bottom (Psi) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Tensile stress positive Tensile stress positive Loadl Comblnatlon; Sewlce(TotaI Load) (SERVICE_TOTAL_LOAD) Tensile stress positive
Max: 262.66 e Max: 262.66 Lensﬂ;ﬂasggss positive Max: 18.25
Min: -79.09 1 = Min: -78.09 "’\ ax: 18. ot Min: 117813
f R 7 Min: -1178.13 AT TR "
e — | ( ™
o e |
drss
TohStress '\\ Bottom|Stress Bottom;Stre
-
\

{
1!
\

|
|
’

EpLE= =<l ||| M [
I

. AT emn| || /b
l
E
p:
y:
JIQ
| L | | —F
]
| ] | I
- L= AN N An
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N
FEM — Moment Analysis @ Detailed — Center Lift Mode

FEM can provide more detailed and localized stress distribution, a useful guide for added rebar placement.

Design Sections, Stresses, Top (Psi) Design Sections, Stresses, Top (Psi) Design Sections, Stresses, Bottom (Psi) Design Sections, Stresses, Bottom (Psi)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Tensile stress positive Tensile stress positive Tensile stress positive el Tensile stress positive
Max: 5231.48 Max: 5231.48 Max: 97.12 Max: 97.12
Min: -125.18 Min: -125.18 Min: -5404.07 Min: -5404.07
,f 7 ) . . I ] .
= \ =T m[mr i o | B e L
ToprStress g [~ —
. - a . 3 a - SRLEEREEEA £y "CO0E0 213854 B 00 5 LA D S - — i
= . 208 (04842121 foar] | C— T - o - B zes = et
O o, = - = - aee - = “T7IEE Sk s
Top.Stress = ) ] - = Bottom|Stress ] ) ] -
) = = ) - i ) - b el T S S P T = L | | ol | | it e ||
7 ) b139 J7an |3.2044E3E00108 IS 5254 A BE|EATE NS4 E8TE praa o, O ad ado o ey E— - -mm i - A F me
2 ontra . .
- SE06 e LEHle 402 5 foes o -10an
= S Ud = = : - e -« . e
= == A . E—— i — -
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PTISlab — Stiffness Analysis — Center Lift Mode

Stiffness Analysis - Center Lift Mode

Based on a Stiffness Coefficient of 480 Short Long
Direction Direction
Available Moment of Inertia (Inch4) 245,897 161,491
Required Moment of Inertia (Inc:h4) 108,632 92,193
Required Moment of Inertia controlled by Width 6"Beta
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Design Secticn
rr 7

General Location/Mechanical Properties  Design Sections  Cther Properties

Mechanical properties

Crossssectional area B DEe+03in2 S h t
[ Moment of inertia 2 ARe+05 ind ] D r
Distance of centroid 6.17e+00n D ire Ct 1ON
to top fiber '
Distance of centroid 218=+01in
to bottom fiber
Coordinates of centroid %=350e+02 in
y=4 21e+02in
Length 8 44e+02 in
I_[;esign Section Zoom
|
] L L 1 L LI N 1
L,
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Short direction:

* Required
* Available
e OK

Long direction:

* Required
* Available
e OK

108,632 (in4)
246,000 (in4)

92,193 (in4)
161,000 (in4)

FEM — Stiffness Analysis — Based on | — Center Lift Mode -

rr B

General Location/Mechanical Properties  Design Sections  Cther Properties

Mechanical properties
31.00=+03in2

1.61e+05ind J

Crossssectional area

[ Moment of inertia

Long

Distance of centroid E.63e+00in . -
t010p fber Direction
Distance of centroid 2142+ in |
to bottom fiber
Coordinates of centroid x=1.06e+03 in
y=7.20e+02 in
Length 4 80e+0Z in
!_[-Jesign Section Zoom
| .
I I ] 0 ]




FEM — Stiffness Analysis — Based on Deflection — Center Lift Mode

Slab, Deformation, Z-Translation (in)

Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Max 0.06@(87. 92 50.45, 10.00)

Min -0.60@(108.02, 70. 90 10.00)
0.06 -0‘60
0.01 Y n
0.00 ‘:

/ﬂ e — aX
5o f?f“\ De@ﬂgglo Can use actual deflection to check deflection criteria.
Sl AN
/ ( // \\“ wﬁ * Stiffness coefficient 480
o << \ > ) « Max allowable deflection 0.9in
( < )> { >\> (based on 18 ft cantilever deflection)
<) < / | >> * Max deflection 0.6 in
B g%ﬁ .
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PTISlab — Shear Analysis — Center Lift Mode

Shear Analysis - Center Lift Mode

Maximum Shear, Short Direction 2.37 KIFT
Maximum Shear, Long Direction 2.22 KIFT
Short Long
Direction Direction
Allowable Shear Stress (PSI) 166 167
Actual Shear Stress (PSI) 12 12
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FEM — Shear Analysis — Center Lift Mode

Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Max: 49.33

Min: -46.79 //\

T Allowable shear stress:
- * Short direction 165 psi
* Long direction 167 psi
Max shear capacity:
TotallShear  Short direction 331K
at/Beta|Distance, | | * Longdirection 214 K
Shear @ Beta
46¥79)(K) |
49:33(K) » Short direction 47 K
* Long direction 41 K
Max shear demand
e Short direction 188 K
22222 * Long direction 117 K
] 33.03(K)._ | :
Aoy =1
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PTISlab — Cracked Section Analysis — Center Lift Mode

Cracked Section Analysis - Center Lift Mode

Short Long

Direction Direction
Cracked Section Capacity (FT-K) 399.7 256.9
0.5 Moment (FT-K) 353.6 192.4
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FEM — Cracked Section Analysis — Center L

Short direction:

Design section moment capacity
Positive moment A00.20 k-

Megative moment -387.74 kt

0.5M @ Beta 404 K-FT NG
0.5 M Max 477 K-FT NG

Long direction:

Design section moment capacity
Positive moment 29997 k4t
Megative moment -548.30 k.t

0.5 M @ Beta 327 K-FT NG
0.5 M Max 345 K-FT NG
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N
PTISlab — Moment Analysis — Edge Lift Mode

Moment Analysis - Edge Lift Mode

Maximum Moment, Short Direction 8.44 FT-K/FT
Maximum Moment, Long Direction 7.01 FT-K/FT
Tension in Bottom Fiber (KSI) Compression in Top Fiber (KSI)
Short Long Short Long
Direction Direction Direction Direction
Allowable Stress -0.379 -0.379 Allowable Stress 1.800 1.800
Actual Stress -0.294 -0.146 Actual Stress 0.193 0.157
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N
FEM- Edge Lift Mode — Analysis Method

To simulate Edge Lift Mode, heaving soil support is limited to outer distance em (3ft) from perimeter of slab.

Slab, Stres; (cc_)ntour ma!p), Soil pressure (Psf) Slab, Deformation, Z-Translation (in)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
A Max 0.00@(99.99, 6.46, 10.00) Max -0.03@(102.79, 69.02, 10.00)
/ Min -2263.37@(102.25, 33.61, 10.00) Min -0.35@(87.91, 36.52, 10.00)
-
T/——\ 0.00 — -0.03 g//\
-150.89 -0.05 | _Max -003
-301.78 -0.08 i ] T
-452.67 = Fs4.46] | -0.10 I [
G03zs | 012 ?:—;
-754.46 "
-905.35 | -gqg T i
-1056.24 @ | 018 o 1
-1207.13 ’ ; =~(F
135802 -0.20 UncrackediDeflection]
‘ -0.23
-1508.91 025 i
-1659.80 027
| -1810.69 029 ]
. | -1961.58 g 4 o i -
SoillSupport 2112.48 031
=t -2263.37 0as
em=:3:9)ft | b
» Soil Bressure
RIESSure -
1
Min )
L
1
1
I
1L
| o 00075446 |
! I Ah N
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FEM — Moment Analysis — Edge Lift Mode

Maximum moments and shears don’t coincide with Beta distance.

Design Sections, Actions, Shear (Kip)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)

Design Sections, Actions, Bending (Kip-ft)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Max: 113.46
Max: 566.30 Min: -112.56 (’\
Min: -167.37 ,-/\ 4
( EET )
N »

ggggg il -
—mae P
e

' - {Shear,
4 : Distribution |
Moment . |
18T %-_-_-_‘_k
Tl Distribution

a
mw

19655

25,0
£00)

i e T
o

FEM Max
value is 566.3
PTI value is
590.8

FEM Max
value is 130.3

PTI value is

B 280.4
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FEM — Moment Analysis @ Beta — Edge Lift Mode

Stresses @ beta distance pass.

Manual Design Sections, Actions, Bending (Kip-ft)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Max: 378.43

Manual Design Sections, Stresses, Top (Psi) Manual Design Sections, Stresses, Bottom (Psi)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Tensile stress positive Tensile stress positive

Min: -15.80 [ Max: 188.26 oo :
TN Min: 70.85 //’/’\ Min: -307 68 /"//\
| T 1] T 11 T
PTl value is = 20:092/KS| | -0:035/KSlI
280.4 ! I o F
Maximum TopiStress _
I — — Rt —— — @Beta - Bottom Stress
| @Beta @peta
@ Beta -
370.4/FTK = ) b g FF
| L079/KS! -0:188/KS| 0:326/KS| 0:398 KS|
PTI value is
590.8
L 158 Rk = O741KSI -0:1031KS|
[] T\ ] il = [ -k W'*
|
| T =
49 = == AV ’ FON L
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N
FEM — Moment Analysis @ All Sections — Edge Lift Mode

When checking stress distribution in slab, short direction bottom stresses in beams exceed cracking stress.

Design Sections, Stresses, Bottom (Psi)

; : : Design Sections, Stresses, Top (Psi) S )
Design Sections, Stresses, Top (Psi .
g . , Top (Psi) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)

Design Sections, Stresses, Bottom (Psi)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)

Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) ) " i iti o
Tensile stress positive s Tensile stress positive Iﬂe;;llgasgrgss positive e o o Tensile stress positive
Max: -10.20 AT Max: -10.20 TN Min: -294.42 Y R Max: 530.69 TN
Min: -242.36 ff R Min: -242.36 N e Min: -294.42 d
] i— T g
= . 11 ]
7| - T 7
- BottomStress
TopiStress pas
= I
o c Bottom
Lo [ e, Top o
Ve il Sires ﬂ Stress
Stress ;
e \ ‘
5 . i
i —c r‘é{\a\" 1
’
J
r'zr B
//':u
| | oy |
| I [ | 1L
SN L- LV aYe
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N
FEM — Moment Analysis @ Detailed — Edge Lift Mode

FEM can provide more detailed and localized stress distribution, a useful guide for added rebar placement.

Design Sections, Stresses, Top (Psi)

. ) . ination- i Design Sections, Stresses, Bottom (Psi) Design Sections, Stresses, Bottom (Psi)
Design Sections, Stresses, Top (Psi) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) ot Servi Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Tensile stress positive Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Tensile stress positive ( ) ~TOTAL_LOAD)
Tensile stress positive M_ax: 82.47 Mensllge_lsgrgsss posttive Max: 979.58
Mo 82 47 - Min; -377.68 o Min: -624.38
in: : Min: -624.38 in: -624.
Min: -377.68 = yzalli )y
“re5a . A @ 16
- el — T/
d ( | v - LT —
|l bssesnct Ll L ks 7 = oo T -lends
L : | | L — -
5208 / = e - . | i
L : T i :
- \ " e SN
- e T | N el — e
. | ; |y B S|
) : “ ‘ - e |
= — e
g8 r \l \1 \l ol . i — it
s b | — — —raer
2 0 - . e s o
”7»#’“‘ 4 1\ | | ] i — e
! Toplst “m i ( ‘ { = e = Bottom S— — seen
5 iopiStress I e |y et S S e —
I " TopiStréss T it ‘Stress: "
| i, [ i e . |
| L gl L rf // [j - s e 5 e
ire M =y =y = P} - -
8 ik ‘ - Ll /e T
i ‘ - 2 R -
| fesmatin e | ) ] l b . —
= & =TTE —
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N
PTISlab — Stiffness Analysis — Edge Lift Mode

Stiffness Analysis - Edge Lift Mode

Based on a Stiffness Coefficient of 960 Short Long
Direction Direction
Available Moment of Inertia (Inch4) 245,897 161,491
Required Moment of Inertia (Inch?) 181,583 134,309
Required Moment of Inertia controlled by Width 6"Beta
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Design Sectict
rr 7

General Location/Mechanical Properties  Design Sections  Cther Properties

Short

Mechanical properties
£ DGe=03in2

2.462+05in4 ]

Crossssectional area

[ Moment of inertia

Distance of centroid 6.17e+00n D ire Ct 1ON
to top fiber '
Distance of centroid 218=+01in
to bottom fiber
Coordinates of centroid x=355e+02 in
y=4 21e+02in
Length 8 44e+02 in
I_[;esign Section Zoom
|
] L L 1 L LI N 1
L,
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Short direction:

* Required
* Available
e OK

Long direction:

* Required
* Available
e OK

181,583 (in4)
246,000 (in4)

134,309 (in4)
161,000 (in4)

FEM — Stiffness Analysis — Using Required | — Edge Lift Mode 4

rr B

General Location/Mechanical Properties  Design Sections  Cther Properties

Mechanical properties

Crossssectional area 1.00e+03 in2

Moment of inertia 1.61e+05ind J

Long

Distance of centroid 6.63e+00in

to top fiber Dl rectlon
Distance of centroid 2142+ in |
to bottom fiber
Coordinates of centroid x=1.06e+03 in
y=7.20e+02 in
Length 4 80e+0Z in
esign Section Zoom
] ] ] ] ]




FEM — Stiffness Analysis — Using Deflection — Center Lift Mode

Slab, Deformation, Z-Translation (in) Slab, Deformation, Z-Translation (in)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: cracked_Cracked_Analysis
Max -0.03@(102.79, 69.02, 10.00) Max -0.03@(102.79, 69.02, 10.00)
Min -0.35@(87.91, 36.52, 10.00) f/\ Min -0.36@(87.91, 36.52, 10.00) //\
008 el 003 28 s s Use actual deflection to check deflection criteria.
_0:08 “ - -g?g | 7] \_
-0.10 ] I -0. 1 | |
012 ] -0.12 ]
015 | T DO e Stiffness coefficient 480
q e . .
Cracked|Section  Max allowable deflection 1.0in
it Analysis \
| i // L T [
% | * Max deflection (uncracked) 0.35in
* Max deflection (cracked) 0.36in

IIIIII

. Tt T I
S I L -
—_— | ™
[ ESSE S
—

e
=
i\

LI
IS
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PTISlab — Shear Analysis — Edge Lift Mode

Shear Analysis - Edge Lift Mode

Maximum Shear, Short Direction 3.76 K/IFT
Maximum Shear, Long Direction 3.95 K/IFT
Short Long
Direction Direction
Allowable Shear Stress (PSI) 166 167
Actual Shear Stress (PSI) 131 123
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FEM — Shear Analysis — Edge Lift Mode

Manual Design Sections, Actions, Shear (Kip)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Max: 38.61

Min: -38.74
@ Allowable shear stress:
17 * Short direction 165 psi
Iy
15'!i(K) , * Long direction 167 psi

Max shear capacity:

ggtgglzte:r:caet , * Short direction 331K
I * Longdirection 214 K
_ 38?%‘1 o/ Shear @ Beta
38.74\(K) | * Short direction 39K
' * Long direction 21K

Max shear demand
* Short direction 112 K
* * Long direction 53 K
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PTISlab — Cracked Section Analysis — Edge Lift Mode

Cracked Section Analysis - Edge Lift Mode

Short Long

Direction Direction
Cracked Section Capacity (FT-K) 406.0 260.8
0.5 Moment (FT-K) 295.5 140.2
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FEM — Cracked Section Analysis — Edge Lift Mode

Short direction:

Design section moment capacity
Positive moment A00.20 k-

Megative moment -387.74 k4t

0.5M @ Beta 189 K-FT
0.5 M Max 283 K-FT

Long direction:

Design section moment capacity
Positive moment 29997 Lt

MNegative moment -543 .30 k.t

0.5 M @ Beta 14 K-FT
0.5 M Max -68 K-FT
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Summary

General Design Criteria PTISlab 3.5 FEM CLEm FEM CLEm
Limited to 5ft |6.7ft
Soil Bearing (uniform) PSF 163 1249 Same
Effective Prestress PSI 64 /54 69/ 78 Same
Center Lift Mode Design Criteria
Max Moment @ Beta Short FT-K 707 808 1226
Max Moment @ Beta Long FT-K 384.8 653 928
Max Total Moment Short FT-K 707 946 1227
Max Total Moment Long FT-K 384.8 689 928
Stiffness Check Approach Rg'd Momentof |0.6in 1.02in
Inertia Deflection Deflection
Max Shear @ Beta Short K 166 49 29
Max Shear @ Beta Long K 89 40 33
Max Total Shear Short K 166 188 189
Max Total Shear Long K 89 117 122
Edge Lift Mode Design Criteria
Max Moment @ Beta Short FT-K 591 378 n.a.
Max Moment @ Beta Long FT-K 280 27 n.a.
Max Total Moment Short FT-K 591 566 n.a.
Max Total Moment Long FT-K 280 136 n.a.
Reg'd Momentof [0.36in
Stiffness Check Approach Inertia Deflection n.a.
Max Shear @ Beta Short K 263 39 n.a.
Max Shear @ Beta Long K 158 20 n.a.
Max Total Shear Short K 263 85 n.a.
Max Total Shear Long K 158 53 n.a.
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‘able Comparing Design Values

* FEM values higher for soil bearing

 FEM higher for Center Lift
(not limited to e, = 5ft)

* PTISlab higher for Edge Lift
(Soil / Slab interaction less understood)



Parametric Study for Different E_ Soil Conditions - Moment

Moment vs Em CL Short PVR Moment vs Em CL Long
2000 1400
15’22 > 4.5 1200
ol
1400 PVR o 1000 o
1200 < 4.5 800
1000
800 . 600
600 — 400 - 3
A o’
PVR 4.5
200
0 0
4 5 6 7 8 9 10 4 5 6 7 8 9 10
—8—PTISlab CLS FEM CLS —e—PTiSlab CLL FEM CLL
Moment vs Em EL Short Moment vs Em EL Long
1200 450

1000
350
800 300
250

600

200
400 150

100
200
50
0 0
4 5 6 7 8 9 10 4 5 6 7 8 9 10
—8—PTISlab CLS FEMCLS —&—PTISlab CLL FEMCLL
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Parametric Study for Different E_ Soil Conditions - Shear

Shear vs Em CL Short

250

150 /

100
50
0
4 5 6 7 8 9
—e—PTISlab CL S FEM CLS
Shear vs Em EL Short
350
300
750 /
200
150
100
50
0
4 5 6 7 g 9
—e—PTISlab CLS FEM CLS
POST-TENSIONING

CONVENTION

April 30 - May 3, 2023 | Miami, FL, USA

10

10

140

120

100

80

40

20

200
180
160
140
120
100

80

40
20

Shear vs Em CL Long

5 6

—8—PTISlab CLL

7

8

FEM CLL

Shear vs Em EL Long

I R ——

5 6

—8—PTISlab CLL

7

8

FEM CLL

10

10




.
Parametric Study for Different Y Soil Conditions - Moment

Moment vs Ym CL Short Moment vs Ym CL Long
1000 800
950
000 700
830 PVR 600
800 <45
750 500

700 /
PVR w —

650

a0 PVR 4.5 S 45 300

550
500 200
1 11 12 13 14 15 16 17 18 19 1 11 12 13 14 15 16 17 18 19
—8—PTISlab CLS FEM CLS —8—PTISlab CLL FEM CLL
Moment vs Ym EL Short Moment vs Ym EL Long
700 350

650 300 //
250

600
200

550 /
150

500 100

450 50
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Parametric Study for Different Y., Soil Conditions - Shear

190

185

180

350

300

250

200

150

100

50

11

17

Shear vs Ym CL Short

.

o

1.2 13 1.4 15 16 1.7 18

—@— PTISlab CLS FEM CLS

Shear vs Ym EL Short

S

18 19 2 2.1 2.2 2.3 2.4

—8—PTISlab ELS FEM EL S

POST-TENSIONING

CONVENTION

April 30 - May 3, 2023 | Miami, FL, USA

19

25

120
115
110
105
100
95
90
85
80
75
70

200
180
160
140
120
100

80

40
20

1.1

17

Shear vs Ym CL Long

[ S ——

1.2 13 1.4 15 16 1.7 18

—8—PTISlab CLL FEM CLL

Shear vs Ym EL Long

e ——

18 19 2 2.1 2.2 2.3 2.4

—@—PTISlab EL L FEMELL

19

2.5



N
Best Practice for Using FEM to Design Slab-on-Ground Foundations

* Create base model with geometry, loading and tendons
* Reduce effective PT force to account for losses
* Check soil bearing pressure
* Check min 50 psi effective prestress requirement
* Model design strips to allow checking of slab at multiple sections
* Create Center Lift model by removing soil em from perimeter
* Check moment stresses
* Check stiffness
* Check shear
* Check cracking moment
* Create Edge Lift model by removing soil em from perimeter or by applying edge
displacement
* Calculated deflection limited to ym
* Run through all design checks
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ior beams

FEM

* 36.5in perimeter beams
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N
Wafflemat Construction Sequence
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N
FEM Wafflemat Foundation Analysis Model

r1 ®

General Stressing Location Shape/System/Friction FEM  Properties

400 4001

Optimized
Tendon
Tendon 13
Layout
Uplift t1 @ y
General Stressing Location Shape/System/Friction FEM  Properties
5 R:§,58
R=8.58
> Tyl JAOO\ _/ml'
( 300 T3.00 |
pa .
|
|
|
Span1
L=3967
@ First § Uplift (K/ft)
Olast ¢ [ 0.267 |
L CGS CGS CGS CGS Wobble
Span Shape ® ® Top First Bottom 1 Bottom2 Toplast X1/L X2/L X3/L AL Mu '(rad/ﬁ) System
(in) (in) (in) (in)
—_— »  Typical Reversed Parabola v x> 1.00 1.00 1.00 100, 010, 050| 0.10 0.10 Unbonded v
Span 1 Extended Reversed Parabola v |x.” 4.00 3.00 3.00 400 0.10| 0.10 Unbonded v
First Span r |
g;g S Insert Delete Minimum radius of curvature (R): [3 4& - Shape Diagran P Force Diagra
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FEM - Soil Bearing Analysis S, Stes (contur map), Solpressure e

Max -90.75@(27.14, 59.93, 10.00)
Min -875.38@(0.00, 1.74, 10.00)

-80.75

* Assumes uniform soil support 14305

. -247 67 I 3
* Max pressure on soil 875 PSF < allowable 1,500 PSF OK 29898
-404.60
-456.91
-50g.22
-B61.52
-613.83
-666.14
-718.45
-770.78
-823.07

i
|
| il
-875.38 | ’ﬁ% E%ﬁg

Deflected Shape
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L
FEM — Effective Prestress Calculations

Reduced PT force applied to model.

Design Sections, Stresses, P/A (Precompression FEM) (Psi)

) ) Design Sections, Stresses, P/A (Precompression FEM) (Psi) Load Combination: PT Only (SERVICE_TOTAL_LOAD)
Slab, Stress (contour map), Mid-depth along XX (Psi) Slab, Stress (contour map), Mid-depth along YY (Psi) Load Combination: PT Only (SERVICE_TOTAL_LOAD) Minimum allowable 50.00
Load Combination: PT Only (SERVICE_TOTAL_LOAD) Load Combination: PT Only (SERVICE_TOTAL_LOAD) Minimum allowable 50.00 Tensile stress positive
Max 297.80@(38.75, 71.46, 10.00) Max 91.46@(11.07, 2.72, 10.00) Tensile stress positive e iy, Max: -14.25 /\5
Min -171.09@(38.67, 24.49, 10.00) Min -150.56@(38.67, 24.49, 10.00) Max: -14.25 ,;5:' ‘\ Min:; -88.82 T
00 Min: -88.82 T e 1 i
297.80 91.46 | ! q ! i
266.54 T 75.32 = it p (39 i |
235.29 59.19 ! i
204.03 I 43.05 { \ ﬂ j f : !
172.77 26.92 ! q |
141.51 I 10.78 ( i i i i
110.25 ’ 0.00 i ! i i
78.99 -5.35 [ 1 q i
4773 r -21.49 p [ ‘ / i i i |
16.47 -37.62 . =) [ 1 q -
0.00 [ AT U | % i i : i
-14.79 -69.89 i I q i
-46.05 \ -86.02 P : f/ \ i[ i | 1 88:8IRS! |
-77.31 1 ?g-;g 2 \ i ! ! i e
-108.57 \ 118, ! : s . ! i —
13983 134,43 LEffectivel|l 3 i | i
47109 ‘ i -160.56 I Prestress 3 Z3 ;
) hYi-Direction ] el i i
| 1 i
\ i i i |
| § [P — ; ! : !
& fi i . i ‘ | - |
f I - Effective prestress: | | o
i | | i T i n
| ll = _ . : 1 ol
4 | : | Short = 88.8 psi | 7 | L36:8IRS|
I} [l H 1]
[l 1]
- . 1f I
| 1Py % Long = 86.8 psi | Tt |
[l | 1]
{ L ! ) R : | | & |
| B | |
| % ; == !
1 -689.89 [ 0 I
L) | My = b 2 | | |
" i [l || 1]
[l |
B ! | i |
= ‘ -1 A5 ! B !
= 14 i | | ;
= g yal
A SR T AN ~ A
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N
FEM — Moment Analysis — Center Lift Mode

All stresses are within limits — OK.

Design Sections, Stresses, Top (Psi) Design Sections, Stresses, Top (Psi) Design Sections, Stresses, Bottom (Psi) Design Sections, Stresses, Bottom (Psi)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) ination: i Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) ) n
Tensile stress positive Tensile stress positive - - Tensile stress positive Tensile stress positive
Max: 196.67 . Max: 196.67 Max: 18.23 I Max: 18.23
Min: -58.32 P e X Min: -58.32 — Min: -1979.75 p o oo 2 Min: -1979.75 —
]j;’ — /_' l, fj/ — ./_l l
] = [ +]
TopiStress
TR A— o
Maximum
T N b r
Tiension Bottonj‘ws'treﬁ“s —]
- RS el [ - |
i @Wompge55|on BottomiStress
11,980/ RS| S
ITcpStices B L Waximim
Maxs1.967/RS| L - Compression
Lnionfll \ 922-RSI
flension \1 = 1
- ‘
I | =
== : — == L
o . )w — | 1 —
n [ | ] B
i —
- 7 |
] =
: — \
\
I T L l
~ AN ~ N
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N
FEM — Stiffness Analysis — Center Lift Mode

Slab, Deformation, Z-Translation (in)

Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD
Max 0.04@(21.02, 55.95, 10.00)

Min -0.54@(39.67, 72.02, 10.00)

0803?2 i35 j7ﬁ‘ﬁjié%§&% Deflection check:
§?§ /ff:z: E:: N ﬁ% * Cantilever length at max deflection = 16 ft
o WITHI AT N AT * Max allowable deflection based on L /480 =0.8 in
§§£ / / | f I\/Iaxillieﬂ[g::tion.L(gegﬂ]\f-iih\H * Max calculated deflection 0.54 in < 0.8 in
§§§ I / \X\\ Stiffness comparison (moments of inertia Inch?):
| N | \i e Short direction
\/ ‘;\\ | * Traditional ribbed slab 245,897
_ I/ m  Wafflemat 258,000
| 4 | * Long direction
I minin  Traditional ribbed slab 161,491
MRLI Wi +  Wafflemat 226,000
i it
\ Q \ \iip’__ﬁiﬁ i/ % * Wafflemat is stiffer in both directions compared to
NS e =ie2 117 conforming ribbed slab
20 \:TH—IF;_ i
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N
FEM — Shear Analysis — Center Lift Mode

Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Max: 156.26

Min: -143.31 | m
£ |
f ==
N el Allowable shear stress:
| - * Short direction 169 psi
f ShearEorce * Longdirection 169 psi
| || Distribution
1561k Max shear capacity:
:W 1] * Short direction 391K
* Longdirection 335K
_ Max shear demand
|  Short direction 156 K
J ' * Longdirection 91 K
|
-
| B
% |——|Ir
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FEM — Cracked Section Analysis — Center Lift Mode

Short direction:

Design section moment capacity
Positive moment 171.04 . f
Megative moment -1063.56 k4t

0.5 M Max -402 K-FT

Long direction:

Design section moment capacity

Positive moment 1171.00 k$t
MNegative moment -1020.78 kot
0.5 M Max -267 K-FT
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FEM — Moment Analysis — Edge Lift Mode

Bottom tension stresses in Short direction exceed allowable — same as traditional ribbed slab — check cracked deflection.

Design Sections, Stresses, Top (Psi) Design Sections, Stresses, Top (Psi) Design Secltion_s, Stress_es, Bottom (Psi) Design Sec_tion_s, Stress_es, Bottom (Psi)
Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD) Load Combination: Service(Total Load) (SERVICE_TOTAL_LOAD)
Tensile stress positive - - Tensile stress positive Tensile stress positive Tensile stress positive
Max: -44.34 I Max: -44.34 /\ m_ax: 2114?6:‘31 T, m_ax: g:]]i;%i /\
in: - o ~ Min: -213.78 in: -214. i ~ in: -214.
Min: -213.78 1j" B in _ Va N p / A\
Bottom:Stress
Mgt Ity
Top;St 1 ! L et 5 [LMaximum|
loprStress \ i : ension-124L
Maximuim | Bottom:Stress Tensionr124 RS
T W ’/ SRS et
Compression T ] Maximumi Tiension o
244 RS i T RSl
204 S| ; G
i
L L 4
L TopiStress
MaX—
Compression ,
—56]PS]
1l - =
L] | L
|
|
: :
— 1 _— —])
|
5 | = =
J‘ L
— ‘f = =
' 1 I 1
= [ = Eompression
- i B {142BS|
B = | 1 e —
TN — I e i

S
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N
FEM — Stiffness Analysis — Edge Lift Mode

Load Combination: cracked_Cracked_Def
Max -0.00@(39.67, 72.02, 10.00)
Min -0.69@(20.00, 37.87, 10.00)

Ty
o AT Deflection check:
oz | = \  Span =40 ft
§§§ i NN \\ * Max allowable deflection based on L/ 480 =1.0in
051 | // // s Q A \ * Max calculated deflection 0.69 in < 1.0 in
o WWT[T/ / Stiffness comparison (moments of inertia Inch?):
Hif e Short direction
* Traditional ribbed slab 245,897
IEFUELA  Wafflemat 258,000
RS * Long direction
LU * Traditional ribbed slab 161,491
| \\\ Q «  Wafflemat 226,000
\ N » Wafflemat is stiffer in both directions compared to
Sin conforming ribbed slab
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N
FEM — Shear Analysis — Edge Lift Mode

Design Sections, Actions, Shear (Kip)
Load Combination; Service(Total Load) (SERVICE_TOTAL_LOAD
Max: 171.85

il Allowable shear stress:
kShear—= e Short direction 169 psi
Distribution . . .
i * Longdirection 169 psi
84 K
Max shear capacity:
immimii e Short direction 391 K
= * Longdirection 335K
2-19:Kih | Max shear demand
| e Short direction 219 K
* Long direction 84 K
HEHE
11

AN
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N
FEM — Cracked Section Analysis — Edge Lift Mode

Short direction:

Design section moment capacity
Positive moment 29393 k#

MNegative moment -953.83

0.5 M Max 271 K-FT

Long direction:

Design section moment capacity
Positive moment 13637 kft
Megative moment 959349 k4t

0.5 M Max 60 K-FT
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N
Concluding Remarks

 The FEM method of analysis and design is a valid
option for slab-on-ground designs

* We benchmarked the PTISlab method against the FEM
method for a 40x70 ribbed slab

* A best practices design methodology based on FEM
was presented

e Using the FEM method, we successfully analyzed and
validated a wafflemat design
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This concludes the Educational Content of this activity.

Florian Aalami Anna Olveda
florian@ptstructures.com anna@wafflemat.com

PT-Structures LX X ‘ WAFFLEMAT"
X
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