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Shallow Foundation 
Design Introduction

The design of shallow, slab-on-grade foundation design is a widely 
favored approach for creating foundations for low- to mid-rise 
buildings.  This preference is driven by its cost-effectiveness, 
construction simplicity, and the engineer’s capability to expedite the 
foundation design process.

Source: 
https://theconstructor.org/practical-

guide/concrete-slab-construction-
cost/28153/

Stiffened Slab Waffle Slab



Expansive Clays: 
Macro to Micro 
Views

Source: Retention of Water in Clay Minerals – Atomic Structure 
http://butane.chem.uiuc.edu/pshapley/Environmental/L28/2.html

65 million years ago

Present Day



Reasons 
for Heave

Primary Causes of Differential Heave:
• Nonuniform changes in soil 

moisture
• Variation in thickness and 

composition of the expansive 
foundation soil

• Nonuniform structural loads
• Geometry of the structure



In the early day of the 
United States, 
foundation design for 
buildings were 
rudimentary.  European 
settlers used simple 
shallow foundations, 
such as stone or brick 
footings to support 
their structures.  

Industrial Revolution & 
the growth of cities, 
the need more 
sophistacated 
foundation design 
became apparent.  
Engineers introduced 
improved foundation 
systems for important 
structures.

Engineers 
contributed to the 
understanding of 
soil mechanics and 
the determination of 
bearing capacity.  
This knowledge 
provided a scientific 
basis for shallow 
foundation design.

1970s - Significant progress in soil 
investigation & testing techniques.  
The development of standard 
penetration tests, cone 
penetration tests, & other geo 
investigations allowed engineers to 
gather more accurate data of soil 
properties, enabling better 
designs.

Engineers could 
now create 2D 
and 3D models, 
perform 
structural 
anaylsis, and 
simulate soil-
structure 
interaction more 
efficiently and 
accurately. 

Structural 
engineering became a 
recognized discipline 
& professional 
organization ASCE 
was established.  The 
establishment of 
building codes and 
standards brought 
uniformity & safety to 
shallow foundation 
design practices.

Only 
build on 

good dirt

All the 
good dirt 
is taken



Current Design 
Codes/Guides



Shallow Foundation Design Fun Facts
• Shallow foundation failures occur more often than 

earthquakes, floods, hurricanes, and tornadoes 
damages combined in the United States

• After water, concrete is the 2nd most consumed 
material on the planet

• Concrete production accounts for more than 8% of all 
green house gas emissions in 2021

• 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.

Source: https://www.sciencedirect.com/science/article/pii/S136403212100318X



Why Should We Care? 

Foundation Repair Companies

#1 Sherman, TX – 466 
#2 San Antonio, TX – 192 
#3 Dalls-Fort Worth, TX – 488
#4 Tyler-Longview, TX – 472
#5 Wichita Falls, TX - 417
#6 Waco-Temple-Bryan, TX – 621
#7 Abilene-Sweetwater, TX – 129
#8 Austin, TX - 271

Top 15 US Metros with Foundation Issues in 2019 – list 
produced by Groundworks

Source: https://i.imgur.com/yrDkF4h.jpg

“This again is the paradox of design.  Things that succeed teach us little beyond the fact that they 
have been successful; things that fail provide us with incontrovertible evidence that the limits of 
design have been exceeded.  Emulating success risks failure; studying failures increases our 
chances of success.  The simple principle that is seldom explicitly stated is that the most successful 
designs are based on the best and most complete assumptions about failure.” ~Petroski 1985



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 em > 5 ft

• Is not set up to analyze and check any other 
configuration



Leveraging Capabilities 
of Advanced Finite 
Element Analysis

PTI Section 6.1.13

FPA Comments by Structural Committee June 28, 2006

PTI Section 4.5.1
PTI Section 4.3.2



Learning Objectives
At the end of this presentation, you will be able to:

• Assess differences between traditional PTI 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



Case Study 
Project: 

40x70 
Foundation

PVR 4.5” with a 2ft embedment depth

Edge Lift Center Lift

Edge Moisture Distance, ft (em) 3.5 6.7

Differential Soil Movement, 
inches (ym) 2.1 1.5

Select Soil Parameters:

Sh
or

t D
ire

ct
io

n

Long Direction

Traditional Ribbed Layout



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



PTISlab 3.5 Software 
Limitations

• Can only model rectangular slabs

• Cannot model beams spaced closer than 6 ft 
apart

• No flexibility in tendon profiling or 
placement

• No flexibility in detailed load modeling



Create Base Model 
in Floor Pro
(Geometry, 

Loading, Soil, 
Tendons*, Support 

Lines, Manual 
Sections)

Overall Design Workflow Using Finite Element Analysis

Define Polygons for 
Soil Conditions

(Edge Drop & Edge 
Lift)

Run Model in MAT 
to Check Soil 

Bearing Pressure

Clone Model to 
Create Edge Drop 

Model 

Clone Model to 
Create Edge Lift 

Model 

Make Major Model 
Changes to Base 

Model

Does 
Design 
Work?

Yes

Done

No

* To account for soil friction losses, model tendons with Effective Force = 26.7 (default value) - max soil friction loss 



Analysis Results

Check PTI Code Compliance of Design Iteration

Check Stiffness
(Deflection)

Check Stresses
(Design Sections)

Check Min 
Precompression
(Design Sections)

Check Cracking 
Moment (Manual 
Design Section)

Optimize / Revise if 
Design Does not 

Work

Check Shear
(Design Sections)

16



Edge Drop Analysis (formerly Center Lift)

Assign soil springs to 
represent edge drop 

condition by not assigning 
soil springs a distance of 

Em from perimeter of outer 
slab edge

Analyze

Is calculated 
max edge 

drop 
deflection > 

Ym

Analysis is valid and 
check design 
compliance

No

Analysis is not 
realistic - adjust soil 
springs by reducing 
Em distance by 10% 
and update analysis 

model

Yes

PTI Figure 3.5

No



Edge Lift Analysis

Assign soil springs to 
represent edge lift 

condition by limiting soil 
support to outer perimeter 

of Em only

Analyze

18

Is calculated 
max edge 

lift 
deflection 

>= Ym

Analysis is valid and 
check design 
compliance

No

Analysis is not 
realistic - need to 
switch to applied 

edge displacement 
mode

Yes

Apply soil support to 
entire slab boundary 

and apply edge 
displacement of Ym 
to perimeter of slab 

in SOG module

Note on applying edge displacements: Applying edge displacements along the entire length of a foundation, in particular, irregular foundations with re-
entrant corners can lead to unrealistic high stress concentrations at the corners. It is advised to only apply the edge displacement along the primary outer 
edges and a distance away from the corners.

PTI Figure 3.5



Input Data: Ribbed Foundation Analysis Model



3D Finite Element Ribbed Foundation Analysis Model



PTISlab 3.5 Analysis Parameters: Ribbed Foundation Analysis Model



Soil Bearing Analysis

• Assumes uniform soil support
• Equally distributes all load to 

supporting soil
• Max pressure on soil 163 PSF << 

allowable 1,500 PSF

• Assumes uniform 
soil support

• Max pressure on 
soil 1,011 PSF < 
allowable 1,500 
PSF

FEM Soil Bearing AnalysisPTI 3.5 Soil Bearing Analysis

Deflected Shape



Effective Prestress Calculations
PTISlab • Effective PT force/tendon at Beta distance

• Short direction: 24.65 kips
• Long direction: 24.93 kips
• We assume the same valued in the FEM model

FEM

Exact same PT force applied to FEM model as in PTSlab.

Effective prestress > 100 psi 
OK



Edge Drop/Center Lift

PTI Figure 3.5

Edge 
Lift

Center 
Lift

Edge Moisture 
Distance, ft (em) 3.5 6.7

Differential Soil 
Movement, inches 
(ym)

2.1 1.5

Select Soil Parameters:

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

PTI 4.3.2.Edge Moisture Variation Distance, em

Em Em



Edge Drop/Center Lift Moment Analysis

PTISlab

FEM

PTISlab Moment is 
384.8 FT-K

PTISlab Moment 
is 707 FT-K

Stresses @ beta 
distance pass. 

Moment 
Distribution



Edge Drop/Center Lift Moment Stress Analysis
PTISlab

FEM

Closest 
correlation to 

PTISlab



FEM – Moment 
Analysis @ All 
Sections – Center 
Lift Mode

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



FEM – Moment 
Analysis @ Detailed 
– Center Lift Mode

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

Localized 
area of 

high 
stresses 
– should 
add crack 

control 
rebar



Stiffness Analysis – Edge Drop/Center Lift Mode

FEM

PTISlab

Short direction:
• Required 108,632 (in4)
• Available 246,000 (in4)
• OK

Long direction:
• Required   92,193 (in4)
• Available 161,000 (in4)
• OK



Stiffness Analysis – Edge Drop/Center Lift Mode

Can use actual deflection to check deflection criteria.

• Stiffness coefficient  480
• Max allowable deflection  0.9 in
      (based on 18 ft cantilever deflection)

• Max deflection   0.55 in OK



Shear Analysis – Edge Drop/Center Lift Mode

PTISlab

FEM Allowable shear stress:

• Short direction  181 psi

• Long direction  182 psi

Max shear capacity:

• Short direction  331 K 

• Long direction  214 K 

Shear @ Beta

• Short direction 46.3 K OK

• Long direction  37.6 K OK

Max shear demand

• Short direction  114.37 K OK

• Long direction  193.12 K OK



Cracked Section Analysis – Center Lift Mode

PTISlab

FEM

0.5 M @ Beta 298 K-FT OK
0.5 M Max 311 K-FT OK

0.5 M @ Beta 377 K-FT NG
0.5 M Max 423 K-FT NG

To meet PTI 
6.9, add rebar 
or increase PT

Short direction:

Long direction:



Edge Lift Mode

To simulate Edge Lift Mode, heaving soil support is 
limited to outer distance em (3.5 ft) from 
perimeter of slab.

PTI Figure 3.5

Edge Lift Center Lift

Edge Moisture Distance, ft (em) 3.5 6.7

Differential Soil Movement, 
inches (ym) 2.1 1.5

Select Soil Parameters:

Em Em



Edge Lift Moment Analysis

PTISlab

FEM

Stresses @ beta distance pass. 

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

FEM Max 
value is 295.7

PTI value is 
280.4

FEM Max 
value is 577.5

PTI value is 
590.8

PTI value is 
280.4

PTI value is 
590.8



Edge Lift Moment Stress Analysis
PTISlab

FEM



FEM – Moment 
Analysis @ All 
Sections – Edge 
Lift Mode

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



FEM – Moment 
Analysis @ Detailed 
– Edge Lift Mode

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

Cracking is 
Accepted



Stiffness Analysis – Edge Lift Mode

FEM

PTISlab

Short direction:
• Required 181,583 (in4)
• Available 246,000 (in4)
• OK

Long direction:
• Required 134,309 (in4)
• Available 161,000 (in4)
• OK



Stiffness Analysis – Edge Lift Mode - Using Required I 

Use actual deflection to check deflection criteria.

• Stiffness coefficient  480
• Max allowable deflection  1.0 in

• Max deflection (uncracked) 0.38 in OK
• Max deflection (cracked)  0.39 in OK



Shear Analysis – Edge Lift Mode

PTISlab

FEM

Allowable shear stress:
• Short direction 181 psi
• Long direction 182 psi

Max shear capacity:
• Short direction 331 K 
• Long direction 214 K 

Shear @ Beta
• Short direction 37 K OK
• Long direction 17 K OK

Max shear demand
• Short direction 55 K OK
• Long direction 115 K OK



Cracked Section Analysis – Edge Lift Mode

PTISlab

FEM Short direction:

Long direction:

0.5 M @ Beta 108 K-FT OK
0.5 M Max  148 K-FT OK

0.5 M @ Beta 31.2 K-FT OK
0.5 M Max  289 K-FT OK



Summary Table Comparing Design Values

• FEM values higher for soil bearing

• FEM higher for Center Lift
    (not limited to em = 5ft)

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

General Design Criteria PTISlab 3.5 FEM CL Em 
Limited to 5ft

FEM CL Em 
6.7ft

Soil Bearing (uniform) PSF 163 1011 Same
Effective Prestress PSI 138 / 125 142 / 122 Same

Center Lift Mode Design Criteria
Max Moment @ Beta Short FT-K 707 754 509
Max Moment @ Beta Long FT-K 384.8 596 580.7
Max Total Moment Short FT-K 707 846 1129.8
Max Total Moment Long FT-K 384.8 622 865.7
Stiffness Check Approach Rq'd Moment of 

Inertia
0.55 in 
Deflection

0.97 in 
Deflection

Max Shear @ Beta Short K 165.9 46.3 109.12
Max Shear @ Beta Long K 88.8 37.6 100.7
Max Total Shear Short K 166 114.4 119.7
Max Total Shear Long K 89 193 193

Edge Lift Mode Design Criteria
Max Moment @ Beta Short FT-K 590.8 215.3 n.a.
Max Moment @ Beta Long FT-K 280.4 62.4 n.a.
Max Total Moment Short FT-K 591 295.7 n.a.
Max Total Moment Long FT-K 280 577.5 n.a.

Stiffness Check Approach
Req'd Moment of 
Inertia

0.38 in 
Deflection n.a.

Max Shear @ Beta Short K 263 37 n.a.
Max Shear @ Beta Long K 158 17 n.a.
Max Total Shear Short K 263 55 n.a.
Max Total Shear Long K 158 115 n.a.
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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 applying soil em from 
perimeter or by applying edge displacement

• Calculated deflection limited to ym
• Run through all design checks



Wafflemat 
Foundation Design 
using FEM

• 32 in perimeter beams
• 4 in slab
• 8.5 in boxes
• 12.5 in interior beams

Wafflemat LayoutTraditional Ribbed Layout



Wafflemat Construction Sequence



FEM Wafflemat Foundation Analysis Model

Optimized 
Tendon 
Layout



FEM - Soil Bearing Analysis

Deflected Shape

• Assumes uniform soil support
• Max pressure on soil 921.7 PSF < allowable 1,500 PSF OK



FEM – Effective Prestress Calculations

Reduced PT force applied to model.

90 psi

90.46 psi
Effective 

Prestress X-
Direction

Effective 
Prestress Y-

Direction

Effective prestress:
Short = 90 psi 
Long = 90.46 psi OK



FEM – Moment Stress Analysis – Edge Drop/Center Lift Mode

All stresses are within limits – OK. 

Top Stress
Max: 281 PSI

Tension

Top Stress
Max: 157 PSI

Tension

Bottom Stress
Max: 1,110 PSI
Compression

Bottom Stress
Max: 2,342 PSI
Compression



FEM – Stiffness Analysis – Edge Drop/Center Lift Mode

Deflection check:

• Cantilever length at max deflection = 20.25 ft

• Max allowable deflection based on L / 480 = 1.0 in

• Max calculated deflection 0.59 in < 1.0 in OK

Stiffness comparison (moments of inertia Inch4):

• Short direction

• Traditional ribbed slab 245,897

• Wafflemat   248,000

• Long direction

• Traditional ribbed slab 161,491

• Wafflemat   183,000

Wafflemat is stiffer in both directions compared to 
conforming ribbed slab OK

Wafflemat has 
13% greater 
Moment of 

Inertia

Wafflemat has 
1% greater 
Moment of 

Inertia



FEM – Shear Analysis – Center 
Lift Mode

• Allowable shear stress:
• Short direction 169 psi
• Long direction 169 psi

• Max shear capacity:
• Short direction 391 K 
• Long direction 335 K 

• Max shear demand
• Short direction 88 K OK
• Long direction 163 K OK

Shear Force 
Distribution

-87.91 K

159.8K

163K

83.9 K



FEM – Cracked Section Analysis – Center Lift Mode

Short direction:

Long direction:

0.5 M Max -253.8 K-FT OK

0.5 M Max -385.14 K-FT OK



FEM – Moment Analysis – Edge Lift Mode
Bottom tension stresses in Short direction exceed allowable – same as traditional ribbed slab – check cracked deflection.

Top Stress 
Max 

Compression: 
234.6 psi 

Top Stress 
Max 

Compression: 
139 psi 

Bottom Stress 
Max Tension: 

661 psi 

Bottom Stress 
Max Tension: 

131 psi 

Compression: 
198.4 psi 



FEM – Stiffness Analysis – 
Edge Lift Mode

Deflection check:

• Span = 40 ft

• Max allowable deflection based on L / 480 = 1.0 in

• Max calculated deflection 0.69 in < 1.0 in OK

Stiffness comparison (moments of inertia Inch4):

• Short direction

• Traditional ribbed slab  245,897

• Wafflemat   248,000 OK

• Long direction

• Traditional ribbed slab  161,491

• Wafflemat   183,000 OK

Wafflemat is stiffer in both directions compared to conforming ribbed slab

Wafflemat has 
13% greater 
Moment of 

Inertia

Wafflemat has 
1% greater 
Moment of 

Inertia



FEM – Shear Analysis 
– Edge Lift Mode

• Allowable shear stress:
• Short direction  169 psi
• Long direction  169 psi

• Max shear capacity:
• Short direction  391 K 
• Long direction  335 K 

• Max shear demand
• Short direction  219 K OK
• Long direction  84 K OK



FEM – Cracked Section Analysis – Edge Lift Mode

Short direction:

Long direction:

0.5 M Max 260 K-FT OK

0.5 M Max 101 K-FT OK



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
• Using the FEM method, we successfully analyzed and validated a wafflemat design

        Material Savings:
 Concrete             PT Tendons (Lf)
       WM: 75 cy (with waste factor)  WM: 1,621 lf  (64 Live ends)
Traditional: 95 cy (with waste factor)         Traditional: 2,410 lf (94 Live Ends)

Wafflemat offers 
21% reduction in 

concrete

Wafflemat offers 
33% reduction in 

lf of tendons



This concludes the Educational Content of 
this activity

Thank you !
Florian Aalami

Florian@PTStructures.com
Anna Olveda

Anna@Wafflemat.com



Parametric Study for Different Em Soil Conditions - Moment

PVR 4.5

PVR 
< 4.5

PVR 
> 4.5

Em 6.7ft



Parametric Study for Different Em Soil Conditions - Shear



Parametric Study for Different Ym Soil Conditions - Moment

PVR 4.5

PVR 
< 4.5

PVR 
> 4.5



Parametric Study for Different Ym Soil Conditions - Shear
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