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1 SCOPE
Geotech Master™ by Q-Systems Engineering receives, as input, basic geotechnical information and
produces, as output, the following: a) soil engineering properties; b) allowable spread footing pressures;
c) structural design of spread footings; d) pile and drilled shaft capacity; e) performance of foundations
on expansive soils; f) analysis of flexible retaining walls, and g) evaluation of factor of safety of slopes of
excavated slopes and embankments.
A brief description of the input and output of Geotech Master™ is presented in Sections 1.1 and 1.2.

1.1

The input to Geotech Master™

1.1.1 Soil Profile Data.
a. The soil profile is typically divided in layers of assumed constant properties such as
Atterberg limits, Water content, Unit weight, Standard Penetration Test (SPT) blowcount, average tip resistance of a Cone Penetrometer Test (CPT), etc.
b. For each layer, information includes some or all of the following (provide only the ones
that are available):
i. Soil type, e.g. SILTY SAND. Selected from a list of options provided by the
software.
ii. Classification based on the Unified Soil Classification System (USCS) (e.g. SWSM). Selected from a list provided by the software.
iii. Dry unit weight. For this to be meaningful, it must be obtained from
undisturbed samples. As such, this information is not always available.
iv. Density (for granular materials) of Stiffness (for fine-grained soils). For example
MEDIUM-DENSE. Selected from a list of options provided by the software.
v. SPT blows per foot. If SPT blow-counts are provided, Geotech Master™ requires
knowledge of the level of corrections that have been applied to the reported
blow-count. The user must state if the values are uncorrected (N), corrected
(N_60), or corrected and adjusted for depth (N1_60). If the blow count data are
not corrected, Geotech Master™ provides guidance on how to properly correct
them. The information that is required for such corrections is typically included
in the drilling report, or it can be obtained from the driller.
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vi. CPT data. If you have Cone Penetrometer Test data, Geotech Master™ invites
you to provide average values per layer of the following (complete or partial):
Tip resistance qc, tip Water pressure u2, Side resistance qs, and Side water
pressure u3.
vii. Water content in percent (e.g. 18).
viii. Plasticity index in percent (e.g. 29).
ix. Liquid limit in percent (e.g. 37).

1.1.2 Shallow Foundations.
The parameters that the user can select here are as follows:
a. The range of depth of embedment defined by the minimum and the maximum depth of
embedment. The software evaluates the allowable bearing capacity and footing settlements in
one-foot increments (or 0.3 meters) of the depth of embedment.
b. A range of foundation widths, defined by the minimum and maximum footing widths. The
software evaluates the allowable bearing capacity and the corresponding footing settlements in
½ foot (or 0.15 meters) width increments.
c. The type of footing shape (square, rectangular, long). If the rectangular footing is selected, you
are asked to provide the ration L/B=(Long Side)/(Short Side). Circular footings of diameter 𝐷 can
be approximated as square footings with width 𝐵 = 0.8 ⋅ 𝐷
d. The overburden applicable. This is the depth of backfill that exists around and over the footing
when construction is completed.
e. The desired factor of safety.

1.1.3 Single Piles and Drilled Shafts.
The parameters that the user can select here are as follows:
a. The depth of the top of the foundation.
b. The range of depth of embedment (i.e. pile lengths), which is defined by the minimum
and the maximum depth of embedment. The software considers piles and shafts with
embedded lengths varying in one-foot increments (or 0.3 meters).
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c. The pile/shaft width or diameter if the pile is cylindrical, square, or a pipe.
d. The pile wall thickness, if the pile is a pipe.
e. The type of pile/shaft material is selected (steel, concrete, or timber).
f.

The type of pile/shaft: Driven or drilled.

g. The pile/shaft shape: Cylindrical, square, pile, or HP.
h. If the pile is HP, then the list of all standard HP piles are listed for the user’s selection.
i.

The pile material strength.

j.

The loads applied at the top of a single pile (axial, horizontal, and bending moment).

k. Option to define rotation fixity of the pile top (rather unusual for single piles).
l.

Load orientation (x-strong, or y-weak). This is only meaningful of HP are used.

m. Factor of safety against tip failure.
n. Factor of safety against side resistance failure.

1.1.4 Groups of piles or drilled shafts.
The parameters that the user can select here are as follows:
a. Depth of the foundation surface (same as in single pile/shaft).
b. The range of depth of embedment defined by the minimum and the maximum depth of
embedment. The software evaluates the allowable bearing capacity in one-foot increments (or
0.3 meters) of the depth of embedment (same as in single pile/shaft).
c. The pile/shaft width/diameter if the pile is cylindrical, square, or a pipe (same as in single
pile/shaft).
d. Pile wall thickness, if the pile is a pipe (same as in single pile/shaft).
e. The type of pile material is selected (steel, concrete, or timber) (same as in single pile/shaft).
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f.

The type of pile/shaft: Driven or drilled (same as in single pile/shaft).

g. The pile/shaft shape: Cylindrical, square, pile, or HP (same as in single pile/shaft).
h. If the pile is HP, then the list of all standard HP piles are listed for the user’s selection (same as in
single pile/shaft).
i.

The pile material strength (same as in single pile/shaft).

j.

Group pile/shaft geometry: Number of rows and columns to define the group.

k. Cap dimension (width and length).
l.

Spacing of piles/shafts.

m. Vertical and horizontal loads at the top of the group.
n. Orientation of loads (x, or y).
o. Application physical eccentricity or moment.

1.1.5 Expansive Soils.
The parameters that the user can select here are as follows:
a. The depth of active (swelling) soil.
b. The acceptable swell for the superstructure (e.g. 0.75 inches or 20 mm).
c. For the case of piles/shafts, the permanent load that is always applied on the piles/shafts and is
active in resisting the pile uplift.

1.1.6 Flexible Walls
The parameters that the user can select here are as follows:
a. The sheet pile cross-sectional size. For example PZC12.
b. The elevation of the top of the wall. For example, if the top of the excavated wall is 2
feet or 0.60 m below the ground surface, then the elevation of the top of the wall is 2 ft
or 0.60 m.
c. The retained earth height.
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d. The length of the embedded part of the wall.
e. The depth of the water table on the retained side.
f.

The depth of the water table on the dredge line side.

g. Distributed surface loads:
i.

Number of distributed surface loads on the retained side.

ii.

For each surface load:
1. Magnitude in pressure units.
2. Width of surface load application.
3. Distance of the beginning of the surface load from the retaining wall.

h. Yield strength of the retaining wall material (by default steel).
i.

Choice to use anchors.

j.

If anchors are used:
i.

Prestressed anchor force.

ii.

Anchor angle.

iii.

Horizontal anchor spacing.

iv.

Maximum wall spacing intended to achieve with the use of anchors.

v.

Anchor diameter.

vi.

Anchor length.

1.1.7 Slope Stability
The parameters that the user can select here are as follows:
a. Select if the slope is a cut or a fill.

Page 9

Rev 1.0.8.3 – April 2, 2019

Q Systems Engineering LLC
Structural and Geotechnical Consultants
www.qsystemsengineering.net
support@qsystemsengineering.net

b. Minimum failure surface depth below ground surface (BGS). When a value is
defined here (by default 0.5 ft. or 0.15 m), the first reported failure surface is at
least that deep below the ground surface. This is intended to eliminate
consideration of failure surfaces that are very shallow and, potentially,
inconsequential.
c. Option to show grid of points at specific spacing.
d. Option to snap points that define the slope on the grid points.
e. Grid spacing.
f.

Option to show or hide Layer labels.

g. Option to show or hide the grade of each slope line.
h. Draw the slope as a poly-line by placing the poly-line points on the drawing
surface.
i.

Define a phreatic surface.

j.

Define surface loads, by defining their range, magnitude, and orientation.

k. Define seismic loads.

1.2

The output of Geotech Master™
The output of Geotech Master™ includes:

1. The evaluation of material parameters.
2. The evaluation of allowed bearing pressure and the corresponding settlements of shallow
footings.
3. The evaluation of allowed axial load of single piles and drilled shafts.
4. The axial load-settlement relation of single piles and shafts.
5. The deflection, shear, bending moment, and soil pressures of single piles subjected to axial
compression, lateral loads, and moments.
6. The evaluation of allowed axial load of groups of piles and drilled shafts.
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7. The axial load-settlement relation of groups of piles and shafts.
8. The deflection, shear, bending moment, and soil pressures of each pile/shaft of a group of
piles/shafts subjected to axial compression, lateral loads, and moments.
9. The minimum required pressures of a shallow footing on swelling soils.
10. The minimum pile/shaft length to resist swelling soils uplift.
11. The deflection of flexible retaining walls, and the anchors (if needed) to meet deflection and
strength limitations.
12. The factor of safety of a designed excavated (cut) or embankment (fill) slope.

1.2.1 Material Parameters
1. For each layer, the user has the option to select drained or undrained parameters.
2. The undrained option for granular materials is not meaningful for static loads, and should not be
selected.
3. For fine-grained soils, such as silts and clays, both drained and undrained parameters are
meaningful and represent long term versus short-term capacity. The options that are best
suited for your project must be selected. Alternatively, you can evaluate bearing capacity with
either option and select the most critical.
4. Drained strength parameters (cohesion 𝑐 and/or internal friction angle 𝜙 in degrees) can be
evaluated based on SPT blow counts and/or CPT resistance data, OR they can be provided by the
user if more reliable tests, such as direct shear, or consolidated undrained (CU) or consolidated
drained (CD) triaxial tests have been performed on soil specimens. When strength parameters
are evaluated based on SPT blow counts, the corrected blow counts, which are also adjusted for
depth, are used. Thus, both N_60 and N1_60 are listed.
5. The undrained strength parameters can be evaluated based on SPT blow counts, CPT resistance
data, the plasticity index PI, the logarithmic liquidity index (defined later), OR they can be
provided by the user if more reliable tests, such as unconsolidated undrained (UU) triaxial tests,
have been performed on soil specimens.
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1.2.2 Bearing Capacity of Shallow Foundations.
1. For each depth of embedment, data are generated (presented in plots and tables) that provide
the allowable pressure versus footing width.
2. The User can select the option to present the allowable load versus width rather than the
allowable pressure.
3. For each depth of embedment, data are generated (presented in plots and tables) that provide
the footing settlement (corresponding to the allowed load) versus footing width.
4. For any footing for which the allowable pressure has been evaluated, GeotechMaster™ also
provides the structural design (footing thickness, and reinforcement).

1.2.3 Single Piles/Shafts under Axial and Lateral Loads.
1. The allowed axial load for each pile/shaft considered is evaluated. The evaluated data are listed
in a table. They are also presented graphically in plots.
2. A plot of axial load – settlement is presented for each pile/shaft under consideration.
3. A p-y analysis is performed for each pile/shaft considered. The evaluated response is listed in a
table.
4. Diagrams of deflections, shear force, bending moment, and earth pressure are presented for
each laterally loaded pile/shaft considered.

1.2.4 Groups of Piles/Shafts under Axial/Lateral Loads.
1. The allowed axial load for each group of piles/shafts considered is evaluated. The evaluated
data are listed in a table and are presented graphically in plots.
2. A plot of axial load – settlement is presented for each group of piles/shafts under consideration.
3. A p-y analysis is performed for each group of piles/shafts considered. The evaluated response is
listed in a table.
4. Diagrams of deflections, shear force, bending moment, and earth pressure are presented for
each pile/shaft of the group that is considered.

1.2.5 Expansive Soils.
1. For each shallow foundation under consideration, the minimum required pressure is evaluated.
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2. For each pile/shaft under consideration, the minimum required pile length is evaluated.

1.2.6 Flexible Walls
1. The deflection diagram of the sheet pile wall.
2. The shear force diagram of the sheet pile wall.
3. The bending moment diagram of the sheet pile wall.
4. The mobilized soil pressure based on the sheet-pile wall deflections.
5. The allowed bending moment of the selected sheet-pile wall cross-section, and its comparison
to the maximum developed bending moment.
6. The anchor(s) location, force, and elongation, if any anchors are used.
7. The factor of safety against collapse, where collapse is defined based on a “failure deflection”.

1.2.7 Slope stability
1. The factor of safety against collapse.
2. The center and radius of the circle that corresponds to the reported
factor of safety.

2 Evaluation of Strength Parameters
2.1

SPT Energy Efficiency correction

The recorded SPT blow counts N, if not corrected, must be adjusted as follows:
𝑁60 = 𝐶𝐸 𝐶𝐵 𝐶𝑆 𝐶𝑅 𝑁
where 𝐶𝐸 = 𝐸𝑚 /0.60 = Hammer efficiency correction factor.
𝐸𝑚 = Hammer efficiency.
𝐶𝐵 =Borehole diameter correction.
𝐶𝑠 = Sampler correction.
𝐶𝑅 = Rod length correction.
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The software provides recommendations for these corrections based on Skempton (1986)*.

2.2

SPT Overburden correction

An added correction to the SPT data is provided to account for the overburden pressure.
Multiple studies have been published on this subject. Geotech Master™ uses a correction that is based
on the recommendations of five studies, as shown in the figure that follows:

The references of the five studies are as follows:
•

Peck, R.B. & Bazaraa, A.R.S.S. 1969. Discussion of paper by D’Appolonia et al., Journal of the Soil
Mechanics and Foundations Division, ASCE, 95(3): 305-309

* A.W. Skempton, 1986, Standard Penetration Test Procedures and the Effects in Sands of Overburden
Pressure, Relative Density, Particle Size, Aging and Overconsolidation: Geotechnique, v. 36:3, p. 425-447;
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•

Peck, R.B., Hanson, W.E. and Thombum, T.H., 1974. Foundation Engineering. John Wiley &
Sons,N.Y.

•

Seed, H. B., “Evaluation of Soil Liquefaction Effects on Level Ground During Earthquakes,” in
Liquefaction Problems in Geotechnical Engineering, Preprint 2752, ASCE National Convention,
Philadelphia, PA, 1976, pp. 1–104.

•

Tokimatsu, K and Yoshimi, Y (1983), “Empirical correlation of soil liquefaction based on SPT NValue and fines content.” Soils and Foundations, JSSMFE, Vol. 23, No. 4, December, pp. 56-74

•

Liao, S. S. C. AND Whitman, R. V., 1986, “Overburden correction factors for SPT in sand”, Journal
Geotechnical Engineering, Vol. 112, No. 3, pp. 373–377.

2.3

Evaluation of Unit Weights

If SPT data is available, then the unit weight of a layer is evaluated based on reference Design of Sheet
Pile Walls, U.S. Army Corps of Engineers, Engineer Manual 1110-2-2504, 1994:

COHESIVE SOILS
Soil Consistency
Description
Very Soft
Soft
Firm
Stiff
Very Stiff
Hard
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SPT Blow Count
N
0 to 2
3 to 4
5 to 8
9 to 16
16 to 32
>32

Saturated
Unit Weight
(pcf)
100 110
100 to 120
110 to 125
115 to 130
120 to 140
>130
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NON-COHESIVE SOILS
Soil Density
Description

Unit Weight
(pcf)
Moist
Submerged
γm
γsub
Very Loose
0 to 4
< 100
< 60
Loose
5 to 10
95 to 125
55 to 65
Medium Dense
11 to 30
110 to 130
60 to 70
Dense
31 to 50
110 to 140
65 to 85
Very Dense
> 51
>130
>75
If no SPT data is available, then the unit weight of each layer is evaluated based on NAVFAC DM 7.01,
1982.

2.4

SPT Blow Count
N

Evaluation of friction angle for drained conditions

2.4.1 Drained Conditions
If SPT data are available, the friction angle 𝜙′ is evaluation based on Bowles 1977, as recommended by
CALTRANS geotechnical manual:
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If CPT data are available instead, then the method by Senneset et al* is adapted.
In this method, two coefficients, 𝐵𝑞 and 𝑄, are evaluated as follows:
′
𝐵𝑞 = (𝑢2 − 𝑢0 )/(𝑞𝑡 − 𝜎𝑣𝑜 ) and 𝑄 = (𝑞𝑡 − 𝜎𝑣𝑜 )/𝜎𝑣𝑜

where 𝑢2 = recorded water pressure at the base or middle of the cone tip,
𝑢𝑜 =the hydrostatic water pressure at the cone tip.
𝑞𝑡 =the corrected cone resistance.
𝜎𝑣𝑜 = the total overburden pressure at the cone tip.
′
𝜎𝑣𝑜
=the effective overburden pressure at the cone tip.
The effective friction angle 𝜙′ is then evaluated as follows:
0.121

𝜙 ′ = 29.5 (𝐵𝑞 )

(0.256 + 0.336 𝐵𝑞 + log(𝑄))

* Senneset, K., R. Sandven, and N. Janbu, “Evaluation of Soil Parameters from Piezocone Tests,”
Transportation Research Record 1235, Transportation Research Board, National Research Council,
Washington, D.C, 1989, pp. 24–37.
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If 𝐵𝑞 < 0.1 (granular materials, where no significant excess water pressure develops), then the friction
angle is evaluated as:
𝑞𝑐
𝜙 ′ = 𝑎𝑟𝑐𝑇𝑎𝑛 (0.1 + 0.38 𝑙𝑜𝑔 ( ′ ))
𝜎𝑣𝑜
′
where the tip resistance 𝑞𝑐 and 𝜎𝑣𝑜
are measured in atmospheres.

2.4.2 Undrained Conditions
If SPT data are available, the undrained shear strength is evaluated based on the recommendations by
NAVFAC*.

If CPT data are available, the undrained shear strength is evaluated based on the following equation:
𝑠𝑢 = (𝑞𝑡 − 𝜎𝑣𝑜 )/𝑁𝑘𝑡
With 𝑁𝑘𝑡 ranging from 11.9 to 32.1 with an average magnitude of 23.3 (Zsolt Rémai*).

* NAVFAC DM-7.1, Soil Mechanics, Design Manual 7.1, Department of the Navy, May 1982.
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The undrained shear strength may also be calculated based on 𝑃𝐼 values. The equation adopted in
Geotech Master™ is 𝑐𝑢 = 𝜎𝑣′ ⋅ (0.11 + 0.0037 × 𝑃𝐼). This equation was proposed by Skempton†. The
equation is valid for normally consolidated (NC) clays, and needs to be corrected for overconsolidated
clays. Das‡ reviewed multiple experimental data and recommended the relation:
𝑐𝑈
𝑐𝑈
( ′) = 𝛼 ( ′)
𝜎𝑣 𝑂𝐶
𝜎𝑣 𝑁𝐶
Where the parameter 𝛼 is provided by the figure below.

If the water content and the Atterberg limits are available, the undrained shear strength can also be
estimated based on the liquidity index 𝐿𝐼 = (𝑤 − 𝑃𝐿)/𝑃𝐼. Geotech Master™ uses the logarithmic
liquidity index§, which produces more reliable statistical correlations.

* Zsolt Rémai (2013), “Correlation of undrained shear strength and CPT resistance.” Periodica
Polytechnica Civil Engineering 57(1):39–4.
† Skempton A. W. 1957, “The planning and design of New Hong Kong Airport”, Proceedings. The
Institute of Civil Engineers, London, Vol. 7, pp. 305-307.
‡ Das, B. M. (1995), Principles of Foundation Engineering, Third Edition, PWS Publishing Company
§ Koumoto, T., and Houlsby, G.T. 2001. “Theory and practice of the fall cone test.” Géotechnique, 51(8):
701–712.
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The logarithmic liquidity index is defined as:
𝐼𝐿𝑁 =

w
)
PL
𝐿𝐿
ln( )
𝑃𝐿

ln(

Geotech Master™ evaluates the undrained shear strength based on the large data base regression
analysis presented by Vardanega. and Haigh* (see figure below).

* Vardanega, P. and Haigh, S. (2014). "The undrained strength – liquidity index relationship." Canadian
Geotechnical Journal, 51: 1073–1086, 2014.
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2.5

Evaluation of Compressibility Parameters

2.5.1 Modulus of Elasticity 𝑬𝒔
Based on Bowles*:
Value Range for Modulus of Elasticity of Soils 𝑬𝒔
Soil

Clay

Glacial Till

Very Soft
Soft
Medium
Hard
Sandy
Loose
Dense
Very Dense

Loess
Sand
Sand and
Gravel
Shale
Silt

Silty
Loose
Dense
Loose
Dense

𝑬𝒔 (MPa)
2-15
5-25
15-50
50-100
25-250
10-150
150-720
500-1440
15-60
5-20
10-25
50-81
50-150
100-200
150-5000
2-20

From the same reference, if SPT data is available:
Modulus of Elasticity 𝑬𝒔 based on SPT (N55)
Soil

𝑬𝒔 (𝒌𝑷𝒂)

Sand (norm. consolidated)

𝐸𝑠 = 500(𝑁 + 15)
𝐸𝑠 = 7000√𝑁
𝐸𝑠 = 6000 𝑁
𝐸𝑠 = 18000 𝑙𝑛𝑁

* Joseph E. Bowles, Foundation Analysis and Design, Fifth Edition, McGraw-Hill 1996.
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Sand (saturated)

𝐸𝑠 = 250(𝑁 + 15)

Sands, all (normally
consolidated)

𝐸𝑠 = 2750 𝑁

Sand (overconsolidated)

𝐸𝑠 = 40000 + 1050𝑁
𝐸𝑠(𝑂𝐶𝑅) = 𝐸𝑠,𝑁𝐶 √(𝑂𝐶𝑅)

Gravelly sand

𝐸𝑠 = 1200(𝑁 + 6)
𝐸𝑠 = 600(𝑁 + 6), 𝑁 ≤ 15
𝐸𝑠 = 600(𝑁 + 6) + 2000, 𝑁 > 15

Clayey sand

𝐸𝑠 = 320(𝑁 + 15)

Silts, sandy silt, or clayey silt

𝐸𝑠 = 300(𝑁 + 6)

Also from the same reference, if CPT data is available:
Modulus of Elasticity 𝑬𝒔 based on CPT
Soil

𝑬𝒔 (𝒌𝑷𝒂)

Sand (norm. consolidated)

𝐸𝑠 = 2 𝑡𝑜 4 𝑞𝑐
𝐸𝑠 = 8000√𝑞𝑐
𝐸𝑠 = 1.2(3𝐷𝑟2 + 2)𝑞𝑐
𝐸𝑠 = (1 + 𝐷𝑟2 )𝑞𝑐

Sand (saturated)

𝐸𝑠 = 𝐹 𝑞𝑐
𝑒 = 1.0 𝐹 = 3.5
𝑒 = 0.6 𝐹 = 7.0

Sand (overconsolidated)

𝐸𝑠 = (6 𝑡𝑜 30) 𝑞𝑐

Clayey sand

𝐸𝑠 = (3 𝑡𝑜 6) 𝑞𝑐

Silts, sandy silt, or clayey silt

𝐸𝑠 = (1 𝑡𝑜 2) 𝑞𝑐

Page 22

Rev 1.0.8.3 – April 2, 2019

Q Systems Engineering LLC
Structural and Geotechnical Consultants
www.qsystemsengineering.net
support@qsystemsengineering.net

𝑖𝑓 𝑞𝑐 < 2500 𝑘𝑃𝑎 𝐸𝑠′ = 2.5𝑞𝑐
𝑖𝑓 2500 𝑘𝑃𝑎 < 𝑞𝑐 < 5000 𝑘𝑃𝑎
then 𝐸𝑠′ = 4𝑞𝑐 + 5000, where
𝐸 (1−𝜈)

1

𝑠
𝐸𝑠′ = (1+𝜈)(1−2𝜈)
=𝑚

Soft clay or clayey silt

𝑣

𝐸𝑠 = (3 𝑡𝑜 8)𝑞𝑐

Finally, also from the same reference:
Modulus of Elasticity of Soils based on Undrained Shear Strength 𝒔𝒖
Soil

Condition

𝑬𝒔 (Units of 𝒔𝒖 )

Clay and Silt

𝐼𝑝 > 30 𝑜𝑟 𝑜𝑟𝑔𝑎𝑛𝑖𝑐

𝐸𝑠 = (100 𝑡𝑜 500)𝑠𝑢

Silty, Sandy clay

𝐼𝑝 < 30 𝑜𝑟 𝑠𝑡𝑖𝑓𝑓

𝐸𝑠 = (500 𝑡𝑜 1500)𝑠𝑢

Clay

𝐸𝑠 = 𝐾𝑠𝑢
𝐾 = 4200 − 142.54𝐼𝑝 + 1.73𝐼𝑝2 − 0.0071𝐼𝑝3
𝐼𝑝 = 𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 𝑖𝑛 𝑝𝑒𝑟𝑐𝑒𝑛𝑡

2.5.2 Evaluation of the Overconsolidation Ratio (OCR)
Based on the work by Mayne and Kemper*, the overconsolidation ratio OCR is evaluated as a function of
SPT blowcount based on:
𝑁60 0.689
𝑂𝐶𝑅 = 0.193 ( ′ )
𝜎𝑣𝑜
′
where the overburden pressure 𝜎𝑣𝑜
is measured in MPa.

The OCR can also be evaluated based on CPT tip resistance 𝑞𝑐 based on:

* Mayne, P. W., and Kemper, J. B., (1988). “Profiling OCR in stiff clays by CPT and SPT,” Geotechnical
Testing Journal, 11(2), 139-147.
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𝑞𝑐 − 𝜎𝑣𝑜 1.01
)
𝑂𝐶𝑅 = 0.37 (
′
𝜎𝑣𝑜

2.5.3 Compression Index 𝑪𝒄
The compression index 𝐶𝑐 is estimated based on the following recommendations:
Terzaghi and Peck 1967: 𝐶𝑐 = 0.009 (𝑤𝐿 − 10)
Azzouz et al 1976: 𝐶𝑐 = 0.37(𝑒𝑜 + 0.003𝑤𝐿 + 0.0004 𝑤𝑛 − 0.34)
Rendon-Herrero (1983): 𝐶𝑐 = 0.141𝐺𝑠 (

𝛾𝑠𝑎𝑡

𝛾𝑑𝑟𝑦

2.4

)

Nakase et al 1988: 𝐶𝑐 = 0.046 + 0.0104𝐼𝑃
Koppula 1986: 𝐶𝑐 = 0.009 𝑤𝑛 + 0.005𝑤𝐿
References
•

Terzaghi, K and R. B. Peck (1967) Soil Mechanics in Engineering Practice. 2nd ed. John Wiley &
Sons, New York.

•

Azzouz, A. S. et al. (1976) “Regression Analysis of Soil Compressibility,” Soils and Foundations,
Tokyo, Vol. 16, No. 2, pp. 19-29.

•

Rendon-Herrero, O. (1983) “Closure: Universal Compression Index Equation,” JGED, ASCE, Vol.
109, GT5, May pp. 755-761.

•

Nakase, A., Kamei, T., and Kusakabe, O. (1988). "Constitutive Parameters Estimated by Plasticity
Index." J. Geotech. Engrg., vol. 114, No. 7, pp. 844-858.

•

Koppula, S.D. (1986) "Discussion: Consolidation parameters derived from index tests",
Geotechnique, Vol. 36, No. 2, June, pp. 291-292

2.5.4 Recompression Index 𝑪𝒓
The recompression index 𝐶𝑟 is estimated based on the following recommendations:
Nagaraj and Murthy 1985 : 𝐶𝑟 = 0.000463𝑤𝐿 𝐺𝑠
Nakase et al 1988: 𝐶𝑟 = 0.00194(𝐼𝑃 − 4.6)
Bowles 1996: 𝐶𝑟 = (0.05 𝑡𝑜 0.1)𝐶𝑐 if no other information is available.
References:
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•

Nagaraj TS, Murthy BRS (1985). “A critical reappraisal of compression index equations.”
Geotechnique 36(1): 27-32.

•

Nakase, A., Kamei, T., and Kusakabe, O. (1988). "Constitutive Parameters Estimated by Plasticity
Index." J. Geotech. Engrg., vol. 114, No. 7, pp. 844-858.

•

Joseph E. Bowles, Foundation Analysis and Design, Fifth Edition, McGraw-Hill 1996.

Page 25

Rev 1.0.8.3 – April 2, 2019

Q Systems Engineering LLC
Structural and Geotechnical Consultants
www.qsystemsengineering.net
support@qsystemsengineering.net

3 Shallow Footings - Allowable Bearing Pressure
3.1

General

The allowable bearing pressure is evaluated based on Meyerhof’s equations:
1

𝑞𝑢𝑙𝑡 = 𝑠𝑐 𝑑𝑐 𝑖𝑐 𝑐𝑁𝑐 + 𝑠𝑞 𝑑𝑞 𝑖𝑞 𝑞𝑁𝑞 + 𝑠𝛾 𝑑𝛾 𝑖𝛾 𝛾𝐵𝑁𝛾

Bearing Capacity Factors
for General Shear failure

2

where:

Angle φ
(Degrees)

The coefficients𝑁𝑐 , 𝑁𝑞 , and 𝑁𝛾 are evaluated as shown in the table to the
right.
The overburden pressure 𝑞 is evaluated based on the weight of the layers
above the depth of embedment.
If the footing carries an overturning moment 𝑀𝑜 , in addition to the axial
compression 𝑃, then the user must provide this information as an expression
of eccentricity 𝑒 = 𝑀𝑜 /𝑃.

0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Meyerhof

Nc

Nq

Nγ

5.10
5.38
5.63
5.90
6.19
6.49
6.81
7.16
7.53
7.92
8.34
8.80
9.28
9.81
10.37
10.98
11.63
12.34
13.10
13.93
14.83
15.81
16.88
18.05
19.32
20.72
22.25
23.94
25.80
27.86
30.14
32.67
35.49
38.64
42.16
46.12
50.59
55.63
61.35
67.87
75.31
83.86
93.71
105.11
118.37
133.87

1.00
1.09
1.20
1.31
1.43
1.57
1.72
1.88
2.06
2.25
2.47
2.71
2.97
3.26
3.59
3.94
4.34
4.77
5.26
5.80
6.40
7.07
7.82
8.66
9.60
10.66
11.85
13.20
14.72
16.44
18.40
20.63
23.18
26.09
29.44
33.30
37.75
42.92
48.93
55.96
64.20
73.90
85.37
99.01
115.31
134.87

0.00
0.00
0.01
0.02
0.04
0.07
0.11
0.15
0.21
0.28
0.37
0.47
0.60
0.74
0.92
1.13
1.37
1.66
2.00
2.40
2.87
3.42
4.07
4.82
5.72
6.77
8.00
9.46
11.19
13.24
15.67
18.56
22.02
26.17
31.15
37.15
44.43
53.27
64.07
77.33
93.69
113.99
139.32
171.14
211.41
262.74

The effect of eccentricity is accounted for by introducing a reduction in the effective width: 𝐵′ = 𝐵 −
2𝑒, thus reducing the effective footing area from 𝐵 × 𝐿 to 𝐵′ × 𝐿.
The calculated allowable bearing capacity is adjusted by the factor (𝑩′ /𝑩). Thus, the allowed load is
calculated by multiplying the calculated bearing capacity by the total footing area (𝑩 × 𝑳).
The layers of soil that are influenced by the foundation failure are within a depth of (𝐵/2) ⋅ 𝑡𝑎𝑛(45 +
𝜙/2 ).
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If more than one layer is included within this zone, then the bearing capacity is evaluated using average
values for cohesion 𝑐 and frictional coefficient 𝑡𝑎𝑛𝜙, within the zone influenced by bearing capacity
failure. This approach has been recommended by Bowles*.

3.2

Eccentricity

Eccentric loads typically result in non-uniform stresses under the footing, which, in turn, results in
reduction of stress capacity. When the ultimate load 𝑃𝑢𝑙𝑡 is applied with eccentricities 𝑒𝑥 and 𝑒𝑦 , as
shown in the figure, the resulting stresses under the footing can be calculated with one of the two

approaches as shown:
1. Linear variation of stresses: 𝑞(𝑥, 𝑦) =

𝑃𝑢𝑙𝑡
𝐴

+

𝑃𝑢𝑙𝑡 𝑒𝑥
𝐼𝑦

𝑥+

𝑃𝑢𝑙𝑡 𝑒𝑦
𝐼𝑥

𝑦

2. Uniform stress distribution under a reduced footing area:
a. 𝐵′ = 𝐵 − 2𝑒𝑥 ; 𝐿′ = 𝐿 − 2𝑒𝑦
b. 𝑞 =

𝑃𝑢𝑙𝑡
𝐵′ 𝐿′

* Bowles J.E. Foundation analysis and design, 4th Ed., McGraw-Hill, New York, N.Y., 1988.
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Neither approach is entirely accurate. The first approach is consistent with an assumption of elastic
Winkler springs, while the second approach assumes perfectly plastic response of a material that has
equal confinement throughout. Thus, the first approach may be more applicable for foundations on
rocks, while the second approach may be more realistic for foundations on soils. Geotech Master™
implements the second approach.

4 Shallow Footings - Settlements
4.1

Settlements of Footings on Granular Soils

The approach adapted in the current version of Geotech Master™ is based on the vertical strain
influence factor 𝐼𝑧 , which was introduced by Schmertmann originally in 1970* and subsequently in
1978†.
The footing settlement is evaluated as the sum of the contributions of 𝑛 sublayers underneath the
foundation, each of which has a thickness Δ𝑧𝑖 :
𝑆𝑔 = 𝐶1 𝐶2 (𝑞 −

𝑛
𝐼𝑧
′)
𝑝𝑜 ∑ 𝑖
𝐸𝑠𝑖
𝑖=1

Δ𝑧𝑖

where
𝑞 = Applied foundation pressure.
𝑝𝑜′ = Effective overburden pressure at the elevation of the bottom of the footing BEFORE the
excavation and placement of the footing.
Δ𝑝 = 𝑞 − 𝑝𝑜′ = Net foundation pressure increase at bottom of footing.
𝑝′

𝐶1 = 1 − 0.5 ( 𝑜 ) = Correction factor for depth of embedment.
Δ𝑝

𝐶2 = 1 + 0.2 log10 (

𝑡𝑦𝑟
0.1

) = Correction for secondary creep settlements

𝐸𝑠𝑖 = The modulus of elasticity of the granular soil (see section 3.1) for layer 𝑖.

* Schmertmann, J.H. 1970. “Static cone to compute static settlement over sand.” Journal of the Soil
Mechanics and Foundations Division, ASCE, 96(3) pp 1011-1043.
† Schmertmann, J.H., Hartmann, J.P. & Brown, P.R. 1978. “Improved strain influence factor diagrams.”
Journal of the Geotechnical Engineering Division, ASCE, 104(8) pp 1131-1135.
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𝐼𝑧 𝑖 = Strain influence factor at the center-height of sublayer 𝑖.
See the figure that follows:

4.2

Settlement of Footings on Fine-Grained Soils

The settlement of footings on fine-grained soils is evaluated based on 1-D consolidation equations.

4.2.1 Normally Consolidated Fine Grade Soil
The consolidation settlement for normally consolidated (NC) clays is evaluated as:
𝑛

𝑆𝑁𝐶 = ∑
𝑖=1

′
𝐶𝑐𝑖
𝜎𝑣𝑜
+ Δ𝑝𝑖
𝑖
log10
1 + 𝑒𝑜𝑖
𝜎𝑣𝑜𝑖

where
The compression layer is divided in 𝑛 sublayers, and all quantities above are defined at the middepth of each layer.
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′
𝜎𝑣𝑜
= initial effective overburden pressure at the midpoint of sublayer 𝑖, before the excavation and
𝑖
placement of the footing.

Δ𝑝𝑖 = the increase of the vertical pressure at the midpoint of sublayer 𝑖 due to the footing
placement.

4.2.2 Overconsolidated Fine Grade Soil
′
For the case of overconsolidated clays, we define the current effective overburden pressure 𝜎𝑣𝑜
as
′
defined earlier, and the precompression stress 𝜎𝑣𝑝 , which is the maximum effective overburden
pressure that the soil has experienced in the past.
′
′
Case where 𝜎𝑣𝑜
+ Δ𝑝 ≤ 𝜎𝑣𝑝
𝑛

𝑆𝑂𝐶 = ∑
𝑖=1

′
𝐶𝑟𝑖
𝜎𝑣𝑜
+ Δ𝑝𝑖
𝑖
log10
1 + 𝑒𝑜𝑖
𝜎𝑣𝑜𝑖

′
′
Case where 𝜎𝑣𝑜
+ Δ𝑝 > 𝜎𝑣𝑝

𝑆𝑂𝐶

4.3

𝑛

𝑛

𝑖=1

𝑖=1

′
′
𝐶𝑟𝑖
𝐶𝑟𝑖
𝜎𝑣𝑜
+ Δ𝑝𝑖
𝜎𝑣𝑝
𝑖
=∑
log10
+∑
log10
1 + 𝑒𝑜𝑖
𝜎𝑣𝑜𝑖
1 + 𝑒𝑜𝑖
𝜎𝑣𝑝

Settlement of Footings on Layered Granular and Fine-Grained Soils

Where layers of both granular and fine-grained materials are within the influence zone of the footing
increase pressures, the equations for both materials are combined, such that each equation provides
input only in the layers where each equation is valid.

4.4

Footing Inclination due to Eccentricity

When footings are loaded eccentrically, their inclination is estimated based on the theory of rigid beams
on elastic foundations using springs with subgrade modulus k. Based on this approach, the inclination
slope in the B and L direction are calculated as follows:
𝑠𝐵 = 12
𝑠𝐿 = 12

𝑒𝐵
𝐵2
𝑒𝐿
𝐿2

𝑆 (in./in. or mm/mm)
𝑆 (in./in. or mm/mm)

Where 𝑆 is the calculated settlement of the footing ignoring the eccentricity.
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5 Shallow Footings – Structural Design
5.1

Design based on ACI-318-11(same outcome as ACI-318-14)

5.1.1 Loads
𝑃𝐷 : Deal Load
𝑃𝐿 : Live Load
𝑃𝑈 : Design load = 1.2𝑃𝐷 + 1.6𝑃𝐿
Geotech Master™ makes a first assumption that 𝑃𝑈 = 1.4𝑃𝑜 where 𝑃𝑜 is the unfactored load capacity
from the bearing capacity calculations, and the factor 1.4 is based on the approximation that the live
and dead loads are equal. The user can change this number by adjusting the dead (permanent) and live
(variable) loads to their actual values and reevaluate the design to reflect the actual loads.

5.1.2 Resistance Factors
•

The bending resistance factor is taken as 𝜙𝐵 = 0.9 if strain of the most tensile reinforcement is
𝜖𝑡 ≥ 0.005 (practically always the case for spread footings).

•

The shear resistance factor is 𝜙𝑆 = 0.75.

5.1.3 Minimum Practical Footing Thickness
To meet practical constructability, minimum footing thickness is assumed to be 𝑡 = 8 𝑖𝑛. or 𝑡 =
200 𝑚𝑚, depending on whether the evaluations are performed in Traditional USA or Metric units.

5.1.4 Minimum Clear Cover
Per code, the minimum clear cover to the bottom of the footing is 𝑐 = 3 𝑖𝑛. or 𝑐 = 75 𝑚𝑚.

5.1.5 Minimum Footing Thickness to Meet Shear Requirements
5.1.5.1 Resistance to Two-Way Shear (Punch)
Two-way shear failure or punch is assumed to occur over a perimeter that this 𝑑/2 away from the
column perimeter. Thus the two-way shear failure perimeter is:
𝑏𝑜 = (𝑏𝑐𝑥 + 𝑑) × 2 + (𝑏𝑐𝑦 + 𝑑) × 2
Where:
𝑏𝑥𝑐 and 𝑏𝑐𝑦 are the dimensions of the two sides of the column;
𝑑 is the effective depth for bending (= thickness - cover – bar diameter).
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The shear capacity against two-way shear failure is given by the smallest of the following three
equations:
𝑉𝑐 = (2 +
𝑉𝑐 = (2 +

4
𝛽𝑐

) 𝜆√𝑓𝑐′ 𝑏𝑜 𝑑

𝛼𝑠 𝑑
𝑏𝑜

(ACI 318-11 Equation 11-33)

) 𝜆√𝑓𝑐′ 𝑏𝑜 𝑑

(ACI 318-11 Equation 11-34)

and
𝑉𝑐 = 4𝜆√𝑓𝑐′ 𝑏𝑜 𝑑

(ACI 318-11 Equation 11-35)

Where
𝛽𝑐 is the ratio of the long side to the short side of the column cross-section (≥ 1)
𝑎𝑠 = 40, assuming that all for sides of the shear failure around the column can be developed.
𝜆 = 1 for concrete that uses normal-weight aggregates. The use of light-weight concrete for
foundations is not common.
The applied effective pressure at the bottom of the footing is
𝑞𝑢 =

𝑃𝑢
𝐴𝑓

where 𝐴𝑓 is the plan view area of the footing.
The applied shear load is the pressure 𝑞𝑢 multiplied by the area of the footing that is outsize the shear
failure perimeter 𝑏𝑜 :
𝑉𝑢 = 𝑃𝑢 − 𝑞𝑢 ⋅ (𝑏𝑐𝑥 + 𝑑) ⋅ (𝑏𝑐𝑦 + 𝑑)
The effective depth 𝑑 is selected such that the equation 𝑉𝑢 = 𝜙𝑆 𝑉𝑐 is satisfied.

5.1.5.2 Resistance to One-Way Shear
One-way shear failure is assumed to occur at a distance 𝑑 away from the outside surface of the column.
The capacity of the footing against one-way shear failure is:
𝑉𝑐𝑥 = 2𝜆√𝑓𝑐′ 𝑏𝑦 𝑑

(ACI 318-11 Equation 11-3)

and
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𝑉𝑐𝑦 = 2𝜆√𝑓𝑐′ 𝑏𝑥 𝑑

(ACI 318-11 Equation 11-3)

Where 𝑓𝑐′ is the nominal 28 day strength of the footing concrete, 𝑉𝑐𝑥 and 𝑉𝑐𝑦 are the nominal shear
strength evaluations for the footing cross-sections that are normal to the x and y axes respectively, and
𝑏𝑥 and 𝑏𝑦 are the widths of the footings in the x and y directions respectively.
The applied shear load is the pressure 𝑞𝑢 multiplied by the cantilever surface:
𝑏𝑥 𝑏𝑐
𝑉𝑢𝑥 = 𝑞𝑢 ⋅ ( − 𝑥 − 𝑑)
2
2
and
𝑏𝑦 𝑏𝑐𝑦
𝑉𝑢𝑦 = 𝑞𝑢 ⋅ ( −
− 𝑑)
2
2
Where 𝑉𝑢𝑥 and 𝑉𝑢𝑦 are the factored shear forces at the critical-for-shear footing cross-sections that are
normal to the x and y axes respectively, and 𝑏𝑥 and 𝑏𝑦 are the widths of the footings in the x and y
directions respectively.
The effective depth 𝑑 for one-way shear is selected such that the equations 𝑉𝑢𝑥 = 𝜙𝑆 𝑉𝑐𝑥 and 𝑉𝑢𝑦 =
𝜙𝑆 𝑉𝑐𝑦 are satisfied.
Finally, the effective depth 𝒅 is selected to be the largest of all the above shear evaluations. The
footing thickness is then evaluated as:
𝑡 = 𝑑 + 𝑐 + 2 ⋅ 𝑑𝑏
Where 𝑑𝑏 is the diameter of the considered reinforcing bar.
Minor rounding of the footing thickness 𝑡 is performed for constructability purposes.

5.1.5.3 Evaluation of Reinforcement
The critical moment is considered to be at the outer surface of the column, and is evaluated as follows:
2

𝑀𝑢𝑥 = 𝑞𝑢 ⋅
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and
2

𝑏𝑥 𝑏𝑐𝑥
)
−
2
2
= 𝑞𝑢 ⋅
2
(

𝑀𝑢𝑦

Where 𝑀𝑢𝑥 and 𝑀𝑢𝑦 are the bending moments per unit width about the axes x and y respectively at the
critical cross-sections.
For a specific reinforcement (selected reinforcing bar and spacing, which results in a cross-sectional area
𝐴𝑠 of reinforcement per unit width of the footing), the compression zone at failure is evaluated as:
𝑎=

𝐴𝑠 𝑓𝑌
0.85 𝑓𝑐′ 𝑏

Where 𝑓𝑌 is the yield strength of the reinforcement, and 𝑏 is the unit width of the footing (= 1) for the
bending considered.
The nominal capacity 𝑀𝑛 for the specific cross-section is then
𝑎
𝑀𝑛 = 𝐴𝑠 𝑓𝑦 (𝑑 − )
2
The reinforcement diameter 𝑑𝑏 is selected, and its spacing is calculated to satisfy
𝑀𝑢 = 𝜙𝐵 𝑀𝑛
Minor rounding of the bar spacing is also performed for purposes of convenience.
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5.2

Design based on Eurocode 2 (UK Annex)

5.2.1 Loads
𝐺𝑘 : Permanent Load
𝑄𝑘 : Leading Variable Load
𝑃𝑑 : Design load = 𝛾𝑔 𝐺𝑘 + 𝛾𝑞 𝑄𝑘 = 1.35 𝐺𝑘 + 1.5𝑄𝑘
Geotech Master™ makes a first assumption that 𝑃𝑈 = 1.425𝑃𝑜 where, 𝑃𝑜 is the unfactored load from
the bearing capacity calculations, and the factor 1.425 is based on the approximation that the
permanent and variable loads are equal. The user can change this number by adjusting the dead
(permanent) and live (variable) loads to their actual values and reevaluate the design to reflect the
actual loads.

5.2.2 Resistance Factors
The concrete strength factor is 𝛾𝑐 = 1.5. The reinforcing steel factor is 𝛾𝑠 = 1.15.
The design compressive strength of concrete is thus 𝑓𝑐𝑑 = 𝑓𝑐𝑘 /𝛾𝑐 , while the design strength of the
reinforcing steel is 𝑓𝑦𝑑 = 𝑓𝑦𝑘 /𝛾𝑠 .

5.2.3 Minimum Practical Footing Thickness
To meet practical constructability, minimum footing thickness is assumed to be 𝑡 = 200 𝑚𝑚.

5.2.4 Minimum Clear Cover
The minimum clear cover of reinforcement at the bottom of the footing depends on multiple
environmental factors. For simplicity, GeotechMaster™ uses a clear cover 𝑐 = 75 𝑚𝑚.
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5.2.5 Minimum Footing Thickness to Meet Shear Requirements
5.2.5.1 Resistance to Punching Shear
Punching shear failure is checked at the column
perimeter, as well as at multiple critical perimeters that
are at a distance 𝑎 from the column faces, where 𝑑 ≤ 𝑎 ≤
2𝑑, as shown in the figure, 𝑑 is the effective depth.
The shear strength at the column perimeter is
𝑣𝑅𝑑,𝑚𝑎𝑥 = 0.3 × (1 − 𝑓𝑐𝑘 /250) × 𝑓𝑐𝑑
The resisting surface to this failure is
𝐴𝑢𝑐𝑜𝑙 = 𝑢𝑐 ⋅ 𝑑
where 𝑢𝑐 is the column perimeter 2(𝑐𝑥 + 𝑐𝑦 ) in the
example presented here.
The punching shear force is the column load minus the
earth pressure under the column surface:
𝑉𝐸𝑑 = 𝑃𝑑 − 𝑞𝐸𝑑 ⋅ 𝐴𝑐𝑜𝑙
where 𝑞𝐸𝑑 = 𝑃𝑑 /𝐴𝑓𝑜𝑜𝑡 , is the factored pressure at the soil-footing interface, 𝐴𝑓𝑜𝑜𝑡 = 𝑏𝑥 ⋅ 𝑏𝑦 , and
𝐴𝑐𝑜𝑙 = 𝑐𝑥 ⋅ 𝑐𝑦 in the example considered here.
For a valid design the applied shear stress 𝑣𝐸𝑑 must be less than or equal to the shearing resistance
𝑣𝑅𝑑,𝑚𝑎𝑥 :
𝑉𝐸𝑑
𝑣𝐸𝑑 =
≤ 𝑣𝑅𝑑,𝑚𝑎𝑥
𝐴𝑢𝑐𝑜𝑙
The shear strength at any of the critical perimeters at a distance 𝑎 from the column of the surface is:
2𝑑
𝑣𝑅𝑑 = 𝑣𝑅𝑑,𝑐 ×
𝑎
Where
1

𝑣𝑅𝑑,𝑐 = 𝐶𝑅𝑑,𝑐 × 𝑘 × (100 × 𝜌1 × 𝑓𝑐𝑘 )3 ≥ 𝑣𝑚𝑖𝑛 = 0.035 × 𝑘1.5 × √𝑓𝑐𝑘
0.18
𝐶𝑅𝑑,𝑐 =
= 0.12
𝛾𝑐
𝑘 =1+√

200
≤ 2.0
𝑑

𝐴𝑠1
𝑏⋅𝑑
𝐴𝑠1 is the reinforcement cross-sectional area in orientation x or y, and 𝑏 is either 𝑏𝑥 or 𝑏𝑦 .
𝜌1 =
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The perimeter of punch at distance 𝑎 from the column surface is
𝑢𝑎 = 2(𝑐𝑥 + 𝑐𝑦 ) + 2𝜋𝑎
The punching shear force is the column load minus the earth pressure under the inner punch surface:
𝑉𝐸𝑑 = 𝑃𝑑 − 𝑞𝐸𝑑 ⋅ 𝐴𝑎 = 𝑞𝐸𝑑 ⋅ (𝐴𝑓𝑜𝑜𝑡 − 𝐴𝑎 )
Where the punched area of the footing is:
𝐴𝑎 = 2 ⋅ (𝑐𝑥 + 𝑐𝑦 ) ⋅ 𝑎 + 𝜋 ⋅ 𝑎2 + 𝑐𝑥 ⋅ 𝑐𝑦
For a valid design, the applied shear stress 𝑣𝐸𝑑 must be less than or equal to the shearing
resistance 𝑣𝑅𝑑,𝑐 :
𝑉𝐸𝑑
𝑣𝐸𝑑 =
≤ 𝑣𝑅𝑑,𝑐
𝑢𝑎 ⋅ 𝑑
Thus, the effective depth 𝑑 is calculated to satisfy the shearing resistance requirements at the column
perimeter as well as all critical perimeters defined by 𝑑 ≤ 𝑎 ≤ 2𝑑.

5.2.5.2 Resistance to Vertical Shear
The critical vertical shear (one-way shear in ACI nomenclature) is at a section at a distance 𝑑 from the
column surface.
The shear strength for vertical shear is:
1

𝑣𝑅𝑑,𝑐 = 𝐶𝑅𝑑,𝑐 × 𝑘 × (100 × 𝜌1 × 𝑓𝑐𝑘 )3 ≥ 𝑣𝑚𝑖𝑛 = 0.035 × 𝑘1.5 × √𝑓𝑐𝑘
0.18
𝐶𝑅𝑑,𝑐 =
= 0.12
𝛾𝑐
𝑘 =1+√

200
≤ 2.0
𝑑

𝐴𝑠1
𝑏⋅𝑑
𝐴𝑠1 is the reinforcement cross-sectional area in orientation x or y, and 𝑏 is either 𝑏𝑥 or 𝑏𝑦 .
The applied shear force at the critical cross section is
𝑏𝑖 𝑐𝑖
𝑉𝐸𝑑𝑖 = 𝑞𝐸𝑑 ⋅ ( − − 𝑑) 𝑏𝑗
2 2
Where 𝑖 = 𝑥 𝑜𝑟 𝑦, and 𝑗 = 𝑦 𝑜𝑟 𝑥 respectively.
The developed shear stress at the critical cross-section is
𝑉𝐸𝑑𝑖
𝑣𝐸𝑑𝑖 =
𝑏𝑗 𝑑
𝜌1 =
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For a valid design the applied shear stress 𝑣𝐸𝑑 must be less than or equal to the shearing resistance
𝑣𝑅𝑑,𝑐 : 𝑣𝐸𝑑 ≤ 𝑣𝑅𝑑,𝑐
Thus, the effective depth 𝑑 is calculated to satisfy the shearing resistance requirements at the critical
vertical shear location.

5.2.6 Evaluation of Reinforcement
The critical moment is considered to be at the outer surface of the column, and is evaluated as follows:
𝑏𝑦 𝑐𝑦 2
− )
2
2
⋅
2
(

𝑀𝐸𝑑𝑥 = 𝑞𝐸𝑑
and

𝑀𝐸𝑑𝑦

𝑏
𝑐 2
( 𝑥 − 𝑥)
2
2
= 𝑞𝐸𝑑 ⋅
2

Where 𝑀𝐸𝑑𝑥 and 𝑀𝐸𝑑𝑦 are the bending moments per unit width about the axes x and y respectively at
the critical cross-sections.
For a specific reinforcement (selected reinforcing bar and spacing, which results in a cross-sectional area
𝐴𝑠 of reinforcement per unit width of the footing), the compression zone at failure is evaluated as:
𝑎=

𝐴𝑠 𝑓𝑌𝑑
𝑎𝑐𝑐 𝜂 𝑓𝑐𝑑 𝑏

Where 𝑏 is the unit width of the footing (= 1000 𝑚𝑚) for the bending considered, 𝑎𝑐𝑐 = 0.85 based for
the UK annex, and 𝜂 = 1 for 𝑓𝑐𝑘 ≤ 50 𝑀𝑃𝑎, while 𝜂 = 1.0 −

𝑓𝑐𝑘 −50
200

for 50 𝑀𝑃𝑎 < 𝑓𝑐𝑘 ≤ 90 𝑀𝑃𝑎.

The nominal capacity 𝑀𝑅𝑑 for the specific cross-section is then
𝑎
𝑀𝑅𝑑 = 𝐴𝑠 𝑓𝑦𝑑 (𝑑 − )
2
As in the previous equations, 𝑖 = 𝑥 𝑜𝑟 𝑦 and 𝑗 = 𝑦 𝑜𝑟 𝑥, respectively.
The reinforcement diameter 𝑑𝑏 is selected, and its spacing is calculated to satisfy 𝑀𝐸𝑑 ≤ 𝑀𝑅𝑑 .
The calculated reinforcement must be greater than or equal to the minimum required reinforcing steel
area:
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𝑓𝑐𝑡𝑚
𝐴𝑠𝑚𝑖𝑛 = 0.26 ⋅ (
) ⋅ 𝑏𝑖 𝑑 ≥ 0.0013 ⋅ 𝑏𝑗 𝑑
𝑖
𝑓𝑦𝑘
The stress in the reinforcing steel is evaluated as:
𝑓𝑠 =

𝐴𝑠𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝐴𝑆𝑝𝑟𝑜𝑣𝑖𝑑𝑒𝑑

⋅

𝐺𝑘 + 𝑄𝑘
⋅ 𝛾𝑔 𝐺𝑘 + 𝛾𝑞 𝑄𝑘

Based on 𝑓𝑠 , and assuming 0.3 mm wide crack, the maximum spacing of the reinforcing steel is
evaluated based on Tables 7.2N and 7.3N of Eurocode 2.
Minor rounding of the bar spacing is also performed for purposes of convenience.
Table 7.2N Maximum bar diameters t/s for crack control1
Steel stress
[MPa]
160
200
240
280
320
360
400
450
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Maximum bar size [mm]
Wk= 0,4 mm Wk= 0,3 mm
Wk= 0,2 mm
40
32
25
32
25
16
20
16
12
16
12
8
12
10
6
10
8
5
8
6
4
6
5
-

Table 7.3N Maximum bar spacing for crack control1
Steel stress
[MPa]
160
200
240
280
320
360

Maximum bar spacing [mm]
Wk= 0,4 mm Wk= 0,3 mm
Wk= 0,2 mm
300
300
200
300
250
150
250
200
100
200
150
50
150
100
100
50
-
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6 Axially Loaded Piles and Drilled Shafts – Allowed Bearing Loads
The allowable bearing pressure is evaluated as the sum of the tip bearing capacity and the side bearing
capacity due to friction (drained behavior) or adhesion (undrained behavior). Tip resistance 𝑄𝑡 and side
resistance 𝑄𝑠 contribute to the total allowed load 𝑄𝑎𝑙𝑙 based on their own independent factors of
safety:
𝑄𝑎𝑙𝑙 =

6.1

𝑄𝑡
𝑄𝑠
+
𝐹𝑆𝑡 𝐹𝑆𝑠

Tip resistance

The tip or point resistance is evaluated based on Meyerhof’s equation*:
𝑄𝑡 = 𝐴𝑡 ⋅ 𝑞𝑡 = 𝐴𝑡 (𝑐𝑁𝑐∗ + 𝑞 ′ 𝑁𝑞∗ )
where the coefficients 𝑁𝑐∗ and 𝑁𝑞∗ are evaluated based
on the graph shown here.
The effective friction angle 𝜙′, which is used to evaluate
𝑁𝑐∗ and 𝑁𝑞∗ , is evaluated as the average friction angle for
the region that starts at the pile tip and extends two
diameters, or two pile widths below the pile tip.
The cohesion 𝑐 in the above equation is also evaluated as
the average cohesion for the space that starts at the pile
tip and extends two diameters, or two pile widths below
the pile tip.
The effective overburden term 𝑞′ is evaluated as the
depth of the pile tip.
The overburden term 𝑞 ′ has an upper limit equal to:
𝑞 ′ = 1000 𝑡𝑎𝑛𝜙′ psf
or
𝑞 ′ = 50 𝑡𝑎𝑛𝜙′ kPa
* Meyerhof, G. G. (1976) “Bearing Capacity and Settlement of Pile Foundations,” Journal of the
Geotechnical Engineering Division, ASCE, Vol. 102, No. GT3, pp. 197-228.
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The upper limit imposed on 𝑞′ can be explained with the help of the failure mechanisms in uniform
sands, as shown in the figure that follows:

The failure mechanism below the pile tip is similar to that of shallow foundations. However, the failure
surface extends above the level of the pile tip, and eventually turns into the pile as shown. In case (A)
above, the failure surface is not fully developed. Thus, bigger depth of embedment, as shown in case
(B), results in larger tip bearing capacity. However, once the failure mechanism is fully developed, a
deeper embedment does not contribute to additional resistance, unless, as is often the case, the larger
depth of embedment encounters stronger soils.

6.2

Side resistance

6.2.1 Frictional (drained) resistance
The side frictional resistance is based on the 𝛽 method:

Page 41

Rev 1.0.8.3 – April 2, 2019

Q Systems Engineering LLC
Structural and Geotechnical Consultants
www.qsystemsengineering.net
support@qsystemsengineering.net

𝐿

𝑄𝑠 = ∫ 𝛽(𝑧) ⋅ 𝑞 ′ (𝑧) ⋅ 𝐶 ⋅ 𝑑𝑧
0

where
𝐿 = the embedded length of the pile.
𝐶 = The pile outer perimeter.
𝑞 ′ (𝑧) = The overburden pressure at the depth 𝑧 below the ground surface.
𝛽(𝑧) = 𝐾(𝑧) ⋅ 𝑡𝑎𝑛𝜃𝑖 for any depth 𝑧 below the ground surface.
𝜃𝑖′ = The interface friction angle between the soil and the pile.
𝐾(𝑧) = the lateral pressure coefficient at depth 𝑧 below the ground surface defined as follows
(NAVFAC 7.02 - Foundations and Earth Structures):
Type of pile
Driven H-piles
Driven displacement piles (round and square)
Driven displacement tapered piles

K for compression piles
0.5 - 1.0
1.0 - 1.5
1.5 - 2.0

K for tensile - uplifted piles
0.3 - 0.5
0.6 - 1.0
1.0 - 1.3

The ranges are provided by NAFVAC 7.02 without associating them to material friction angle. However,
these are coefficients that are associated to passive resistance and, thus, they are expected to increase
with increasing friction angle. For example, Bhushan* recommends that the earth pressure coefficient
for large displacement piles be expressed as: 𝐾 = 0.50 + 0.008𝐷𝑟 , where 𝐷𝑟 is the relative density,
expressed in percent.
The relation between friction angle 𝜙 and lateral pressure coefficient for sand and gravel is calculated as
follows in Geotech Master™:
For H-piles driven in sandy or gravelly soils: 𝐾 = 0.5 for 𝜙 ≤ 30𝑜 ; 𝐾 = 1 for 𝜙 ≥ 37𝑜 ; 𝐾 is evaluated
based on linear interpolation for 30𝑜 < 𝜙 < 37𝑜 .
For large displacement piles driven in sandy or gravelly soils: 𝐾 = 1.0 for 𝜙 ≤ 30𝑜 ; 𝐾 = 1.5 for 𝜙 ≥
37𝑜 ; 𝐾 is evaluated based on linear interpolation for 30𝑜 < 𝜙 < 37𝑜 .

* “New Design Correlations for Piles in Sands,” a discussion of a paper by Harry M. Coyle and Reno R.
Castello, Journal of the Geotechnical Engineering Division, ASCE, Vol. 108, No. GT 11, Proc. Paper 17435,
November 1982, pp. 1508-1510
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For piles driven in silts and clays, the coefficient 𝐾 is evaluated as: 𝐾 = 𝐾𝑜 √𝑂𝐶𝑅 *
For drilled shafts in sandy or gravelly soils: The coefficient 𝐾 is evaluated as follows†:
For embedded shaft lengths less than 24.5’ (7.5 m) 𝐾 = 0.7.
For embedded shaft lengths between 24.5’ and 39.3’ (7.5m and 12 m) 𝐾 = 0.6.
For embedded shaft lengths greater than 39.3’ (12 m) 𝐾 = 0.5.
For drilled shafts in silts and clays, the coefficient 𝐾 is evaluated as: 𝐾 = 𝐾𝑜 √𝑂𝐶𝑅 ‡

6.2.2 Adhesive (undrained) resistance
The adhesive side resistance is based on the extension of the 𝛼 method, presented by Kolk and van der
Velde§, which, as opposed to the more traditional approaches, accounts for the depth of pile
embedment 𝐿:
𝐿

𝑄𝑠 = ∫ 𝑓𝑠 (𝑧) ⋅ 𝐶 ⋅ 𝑑𝑧
0

where:
𝐶 = the pile perimeter.
𝐿 = the embedded length of the pile.
0.7

𝑓𝑠 (𝑧) ≔ 0.55 ⋅ (𝑠𝑢 (𝑧))

(𝑞′(𝑧))

0.3

(

40
𝐿/𝐷

)

0.2

is the ultimate side adhesive resistance at depth 𝑧

below the ground surface.
* Burland, J.B., 1973, “Shaft Friction of Piles in Clay.” Ground Engineering, London, Vol.6, No.3, pp.3042.
† Reese et al. 1976 – “Behavior of Drilled Piers under Axial Loading,” Journal of the Geotechnical
Engineering Division, ASCE Vol. 102, GT5, pp. 493-510.
‡ Burland, J.B., 1973. “Shaft Friction of Piles in Clay.” Ground Engineering, London, Vol.6, No.3,
pp.30-42
§ Kolk H.J., van der Velde E. 1996. “A reliable method to determine the friction capacity of piles driven
into clays.” Proceedings of the 28th annual offshore technology conference, Houston, pp 337–346.
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𝑠𝑢 (𝑧) = The undrained shear strength at depth 𝑧 below the ground surface.
𝐷 = the diameter or width of the pile.

6.3

Plugged vs Unplugged Resistance

Open-ended piles such as pipes and HP piles often have a relatively small cross-sectional area to resist
tip bearing capacity. As a result, their initial tip resistance is small. However, as the pile penetration
increases, sufficient side frictional resistance may be developed on the interior walls of the pipe or the
side walls of the H-pile to resist further movement of the earth. When this happens, the pile develops a
plug and behaves as if its tip is closed.
In general, plugged piles have larger tip resistance and smaller side resistance (since the plug removes
significant area that resists the movement), while unplugged piles have smaller tip resistance and larger
side resistance (since the entire side surface provides frictional or adhesive resistance).
Geotech Master™ evaluates both the plugged and the unplugged resistance, when appropriate, and
selects the smaller of the two as the governing resistance for the specific depth of penetration.
The unplugged capacity of pipes is evaluated based on the tip resistance of the pipe cross-sectional area
and the side resistance created by the outside perimeter and only half of the inside perimeter. The
inside perimeter is considered to contribute less to the side resistance because the overburden pressure
inside the pipe is not as effective.
The plugged capacity of H-piles is evaluated based on the tip resistance of the pile, which is evaluated
using only 50% of the plugged area (𝐻𝑃 𝑊𝑖𝑑𝑡ℎ × 𝐻𝑃 𝐷𝑒𝑝𝑡ℎ). The use of reduced plugged area is
selected because the unconfined perimeter of the H-pile is not as effective in producing a complete
plug.
For each pile length under consideration, Geotech Master™ provides the information regarding weather
plugged or unplugged conditions prevailed.

6.4

Pile Groups under Axial Loads

In examining the behavior of pile groups, it is necessary to distinguish between two types of groups:
1. A free-standing group, in which the pile cap is not in contact with the underlying soil.
2. A "piled foundation," in which the pile cap is in contact with the underlying soil.
For both types, it is customary to relate the ultimate load capacity of the group to the load capacity of a
single pile through the efficiency coefficient 𝜂), where:
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𝜂=

𝑈𝐿𝑇𝐼𝑀𝐴𝑇𝐸 𝐶𝐴𝑃𝐴𝐶𝐼𝑇𝑌 𝑂𝐹 𝐺𝑅𝑂𝑈𝑃
𝑆𝑈𝑀 𝑂𝐹 𝑈𝐿𝑇𝐼𝑀𝐴𝑇𝐸 𝐿𝑂𝐴𝐷 𝐶𝐴𝑃𝐴𝐶𝐼𝑇𝐼𝐸𝑆 𝑂𝐹 𝐼𝑁𝐷𝐼𝑉𝐼𝐷𝑈𝐴𝐿 𝑃𝐼𝐿𝐸𝑆

6.4.1 Common formulae to provide the efficiency coefficient include (Poulos and
Davis*)
6.4.1.1 Converse-Labarre Formula: 𝜼 = 𝟏 −

𝝃
𝟗𝟎

[

(𝒏−𝟏)𝒎+(𝒎−𝟏)𝒏

]

𝒎𝒏

𝑑

where: 𝑚 =· number of pile rows; 𝑛 = number of piles in a row; 𝜉 = arctan ( ), in degrees; d = pile
𝑠

diameter; and 𝑠 = center-to-center spacing of piles.

6.4.1.2 Feld's rule (Also in Poulos and Davis 1980)
This approach reduces the calculated load capacity of each pile in a group by 1/16 for each adjacent pile.
Clearly, this method does not account for pile spacing.

6.4.1.3 Modified Feld’s rule (Also in Poulos and Davis 1980)
This rule is of uncertain origin. An attempt is made to improve on Feld’s method by reducing the
capacity of each pile by a factor 𝐼 for each adjacent pile where =

1𝑑
8𝑠

. Thus, this method becomes

equivalent to Feld’s method if the spacing is 2 diameters (clear spacing of one diameter). The reduction
factor 𝐼 becomes smaller for larger spacing 𝑠.

6.4.2 Geotech Master™ Approach
Past research had demonstrated that the above approaches, even though commonly adapted, they have
shown considerable variation of success, with no real evidence of consistency in predictive performance.
Thus, the approach preferred here is a modified approach of Terzaghi, Peck, and Mesri (1996)†.
In this approach, the group capacity is the lesser of: (a) The sum of the ultimate capacities of the
individual piles in the group; and (b) the bearing capacity for block failure of the group, that is, for a
rectangular block 𝐵𝑟 × 𝐿𝑟 , where 𝐵𝑟 and 𝐿𝑟 are the two dimensions that encompass the rectangular
shape of the pile group as shown below.
* Poulos, H. and Davis, E. (1980), Pile Foundation Analysis and Design, John Wiley and Sons.
† Terzaghi, Peck, and Mesri (1996); Soil Mechanics in Engineering Practice, Third Edition, Wiley, New
York.
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The two potential types of failure (individual piles vs block failure) were verified
by model tests on free-standing groups carried out by Whitaker (1957)*. These
experiments also indicate that whereas the two modes of failure exist
(individual pile failure when the piles are sufficiently apart, and pile group
failure when the piles are placed sufficiently close), the transition from one
failure of mode to the other is not abrupt. To present a gradual transition from
one mode to the other, Poulos and Davis (1980)† recommend the following
empirical transition equation:
1
1
1
2 = 2 2+ 2
𝑃𝑢
𝑛𝑝 𝑃𝑃 𝑃𝐵
where 𝑃𝑢 = ultimate load capacity of the group; 𝑃𝑃 = Ultimate load capacity o the single pile; 𝑛𝑝 =
number of piles in the group; and 𝑃𝐵 = ultimate load capacity of the block.
Because the ultimate load capacity of the group is 𝑃𝑢 = 𝜂 ⋅ 𝑛𝑃 ⋅ 𝑃𝑃 , the above equation results in the
following evaluation of the group efficiency 𝜂:
1
𝑛𝑃2 𝑃𝑃2
=
1
+
𝜂2
𝑃𝐵2
The above equation is based on the power of 2, and presents a transition from one mode of failure to
the other. The resulting efficiencies are rather low for the common practice. One the other hand, they
are rather high for the recommended values for AASHTO projects (see below).
Higher powers (e.g. 4):

1
𝜂4

=1+

4 4
𝑛𝑃
𝑃𝑃

𝑃𝐵4

, result in efficiencies that may be more realistic for problems

where efficiency of 1 is practically achieved at spacings of 3 to 4 diameters, while a power of 1.5 is closer
to the recommendations provided by AASHTO.

* Whitaker T., (1957) “Experiments with Model Piles in Groups”, Geotechnique, Vol. 7, pp. 147-167.
† Poulos, H. and Davis, E. (1980), Pile Foundation Analysis and Design, John Wiley and Sons.
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The default power used by Geotech Master™ is 2. However, this power, called TRANSITION POWER in
Geotech Master™, can be selected by the user to produce results that match better their experiences.
It is noted that the tip bearing capacity of the group is practically always evaluated to be larger (and
often significantly larger) than the sum of the individual tip resistances. This may result in
unconservative evaluations of group efficiency. Thus, it has been recommended by many researchers
that the efficiency be applied only to the side resistance, while the tip resistance be always taken as the
sum of the individual pile tip resistances*,†.
Geotech Master™ has adapted this approach in the evaluation of the pile group capacity and
settlement.

* Chellis, R. D. (1969). Pile foundations. 2nd Ed., McGraw-Hill, Inc., New York, N.Y., 704.
† Vesic (1981) Through a personal communication referenced by Sayed, and Bakeer,(1992), “Efficiency
Formula for Pile Groups,” Journal of Geotechnical Engineering, Vol. 118, No. 2, pp.278-299.
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6.5

Axially Loaded Piles and Drilled Shafts – Load vs Deformation

6.5.1 Individual Piles
The load vs deformation relations of piles and drilled shafts are evaluated based on q-z relations for the
tip and t-z curves for the side, recommended by API*,
where
𝑞 = the applied tip pressure.
𝑡= the applied side shear stress at a specific depth.
𝑧 = the pile movement at the point of interest.

The pressure –settlement relation (q-z) for the pile tip is expressed as shown below:

Similarly, the side resistance – displacement relation is based on the curve shown below:

* API (2002) Recommended practice for Planning, Designing and Constructing Fixed Offshore Platforms Working Stress Design.
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The load – deformation relation of the pile top is evaluated based on an iterative process, as follows:
1. A pile top settlement is assumed. All pile points settle by the same amount, based on the
assumption that the pile is rigid.
2. The pile movement result in mobilized tip resistance and side resistance based on the API
equations, as discussed earlier.
3. The pile elasticity is introduced, which modifies the pile movement as a function of depth.
4. Since each point moves by a different amount of displacement than initially assumed, based on
rigid pile, the mobilized forces change.
5. Iterations of steps 2-4 are repeated until the field of settlements of the pile based on q-z and t-z
curves become compatible to pile deformations due to pile tip and the elastic compression (or
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extension) of the pile. The specifics of the method are described in more detail in Kiousis and
Elansary*.

6.5.2 Pile Groups
The load vs settlement relations for pile groups are evaluated following the same procedures as in the
case of individual piles. However, the side resistance relations (𝑡/𝑡𝑚𝑎𝑥 ) vs (𝑧/𝐷) are adjusted by
reducing the values of 𝑡𝑚𝑎𝑥 , by the proper efficiency coefficient 𝜂.

7 Transversely Loaded Piles
7.1

General

The differential equation that describes the problem of a pile, which is laterally supported by distributed
springs is as follows:
𝑑2
𝑑2 𝑦
𝑑2 𝑦
(𝐸𝐼
)
−
𝑃
+ 𝑘𝑦 = 𝑞
𝑑𝑥 2
𝑑𝑥 2
𝑑𝑥 2
where
𝑦 = Pile deflection.
𝑘 = The secant stiffness of the spring.
𝑞 = The distributed load, which is applied directly on the pile (for the part of the pile below the
ground surface, this is typically zero).
𝐸 = The modulus of elasticity of the pile.
𝐼 = The moment of inertia of the pile about the axis that resists bending.
𝑃 = The axial compression force of the pile.
When 𝐸𝐼 is constant along the length of the pile the above equation simplifies to its more commonly
used form:
𝐸𝐼

𝑑4 𝑦
𝑑2 𝑦
−
𝑃
+ 𝑘𝑦 = 𝑞
𝑑𝑥 4
𝑑𝑥 2

* Kiousis, P.D. and Elansary A.S.E. (1987). “Load-Settlement Relation for Axially Loaded Piles”, ASCE
Journal of Geotechnical Engineering, Vol. 113, No. 6, 655-661.
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The above equations are implemented by Geotech Master™ to model the laterally loaded pile. The
solution of these equations is obtained numerically using the virtual work implementation of the Finite
Elements Method.
The distributed springs are modeled based on p-y curves.

7.2

p-y Curves for Soft Clays

7.2.1 Lateral Bearing Capacity
The equations below are based on API*. For static loads the lateral load capacity 𝑝𝑢 (in units of force
per pile length) is calculated based on the following expressions:
𝑝𝑢𝑠 = (3𝑐 + 𝜎𝑣′ + 𝐽

𝑐𝑧
)𝐷
𝐷

𝑝𝑢𝑑 = 9𝑐𝐷
𝑝𝑢 = min(𝑝𝑢𝑠 , 𝑝𝑢𝑑 )
where
𝑝𝑢𝑠 and 𝑝𝑢𝑑 represent failure modes corresponding to shallow and deep failure respectively.
𝑝𝑢 = The lateral bearing capacity at any depth 𝑧.
𝑐 = The undrained shear strength of the clay at the depth 𝑧.
𝜎𝑣′ = The effective overburden pressure at the depth 𝑧.
𝐽 = A dimensionless empirical constant, typically equal to 0.5.
𝐷 = The resisting width of the pile.

7.2.2 Mobilized Resistance (p-y relation)
The mobilized resisting pressure at any depth of the pile due to a deflection 𝑦 is evaluated by non-linear
curve-fitting of the following data:
𝑝
𝑝𝑢

𝑦
𝑦𝑐

* API Recommended Practice 2A-WSD (RP 2A-WSD), Twenty-first Edition, December 2000, with Errata
and Supplement 1, December 2002.
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0.00

0.0

0.50

1.0

0.72

3.0

1.00

8.0

1.00

∞

where
𝑝 =The actual lateral distributed resistance (force per length).
𝑦 = The actual lateral deflection.
𝑦𝑐 = 2.5 ⋅ 𝜖𝑐 ⋅ 𝐷.
𝜖𝑐 = The strain which occurs at one half the maximum stress on laboratory undrained compression
tests of undisturbed soil samples.
Recommended values for 𝜖𝑐 are provided as follows:*

Representative 𝝐𝟓𝟎
Shear Strength c

Shear Strength c

𝝐𝟓𝟎

psf

kPa

%

250-500

12-24

2

500-1000

24-48

1

1000-2000

48-96

0.7

2000-4000

96-192

0.5

* Matlock, H. 1970. “Correlations for design of laterally loaded piles in soft clay.” Proceedings of the II
Annual Offshore Technology Conference, Houston, Texas, (OTC 1204): 577-594.; Meyer, B.J. 1979.
Analysis of single piles under lateral loading. Thesis, University of Texas, Austin.
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4000-8000

7.3

192-383

0.4

p-y Curves for Stiff Clays

7.3.1 Lateral Bearing Capacity
For static lateral loads, the ultimate capacity 𝑝𝑢 is evaluated in a similar way as soft clays. The cyclic
response is quite different. However, the response to cyclic loads is outside the current scope and
implementation of Geotech Master™.

7.4

Mobilized Resistance (p-y relation)

The relation proposed by Welch and Reese* is used by Geotech Master™:
𝑝
𝑦 0.25
= 0.5 ( )
𝑝𝑢
𝑦50
For 𝑦 > 16𝑦50 , 𝑝 = 𝑝𝑢 .

7.5

p-y Curves for Sands

7.5.1 Lateral Bearing Capacity
The equations implemented here are based on API Recommended Practice 2A-WSD (RP 2A-WSD),
Twenty-first Edition, December 2000, with Errata and Supplement 1, December 2002.
The ultimate lateral bearing capacity for sand is evaluated as the minimum of the following two
equations:
𝑝𝑢𝑠 = (𝐶1 𝑧 + 𝐶2 𝐷) 𝜎𝑣′ .
𝑝𝑢𝑑 = 𝐶3 𝐷𝜎𝑣′ .
𝑝𝑢 = min(𝑝𝑢𝑠 , 𝑝𝑢𝑑 ).
where
𝑝𝑢𝑠 , and 𝑝𝑢𝑑 represent failure modes corresponding to shallow and deep
failure respectively.
𝑝𝑢 = The lateral bearing capacity at any depth 𝑧.

* Welch, R.C. & L.C. Reese 1972. Laterally loaded behavior of drilled shafts. Research Report 3-5-65-89.
Center for Highway Research. University of Texas, Austin.
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Coefficients 𝐶1 , 𝐶2 , and 𝐶3 are functions of the friction angle of the sand 𝜙 as shown here.
𝐷 = Average pile width from the surface to the depth 𝑧 where 𝑝 is evaluated.

7.5.2 Mobilized Resistance (p-y relation)
The mobilized resistance 𝑝, due to deflection 𝑦, is evaluated
based on the relation:
𝑘𝑧
𝑝 = 𝐴 ⋅ 𝑝𝑢 ⋅ tanh (
𝑦)
𝐴𝑝𝑢
where
𝑧

𝐴 = (3.0 − 0.8 ) > 0.9
𝐷

𝑘 = initial modulus of subgrade reaction (pressure/unit
deflection), determined by the figure shown here as a
function of internal friction 𝜙′.

7.6

Pile Groups

Pile–soil–pile interaction in closely spaced piles can be taken into account by introducing reduction
factors to the soil reaction (p) portion of the p–y curves for single piles. P-multipliers have been
experimentally derived from full-scale load tests or from tests in a centrifuge (See Table that follows).
This approach has been implemented in Geotech Master™. The p-multipliers are used to factor the
maximum resistance 𝑝𝑢 of each pile, depending on which row of the pile group it belongs. All piles are
forced to have the same displacement at the top, and an iterative process is applied by which the top
displacement value becomes compatible with the applied horizontal and vertical loads at the top of the
pile group.
Because the front row of piles is subjected to larger 𝑝 resistance, it has higher flexure than the rows that
follow, even though the top deflection is the same in all piles. This is demonstrated in the example
drawing shown in the next page.
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Suggested p-Multiplier Factors for Laterally Loaded Pile Groups*
Row Position
Lead Row
Second Row
Third Row
Fourth Row
Fifth Row
Sixth Row
Seventh Row

Three Rows
0.8
0.4
0.3

Four Rows

Five Rows

0.8
0.4
0.3
0.3

0.8
0.4
0.3
0.2
0.3

Six Rows

Seven Rows

0.8
0.4
0.3
0.2
0.2
0.3

DEMONSTRATION OF DIFFERENCE IN DEFLECTION PATTERNS OF PILES IN A GROUP BASED ON
PLACEMENT
* McVay,
Zhang, Molnit, and Lai (1998), “Centrifuge Testing Of Large Laterally Loaded Pile Groups in
Sands”, J. Geotech. Geoenviron. Eng., 124(10): pp 1016-1026.
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8 Expansive Soils
8.1

General

The expansive properties of plastic soils are difficult to evaluate accurately. Even when these properties
are evaluated experimentally, for example, using inundation tests in the oedometer, the measured
swell characteristics are not reliable for direct use, considering the spatial variations of soil properties,
the significant effects of soil constituency, the variations in degree of saturation, the uncertainties of
seasonal moisture variations, etc.
The recommendations presented by Geotech Master™ are based on best practice and the experience of
Q Systems Engineering LLC engineers, but must be used with caution.

8.2

Free Swell

Free swell is typically defined as the % of vertical expansion of a soil when inundated and brought to full
saturation.
The equation adapted by Geotech Master™ is based on the research paper by O’Neill and Gazzaly*. This
equation is also recommended by Bowles†, and adjusted by Q Systems Engineering LLC, based on
validation tests against numerous experimental observations.
The equation is:
𝑆𝑝 = 𝐶𝐹 ⋅ (2.25 + 0.131 ⋅ 𝑤𝐿 − 0.27 ⋅ 𝑤𝑁 )
where,
𝑆𝑝 = Free swell expressed in percent.
𝑤𝐿 = Liquid limit, expressed in percent.
𝑤𝑁 = Natural water content.
𝐶𝐹 = 2.25 is a correction factor implemented by Geotech Master™.
To evaluate the reduced swelling due to overburden pressures, Bowles (1996) recommends a correction
based on the following equation:

* O’Neil and Ghazzaly, 1977, “Swell Potential Related to Building Performance,” Journal of Geotechnical
Engineering Division, ASCE, Vol. 103, No. GT13, pp. 1363- 1379.
† J. E. Bowles, Foundation Analysis and Design, 5th Edition, McGraw Hill, 1996.
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𝑆𝑝′ = 𝑆𝑝 (1 − 𝐴√𝜎𝑣 )
where 𝑆𝑝′ is the restricted heave due to the overburden 𝜎𝑣 , and 𝐴=0.035 when 𝜎𝑣 is in kPa, and 𝐴=0.52
when 𝜎𝑣 is in ksf. The above equation was produced by Bowles by linear regression of data provided in
the paper by Gorgoll*.
However, Geotech Master™ prefers to use the equation:
𝑆𝑝′ = 𝑆𝑝 (1 − √

𝜎𝑣
)
𝑃𝑠

where 𝑃𝑠 = swelling pressure, i.e. the pressure that prevents swelling of the material.
The above equation makes certain that an overburden 𝜎𝑣 = 𝑃𝑠 causes zero heave.
Geotech Master™ evaluates free swell as displacement (inches or mm of heave), by integrating the
equation for 𝑆𝑝′ over the entire length of the active zone (the zone where significant seasonal moisture
changes are expected). It is noted here that, as opposed to the laboratory test, where free swell occurs
under practically zero overburden, in the field, “free swell” is partially restricted by the applied
overburden pressure due to soil weight. The free swell is thus adjusted for the overburden pressure due
to soil self-weight.

8.3

Swelling Pressure

As stated in the previous section, the swelling pressure 𝑃𝑠 , is the overburden pressure that restricts
heave.
The equation adapted by Geotech Master™ is provided by Komornik and David†:
𝑃𝑠 = 2.132 + 0.0208𝑤𝐿 + 0.665𝜌𝑑 − 0.0269𝑤𝑁
where the swelling pressure 𝑃𝑠 is expressed in 𝑘𝑔/𝑐𝑚2 , and the dry density 𝜌𝑑 is expressed in 𝑔/𝑐𝑚3 .

* Gorgoll, 1970, “Foundations on Swelling Clay beneath a Granular Blanket,” Proc. Symp. On Soils and
Earth Structures in Arid Climate, Institution of Engineers, Australia, Adelaide, pp. 42-48.
† Komrnik and David, 1969, “Prediction of Swelling Pressure of Clays”, Journal of the Soil Mechanics and
Foundations Division of ASCE, Vol 95, No. SM1, pp 209-225.

Page 57

Rev 1.0.8.3 – April 2, 2019

Q Systems Engineering LLC
Structural and Geotechnical Consultants
www.qsystemsengineering.net
support@qsystemsengineering.net

8.4

Pile/Drilled Shaft Resistance

Piles and drilled shafts can be used to resist swelling uplift for foundations.
When soils swell, they apply upward shear stresses to the shaft of the pile or drilled shaft in the region
that is within the active zone. The swell stresses are frictional or adhesive stress and are calculated the
same way as the side resistance stresses calculated earlier.
The upward swell forces are resisted by the pile load 𝑁 and the side resistance on the length of the pile
that is below the active zone.
Not all the pile load can be relied to resist the upward forces. Instead, only the part of the axial
compression capacity that is permanent, (i.e. the dead load 𝑁𝐷 ) should be used.
In conclusion, the length of the pile 𝐿, is divided in two parts:
𝐿 = 𝐿𝐴𝑍 + 𝐿𝑅
where 𝐿𝐴𝑍 = the length of the pile that is within the active zone, and 𝐿𝑅 is the length of the pile that is
below the active zone and provides resistance against uplift.
If the side resistance at any depth is denoted as 𝑓𝑠 (𝑧), and the perimeter is denoted as 𝐶(𝑧), then the
equation to be solved for 𝐿 is:
𝐿𝐴𝑍

∫

𝐿

𝑓𝑠 (𝑧) ⋅ 𝐶(𝑧) ⋅ 𝑑𝑧 − 𝑁𝐷 − ∫ 𝑓𝑠 (𝑧) ⋅ 𝐶(𝑧) ⋅ 𝑑𝑧 = 0

0

𝐿𝐴𝑍

9 Flexible Walls
9.1

General

The differential equation that describes the problem of a beam (such as an element of a sheet pile wall)
on a distributed spring foundation is expressed as follows:
𝑑2
𝑑2 𝑦
𝑑2 𝑦
(𝐸𝐼
)
−
𝑃
+ 𝑘𝑦 = 𝑞
𝑑𝑥 2
𝑑𝑥 2
𝑑𝑥 2
where
𝑦 = Beam deflection.
𝑘 = The secant stiffness of the spring.
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𝑘𝑦 = The mobilized lateral earth pressure (active, at rest, or passive) that is applied on the retaining
structure, based on the point elevation and wall movement.
𝑞 = The distributed load, which is applied directly on the beam (for a retaining structure, this is
typically zero).
𝐸 = The modulus of elasticity of the beam.
𝐼 = The moment of inertial of the beam about the axis that resists bending.
𝑃 = The axial compression force of the beam. For the case of Flexible walls, the axial compression
is typically equal to zero
The above equation (with 𝑃 = 0) is implemented by Geotech Master™ to model the laterally loaded
flexible wall elements. The solution of these equations is obtained numerically using the virtual work
implementation of the Finite Elements Method. This formulation is equivalent to the Galerkin method
of weighted residuals.
The distributed springs are modeled based on curves, which are similar in concept to the p-y curves
implemented for transversely loaded piles. However, the p-y curves that were used for piles and drilled
shafts, address 3-D failure modes and are not appropriate for plane strain problems, such as retaining
walls.

9.2

The Structural Model

The retaining wall is modeled as shown below.

As seen above, the undeformed wall is supported on both sides by springs that are coiled sufficiently to
produce at-rest stresses. That is, the lateral pressures on both sides are 𝜎𝐻′ = 𝑘𝑜 𝜎𝑉′ , where 𝑘𝑜 is the
earth pressure coefficient at the point of interest, 𝜎𝑉′ is the effective overburden pressure, and 𝜎𝐻′ is the
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effective lateral earth pressure for at-rest conditions. These pressures generate forces that are not
balanced, and result in the deflected shape shown above, where some springs are relaxed to active
conditions, while other springs are coiled further toward passive conditions, until equilibrium of forces
and moments is achieved, while also satisfying the compatibility of deformations between the soils (i.e.
the springs) and the retaining wall.

9.3

Plane Strain p-y curves

9.3.1 Lateral Bearing Capacity
The ultimate active and passive pressures, as discussed above, are evaluated as follows:
′
𝜎𝐴𝑈
= 𝑘𝐴 𝜎𝑉′ − 2𝑐√𝑘𝐴

and
′
𝜎𝑃𝑈
= 𝑘𝑃 𝜎𝑉′ + 2𝑐√𝑘𝑃

Where
′
𝜎𝐴𝑈
= the ultimate effective active pressure
′
𝜎𝑃𝑈
= the ultimate effective passive pressure

𝑘𝐴 = tan2 (45𝑜 −
𝑘𝑃 = tan2 (45𝑜 +

𝜙′
2

) = the active earth pressure coefficient

𝜙′
2

) = the passive earth pressure coefficient

𝜙′ = the angle of the effective friction angle of the material
𝑐=

the cohesion or undrained shear strength of the material (for drained and undrained loading
conditions respectively.
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From: Clough, GW, Duncan JM, 1991, Earth Pressures, from Foundation
Engineering Handbook, 2nd Edition, Ed. H-Y Fang

9.3.2 Mobilized Lateral Load and Resistance (p-y relation)
The ultimate lateral pressures, both active and passive, are gradually mobilized based on the depth of
the point and the lateral deflection of the wall at that point.
GeotechMaster™ evaluates the mobilized lateral pressures based on the published work by Clough and
Duncan*,†. The mobilized load (active pressures) and resistance (passive pressures), as a function of
wall displacement, are presented in the Figures that follow for internal friction angles 30o, 37o, and 45o.
Relations for other angles of internal friction are generated using interpolations based on these
relations.

* Clough, GW,

Duncan JM, 1971, Finite element analyses of retaining wall behavior. J. of the Soil Mechanics and Foundations Div. ASCE.

97(SM12): 1657-1673.

† Clough, GW, Duncan JM, 1991, Earth Pressures, from Foundation Engineering Handbook, 2nd Edition, Ed. H-Y Fang

Page 61

Rev 1.0.8.3 – April 2, 2019

Q Systems Engineering LLC
Structural and Geotechnical Consultants
www.qsystemsengineering.net
support@qsystemsengineering.net

From: Clough GW, Duncan JM, 1971, Finite element analyses of retaining
wall behavior. J. of the Soil Mechanics and Foundations Div. ASCE. 97(SM12):
1657
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10 Slope Stability
10.1 General
The method of slices is used for the analysis of slope stability by GeotechMaster™.
There are many approaches based on the method of slices. The current version of GeotechMaster™
(Rev. 1.0.8.0) implements the Modified Bishop method (also known as Simplified Bishop). This is an
effective approach to slope stability, which combines reasonable simplicity and accuracy*. It is the
intent of Q Systems Engineering LLC to incorporate other methods of slope stability, which can perform
better when the circular sliding mass, which is the basis of the Modified Bishop method, is not the most
appropriate. However, for most common cases of slope stability, Modified Bishop is typically as
accurate as the other, more advanced, methods.

10.2 Generalized Method of Slices
A generalized approach to the method of slices is summarized, and the Modified Bishop method is then
presented as a special case of the generalized method.
A slope, subjected to surface loads, along with a failure surface of general shape, is presented in the
figure below. The sliding mass of the slope is divided into a number of thin slices as shown. Each slice is
subjected to surface loads, and interaction forces from the neighboring slices and the subgrade soil.

* It has been demonstrated in past studies (e.g. Comparison of slope stability methods of analysis by D.
G. Fredlund and J. Krahn) that “the factors of safety obtained by the Spencer and Morgenstern-Price
methods are generally
similar to those computed by the simplified Bishop method”
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The free body diagram of one slice reveals a large number of unknown forces and force positions, which
make the problem highly statically indeterminate. We conclude that for 𝑛 slices we can have a total of
6𝑛 − 3 unknowns (including forces and their positions as shown above). Given that in two-dimensional
geometry, we produce 3𝑛 equations of equilibrium, we can see the need to produce additional
equations based on material properties, geometric restrictions, and other assumptions such as:
1. There is a fixed relation between the shearing force 𝑆𝑗 and the normal force 𝑁𝑖 (Mohr𝑐𝑗

Coulomb criterion) at the sliding mass interface: 𝑆𝑗 =

Δ𝑥𝑗
+𝑁𝑖 𝑡𝑎𝑛𝜙𝑗
𝑐𝑜𝑠𝜃𝑗

𝐹𝑆

, where 𝐹𝑆 = the factor

of safety, 𝑐𝑗 = the cohesion of the soil at the interface of the sliding mass for slice 𝑗;
Δ𝑥𝑗
𝑐𝑜𝑠𝜃𝑗

=the length of the failure surface of the slice. This provides 𝑛 additional equations.

Thus, the available equations have been increased to 4𝑛. However, we have also introduced
one additional unknown (the FS). Thus, our unknowns are now 6𝑛 − 2*.
2. It is common to assume that at a point 𝑥, the relationship between 𝐸𝑥 and 𝑇𝑥 is only a
function of 𝑥:

𝑇𝑥
𝐸𝑥

= 𝜆𝑓(𝑥), where 𝜆 is an unknown constant, and 𝑓(𝑥) is a known (actually

assumed) function of 𝑥. Thus, we have added 𝑛 − 1 slice interface equations, bringing our
* It should be noted, that it is highly unlikely that all slices work with the same factor of safety 𝐹𝑆.

However, this is a commonly accepted

assumption, and it becomes more realistic for the case of failure (𝐹𝑆 = 1), where the mass is at incipient state of failure.
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available equations to 5𝑛 − 1. Given that 𝜆 is unknown, the number of unknowns becomes
6𝑛 − 1.
3. For a small enough Δ𝑥, the position variable 𝑎𝑗 can be considered to be 𝑎𝑗 ≈ 0, or 𝑎𝑗 = Δ𝑥𝑗 /2.
This eliminates 𝑛 unknowns, bringing the total unknowns to 5𝑛 − 1, which now is the same as
the number of unknowns.
The ratio 𝑇𝑥 /𝐸𝑥 defines the orientation of the resultant force on the side of each slice. It can be seen
that 𝑓(𝑥) expresses the way that the resultant force on a vertical slice changes within the sliding mass.*

10.3 Modified Bishop Method of Slices
This approach is a special case of the generalized method of slices. The simplifications are as follows:
The failure surface is assumed to be an arc of a circle with radius 𝑅. This eliminates the forces 𝑁𝑗 , which
are normal to the failure surface, by taking moments about the center of the circle. However, these
forces are still presented indirectly through the constitutive equation discussed above: 𝑆𝑗 =
𝑐𝑗

Δ𝑥𝑗
+𝑁𝑖 𝑡𝑎𝑛𝜙𝑗
𝑐𝑜𝑠𝜃𝑗

𝐹𝑆

.

Through a set of additional equilibrium equations (in the vertical direction), the assumption that 𝐸𝑥 are
horizontal, and computational manipulations, we find the following standard iterative equation for the
factor of safety:
𝑐𝑗 Δ𝑥𝑗 + (𝑊𝑗 + 𝑄𝑗𝑦 )𝑡𝑎𝑛𝜙𝑗
𝑠𝑖𝑛𝜃𝑗 𝑡𝑎𝑛𝜙𝑗 )
𝑐𝑜𝑠𝜃𝑗 +
𝐹𝑆
𝐹𝑆 =
𝑑
∑ ((𝑊𝑗 + 𝑄𝑗𝑦 )𝑠𝑖𝑛𝜃𝑗 − 𝑄𝑗𝑥 𝑗 )
𝑅
∑(

where, 𝑑𝑗 is the moment arm of 𝑄𝑗𝑥 about the center of the circle.

When phreatic pressure is also considered, the above equation becomes:

* An excellent discussion on the subject is presented in the textbook: “Soil Mechanics Principles & Applications” by by William H. Perloff,
William Baron
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∑(
𝐹𝑆 =

𝑐𝑗 Δ𝑥𝑗 + (𝑊𝑗 + 𝑄𝑗𝑦 − 𝑢𝑗 Δ𝑥𝑗 )𝑡𝑎𝑛𝜙𝑗
)
𝑠𝑖𝑛𝜃𝑗 𝑡𝑎𝑛𝜙𝑗
𝑐𝑜𝑠𝜃𝑗 +
𝐹𝑆
𝑑
∑ ((𝑊𝑗 + 𝑄𝑗𝑦 )𝑠𝑖𝑛𝜃𝑗 − 𝑄𝑗𝑥 𝑗 )
𝑅

where 𝑢𝑗 is the water pressure at the base of the slice 𝑗. The above equations are solved iteratively until
convergence in the evaluation of the FS is achieved. GeotechMaster™ defines convergence when the
assumed and calculated values of FS are within 0.001 or less.

To evaluate the factor of safety, GeotechMaster™ performs a search, where the circle center and radius
vary until the minimum factor of safety is achieved.
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