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“Of all things, but proverbially so in mechanics,
the supreme excellence is simplicity”

James Watt (1736 - 1819)
[nventor of the steam engine
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PREFACE TO THE EIGHTH EDITION

Successive editions of this manual become necessary because building codes change — scismic design
requirerments for example — and | get suggestions for topics to be added or expanded 1 also leam from
conversations with users of Retain Pro who offer suggestions, point out crrors and often cnlighten me.

This Eighth Ediuon is updated and expanded throughout. New topics were added, some comrections
made, all design examples updated and new ones added. New topies include soldier pile shoring and
multi-wythe large block {and gabion) gravity walls, and there is a design example lor each.

This Lighth Tidition is a continuation of a series (hal began with a relatively modest manual, first
published in 1996, These manuals are intended as a companion to Retain Pro software (o refresh and
update the praclicing engineer on the basic principles and procedures used to design a variety of retaining
walls.

This book 15 not an in-depth treatment ol the design of retaiming structures. Retaining structures arc far
too complex a subject to treat in a single small volume. There are dozens of relerences and ([oundation
engineering lexis and countless technical papers available for review, however, finding what vou need is
time consuming; hence this compendium. My challenge was 1o decide what to put in and what to Icave
out of a manual. My goal was to put in the most helpful things a designer needs to know to design most
types of retaining walls, Surely there will be omissions and probably some errors, but my hope is that you
will find this book helpful in your practice.

A reference bibliography is included in Appendix H for those wishing more detailed information. And, of
course, there 1s always the Intemet.

I express my appreciation o the many of you who have offered valuable suggestions, correeted crrors,
rcad portions of the draft, and faxed informative articles and excerpls {rom tcehnical papers. We've bhad
some interesling discussions, from which hopefully we all benefit,

[ hope this new cdition will be helpful in your practice, and as always your comments and suggestions

will be most weleome.

Hugh Brooks, P.E., 5.F.

Basics of Retammnyg Wall Desipn I . Page 1
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1.  WHY THIS BOOK?

The Usey

This book is primarily {or the practicing engincer who has become a bit rusty on the complex subject of
retaining wall design. It is a review of basic principles and building code requirements. Tt 1s also for the
student, assuming hc or she has already acquired a basic knowledge of statics, soil mechanics, and the
design of simple masonry and conerele structures, it will also be helpful to plan checkers (barring
arguable code interpretations).

Why It Was Written

During my many years of providing techmical support for Retain Pro, it became increasingly apparent thal
many cngincers infrequently design retaining walls and need some brushing-up, particularly code
requirements; the design of retaining walls is not an every-day design task. Over half of the technical
support questions 1 receive are about basic concepts and code requircments, rather than about use of the
program. T also discovered that there apparently does not exist a single reference book specifically
addressing retaining wall design. Although there is very considerable amount of information available, it
is widely scattered in numerous textbooks and technical papers on soil mechanics, foundation
enginecring, concrete design, masonry design, and all sorts of related topics. However a single volume on
retaining wall design for the professional practitioner could not be found. Hence, | altempted to condense,
simplify, and compile information [rom many sources, including my own experience, into this book.
Hopelully, it will casc your comfort level to design retaining walls and give you a good overview of the
process. Those that desire to dig deeper for particular topics there Is a comprehensive bibliography in
Appendix H of this manual.

Scope of This Book

This book treats most types of rctaining walls: conventional cuntilevered, restrained (basement), gravity,
and segmental retaining walls, both gravity and with geogrids. Other topics include sheet pile walls, tilt-
up retaining walls, soldier piles, gabion walls, counterfort walls, pilaster walls and pile/pier foundations.

Feedback

Your ¢onuments, corrections, and suggestions will be welcome. You can email me at
hbrooks@retainpro. cor.

Basivs of Retaining Wall Design ~ Page3
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2. ABOUT RETAINING WALLS: TERMINOLOGY

Evolution of Retaining Structures

In the year one-million BC, or thercabouts, an anonymous man, or woman, laid a row of stones atop
another row to keep soil from sliding into their camp. Thus was constructed an early retaining wall, and
we've been keeping soll in place ever since. ... with increasingly better methods and understanding,

The carly engineers in ancient cultures of Egypt, Greece, Rome, and the Mayans, were masters at
invention and experimentation, leaming primarily through intuition and trial-and-crror what worked and
what didn't We marvel at their achievements. Lven the most casual observer looks in wonder at the
magnificent structures they created and have stood for thousands of years — including countless retaining
walls. With great skill they cut, shaped, and sct stone wilh such precision that the joints were paper thin.
Reinforeed concrete would not be developed for thousands of yeurs, but they used what they had, and
lcarned how to do it better with each suceeeding structurc. The Great Wall of China, for example,
transverse bamboo poles were used to tic the walls together — a [orerunner of today’s “mechanically
stabilized earth”. These early engineers also discovered that by battering a wall so that it leaned slightly
backward the lateral pressure was relieved and the height could be extended  an intuitive understanding
of the soil wedge theory. Any student of ancicnt construction methods is awed by their ingenuity and
accomplishments.

Major advances n understanding how retaining walls work and how soil generates forees appeared in the
18" and 19" centuries with the work of French engineer Charles Coulomb 1776, and who is better
remembered for his work on electricity, and later by William Rankinc in 1857, Today, their equations are
familiar lo every civil engincer. A significant body of work was the introduction of sotl mechanics as a
scicnce through the pioneering work of Karl Terrzaght in the 1920s,

Indeed, soil mechanics and the design of retaining structures has advanced dramatically in recent decades
giving us new design concepls, and a better understanding of soil behavior, and hopefully saler and more
cconomical designs.

A Definition;

A retaining wall is any constructed wall that holds back soil, a liquid or other materials, where theve is
an abrupt change in elevation.

The Precision HNusion

Lets not [ool ourscives. Even though the science of soil mechanics is well developed and reasonably
well understood, it 15 still not an exact science and remains both an art as well as 4 sclence, Seilis a
mixturc of carth materials and although its characteristics can be closely defined its actual in situ behavior
will not precisely fit theory. For example: the straight line we assume for the angle of rupture is actually
somewhat concave; and, the “equivalent [luid pressure™ of soil 1s not truly triangular. We make
simplifying assumptions to make our designs manageable, As the adage goes: engineering is un exact
science based upon assumptions. Our calculations arc the best we can do with assumptions we make and
the results are never fully accurate. That’s why we usc factors of safety. So keep precision in mind when
calculating beyond the first decimal point.

Basics of 1 Rclammg Wall Design a Page 5
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Types of Retaining Structures

There are many types of retaining structurcs for soil and othet matcrialg, but listed below are the
types of retaining walls used today. Most of these will be discussed in later chaplers,

Cantilevered retaining walls

These are the most common type of retaining walls. Cantilevered walls are classified as
“yiclding” beeausc they are free to rotate without any Jateral restraint. Cantilevered retaining
walls are generally of masonry or concrele, or both, but can also take other forms as wili he
descnibed,

Types of cantilevered retarming walls include:
Masonry or concrete walls

Masonry stems are usually cither 8”7 or 127 conerete bluck masonry units, partially or solid
grouted, and reinforced. Higher walls require 127 blocks and are often stepped back to 8”
thick as the retained height diminishes.

The stems of g concrete wall must be formed, and can be tapered for cconomy, usually with
the taper on the inside (carth side) to present a vertical exposed luce,

ITybrid walls, with both concrete and masonry, ean also be constructed using formed concreie
at the hase, where higher strength is required, then changing (0 masoury higher up the wall.

A varnation for masonry cantilever walls uscs spaced vertical pilasters (usually of square
masonry units) and with infilled walls of lesser thickness, usually 6" masonry. The pilaslers
cantilever up [rom the footing and are usually spaced from fouwr to cight feet on center. These
walls arc usually used where lower walls are needed - under about six feet high.

Counterfort retaining walls

Counterlort canlilevered retaining walls mcorporates wing walls projecting from the hecl into
the stem. The stem between counterforts is thinner and spans horizontally between the
counterfort (wing) walls. The counterforts act as cuntilevered elements and are structurally
efficient because the counterforts are tapered down to a wider (deeper) base where moments
are higher. The high cost of forming the counterforts and infill stom walls make such walls
usually not practical for walls less than about 16 feet high. See Figure 2-1.

Basicéudfl"x'cta.ining Wall Design S Page 6
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Figurce 2-1 Counterfort Retaining Wall
Buliress relaining walls

Thesc arc similar to counterfort walls, but the wings project from the outside face of the wall.
Such walls are generally uscd in those cases where property line limitations ou the nterior
face provide limited space for the heel of a traditional cantilvered retaining wall.

Gravity retaining walls

This type of wall depends upon dead load mass of the wall for stability rather than
cantilevering [rom a foundation.

Stacked and mortar-bonded stone, rubble, or rock walls

These arc usually relegated to landscaping features and retaining less than about four feet
high, Engincering for these walls is limiled, or none at all, and rules-of-thumb prevail (such
as a tetained height not morc than two or three times the base widih). Higher walls nced
cngineering to evaluate global stability, overturning, sliding, and to verify that little or no
flexural tension cxists within the wall because these are gencrally unreinforced.

(zabion ar crib walls

A Gabion wall is a type of gravity wall whereby stones or rubble are placed within wire
fabric baskets. Crib walls are a variation of the gabion method whereby bins are filled with
slone or Tubble, Another variation is to stack a grillage ol timbers and fill the intenior with
garth or rubble. Precast concrete crib walls have also been used.

Wood retaining walls

These are commonly used for low height retaining walls. Wood retaining walls usually
consist of laterally spaced wood posts embedded inlo the soil, or sel in conerele, Horizontal
planks span between the upward cantilevering posts. Pressure treated wood 15 used, but even
with (rcatment deterioration 1s a disadvantage, and wood walls are gencrally limited to low
walls because height is limited by size and strength of the posts. Railroad lies are also
commonly usced for both posis and lagging.

Basics of Retaining Wall Design ' o Page 7
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Tilt-up concrete retaining walls

Tilt-up concrote walls have been successfully used for retaining walls, either cantilevered or
restrained at the top. These site-cast panels are sel on concrete pads al pancl ends, with the
reinforeing projecting out from the bottom. The tooting 1s then placed under the wall to
compliete the construction, Tilt-up walls are cconomical for higher walls, but need panel
casting space.

Segmental retaining walls (SRWs)

There are many manufacturers offering various systems of stacked segmental concrete umits,
steel bins, or other devices that retain soil by stacking components, Most are patented systems
that arc typically hattered (sloped backward) to reduce lateral soil pressure, thus requiring a
minimal foundation. Foolings, reinforeing, or mortar are nol used. Stabilily of SRW gravity
walls depends solely upon the resisting moment exceeding the soil pressure overturning,
moment, T'o attain greater heights - up to 40 feet and more — SRW’s utilize mechanically
slabilized earth (MSE), also called reinforced earth, whereby geosynthetic fabric layers are
placed in successive layers of the backfill to achieve an integral soil mass that deercases
overluming and horizontal sliding. A variety of facing block confligurations and surlace
textures are available from many manufacturers.

Bridge abutments

These support the end of a hridge and retain the carth embankment leading (o the bridge.
Bridge abutments usually have angled wing walls of descending height to accommodate the
side slope of the embankment. Abutments are designed as cantilever walls, with girder
bearing support frec to slide, If the girder provides lateral support, this must be accounted for
in the design. Design requirements for bridge structures are usually governed by AASTITO
and statc Diepartments of Transportation (BOTSs).

Sheet pile and bulkhead walls

These are generally waterfront structures such as at docks and wharves, but steel sheet piling
15 also used for temporary shoring on construction sites. Steel sheet units or concrete pancls
arc driven into the 501l o provide lateral support below the base of the excavation or the
dredge Line. Sheet pile walls cantilever upward (o retain earth are usually restrained at the top
by cither a slab or tichacks.

Restrained (Non-vielding) Retaining Walls

Also called “basement walls™ (for residential and light commercial conditions) or “tie-back”
walls. Thesc walls arc distinguished by having Iateral support at the top, therchy with Icss or
no dependence upon fixity at the foundation. Technically, they are classilied as “non-
yielding” walls because the walls cannot move faterally at the top, as opposed to cantilevered
(yiclding) walls. Such walls arc usually designed as “pin connected” hoth at the top and
bottorn. The carth pressure creates a positive moment in the wall, which requires reinforcing
on the front of the wall, that is, the side opposite the retained soil. This is the reversc of a
cantilevered wall.

Basics ol Retaining Wall Design Page 8

www.EngineeringEBooksPdf.com



Footings for these walls are usually designed [or vertical loads only --not for overturning--
however, 1t 1s oflen desirable to design a basement wall as a retaining wall (oo, because
backfill can then be safely placed without having to brace the wall, or waiting until the lateral
restraint at the top, such as a floor, 1s in place, Noie that conventional wood floors framed
into the top of a basement wall do not provide a sufficient stiffness to allow for the restrained
case. In some cases it may be cost offective to fix the basc of the wall to the footing to reduce
both the bending in the wall and restraining torce required al the top support.

Anchored (tieback) walls

This method is used for higher walls. Restraint is achicved by drilling anchors into the zone
of carth bchind the wall beyond the theoretical fatlure plane in the backfill, The anchors can
be placed al several tiers for higher walls, and can be post-tensioned rods grouted into dnlled
holes, or non-tensioned rods grouted into drilled holes. The latter are also known as soil nails.

Cantilevered Retaining Wall Terminology

Cantilevered retaining walls have unique descriptive termunology as illustrated below:
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Figure 2-2. Retaining Wall Terminology
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What The Terms Mcean:
Backfill: The soil placed behind the wall.

Backlill slope: Olten the backfill slopes upward [rom the back face of the wall. The stope 1s
usually expressed as a ratio of horizontal to vertical (e.g. 2:1}.

Batler: The slope of the fuce of the slem [rom a vertical plane, usually on the inside {earih) face.

Dowels: Reinforcing steel placed in the footing and bent up into the stem a distance at least equal
to the required development length.

Footing (or foundation): That part of the structure below the stem that supports and transmits
vertical and horizontal forces into the soil below.,

Grade: The surface of the soil or paving; can refer to either side of the wall,

Toe: That portion of tooting which extends in front of the tront face of the stem (away from the
retained carth).

Heel: That portion of the footing extending behind the wall (under the so1l).

Fooling key: A deepened section of the [ooling [or greater shiding resistance.

Keyway: A horizontal slot located at the base of the stem for greater shear resistance,

Principal reinforcing: Reinforcing used to resist bending in the stem.

Horizontal temperature/shrinkage reinlorcing: Longitudinal horizontal reinforcing usually
placed in both faces of the stems and used primarily to control eracking fram shrinkage or

temperature changes.

Retained height: I'hc height of the carth to be retained, generally measured upward from the top
ol the fooling,
Stem: The verticat wall cantilevering above the foundation,

Surcharge: Any load placed in or on top of the retained soil, cither in front or behind the wall.

Weep holes: Holes provided at the base of the stem for drainage. Weep holes usually have gravel
or crushed rock behind the openings to act as a sieve and prevent clogging. Poor drainage of
weep holes 1s the result of weep holes becoming clogged with weeds, thereby increasing the
lateral pressure against the wall. Unless properly designed and maintained, weep holes
scldam “weep™.

Basics of Réraining Wall Desi gh N Pagcl 0
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3. DESIGN PROCEDURE OVERVIEW

The four primary concerns relating to the design of nearly any retaining wall are:

1. That it has an acceptable Factor of Safety with respect to overtuming.

2. That the allowable soil bearing pressurcs arc not excceded.

3. That it has an acceplable Factor of Safcty with respect to sliding.

4. That the stresses within the components (stem and footing) are within code allowable limits

to adequately resist imposed vertical and lateral loads.

And, it is cqually important that it is construeted according to the design.
Step-by-Step Design of a Cantilevered Retaining Wall
The design usually follows this order:
1. Establish all design criteria based upon applicable building codes. (See checklist that

follows).

2. Compute all applied loads, soil pressures, scismic, wind, axial, surcharges, impact, or any
others.

3. Design the stom. This is usually an iterative procedure. Start at the bottom of the stem where
moments and shears are maximum. Then, for economy, check several {eet up the stem (such
as at the top of the development length of the dowels projecting from the footing) to
determine if the bar size can be reduced or alternate bars dropped. Check dowel embedment
depth into the footing assuming a 90° bend (hooked bar).

4, Compute overiuming moments, caleulated about the front (toe) edge of the footing.

5. Compuie resisting moments based upon an assumed footing width, and again calculated
about the front edge of the looting,

6. DBased upon (4) and (5) calculate the ceeentricity of the total vertical load. Is it within or
outside the middle-third of the footing widih?

7. Calculate the soil pressure at toe and heel. Since contact between the footing at the heel and
the soil below cannol resist tension, the cccentricity of a triangular resultant soil pressure will
shift outside the middle-third of the footing width. Preferably keep the resultant within the
middle third.

8. Design footing for moments and shears. Select reinforeing.
9. Check sliding. A key or adjusting the footing depth may be required.

10. Check and review, Have all report requirements been met?
Step-By-Step Design of a Restrained Retaining Wall
Similar to the above with some additional steps (italicized):

1. Establish all design eriteria based upon applicable building codes. (See checklist that
follows).
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1.

Compulte all applied loads (at-rest carth pressures, seismic, wind, axial, surcharges, impact, or
any others. Select "height" to lateral resiraint.

Design the stem. If the stem is assumed pinned at the base, the maximum moment will be a
positive moment near mid-height—design stem material, thickness, and reinforcing for this
location. Usually the same material (concrete or masonry) and thickness wifl be used for the

Jull height. If the stem s fieed al the fooling, determine shear and moment at base and design

this location, If the stem is fixed at the base, check dowel embedment depth into the foating
assuming a 90° bend (hooked har).

Using statics, Determine reaction at top support and at base. If a floor slab is present at the
top of the footing, check ity adeguacy for this lateral force (sliding).

Design the Tooting. If the stem is assumed fixed at base check the soil pressure and design for
moments and shears and select reinforcing. If the stem is assumed pinned at the footing
interface, try to center the footing under the wall (o prevent eccentricity. If there is
eccentricity check reinforcing at stem-footing interface to resist the moment because of
evcentricity and if adequate the soil pressure will he uniform.

Check shding. If a restraining floor slab iy nof present, o key or adiusting the footing may be
required,

Cheek and review, Have all report requirements been met?

Establish the Design Criteria

The following information will be needed before starting your design, The values shown in
parenthesis are only given to ilustrate those frequently used.

Retained height(s)

Pepth of soil in front of wall

Depth of {ooting required below grade
Allowable soil pressure (1,000 psf to 3,000 psf)
Passive pressure (150 (o 350 peb)

Active earth pressure (30 pefto 55 pef)
Cocfficient of friction (.25 10 .4()

Backhll slope (don’t exceed about 1.5:1 unless OK with geotech)
Wind, if applicable

Axial loads on stem

surcharge loads

* Scismic criteria if applicable

Soil density (110 1o 120 pel)

£ {2,000 psi to 4,000 psi)

£, (60,000 psi)

(. (24,000 psi)

£, (1,500 psi)

17 (145 psito 178 psi (sirenglh design)

E: S

-

* These values are usually given in the report.
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Design Criteria Checklist

After you have established all your criteria, the following checklist indicates additional items to
check before starting your design:

&  What building codes are applicable?

o Do I have the correct retained height for all of my wall conditions?

* |5 there a property line condition I need to know about?

e s therc a fence on top of the wall, or does the wall extend above the retained height?
{cxposure to wind)

» How deep must the bottom of my footing be?

o ITow will 1 assure that the backfill will be drained?

»  Will there be any axial loads on top of the wall? If so, the cccentricity?

e  What about surcharges behind the wall, such as parking, trucks, ete,

*  What is the slope of the backll? Level?

s Ts there a waler table | need to consider?

» |5 a scismic desiyn required?

o Are there any adjacent footing loads affecting my design?

s If the wall extends above higher grade, and is a parking area, is there an impact bumper load?

»  Should the stem be concrete or masonry, or » combination of the two?

s How high is the grade on the toc side, above the top of the footing?

e Iy ibere a slab in front to restrain sliding’?

o s there lateral restraint at the top of the wall (it so, it's not truly a cantilevered wall and
requircs a different design)?

e Do lhavea investigation or other substanliation for soil propertics: active pressure, passive
pressure, allowable bearing pressure, sliding coefficient, soil density, and other items | need
o consider?

s Also consider whether a cantilevered retaining wall is the right solution. If the height of the
wall is over about 16 leet, perhaps a tichack wall would be more cconomical {caution: be sure
your ¢lient has the right to install liebacks. 10 the wall is on a property line, there 15 obviously
a problem). Perhaps a burtressed or counterfort wall would be belter for high walls, or using
precast pancls, or tilt-up?

»  Lastly, determine how many conditions for which you will need a design. Perhaps the same
retained height has several different backfill slopes, say, from level to 2:1. Here you need to
use a Jittle judgment in determining the number of cases. Usually you don’t design for less
than two-foot height increments, unless there are different surcharges or other conditions. To
design for one-fool height increments is not only tedious, but doesn’t save that much material
cost, On the other hand, if the retained height along the length of a wall varics from, say, zero
feet o 12 feet, you would not want to specify the 12-fool design throughout. In this casc, you
would probably design for 12', 10, 8, 6' and 4'. You rarcly “design™ a wail less thun 4 {ect
high, just use a fittle judgment--unless there is a steep backlill slope or large surcharges, in
which case it should be designed.

When you have gathered all this information, you're rcady to start.
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Basic Design Principals lor Cantilevered Walls

A cantilevered retaining wall must, tor stability, resist both overturning and sliding, and matcrial
stresses, including allowable soil bearing, must be within acceptable values,

To resist forces tending (0 overturn the wall (primarily the lateral carth pressure against the back
of the wall), the wall must have sufficient weight, including the soil above the footing, such that
the resisting moments are greater than the overturning mornents, The safety tactor for overturning
should be at least 1.5.

To resist shiding, the weight of the wall plus the weight of the soil above the footing plus vertical
loads on the wall and any permanent surcharges multiplicd by the coelficient ol friction, plus the
passive pressure 1o [romt of the wall, must be sufficient 10 resist the lateral force pushing on the
wall. The recommenced safcty factor against shidig 15 1.5, (Note: For cohesive soil, the
coelficient of friction is replaced by a reduced value of the unit cohesive bond between the
footing and soil in pst))

The stem must be designed 1o resist both the bending caused by earth pressures, including the
cffcet of surcharges placed behind the wall, seismic it applicable, wind if applicable, and any
axial (vertical) ioads imposcd on the wall. The maximum bending and shear stresses in a
cantilevered wall will, of course, be al the bottom.

Each of these subjects will be discussed later.

Figure 3-1 is a free-body force diagram illustrating forces on the wall see.

= =®+@+®+ ®+®+ v

Ph=Pp+PTf Ph=cosgFa

Figure 3-1. Free-Body of Cantilevered Retaining Wall
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4. SOIL MECHANICS SIMPLIFIED

A Soil Primer

Basics o};ml.'{.ctaining Wall Design P;a.-gc 15

Most of us remember very little from our Soil Mechanics 101 course taken in college. We rely on
the expertise of those of our peers who went on to become engineers. It’s a complex subject for
which most o us have neither the time nor inclination to master, so we employ consultants.

Here are a few basic concepts about soil:

Most sail is the result of the decomposition of rock, and 1s classified according to the mix of the
grain size of the particles making up the mass.

The most gencrally used classification by particle size is the Uniform System for Classification of
Soil (USCS), and 18 reproduced in Appendix A. The distribution of grain size in a soil sample 1s
determined by a grain size analysis, In a sieve test a sample is passed through successively
smaller sicves, and the amount by weight retained on each sieve 1s noted as a percent of the total.
With this information the engineer can ¢lassify the soil per the USCS chart. Sicve sizes usc a
numbering system where the number indicates the number of spaces per inch. For example, a #4
sieve has lour spaces per inch, or 47 cach, and a #200 sieve has 200 openings per inch, and so
forth.

Some common designations of soil arc:

Boulders g 127

Cobbles N DA

Gravel e #4 sicve = 37

Sand = #200 sieve = 44 sieve
Silt < #200 sicve (0.074 mm)
Clay < (1,003 to 0.002 mm

There are other classifications systems, such as the AASHTO system, but the USCS classitication
system is most often referred Lo in the foundation investigation reporls you will read.

Soil is further classified as being cohesive, non-cohesive, or somewhere in hotween.

Cohesive soil derives its strength from the cohesive bond between particles, as represented by
finc-grained silts and clays.

Non-cohesive, or granular, soil derives its strength from inter-particle friction between grains,
Sand and gravel are examples ol nov-cohesive soil. Non-cohesive soil is the type usually assumed
for analysis of latcral pressures against a retaining wall.

Expansive soil consists of ¢lay thal changes in volume with changes in waier content. Such
swelling can cause considerable pressure on retaining structures, for this reason clay back(ill
should be avoided, and if the site containg expansive soil, the engincer will recommend measures
to minimize its effect, mainly by removal and replacement with suitabic material. It is important
that watcr not be allowed to penctrate expansive soil — 11t 1s kept dry it won't swell,
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The depth of penetration is a term used in colder chimates in the northern US, whereby upper
portions of the ground may freeze scasonally or permanently, with depths ranging (rom a {ew
mches to § feet or more. To prevent the added pressure of swelling because of freezing and
thawing, foundations should be placed below the frost line. The engineer and applicable building
codes will address this local concemn. In areas where the ground is permanently (rozen to a great
depth, such as Alaska, local expertise and experience will apply.

The strength of the soil is usually thought of as its bearing capacity, that is, compression capacity.
However, the bearing capacity of the soil is actually a [unction ot shearing stresses between the
particles. The shearing strength ol the soil 1s the controlling factor for determining its bearing
capacily. The shear between particles can be cither frictional resistance (sliding friction between
particics) or in the casc of clayey soil, its cohesion. Sandy soil requires confinements to develop
shear strength, us tor example a lack of confinement is illustratod when you slep on sand at the
beach you notice that the sand displaces sideways under your feet.

When so1l samples (cores retricved from drilling) are taken 1o the laboratory for testing, the
engineer will determine the bearing capacity of the parlicular soil by determining its frictional
resistance, He will also (est to determine density (weight) of the soil, coefficient of [riction, soil
modultus, and other propertics applicable o the design of the structure.

The cocfficient of friction within a soil mass cannol be measured as casily as, say between two
solid surfaces. A soil sample 15 confined in two opposing boxes, separated by a virtual slip planc.
Whilc a principal force P is applicd perpendicular (o the plane, a shear foree, T, 1s applicd
laterally, The point of shp is noted, and successive tests are recorded for increasing normal
stresses, This data 18 used to determine the coefficient of friction, which is F/P. The
corresponding angle, called the angle of internal friction, ©, 1s therefore the tan™ (F/P),

This 1s an oversimplified explanation. Any soil mechanics text will cover this topic thoroughly.
The basic formula for shear resistance developed along a plane of rupture 1s:
s—¢tpland

s = total shear resistance (stress); p — normal stress; ¢ = resistance duc to cohesion usually
cxpressed in psf; and © = angle of intermal {riction.

The Soil Wedge Theory lor Retaining Walls
How much pressure does the retained carth impose on a retaining wall?

Omne of the early investigations of this problem was reported in a 1729 publication by French
cngincer Bernard Belidor, He staried with a simple premise: If' a wall retaining soil was suddenly
removed, the soil behind 1t would slide down, slipping along a planc he assumed was 45°, He
reasoncd, and solved by simple statics, that if the planc was without friction, the horizontal force
against the wall would be equal to the weight of the “wedge” of soil. He then assumed a 0.5
(riction factor along the slope plane, which then halved the lateral foree; the lateral pressure was
about onc-half the weight of the soil wedgc,
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French engineer Charles Coulomb [urther developing this theory in the 177075, (also famous for
his work with electricity  Coulomb’s Law — and other scientific achievements). He solved the
problem of differing lateral pressures for varying assumed slip plancs, by usc of differential
caloulus to identify the range of rupture planes (o detenmine the rmnimumm horizontal thrust. His
solution is the well-known Coulomb formula used today (see page 26). This [ormula also
accounted for varying backfill slopes, batter of the wall, and friction between the soil wedge and
the face of the retaining wall.

I'e keop this soil wedge in place, the three forces shown in the frec-body diagram in Figure 4-1
must be in equilibrium. The three forces are the weight of the wedge, which 13 its arca times the
soil density, and which acts vertically downward; the reaction against the wall surluce, which is
assumed to have a direciion inclined ai the wall friction angle; and the reaction against the so1l
behind the wedge. The latter force, or reaction, has two compenents, ene nomnal 10 its plang, and
ong parallel 10 the plane, which is the cocfficient of intcrnal friction times the normal force.

SoitWenge

Basn v
Plane of
Empture

- E

Figure 4-1. Free-Body of Soil Wedge

Later, Scottish engineer William Rankine simplified the Coulomb formula. Tn the 18505 he
presented the equally well known Rankine Formula that neglects wall friction and is more
comservative than the Coulomb method (see page 26). His formula takes into account the effect of
a backfill slope, but assumes the back face of the stem is vertical, and that there 1s zero friction at
the soil-stem intertace, and the resultant acts against the wall parallel 1o the backfill slope.

Explanation of Design Terms:

Some commonly used terms, particularly as they apply to retaining walls, are defined in the
following:

The rupture (or failure) plane

This 18 the ling along which the soil wedge 15 assumed to slip. It is actually concave, but a
straight line 15 assumed for mathematical simplicity.

The angle this plane makes with the horizontal is theoretically: o = 45° + ¢/2. For cohesion
less soil this 1s roughly equivalent 1o a slope of one horizontal to two vertical (1:2).
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Angle of internal friction: This is the most important value for delennining lateral pressure
and bearing capacity of granular (non-cobesive) soil, It 1s a measure of the shearing
resislance ol the soil because ol mtergranular friction, obtained from one of several
laboratory tests, such as the Dircet Shear Test. Angles of internal [riction range from 32-35°
for well graded sand, 27-32" for silty sand, less [or sandy silt, and further diminishes for clay
because of the lack of coarse particles. The angle of internal friction (usually designated @) is
used in both the Rankine and Coulomb formulas to deterinine lateral earth pressure.

Active soil pressure

This is the unil pressure, expressed in pounds per square foot per foot of depth (pel), imposed
upon the wall by the wedge of so1l hehind the wall. It is mobilized al the moment the wall
begins to tilt {or slide) and the wedge begins (o slide down along its angle of rupture, 1t is
assumed to obey Pascal’s law, that 15, to increase lincarly with deptiy, forming a triangular
pressure gradient behind the wall. Its value inereases with increasing backfill slope, because
the volume of the wedge of soil increases (see Figure 4-2). This pressure is the coefficient of
active pressure (K,) multiplied by the soil density. K, for a level back(ill is gencrally close to
0.30. The cnginecr gencrally gives this value. Muliiplying a so1l density of 110 pefby a K,
value of 0.27 would, for example, result in the oft-uscd lateral pressure of 30 pef. Also see
ASCT. 7-05, Table 5-1, for Design Lateral Soil Loads, which specifies a minimum of 35 pef
[or sandy so1l and up (o 80 pel [or clayey soil.

The active pressure is usually given to you by the engineer as an equivalent fluid pressure
{EEP), or can be computed [rom the Rankine or Coulomb formulas if the soil angle of
internal friction and, it applicable, the wall friction angle, are given. 1 1s assumed to be a
triangular distribution with zero at the ground surface and a maximum pressurg at the bottom
ol the stem (for stem design) or bottom of footing (for averturning design). The pressure
diagram will be trapezoidal if a surcharge 1s applicd.

To use the Rankine Formula, you need to know the angle of internal [riction, and the slope of
the backfill. This will give you the cocfficient ol active pressure, K, which when multiplicd
by the soil densily gives the aclive pressure in pounds per square foot per foot of depth (pel).

As discussed tater, a surcharge load over the back{ill is considered an additional depth of soif,
thereby resulling in a trapezoidal lateral pressure.

The ling of action of the resultant (or the Rankine formula is assumed to act at an inclination
of B, the angle of the backfill slope. (Note that for the Coulomb method, which is not
generally recommended 10 be used [or cantilevered walls, the resultant acts at an angle, [rom
the horizontal, of the friction angle at the soil-wall interface, &, usuvally assumed to be 1720 to
2/3@, plus an angle cqual to the batter angle of the back tace of the stem, measured from the
vertical.
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Figurc 4-2 shows backfill volume and surcharge volume and not active pressure.

TADDED VOLUME
FOR SLOPED
BACKFILL

WEDGE FOR
LEVEL
BACKFILL

Figure 4-2. Increased Wedge Velume with Sloped Backfill

With a sloped backfill the active pressurce on the heel side will increase because of the added

height of the soil wedge, The backhll slope angle, B, is in the Rankine formula to retlect this
increase. This cffect is illustrated n Figure 4-2.

Commonly used design values (Rankine) for sloping backfilis, assuming a soil wet density of
110 pef, an angle of internal friction of 34% and “rounding”, ure:

Level: 31 pet
5:1 Slope: 33 pef
4:1 Slope: 34 pef
3:1 Slope: 36 pef
2:1 Slope: 45 pet
1V 1 Slope: 77 pet

The slope angle cannot exceed the angle of internal (Tiction.

These values arc guides only and determination should be made by @ engineer, particularly
for slopes steeper than 2:1.

Passive soil pressure: This 1s the resistance of soil to being pushed against by a rigid surface.
It is obtained by multiplying the soil density by the cocfficient of passive pressure, K.
Passive pressures are usually in the range from 250 - 350 pefl. The enginger generally gives
this value. The Rankine formula for Kp is the reciprocal of Ka (K, = 1 / K,). Passive pressure
provides resistance 1o sliding by opposing the active carth pressure, or other applied exlermal
[orces directed into the retained earth by surcharge loads on the backhll.
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Pagstve pressure applied to retaining walls does not causce overturning; 11 18 the resistance to
the net driving lateral forecs, expressed by:
(Heel active foree) — (toe active force) — (soil/earth [Tiction resistance)

= (passive resistance required)

Passive pressurc is discussed further in Soil Bearing and Stability.

“At rest” soil pressure: This latcral pressure, designated K, applies to non-yielding walls
which are laterally supported and restrained from movement at the top and bottomn, such as
so-called “basement walls”. This will be discussed further in the seclion Restrained (non-
yielding) Walls. The at-rest condition also oceurs when the backfill 1s highly compacted.

Angle of repose: This is the angle, measured from the horizontal, that a pile of dry, granular,
so1l wall form when loosely poured on a flat surface; for sand, it is about 34”,

Soil density: Weight of s0il i usually assumed o be 110 to 120 pef, depending upon
gradation, water content and degree of compaction. Saturated soil has a higher density,
because of the added weight of water filling the voids between particles. Soil below the water
lable is described as being submerged und the weight is the cstimated weight minus the unit
welght of water.

Backlill slope: The slope of the backlill behind the wall cannot exceed the angle of inlernal
friction for cohesionless soil. A general rule 15 to limit this siope to 1.5:1 (which corresponds
to an anglc of intemnal friction of 34%),

Equivalent flaid pressure (EFP). The equivalent “hydrostatic™ soil lateral pressure (1.e.,
obeying Pascal’s Law), EFP values are the product of K, * Y oor Kp* Y.

Cocfficient of friction: This is the frictional resistance at the contact surfuce between the
bottom of footing and the soil. It is a function of the roughness of the bottom of the footing,
but it cannot excel O, Its value 1s usually between 0.25 and .40, with the latter commonly
used. 1t is used to compute resistance to sliding by muliiplying the total vertical force by the
cocfficient of Mmeton. This, together with passive pressure resistance at the toc (foe & key),
prevents the wall from sliding. Note that for cohesive soil, such as clay, the resisting force is
the adhcsion between the footing and soil, rather than the frictional resistance. This eohesive
force 1s given in pounds per square fool of contact area, and is generally around 100 psf. Do
not usc the full valuc of cohesion for adhesion on other than very sofl (0 soft clay, or clse
adhcsion approximately equals cohesion times a reduction factor.

Soil modulus. Also known as the coefficient of sub grade reaction, designated “k7, 1t 1s an
indicator of the compressibility of a sotl. It 1s often used to estimate the 1l of a cantilevered
retaining wall. Its units are Ibs. per cubic inch (Ibs/in’) and its value varies depending upon
the size of the fooling. Load tests (o determine its value arc done on a onc-foot square loaded
plate, and the valuc thus obtained must be adjusted lor the width of the footing in accordance
with the ollowing ofien used formula:

,

B+1Y _ )

k =1k k; = valuc obtaincd by plate tesi; B = looting width.,
21 &
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The value k can vary from a low of less than 100 1bs/in® for lovse sand to over 1000 Ibs/ in’
tor clay. Its value is should be provided by the engineer.

The Pickle Jar Tesl

I've done this and 10s an interesting and informative way to learn about soil. Also, use it lo give
an approximate classification of your site soil. You need a tall slender pickle jar with clear glass
and a capacily of at lcast two cups (16 0z.), but a similar jar will do. Scoop up a sample of soil to
fill the jar about half full, preferably mostly sand with some silt and a little clay, but any soil will
do. Pour water into the jar until the water reaches the soil surface. Now you have saturated soll,

no change in volume, and you can visualize the voids. You were probably able to add a volume of
water cqual to about Y4 of the volume of sample soil. You will likely notice a slight slump ot the
soil because of consolidation.

Now pour in more water, screw the lid on Gight, and shake vigorously for 30 seconds to mix the
501l and water. Let the jar stand for 30 minutes. Watch how the soil settles and stratifies. You'll
notice fairly clear lines of stratification: gravel 1o sand on the bottom, overlain with silt and
probably a thin layer of clay on top, and maybe some {loating organic debris. You can now
classify your soil sample fairly well by comparing it with the Uniform System for Classification
of Soil (scc Appendix A).

Now remove the 1id and push a table knifc to the bottom. Wiggle it side-to-side and watch (he
pressure bulge. Then slowly withdraw it and notice the fnction resistanee. Fold a paper towel
over the top and turn the jar upside down to drain the water. Watch the soil cling (o the sides
(adhesion). Let it dry for a fow days (don’t use the microwave!) then shake it up and pour 1t out,
The slope of the soil is the angle of Tepose.

Play some more, it's a learning expericnce!

The Investigation

Most agenceics require a soil report prepared by a geotechnical engineer to establish permissible
soil design paramcters and identify other geotechnical concerns for your project.

Here is a list of information that may be mcluded in a report:

m  Soil classitication
m  Allowable soil bearing value
n  Adjustinents in soil bearing for width and depth of footings.
m  Passive soll pressure
m  Active soil pressure for vartous backfill slopes.
s Coeflicient of (riction {concrete to soil).
= At-rest active pressure for restrained (non-yielding) walls,
s Prescnce of ground water
s Liguefaction polential,
n  Slope stability analysis
m Seismicity (peak ground aceeleration, proximity to faults, etc.)
s Presence of 111l and site preparation requiremnents,
= Any other precautions the designer should be aware of.
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Engincering is a specialty authority beyond the civil license and subject o state licensing laws
sitnilar o other professional disciplines,
Soil Bearing Values

Generally, allowable soil bearing pressures range from 1,000 psi to 4,000 pst. Additional
inereases are permitted tor increased width and/or depth of a footing beyond the minimum valucs
specified by the cngincer. When applicable, these values ¢an be increased by one-third when
wind or seismic forces are present.

Although we leave the computation of allowable bearing value o the engineer, tor those
interested in (he process, you can refer o Bowles, Foundation Analysis and Design, 5" Edition,
Chapter 4, and other texts.

Alternatively, subject to acceptance by the local building official, vou could use the presumplive
values presented in the IRC 09 Table 1806.2. This table lists allowable beuaring values for soil
classified by the Uniform System for Classification of Soil in Appendix A.

When is a 50il und Foundation Investigation Required?
The local building official may have the authority to waive an investigation report if the soil 1s

reasonably well known or a report was prepared [or o nearby site. Tlowever, the requirements for
when a report 1s required are specified in IBC "09, Section 1863,
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5. BUILDING CODES AND RETAINING WALLS

Whal Building Code(s) Apply Te My Projcct?

Always check with the building official having jurisdiction to learn what code(s) they arc using
and if any local amendments apply 1o your project,

The following codes are most often adopted or cited.
International Building Code (1BC)

This is now the dominant code adopled by most jurisdictions, some with local modifications
(Califernia Building Code, for example). The IBC was a culmination of ¢fTorts to merge the
*model codes” (Uniform Building Code, Southern Building Code, and Standard Building Codc)
into ong¢ national building code. The IBC 1s compiled and published by the Intemational Code
Council (ICC), County Club Hills, Tllinois. The scrics of International Building Codes (e.g.
plumbing, clectrical, etc.) are cotlectively referred to as the *I-Codes™. The IBC Websile 1s
www.lcgsale.org, The current edition is 2009,

IBC 2009 references or modifies other standard codes, principally ASCE 7-05 Minimum Design
Loads for Buildings and Other Structures. Seismic design requirements for retaining walls per
IBC are discussed in Chapter 7 of this book.

Lniform Building Code (UBC), '97

This now defunct code, the last m a series [irst published in 1927 by the Tnternational Conference
of Building Officials, was the dominant code in the Westemn stales until replaced by the
International Building Code.

California Building Code (CBC) '07

This California code was first published in 2001 (o replace the *97 Uniform Building Code. Il is
an adaptation of the IBC with minor modifications and is essentially the samnc as the IBC

Therc are not any specific seismic design requirements for retaining walls, with the exception of
state-owned or lcased public schools and essential service tacilities, for which retaining walls
over 12 feet require seismmic design (sce 161TA.6 of CBC'07). Also refer to Earthquake (Seismic)
Desizn, Chapter 7.

NIPA 5000: Building Construction and Safety Code (National Fire Prevention Association)
NFPA 5000 has been promoted in some states. Tt addresses construction protection and
occupancy features necessary lo minimize danger (o life and property. Their current edilion 1s
NFPA 3000: Building Construction and Safetv Code, 2009 Edition. The NFPA web address 1s

www.nipa.org.

This code refercnces ACT 318, ASCE 7, and ACI 530 for struciural design issucs.
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Referenced Codes

IBC 2009, CBC '07, and other regional codes olten refer to the following standards for structural
1ssues:

Mirdpum Desien Loads for Buildings and Other Structures, ASCE 7-05
Published by ASCE. Reston, VA, This often referenced code covers loads and seisinic
design.

Building Code Requiremenis for Reinforced Concrete (ACH 318-08), American Concrele
Institute (ACI), Detroit, M1, The standard [or concrete design.

Building Code Requivements for Masornry Structures (ACT 530.1-08)
Also known as MSJC, this masonry code is published jointly by ACI, SEI, and
The Masonry Socicty,

National Earthguake Hazard Reduction Program (NEHRP), 2003, developed by the
Building Seismic Safety Council for FEMA (Federal Tmergency Management
Agency). This 15 not a code, per se, but retorenced by [BC and NFPA as
guidelines tor seismie design. The 2003 Edition NEHRP Recommended
Provisionys for Seismic Regulations for new Buildings and Qther Structures,
contains often referenced information on scismic design ol retaining walls,
particularly information in the Commentary. This is discussed in Chapter 7 of
this book.

Annual Bool af ASTM Standards. This 1s the standard of reference on materials and
processes cited in all codes and specifications. 117s 70+ volumes covers over
11,000 specifications. Published by ASTM International, West Conshocken, PA.

WWW. aSTIN. Org.
Depending upon the jurisdiction, the following may also apply:

AASHTO LRFD Bridee and Highway Design Specifications, 4. Edition, 2007, American
Assoclation of Stale Highway and Transportation Officials (AASHTO),
Washington, D.C. www.aashto.org.

Neaval Facilities Engineering Command (NAVEAC). Foundations and Earth Structures,
NAVFAC Design Manual 7.02, That design manual contains information on
many aspects of retaining structures. Refer to www nav facnavy.mil for more
information,

U.S. Army Corps of Engineers Design Manualy. Comprehensive design procedures,
standards, and sample calculations: The web address is: www.usace.army.mil.
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6. FORCES AND LOADS ON RETAINING WALLS

Determination of L.oads and Forces

The design of retaining walls may include any or all of the [ollowing (cach will be discussed
later):

o Lateral carth pressure

» Surcharge loads

*  Axial loads

s Adjacent footing loads

*  Wind on projeeting stem

« Tmpact torces

*Seisnuc earth pressure
*Seismic wall sclf-weight forces
*Discussed in Chapter 7

Latcral Earth Pressures

The purposc of a retaining wall is to retain soil; hence the lateral pressure of the soil against the
wall is a primary design concern. Most lateral pressure theories are based upon the sliding so1l
wedge theory. This, in simple (erms, assumes that if the wall was suddenly removed, a triangular
wedge of soil would slide down aleng a rupture plane, and it is this wedge of soil that the wall
must retain.

The soil wedge theory
The development of the soil wedge theory for cantilevered retaining walls was discussed in

Seciion 4. Therc arc the two basic equations for computing lateral carth pressures: The Coulomb
formula and the Rankine [ormula.

e —— D
SOIL WEDGE
H A AN
" [T
AT T ™ ASSUMED
H/3 7N N PLANE
: OF RUPTURE

Figurc 6-1, Free-Body of Lateral Forces
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The Coulomb Farmula

The Coulomb Formula, where K, s the coellicient of active pressurc, and which takes into
account backlill slope, friction angle al wall face, angle of rupture plane, and angle of interal
friction, 1s:

K, = sin” (o +9)
sin? « sin (- 8) I:.] " J sin{b+&)sin(¢ )

sin (¢¢ &) sin (o + B)
K, (horiz.} — cosd K,

P = Anglc of backfill slape

¢ = Angle of mternal triction of the soil

a = Wall slope angle from horizontal {90° for vertical facc)
0 = Anglc of friction between soil and wall

(usually assumed to be 2/3¢ to 1/2/¢)

Figure 6-2. The Coulomb Formula

If backOl 1s level, (he soil-side wall face 15 vertical, and if zero friction 1s ussumed between the
5011 and wall, then the Coulomb formula reduces to the familiar Rankine formula:

K-:I = (l — 51N (I]) / (l I 5in ('l'))
The Rankine Formula

In the 18505, Scottish engincer William Rankine further developed the Coulomb approach (along
with many other scicntific accomplishiments) and introduced what is probably the most
commonly used formula for lateral soil pressure. The Rankine cquation is a simplified version of
the Coulomb formula and does not take into account wall batter or friction at the wall-soil
interface. As such, it is a conservative approach (o the design of retaining walls. An example of
its use will be described later for both the Coulomb and Rankine formulas. The lateral pressure
factor Ka will be the same for the case of a level backfill und zero wall friction,

The Rankine Formula for active pressure:

K. = cosp cosf m
cosp + m
Kn = (lloriz,) = CUS'_} K"

i3 = Angle of backfill slope
¢ = Angle of inlernal friction

If the backfill is level the Rankine equation can be writlen as: K, = tan” [45 - %} or = %
L + &in
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Example:

Fhen K, —

cos 26.6—\/&352 26.6 cos” 34

¢05 26.6 +Jcos” 26,6 — cos? M

041 K, honz.= 41 x cos 26.6 =0.37

Assume: ¢ - 34°, P =26.6°(2:] slope)

cos 26.6

and corresponding horizontal equivalent fluid weight of the soil = 0.37 x say 110 pet'= 40 pel {or

a horizontal backfill

Note that in the Rankine analysis the active pressure foree is assumed to be applied at one-third the

Figure 6-3. The Rankine Formula

retained soil height and inclined at the angle of, and parallel to, the backfill slope.

IBC *09 and ASCE 7-05 have identical tables of minimum lateral pressures, condensed below:

Rasics of Retaining Wall ‘b'csign
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Lateral Pressures
! . uscs (pound per square foot per foot of depth)
Backfill Material Classification - —
Active pressure At-rest pressure
Well-graded, clean_gravelsz oW 30 60
gravel-sand mixes
Poolriy graded ciean GP 20 &0
gravels; gravel-sand mixes
Silty gravels, poorly graded GM 40 60
gravel-sand mixes
Clayey gravels, poorly G 45 60
graded gravel-and-clay
mixes
Well-graded, clean sands; SW 30 60
gravelly sand mixes
Poorly graded clean sands; Sp 30 60
sand-gravel mixes
Silty sands, poor_ly graded SM 45 &0
sand-silt mixes
Sand-silt clay mix with ) 100
plastic fines SM-5C 45
Clayey sands, poorly 80 60 100
graded sand-clay mixes
Inorganic silts and clayey ML 45 100
silts ]
Mixture of inarganic silt and ML-CL 80 100
clay
Inorganic clays of low to cL 60 100
medium plasticity —
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Figure 6-4 — Lateral Soil Pressures (Condensed from IBC '06 and ASCE 7-05)
Surcharge Loads

A surcharge is any addilional vertical load applicd to the soil above the top of the wall. It can be

live load from a parking lot or highway, paving or an adjucent footing, See Figure 6-5 (Active
Pressure from a Uniform Surcharge Load against Wall) to iilustrate this effect.

= SURCHARGE

L]

b . . '_._:;. \\
N \
o =
X '\
=,
i \
: = N P1
o H _\
= = P2
v N 1 H/2
\ H/3
_ \
o 4 AN |

¥ = SOIL DENSITY
1 KawH
P2 Ka¥H=2(1,/2)

Figure 6-3. Active Pressure from a Uniform Surcharge Load against Wall
Highway surcharges

The usual added surcharge when highway traffic is close to a retaining wall 1s to add two fect of
carth, This is equivalent to a uniform surcharge of 240 psf (assuming a soil density of 120 pef). A
250 ps{ surcharge 1s commonly used for highway loading. The lateral pressure will have minimal
effect if the load is located morc than the retgined height away from the wall.

1 H-20 truck loading could occur close to the wall (clusest wheel within about one-half the height
distant from wall) then a Boussinesq analysis can be done.
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Backfill compaction surcharge

Buckiill is often placed by a front end loader dumping sand or gravel behind the wall. The
backfill should be placed in layers of about onc foot, compacted by repeated by back-and-torth
runs of the compactor or loader, coming within inches of the wall. Conpaction testing may be
required. A typical loader will weigh about 30,000 lhs, and have a footprint under each track off
about 30 square feet 1{ the loader is track-mounted. This results in short-time construction loads
of about 1000 psf, far in cxcess of most surcharge design loads. Grading contractors arc awarc of
this and often report tilting of the wall during these operations, and somctimes assign a worker 1o
monitor plumb of the wall during these operations. Backfill compaction can produce a K,
condition, espeeially if the wall is restrained. It is the contractor’s responsibility to place backfill
50 as to not damage o1 overstress a wall,

Adjacent fouting surcharges

I there is an adjacent footing that overlays the arca of the soil wedge this surcharge will exert
lateral pressure against the wall, and must be considered.

A tule-of-thumb is that an adjacent fooling will have little effect on lateral pressure against the
stem il 1t is (urther than the height (base of stern (o base of applicd adjacent load) away from the
wall face  at a slope ratio of 1:1.

Adjacent footing loads are classified as either “line” or “strip” loads” which are uniform loads
parallcl to the wall, or “point loads”, such as square or rectangular {volings.

The Boussinesy equation, though computationally very laborious is often used to calculate the
influence of adjacent loads on a walf is shown in Figure 6-6. Based upon the theory of clasticity,

it results in a curved pressure diagram as illustrated in Figure 6-7.

The Boussinesq cquation follows:

Where terms are defined below and in Fignre 6-5 for a point load:

o, = Lateral Pressure, psl

P = Point load, Ibs.

r = Horizontal distance from point of applicalion on wall to plumb under P
7 — Lepth, ft.

R = Diagonal distance from P to point of application

=\‘l’2 i Zz

1= Poisson’s ratio

NOTE: If a “line load”, multiply the computed lateral pressure (rom the above cquation by
27 = 6.28 (derived from the Boussinesy equation),

The resultant force acts about 0.60h above the bottom. Also, note (hal the Boussincsq formula
is sensitive (o the assumed Poisson’s ratio (u) lor the soil. This value for sand and sandy-clay
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ranges [rom about 0.2 to 0.5, The Bowles texi 1s an excellent reference on the usc of the
Boussinesq cquations,

P
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Figure 6-6. Boussinesq Equation

Figure 6-6: (Boussinesq Equation Pressure Diagram) shows a plot of the resulling pressure
curve,

Figurc 6-7. Boussinesq Equation Pressure Diagram
This 1s a very time consuming computation because it requires a calculation for each increment of
wall height. The computations arc further compounded if i is other than a point load, because it
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then requires a separate computation for cach square foot under the footing, or in the case of a
ling load or strip load (the latter 1s a line load but several merements wider, such as a wide footing
paralle] to the wall), numerous computations must be made for the cumulative pressure affects
against a vertical unil length of wall.

Terzaghi and Peck propose a simple method for computing the lateral load and point of
application from a line load (¢.g. continuous footing) behind the wall.

The line load P, acting at a distance x from the wall, exerts a resulting force R acting against the
wall at a distance y below load P, where y = x (tan 407).

R =C, P, where C, is a lateral pressure coellicient depending upon the type of soil {paraphrased
from Terzaghi, page 364); 0.26 for clean sand and gravel; 0.30 {or coarsc grained soil with some
silt; 0.39 for finc silty sand and some clay; 1.00 clay and silty clay. For simplicity, tbe above
Figure 6-7 uses C; = 0.30.

However, neither of these computations provides the distribution of lateral wall pressure against
the wall. A simplilied solution may be to assume a uniform load against the wall equal to the
adjacent footing load divided by the height from footing to bottom of adjacent (ooting. This
would yield overly conservative moments and shears near the top of the wall, and un-
conscrvative shear and moment at the base.

Some engineers mercly assume the bearing pressure under the adjacent footing projects
downward at a 1.5:1 slope (Terzaghi proposcd an equilateral triangle), and computes the adjusted
surcharge at the level where the projection interscets the wall. See Figure 6-8. This may be an
underestimation because it docs not give the pressure bulge near the top as shown by the
Houssinesq cquation.

j
.y
und

- Assamaxl
Distribugion
1.5 1405

Fivure 6-8. Simplified Lateral Pressure from Line Load

This treaiment of adjacent footing loads 1s brief; a more in-depth treatment is not within the scope
of this book. For [urther reading consult the texts in the bibliography, Appendix . NAVFAC
and AASHTO also have frequently refereneed charts for determining lateral pressurcs from line
and point loads,
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Wind Load on Projecting Stemns

When an exposed wall extends above grade, it is subject to wind pressure which creates an

. . . - - . R ]
additional overturning force. The customary formula for wind pressure is F = .0026 v* , where F
1s in psf and v is wind velocity in mph.

Using IBC 2006, reference is made to ASCE 7-05 [or wind design (with some exceptions

generally not applicable o “lences” — see IBC Section 1609). Equation 6-25 of ASCE 7-05 gives
the lollowing simplified formula:

F =q, G C;, where F 15 design wind pressure in psf, G is gust factor which can be taken
as (.85, Cycan gencrally be taken as 1.2, and g, 1s the velocity pressure at mid-height and
can be compuied by Equation 6-15:

g, = 0002560 K, K, Ky V" 1, which terms can be determined from Section 6.5.10. V is
wind velocity in mph.

For example, considering Exposure “C”, 80 mph wind, and ignoring the Importance
Factor “T”, this results in “T" = about 12 psf.
P

il wind overluming und stem moments arc significant stress components, the IBC code permits a
one-third stvess increase for short-term loading il ASD combinations of 1605.3.2 are used.
Except for freestanding walls the one-third increase is senerally not applicable. For Strength
Design the 1BC load factor tor wind is 1.6 when using strength design method.

Other codes and conditions may apply when wind is a consideration.

Water Table Conditions

If a portion of the retained height is below a watcr table, the active pressure of the salurated soil
will increase below that level. This additional pressure for the saturated soil is equal to the
pressure of waler, plus the submerged weight of the soil (its saturated weight - 62.4), plus the
surcharge of the soil above the water table. T'he submerged weight of a 01l can be approximated
as 5/8 x its dry unit weight, This pressure diagram is shown in Figure 6-9. Water Table Force
Calculaiions.

. 1200pstf
Assume: K,=027 Vit
¥ =110 pefl LT o i - \—
Surcharge - 100 pst 4 —Sat. 6.0' —Water 8.0
Water = 62 .4 pef g Soll |y Teble B <’t
B
: 6.0" ;:@ 7.5l
Torces: R E—-ﬁ
- LS T T‘;:‘?Jf
0.27 x 100 pst' =27 psf. S AN

027x 110 x 6~ 178.2 | . BN
0.27 (110-62.4) x 7.5= 96.4 o
02.4 % 7.5 = 468 | e
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Summary for overturning:

[ |

P M
27x 13.5 365" 6.75' 2.464"
1782 x 6/2 = 5357 9.5 5,079*
178.2x 7.5 = 1337" 3,78 50127
96.4 x 7.5/2 162° 2.5 904"
468x 752 = _17558" 2.5 4,388"
4354 17,847%

Ht. to point of application = 17,847 / 4,354 = 4,10’
Figure 6-9. Water Table Force Calculations
Detention ponds / flood walls

When retaining liquids the procedure is similar to an carth retaining wall except that the
equivalent fluid pressure is 62.4 pet (or that of the liquid). If the liquid ean seep under the footng,
then the pressure above and below the heel equalize and only the buoyant-adjusted dead weight
of (he heel can be vsed (o resist overturning.

Hydrostatic pressures

If the water table is above the foundation the soil density below must be adjusted for buoyancy
(saturated weight minus water weight). Weight of saturated soil 18 about 10% - 13% grater than
dry weight. The [ooting weight should be reduced (concrete weight less waler weight) o account
for its buoyancy.

Cascading walls

Occasionally walls will be stacked one behind another, piggyback style, or cascading, as sketched
1 Figure 6-10,

This requires very careful design for the lower walls, because not only is there a surcharge from
the wall above, but a horivontal thrust as well. Two possible solutions arc suggested:

Alternate #1 shown on Figure 6-10, would be to sketch a fail-sate slope that would model the
event it both walls were considered one mass exerting pressure on the lower wall.

Another possible solution, Alternate #2, suggested by a engineer, 1s to apply the verlical load P,
of the lower wall as a line-load surcharge [orce P, located *x™ from the wall, usc the Boussinesq
cquation to obtain a cut force on the wall, then apply 1ts horizontal thrust P, as an assumed
uniform load against the slem of the lower wall.

Cascading wall conditions come up frequently and a good relerence for design 18 not known to
{he author (1t would make a good PhID thesis!).

For this condition, be carcful, consider the horizontal thrust of (the upper walls, and be
conservalive! advice is recommended and the nature of the underlying soil may require a global
stability analysis (most consultants have soltware 1o perform this).
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ALTERNATE #1: ——wn——y
Assume

Equilvalent
backfill
surcharge

—
ALTERNATE #2;
Assume P #%‘
unifornly
distributed
over ¥ and
I~ apply Py as
adjacent
| footing
Assumed
rupture line,
say 1.5:1
if X > ¥ probably little effect on lower wall

Figure 6-10. Cascading Walls
Vertical Loads
Vertical loads provide stability by resisting overluming,
Vertical loads include:

Axial loads on the sicm

These loads are applied directly to the stem, such as from a beam reaction, ledger, or bridge
member. Any vertical load imposed upon the stem of a cantilever design retaining wall must not
provide lateral support, otherwise the wall does not perfonmn as a cantilevered retaining wall. I
one side of a building, for cxample, rests on top of a wall it could be veactions fram a Moor or
roof-- the abutting diaphragm should not restrain rotation of the wall. If restraint does oceur, the
wall should be designed as a "basement wall," whercby the restraint at the top resulls in a posilive
bending moment in the stem. Sometimes a wall 1s designed lor both conditions, such as when it is
designed as a retaining wall so that backfill can be safely placed before the restraint is provided,

then designed as a basement wall for the conditon alier the restraint is in place.

Axial live loads on the stem will increase soil bearing pressure and resisting moments, therefore

need 1o assessed separately from axial dead load for most eritical condition.

Vertical point loads on walls, such as from girder reactions, are assumed (0 spread downward al a

slope of two vertical one horizontal. This spreading of the load results in relatively low

compressive stregses at the basce of the stem. For example, a 24 kip load atop a 12" concrete wall
on a two-foot wide bearing, and assurming 14 fthigh, would result in an axial siress (in addition w0
wall weight) of just 125 psi. Bearing stresses directly under a beam or girder reaction must be

checked.
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Also, consider the cceentricity with respect Lo the stem centerline because it will affeet both stem
design and stabilily. But remember that live load acting al a negative eccentricity (toward the
backfill} could produce unconservative resulis,

Axial loads are usually from a connecting floor or root, and rarely would exceed about 2,000
Ibs/ft. and typically much less. This results in relatively low axial stress in the stem. For example,
for & 12" masonty wall this added compressive stress for 2,000 Ibs/ft would be [2000 /(11.5 x
12)] = 14.5 psi. Caution should be used if for some reason a very high axial load was applied
beeause it could change the bending characieristic of the footing. For example a very high heel
soil pressure becausc of a high axial load could reverse the bending from negative to positive,
simulating a spread looling design.

Weight of sail

This includes the soil over both the heel and (oe. This is assumed to be a straight-up-and-down
column of earth (although in actuality this is probably an unlikely assumption).

Weight of structurc

This includes the weight of the stem and [ootng.

Stem and footing weight

These loads add 10 s0il bearing pressure and contribute (o overturning and sliding stability,
Vertical component of active pressure

The vertical component ol active pressure foree is another vertical load. If the backfill is sloped
as illustrated in Figure 6-1, then the line of action ol the resultant carth pressure, P, is inclined
from the horizonlal. When using the Rankine formula, this inclination is assumed o be the same
angle (parallel to) the backfill slope. In the Coulomb method, P is inclined at the wall friction
angle at the soil-stem interface. These inclined {orces resolve into a horizontal and vertical
component. The latter is assumed to act at the plane of the back ol the wall fooling heel for a
cantilever wall. This vertical component could be uscd for added resistance to sliding, reduced
soil pressure, and increasc the overturning resistance. Most textbooks advise that it be used only
for overtumning resistance; il is conscrvative to ignore the stabilitizing influence of this lorce.

Impact Loading

If the wall extends above grade and a parking area is adjacent, you may want to design for impact
from a car bumper. ASCE 7-05 speeifics 6,000 ths. applied at a height of 18 above grade. Guard
rails require 50 plf applied o the top, or a single concentrated lateral load of 200 1bs. A shori-lerm
stress increase of 1.33, or more for impact, would seem appropnale for these conditions.

When considering the eflect of mmpact, the stem should be checked at incremental descending
points as the impact force spreads over a greater stem length. Assumne the impact load spreads out
at one horizontal to two vertical. This is cquivalent to spreading its effect over a length of wall
cqual to the distance from point of application down to the planc being checked.
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7. EARTHQUAKE (SEISMIC) DESIGN

Seismic Design Overview

‘T'exts that address seismic design of retaining walls (c.g. Bowles, Kramer) acknowledye that
seismic design ol retaining walls 18 @ highly complex 1ssue, compounded by the assumptions that
must be made to allow an indeterminable problem to become solvable using concepts of statistics
and differential caleulus, The determination of both static and seismic (dynamic) pressure on
retaining walls is still an emerging science. The selection of an “effective” site acccration for use
is somewhat arbitrary, though becoming codified. reports usually give only the peak ground
aceeleration applicable (o the location and leave the application of this information to the
designer.

Some argue the necessity of seismic design of retaining walls, considering compensating safcty
factors (c.g. 1.5 or higher for overturning) and lack of scismic damage incidents 1o retaining walls
(waterlront structures subject w liquelaction excepled). It 1s also argued that becausc retaining
walls are often at a distance from structures that would be aftected by such failures and thus are
not a lifc-safcty issue. However, these arguments appear moot considering the mandatory
language of IBC and ASCE 7.

The seismie requirements of IBC 2000, and 1BC 2009, Section 1613, 1, refers to ASCE 7-05
which in Section 9.14.7.2.1 reads as follows:

‘... This section applies (o all earth retaining walls, The applied seismic forces shall be
determined in accordance with Section 9.7.5.1 / This section states that ... the owner
shall submil 1oy the authority having jurisdiction q written report that includes an
evaluation of the items in Section 9.7.4.1 and the lateral pressures on basement and
retaining walls due to earthquake motions . Section 9.7 4. identifies items 1o be included
in the report to be submitted *', when required by the authority having jurisdiction ']

This clearly requires a scismic analysis of “carth retaining structures™, based upon the
recommendations of (e report, but implics some diseretionary latitude by the “authority having
Jurisdiction”.

However, IBC *06, 1802.2.7 or IBC'09, 1803.5.12, requires “A determination of lateral pressures
on basement and retaining walls due to earthquake motions™, but excmpts this requiretnont il a
peak ground acecleration of S / 2.5 is used for design, This 1s the k;, acceration used in the M-0)
equation (See following) and presented in NEHRP, Part 2, Commentary, 7.5.1.

The now defunct Uniform Building Code (UBC *97) and its successor Calitornia Building Code
(CBC "07) do not appear to specifically require selsmic design of “earth retaining structures™ with
the exception of statc-owned or leased public schools and cssential faculties, which require a
selsmic design il the retaining wall 18 more Uran 12 feet high.

Designer should check applicable local and State codes thal may have specific seismic design
requirements for retaining walls. They oflen vary with jurisdiction.
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The Mononobe-Qkabe equations

Of the many investigations of dynamic forces on retaining walls, one of the most important and
influcntial is an ASCE paper tilled Design of Earth Retaining Structures for Dynamic Loads, by
Seed and Whitman, the results from which were presenied al a 1970 Corncll University
conference. In this paper they eite ihe piencering studies by Mononobe (1929) and Okabe (1920),
widcly referenced today. Another coniribution was a subscquent ASCE paper by Robert Whitman
titled, Seismic Design and Behavior of Gravity Retaining Walls, 1990, They considered this
lateral force to be an inverted iriangular wedge of soil behind the wall. Seed-Whitman proposed a
simplificd formula, based upon the Mononobe-Okabe theotry, for the combined static and scismic
tactor, which they termed K 4., to be applicd to this wedge acting against the wall. This was an
adaptation of the Coulomb [ormula o calculate the total (scismic and static) pressure and
introduced the variable 6, which is defined as the angle whose tangent is the ground acceleration
(0 =tan"k,).

This cquation 15 presented in Figure 7-1.

Kar = active earth pressure coelficient, static + sgismic

sin” (ex+6—¢')

2
| &) sin (¢ - -4
cost sin® asin (o + 0+ 5) |1+ 7_5111 p+ . )-S-'P (;z_ﬁ_ o-f).
sin (e 1§+ 6" )sin (a - H)
Where 6 = (an ' k., « = wall slope to horiz. (90° for a vertical face), ¢ = angle of intemal friction,
[3 = backlill slope, and o — wall friction angle.
The horizontal component 1s Kax cos 8.

D

For a vertical wall face and & assumed Lo be q 7, » this becomes:

Kopm sin” (90 + 6 — 4)

cosf sin’ (90+9+¢% |4 | sbSdsin(d=0-7J)
- sin (90 + % +@Ysin (90 + )

The total force (active and earthquake), Pag = % (v) Kz IT where v = soil density and H =

retained height.
Figure 7-1. Mononohe-Okahe Equation

When the acceleration is zero, ky, = 0, Ky becomes the famihar Coulomb K, formula.
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The passive earth pressure coctticient, Keg 1s:

sin” (c — 0+ @)

sin (§+ 0) sin (¢ = 0+ /))
sin (e + o+ 0")ysin (a0 — fF)

Kopp =

cos @' sin* asin (@ + G+ 5) | 14

Note: The passive pressure cocfficient decreases under seismic conditions.

Ky has two components (seismic and static). The scisimic component {Kay - K1) 18 assumed to
be an inverted, near-triangular, trapezoidal pressure diagram with the resultant foree (maximum at
the ground surface) acting al a height of (.6 H. For stem design, H is the height from top of
footing to retained height; for overturning and sliding, H 1s the height to the back face of the
footing, along a virtual vertical planc cxtending from the bottom of the footing to its intersection
with the back{ill grade.

The K. componcent is the familiar triangular distribution acting at H/ 3.

The height to the combined resultant can be obtained by the formula:

P, (H/3)+ (P, - P,) 0.6H

y =
PA.H

‘The direction of force application, per the Coulomb formula, 1s assumed to be inclined at an angle
(from horizontal) equal to (he friction angle at the back face of the wall, 8, which 1s often

assumed Lo be % . Therefore, the horizontal components can be assumed (o be

-, _ } -
PAli horie, — COS (%j PAE-

A simple approach to the design for scismic is suggested by the overlapping foree triangles,
which tend (o combine into @ uniform load over the height of the wall, if (he height of the
resultant is at 0,511
Kap 7 B
211
s¢ismic foree. This simplification, is particularly helpful for checking stem moments and shears au
various heights when y = H/ 2,

Therefore, w= —{0.5 Kxr v H, wherc w 1s the cquivalent uniform lateral static plus

Sced and Whitman (19823 suggest an approximation of K.z =K, + 0.75 k. If, for example, ky, is
0.30 and K., = 0.27, then Ka,: approximate would be .495, This would suggest an 83% increase
over static Ka. [Towever, the stem moments and overtuming are greatly increased because (.75 k,
act at an assumed height of .60H. Some cngineers use this method to give an added uriform
seismic force over the full retained height with resultant acting at 0.6H. Such a requirement,
therefore, might read “for seismic design add a uniform lateral force = 20 11° with the resultant
applied at 0.6H”. Note that the inveried “triangle” is actually rapezoidal because of 0.6H,
however, calcudation error vesulting from assunting a triongular distribution is not significant.
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Seed and Whitman’™s paper suggests that fow building codes {al that time) required seismic
provisions for rctaining walls, and concluded that the factors of safety for static design, whtch are
generally around 1.5, are adequale (0 proiect the wall [or short term scismic forces, because such
forces would merely reduce the safety factor to an acceptable value greaier than 1.0,

: - BPAE
H
' Pa .64
E=\ -
Mg BEg N

—— . 33H

Figure 7-2. Application of Seed Whitman Method

An arguable issue 1s whether (o mclude the incrtial foree of the wall combined with scismic earth
pressure both NAVFAC and U.S. Army Corp of Engineers appears to require this concurrent
foree, It seems excessively conservative. If desipning for these apencies check their
requirements.

Seismic [orces are [actored forces, generally 1.0, and for ASD these forces can be reduced by 0.7
to convert for design for overturing, sliding and soil bearing. Additionally, the factor of safety
may be 1.1 when scismic is included. Sec IBC 2009, 1807.2.3.

Determining kg,

k;, is the horizontal ground aceeleration used in the Mononaobe-Okabe (M-0) equation to compute
lateral scismic carth pressures against relaining walls, This is a design value and not neccssarily

the most severe aceeleration that could oceur at the site. Unless an arbitrarily reduced value of k,
1s used, one-third to one-half the peak ground acecleration 15 often used (see Kramer and others).

The starling point is to determine the peak acceleration applicable to your design, Assuming your
code 15 IBC 2009, or ASCE 7-03, which have identical charts, sclect from the contours the
Maximum Considered Earthquake (MCE) ground motion for 0.2 second, spectral responsc
acceleration at 5% of ¢ritical damping, with a 2% probability of exceedence in 50 years. Nole that
retaining walls arc “shorl peniod”, hence the 0.2 second sclection.

There is an easier way. Go to http://earthquake. usgs. gov/research/hazmaps/desizn/index. php
(Java required). This is a U.S. Geological Survey address. Just enter your zip code. (A latitude-
longitude web.) For cxample, Newport Beach, Califormia (high seismic area!), 2ip code 92660,
gives 185.6 percent “g”, or 1.856. and a peak ground acceleration (PGA) of 84.75%g.

Here is an example procedure for obtaining a design ky, using (he USGS Hazard Maps:
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From charts, 8, = 1.8356
{All terms defined in referenced codes)

Sy = Fa 3,

F, = 1.0 (This 1s a function of soil charactenistics and value of S,. See Table 1613.5.3 in IBC ‘06).
Sms = 1.0x 1850 = 1,836
Spe =2/3 Sy = 0,667 x 1.856 = 1.24

Peor NEHRP, Part 2, Commentary, 7.5.1: 8ee also IBC 09, 11.8.3

k= f’f% =040x 1.24 =050

Simplificd Seismic Force Application

The NEHRP 2003 Part 2 Commentary, 7.5.1, states Sced and Whitman’s proposed simpler
approximation:

AKar - (3/8) ky o0 APay ~ (172)0yH(3/d)k, ~ (3/8)kyyH”

ky, is the peak ground acceleration modilied per Provisions Sec. 7.5.1:
where ky, = Spg/ 2.5

Base moments, using this simplification, are (herefore;

Maibase = Pa (H/3) + (AP4) (0.6 H)
=4H’ (0.17 K, + 0.225 k)

An observation from this is that the base moments from static and dynamic (s¢ismic) are equal
when k, ~ 0.75 K,

Vertical Distribution of Scismie Force on Stem

Here 15 a simplilied method for assummyg a uniformly applied foree to the stem:

By Detinition: P = Py | APag
. y H? . ,
APAIE = - (75 ](h_) = 375 l(h 'YH
K,yH 2
Py o =

4

Total force on stem: Pa i APar = 5K, yH3 1.375 k, sz
If resultant acts at (.5 H, the approximate uniform lateral pressure on a stem is;

SK,y H? + 375K, v H?
H

= (5K, +.375k,) (vH)
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For design example, assuming K, = 0.35, k, = .34,y = 120
Fr = 36H lbs/ [ lateral pressure

Note that this simplified formula is not valid il there is a sloped backfill which would
significantly incteasc seismic forces.

Seismic for Stem Scli-weight

This is an arguable issue: whether (o include the seismic force due to self-weight of the wall
acling simultancously with the lateral seismic o carth pressure foree. Tt does not appear to be
defined in the codes. AASHTO, however, in 5.5.4 states: .. .seismic design forces should
account Jor wall inertia forces in addition to the equivalent static force, where a wall supports a
bridge structure... ”. But section 5.6.4, referring to [lexible cantilever walls, states that " orces
resulting from wall inertia effects may be ignored in estimating the scismic lateral earth
pressure ",

Judgment indicates that seismic setl-weight should be applied simultaneously with seismic duc to
garth pressure.

Using ASCI 7-05, Section 15.6.2 (Rigid Nonbuilding Structures):

Fp in equation 15.4-3, {or cantilevered wall and assuming Ip = 1.0,

Reduces to: Fp =030 5,55 W,

Per sbove design example where Spg = 085,

Fe = 030x085x1.0W,=020W,

Allematively per ASCE 7-03, 133.1:

This method for F, applies if there is a latcral support at top.

Yda,S 1
F,oo- oeSwl () ok, W,
R, L h

T

a
P

h.

1.0, Rp=2.5, —2X—0 atbottom and 1.0 at top.
1 r

F, minimum 1s 0.30 S, 1, W,

F,, lor design is average between top and botlom

For cxample design, 84 =085, 1= 1.0

“Fe = [04x085x1.0x1.0x3)/25]+(030x0.8x 1.0)]] 0.50W,=0.33W,
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Scismic Force on Non-Yielding (Restrained) Walls
Several texts (e.g. Kramer) propose the following formula (slightly revised):
AP =7k, Hz., acting at & resultant height of aboul §.611

Where AP, is the total added lateral force due 10 seismice, v 1s the unit weight of soil, and H is
the retained height.

The resultant acting at 0.6H gives a slightly (rapezoidal force diagram, however, for casc of calculation a
uniform load can be assumed with less than 2% unconservative crror.

It should be noted that there are so few incidents of earthquake damage to such walls that many cxperts
agree that scismic design of restrained (c.g. “basement”) walls may not be necessary, particularly given an
adequale lactor of salety [or the service level design.
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8. DESIGNING THE CANTILEVER WALL STEM

Basics of Stem Design

First, here are two very rough rules of thumb for assuming stem thickness: 10 s conerete stem, try
onc inch in thickness for cach foot of retained height, but not less than cight inches. I masonry
atem, 8" is usually adequate for walls about six feet high, and 12" for walls to 12 feet, Less height
for walls with sloped backfills.

The controlling design condition for reinforcement occurs at the botlom of the stem (top of
footing), where the maximum stem moment occurs. However, it 1s not economical o use the
same steel design higher up the wall where the moment is less (unless the wall is very low).
Usually, after the basc of the stem is designed, another design is performed several feet higher,
usually at the top of the dowels projecting [rom the footing. At this point alternale bars can be
dropped, or sizes reduced, for economy. If the wall 1s very bigh, you may want three or four cul-
off levels und perhaps a change in stem (hickness or material. The diagram in Figure 8-1
illustrates this concept.

ACLUCE GAR SIZE
AR /OGN DROP
ALTEAKATE BARS

E
AEDUICE Dar SHZE 1
MR ST B OP o
ALTERHATE AARR ﬂ.
= S = %
= [=- 3
!
| 0
EK@D
ne = K
Fiimunlil S I N I NN S SR H I Y S S N S N N .
HEWGHT T
L4
.- i [ S TR ] %fﬁ:
¥
w
| PGS : R - - - B g
ACHMCED B AR e e e
EWBEDMENT SFFTH
LOW WaLLS MEHAM, WALLS HaGr WALLS

Figure 8-1. Reinforcing Placement in Stem

A handy rule to remember is that for a trisngular equivalent fluid pressure behind the stem, the
moment diminishes to one-hall of that at the base at 0.20H above the base, For example, for a
10 foot retained beight, the moment is one half its maximum at two feet above the base,
‘Therefore, for nearly all cases, the moment 1s one-hall or less at the tops of the dowels.

Often the stem projects above the retained height to provide a fence barrier, or a wood fence may
be added to the top of the stem. In such cases, the wind load on that portion above the carth
should be considered in the design, as il contributes to overturning, If the stem is essentially a
vard wall, with very little carth retention, then remember that the wind can blow from either
direction, which will require the wall and footing (o be checked for both conditions.
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If there is a concentrated vertical or lateral load, such as impact, agsume that a point load spreads
downward, along the length of the wall, at about two vertical to one horizontal. In other words,
the overtuming force at the hase of the stem is spread over a distance cqual to the height from the
hasc to point of impact.

Dowels from Faoting into the Stcm

Basics of Retaining Wali Design -  Page 44

The reinforcing at the bottom of the stem will consist of footing bars bent up into the stem as
dowel bars. tnless the wall is relatively low, say four or five feet, it is not economical to extend
the dowel bars to the top of the wall, because the moment in (he stem diminishes rapidly with
height (as stated carlier is halved at about 1/5™ the height). Vertical bars must only extend up to
where they arc no Jonger required. at which point cither alternate bars can be dropped, or spliced
{lapped} with lesser size bars.

Bars must extend up into the stem a distance equal w the development length of the bar, or the
required lap distance for the continuing bars, whichever is greater, provided however, that they
cxtend at lcast 12 bar diameiers beyond where they are no longer needed {dr moment
requirements. The lap length required for the continuing bars nearly always governs.

The required development length and lap lengths for both masonry and concrele are shown in the
Table below, Hooked bar embedments into the footing are aflso shown. Note the footnote
assumptions below the Table.

Lap Splice Lengths'” and Hooked Bar Embedments (inches)

Bar Size Masonry'? i =1500 psi Concrete ¥
Grade 60 Grade 40 | 2000 psi 3000 psi 4000 psi

#4 L 24 20 349 28.5 247
_H 9.4 R ats 6.7

#5 L S 25 43.6 35.6 . 308 |
_ H® 11.8 9.6 8.3
HG L 36 o 30 52.3 42.7 371
N H 144 115 10.0
#7 L 4z 35 76.3 823 54.0
o H .65 134 11.6
#8 L 48 40 87.2 4.2 616

H* e 18.8 135.4 133 _

(1) Min. lap for spliced bars, inches, assumes f, = 60 ksi

(2) 40 bar diameters for f, = 40 ksi and 48 diameters for f, = 60 ksi (48 diameters shown)

{(3) Min. lap is development length x 1.3, assuming Class B splice. Cannol be reduced for stress level
(4) Assumes standard hook and not reduced by ratic A, (required) / A, (provided)

Mote that IBC '06, 2107.5, modifies ACI 530-05, Section 2.1.10.7.1.1 which has the effect of dejeting
the foliowing onerous development length equation (2-9) in ACI-530-05:

(5) “L"=lap length; *H” = hook bar embedment.
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Development length in masonry is given in MSJC 2008 as:

z .
{f _03d; fyy

o
K \/jh
¥ = 1.0 tor 43,45 bars, 1.4 {or #6, 7, and 1.5 for #%
K — Masonry cover but not less than 5 d,

This requirecment results in much longer lap lengihs and has met with considerable
objection. 1BC 2009 madified this requircment (onty for ASD) (o: Iy = 0.002 d, f, but
not less than 127,

For Grade 60 reinforcing this cquation requires 48 bar diamelers.

Ilorizonlal Temperature / Shrinkage Reinlorcing

Horizontal reinforcing is necessary o control cracks from temperature changes and shrinkage.
The table below shows minimum requirements (or both concrele and masonry (CMU). There may
be conditions (¢limate, aesthetics, better crack control) where you may want additional

reinforcing,.
ITorizontal Temperature/Shrinkage Reinforcement
for Concrete and Masonry Walls
Typical Horizontal Rebav Spacing
for .0007 A, Masenry and .002 A, [or concrete
Mat’} Thick #3 #Mo | #5 #6 #7
Concrete ) 9 17 18 18
Concrete 7 8 14 18 w7
Concrete B A 12 18 T
~ Conerete 9 R R s [ =
“Conerete* 12 9 | 17 ] 8 1 — ]
| Congrete* 14 | 8 14 18 18 | — ]
Concrete* 16 7 12 1% 18 —
S cMU | 6 24 48 48 48 —
CMU [ % 16 248 8 —
CMU 10 16 24 32 T 48 —
CMU 12 12 24 ST o
CMU_ 16 8 16 24 | a0 ] Ay

The ACI requirement for reinforeing in both faces ol conerele walls aver 10 inches thick 1s
waived lor retaining walls in contact with carth.

Key at Stem-Fooling Intertace
Another use of the term “key™ is a longitudinal slot formed into the top of the footing and into
which the bottom of the stem [its. This slot can be the full width of the stem, or just {he middle
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half. The purposc is intended to offer more shear resistance al the interface plane. We often
compute the shear stresses at the base of the stem as if it was monolithic, rather than a “cold
Jomt.” By providing a keyway. all or part of the shear can be resisted by compression against the
side of the keyway, ilits depth is sulficient to resist the shear force.

However, another way of resisting shear at this interface is to consider “shear friction” across the
joint. Shear {riction theory considers the rem{orcing steel that crosses the joint as clamping the
Jomt together such that sliding of the joint cannot occur unless the coefficient of friction is
overcome, or the reinforeing yiclds to allow slippage. This requires a certain amount of tension in
the reinforcing must be used for (this clamping force, which is in addition to tension requirements
for bending design. Let’s investigate this for an assumed condition:

3300

=_"""" =32 9npsi
Y12 x9 .63 pst
Vallow = ‘172\/; \\
. pa
$=0.75 #7@18" el fm—- Stem

=.75x2 42000 =67.1 2329 OK
Footing

But also check shear friction
avallable:

Vu=38004 |-
-— |

AP 1P
v, = A, f, u «- assume = 0.60 cocf. of

friction 9.632"
_ 060

x 60,000 x 0.60 = 16,240% = 19"

3,800"

o 0K only consider shear friction

In this case, conerete shear is adequate, but it can be seen that shear {riction offers considerable
resistance il necessary.

Alternatively, you could use shear values for embedded bolts — 1o this case 7/8" “holts™ at 16" o.c.
=3350#/ 1.33 = 2519 plf — assuming 2000 psi concrele ot grout.

Design of Masonry Stems

Masonry is designed using two methods: Allowable Stress Design (ASD) and Strength Design
{SD). Both are code-permitted options

Using ASD, loads are factored by 1.0, except carthquake forces are already factored, therefore to
converl seismic [orees 1o ASD divide by 1.4, Allowable flexural stress is: £, + 0.33 F,,.

Strength Tesign, also known as LFRD (Load Resistance Factlor Design), is the design procedure
sumilar o Strength Design for concrele. Use load faclors per ASCT 7-05. Strength-reduction
factor, @, = (.90 for flexurc and 0.80 for shear and splices. Ty, is typically 1500 psi and 1, for
Grade 60 reinforcing is 60,000 psi. Refer to MSJC Chapler 3 for SD requirements.
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In Appendix B vou will [ind a summary of masonry design fonmulas and allowable stresses.

An excellent reference for masonry design 1s James Amrhein’s Reinforced Masonry Engineering
Handbook, 4" Edition, published by the Masonry Institate of Amcrica, Los Angeles. Somewhat
outdated code wise, but good information. Another good reforence is Masomry Designer's Gide,
4th Edition by the Masonry Society (www.masonrysociely.org).

Masonry stem thickness is nominal block thickness™ 6", 8", 10", 12, and rarely, 14" or 16". With
six-inch walls the reinforcing must be placed in its center, but on thicker walls the bars can cither
be centered or next Lo the inside face (the face adjacent to the carth!). Shear and moment
caleulations are based upon the “etlective depth d7 of the moment.

Sec Table | below for “d” dimensions for various masonry stem thicknesses. These are industry
standards, and assume about 2" from the face of wall (o the centerline of the bar.

When the stem thickness 1s reduced higher up the wall, the step should be made on the inside
(earth side) so that the outside of the wall 1s a flush vertical surlace. When stepping the wall,
consideration musl be given o providing sufficient lap development length for the reinforcing
cxtending into the seetion below.,

Table 1 — Typical “d” Distances for Masonry Stems

Bar “d” Distances for Masonry Stems
Position 6" wall | 8" wall | 10" wall | 12" wull [ 16" wall
Bars in center 2.8 3.8 4.8 5.8 -
Bars at cdge 5.25 7.25 9.0 13.0

Concrele masonry units (CMU) are designated either lightweight, mediumn weight (most
common) or heavy weighl, and are either solid grouted, or grouted only for cells conlaining
reinforcing are grouted. Remember that for masonry stems (he veriical bars must be spaced on
eight-inch modules (o accommodate the block cells. Although only cells containing reinforcing
need be grouted, it is usual 0 solid grout the wall. The wall weights for these combinations are
shown in the Table helow:

Table 2 — Weights ol Masonry Walls

Cancrete Masonry Units
Lightweight . Medium Weight ' Normal Weight
103 pef 115 pef 135 pef

Wall Thickness 6" | 8" | 10" | 12" | 6" | 8" | 10" (12" | 6" | 8" | 10" | 12"
Solid Grouted 52 75 193 | L1858 78 98 124 63 84 | 104 133
{l6"oc 141 160 69 88 4T 63 80 04 52 66 86 | 103
. 24"0c 37 55 1GE 79 43 | RS P46 61 | 7% |94

Vertical } ; -y : g i
Cored 3200 |36 52 157 174 58 174 189
Grouted at | . ; 5 e
TORRER 40ree 35 50 155 (7L 4L 77 146 156 072 186
a%"oc 13440 153 60 40 45 64 75 (45 55 70 |83
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To relieve water pressure, “weep joints” should be provided at the lowest course al the outside
grade. 'This can be done by omilling the head joint (side joint between blocks) at every other
block, or 32" on center. Specity gravel behind so the joints won' clog.

Minimum rcinforcing in masonry stems

The ACT Code, MSJC 2008 requires that the sum of the vertical and horizontal reinforcing ratios
be at Icast 0.002 and that the least in either dircction be 0.0007. Spacing should not exceed 48
mches. As the principle reinforcing is always vertical, it should be at Icast 0.0013 times the gross
cross-scetional arca, and at least 0.0007 horizontally. In the latter case, #5 bars at 48" on center or
#4 bars al 32" would sullice for an 8" wall. Accordingly, vertical reinforcing for an 8" wall would
be a minumum of #5 at 32" or #4 at 16", See Table on pape 44.

Maximum reinforcing in masonty stems

When using Allowable Stress Design also there (s not a maximum, however, it is generally not
: g ‘ : g Y
practical to cxcced #8 bars at 8" on center,

Dowel bars into masonry stems

Footing bars bent up inlo a masenary wall must extend at least the development length of (he bar,
Per MSJC this 18 0.0015 dy Fy, which, for F, = 24,000 psi equals 36 bar diameters. Although
arguable, this length cannot be reduced by the ratio of actual stress in the bar to its allowable
SIress.

Stress increases for Allowable Stress Design (ASD)

Using the Alternate Basic Load Combinalion per IBC "09, Scction 1605.3.2 a one-lhird stress is
permitted when wind or seismic is combined. This combination also allows a reduction for
seismic by 0.7 to convert to ASD.

Concrete Stem Design

Concrete stems should be at least eight mches thick to allow space to place the reinforcing within
the forms, The maximum spacing of reinforcing in a concrete wall, both vertical and horizontal is
18" per ACL but not more than three times the wall thickness.

Strength Design is commonly used for cancrete stem and [ooting design, where all applied loads
arc factored per ACH requircments: 1.2 [or dead load, and 1.6 for earth pressure, wind, and live
load. Use 1.4 [or [luid pressure {or any well-defined densily). Earthquake forees are already
tactored, therefore the seismic load factor 1s 1.0. Always check with most recent and applicable
code!

For a summary of concrcte design formulas see Appendix B.
Concrete ultimate compressive strength is usually specified as £ = 2,000 or 2,500 psi. For /' =

3,000 psi or greater. Nearly all reinforcing is now specified as ASTM A 615-90, Grade 60 (/;
60,000 psi).
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Horizontal temperature reinforeing is required 10 be at least (002 x the gross cross sectional arca
of the wall (1.e. the total horizontal reinforcing should be al least equal to 002 times the wall
width times its total height). I the wall is over ten inches thick temperature reinforeing is
required in ¢ach face unless in contact with soil (bascment walls). But remember thal more
horizontal reinforcing decrcases visibility of cracks.

Minimum rcinforeing in concrete stems

The minimum amount of reinforcing required to ensure a ductile failure 1s:

200 IR N .
min = L— (= .0033 .l()r_f): = 60,000 p'3|)

For example for an 8" wall with d = 5.5", #5 bars at 17" o.c. would be required.

But, if the provided reinforcing is more than one-third greater than required by design, the above
minimum ¢an be waived.

Maximum reinforcing in concrete stems
The maximum amounl of reinforcing to ensure a ductile failure 1s 0.75 x p (tho) balanced:

Max = 0.75p (= 0.019 for £ - 3,000 psi and 7, = 60,000 ps1)
Where p is the ratio As/bd

Foran 8" wall, d = 5.5, this would be #5 bars at 3" o.c.
Determining areas of reinlorcing required

A handy formula for determining area of reinforcing, using strength design method, for a given
M, is given below (taken from the CRST Handbook):

EHRQUbbd)z__éﬁfébﬂdu.
F ol f

(b and d in inches, f, and £, is ksi, and M, in inch-kips)

For f,= 3,000 psi, and L, - 60,000 psi, this formula becomes:

A, =051d-426d" - 0189 M,

Reinforeing cover

The cover distance from reinforeing to face of concrele, must be at cast 2" when exposed 1 earth
or weather for #6 bars and larger, and 12" for #5 and smaller. When concrete is placed against
earth, such as at the bottom of the fooling, or if the wall is placed directly against earth without
forming, the minimum cover is 3", however, this 1s rarely the casc,
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Development length of reinforcing

The development length formula is given in Appendix B (Summary of Design Formulas). Note
that development length can be reduced by the steess level in the reinforcing. Development length
per se will rarely apply (except for foating heel and (oe bar development extensions) but is used
to determing tapped bar splhice lengths. See Table on page 44.

Laps and splices

Where bars arc spliced (lapped) the splices arc ¢lassified as either Class A, or B, The required lap
lengths for cach are, respectively, £5and 1.3 £, To qualify as a Class A splice, less than one-half
the bars are spliced and A, provided musl be twice A, required. 1f more than half the bars arc
spliced, and A, required is more than one-half' A; provided, it is a Class B splice, requiring 1.3 £,
The usual casc for retaining wall stems is Class B splices. Note that reduction in lap length [or
stress level is not permitied per ACI 08, 12.15.1,

Sec Appendix D for development and lap lengths,

Extension of dowels above footing

For low walls, the dowels {Tom the tooting need only extend upward for the development strength
of the bars, plus 12 bar diameters. However, in nearly all cases the dowels are stopped a certain
distance above the fooling, where they are lapped with continuing bars of lesser size and/or
increased spacing (because ol a reduced moment higher up the wall). In thesc cascs it is the lap
length, not the development length, that must be met. Lap lengths (discussed above) cannot be
reduced by level of siress.

Special inspection requirements for concrete and masonry

Inspection requirements for concrete arc in 1BC 2009, Table 1704.4.

Inspection requirements for masonry are in TBC 2009, Table 1704.4.5.1 and 1704.5.3.

Notc that UBC 797 required a somewhat more stringent Special Inspection 1i [ull stresses were

used, und this requirement was walved 1f half-stresscs were used. With the demise of UBC this
I1S5U€ 15 NOW MOOt.
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9.  SOIL BEARING AND STABILITY — CANTILEVERED WALLS

Tabulate Overturning and Resisting Moments

The easiest way to cheek stability, sliding, and soil pressure, is to set up a table showing each
force and load element, logether with the its moment arm measured from the lower front (toe)
edge of the footing, With this, you can view an overtuming/ resisting summary and checlk your
compulations. An ¢xample of such a table is shown on Design Example #1 1n Chapler 24.

Proportioning Pointers

Here arc a fow points and guidelines to help you proportion the [ooting:

e The width of the footing for most conditions will be approximately 2/3 of (he retained height.

e It is usually most advanlageous to have more of the {ooting width on the heel side of the
stem. Thig will put more soil weight on the heel to improve shiding and overluming existence,

s Ifthere 1s a property line on the heel side, try 1o get at Ieast some heel width for the additional
soil weight. Otherwise, you will have a shiding problem requiting a key.

o If you need a key [or sliding resistance, (ry (o keep its depth less than about onc-fourth the
rctained height, and not over about two fest.

e Il there is a property ling on the toe side, the footing may need to be wider because soil
pressurcs are usually greater at the toe.

Overturning Moments

Overturning moments are horizontally applied forces multiplied by the moment ann from the
bottom of the lvoting Lo their point of application. The primary force eausing overturning 1s the
lateral carth pressure against the wall. Because it 1s a tnangular load, its point of applications will
be 1/3 the retained height above the botiom of the footing. If the backfill 1s sloped, the height
used to compule over-lumming is al the plane of the back of the footing (i.c., where this plane
intersccts the ground surface). Lateral pressure due (0 surcharges is a uniform load applicd to the
back of the wall, therefore its point of application 15 ¥4 the height and the moment arm is [rorm
that point down 10 (he boltom of the footing,

Wind pressure on the siem projecting above the soil or on a fence sitting atop the wall cun also
cause overturning. Wind pressures are cormnpuled in accordance with the applicable building code,
and gencrally range from 12 to 30 psf as was discussed earlier.

Scismic may also contribute to overturning. This was discussed in Section 7,

Overluming moments are ilustrated in Figure 9-1.
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Figure 9-1. Overturning Moments for a Cantilevered Retaining Wall

Resisting Motments

By convention, resisting moments are the sum of all vertical loads about the front edge (toe) of
the footing. These forces inelude the stem weight, footing weight, the weight of the soil behind

the wall and over the [ooling, a surcharge 1 applicable and any axial applicd to the top of the
wall.

The total resisting moment 1s the summation of these loads multiplied by the moment arm of each

measured from the front edge of the footing. Overturning moments can be visualized as shown on
Design Example #1, and on Figure 9-2.

The generally aceepted factor of safety against overturning 1s 1.5 to 2.0, although some agencies
require more. When seismic is included, a factor of 1.1 15 permilted by IBC 2009.

“<=Momeul arms from loe

2
Py

PR -

FYigure 9-2. Resisting Moments
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Vertical Componcnt ol Active Pressure From a Sloped Backfill

In the case of a sloped backdill, there is also a vertical component of the lateral pressure resultant,
which is assumed to act on a vertical plane al the back of the footing. T'his vertical component
acts (0 resist overturning. When the wall starts to rotate there will be a [rictional resistance along
that plane tending 1o anchor the heel of the wall. This vertical component is also assumed (o resist
sliding, by adding additional weight to the lvoling. See Figure 9-3 (Vertical Component of
Aclive Pressure). Scc also Figure 6-1.

Figurc 9-3, Vertical Component of Active Pressure

There is, however, controversy over whelher to use this vertical component for soil pressure
calculations beeause its use signiticantly reduces soil bearing pressures, Most texts recommend
using the vertical component only to resist overturning  not sliding or to reduce soil bearing.
Howgever, this decision 1s lett (o the engineer.

If the backiill is level, the Conlamb formiula, which assumes the line of action is the [riction angle
against the stem face, results in a vertical component equal to
P(sin &). Typically, this results in a vertical component of about 30% ot the horizontal pressure.

Determining Soil Bearing Pressurce

To determing overturning and reststing moments, eccentnicities and soil pressures, you need to
tabulate these values as illusirated on Design Example #1.

Afler you have assumed a footing width, taking into account properly line or other conditions that
may restrict the heel or toe distances, you can determine the soil pressure by determining the
cceentricity of the total vertical load with respect to the centerline of the footing width. This 1s
done as {ollows: First determine how far from the edge of the (oe the resultant acts. This is simply
the total overturning moment, minus the resisting moment, divided by the total vertical load. In
other words:

M__ . —-M .
- resimg overtuming
x =

W

W = Tolal vertical load
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Then the eccentricily 1s the dillerence belween this distance and half the footing width.

g width  —
g=———X
2

The eccentricity must be less than onc-sixth of the footing width (that is, within the middle third)
for the footing to be in theoretical contact with the soil for its [ull width, If this is the case, the soil
pressures al loe and heel can be compuled as shown in the following formula:
. W O6We
Soil pressure=—+-———
d dZ
W .- T'otal vertical load
d = Width of footing

¢ — Eccenlricity

I the resuliam is outside the middle third, because soil cunnot sustain “tension’™ between the soil
and footing, the tnangular pressure diagram shifts to the left and becomes (nangular and the
resultant moves outside the middle-third. If this condition is allowed, then:

W
(.75d -1.5e

So1l Pressure. =
The allowable so1l bearing value 1s usually dictated by the engineer, and usually varies from
1000 psf for poorer soil (or without a substantiating soil investigation) to 4000 psf for dense soil.

Meyerhof Method

An altermate method [or determining soil bearing 1s to assume a rectangular, rather than
trapezoidal, pressure distribution under the footing. in this method, often referred to as the
Meyerhol Method, assumes a uniform stress block on the toe side. it is similar to Strength Design
for concrete. The unitorm soil pressure is the total vertical load divided by an assumed width of d
- 2e, where d is the footing width, and e is the eccentricily of the total vertical load with respect
to the fooling centerling. This results in somewhat less toe bending (and easier to compute 1oe
moments and shears!). This method 15 used, and discussed, 1 the Segmental Retaining Wall
chapter,

Overturning Stability

The generally accepted safety factor against overturning of the wall is 1.5, Some engineers and
agencies require 2.0. With seismic, 1.1 is used,

This factor is the ratio of the total resisting moment to the total overtuming moment, or:

. resising
k8. = £

overturning
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Sliding Resistance

The sum of all the horizontal [orces pushing against (he wall must be resisted to prevent a sliding
failure. The net driving force causing a wall to slide 15 the active pressure on the heel side, less
aclive pressure on the toe side. The latter pressure derives from the depth of so1l n front of the
wall. However, the depth of s;] above the (oe 1s usually neglected in the detcrmination of shding
resistance. (Justification: If the depth of soil on the toe side was the sume depth as on the heel
side, the nel driving force would be zero).

The customary minimum safcty factor against sliding i1s 1.5, with some agencies requiring rmore.
Sliding is resisted by two components:

Friction resistance: This 1s the resistance of the wotal vertical weight multiplied by the cocfficient
of friction between the base of the footing and the supporting soil. The coeflicient of friction is
usually determined by the engineer, and varies from about (0.25 to up to 0.45. Tests have shown
that actual friction coefficients are closer w 0.70.

Passive pressurce: Passive pressure is the resistance of the soil at the toc to lateral movement
from the active force at the heel section. It 1s the reverse of active pressure. The wedge of soil in
front of the wall must be pushed upward and out of the way for fallure to occur. The Rankine or
Coulomb formula can be used 10 compule the passive pressure if the angle of internal friction 1s
know. Morc commonly, the engineer provides this value. Il generally ranges from about 200 pef
1o aboul 350 pef’ It is considered a triangular distribution, zero at the ground surface m fronl of
the wall and maximum al the botlom of the footing or bottom of a key if applicable However,
because the soil above the footing, and in front of the toe, 1s usually loosely placed, ils passive
pressure 1s usually neglected, resulting in a trapezoidal passive pressure distribution.

Another theory, suggested by Amrein, increases the passive resistance when a key 15 added by
assuming an ncreased depth for computing passive resistance. It assumes an additional depth
below the footing equal to the average soil bearing pressure divided by the soil density, resulting
in ¢congiderably greater resistance.

Both frictional resistance and passive pressure can be combined to provide resistance, however,
reports often limit the percentage of cach which can be vsed in combination (e.g., 100% friction;
50% passive).

Cohesion resistance: With cohesive (silt and clay) soil, friction resislance 15 nol applicable, and
the cohesion (adhesion) between the bottorn of the footing and soil provides lateral resistance. If
this is applicable, the report will give its value, usually around 100 psl of contact surface.

Footing Keys: If the {rictional resistance (o shiding plus the passive pressure resistance is not
sufficient to give a 1.5 safety factor against sliding, a key can be used or the (hickness of the
fooling increased. A key 18 a decpening of a near-¢antral part of the tooting, usually accomplished
by trenching, so thal an additional depth of footing is available to further resist sliding by
increasing the passive resistance. With a key, the triangular passive pressure distribution extends
to the botlom of the key, thereby significantly increasing the passive resistance. Keys usually vary
from 12 to 18 inches wide and irom 12 10 36 inches or more in depth, See also the above
discussion of the Amrein method.
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Here®s a concern regarding using a very deep key, say a depth greater than hall the footing width.
Is there then a “paddle-wheel” eflect whereby ihe passive pressurc apainst the key adds to the
overturning moment? It’s been discussed, and may be valid.

Bending stresses in the key because of passive pressure must be investigated. If the ratio of depth
of a key to its width 1s less than about two, remforcing i1s usually not required; the fMexural
strength ol the cross section s sufficient, To compute the flexural stresses in the key, see (he
cxample below, Figure R,

Assume K, =2.0

Allow_ passive = 2.0 x 120 v 1.5 x 24‘:\3 x = 360
= 240 pef . 3\
— ST qu&!?t t=—- Stem
Mgy = (1200 - 480) x 2'x 1 | +
| iz Ml o
, 2Ox2 [% % 2J - 2080" ﬁ % 176
. 1l Fig.
2x(14-=-2) —_
g 12xU4-2) 5o il {155 g'r
¢ ) ! 20" Key
M, = 1.6 x 2080 x 12 — 39,936™ | - |
284

— 5 x 240 = 1200
1200 + 360 + 360 = 4BO

fi - 139 % 5¢ I ‘ i 14
‘Note that passive force req'd

= total active heel sidc - passive force toc side

- coef. of friction x total vert. load.

240 1 5° 243 x1.52

[n above example, total available passive - 2730

P “

TFigure 9-4. Checking Stress in Key
Deflection (Tilt) of Walls

A cantilevered wall must rotale slightly at the top to mobilize the soil wedge assumed in the
design (some texts say .005 times wull height}. The honizontal movement at the top is the sum of
the deflection of the stem and the rotation of the base of the footing because of soil pressure
compression at the loe. By knowing the toe soil pressure and the k value (modulus of subgrade
rcaction cquivalent to modulus of elasticity), the settiement of the toe can be computed, and by
geomelry, the horizontal movement at the top of the wall. The soil modulus can vary [rom
200,000 pei to 2,000,000 pel, depending upon soil conditions. This value must be provided by
engineer. Tilt (lateral deflection) at top can be given by the formula Ay, = Ay II/W where Ay 1s
the compression of the soil based upon stress and soil modulus, H is the overall height, and W is
the width of the footing. The deflection of the stem can also be compuied by conventlional means
(using elfective moment of inertia of the stem section). The front face of the wall can be baltered
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for appearance. A rule of thumnb might be a batter of 1/200” the height of the wall (c.gr. 5/8" for a
10 foot wall).

Global Stability

Global Stability is a tern similar “slope stability”, whereby an entirc soil mass under and
encapsutlating one or two tiered retaining walls slips in a rotatonal pattem because ol poor sheur
resistance of a lower layer of soil. With this type of failurc the walls remain in tact but the soil
mass slips and rotates as a bowl shaped mass.

Slope stability analysis 1s similar to global stability but the latter includes super imposed “loads™
on the slope planc. Slope stability analysis is 4 vast subject and numerous methods of analysis
are in text books,
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Figurc 9-5

One method of analyzing global stability is illustrated in Figure 9-5. This is a trial and error
method 10 delermine the most eritical slip surface {circular) plane which 1s a [unction the shear
valuc of the so1l. An arbilrary center of rotation is assumed (™07 above) and the rotational force
caused by the weight of the components within the soil mass are evaluated by taking their
welghts x distance Irom 0, designated + or - in the illustration by summing the moments causing
the mass to rotate and comparing this force with the unit resisting shear along the curved lower
boundary a factor safety can be determined.

The engincer will determine whether this is an 1ssue based upon analysis of the underlining soils
where the proposed retaining walls will be constructed. I there 15 a potenuial for global stability
failure they will recommend remedial measures such as deepening the footings or otherwise
repasitioning, or reconfiguring the walls.
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10. FOOTING DESIGN

Basics of Footing Design

Use the Strength Design (S1)) Mcthod to design retaining wall [oolings. Strength design requires
the soil pressure (o be [aclored (0 compule shears and moments. Sce the Design Examples for
procedurc. Both the toe and the heel of the footing arc subjected to bending and shear forces, The
critical secltion for bending {or both (oe and heel 15 al (he [ace of the concrete stem, ar in the case
of masonry stems the (oe moment critical seclion 1s at one-quarter of the stem thickness in ftom
the face. These moments are the sum of the upward acting moments [rom the soil pressure and
the downward moment of (he weight ol soil and [ooting. Note that by statics the toe or heel
moment cannot exceed the stem moment so the latter may control. ‘The eritical section ot
maximum shear, al the toe is al the “d” dislance oul from the face of the wall, and for the heel it is
at the face of the wall.

Footing design based upon strength design requires faclonng the upward soil pressure attributable
to carth pressure by 1.6, and pressure attributable to the weight of earth or other dead loads be
factored by 1.2, Some engineers believe all soil pressure should be factored by 1.6.

Embedment of Stem Reinfercing Into Footing

It is important to extend the stem reinforcing into the footing. ‘I'hat is, the dowels are considered
hooked bars and the embedment required is determined by the lollowing formulas (see ACI 318-

08, 12.5):
| D'Ozdl-,.f:}- (0 1 . Asrequircdl
hb ~ o - A gprovided

or&d, or6”

b

where db = har diameter

ly, = required hooked bar cmbedment

Whether or not the embedment depth can be reduced by the stress level in the reinforcing depends
upon the interpretation of ACI 318-08, Scotion 12.5.3 (d) which stales thal excess reinforcement
can be credited except where “...anchorage or developmenl is not specifically required. .

Required dimensions and radii of hooked bars are shown on Figurce 10-1 (Hooked Bar Bend

Requirements).
| g
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Figure 10-1. Hooked Bar Bend Requirements
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If there is a key directly under the stem wall, the vertical stem reinforcing may extend down nto
the key al least the development length. This will serve the dual purpose of providing key
reinforeing, if it 1s required.

Toe Reinforecing

Reinforcing for the toc generally consists of the dowel bars bending outward toward the toe, 1f
the toe distance 1s large, over four or five feet, alternate bars may be dropped as the moment
decreases toward the toe, but be sure to provide sullicient bending reinforcement at the face of
the stem plus development length. Where there is not a toe, such as a property line condition, the
stem reintoreing dowels bend back toward the heel.

Ay slated above, Tor concrete stems, the critical section for moment is at the face of the stem, and
for masonry stems 10 1s one-fourth of the stem thickness

in (rom the face. In either case, concrete or masonry stems, shear 1s computed [rom a distance
“d” lrom the Lace of the stem.

The allowable shear stress is 0.55 ().

Check the development tength beyond the face of the stem for the toe bars, because the “hooked
bar” development length may not be adequate. This required development length will be
significantly less than that required lor stem bars into the fooling, because the “d™ distance in the
{ooting is greater than in the stem. Sce Figure 11-2 below.

§ ———— Stem
Max. Alsp check
Moment —. Heel Bar
S = development
\{' bevond Stem
o f < Face
[ B _\\
T
TR
Hooked Bar — \*-Fooﬁng
Embedment _I

(Adequate?) | pev, Length
Required?

Figure 10-2. Development of Toe Reinforcing
Heel Reinforeing

These bars at the top of the footing resist bending in the heel. 'The maximum moment occurs, as
stated above, at the face of the slem for concrete, and one-lourth the stem thickness in for
masonry stems. Shear is computed from the fuce for both concrete and masonry. These bars must
extend a sutficient development length past the face of the stem. These bars are typically
positioned 2 mches clear below the top ol the footing.

Minimum Feoting Thickness
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The minimum footing thickness is the sum of the required hooked bar embedment length, plus
cover of the reinforeing ai the bottom.

Minimum Cover for Footing Reinforcing

The required concrete cover over reinforcing bars at the bottom of the footing is three inches. At
the (op ol the [ooting it is two inches.

Adequacy of flexural strength
If the toe or heel distance 1s small, less than the footing thickness, reinforcing mav not be
required. In this case, the flexural strength of the concrete may be adequate o Tesist the moments,

When compuling flexural siresses in unreinforced concerete the footing thickness used to calculate
the section madulus must be reduced by two inches (A;1 22.4.8) to allow for possible cracks,

‘The allowable flexural stress for plain concrete (Strength Design) is:

£ = 5¢yfe

where ¢ — 0.60
See ACI P08, 9.3.5and 22.5.1.

Although reinfor¢ing may not be theoretically required, its onmssion is at the discretion of the
engincor considering the conditions. Usnally, it is wise to provide a “minimum”™ amount of
reinforging.

Horizontal Temperature and Shrinkage Reinforeing

Stem horizontal temperantre and shrinkage reinforcing was discussed in the seclion on Designing
the Stem. There is not a similar code requirement {or [poiings, however, a minimum area ratio of
(10012 is suggested. Given a 15" thick footing and 3™ cover, this would require a #5 bar for cach

18" of footing length. A minimum of two horizontal bars (longiludinal} should be provided.

p—031/[(15 3)18]=0.0014 > 0.0012
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11 PIER AND PILE FOUNDATIONS

Piles, Picrs, and Caissons

Liach of these foundations performs essentially the same function: to penetrate soil to a depth
sufficient to achieve greater load bearing capacity than would be provided by a spread footing.
This is achieved either by end bearing or frictional resistance along the lateral area ol the shafl, or
hoth.

PILES accomplish (hus by either driven (steel, concrete, or timber} {o either bear on hard strata or
develop sufficient skin-friction through the depth of penctration. Concrete piles are usually the
choice for retaining walls and abutments, and are either dnven precast concrete, or casl-in-place
in drilled bores,

CAISSONS is a lerm often used interchangeably with Piers, Caissons are usually large diameter
picrs, but can have narrow shafts with a flared (bell) bottom for greater bearing area. Neither type
15 often used for retaining walls.

PIERS is a term used to describe a relatively short cast-in-place conerete shaft foundation. Some
codes deline a pier (as opposed to a pile or caisson) as having a depth-to-diameter ratio less than
12. Their supporting capacity is achicved by a combination of lateral surface Inctien and end
bearing. [f a masonry retaining wall has spaced pilasters, the pilasters can be cantilevered up from
an embedded pier (Pilaster Masonry Wall, Chapter 18).

When to Use Piles or Piers?

The recommendaiion to use piles or piers o support a relaining wall will usually come from the
engineer. Condilions which would suggest using piles include poor or compressible underlying
soil, the need for greater lateral (sliding) resistance, space limitations when a conventional footing
may be oo large, or other site-specific concerns. Single-tow drilled cast-in-place piers, aligned
under a retaining wall, are probably more commonly used. Single rows of plers are relatively easy
to install, penetrate to better soil, and resist both the vertieal and lateral loads imposcd by the wall
above, Witk higher walls a double row of staggered piers is common practice, The staggering
provides for greater overturming resistance using small diameter piers. Small implies
conventional diameters = 24”, as opposed 1o large diameter piers that might be needed for
overtuming or high retaining walls.

Design Crileria

Design criteria for piers and piles is usually provided by the cngincer because IBC '09 Scetion
1803.5.5 requires a foundation investigation for deep [oundations “unless sufficient data upon
which to base the design and installation is available™. This investigation generally includes:
recommended type of piles or piers suilable for the site; allowable capacity curves for the various
alternates, including lateral design criteria; minimum pile spacing; driving and inslallation
requirements; testing requirements; and related recommendations; and, site-specific precautions.

To aid the engineer, the designer should provide the total vertical load imposed by the retaining
wall (weight of stem, fooling, soil, surcharges, and any additional axial loads) and the total base
shear (sliding force imposcd by the retaining wall). Using the recommendations of the foundation
investigation report the designer can then select the proper size and penetration ol the pier or pile,
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and provide the appropriate specifications, referencing the foundation investipation report. It is
important that the owner retain the engineer to obscrve the aspects of the installution {or
conformance with the recommendations ol the report.

Pile Desizgn
The design requircments for piles are covered in IBC '09 Sections 1808 through 1812,

Sliding stability is an essential consideration for any retaining wall. To resist a lateral foree piles
may be cither battered such that they resist the axial component of the lateral force, or the lateral
lorce can be registed by bending in vertically aligned piles. In the latler case, the report should
provide criteria for designing or checking the piles for bending, such as the depth to contra
flexure (maximum moment), passive pressure that can be in¢luded, and what lateral deilection
under selsmic conditions will be tolerable.

Consider possible sile clearance problems and consull the mstalling subcontractor for suitability
of your design when using battered piles. Generally, a batter exceeding 4:1 should be avoided.
Combining lateral pile bending with battered pile resistance is not recommended — use one or Lhe

other.

Where multiple piles are used the code requires interconnected lateral restraint at their tops.
Ilowever, {or retaining walls this is achicved by the footing, which also serves as the pile cap.

Pile Dresign Example:
For this example assume the same vertical load and horizontal force as Design Example #1:

Use two rows of piles, space 4 fi. apart, centered under footing, and, say, § ft. on center
longitudinally.

Reduce footing width to 7 ft. and increase thicliness to 24" therefore footing weight aboul the
SaIne.
Viase - 4,253 # P - 8,034 8 e (eccentricity from C.1.. ftg) - 1.54 f1.

Convert to 8 ft tributary length: Vi, — 34,024 # P=72232%

>
Vert. load perpile= P - =y 1 2 Md

n E<12
n = number of piles (= 2), d = distance from c.g. of piles to specific pile (— 2).

M=234,024 x .54 =52,397 °#

.P=

272 52,397, .
J2.27 £ 2, :7r2 =623354 max.

2

Vo each pile - 34,024 /2= 17,012 4
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Determine moment, pile size, and reinforcing for bending per criteris in geotechnical report.

Determine required length (penctration) of pile for 62,333 # per curves in geotechnical report.
Il impractical to resist by bending, use one battered pile on outer row,
YV =33584#

Assume batter — 1:3

P72

oo Axial load into pile from shear = 34,024 x (32 4 12) =135,864 #

I'otal axial load in pile — 35,864 + 62,335 = 98,199 4

Dectermine tolal penetration required for this total axial load. If loads or moments are excessive,
reduce pile spacing or use an additional longitudinal row.

Pier Foundations

These are most commonly drilled bores, aligned in a single row under the footing (which serves
as a pile cap), and cast-in-place concrete after the reinforcing is placed. The consultant may
recommend picrs where upper soil is weak, or where space is not available for conventional
foundations. Piers are usually spaced trom six to twelve feet on center and diameters vary from a
minimum required 247 (0 36”7 or more. Spacing and diameter depend upon design requircments
[or sustaining both vertical and lateral loads.

Epcardrieily

Emgedment
: : P
5 i')f E
Fier CL = toia  Passie
oo Pt witls
Ger oo g | 0 irestronined
| i ; iﬁ;‘{,-
b i

Figure 12-1

The report will pive recommendations and design values for end bearing values, skin friction if
allowed, and permissible lateral (passive) bearing values. The engincer may allow an increased

lateral arca for passive resislance, such as 1.5 times the pier diameter. Creep is another factor the
investigation may require, which is input as an added lateral force over a given depth of the picr.
Sce discussion under Yoldier Pile Walls, Chapler 21.
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Specific design requirements are covered in IBC '09, Section 1814).
For a design example see Design Example 12, Chapter 24,

An 1mportant design consideration is the depth required such thal passive pressures arc not
exceeded. The embedment depth will vary depending upon whether the picr is laterally restrained
al the top or unresirained. The depth required 1s a function of the pier diameler, allowable passive
pressures, and the applied moment and lateral shear.

For the condition where there is not any lateral restraint at the ground surflace (such as a slab), the
formula per (BCT09, 1807.3.2.1) is:

d = 05AT1 1 [1 F(4.36h/A)"]

A = 234P/5b

b = Diameter of round footing or diagonal dimension of square fooling.

d - Depth of embedment required, but not over 12 [eet for usc in the computation ol S.
h — Distance in feet from ground surface to applied load

P = Applicd lateral force

5 = Allowable lateral passive pressure per [BC '09, 1807.3.2, based upon a depth of one-
third the depth of embedment, i ps[. This value is usually given in the report.

Where a moment, M, and shear V, are applied, such as from a retaining wall with a
(riangular lateral load, it could be assumed that P could be substituted for V,, and Iy could be
equivalent to M,/V, in thc above formula.

The solution of this equation requires iteration to determine “d”, thal is, ussume a value for
“d”, compute 5, and solve the equation for “d” terate unlil dsmmed = Geaoutaea » USUATLY three
cycles. [U1s mnporiant (o note that this equation is an equilibrium statement, thatis F /S =1,
Usual practice 1s to increase “d” by 15 ta 20%, or to apply a factor of safety to the lateral
pressure or to the passive pressure provided by the engineer. Also, note that “b™ can be
mereased by a [aclor up Lo 2 Lo gel the “effective diameter” consult the engineer.

If there is lateral restraint at the ground surface, the lormula per IBC 1807.3.2 2:

d - [4.25(M,/S; b))
M.F_!
54

Applied moment at ground surface

Same as 51 above, except the allowable lateral passive pressure per IBC '09 Table
1806.2. This solution also requires iteration lor *d™.

When the diameter and depth have been determined, the next design {ask 1s to design the picr for
lateral bending. An alternative to a rigorous analysis [or poinl of contra flexure (maxinum
momenl and zero shear), fixity 1s often assumed to be one-third the depth of the pier below the
ground surface. However, finite-clement/spring analysis, observalion tests, and practice have
commoniy reduced this to one-sixth the depth. With this determination the maximum design
moment 15 obtained.
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Calculating the moment capacity of a round column with bars in a spiral reinforcing configuration
is highly complex, because not only arc the bars at varying ““d” distances, but also the depth of the
traditional Whitney stress block changes with the depth of the circular segment, Help {or this

difficulty came from an ASCL Transactions paper published in 1942 by Charles Whitney. In it he
devised an equivalent rectangular section, thus vastly simplifying the calculations and reportedly
with close agreement with 4 rigorous analysis,

In the Whitney approximation method, assume an equivalent rectangular section with total depth
cqual to 0.80 times the diameter of the circular column. The width 15 assumed to be equal to the
gross circular column arca divided by 0.8 times the diameter. The reinforcing is assumed to be
one-half on each [ace, wilh the separaling distance equal to 2/3 the diameler of the circular
configuration. If compression-side reinforcing is neglecled, (conservative and easicr
computation), then the “*d” distance for design is assumed to be (.67 times the circular diameter.
This 15 illustrated in Figure 12-2.

Desirn Example using Whitney approximation method to determine M,

Assume 307 diameter; & - #8 bars; T, - 60,000, f. — 3000 psi:, clearance — 3™, @ — 0,90
Giross arca of circular column — @ 30°/ 4 = 707 sq. in.

Whitney equivalent rectangular width = 707 / (0.80 x 30) = 29,57

ag
Be=Al Dhars j o COover ; !
J. .
— " ‘ T i
SRR NE -] |
) el B oavd | 23,50
P i :
“ i . LN » - " ¥
\‘M“‘“w._,_ - - e
: Acyl Chroubar |
- - TTTOED
Circidar Pier Whitney Equivalent

Figure 12-2 — Whiilncy Approximation Mcthod
Whitney equivalent *d” — 2/3 (30™) - 207

Use ACT equations:
A hy
85 7.b

— (% x ¥ x0.79 x 60,000) / (0.85 x 3000 x 29.57)} = 2.52”
DM, — 0.90 Ah.fy{d—%] =0.90 x % x ¥ x 0.79 x 60,000 [ 20 — (2.52 / 2)] = 3198 in-kips

Compare this allowable moment with applied moment, assuming applied moment 1s increased by point of
fixity being 1/6 depth ot pier below footing cap (assuming no lateral restraint al surface, if applicable).

Allow shear, OV, =055 x 2 x (L) x A, = 0.55 x 2 x (3000)"7 x 707 sq in — 42.6 kips
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Axial stress can generally be ignored because 1L usually 15 less than 10% ol the allowable axial stress. Tor
example, an 5,000 psf end bearing pressure results in only 56 psi, versus an allowable of 0.25 x 3000 ~
750 psi. Bul check 1l conswdered signihicant,

Between piers the footing will be subjocted to torsion. Shear is gencrally not a problem considering the
typical [ooling width (for lateral force) and wall above for vertical shear, Reler to, ACI 318-08, Section
11.5.1 that allows a “threshold torsion™ value below which no torsion reinforeing 1s not required. This
equation is:

@ (_f’c)”2 ( /\’“’L‘_p : Pep ¥ where A, 1s the footing area and Py, 1s its perimeter.
If this 15 exceeded, additional torsion reinforcing is required per ACT 11.6.
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12 COUNTERFORT RETAINING WALLS

Description

A “counterfort” wall should not be confused with a “bullressed” wall. The two arc different. A counterfort
wall hag a stiffening clement on the ingide of the wall, within the retained earth, A buttress wall has its
stiffening element on the outside exposed side of the wall. The decision to use cither a buttress or
counterfort depends up sile restraints, such as property line locations, and aestheties.

Proportioning

The spacing between counterforts for economical design should not exceed the height of the wall, and is
often one-half to two-thirds the wall height. The width of the footing will usually be about two-thirds the
wall height, or larger for surcharges or sloped backfill.

Design Overview

The design of a counterfort wall can be somewhat complex because the number of components which
must be designed differently than for a conventional cantilevered wall. The steps in the design of a
reinforced concrete counterfort wall are as follows {cach step wiil be discussed later):

. After establishing the relained height, select a spacing for the counlerlorts, usually one-half to
three-guarters of the retained height. Determine the footing width required and soil bearmyg at
hoth the toe and heel because you will need these dimensions to establish the counterfort
dimensions, and for stability calculations design as if the wall 1s @ continuous cantilevered wall,
You cuan add an estimated weight of the counterforts prorated as a uniform longitudinal axial load.

2. Design the wall as described below as a two-way stab, fixed at the basc.

3. Design the toe as a cantilever from the wall,

4, Design the heel as a longitudinal beam between counlerforis.

5. Design the counterfort. It will be a tapered tension member.

6. Check the final design for stability, overturning, shiding, and soil pressures.

Designing the wall

The wall is a two-way slab, fixed at the bollom to the footing, and supported (fixed) at cach end where it
crosses the counterforts. An assumption for vertical moment must be made based on the magnitude of the
negalive cantilever moment from the {ooting. One text (Foundation Engineering Handbaok,
Winterkorn/Fang, 1973) suggests (modified). -M =003 K,y H’ which is roughly cquivalent to the {ixed-
end moment with a triangular loading with fixed bottom and laterally supported al top. Therefore, an
approximation could be made to design the cantilevered basc as 1/6 the moment of a pure full-height
cantilever. It is suggested that this negative moment reinforcing (placed on the earth side, of course) be
extended up to about onc-quarter of the height of the wall, then drop or delete altemnate bars.

Sec Appendix J for tables showing moments and reactions [or (wo-way slabs with varying end
conditions. These were prepared for the Water Resources Division ol the Bureau of Reclamation.
Included are tables (they may be difficult to read) [for various end conditions, span ratios, and other
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variables. Using these would give more accurate values; however, the simplified procedures described
herein should be adequate for most cases.

There will be some continuity across counterforts, therefore it is suggested the horizontal reinforcing be
placed in the center of the wall. Designing such horizonial reinforcing for a lateral pressure at one-half the
wall height would seem prudent. Theoretically, the pressure reduces nearer the top, but it is probably
practical (o use the same horizontal reinforcing full height. Use your judgment to detail the reinforcing
because the need for negative vertical remforcing diminishes near the counterforts, as does horizontal
reinforcing near the wall bottom.

Designing the counterfort (or buttress)

The counterforts are gencrally tapered, flaring from the top — or slightly below the top of the wall for
aesthetics — 10 near or at the edge of the footing heel. The heel dimension will be delermined by stability
calculations of the counterfort (overturning, soil pressure, and sliding). Counterforts are usually 12 inches
thick. The counterforl can be considered to be a vertical tapered beam with tension on the earth side. Its
applied lateral load trom the retained soil will be a triangular distribution based wpon the tributary arca
between the counterforts. The bagse moment and shear can be delermined, and becausc the counterfort
tapers, the moment and shear lessen higher up the counterfort, henee less reinforcing will be needed.
Perhaps check the design at the top of the dowels then use that reinforcing thereon. Dowels from the
footing should extend into the counteriort about three feet, therefore at that height the moment should be
re-calculaled and u lesser amount of reinforcing provided that would continue to the top.

When the moment (M,} and “d” (effeclive depih) distance have been determined, the following CRSI
equation ¢an be used to determine reinforcing required:

L7fcbd 1 2.8 bd)° 6.8 bM,,
87 . s N B 2
a2y L F el

{b and d in inches, f, and [, is ks1, and M, in inch-kips)

For f.= 3,000 psi, and f, - 60,000 psi, this formula becomes:

A, =051d- 4 26d° 0180 M,

Designing the heel

The heel can be designed as a longitudinal beam spanning between counterforts, with the appropriate
uniform load being the net difference between the downward weight of the soil and concrete in the heel,
and the upward s0il pressure. This beam can be designed as a continuous beam (w [.7/ 12) with top
reinlorcing between counterforts and bottom reinforeing under counterforts. I the moment is not large it
may be prudent to place all reinforcing at mid-depth ol the heel.

Designing the toe

The toe 18 designed as a cantilever from the wall, similar to a conventional non-countierlort wall, and the
dowels in the stem bend ontward toward the edge of the e,

Basics of Retaining Wall Design " Pagc 68

www.EngineeringEBooksPdf.com



Stability

Qverturning and sliding calculations assume the wall and counterforts act as an integral unit, as 111138 a
conventional continuous cantilever wall. Include the weight of the counterforts. The overturning and

resisting moments are then computed to determine salely factors and soil bearing pressures.

See Figure 12-1 fou
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Alternatively, a counterfort wall may be constructed of masonry, as shown below:
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Figure 12-2 — CMU Counterfort Wall

Basics of Retaining Wall Design

IER

www.EngineeringEBooksPdf.com

Page 6Y



13. CANTILEVERED TILT-UP WALLS
Description

Tilt-up concrete construction is @ growing segment of the concrete industry and now accounts for over
509 of all low-nise commercial buildings and about 90% ol industrial and warchouse buildings. Tilt-up
yvard walls, trash arca enclosures, dock walls, and retaining walls are now commonplace and the use of
this lechnigue can be advantageous lor relaining walls i general. This method is particularly
advantageous lor long walls.

The primary advantage ol the use ol lt-up conerete is speed ol construction and the elimination of
cxpensive formwork necessary for cast-in-place walls. However, beeause a crane is necessary for
erection, and because a casling bed 1s required, provision must be made [or stacking panels on the site.
Connections must also be made for Joints between puanels.

Construction sequence

Alter preparing a 37 — 47 thick concrete casting slab (later wasled), edge forms are se(, a bondbreaker is
sprayed on the bed to prevent bonding of the wet concrete lo the bed, reinforcing 1s placed, and the
conerete for the wall is placed. To save casting arca, pancls can be stacked on top of cach other, separated
by a bond breaker, up to five or six high as desired.

Unigue to using tili-up panels, a wench for the foundation is first excavated and the panets sel on
lemporary concrele selting blocks and the panel is (emporanly braced. Dowels project [rom the boitom of
the panels into the footing excavation to provide a moment connection when concrete is placed.

Tift—up Fone|
T ¥4'+/~ Long

Reirrorcing
ol Canisr

Jetiing Hiock
Tack tnd of Pane

e et

At

Figure 13-1 — Tilt-Up Freestanding Panel
Design procedure

Design of the wall and foundation are the same as a casl-in-place wall. Just remember when detailing the
individual panels to show the dowels projecting the proper distance out of the bottom of the each panel.
The temporary sctting blocks at each end of a pancl, remain in place and integral with the footng as
shown in Figure 13-1. Check the soil bearing pressute under the setting pads tor the panel weight — 1t’s
usually reasonable to allow double the allowable bearing pressure for short-term bearing.
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A low-slump concrete mix should be specified for the fooling 1o ensure minimum vertical shrinkape
which could leave a gap under the wall. Depending on the application, it might be prudent o leave a one
inch gap under the panel (cast the concrete short of the wall) for dry-packing a few days after (he
foundation has been placed.

Free-standing walls

Tilt-up can also be advantageous for free-standing walls provided the length of walls jusiifies the use of a
crane for erection. T'he vertical reinforeing is best placed in the center of the pancl of free-standing walls
hecausc these walls are subjected to walls subjected to wind and seisimic forces which can occur from
either direction.

Foundation design
Design the foundation width, depth, and reinforcing as for a conventional cantilevered wall.
Erecting the pancls

This type of wall is relatively low (as opposed to tilt-up pancls for a building) so that the panels can be
“end picked”, meaning inscrts are cast into the top edge of the walls, near cach end, to which the hfting
cables are attached. The crane then lifts (tilts) the panel free from the casting surface and, with the panel
hanging phumb, caries it to its {inal position and lowers it onto the sctting pads. Design for lilting stresses
and nserts 15 usually done by a lifting hardware provider. They will check for tensile stress in the panel
when it first lifts free (when il is a simple-span beam with bottom resting on casting slab and top
supported by lifting hardware). If these concerns are understood, the design for lifting can also be done by
the design engineer.

Resources

A Chapter standard relerence for tilt-up design and construction 1s The Tilt-Up Design & Construction
Manual, published by the Tilt-Up Concrete Association {(TCA). Their web site 1s www . tilt-up org.
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14. GRAVITY WALLS

Overview
Gravity walls depend upon bulk weight for stability, as opposed o a cantilevered retaining wall
[ixed (o a foundation. Some of the many types of gravily retaining walls were deseribed in
Chapter 2. Most gravity retaining walls arc relatively low, such as used in landscaping, and do

nol require engineering per se — the design is intuitive (o the astute builder.

Nate that retaining walls not over four feet from bottom of footing (0 retained height, and if
withou! a surcharge, do not require a building permil per IBC "09, 105.2(4).

Gabion walls, crib walls, and large-block gravity walls are discussed in Chapter 15.

'The design of the more common types of gravity walls composed o[ rubble, stones, and mass
concrele 15 discussed n this chapter.

Design procedure

The design of a gravity retaining wall of conerete or bonded (mortar/grout) stone involves six
basic steps:

1. Caleulate the dead weight of the wall, including all components and any superimposed
surcharge or axial load, plus tributary earth weight over the base.

.l\J

Bascd upon (1) compute the resisting moment about the front edge ol the base.

3. Determine the lateral soil pressure and its line of action. The Coulomb Formula (see Chapter
4y should be used becauge it includes backfill slope, batter of the wall, and the soil friction
angle at the wall mterface. If the backfill 15 sloped, you can use a vertical component of the
active pressure, which is assumed to act vertically at the back edge of the wall footing. The
line of action for the resultant lateral force is assumed (o be the wall [riction angle plus the
inclination angle of the wall batter. Alternatively use the Rankine formula with the foree
diagram in Figure 14-1(a).

4. Check stability by computing overturning moment, resisting moment {per above), and
determine Gactor ol salety (1.5 minimum).

5 Check sliding Cocfficient of friction is generally 0.25 to 0.40. 11 soil 15 clay, cohesion would
control,

6. Verify that little or no flexural tension exists in the wall, Check al several locations by
calculating the section modulus of the wall and lateral moment at each selected height,
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Figure 14-1, Force Diagram for Concrete Gravity Wall

For concrete gravity walls some reinforeing is advisable for erack control. ACI requires
0,002 A 05 minimum horizontal reinforcing for walls,

For example caleulations for a gravity relaining wall see Design Example 9, Chapter 24.
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15. GABION AND MULTI-WYTHE LARGE- BLOCK WALLS

Descriptions

Gabion walls consist of steel wire baskets filled with rock and stacked as units to form gravity retaining
walls. Similar wire hasket walls have been used since ancienl limes and the word “gabion” does not reler
to an inventor bul rather (o Italian and Latin words meaning “cage”. ‘T'oday, they are manufactured,
generally, in three foot by three foot by three [oot steel wire panel sides which at the job site are unfolded
to form the cages. They are [illed with rock, tied together, and asscmbled into the retaining walls.  Since
mesh openings are generally 3 inches square the rock infill should be 3 inch (0 8 inch clean hard stone. If
the infill is well graded it increases density (weight). Perpendicular to the planc of the wall the wythes
¢an be 1, 2, 3 or more units deep and can be stacked in successive courses 10 a height usually nol more
than about 15 feet.

Sirnilar in concept, precast large concrete blocks, which are commerciafly available [tom a number of
vendors and concrete plants, ¢an be laid one or more blocks deep (wythes) and stacked to retain soil to 12
feet or more. They can be laid with the front exposed side flush or with successive blocks stepped back.

Vor aesthetics, if the front face is [lush, 1t is usually tilied into the soil 6.

Design Methodology

Since the units are wired together and duc to their mass they are considered one cohesive mass for design
purposes. They are designed or analyzed in the same manner a8 gravily walls. Resisting moments are
taken about the front lower corner of the first row and overturning moments are applied to the back face

usimg the Coulomb method for calculating K, For forces acting on a Gabion wall see Figure 15-1.

Density of the Gabion units 1s usually taken as 120 pef becausc soil and vegelation can penetrate the rock
mtercises and weight can be affected by gradation of the infitl,

/-TiitAngIe
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Figure 15-1. Forces Acting on Gabion Wall

Lateral pressures are computed by the Coulomb method shown in Figure 15-2 below,
A safety tactor ot 1.5 for overturning is considered adequate.
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Sliding resistance 1s the ratio of otal weight of the wall divided by the tolal lateral thrusi. This value
should be at least 1.5,

sin? (o + )

sin? . sin (- 5) [1 + JE”‘ (@+a)sinle [

sin {a —a) sin (o +[3)

Ka =

Z

8 = Angle of backfill slopc

$ — Angle of internal friction

o =90° | (il angle) — (soil-wall interface angle as shown m Figure 16-1).

3 = Angle of friction between soil and wall (usually assumed to be 2/3¢ to 1/2/d)
Figure 15-2. Coulomb equation

When the Coulumb cquation is used Lo compute lateral pressure, the e angle to insert is 90 + (positive tilt
angle) — (assumed soil/wall interface angle per figure 15-1).

The total lateral tforce, Pa= K, * Yo H?, where H is the vertical retained height adjusted lor inclination if
applicable. Hencc the horizontal component of Py 1s cos [(0 + (soil-wall interface angle, depending upon
back face inclination)] .
Overluming moment resistance 1s simply the weight of each course multiplied by the distance from the
front reference poinl edge to its center of gravity on a per ool of wall basis. Successive stack courses are
added and accumulated (0 obtain a lotal overturning resisting moment.
Foundation Pressurces
Gubion walls gencrally do not have a conerele [ooting but rather are sct on a firm level base, often gravel.
To compute soil bearing value [rom knowing the resisting moment and overturning moment the following
cquation can used for determining cccentricity trom the center of the mass. This eccentricity should be
within the middle third of the base width.
From this the soil bearing valug is (assuming resultant within the middle third):

e=W/2-({M-M,)/V
¢ — Fecentricity; W = Base widith; M, — Resisting moment; M, = Overturning moment; V = Vert. load
Resultant 1s within ihe middle third of the footing if e = W/6, then (he soil bearing pressure is:

Soil Bearing =V / W + 6+V#e / W™

I{ Tesultant is outside the middle (hird, and since there can be not tension at footing soll interface, (he soil
bearing becormes:

Soil Bearing = V / (0.75%W  1.5%¢)
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Sliding

Sliding on the base must also be checked. Shding satety factor (usually 1.5 or 2.0 =V * u/ P(horiz),
where y is the cocfficient of friction at the base-soil interface, usually the range of 0.25 to (145,

Seismic Design

Seismic design — 1 applicable — is similar (o the discussion for segmental walls in the next chapter.
Cabion Walls Using Mechanically Stabilized Earth

Although gabion and large block walls can be stacked io accommodate considerable retained heights,
conditions may warrant increasing their capabilily by using horizontal layers of geogrids, or similar mats,
embedded between block layers and extending back into the soil to achieve an integral soil mass.
Termed mechanically stabilized earth (MSE), this concept and the design procedures are discussed in the
next chapter on segmental walls.

References

Few textbooks discuss gabion walls, The best source of informaltion is from vendor literature. For
exumple: htip//www gabions.net/technical html.

Nole that although this section deals with “Gabion” walls the same methodology may be used for
precast concrete blocks stacked in neavly any configuration.
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16. SEGMENTAL RETAINING WALLS (SRWs)

Description

Scgmental retaining walls (SRWs), compuosed of dry-stacked masonry blocks are effective and cconomical
and have gained wide acceptance. ‘These arc scen everywhere: leaning against hillsides alongside highways,
behind shopping centers, providing tiered grade changes for residential developments, and other applications.
Reportedly, 200 million square feet are constructed annually.

Advantages include relatively fast consiruction; a footing is not needed (just a grave! setting pad) and the
units are dry-stacked without mortar, reinforcing, or grouting. The designer has a choice ol block sizes,
lex(ures, and configurations, [rom a variety of vendors. Retained heights of 40 feet or more can be achieved
(using geogrids) far exceeding cconomical limits of conventional masonry or concrete retaining walls. These
do, however, have these imitations. For example, if a segmental retaining wall requires geogrids [or stability,
this requircs an available space behind the wall of approximately 70% ol the wall height within which to
place the geogrid layers. If apace is unavailable, a segmental wall is not an option.

Segmenial walls are of two types: pure gravity walls, where stability depends solely upon the resisting
moment ol the stacked blocks to exceed the overturning moment of the lateral soil pressure. This stability
problem limits the height to four or five feet, although some vendors offer larger blocks enabling greater
retained heights.

For higher walls, the more common type of segmental walls use layers ol geogrids placed in the backtill tor
soil reinforcement as the wall is constructed. This results in a mass of reintoreed soil (also termed
Mcchanically Stabilized Earih, MST) which can be used en masse to improve resistance o overturning and
sliding. To be cffective, each layer must be properly connccted to the block facing by cngaging the geognd
within block joints, and extending behind the wall and beyond the failure plane 4 distance sufficient for
anchorage. The verlical separation hetween geogrid layers is usually two- to three blocks, but varies wilh
design requirements. The length ol the reinforced zonce is usually o minimum of 60% to 70% of the wall
height.

For many cnginecrs, designing segmental retaining walls is a niche markel. Their design can be quite
complex, particularly for higher walls using geogrids. Consultation with a sclected block vendor is
recommended and many offer design software.

Scgmental Blocks

Segmenlal Blocks are concrete blocks with compressive strength of 3,000 psi or greater, and, in the US, they
are manufaciured per proprietary designs at licensed local plants, The blocks come in many choices of
texlure, color, sizes, and configurations. The blocks vary in size, with the most commonly used blocks being
&-inch high with depths varying from 10 to 247, The block width for the most commonly used blocks is 18
inches. Blocks with dimensions smaller than these are available for non-engineered landscape applications
for Tetaining heights of 37 or less. All of thege blocks weigh between 30 and 110 Ibs each. So called “big
blocks™ are also available from some vendors, weighing two tons or more and placed by small crancs.

The blocks arc designed to allow construction of walls with vertical balter - angle of the wall face to the
vertical — to as much as over 15 degrees [rom vertical, To control hatter most segmenial blocks have offset
Jips or other means, such as pins between units, to control the offsets as successive blocks are placed. The
angle of offsct from vertical is lermed batter.
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Angle of wall batter — tan™ [(offset per block) / (block height)]

Most blocks have mnterior voids which can be infilled with backfill material. Weight per square foot ol wall
surface 15 often assumed to be based upon 130 pef for both block weight and infill.

1T vendors have web sites for more information and technical data. Best source: a Google search for
“segmental retaining wallg®”.

Figure 16-1 - Segmental Block Examples
GRAVITY WALL DESIGN

For stability, segmental gravity walls depend only on their resisting moment excecding the overlurning
moment by a factor of salety ol al least. 1.5
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Figure 16-2 — Forces on Gravity SRW Walls

This limits the height of gravily walls to about 4-5-feet, depending upon the batier of the wall and depth of
block used.

The design procedure follows these steps:
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Select the block vendor lor texture, size, and conhguration desired. This is often dependent upon proximity
o distributors.

Detenmine the retained height required and embedment depth below grade, Embedment depth is usually onc
block course or one foot. Wall height 1s considered the ull retaining height, imcluding (he embedment,
Delermine surcharges if applicable, backfill slope if applicable, and if seismic design 1s required (see below
for seismic design).

Check “hinge height™, which is the height to which hlocks can be stacked, with offscts, before tipping over.
The equation for this is:

Ilinge height = (block depth) / [(tan (batter angle)]
Don’t’ stack higher than this or the wall will gverturn!

Determine soil propertics: density and phi angles for both internal (backfill soil) and external (in-situ, or
natural) soil. Back{ill should be a well-graded granular soil, [or which the phi angle is about 34°. Ideally it
would be USCS Group GW (well-graded gravels, gravel-sand mixtures, little or no fines, per Unified Soil
Classification System - sec Appendix A).

Check Lateral Soil Pressures

Calculate coetficient of active pressure, Ka, (horizental component!). Use the Coulomb equation because it
accounts for the friction angle at soil-wall interface and the batter angle. The friction angle is usually
assumed to be 2/3 phi (backfill soil), The batler angle is determinad by the block-to-block offscts and is cqual
to tan”' [{offsel per block) / (block height}].

The Coulomb Equation

sin? (o + )

2
5 _ sin{a+3)sin{p- )
sin® a sin (.= 6) {1 ¥ \/sin (t—8) sin (a4 )

Ku (hﬂl'iz_) — COsD -Ka

p = Angle ol backfill slope

& = Angle of internal friction

o = Wall slope angle from horizontal (907 1 batter angle from vertical)
3 = Angle of [mction between soil and wall

(usually assumed to be 2/34 to 1/2/6)

Checek Inter-Block Shear

The shear at any depth “z” = K, (horiz) [y 2 0.50 + {(D+L) ]

where v = back{ill soil densily and D and/or L = Dead load or Live load.
The maximum interface shear will be at the lowest joint. The shear resistance will be the weight of block
above which compresses this joini (“N” valug) inserted into the vendor's tested shear resistance equation.
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Check Sliding

The total sliding force 15 the shear al the base of (the wall. This 1s the resistance oftered by the coetlicient ol
[riction between lowest block and the gravel setting pad, or the friction between the setting pad and in-situ
soil below. This is generally given by the formula R - N tan @, where R is the resistance available, N is the
woight above, and @, 1s the friction angle of the base (in-silu) soil — often assumed to be 40°, The salety
[actor against sliding should be at lcast 1.5,

Check overturning

Overturning moment at any depth “2” = K, (horiz) |y 2017+ (D+L) Z 0.5].
The registing moment — 0.5 N (t | 11 * tan ), where N = weight of block stack,
H — height of wall, t — depth of blocks, w = wall batter angle.

If more than one wythe, adjust aceordingly.
The overtwrning ratio (resisting moment / overtuming moment} should be at least 2.0 per NCMA.
Check soil bearing pressure

For 8RW walls the Meyerhof Mcethod is used to determine bearing pressure. Thig assumes a rectangular
pressure distribution under the footing, as opposed to a triangular disinbution. The total vertical force 15
assumed to be distributed uniformly over an effective base width. The ceffective base width 15 less than the
{ull width by a distance equal to twice the cccentricity of the imposed load on the full footing width (casily
verified with a diagram).

¢ = [(basc width) / 2] — [[(res1sting momenl) — (overtuming momen()] / (total vertical loady].
B, = effective bearing width - B — 2e, where B is the total bearing width,
Soil bearing capacity

Ultimate soil baring capacity can be calculated using the classical Terzahi equation:
Quuine — ¥ € Ny + 0.5 v B, N, (an additional term to include cohesion is omitted because cohesion 1s
usually assumed zero)
v = densily of underlying {in-situ) sail
d — depth of embedment of bottom block, ft.

B, — cffective bearing width, fi. (see above for methodology)
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N, and N, are non-dimensional coefficients per table below for usual range of soil [riction angles. I'or
their equations rcfer to Bowles® Foundation Design & Analysis, Fifth Edition, page 220, This
reference also gives similar cquations by Meyerhet and Hanson.

&, Ny N,

L]
—_

2063 | 26.
T3 | 302
13 | 261 | 35
1 | 294 | 411
35 | 333 | 480
36 | 37.8 | 563

fd
2

Seismic design -- Gravity Walls

Seismic design for segmental gravity walls would rarcly be required because of the relatively low height and
exemption from most codes. Depending upon the Jocation and local building codes, seismic design may not
be required, generatly Tor walls up to 6° height, and in some cases up to 127 height.

LHowever, if seismic is required, two components must be considered: seismie force from earth pressure and
scismic force from wall inertia. 'I'he former is computed using the modified Coulomb formula below, and the

latter uscs the k, faclor applied o the wall mass.

Kax = active earth presswre cocfficient, static | seismie

sin? (1 6-¢')

cos@ sin? esin (e 1 '+ 8) [1 +J sin (4 + 0) sin (¢ - 0= f5)

sin {rr + &+ &) sin (e — f)

Where 6 = {an | K, o — wall slope to horiz. (90° for a vertical [ace), ¢ — angle of internal friction, B
= backfill slope, and 6 = wall friction angle.

The horizontal component 1s K g cos 8.

Added scismic force = (Kap — K v 0.5+ (Ka— KD H+ K, wll
The latier term is the inertial weight of the wall,

D - dead load surcharge if applicable; II = height of wall; w — weight of wall psl.
The seismic component is usually designated as AK e (= Kap — Ka)

For additional overturning due to seismic the carth component is assumed to act at 0.6 H and the
dead load and wall inertial forces at H /2,
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The value of ky, is usually assumed to not exceed 0.15, however, NCMA states k;, should be one-half the peak
ground acceleration {PGA). In high seismic arcas this results in a seismic [oree for which most gravity walls
could nol resist. For example, in my area, Newporl Beach, CA, the PGA is about 0.58, which cquates to a k,
of .29! Sce Design Uxample #12 which shows the cffect of using just kg, -~ 0.05!

If seismic lorees are included, the safely facior for sliding and overluming can be reduced to 1.1.
GEOGRID WALL DESIGN

The soil retaining height of a segmental wall can be increased by placing successive layers of woven
synthetic sheels (geogrids) in the back(ill as it is being placed, and anchoring each layer into the facing block.
This results in a composite mass of “reinforced earth” behind the wall (also called Mechanically Stabilized
Earth, MSE) which acts in enmasse to resist overturning and sliding. This enables segmental walls to reach
retaining heights of forty feet or more.

FPorces acting on a segmental wall with geognids is shown in Figure 16-3. BUT NOTE THA'T THE 387
ERITION OF NCMA's DESIGN MANUAL ALLOWS A RECTANGUL AR SEISMIC FORCE DIAGRAM
RATHER THAN TRAPEZOIDAL AS SHOW ON THE FIGURE,
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Figure 16-3 — SRW with Geogrids
Construction sequence

Construction begins with an excavalion behind the wall exlending a distance determined by design, but
usnally a minimum of 60% of the height of the wall. A gravel or crushed stone leveling pad is used a5 a base
[or the masonry units, This base is usually six inches thick and extends a minimum ol six inches beyond the
inner and outer faces of the blocks. Backfill malerial should be well graded sand-gravel mix (preferable types
GW or 8W) compacted to 0% as it is being placed in layers. Care must be taken that the geogrids are not
damaged and properly engage the joinl between l[acing blocks, and are of the proper length for embedment
beyond the wedge rupture planc.

About Geogrids

Geogrids 1s the lerm lor the sheel material placed in layers within the backfill. Geogrids are produced by a
number of manufactures, cach otfering a choice of several materials and tensile strengths. The specifiad
geogrid is delivered to the job site in rolls, gencrally twelve feet wide, and are cut (o lengths required by
destgn. Most have bi-axial strenglh, with the higher strength along the rolled axis {perpendicular to the
spool). The geoprid is then cut to the design lengths,
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Each manufacturer offers severzl choices of their geognds, each with a dilferent strength. Test procedures in
accordance with ASTM or Geosynthetic Research Institute (GRI) procedures establish the ultimale tensile
strength for each type of geogrid. The long-term design strength (L'T125) is derived from the ultimate tensile
strength value and includes salety [actors for long-term degradation, allowance for damage during
congtruction, material imperfections, and other strength-affecting factors. A furlher safety factor 15 apphied
for design, generally 1.5, Therefore a Long Term Allowable Design Strength (LTALDS) would he LTDS /1.5,

To be effeclive in creating the cnmasse soil, the geogrid must be anchored at each end: into the m-situ soil
beyond the backiill fallure plane (described below) and anchorage into the facing block joint to resist the
tension in the geogrd. To accomplish this, the geogrids are laid in the joinl between blocks, Pullout
resistance is both by the coefficient of friction at the joint plus whatever engagement means is used. The
latter can be by pins through the geogrd interstices, {olding over a lip in the block, or other means
proprietary to each block vendor. To establish conncetion values each block lype must be Lested for each
anticipated geoprid, A typical connection value might be digplayed as:

Peuk Connection Strength — 425 + 0.27 N, with a maximum of 1900 1bs.

Where 423 is the value (pounds) of the proprietary geogrid engagement to the bloek; (.27 is the tangent of
the block-gcogrid-block friction angle; and N is the weight of the overlying blocks. The generally accepted
factor of salety for connections is 1.5

Another connection value is Serviceability Connection Strength. This s a tested value for Latlure when the
geogrid 1s pulled to an elongation of %7, Because this is a fatlure condition no further safety factor is needed.

The peak conncetion strength and ¥4 serviceability connection strengths are available from the block
vendors web sile or literatare. 1t is also available {rom www.icc-cs.org which makes available cvaluation
reports from the various vendors (ICC Evaluation Service, Inc., Legacy Reports).

The faclor ol sulely for peak connection strength 1s generally 1.5, and factors included should he possible
damage during installation, malterial degradation, creep ol the (extile, manufacturer, and ratio of ultimate
tension capacity and design tension.

Gather design criteria

After delermining the sile requirements such as relained heights along the length of the wall, plan view
alignment (curves?)y and comtouring that may require a sloped back(ill, you will need characteristics of the
natural (in-situ) soil both behind and below the reinforced zone. This will be the density of the soil and 1ts
angle ol inlemal (riction (phi vahe), This informalion will be provided by the consultant, and will inciude
other recommendations, such as the need for a global stability check 1f underlying soil are questionable, Also
needed is the density and phi value for the backfill material. Backfill material should be well drained
sand/gravel mix, preferably Group GW on (he Unified Soil Classification System (see Appendix A),

Determine retained heights, soil properties (densities and friction angles for both in situ (“external™) and
backfill (“internal™) material, loads (surcharges and/or seismic design), and site space available,

NOTE: If slope conditions exist above or below the wall, consult the project geotechnical engincer to
determine whether a global stability analysis 1s required, and if additional geogrids are needed to satisfy

global stability requirements.

Sclect masonry units
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Select the block vendor for texture, size, and confliguration desired. This 15 often dependent upon proximity
1o disiributors.

“Internal” and “External™ forces
The term Internal Forces describes the lateral earth pressure within the soil-reinforced zone, This pressure
applies force against the wall and creates the (ension on the geogrids (0 maintain the integrily ol the so1]

mass,

External Forces describe the lateral earth prassure acting oulside and against the reinforeed soil zone,
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Determine lateral soil pressures

Both internal and external forces must be considered because the propertics of the two soil likely will be
different (density and friction angle), therefore the K, factor needs (o be computed for each soil. The
Coulomb cquation is generally used for both.

The Coulomb Equation is shown below, and note that because (he resultant 15 assumed 10 act al an angle &
trom the horizontal, the horizontal componcnt must be computed. The vertical component 1s generally
1gnored,

sin® (o + ¢)

- sin (¢ + &) sin (¢ —[3)
sin (o —8) sin (w1 B)

K. (horiz.) = cosd K,

K, =

2

sin o sin (o — §)

p = Angle of backfill slope

¢ = Angle of internal friction of either back[ill or in-sita soil.

o - Wall slope angle from harizontal (907 + batter angle from vertical)

& = Angle of friction between soil and wall

(usually assumed 1o be 2/3¢ (o 1/2/d) bul for the external force applied to the reinforced zone 8 is
assumed equal to O,

Select geogrid

The geogrid manufacturer and type is selected based upon the tension resistance required. This is based upon
the depth of the geognd and the vertical (nbulary area between geogrid tayers. The lowest geogrid is usually
placed in the first block joint about the base, then cvery second or third joint, but generally not exceedmg (wo
feet apart. Spacing between layers may vary with design requirements, but to simplify instructions to the
contractor equal spacmg is often used.

When a trial spacing is selected, the internal earth pressure to cach geogrid is caleulated. This is the force
which must be anchored both to the block facing and embedded mto the backfill soi] a sulficient distance
beyond the failure planc.

Ay deseribed above, the anchorage (o the wall is composed ol both (riction and mechanical devices or other
maeang to further secure the geogrids to the block. This information is available from ICC Evaluation reports
or direc(ly {rom the geogrid vendor,

Check required geogrid length for embedment beyond the failure piane. This 1s caleulated from frictional
resistance along the geogrid, based upon (he weightl of overlying soil, the nature of the geogrid surface, and
awarencss that it has two surfaces on which to develop pull-out resistance.

Tension in each layer of geogrid, T,. increases with its depth in the backfill, and can be computed by the
equalion below:

T:l = Knih Z }‘« 8

where K, = horiz component ol K, based upon K, ol internal (backQill) soil; 4 — soil density; « — depth of
soil above layer, and s — tributary height to the layer.

s — [(height to layer above)  (height to layer below)] / 2
(Note: an exception is the tributary height above the uppermeost layer and below the lowest layer)
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This value, T,, would be the honizontal (ension on the geolextile or geogrid per longitudinal foot of wall, and
[rom this value the geogrid type (LTADS) is sclected.

Determine geogrid embedment

To anchor the outer ends of the geogrid it must extend beyond the soil wedge failure plane a distance
adequatc to resist pullout. The resistance to pullout is provided by the friction between the soil and geogrid
{(both 10p and bottom surfaces used), the weight of the overlying 30il, and the friction angle ol the soil,
Additionally, a reduction intereaction coefticient, C, 1s used which 1s dependent upon the particular geogrid
and the surrounding soil. The C; value usually varies from about 0.70 to (.90

The cquation for the required embedment beyond the rupture line, neglecting 1L, LL, and additional s0il in a
backfill slope, is:

— ka 'K"uhi 5
2tan ¢, C,
I, = Tactor of safety (1.5 minimum)
Ky = Coefficient of active pressure (horizontal component, intemal soil).
§ = Tobulary height between next higher and lower geogrids.
@; - Friction angle of internal soil
C, = Soil/geogrid interaction coefficient

Note that the above equation is independent of the averlay depth z because this Lactor cancels oul in (he
equilibriunm eqguation:

T.=Kinzhs=2L.v 2 lan d;

To include dead load, live load (not recommended) and additional soil over the backfill slope, use the
complete cquation:

L.~ — - D = dead loud surcharge

" H
2 tan ¢, CiHD +v £+ lanfp ( ~ Htan w]ﬂ
I tana .

The overall length of onc geogrid as required 15 L, + L., where L, is the length within the so1l wedge plus (he
wall thickness, and L3 the embedment anchorage length beyond the failure plane, NCMA recommends
extending an additional onec foot; AASIITO an additional three feet.

Note that this base width 18 only the minimum for geogrid embedment and additional width may be required
for overturning and sliding resistance as discussed below.

Determine depth of reinforced seil (tetal base width)

The base width is delined as the depth ol the reinforeed soil (1o the end of the geogrids) plus the wall
thickness. Although this ts initially estimated from 60% to 0% of the wall height, it must he checked.

T'he criterion 15 the fatlure plane angle which extends upward from the base of the wall and defines the limit
beyond which the geogrid must extend for proper embedment.

This angle, measured {rom horizontal, can eitber be the Rankine failure angle (45° + @/2) or the more
commonly used Coulomb falure plane angle, recommended by NCMA. This angle is:
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= tan (g — ) +Jtan (b — ) [lan (d - B+ col (¢ )] [+ tan (5 - w)cot (¢ + @)

=+ tan -
14 tan (& — o) [tzm (¢—[)+cot(d+ cr_:)]

o — Coulomb [uilure plane angle measured from horizontal.
I = angle if internal friction of the internal (backfill) soil)
B — backfill slope, 1 applicable

& = friction angle al wall-soil interface (usually 2/3@)

m = wall batter measured from horizontal.

The Coulomb line 15 steeper than the Rankine for most cascs: hence it requires a lesser embedment length.
For a given failure angle o, the distance from outside face of wall to tailure line intercept, L, for any height
h, 15

h

L.=—2— -hytanw+t - wall thickness
tan

The guickest way Lo check the minimum required base width for geogrid embedment is to check the
uppermost layer of L, | L, then add the front batter of the wall 1o height h, which is b, * an w.

To determmine the available embedment depth for any height h,:
h

L. (availabl) = B3 t- —2
tan o

When a base width is delermined based upon required geogrid embedments, it may not be preat enough for
the reinforeed soil block to resist overturning, which will be checked below.

Check overturning

When considering overturning {or an MSE wall the enlire reinforced soil zone is considered one mass,
(herefore the overluming force is the lateral pressure against the end of the reinforced zone  the extremity of
the base width. For overturning calculations this is assumed to be a vertical plane (even if the reinforced mass
is considercd trapezoidal). 17 there 1s a sloping back(ill, the pressure 1s against the full height of the vertical

plane — [rom base o inlercept with the finished grade.

The Coulomb equation is used, with the density and phi values bemg those of the in-situ soil, and interface
friction angle, 8, is assumed equal to .

I a surcharge is present il is (o be included -- both dead load and live load (but not live load if scismic is
mncluded (see Seismic Pesign below).

For overturning, the earth pressure 1s assumed Lo act at one-third the total height of the vertical plane, and
surcharges at one-half the total height.

Therefore, the lotal overlurning moment is:

OTM =K, (horiz) * v * @ * B * 1/6 + K (horiz} * (DI + L) * H" * 1%
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To calculate resisting moment the weights used are the reinforced soil zone, weight of soil in sloping backfill
if applicable, weight of the wall facing blocks, and surcharges if applicable.

Resisting moments are taken about the outer edge of the base of the wall. If the wall 18 batlercd, this will
increase the moment-arm distances.

Therefore, the total resisting moment, RM, 1s:

RM — w*IT*(0.5¢ 1 0.5 tan w * H) + (B — tiy*H[0.5(B  £)+ 0.5H tan m] + (B - t)() + L) [0.5(1 - t)
+ 0.5H tan ] + 0.5¢(B - t)° tan p

w = weight of wall, psf; y = density of back{ill soil; & ~ [riction angle ol backfill soil; B - total basc
width; t = wall thickness; f — backfill slopc;

o = wall batter angle from vertical; H — height of wall, ft;

D and L = dead load and live load.
The stability ratio (factor of safety) is: RM / (OI'M, which should be 1.5 or greater per NCMA.
Check sliding at lowest geogrid layer
Compule lateral force same as above with z = (H — h,} h, = height to lowes( layer

Resistance is provided by both soil [Tiction at lowest layer plus hlock-joint-geogrid interface valuc which 1s
oblained [rom equation provided by block vendor, taking the [orm (1500 + 0.28N), in pounds, where N —
weight of wall above, or:

Resistance = W, tan O, + (XXXX 1 0.XX N)
Check sliding at basc
For overturning/resisting, use the same driving force as ahove for overturning:

Sliding force = K (horiz) [y * @, * H,> * 0.5 1 (DL) * I, ]

Note that 11, is the total height at the back of the reinforced zone [rom base Lo inlercept with the sloped
baclTfill surface. Therefore, H, = H + (B —t) tan . Sliding resistance is provided by friction between welght
ol reinforced soil mass plus the weight of the wall.

Wi — Wt Weamn = wH + v [(B—OH +0.5(B - t)2 tan 3
I'riction Resistance = W, tan &, C;

Sliding Safety Factor = Friction Resistance / Sliding [Force
Check soil bearing pressure

For SRW waulls the Meyerhof Method is used to delermine bearing pressure. This assumes a reclangular
pressure distribution under the footing, as opposcd to a triangular distribution. The total vertical force 1s
distributed uniformly over an elfective base width. The effective base width is less than the full width by a
distance equal to twice the eccentricity of the imposed lead on the {ull [ooting width (easily verified with &
diagram}. ) _
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e = [(resisting moment) (overturning moment)] / (total vertical loud)
B, =ellective bearing width = 13 Ze, where B is the total bearing width.

Beanng pressure = Wi, / Be
Soil bearing capacily
Ultimate bearing capacity is caleulated using the classical Terzaghi equation:

Quuimae =7 4 Ny = 0.5 v B, N, (an additional term to include cohesion 1s omitted because cohesion is
usually assumed zero)

v = densily ol underlying (in-situ) soil
d = depth ol embedment of bottom block, ft.

B. - effective bearing width, ft. (see above for methodology)

N, and N, are non-dimensional coelficients per table below. For these equations refer to Bowles®
Foundation Design & Analysis, Fifth Edition, page 220.

dPi Nl'| N':’

3| 2063 | 260
32 | 232 | 302
33 | 261 | 352
W | 294 | 411
35 | 333 | 480
36 | 378 | 563

Minimum salely [acor Lor seil bearing per NCMA 15 2.0
Seismic design — MSE Walls

If seismic design is required for your locale or applicable code, the first step in the design is to delenning the
geismic acceleration [actor, k., which is a function of the Peak Ground Acceleration (PGA) for the side. The
PGA can be delermined from seismic hazard maps in IBC or from ASCE-7 "05. This can also be obtained by
cntering the zip code at http:/earibquake.ysgs gov/research/hazmaps/design/index. php.

Enter the five digit site zip code and sclect short term structure (0.2 sec) and 2% probablity of exceedance in
50 years.

NCMA recommends ky, = A / 2 for internal stability (Wall and reinforced zong) and
Ky — (A 1.45) A for external stabilily (scting on reinlorced zone). A = Peak Ground Acceleration.
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In arcas of high seismicity, however, the above can yield improbably high design accelerations. For example,
for PGA — 0.40, k, = 0.42 or extermal stability, results in unreasonably high seismic forees. Consequently, n
these areas it i common practice among engineers to use a maximum value of ky, = (.15 based upon slope
stability analogy. Furlhermore, NCMA states that “In practice, the final choice of ky in anv calewlation may
be based upon local experience, and/or prescribed by local building official or other reguiations.”

For insertion into the Mononobe-Okabe (Modified Coulomb) equation [or K4 you st convert k;, to an
angle B 0 —tan”' k,

If sgismic is required, three components must be considered for overturning and shiding stabilily:

1. Scismic inertial force from wall, 1.
The wall inlernal force is: ky, w 1T, where w = unil weight of wall in ps(; and H - height of wall. This
force acts at one-half the wall h

2. Seismic inertial force from earth pressure within the reinforced zone, Fs.
For this inertial furce 4 depth of reinforced zone need not exceed one-half the height of the wall.
Therefore F2 = ko v [(0.5H - t) H — 0.5 (0.511 - t)" tan p]

3. Seismic foree acting on the back of the reinforced zone, Ty,
This component is applied (o o vertical plang at the back face of the rcinforced zone, using a height

icreased by sloped backfill if applicable. The force may be reduced 50%.

For this foree use the Mononobe-Okabe (modified Coulomb) equation below. The value, Kay 15 for
both static and seismic, therefore you will need Lo deduct K4 (static) to determine the increased force
hecause of seismic, designated AR

K.ar = active earth pressure coefficient, stalic 1 seismic

sin” (x+8-¢")
" sin (¢+ &) sin (¢ — 0'— )

sin (a+ 6+ ) sin (a+ f3) ..

cos@'sin’ asin (o + '+ 5) |1+
Where 8 = tan ' Ky, o - wall slope clockwise from horizontal, (90° for a vertical face), & - angle of
inlernal friction, [ — backfill slope, and & = wall [riction angle,

The horizontal component is Kap cos 8= Kan
For this case o - 90° and 6 = Do

Thus: Fy=(Kay—KJvH 05 +(Ks —K)DII t Kk wil,

v = density of soil, back fill or in-situ depending upon case. 1) — Dead load surcharge. Note that the
value II for this [orce 15 the wall height 1 added height because ol sloped buckll, hence:

IL=H+(B-1)tan i

These three seismic components must be added to static sliding and (o increase overturning moment.
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Increase in sliding force = Fy + Fy + Iy
Increased overtuming = F, (H/ 2+ F- (H+ 05H tan f} 0.3 + 155, 0.6 1,

1] seismic forces are included, the safety factor for sliding and overlurning can be reduced to 1.1.
Added scismic tension to a layer is calculated by:

Ky [(h -h)y/ 27w+ AKapy [(he -h) /25 [0.8 - 0.6 ([(h. -h} /0]
where h. and h are heights of next higher and next lower layers.

Before starting with a seismic design for a SRW always check with the building department or agency having
jurigdiction 1o verify applicability and any specific requirements,

Building codes & standards
Neither IBC *09, or CBC 07 direclly address segmental retaining walls.

The current standard design references, both published by the national Concrete Masonry Association
(NCMA  www.ncma.org), are:

Design Manual for Segmental Retaining Walls, 3rd. Edition (NCMA)
Segmental Retaining Walls — Seismic Design Manual, 1% Edition (NCMA)

Acceptance Criteria for Segmental Retaining Walls published by 1CC Fvaluation Services can he obtained
from www.icc-es.0r8.

Mgjor SRW vendors also offer design handbooks plus other resources, most downloadable in pdf from their
web sites.

Also see: Bowles’ Foundation Analysis & Design, 5" Edition, Chapter 12.

Getting help

In addition to the references above, all major SRW block vendors have web sites and offer (echnical support
for their products. Some offer free software. Two major vendors are Keystone Retaining Wall Systems and
Allan Block. Others can be found through a Google search for “segmental retaining walls”,

NCMA oflers software for SRW design. Their web sile 15 www . nema.org,

Retain Pro Software (Iatest version Retain Pro 9) also ¢ludes the design of scgmental retaining walls, both
gravity and with geogrids. lor information: www.retainpro.com.
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17. SWIMMING POOL WALL DESIGN

Swimming pools are constructed in a wide varicty of shapes, sizes, curvatures and designed to fit a specific
terrain and soil conditions. One thing nearly all have in common 1s shoterete or Gunite walls and botloms

sprayed over a shaped excavation, and encasing the remforcing. Plaster or tile is uscd to provide a smooth,
aesthetic linish.

The (erms “shoterete™ and “Gunite™ arc used nterchangeably, but the former refers to wet-mix spraying
whereby the material is mixed in a bopper before exiting the nozzie, whereby the latter is a “dry-mix” where
the material reaches the nozzle dry where water 15 mjecled. Shot Crete (we’'ll use the generic term) sticks to
the earth and self compacts because of the velocity of application, thereby permitting it to be used against
vertical surfaces. Shot Crete 1s covered in [BC, Section 1910,

Designing the walls of a pool 1s unigque because not only does the wall usually curve as 1l descends, but the
sirength of the cantilevered wall must resist the greater of earth pressure acting inward with the pool empty,
or the water pressure outward if the exterior grade is lower or of poor soil. The design task is made further
tedious because of the number of cross sections which must be checked (shallow end, deep end, and
inlermediate points).

The typical controtling condition 1s when the pool 18 emply and earth pressure from the outside governs the
design. However, the condition is often reversed, such as for “infinity poois” or architcctural features where
the outside grade 1s substantially lower, or slopes downward lessening ils lateral support value. There also
may be lateral support from of a surrounding deck at or near the top of the wall. All these conditions must be
considered and the wall designed for the most critical combination of conditions that may occur. Lateral
loading from a surcharge or increased soil pressures because of expansive soil must also be considered.

Design of swimming pools is a specialty for some engineers and they have developed software (usually
spreadsheets) to make the task less tedious.

The walls and botiom are generally al least 47 thick, generally 57 for (loors, and may be more depending
upon design requirements. Typically, #3 bars are used because ol the relative ease in bending and securing to
curved surfaces, Number 4 bars can also be used, but #5 bars arc difficult to bend and place. Shot Crete
strength is typically 2500 psi minimum, and a low slump suitable [or pumping and spraying. Minimum
reinforcing for flexural members is 200 /1, = 0.0033 for Grade 60 reinforcing. Thus, for a 4" wall the
minimum would be £3 a1 9", however, the typical pattern is 12" on center each way, Under slab drainage i3
recommended on sites with expansive so1l and special reinforcement and/or thickened slab required for sites
with expansive soil from uplift along the hottom of the shallow cnd.

The classic method of designing swimming pool walls has been to draw o scale {or CAL generated) a cross
scetion al each logation to be investigated. Then divide the wall into vertical segment, usually 12" high, You
can then determine the bending moment and shear at ihe botlom of each segment by constructing a table
(spreadsheet) showing the active pressure from cither earth or water acting at the bottom of cach scgment,
and the additive (or deduclive) moment due to the vertical weight of the segments above acling at their
gecentricity from a reference point. This 1s illustrated 1 Figure 17-1. This 1s a tedious process but yields
accurate results for design. Reinforeing is usually placed in the center of the wall, but for thicker walls it may
be to either side ol center as required.
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The equation for moments at the bottom of any wall segment then becomes:
M, = (K, vh )76 1 (Ko wh)/2Z— (W, e +Waoer....)- (624 H) 6

Where M, = moment al depth y; K, — Rankine or Coulomb active pressure coefficient; h, = carth height
above reference height; v = soil densily, pef; w - surcharge in psf; W, - weight of segment (50# for onc foot
high at 4™ thick); e, — cccentricity of segment x [fom reference point; and 11, = height ol waler above
reference point. This caleulation is performed for cach cross scction and the critical condition (earth or water
pressurc controlling) determined. This 1s best done by a spreadsheet. See Figure 17-1.

Before atlempling a pool design you may want to check for an engincer specializing in this type of work (for
examplc www.poolengincering.com) — il may be cost ellective.

Center of gravity of segments - i
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Figure 17-1 Analysis of swimming pooel wall
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18. PILASTER MASONRY WALLS

Deseriplion

As shown in Figure 18-1. retaining walls with spaced pilasters and masonry liller walls con be economical
for low refaining or freestanding walls. The filler walls, usually 6" or 8" masonry, span horizontally between
pilasters and the pilasters canlilever up rom the [ooting,

7 FNITR HMLLOCRS

A FOUNEATION 8
CAST-N~PLACE PIERS

¥Yigure 18-1 Pilaster Masonry Wall

Filler Wall Design

The (ller wall spans horizontally between pilasters and those walls usually control the spacing of the
pilasters. Freestanding walls are designed [or wind and, 1f applicable, a seismic force. Reinforcing s placed
in the center of the wall heeause lateral loads can be from either direction.

If the filler wall retains earth, the lower courses will ol course be subjected Lo higher earth pressures and (his
controls the thickness of the filler wall. In that case, the reinforcing should be on the outside face between
pilaster supports. However, 10 lake advantlage of continuity, it may be more cconomical to place the
reinforcing at the center and design for the controlling positive (mid-span) or negative (at pilasters) moments,
senerally use w (LY / 12. Raduce reinforcing higher up the wall as moment decreases. The first step would be
to determine the lateral pressure at the base of the wall, then select a wall thickness and reinlorcing Lo span
beiween pilagters.

A minimum amount of horizontal and vertical reinforcing should be used. The combined total area should be
L002bd, with not less than (0007 in either dircction. Vertical reinlorcing 15 often #4 bars at 32" o.c. or 48"
0.C.
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Pilaster Design

Pilasters are usually 16" by 16" masonry units, or smaller for lower walls and usually spaced 6 to 8" apart.
Use conventional procedures for the design. Lateral load reaction to the pilasters will be triangular or
trapczoidal if retaining carth, and uniform for wind-only or seismic loads. Reinforcing usually consists of
four bars and lateral ties.

Alternatively, use onty the interior block core and specily high-strength concrete (3,000 psi or greater). This
results in nearly (he same moment capacity as the full CMU pilaster block using the same reinforcing,

Fooling Design

Only a nominal footing 1s needed under a filler wall. Pilaster footings can be either conventional rectangular
spread [oolings, or casi-in-place piers in drilled holes,

If pilasters are cantilevered from an embedded pier, i1l not constrained at the surface, the point of contra
{lexure for moment is below the ground surface. This i1s often assumed to be one-third the embedment depth.

Some engineers and tests sugpest a more realistic point of contra flexure is 1/5 to 1/6 below ground surface.

For the design of C.1.P. drilled piers see Chapter | | — Pier and Pile Foundationy.
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19. RESTRAINED (NON-YIELDING) WALLS

Deseription

Retaining walls are broadly defined as either yielding or non-yiclding. The former refers to cantilevered
walls, which are Iree (o rotate, thereby allowing a lateral displacement at the top which activates the soil
wedge concept, upon which both Rankine and Coulomb theornes are based.

Non-yielding walls are restrained at the top to prevent movement and therefore generate a reaction at the top
and reduce moments in the wall. A typical restrained, non-yiclding, wall 1s the so called “basement wall”,
T'he designer must assess whether the wall really 15 “restrained” at the top against lateral movement. Wood
diaphragms may not be sufficient.

Tie-Back, also called Anchored Walls, are another example of restrained non-yielding walls, These walls use
drilled and grouted anchors placed into the backill slope to provide lateral restramt, the design for what can
become complex il there are multiple levels of anchors.

Dual Wall Funclion

Olien it is desirablc to prepare two designs for the same wall. For example a basement wall may be backlilled
before an ellective lateral restraint is in place at the top. It can first be designed as a conventional cantilever
wall for an assumed depth of backfill, and perhaps lessening the [aclors of satety because ol a temporary
condition. This would require a larger fooling for overturning and larger moment at the stem base. Then a
sceond design for the final conchition when the top restraint is in place and backfill completed. Henec you've
covered both conditions,

Note that if the bottom of 4 basement wall is fixed at the footing, and assuming a triangular earth pressure
against the wall, the basc moment will be about one-half the pin-pin posilive moment, and the posilive
moment 1l {ixed al the bottom will reduce to aboul one-quarter the pin-pin positive moment condition.

“At Rest” Active Soil Pressure

For a wall restrained at the lop against lateral movement the soil wedge will then not mobilize and the lateral
soil pressure is somewhat higher. This is termed (he “at rest” pressure, (designated K.,) and 1s applicable to a
wall rigidly restrained at (he (op, such as a basement wall (but light framing with a flexible diaphragm may
be inadequate “restraint™ and the active soil wedge may be activated). The at-rest soil pressure 1s: K, =1 -
sin @, where @ is the angle of internal friction. For example, if v — 34°, K, — 0.44, as opposed to K, = 0.28
(assuming level backlill). For sloping backfill a suggested [ormula 18

K,=(l-sin$)(1 +sin ).

be 125 pel giving a lateral pressure of 0.5 (125 - 62.5) + 62.4 — 93.7 pef. Clayey soil can be higher. Some
agencies require K, = 1.0, giving 110 pef for a soil density of 110 pel. ASCE 7-05 specifies a minimum of 60
pel for “relatively rigid” walls, and states ihat basement walls not more than 8 feet below grade and with light
roof traming (exibie) are not considered “rigid™. You are advised to get design valucs from the cngineer
and check applicable code requirements.
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An alternate to the triangular lateral pressure distribution, some geotechnical engineers specily & uniform
pressure (also applicable for open cut excavations) as shown in Figure 19-F, Not that the clipped top and
bottom comers can be ygmored — a [ull-height uniform load will give only slighlly more conservative wall
moments. This uniform pressure, for sandy soil, 1s often defined as: 0.65y H tan’ (45  @/2). Given a level
back11] (his corresponds to 0.65 ¥ H K, This method results in about 25% higher wall moment than an
equivalent triangular pressure using the same K,

& o
GESHR tond (45 - 8/l

Tigure 19-1 - Trapezoidal Soil Pressure

Seismic Force on Non-Yielding (Restrained) Walls
Several texis (e.g. Kramer) propose the following formula (slightly revised):
AP — v ky Hj, acting at a resultant height of about 0.611

Where AP is the added lateral seismic lorce, v is the unit weight ol soil, and H is (he retained
height.

‘I'he resultant acting at 0.611 gives a shghtly (rapezoidal [orce diagram, however, for ease of calculaton a
uniform load can bhe assumed with fess than 2% unconservative error.

it should be noted that there are so few incidents ol earthquake damage to such walls (hat many experis agree

that seismic design of restrained (c.g. “basement™) walls may not be necessary, particularly given an adequate
factor ol safety for the service leve! design,
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20. SHEET PILE WALLS

Description

Sheet piles arc driven inte the ground to retain earth while excavation is done on the opposite side. This can
also be permanent relaining structures alongside waterways (bulkhcads and quay walls). Most sheet piles are
stcel, configured in an interlocking Z-shape to increase bending capacity and stresses during driving. Pre-
stressed concrete panels are also used for sheet piling.

Shect piles derive lateral support from embedment into the soil below the base grade, and can either
cantilever up [rom thal tevel, or be laterally restrained near the top by tie-backs 1 which casc a horizontal
member must be provided spanning beiween tiebacks.
Design Procedure
The design considerations for shect piling involve the following:
I, T'he embedment into the base 501l must be adequale 10 resist the total lateral thrust. [fa

fooling 15 planned rather than pile penctration below the basc-level, the footing must be
designed to provide passive resisltance,

]

The bending capacity of the sheet pile matenal must be checked at the poinl of maximum
moment, The point of contra flexure (zero shear and muximum moment) 15 usually about
one-third down the embedded depth (although some texts state the actual poini of contra
flexure is closer to 1/6 the embedment depth), thus increasing the design moment.
Manufactured shect piles are designed to resist the driving impact during pile driving,.

3. Tie-backs, ifused, must cxtend beyond the line of rupture and a sufficient distance bevond
that to mobilize adequate pressure resistance of the anchoring device, Using tiebacks will
reduce pile size and depth of embedment.

4. The design of sheet piling 1s based upon the soil design parameters recommended by the
enginger. Input from the sheet pile vendor (most have handbooks and some have software to
asstst) and involving an experienced sub-contractor are essential.

Waterfront structures must ¢consider impact from docking ships. (Incidentally, in marine work, (he
outhoard bottom soil level, below the waler line, is referred 1o as the “dredge line”.)

A veneralized force diagram of a sheet pile wall is shown in Figure 20-1, Note thal by statics the
horizontal active pressures and passive resislance must balance. The maximum moment will occur at
the point of zero shear (usually about one-third down from the dredge-line, but considerable evidence
that 1/6 is adequate)} which can be determined by statics. Determnming “d™ and “D” shown in the
illustration can be determined by statics and 15 an iterative (trial and crror) process.
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Figurc 20-1 Cantilevered Sheet Pile Force DHagram — Sandy Soil
References

The design ol sheet pile walls is complex and references should be consulted, One good reference 1s
Das’ Principles of Foundation Engineering, 5" Edition, Chapter 9. Another: Rayapakse Pile Design
and Construction Guide, 2003 Teng's Foundation Design, Chapter 12, is very good with tables and
examples. Conlractors specializing in sheet pile installation arg the best source for cconomical design
and site-appropriate recommendations and vendors ol sheel piling have essential design data.. A
Google search for “sheet pile design™ will yield valuable sources.
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21.  SOLDIER BEAM WALLS

- Wood Lagaing
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Figure 21-1
Description

Soldier beam retaining walls are vszd 10 temporarily retain soil, such as at a construction site. This concept 1s
illustrated in Figure 21-1. Steel 1P (wide (lange) beams arc driven tnto the soil a sufficient embedment
depth (o resist by passive pressure the moment imposed by the retamed soil. The soldier beams (also called
soldier piles} are usually spaced [rom six to eight fect apart and can also be dropped into pre-drilled holes and
encased in lean conerete. Soldicr beams are usually cantifevered, but if space is available, and for retaned
heighls over about 15 feel, tiebacks can be used to reduce the beam size and depth of embedment.

As excavation then procceds on the down-grade side wood lagging is placed horizontally to support the
retained soil, Lagging 18 supported at their ends by the beam ouler anges.

Design procedures

Consult with the engineer for design criteriz. This mformation will include nature of the soil, phi angle, soil
density, active and passive allowable pressures, arching fuctors (0 use, and any other sile-specilic
recomimendations. It is advisable to also consult with the contractor to verify moist econamical beam
selection and any other concerns he or she may have,

There arc numcrous design methodologies used and most foundation engincering textbooks propose various
design approaches. This text selceted a relatively simple procedure which is often used.

This procedure assumes non-cohesive (sandy) soil. 1 the soil is clay a different passive resistance diagram
will apply and the engineer should be consulted. Tt should be noted that although clay 1s usually assumed to
have a zcro phi angle, it actually can vary in a range from 6° to 127 ar more.

Whether to use tichacks is another decision to be made. ‘The following procedure assumes a cantilevered
system in sandy soil.
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A hasic design requires six steps:

1. Determine the driving forces, that is, forces imposed by any construction surcharges and the active soil
pressure tributary to cach pile beam. For this use the Rankine equation to calculate K. Several designs
may he done to optimize the beam spacing based upon lagging selection, embedment depths, and beam

s1zes,

2. Refertng to Figure 21-1, after P, and P, have been calculated, the depth of embedment must be
delermined. This will be a lunction of the allowable passive pressures and arching factor allowed to
increase the effective flange width, or hole diameter if pre-drilling is used. The arching factor, | can be
taken as 0.08 * phi, bul should nol exceed about 2.5, This means that the effective pressure width in
front of a 30” diameter drilled and concrete filled beam encasement, with a phi of 32° would be 0,08 * 32

- 2,30, butuse 2,5, Thus the effective passive pressure would be a width of 2.0*2.5 = 5.00 [eet which

will considerably reduce embedment depth and moment applicd to the beam.
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Figure 21-1 Forces on cantilevered soldier beam in Sandy Soif
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For determining (he embedment depth to zero shear {where beam bending 1s maximumy, designated “d”,

the following equation can be used:
d— Pro=<b5F=2
pxDIAxA

Where P, is equal to and counteracting (o Py | Dy SF is the safety faclor applied 1o allowable passive
pressurc; A is the arching factor multiplier; Dia is the hole diameter or flange width, whichever
applicable; and p is the allowable passive pressure in pef.

3. The maximum beam moment is then determined by summing moments above the point of zero shear,
However, mathematically the result is equivalent wo:

M, = P, (0.50H + 0.67d) + P, (0.33H + 0.67d)

4, The maximutn moment is resisted by a passive pressure couple consisting of ¥, * 0.67D. Therefore the
required depth D can be deternuned from the following equation:

D= (max. mun']em)x SE
(pxDIAx Axdx025)0.67

The required depth of embedment is then (d + D). As a rule-of-thumb for sandy soils this is usually in
the range of 1.3 H to 1.5 H.

A

After the maximum moment has been computed, converl it to LRFD (Load Resistance Factor Design) by
multiplying by the usually applicable load lacior of 1.6. Then sclect several beam options from AISC
13t cdition, LRFD, Steel Design Handbook., When several bearn selections are made it is recommended
that you talk with the contractor for his opinion on which 1s most economical or available.

6. Select the lagging. Treated lumber should be used, and a conservative fiber stress 15 900 psi. Calculate
the lateral pressure at various depths, Hy,(to determine changing lagging thicknesses) which is K, * 7 *
H,. When the simple span moment is calculated it is aceeptable to multiply by 0.8 becansc of arching
action ol the soil between pile beams. It is also customary to limit the active pressure to 40 psf. [agging
is ¢ither 37 or 47 by 127 irealed wood. These ends should bear against the beam flange a mimimum of 37,
Allow aboul 17" between cach lagging for drainage

Using tichacks

[f the retained height 1s over about 15 feet, and space is available, tiebacks can be considered. This use will
also reduce embedment depth and beain size.

Usually tichacks are steel rods inserted into 37 drilled holes into the backtill a sufficient distance beyond the
failure planc to provide anchorage atter grouting. They are inclined downward at an angic of 15° to improve
withdrawal resistance and 1o facilitate grouting. Their outside ends are welded to (he steel beams.

A simplified force diagram is shown in Figure 21-3
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The depth of embedment, E, must be sulficient o oppose the applied lateral forees P, and P,

Determining d 15 an lteralive processive to achicve active and passive pressure balance, 'The maxinmim
hending moment in the beam can then be delermined by statics.

An alternate Ueback cun be anchored beyond the failure plance as shown in Figure 21-4.
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22, WHY RETAINING WALLS FAIL & COST EFFECTIVE FIXES

The above photo is a rare occurrence. 1o this case there was no permit, no engineer, minmimal reinforeing
ungrouted cells, and other oversights,

“Failure™ of a retaining wall does nol necessarily mean total collapse, as shown above, hut rather signs of
impending instability and likelihood of a collapse. Total collapses are relatively rare. In a total collapse the
wall overturns, slides, topples, or otherwise causes a massive letling loose of the retained earth with resulting
damage above and below the wall. Such walls cannot be saved — the remedy ts rebuilding. The engineer
who provided this photo was retained to investigate the deficiencies causing the collapse and design 4 new
wall.

Fortunately, relaining walls arc quite forgiving, nearly always displaying telltale signs of trouble and alerting
an observer to call for protessional evaluation before a collapse. After an cvaluation, and determination of
the causes, most walls can be saved.

The most common sign of distress 1s excessive deflection of the wall - tilting out of plumb  caused by a
structural overstress and/or a foundation problem. Some structural defleetion is 10 be expected and o rule-of-
thumb is 1/16" inch for each oot of height, which is equivalent to one-half inch out-of-plumb for an eight
ool high wall. More than that is suspect. I1's easy to check with a plumb bob.

Ilere are twelve things that can go wrong and signal distress;

1. Rcinforcing not in the right pogition. If the stem shows sign of trouble (excessive deflection and/or
cracking) the size, depth, and spacing ol the reinforcing should be verified. Testing laboratorics have the
devices (usually a magnetic ficld measuring Pachometer) which can locate reinforcing and deptl with
reasonable accuracy, up to about 4 inches depth. For exact verification you can first locate the reinforcing
then chip out to determine its exact depth and bar sizc. Morc claborate deviecs are also availabic if needed -
check with vour testing laboratory, they’ll come to you jobsite. Unbelievably, cases have oceinred where the
reinforcing was placed on the wrong side of the wall, cither through a detailing crror, or contractor crror.
When (he actual reinforcing size, location, and spacing are determined, and perhaps a core taken to verify
strenpth of siem material, a design can be worked backwards 1o determine actual design capacity and thereby
guide remedial measures.
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2. Saturated backfill. Retaining walls are generally designed assuming a well dramed granular backll. 1T
surface drainage is allowed to penctrate and accumulate in the backdill, the pressure against the wall can
double. Ponding ol water behind the wall nol only indicates poor grading, but clayey soil impeding the
downward seepage of water. The surface of the backfill should be graded o direct water away [rom the wall,
ot by the usc of drainage channcls adjacent to the wall 1o intercept surface waler and divert it to disposal.
Olflen surface water problems are altributable (0 a nusdirected or poorly timed irrigation system. Poor
backfill material, such as containing clay, can swell and increase wall pressure, One contraclor alwivs uses
crushed rock for backfill; it’s less expensive than pea gravel, and the elimination of lamping compaction of
granular soil oftsets (he cost of crushed rock versus the use of materials that require compaction, and assurcs
eood drainage. Don’t compact backfill by flooding.

3. Weep holes that don’t weep. The only thing that comes out of most weep holes is weeds — not water, This
beeomes clogged when there is no filtering, such as a linc of gravel or crushed rock placed along the base to
provide a channel [or water lo drain to weep holes, or to be conducted by an cmbedded perforated pipe.
Commercial filtering fabric is available. Weep holes in masonry arc usually made by omitiing morlar at the
side joints of every other block (32 inches on center). For concrete walls, 37 diameter pipe sleeves arc often
used, spaced 47 — 67 on center, or as deeined appropriate by the designer. Specifyving proper drainage
measures (backfill material, surface water control, and basc-of-wall drainage) is an important specification
task for the HOR (Engineer of Record).

4. Design crror becausce of misinformation  [Design errars as the cause of failures are relatively rare when
prepared by an experienced designer. However, sometimes the designer is given insufficient or erroncous
information. For example, “Design the wall to retain eight foot”, but later examination of the grading plans,
or as-built conditions, shows the wall retaining nine feet, an additional Loot, (hereby mereasing the base
moment on the stem by nearly Gfly-percent.

5. Calculation errors. An cxperienced designer ean quickly spol a caleulation error because it obviously
“doesn’t look right”. New engineers usually lack this experience and in such cascs don’t let the design lcave
the office without a check. A 15-minute review could save costly fixes and damage client relations. And
don’t assume a plan checker will fingd errors,

6. Unanticipated loads. Apain, this is a client-to-designer information problem. Good communicalion 1s
essential. Ts there a surcharge the designer didn’t know aboul? A sieeper backiill slope? A beam
connection? Wind load? A foundation investigation or memo that wasn’t transmitted?

7. Mistakes in using soliware If soliware is used as a design aid, it is essential that the designer correctly
mputs data and understands the capabilities and limitations of the particular program (Retain Pro advises its
uscrs to be licensed civil or structural engineers, or at least have the expertise (o design a relatively complex
retaining wall by hand calculations). 10 in doubl of a result, do a quick hand calculation.

%. Detailing crrors. The contractor must have clear instructions. Details nol contforming to the design, or
doubtful of interpretation, must be avoided. Perhaps the biggest source of problems is with reinforcing
placement. 1recall one case where the designer actually detailed the rebar on the wrong side of the wall! In
another case vaguencss of details led o dowels from the [ooting extending only 6 into the stem, rather than
the inlended 247, because ol conlusing dimensions. Easy-to-read drawings and carcful checking by the
designer can climinate these prohlems.

9. Foundalion problems. When a investigation is provided, there will be guidelines for design (allowable
soil bearing, friction factors, seismic if applicable) and any caveats based upon sile condilions, such as
liquefaction potential or recompaction of the underlymg soil. Implementation of such recommendations

RBasics of Retaining Wall Design - Page 105

www.EngineeringEBooksPdf.com



should provide a trouble-free foundation, However, often such an mvestigation is not provided, calling for
special care by the designer. Without such a report the soil bearing is timited by code, usually to 1,500 psf,
and the coefficient of sliding friction to 0.25, and allowable passive pressure of 150 pel. Regardless of using
more conscrvative values, the designer should be aware of any adverse conditions, such as fill material,
compressible soil, water table, or other factors that could cause excessive scttiement - or reduce sliding
resistance.

10. Inadequate specifications and notes. If you use “boiler plate™ notes or specifications, edit these carefully
and use a checklist, It's embarmassing to have notes or paragraphs that obviously apply to another project.
Here's a note that should keep you out of trouble and aveid problems: “If a diserepancy ariscs between the
drawings and field conditions, or where a detail is doubtful of interpretation or an unanticipaled field
condition is cncountered, the engineer shall be immediatety contacted for procedure to be followed. Such
instructions shall be confirmed in writing and distributed to all affected partics”™. And another good one:
“Wherever there is a conflict beiween details and specifications, or between details, or where doubtful of
inlerprelation, the most restrictive shall govern as detcrmined by the Tingineer of Record.™

11. Shoddy construction. This could be anything from a homeowner having buitt a wall from a “how to”
book, to an inexperienced or unscrupulous contracior building without plans or not following these —
inadequate grouting or mortar or improperly placed reinforcing, Retaining walls are quite forgiving and poor
conslruction may not appear as distress lor yvears, or never. I once built a vacation home with a five foot
masonry retaining wall mtended to be restrained at the top by (ke (loor slab placed on the back(ill. 1
insiructed the contractor not Lo place any fill until the wall was properly braced since there was only a 14 inch
wide footing. 1 went to the site a week later and to oy amazement he had placed the backfill the full five feet

no floor slab yet — and the wall was perfectly plumb! Another case of practice deflying theory —but don’t
count on it! T had not followed my own rule  and advice to others -- to always, when possible, have a pre-
construction meeting between the designer and contractor to be sure all conditions and requirements arc
understood, and jointly review the plans.

12. Age. If'a relaining wall has been in place twenty years and shows no sign ol distress, the chances are it
will remain so for another twenty years, or fifty years. The adage “if 1t ain’t broke, don’t fix il” may be
prudent advice. However, the caveat 1s that this precludes any change affecting the wall, such as new
surcharges or a change in drainage above the wall. Il'n 4 seismic area the chances are it has already
successfully withstood several earthquakes, but if the seismic risk 1s high and its failure could impact another
structure, a seismic evaluation would be appropriate

And twelve [ixes that could save a wall:

Note that each of the fixes listed below have been successfully used, but it is assumed that the wall is not in
such distress thal none are viable solutions,

1. Correct surface drainage problems. You can’t cconomically replace the backfill or get to the base-of-wall
drainage system, but you can re-grade at the surface so water docs not colleet behind the wall, Perhaps a
small conerete diversion culvert. Often just shutting ot an over active rmgation system will mitigate the
problem. Additional weep holes can also be cored through the wall, although perhaps visually objectionable.

2. Reduce the retained height, 1€ the soil pressure needs to be reduced, investigate whether re-grading of the
surface can reduce the height of earth retained. Sometimes a change in landscaping, or a depressed drainage
culvert at the back of the wall may reduce the height to an acceptable Ievel based upon the as-buill
capabhilitics.
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3. Use tie-bagks, 1 the stem is severely oversiressed, an option is to use tie-backs extending back beyond
the failure plane. Drill holes through the wall and install conventional tichacks (also called soil nailing). A
downside of this is the appearance of the tic-back anchors on the exposed face of the wall. Or perhaps a tie-
back at the surlace can be used, with a concerele anchor block, or an added slab-on-grade. Using tic-hacks
requires re-analyzing the wall moments and shears because of the changed restraints,

4. Exlend the fpoting. You can exiend the ioe of the footing and therchy substantially reduce the soil bearing
pressure. Determine how much you need to extend the footing, then excavate to the bottom of the fooling
{(add deeper for a key if neeessary) and place concrele. To (ransfer shear and moment at the interface, drill
holes in the existing {ooting and epoxy dowels to resist the calculated pullout. Tt may be prudent to maintain
lateral stability by excavating in front of the toc in longitudinal increments, say twenty [eel, or less.

5. Remove and replace back(ill material. This may be the only solution if saturated backfill is the problem
and cannot be controlled at the surface, Use crushed rock back(ill, and be sure the base-of-wall drainage is
{unctional.

6. Reinforce the front of the wall, This can be done by fonming or pneumatically placing concrete to thicken
the base, and tupering (o a height where the added strength is no longer needed. This is on the compression
side so the only design concern (other than how much thickness to add) is shear (ranster at (he mterface,
which can be accomplished by drilled dowel pins. This assumes, of course, that the existing footing will still
be adequate.

7. Add akey. Ifthere is a sliding problemn you could add « deepened key in front of the existing footing,.
This will increase passive tesistance and may be all you need. Sce #4 above for incremental excavaling
during this process.

8. Use cantilevered soldier beams. Drill holes on the heel side of the footing and embed a verlical bearn,
ticd to the wall to transfer load to the beam. Space the beams at a distance the wall will span herizontally.
The ooty heel will determine how close (o the wall the soldier beams (piles?) can be placed.

9. Get a building permit. Quite often there is no apparent distress in a wall, but an observant building
inspector discovers that a permil had not been 1ssued. This usually happens when a new building or addition
1s being constructed on the property. Tf plans for the wall are found it requircs oniy substantiating
calculations with an engincers signature. 1f it can’t be justilied, then one of the procedures above arc needed
(0 remedy an overstress. 1 no plans are found it’s necessary to determine how the wall was buiit. This
means probhing and perhaps testing to determing location and spacing of reinforcing, toe and heel dimensions
of the footing, and perhaps core tests of the wall material. The lask then is one of working backward to find
the capacily of the wall and hence its adequacy. Lesson: Always get a permit; it could save a future expense,

10. Push it back to plumb. Not recommended, but has been successlully done in some cases if the wall is
only out of plumb an inch or two, and not all backfill has been placed, and depending upon its height, and in
conjunction with the above fixes, the wall can be pushed back 1o near-plumb. The wall may have been
bumped to cause this, or (raclor compacting too close to the wall. This is an arguable procedure but has been
done successfully with no after effects. Use this with extremc caution! You may want 10 remove some
backfill first.

11. “Tear down that wall”. If'it"s in bad shape, and none of the above make sense, it can be less costly o
tear it down and rebuwild, Especially valid if new conditions exist, such as need for a higher wall or a
preference lor a differenl wall material. See Case D below.
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12, An exolic solution? We engincers pride ourselves on innovation, ‘There may be a unique sile condition
that suggests a cost-cffective fix. And you could come up with an ingenious method of saving a wall from
recanstruction, and be a hero to a very happy client!

Some actnal cases
Here are a few examples (edited) of problems that have oceurred:

Case A. A wall was obscrved to lean excessively and it was found thart the reinforcing protruding
from the foundation was on the wrong side of the wall. Sofwiion: Add tie-backs.

Case B. A wuall was observed to lcan excessively, Investigation revealed the wall had been designed
to retain 12 feot of earth, with an extension ol the wall another [our teet above grade for sereening.
The owner and his landscaper arbitrarily added two additional foet of carth, thereby increasing the
moment at the base of the stem by 60%! Sofuiion: Add tie-backs.

Case C. Again (he sign of a problem was leaning of the wall. Investigation discovered the contraclor
had misinterpreted the plans and halved the number of dowels projecting irom the footing. Soflution:
Gunile added wall thickeess at the base, honded to the existing wall.
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23. CONSTRUCTION TOPICS AND CAVEATS

Horizontal Control Joints

Horizontal joints arc intended for crack control and are largely a matter of judgment. Shrinkage in a
wall cannol be eliminated. As the adage goes, congrele shrinks and ice cream melts. But we can
attempt to control where the cracks form by {forming crack control joints and by increasing the
horizontal reinforeing. With a little more than minimum reinforcing there are tew reports of problems
when control joints are 100 leet or more for masonry, and somewhat less for conercte. The more
horizontal reinforcing, the less likely cracks will be obvious, and the further apart joints may be
spaced. In the case of a concrete wall, a ratio of 0.002A ., 1s suggested; for masonry 0.0013A,,, 15
suggested (#5 bars at 32" o.¢. lor an 8" CMU wall).

Verlical joints for both concrete and masonry should be “cold joints”, allowing for movement, but it
is suggested that some horizontal dowels extend into (he adjacent wall to assure out-of-plane
alignment, Usually onc end of horizontal dowels arc wrapped, sleeved, or greased to prevent
bonding.

Drainage

Lateral carth pressure theories are based upon drained soil. Saturated soil can subslantially increase
pressures, Therelore it is amportant to have weep holes at the basc of the wall for any percolating
water to escape. In concrete walls drain holes are 3" 10 4" in diameter to facilitate ¢lcaning and
spaced five or six feet on eenter. Gravel should be placed along the base [or any water to [teely (low,
otherwise the only thing coming out of a weep hole will be inside grass.

“Weep holes™ in masonry walls can be provided by leaving the head joints open at allernate blocks
{no mortar i end joints al 32" on center).

In licu of weep holes, or for basement type walls, horizontully placed perforated plastic pipe should
be laid along the base of the heel adjacent to the stem, slopped to an outlet, and cncased in a gencrous
amount of coarse gravel. It is also recommended 1o lay a filter fabric over the gravel to keep out soil
fines.

The most important drainage control is to keep water ofl the top slope as much as possible. This can
be done by siope control, paved swales, paving, or other means. Preventing water from entering the
backlill is critical importunt because it changes the soil characteristics and increascs lateral pressures.

Backfill

Backfill material should be sandy non-cohesive material. Clayey soil are 1o be avoided because clay
swells when wet, causing additional lateral pressure. An excellent practice is to fill the soil wedge
with gravel.

Compaction

Compact the gravel behind the wall with care. You don’t want settlement to oceur later, Place the
gravel in layers aboul one [oot thick and start compacting at the face of the wall and work away from
the wall. Gravel is best compacted with a vibraling plate compactor,
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Inspections

If a consultant was employed, he or she will verily that the footings are excavated into the
anticipaled soil and indicate any corrections deemed necessary. They can also approve the backfill
material,

Placement of teinforcing dowels projecting from the [voting into the wall are critical to the design,
and the Engineer-ol-Record (HEOR), ar a deputy inspector, should verify that the dowels were
properly placed. Several retaining wall failures were atliributable to the dowels being on the wrong
face of the wall!

Other inspections may be required by the building otticial, or by the EOR.
The Investigation

§The report for a project will nearly always have recommendations for sile preparation (¢.g. if fill is
present or there is a liquefaction problem) in addition lo design critena information, This
investigation report 13 usually a part of the contract documents and should be carcfully reviewed and
observed.

Forensic Investigations

If a problem is evident, or suspected, an independent engineer may be retained to investigate the
problem. This will involve a review of the design, particularly to determine if the site conditions
match the design eriteria (e.g. a wall desigmed to retain eight feet, and actually retaining ten leet). The
plans will be reviewed for clarity and conformance with the design intent and applicable butlding
codes, The wall will be measured, deflection checked, and testing done 1o determine positioning of
reinforcing and material strengths, Cores arce often taken to delermine both concrete strength and
grout penctration into cells. The report reviewed and perhaps more soil samples recommended.

When the cause ol the problem is discovered, the most economical solution acceptable to the owner
should be determined. This can be contentious, particularly if opposing partics offer different
solutions, Hopefully the issues can be resolved equitably and witl civility without resort to litigation,
At an impasse, mediation can be a very effective and less costly (i.c. attorney fees) resolution of'a
dispute.
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24. RETAINING WALL DESIGN EXAMPLES

Description of Design Examples:

These fouricen designs illustrate a variety of design conditions for retaining walls, They are worked by
hand - the way you are accustomed to design retaining walls. You may use a different format, and your
mcthoedology may be a little different, but the results should be nearly the same. They are intended to
show accepied design procedures. They arc based on [BC *06 (09 is similar), ACI 318-08, MSJC "85,
and NCMA-SRW,

Following cach of the examples is a report printouf for the same problem using Retain Pro 9. This
allows vou to compare results, which should closely agree, given round-offs and shortcuts in hand
calculations which most of us do for expedicncey.

Eixample #1 - Retaining wall with sloped backfill, and stem o[ both concrete and masonry. The problem is
designed so a key 15 necessary.

Example #2 - A wall with an adjacent footing, and wind on a projecting stem.

Example #3 - This problem iliustrates a heel-side surcharge, and an axial load consisting ol both dead and
live load, and an eccentricity,

Example #4 - This wall has a fenee (zero weight and with wind load) on top of the retaining wall, and a
property linc condition.

Example #5 - This is a freestanding wall with seismic (orce duc to self-weight applied, and only minor earth
retaining, Tt is sct on a property line. Remember that for free-standing walls designed for seismic or wind,
these loads can act in cach dircction, and il the controlling dircction 18 ot obvious, you may need to check

the reversed too.

Example #6 - This illustrates a concrete stem with the inside face tapered (batlered) and with a scismic force
due to carth pressure.

Example #7 - Masonry "bascment” wall restrained laterally near the top.
Example #8 - Concrete "basement” wall restrained laterally near the top..
Example #9 - A rubble gravily wall design.

Example #10— A segimenial wall (MSE) with geogrids

Example #1171 — A scgmental gravity wall -- no geogrids.

Example #12 - A picr foundations option for Example #1.

Example #13 — Solder bean design — cantilevered

Example #14 — Gabion Wall (or multi-wythe large blocks)
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DESIGN EXAMPLE 1 Page 1 of 11

Design Dala
Code: [BC 06

Soil slope =2:1

8011 density - 110 pef
Equiv. [luid press. = 45 pel
Active pressure toe side = 30 pot

Passive press. = 389 pef

u=1040

F, = 24,000 psi
% f 1500 psi

f, =2500 psi

f, - 60,000psi

Allow. soil pressure: 3000 pst
Angle of internal friction - 34

Check by Rankine formula

forg=34> p=tan’ () =266

K, (slope) = 0.406 Pressure = 406 x 110 = 45 pef
Kallevel) 0.28 Pressure = .28 x 110 =30 pel’
K, (level = tan’ (45 + %] - 354 Pressure =3.54 x 110 - 389 pef

1BC '06 §.oad Factors for Strength Design (Concrete)

DL = 1.2
LL = 1.6
H =16
wWoo— 16
E - 1.0
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DESIGN EXAMPL.I 1 Page 2 ot 11

_]E.Bé‘s-iéé.;)me.ctaining Wall Design

Check Stem at Basc

(Design Ht, - 0.009

45x10° ( 490"
M= 220 % ¥ 16 = 11999%

e

Usgt- 12", d=9.6"

L7 /o b 289/ bt 63 f. BM
A (req'd) = —-15-——(_ - < _ I 3

]
- 9 2 2
Uy 2N g or;

&S/ "
oo = ot gs| 87000 Ty
Iy 57,000 + £,

L =0.29 g in (per CRSI cq.)

200 ‘ ;
Dmax.= 73 Py, = Q0106 pijn = /— = 0033 (or at least 1.33 A, required.)

. y

- 044 L
Iy#6at 16 A= IR 033 = 0.31 OK for strenpth

(144 .
But p— =0.0029 = 0033 N.G.

[6x 9.6
Try fi7at 16" p= £0 -= 0039 = 0033 As= R A45sq.in. OK
lox 9.6 133
45 x 00, :

a = _Bx00000 e

B 2500 %12

®M, = 9.x 45 x 60,000 (9.6—@} x ]_17_ ~ 153677

Fa

45x10° W0x1)
v, - {4 "qw - OHJ L6 =3576#

3576 7 o
= 22 310 vy=0 W fe = 755310 OK
\Y 12 P Qf) uil ‘b .f(. ‘

)T\
75
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DESIGN EXAMPLE 1 Page 3 of 11

Check embedment into footing:
*  For hooked bar (ACI12.5) =

0027, d; 07 — 02x60.000 x 0875 x0.7
Y07 -

P o V2300

= 147" or Edb or O

* IACI318 *08, 12.5.3.4 15 deemed applicable, reduce embedment by (A, req'd) / (A,
provided).

Min. footing thickness required = 14.7 +3 = 17.7 in. Use 20"

Development length into stem

IF, afid d b

£ ;= . - fSee ACT 1223, equation 12 —1]
¢ / .
t o f( i
40 1, L
dh
¢+ Ky | (2044440
i =( } = 279 ) 25 max.
o A 875

_3x60000x1xlx1x 875

, =1315in
d 40 x50x 25

Note:  1f lapped with continuing reinl. of same size, splice length (assuming Class B

splicey=13x31.5=41"

Check Masonry Stem - Allowuble Stress Design

Switeh to 12" masonry at 3'-4" high which is approx. top ol dowels.

_f';,, = 1500 ps1 F. - 24,000 fi .33 x 1500 = 500 psi
L . L . £
Foo 900 fiy Eo = 1,330,000 psi E,=29,000,000n=— 215
i
Sx 667 6 «
M@ + 333 (= Hof .67y = 22 2667 X ":’7 =22257
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DESIGN EXAMPL.E 1 Page 4 of 11

Try #5 at 16" at edec

N
A=t o -2 oo
133

Hx9

np--21.5x .0022 =.0473 %]- = %33 j=0.9] «From Amreim, Tablc E-9

[ hd™ 500512597 1 ;
b _L(Oxl._.x_ e —age2”

y_ 833 T 12
kj

1 o
M,=1f, A, jd=24,000x .23 x 91 x 9 x 12 =3767" « governs

L

Mm =

OK for # 5 @ 32 (@ cdge {overly conservative and could be reduced [or [inal design)

2
45 x 6.67% : 1001
_ \367 _ 1001 0

00 o <104, 387 OK
2 12x91x9 o

V.

Lap length into concrete below (ACH12.2.3) —

3x60000x] x1x08x0.625
o 40x50x25

x13=234"

Lap length mto masonry above — 002 dyf;
=002« 625 x 24,000 =30.07

Check Stem at + 533

Reducc to 8" masonry, groul reinf. cells only

__/',;, = 1500 F.= 24,000 F,=1500x .33 = 500 psi
d-525" n=21.35

Depth @ + 533 — 10.00 - 5.33 = 4.67

#

45 x 467 467
A
5 :

i

M = = 763

Usc #5 at 32" at edge

215 x 31
np=—"""" = (4
32 x 525
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DESIGN EXAMPLE 1

%f 8.87 = 0.92

50012 x 525°
M _ A X

m

A.'—I = |553t#
BR7 12

v Ry
M, - 24,000 x 1

x 92 x 35325 x é—] 121%l «— poverns

Foan

OK because 1109 =763

_ 45x 667

Y = 4907

490

T r———— = B3PSl
125915525

v
Vaw = 38.7ps1 ) 85 OK
Lap embedmenl below

=002 d, x 24,000

=.002 x .625 x 24,000 = 30"

Page 5 of 11
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DESIGN EXAMPLE 1 Page 6ot 11

Stability Check

ltem Wt (Ibs. *am (Y +M (ft-bs.) «M (tt.-1bs.)
8" CMU 78 x 4.67 364 2.33 849
12" CMU 124 x 2.0 248 2.50 620
12" cone. 150 x 3.33 500 2.50 1250
carth4.5x 10 x 110 4,950 525 25,988
garth 33x4.67x 110 170 2.83 481
earth 4.5x 225 x 110 x %4 557 6.00 3.341
garth 2.0 x 1.0 x 110 220 1.0 220
footing 7.5 x 1.67 x 150 1,875 3.75 7,031
key I x i x 150 150 2.5 375
P, - 1392 20,229
45 5 (100 +167 +225 )2 :
Z — — 4360
P, =12x4210 2,105 7.5 15,788
11,139 55,943 20,229
wio P,_ 9.034 40,155
x = RM OTM _ 2015 - 20229 _ 220 * About lront edge ol [voting
W 90134
¢ = 77—3 =221 - 1.54 = 185"
Middle % = 7—‘; =1.25<154 ~ooutside middle third
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DESIGN EXAMPILE 1 Page 7 of 11
When resultant outside middle third:
T FOOTING
| g ‘ .I.A\-,. SN el
1 TN “*-’
P
f
€
W D
Soil pressure = —!-/-V-——-
T5D —15¢
. 3034 .
* S0l P = ‘ =2725 <3000 Ibs./sq. ft. OK
5 275 — L5 x 154
- ) 5:
M ratio = 40.155 =199
20,184
Check OTM Using P,
RM = 40,155 +15788 55943 "
OIM 20,0587
W o= 9034 12105 = 11,139
O'I'M ratio = 05543 =274
20,158
Basics of Retaimng Wall Design “ | Pagc 118
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DESIGN EXAMPI.E 1 Page 8 of 11

Check Sliding

Total lateral =

2 2
- = i - - ;
45 x 13927 30 x 267 053" | [F=E
2 2 _}:.. ,
L. . : p 1.67
Friction resistance = 9034 x 0.40 = 3614 o
Passive resistance: Ncglcet x "fmT 0

389 x 2.67 = 1039
38O x 3.67=142%

Total passive = 1428 x 3.67 x % 380 x 1 x % -
3614 + 2426

Factor of safely — ——— =142 = 1.50
4253
Consider OK
Check Kcy
2 9
.= w x1x 1.6=1974"
2
vy, = —-—]?L =164 = 2¢p /c’ =581
12¢(12-2)
T o =0.65
(deduct 2™ from footing thickness for plain concrete) [ACI22.4.%]
' 1428 — 1039)10 2 x 12 ;
M, = {103%1 PR JLO 22T o aea
2 2 300
g = 1202727 4y
6
_ 12,464

i 623 psi < Sgnfe — 5 x 055 x 50 =1375 OK

200

No reinf. req’d.

Basics of Rclaining. Wali MDesign Page 119
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DESIGN EXAMPLE 1

Page 9 ot 11

Iy

Embedment length beyond stem face (using stress ratio reduction)

Jx60x10xL0x08x0.75 d54
‘ x B0 x ‘
40 x50 x 2.5 447133

Use 12" embedment beyond stem (ace,

Select #6 at 16 to match stem dowels (A, =33 = 20 0QK)

= 101" (12" min.

Check Heel
Negleet upward soil pressure
|
W, = 4950 | W,
W, = 557 Used =20.0-25=17.5in. ’ W; L W;‘
W;=45x 1.67x150=1127" g g
* Wi
Wq = (P\ not l.lsed_) Y yryy. L
M, =4950x 225 x 1.2 +557x30x01 2411275225 4.50°
.2

=18413"
Mug,,, = | 1,992‘# €« governs
(Notc: By statics, hecl moment cannot exceed applied
slem moment)
" 17 f(j'bd _ % 2.89 (/'3 Z /p ?MH

27 ¥ - I v 0w/ i;
# rom C.R.5.1. Handbook, M, in inch-kips|
b - 0.90
Laciiess

0. iy 200
A, = 0.154 ‘*W% or == x12x17.5=.57 or1.33x0.154 =0.20

Basics of Retaining Wall Design
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DESIGN EXAMPLE 1

Page 10 of 11

7961
12x17.5

Check Toe
Apply total factored vertical load
(w/o p,) at same eccentricity as
service loads:

=0034x 1.2=10.841"

Ve — 4950x1.2+557x 124 1127x 1.2+ (wloP,) 7961#

ve = — 22 399psi< 204 fo =28 7522500 =75psi OK

3221240

x 3270 =2283 pst
Ix2.21
But because stem moment govemns

(41419
_ 11992 12 999
45/2 0 16

ve  3997/(12x17.5)=19.0psi =75 OK

u

Basics of Retaining Wall Design

www.EngineeringEBooksPdf.com

Factored soil pressure Section — 2.00" \ i
for V :
Mrl2 0\62,1.38
. 0l x 3270psf= @ P, NI e |
J3xT75-15x1%4 ”
16.57 7 1_#J B
Soil Pressure @ I'; (for shear) 3.8 — % -715
3x221- .62 . ' -
x 3270 = 2964 pst Section +—
3x221 for M h
Soil Prossurc Gi) Py (Max. M) = g, s
1

Page 121



DESIGN EXAMPLE 1 Page 11 of 11

9 22 -2 ‘
M,T = y—lgﬁ:x.mxmifhxssxzr5905”
Ml = (1A67x150-+Ix]]Oj)x%;xI_22865'#

Mdt‘mgu = 3905 - 865 = 5040‘J

Aymin = ;1)(_] x12x 16.5=_66s5q. in.

A, 1'cquircd)(pcr C.R.5T formula} = .07 sq. n.

Ao overmide A, min = 1,38 x .07 = 0,09 5. m.

But also As min=0.0018 x 2 x [6.5=0.36 + Governs
0.60

Use #7 @) 10" { A, = 133 =045>036) OK

Shear negligible by inspection hecause only acts on 0.62 ft,

Basics of Retaining Wall Design ' Page 122
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DESIGN EXAMPLE 1
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DESIGN EXAMPLE 1 Report Printout
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e o TTT e G TRy Manr [owes Mie
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DESIGN EXAMPLE 2 Page 1 of 8
Decsign Data /-W'lnd=‘|5 psf
Building Code: IBC '06 - r'“":l 500#/ft
Soil bearing — 2000 psf 7 " 1 o
. - y . wn —
: e o . N
Soil density = 110 pet . =
[iq. fluid pressure = 30 pef &L 5 ' - +8'-0"
;3 L~
Passive = 300 pef T F:l} T 1'-8
n =040 - & — — +3-4
Poisson's Ratio (for Bousinesq) = (.50 11073 -@
T R [
fry = 1,500 psi =6 g
f,  =24,000 psi 3o Th—o
1‘3, = 60,000 psi 5ol g
fo — 2,000 psi
Check Stem at +8.060
( 6 j 30x2° 2
M =15x0|—=+2]+ X—
L2 2 3
= 490"
f, = 1500 psi f, =.33x 1500 =500 psi
d=3.75 (for 6" CMU)
Em =900 x fry — 1,350,000 psi
E, —29,000,000 n =215
490 x 12
A, = =.054 Usc#4 @ 32
T 24000 x 133 x 90 x 375
20
Assume T A= =078 OK
2L5x .20 .
np - = 036 7 =9.24 - 92
P 3ians ki !
ﬁasics of Retaining Wall Desipn Pagc 125
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DESIGN EXAMPLE 2

Page 2 of 8

Check Stem @& + 3.33!

M, — 24000x133x
2 ] 1 -
My = 500X 12x375 % oo x — = 76]
30 x2°
Vo= gx1s S92 g
v o= DY 362 v =4S x133=59

12 ¢ 92 %375
Rebar embedment below = .002 x .50 x 24,000 = 247

Change to 12" CMU, d = 2.0"

075x 92x3.75x ]ij — 690" govemns

(fr

346l x 12
24000 x 9 x 90

215 x 31
np = —)(:.046
l6x @
M; =.23x 24,000 x 91 x

Mo 6'x 15 psfx (% + 6.67J = §70*
305 667° 667
My = T x = 1484
2 3
My pusmesq ([TOm program) = 1107
3461 7
3 677 L
Total lateral = 6' x 15 + ;wo—ifi £ 505 =1262"

om program) T

= (.21 Use #5 @ 16 @ cdge

{Disallow % wind stress

increase at this level)

2/ . 31
A/. =84  j-0091 A= =23
1 " . -
0x — =3767" = 3461 QK
12

Basics of Retaining Wall Design
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5 ) 2 4
M, = 00x12x9° 1 _ 0%
8.4 12
30 x 6677 :
AV = 6}"\]54'—,)_1'504_126‘#
2 ! :
. 00— 12 <y fy =387 OK

12 x99

Embedment length = 002 x 625 x 24,000 = 30"

Check Stem (@) Base

Use 12" CMIT

Mwmcl = 6 x 15 Pq'f [g + 10} = 1 ]70 *
30 x 107 "
M = 30« 107 x 10 = 5000
2 3
Miousiresq, ([FOm program) 3245
9415 "

fro - 1500 psi.

9415 x 12
fpb — 500pst n=2L5 d=9.0 A, = ! - 058
24000 x 90 x ©
T Assume

Try #8 (@ 8"

Y 70
A= 079 _ 1,18 aq. in /ft.

0.07

215x 079 : o .
= - T - 2 e = =

np 0236 /k_j 488 | 3

DESIGN EXAMPLE 2 PPage 3 of 8

Basics of Retaining Wall Design
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DESIGN EXAMPLE 2 Page 4 of 8

133 x 24000 x 83 x 9.0

M, = = 19,870"#
12
500 x 12 x 97 1
M, = e = = 8299~ 9415
488 12
9413

Stress Ratio = =1.33

5299

{13% overstressed  optienal redesign)

‘ 2
v - e.'x15+30'“0 + 717 = 2327
Bousinesq )
2327 - 3
v = =21.6 <+ /iy =387 OK
55 S

Development lensih of dowels

fip 7 002x24000x 1.0x1.5=7201in,

Choose not to reduce by stress ratto. Assume continuing bars will be smaller
diameter, therefore, 1.3 multiplier for splice lap not required.

0.02 x 1y cib x 07

/

Embedment tor hooked bar into footing =

c
o . .
_ 02 x 60000 x 10 x 07 8.8
447
Min. {tg. Thickness = 188 +3.0=2]1.5"
Use 22" thick
Basics of Retaining Wall Design o Pa,gé “1.28.
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DESIGN EXAMPLE 2

PPage 5 of 8

Stability

Ty footing 56" x 1'-10" thick
Item Wt arm +M -M
8" stem 8 x 78 psf 624 x 333 - 2078
12" stem &' x 124 psf 992 x  3.50 = 3472
Soil @ heel 1.5 x 110 x 10/ 1650 x 475 —  7R38
Soll@toc3x1x110 330 x 1.50 = 495
Soil behind stem 33 x 110 % 2 74 x  3.83 = 283
Fooling 5.5 x 1.83 x 130 1510 x  2.75 = 4152
Key 225 x 350 = 788
Adj. Footing le7 x 475 - 795
OTM Wind=6"x 15 14.83 1335
: 2 )
OTM soil = 20X L1837 2”'83 1183/ 8278
OTM adj. footing 8304 5.7 4731
s T 283 19,8997 14,344"
< = 19,889557;4.344 _L00
€ % - LOO =175 = 53 _ 92
outside middle third — designer may prefer redesign for within middle third.
Soilp= ET 5:25_7;?5 NET 3715 psf (4000 OK
OTM ratio = lj:zz 139 = 150 {consider OK?)

Basics of Retaining Wall Design
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DESIGN EXAMPLE 2

Check Sliding

Total lateral = 15 x 6' |

=3019 Ibs.

Less passive

1.cag friction resistance

_ 300 x 433°

i.ateral foree of adj

Page 6 0f 8

“\L

=5572 x 40— 2229

2

Sliding ratio —
3020

Check Eey

Force =

2229 1 20662

300 x 4.33°

300 x 2.83°

2

16 x 1611
12 x 9

M, (approx.} =

= X O 239« 204/ /n = 85

_ - 16117
¥

r

[iffeetive width = 12" - 2" = 10"

OK

L

18 i
161l x = x 1.6 =23,198"

Basics of Retaining Wall Design
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footing [ Negle::m:c“
| IS
? poe1,0
30x1183° 00 i
e—1— 1.83
1.5
J
F\.
W00
2
1.62
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DESIGN EXAMPLE 2 Page 7 of 8

2 x (12-2)
s = 202720 h

3.00'

Ir

23198

L =116 < 59 "- = 137
L 200 W ./(.

.38

OK

Total vert. factored load
= 5572 x 1.2 = 6686 ,

]
3 |
No reinforcing required 16ﬂ\
Check T — i
heck Toe F)D
. A
f,_

Faclored soil pressure

6686 _ _
N — 4370 psf @) P
J5 x 55 - 15x 173 pst (@ / P, X
P, P,
x 102 - 3.0 — 25
p, o ¥ 102-30 C0m00
) 3 x 102
02 — 30 + 154
P, = Jx 1O 0+1 x 4370 = 2285 pst
' 3 x 102
M = 4370x325x 1) x 67x3.25 ~ 15394 "

M = [ (183215041 x 110)x 3% (3 + 25) |x12=2422"

£

Mesin 13,394 -2422 = 12,972
A, (Per CRSI (ormula - See Ixample #1)=0.17

200 o
or | —— | 10x 10.5=0.35 sq. in./ft.

Y
Use 1.33 x (.17 = 0.23
79

Use dowel bars- #8 @ &" A== =118 OK
3 285
v, = 3—7-9—22—8 X(3- 154) (183 x 150 | [ x 110)(3-.1.54) 1.2
= 40964

Basics of Retaining Wall Design
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DESIGN EXAMPLE 2 Page 8 of 8
Vo 8996 \
12 x 185
Vallow - 2 X 8".3 R 2500 =85 OK \:1
Cheek Heel ; '
+ Vl2 o1 .83
lgnore upward sojl pressure —
5 ¥
W, = 9092x12= 11807 1.5
+024x 1.2 749
+74x1.2= 89
167 x 1.2= 200
W' o= 183x15x150x1.2= 494
2732 °
M, = 3163x LS. 2372
2
Liffective thickness of footing =20 -2 = 18"
2018
SR L B
2x12 T
goo B2 s spy 7 137 OK
048
No reinforcement required
V, = 2722 %
2722 J
o T ———— =113« 2 .= 67 OK
12 x 20 P
Basics of Retaining Wall Design o Pagc 13
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DESIGN EXAMPLE 3

Page 1 0f 6

Design Data
Code: IBC '06
Eq. Fluid Press — 30 pef
Soil Bearing = 3000 psi
Soil Density = 110 pel
Passive = 300 pel

Surcharge / Axial as shown

2 2500 psi
N 60,000 psi

Negleet soil over toe for pussive

Stem (@) Base (= 10.0)
M, =
30x9°

=

.75__5

d =8 - 63"

The general solution for A, (per CRST)

: 7
x kd x16+200 .xﬂ x o xLO+¢200x12+300x1.6)—
3 1140 2 12

Pry, =200pH . 7
u =300pH ’I'T‘ 200pef
Phiad

fmeme 87 Conerete
a0

_5':9:_71(
s
-2

q

9,787 %

L7 £, bd 289 (f» bd)*

_ 68 o bMy

1
27y, 2

2
Iy

For b (unit stem width) -

12", f, = 60 ksi:

ofy’

this reduces to:

A = 0171 d- 4 029 ¢ a7

— 00637, M, [M,inin-kips]

0.42 sq. /L1,
A, (Per above CRSI) = 0.42 sq. in/IL
200

Pugn = = =.0033
Jy

or 1.33x042 0356 (Sec ACI

. 44
Use # 6 (@ 9" A= —
s # 6 (@) 3" 3
A4 x ol
. 44 x 60 138

85 x25x 9

= 17X25%5.63- 4029 (255563)° — 0063 x 2.5 % 9.787 x 12

10.5.3)

44
Y x 503

a9 = {087 ;.0033

P_

Basies of Retaining Wall Design
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DESIGN EXAMPLE 3 Page 2 of 6

M, - .59 x 60,000 [5.63 - %} x 90 x IL" =13,115"=9787 OK

g
Stress ratio = 97875 = 0.746
Check Stem Shear
3097 3(
v, = 2257 16+ 200 ¥ 2L x9'x 1.6 = 2729
2 110
2729
v, = 2 =40.4 psi
12 x 563

Vallow = ¢ 2 /(i = 75 x 242500 - 75 p‘i] OK

Check ecmbedment into footing

02x ] dy 07

For hooked bar —

fe

or 8d ,, or 6"

_ 002x 60,00‘;(:) x I5x07 s

Choose to reduce by stress level per ACI 12.5.3.4

cmbedment 12,6 % 746 — 940"

TFooting thickness required
= 94" +3"¢lear=12.4"

usc 14" thick  (d -~ 14-3-.50 - 10.5"
arbitrary T

024 x 0,75 x 60,
b, - 200D XO0000 o 6

2500

Assume Class B splice w/continuing. #6 bars above, then lap = 16,1 x 1.3 — 20.94",

Basics of Rctaining Wall Desipn o
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DESIGN EXAMPLE 3 Page 3 of 6

Check Stem @ + 1.5 Above Footing

M, - '14—4 x 60,000 x(‘j.ﬁ‘} - ﬂ] x 9 x % = 69767 = 6250 OK
5 ,

c

024 x 75 x 60,000

Lap length over dowels =

42500

splice)

Fxtend ftg. dowels 30" high,
Check Shear
v, 20ETT 16+ 20022 & 75 x 16 — 2005
2 110
- ﬂ(_)ﬁ_ =297 <75 psi
12 x 5.63

-

750 15 5 . 7
M, = =73 x I xl6+ 200£ X ! X L6+ (200x124+300x16) —
2 3 10 2 12
= 6250"
. ) 44
A, =0.257 [CRSI formula] Use #0 @ 18" Ay = 'TER 0.293 = 0.257
44 x 60
M 1.5 4= —— = 069
Lex’> kS r 251 IR

x 1.3 =28.1" (assuming Class B

Basics of Retaining Wall Design
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DESIGN EXAMPLE 3

Pagc 4 of 6
Stability Check
ltem Wit arm ™ -M
Stom - x 150 x 9 900 x .67 - 600
12
Farth 3x 110 x 9 4950  x 35 = 17325
Surcharge 5 x 200 1000 x 35 = 3500
Axial I w0 XK, = 17
Axial L. 0 X M, = 23
Fooling 6 x 1.17 x 150 L0533 «x 3.0 3159
- 2 10.17
OTM carth = S0 10177 = = 5259
2 3
Surcharpe = 200 x ) x 1017 1017 = 282]
110 2
8403 24,626 8080 |

w/o axial 1.1, — 8103
24,626  R080

X (from front edge of footing) = e 2V20 — 197
( £ &) 8403
6 . " . | . .
e = —2— -1.97=1.03'=1238" Middle :;=ug =100 {t. = 12.01in.
Slightly outside middle third |
Soil p= 8403 =2829 psf
T5x6-15x103
24626 - 25
OTM ratio (w/o axial LL)Y = —49——2-——— =304

NOTE: If surcharge 1s live load it should be excluded from overiuming and sliding
resistance and lateral pressure reduced accordingly,

Basics of Retaiming Wall Design Pape 138
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DESIGN EXAMPLE 3

Page 5ot 6

Passive resistance

300x2.17° 300x 17
2

-

= 556 lbs.

Friction resistance (w/o axial LL)
= 8103 x0.40=324]"

- 5 32
Sliding tactor of safety = % =180

OK =1.5

Cheek Heel

Check Sliding
3 _ 2
Total lateral = LL—;L”-" + 200 m% x 10,17 = 2106

Factored total vert. load = 8403 x .21 300x 1.6 P/
10,204 oo !
o .
501l p{using ¢ = 1.027 = 10,204 . 3x1.898=5.94' .08’
Jix 6 1353 x 102 -
800
= 34560 psf ’
o 4.94 : .
Soilp @) P - —— x 3456 = 2874 pst
PR Sof P
5° .

Mo = (117%150x 121 110x9x 1.2+200 x1.2)x = =20,483"

] - }
Mt = 2874 : 494 . 494 11.680"
Mclesign = 20,483 — 11,689 - §794"*

200
A, (w/d=11.5"=0.164 sq. m. Pmin —— =.0033
Jy :
A, min required = 0033 x 12 x 11.5=0.455sq. in. or 1.33 x .164 = 0.219
Use #5 ¢ 9" to maich stem dowels.
Ay 031 =0.41>0219
75
Basics o Retaming Wall D'csig,n Pagc 139
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DESIGN EXAMPLE 3

Page 6 of 6

Check Shear (@ Heel

Ve face of stem=(1.17x 150 x1.2+ F10Ox9x12+200x 1) x5

=8593"
8593 , ;
= m =02.2psi< 24/ f. =75 OK

Extension ol top bar from stem face
002 x 0,625 x 60,000 < 0.7

+ 2500

- 105

Busics o Retainmg Wall Design
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DESIGN EXAMPLE 3 Report Printout
Hugin drooks, PE. SR Titia N3 Page:
Fretain Dre Badouse dob® Thegrir: Db 4L 12,2008
B Box 826 Uorona dei Mar, CA 92625 Cesanphon...
hhrookaflimmts inpso.com
SA5-721-1003 ‘Fhis Wall i Flle. ciprogram ks rpzainexampies. rpe
Rty Prar @ 40 1958 200 Wik 300 S058 .- :
Yuginieatlon i RS- § RF5.03 Cantilavered Retaining Wall Design Codo: IBC 2006
Licenseod to: {The company name Qoes berel
' Criteria ‘ | Iﬁﬂil Data I - T — )
. ot — 507 Afow Bt Branng 3 Gt0.0 pef i :
Ralained Hugt | _ ; gy Couivalant Flad Prossurs s :
Wail hr?nght abwe sal = . L Ative Pressuma = 0.0 pehit ;
Giopn Bekang Wali = 9.00 1 Toe fedive Pregsus = 3t paiiit :
Hesynt of Soll ower Tog 12.00 in Fossive Fretsuls = 300.0 paiit i :
Wisten Dight over apul = S84t Sall Donaiby, Hew = 1000 pd :
Soil Dansity, Toe +10.00 gt ! ‘
Foctivg| k50l Ection *  D.400 ;
il ormEnent - el night o ignors )
\t’a?:;;r agﬁzwgsaum ?agmf forpassive pregadre = 12004
MOYT USEL far Soil Fresswre. 1 - e
NOT GSED far Slding Resistance l |
MO UEED for Cwariurmag Resislanoy, " =
; Thuminail
{Surcharge Loads | TUateral Load Appied 10 Siem | Adjaccnt Footing Load
Surchame Ovze Heri 0 2000 psf = RET L] Adiacent Focing Load = [
Ll T Besis Shhding & Guenuming Lﬁz#ﬁ = = 00" T elrrsy VWindk - oo
Surnparge Over Toe = 0.0 psf . Himight 1o Boties! = nonf Extgmibrny = Uk i
NOT Used fof Sding & Crreaur Wind e Stem - 0.0 ps? ‘;f“’-‘i‘ ta F‘tG Ci Bisd a O‘EC‘ ft
ial L. oo Type Lne Enan
"Ama Loac A Baze Above/Below Soil .
Auxial Dad Luad 2005 o, At Hard af Wil ion
fodel mﬂgﬂm " Poleson's Flatio = G40l
[Design Summary i Stem Construction I Tepdtem 2l
- Stere QI B LupiEmb
Wl Staklily Habos Drwig Hokgit Ahowe Fig  fi= [ a.an
Crvrriuming N A0A 0K Wil Motnid Above "M = Congele  Coircrels
Siding = 181 Trickness M 808 240
Fiduas Sow = #* B ¥ B
Ywtal Beanng Load a 8,417 ths Rakpr Spacing 18.00 500
o dumaltant ecc. = 1274 in Hebar Pt A Ydgn =Ty
- v ) Desigm Dem - -
Soil Pressuie 4 I;:ﬁ bl 290 é pst O toFE 4+ faffa o.Bu7 w251
BTIIP&-A;‘I: 1 4 Hend = 200 P‘-‘-: [ Total Porco i@ Seqtion == ZUDLE 27055
0?,“;1 A s | Tuan A\i;r;wau\ups Mpmert,.. Asluti e G2405 9778
AC! Faclored & Tow 3590 paf Momant .. Allovwsike #6860 13054
A Faclored (@ oot = 0t S, . Rctbal pel= T LA
Fochng Shear €2 Tea = 0. pet OK ghear, . Alowabia  pi= 730 Tl
Fooling Sheur & Hewrl = G pai DK Wall wehl pate 4023 W o
Allvantda = 750 pa Ratpr Caplh T ) n= 2.53 583
Sliding Calos [Mafical empanent MOT Lsed) APSPUCEIRAROVE W- BR O # o8
Lasperal licdiny Fuoreas = 2AUDL s it n= i
s D%, Paggivs Forcr = - 5542 b HOUH EMEED INTE FTG 0= 40
lemiss P0G Frcticn Fore = .+ 9,252.6 Bis "'\';’;““"5’ Data .. o -
Added Force Rieg'd = 0 e DR Ve psi=
horilb el Btetidy - 0.0 Ibs OK Sl Caroding =
Lead Fectom ... - o
Ruiidsng Gade 154G 2068 Mpdular Hin W =
126594 Lot 1,200 Shont Torm Factor =
Live Leat 1.800 Fguiu. Gl TRink. =
Efdi, H 1800, Wartizrey Block Type = MA=dien Weight
Wind. W 4,800 Masrney Beslon Methos 7 ASD
famric, B a Conurene Daty —_— e
ramric, b 1 Ot o peie | 28000 2 5000
by paiw BOOMLE  ED000O
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DESIGN EXAMPLE 3

Report Printout

{_icamraes to: ETHE Gaingsny rewnd o lucs]

Hugh Braoks, PE, 8C THe - EX2 Fage: .
. Retpdrs Pro Bofrwars dop ¥ - Cagne: Dot JHL 12,2008
3 Box BI6 Goroha o Mar, Ca 92625 DERGARTAR...
- hbrophsiretainpre.com
BARTIN-4D29 - This Wall b Eile: ¢\program Sleatmz6iTexmmples. b
Frmin Pro 8 4 1969 200 Ver 3 00 SO0 N
Raghirausn 5 RE-11191 & RPrAY Camtileversd Retaining YWall Dasign Camlo: 1B 2008

| Footing Dimensions & Strengths i _ ' Fooling Design Resuils 1

Toe Vitoth = . Has|

_i-?eel Wit - Factomd Prasaurs = 2,528 O ot

Totl Foctirng Width My Uoward - 168 U f-#

Fomting Thickness = 1440 in B Liowowetc = h O R

Wit _ 6o g Desian = ATh 97T fadt

ey it = o0 Actual 1Wusy Shenr = QDU BLI6 pmi

ey Boplh . - gggf:‘ Miow TWay Shear = 7HO0 7H.00 psi
@y Distance wom foe = & Toe Renforing 4 & 1BODIN

fz= 2500p8 Fy =  G0.000 pai leak Reirtarding " %@ 1B.00 N

Forting Caoncnme Drnsky ~ 150,20 pet ¥ey Rrinfoiwing = Mone Spasd

VAn. Ae % L Cnhver Ascopmble Sives 8 Spocings
Caver ) Top 200 @ Bm= 200 In Tos: Mot ragid, M = 5 = r
b R4 8.5 N, €5 14,750 in. #5480 20075 In, WTED 29.25 in, M 3T O in, MGG 47
Key: No key canned
| Summany of Overturning & Resisting Forces & Momenis I
Fcr::\;slowfﬁ;rgﬁrgrﬂmﬁnmm Fur:ﬂ_Rrsglggﬁ&“ Moment
Itewn Bs f. % [ t L
Heal Aotive Protocne: = 4 5605 330 52542 Sl Creger Hesl = JLQd-Sd 349 o 1'f 2HHB
Sueshaie over Hoel = 5545 506 e Hoped Bod Over Hea! -
T Aitive Praseing = Sanehame Over Hoeel = P87 349 E L
Huchage Dver Tee = Af|acent Foony Lo =
Adipoart Foodng Load = Megitit Bszed Lumd om Skomi= 200 & .06 L
Adier Lateral Load = " focl Lavie Lowsti oy Stem = 2000 0.0R 24.0
Lo 8 Stom Above S - Sen! e Toe = 35.3 Q47 s
Eurchage Crvar Toe -
Bwm Weightis) ant e {1 fifs A97.0
Eaith i Stevn Yeansibians =
Totat L10Rd OTM. Faol s Weight = 10483 3.00 kRECE
Remsiving!Onmrtiarn Ing Fostio B K=y Waight -
ierbiensl L ymed for S04 SAressure = 842656 1b4 Wi, Curmpdnent =
Total« 8250 ks RME 345161

* Raanl fye foad KOT incided | I nweTtHm i
Pt . B b e Tor ol e, o e fo mvertiming

PEGIGHER W’T'Eéi;
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DESIGN EXAMPLE 4 Page ¥ of 4

Desigm Data

Code: TBC 06

e
Equivalent fluid press. = 30 pet -
Wind on fence -= 15 psi 6’ —
So1l bearing - 1500 psf R
Passive — 350 pef JL,W
+—
Soil density = 110 pel g
i 0.45 - Tooting friction coetl. 3¢ A
frn = 1500 6" T, 4
Use LRFD mcthod . Gn.
£, = 60,000 - 2
o = 2500
fy = 60,000
Negleet soil over toc for passive
Check Ferce
5 x 6° , . ,
M @ base - 1Bx 6 ; © _270% (for design of fence connection to wall)

Lateral @ bott. of fence = 15x 6 =90 pll
Check stem &2 base (Ht = 0.0)
Use LRFD Design Mcthod

{Load factor wind and earth pressure -~ 1.6)

M, = [-zﬁx-ﬁ A S ittt S R

} x 1.6 = 1520 ft-1bs.

L

o

Fy
l—aql&

Lise 8" block sotid grouted

fy = 1500x .33 =500 psi

Try #5 @ 24 in. (A, = 0.31/2.0=0.155)
d=7525"

- 8" Block

15 psf

B;.&ies of Retaining Wall Design
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DESIGN EXAMPLE 4 Page 2 of 4

L. 0.155x60000
0.80 1500 x 0.80 £ 12

oM, — 0.90 x 0.155 x 60,000 |5.25 - (0.81/2)] x £/LZ=3379 ft-lbs.

5
Stress ratio - ﬂ -« {145
3379

Stem Shear

] | Wow 4T
Lateral (@) base = {15 paf oy & 4 2 1 t j:v.:'l..?} = 528 ths,
52 -
v =—2  _R38psi< V750 274 OK

12 x 525

Lmbcdment into fig, w/ std, hook
_02x60000x 0625507

V2500

Min. {ig. Thickness = 10.5 1 3.0={3.5" Usec 14"

105" Use 6" min,

Basics 01"]_5{}:ra.iuing Wall Design R TPage 144
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Check Shidng

: 30 x 5.17°
Tolal lateral - 6'x 15 psf+ T

“

Friction resistance = 1043 x 45 =469 lbs.

DESIGN EXAMPLE 4 Page 3 of 4
Stability
Item Wi, A1 +M -M
Fence -0-
" stem 4 x 78 psf 312 3.0 936
Tarthover toe 0.5x 110x2.67 147 1.33 195
Footing  1.17x 150 x 3.33 584 1.67 975
Wind OTM  15x &' 8.17 735
_ 30 x 5.17°
Soil OTM - }Q_X_TJJF 1.72 690
1043 2106 1425
- 2106 — 5 3.33 )
= 2106 = 1825 _ 46 e v Y L 66=1.0=12"
1043 2
} } 333 ) : . :
Middle third e = —— = .53 . outside muddle third
Soil p= 1043 = 1043 psf
T8 x 333 -15 % 10
. . 2106 . ,
Overturmng ratio - YOr x 148 {consider OK because of wind load)

=490 Jbs,

Basics of Retaining Waull Design
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DESIGN EXAMPLE 4 Page 4 of 4

350 x 1677 350 x 5

Passive resistance = 5 3 Critical for M ' 7
atd e, Critical for V —=—= 5]//
: 8.5"
Sliding ratio = 422 =42 _ 8615 oK v e AL- U
49() /
Check Tog 1346{ -
‘I'otal factored vertical load = 1067 x 1.2 = 1280 Ibs. gL+ 88
_ 1280 : (U
Factored soll p= = 280 psl '
75x333-15x1
1280 x 2
MT = T’” (3.33 -.67 - .50) = 2765 fi-1bs.

i

M = (150x 1+ 110x.5)2.67 x 1.33 x 1.2 = 874 {i-lbs.

Moesiga = 2765 - 874 = 1891 ft-Ibs.
v, - lzgoxzx%_(‘150x1+110x.5)2.67x1.2=623 Ihs.
v, = _023 495 vy =76 OK

12 x 105

Toe Remiorcinge

M, - 874 ft-1bs.
d = 14-3-5=105m
200
A, required = 02 A.min = — =.,0033
Iy
Min. reinf. = 0033 x12x10.5=.0416
or = 133x%.042- .03
or = .0018x12x105=0.227
Sclect #5 (@ 16 (to match stem dowel bars bent to toc)
3
A= 03 0230227 OK
133
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DESIGN EXAMPLE 4
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Sicpe Behimd Wall = D00 1 Toe Actwe Prossule = B pRi |
1{249at ot Soil over Tom &00 N Pegsive Fressure = An0) penh : :
Water height over el = B.on Eoil Dnsity, Heed = 10,00 pot : i
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Acxial Live t aad - . Foisson's Ratio - TR
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Sem
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DESIGN EXAMPLE 4
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DESIGN EXAMPLE 5 Page l of 3

Freestanding Yard Wall ‘
& CMU
Design Daly
o]

Code: CBC 2007 (- IBC "06)

Assume California so selsmic governs over
wind.

Soil bearing = 2000 psf

Use 6" CMU solid grout

Equiv. [uid pressure = 30 pef

)
.
3‘; -
7

Passive =400 pcf

o =040

S 1500 ¥, = 24.000 !,
/ rf*z : Ay
o =2000 £, = 60,000

Determine seismic lorce faclor Fo/ Wr
Per ASCE 7-05, 15.4.2 (Rigid nonbuilding

structures)

From Hazard Maps for short period assume S, = 1.10

Scismic Design Category D

F,= 10

Sms—F.8.=1.0x L.10- 1.10

Sps— 0.67 (1.10)=0.73 (Eq. 16-38)

Equation (15.4.5), rewritten

Fo/ W, 030 Sps I=030x073x 1.0 022  (Assume [= 1.0}

Input F/W, = 0.22 x % - 0.16 for masonry ASD and overturning

Convert to ASD 1

One-third stress increase permitted per IBC '09, 1605.3.2

Busics ol Retaining Wall Design
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DESIGN EXAMPLE 5 Page 2 of 3

Stem Design, Masonry

-

M = (0.16x 58 pst % = 1067 ft-lbs.

Usc #4 ¢ 48" (@ center (d — 2.75™)
20

A, =2 =05
4
215 x 20 5 -
L LE LT / ~9.57 92
" 4% x 2.75 ki :
M, - 24000x133x.92x275x.05% % - 338" =167 OK
30 x12x275° '
M. = 1300 x 33 x 12 x 27 x1_33xl=525ﬁ
957 12
V. = 0.16x58x6=557lbs.
55. . _
v - 87 1.68 par OK
12" x 2.75
v (Allow) = T500=238.7> [.69 OK
Check Stability
6 30 x1.337 133
Overturning = 6.0 x .16 x 58 [; + 1) I "71 % =234 ft-lbs,

Resisting moment =6"'x 58 pst'x 251 [10x 33 x1.5x [25+1.0x150x20x1.0

= 455"
- 455 — 234 )
X = =(.32
6 x 58 + 353x 110 x 15 +20x 1 x 150
W = 702 lbs.
e = 207 _032=068 middle third = 207 = 0,33
outside middle third
Basics of Retaiming Wall Diesipn Page 150
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DESIGN EXAMPLE 3

Page 3 of 3

2
Soil p= 702 — 1463 psf <3500 ps[ OK
F5x20-15x .68

455 _ 1.94  OK wiscismic
234

£

Overturning ratio =
Lateral foree @ basc of ftg. = .16 x S8 x 6 4 (30 x 1.33%)/2 — 82.2 Ibs.

702 x 40 +

-

A

400 x133% 400 x 337 ]
2
=7.45

Sliding ratio =

$2.2

Check TTeel Reinlorcing

Neglect upward soil p

2

L

[ ]

Md (1.0 % 150+ .33 x 110) x 1.2=252"

5

M, stem 167 x 1.6 - 267 ft-lhs. « poverns

d = 12-3-5- 85"
Acregd = .04 YT 1, (per CRS1 equation)

200

i — - = 0033

Iy

LA min=0033x 12 x85= 34 0r 1330 .05 - .067
- 20 o
Use #4 ¢ 48 (to match stem dowels) A= T = .05 < 067 Consider OK
V, = (1.0x150x 1.5+ .33x110x1.5)1.2 =335
35

v, N R 33=76 OK

12 x 85

Basics of Retaining Wall Design
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DESIGN EXAMPLE 5
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DESIGN EXAMPLE 6 Page 1 of 4

TAPERLD CONCRITT STEM -

Include seismic effect _ _T{ 3
o R s T ] =
Assume lateral support atl lop of fooling 41— 1 Gl
y . " 7
Angle of internal friction I N
. \ SEISMIC
. d) - 24 . I \\ /-a_.wm
Wall friction angle SLAB | / \
7 / . STATIC
—_ i — (/0 j— Cr v L \
—o—A—w o e \
L 2“_0“ L a A
Soil density - 110 pel §l | | 5l
foo 3000psi £, = 60,000 psi 128"

Backfill slope=3:1 == [84°

Wall friction angle assumed: 6 — 177

Determing seismue [actor, K,

Assume high-seismic California

From charts in IBC for "short period”, sclect 8, = 1.274

Then Sy = F, 5§,

F, — 1.0 (This is a function of soil characteristics and value of 8,. See Table 1615.1.2
im IBC).
Sms = 1.0x1.274-1274

5
Per FEMA/NEHRP {(Commentary) 03, Scction 5.3.1

Ky~ 22 04050.85: 034
2.5

Use Ky - 0.34 an' § 034 18.8°
Determine static and seismic lateral pressures

Use Coulomb/Monokobe-Okabe equations

sin” (¢ 1+ 90)

sin (90-r{1+ \j sngrojsmip—p }
sin (90 — &) sin (4 + 90 )

I<A =

sin” (34 +90)

= = = 0.328
C sin¢34+17}sin¢34-184
sin (90-17) |1+ sln ( = )Ln( )
sin (90 17 )sin{184 1 90)
K (honizontaly=cos § K, =0.96 x 328=0.313 .
_I{;sics of Retaining Wall Digsign ‘ l o T Tage 154
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DESIGN EXAMDPLE 6 Page 2 of 4

sin” (¢ +90 — &)

Ssin(g 1 ysing 0—J) |
sin (90 -3 —)sin (f+90)

Kar =

cosfsin(90 8- 4 {1 -1-\}

sin” (34 +90-18.8)

sin (34 +17)sin (34 — 188 —184) |
$in (90 — 17 — 188 sin (184 + 90

cos 18.% sin90-188-17) ]:1+\/

Beeause term under radical 1s zero
KAE = 1 2!

Kap (horizontaly =cos 0 K. =096 x 1.21 - 1.16

. 0313110 x12° e
Static lateral at base of stem = ; 5 x 1.6 = 3966

)

(L16 —.313)110 x12°

Seismic portion of lateral = =6732"

3]

Static 1 seismic lateral at base of stem = 3966 + = 6732 = 10,698 *

i 122 4
0313 x 171011h < % x 1.6 =15565"

Mslulic i base ”

M.ciame (@ Stem basc assuming point of application = 0.6H
6732 x 0.60 x 12 =48,470 "
Mu (@ stom base = 15,865 + 48,470 = 64,335 "
[eight to resultant of static and scismic forces
158635 + 48,470

= — - 6.01 ft. = mid-height
10698

Check Base of Stem

Mauic — 15,865 ™

Maciemic = 48,470 % 1.0 = 48,470

Design [actored moment - 13,865 | 48,470 = 64,335"
Try 18" stem d=180G-25-15.5"

A, required = 017 fud - J 029 (/gd)“ — 0063 /1, M,

= 17x30x155- \/_029 (3 x153)° - 0063 x 3 x 64335 x12

Sq. 1R

ft

=0.965
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DESIGN EXAMPLE 6 Page 3 0f 4

Cheek for A, min.- 0033 x 12x 15.5=0.61
Usc #8 @ 9" A 213350963
- 0.75
v, factored = 10,698"
t
= 10698 _ 57.5 .75 x 2 x +/3000 =82.2 psi
12x155
(Note: This example does not include seismic due to stem sell-weight. If desired, this can
be added as an "additional lateral load,” using the appropriate seismic (actor.)
C'heck stem at 4.0 ft. above ftg. Retained ht. = 8.0 fi.
t= 155" (by interpolation) d say 130"
Use same procedure as base of stem
M, = 19,010

Acreqd. @4 high=0.17x3.0x 13.0 - \/.029 (3x13)° = 0063x3x19x12

- 0032 4
.
. 0.61 .
Use #7@ 18" A== =041 0.32 OK

Stability und [voting desiym:
Tolal ht. @ back ol heel = 12,0+ 2.0+ (5./3) = 15.67'
(Assume slope starts aligned with stem al bottom).
313x110x15.67°

Static lateral @ boil. ol footing = 5 = 42294

(116 —-031) 110 x15.67°

Scismic lateral @ bott. of footing = 3 x0.71 - 8150

Total lateral = 4229 + 8150 = 12,379 (Converted 10 ASD)

Try 6'-0" toc, 6'-6" heel {incl. stem) = 12-6" total width

Overluming moment = (116 '3]3)71 10x1567” X.6x1567x0.71=76310 ft-1bs.

To convert to ASD, T

. Cqqn 3
N 313 x110x 1567

= 76,310 +22,067 = 98,377 fi-1bs,
2x3

Basics of Retaining Wall Design l Page 156
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Page 4 0f 4

DESIGN EXAMPLE 6

Resisiing Moment
(Use vertical comp. to resist overturning but not to reduce soil pressure).

Resisting moment = (so1l over heel) (arm) + (sloped soil over heel) (amm) | (stem
wt.) (arm) + (earth @ stem) (arm) + (fte. wt.) (arm) | (veri. comp. @ back of heel)
(arm)

=(5x110x12)(10) + 5.63 x 188 x .5 x 110) (10.63) + (16 x 1.08 x 150) x (6.57)
+(12x.63x .55 110} (7.29) + (12,5 % 2.0 x 150)(6.25)

+4229 tan 17°) (12.5) 131,543 ft-Ibs. (Vert. comp. =.4229 tan 17°  1293°
Total vert. load = (53 x 110 x 12) + (563 x [.88x 3 x 110) 1 (16 x 1.08 x 150)
+(12x 83x.5x 110y +(12.5 x 2 x 150} + 1293" = 18,365

131,543 _ 13
98377

Overturning ratio =

Soil pressure: (Vert. Component not nsed)

131,543 - 98 377 - (1293 x12.5)
15,365 -1293

=121 it

; =
Eccentricity = {12.5/2) - 1.21 = 5.04' = 60.5"
¢ for inside middle third = 12-% =208 . Outside middle third

. 15365-1293
Soil pressure = = 7753 psf
T5x125 152504

0.4 x15365-1293)
12,379

However, noi applicable since slab is present and to be designed (o resist lateral.

Sliding 5.F. = ={.45

Basics of etaining Wall Dcsién _ Page 157
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DESIGN EXAMPLE 6
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DESIGN EXAMPLE 7 Pagc | of 2

RESTRAINED CMU WALL Va
Design Data o
Code: 1BC 06 E’ﬁ” -
Soil bearing = 2000 psf n - WIND=
Soil density — 110 pef | ' * 15 psf
EFP — 30 psfii. 4’0 s
Passive - (nol appl. because of floor slab) 7 it
_f';”. - 1500 psi o, e & CMU
o &' -0
f, - 24,000 psi / 1 SLAB
£, =60,000 psi i A0
' s o= F
Fe = 2500 psi U0 L L
] Ll
W wind - 13 psf i - 30
P —144pif DL
e =7.0m.
Assume 100% fixity at base
Assume lateral restraind al top of [boting to resist sliding
*Moments, Shear, and Reaction
R - reaction @ top restrainl = 160 lhs. V at base = (683 lbs.

M (@ top restraint 144 (7/12) t 15x(3.33)Y/2=167 *
M (@) base — 7488 in. lbs. = 624"

+M Max. = 2592 in. Ibs. = 216" @ h =584 ft.
Check stem @0 basc

M =7488 in. lbs. — 624 (1. lbs,

* {Obtained from Single Span Beam Analysis program in Encrealc's Struciural
Engincering Library, Version 3.8.)

Try 8" CMU, #5 ) 32", d = 5.3", solid grouted, n = 21.3

Tm=1500psi  £,=24,000 - 33x 1500 =500 psi

. 21531
Use #5 @ 32" o.¢. @ edge np= ———— ={.040
) 32x3525

2;{' -89 P=0.92

(/
SO0 x12x525% 1 i
M, = 20 X124 x— = 1548 ft. Ibs. = 624 OK
8.9 12
Basics of Rcf:f;in.iﬁ:g Wall Dlegu B Pagc 160
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DESIGN EXAMPLE 7 Page 2 of 2

M. = 24.000x L 5 902525 =1122" = 624
267 12
9
Vo =490 lbs. V= ﬂ“‘ =7.78 T Yllow — 387
12x525

Check (@ Max. Positive Moment

+M=2592 in_lbs - 216 ft. lbs.
Use #5 @ 32" o.c. (@ center

21.5x03] | . .
=220 056 / — 780 =091
T3S ki J

z 17 % 3. 5? ) .
M- 20x12x375 1 _go) [t bs. =216 OK
780 12

0'3_1 x081x3.75% ]% - 792 ft. lbs. = 210

6H7 2

M, = 24,000 x

Check Maoment (¢ Lateral Support
M =167'#
Use #5 @ 32" o.¢. (@ center

OK per above analysis for positive mid-height moment.

501l Bearing
0.02x60,000x.625x0.7 N 624

~2000 122

=6.5"

Embedment of hooked bar in footing =

Min. ftg. thickness = 6.6 1 3.0 = 9.6 in.
Try 30" wide ftg. Centered under stom  Usc 127 thick = 9.67

only)
= 2406 M (@ hasc = 624"
Distance from toc to cenlroid of s0il pressure
133Fx 78154117 x6x110x242+ ¥ x ' x 150 v 1.5 1 144 x 92 — 624
2406

= 1.50 ft. e= 2’:)9 - 1.50 = 0.0 ft. (in middle third)

=

2406 N 2406 x 00 x 6

2

3_

Soil pressure -

= 802 4 0 =802 psl max. (uniform)

Basics of Retaining Wall Design
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DESIGN EXAMPLE 8 Page 1 of 2

RESTRAINED CONCRETE WALL
Code: [BC 06

Tie-back @ 16 fi. high 3

Use EFP =40 pef 1=
Backfill slope = 3:1 M
Soil bearing = 3,000 psf " § - ]

Fn=3.000psi L= 60,000 psi s

Slab latcral restraint (@l base

Assume stem “pinned™ at footing

Reactions: ’ - ]
40 1 201 18'=0" Li=12" CONCRETE
W % © §,000 Ibs. ‘
8000 x (20 +—SLAB
R {u) tie-back = 7(& £
- 16 FY I E—
=133133 !hs/ 1’0" '
h L | 2-0
R ¢ base - [40 % (20 +1)° /2] - 3333
= 5487 lbs.
Moments:

Dist. to max mom where V. =0: =7.0% by
statics

Max. pos. moment = 15,250 x 1.6 = M, = 24,400"

Design (@ max. posilive moment

M, = 24,400 Try 12" (d=10")

Asrequited = 17 x3x10 — 029¢3x10,7 0063 x3x244 x12
=0.57 sq. m./[i.

Use #7 @) 9" 0.c. A, = % = 0.80 > 0.57

Design momenl ai support = 426" x 1.6 = 681"

Use min. vert. reinf. (@ cenler throughout O.K.B.L

Min. vert. reint, = 2(%. =.0033 sq. n.
Jy

#6 (@ 18" 0.c. @) center vert. A=Y = 0041 = 0033
: - (6x18)

Total vert. load to ftg,
= 20x 150 1 .50 x 20 x 110 = 4100 1bs,
Try 20" wide ftz.  Assume "pin" connection wall to footing.

Basics of Retaining Wail Design
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DESIGN EXAMPLE 8 Page 2 of 2

Meoments about front cdge of fre.
~(20x150) 1.0+ (50x20x 110) 1L.73+ (2 x 150 x 1.0)
= 5225"

a
Ecc. = [(5229/4400) - (272)] x 12 = 225"

2.25

Mom. @ stem-ftg. interface due to ece. = 4400 x =825 ft. 1bs,

Allow. Mom. @ stems - ftg. interface:

N 31 x 60,000
1L5x0.85x3000x12

3
M, = S x 60,000 (6 -

x— =5993 ft. Ibs.
1.5 12

“

0.40} !

Since base of stom allow. moment exceeds mom. due to ftg. cocentricity, soil pressure i3

uniform =

+ 1 x 150 = 2350 psf.

i

Note: If stem [lg. mom, = 825 ft. Ths,, then:
4400 4400 x (2'25]7) x 0
+

2 22
= 2200+ 1235

Soil pressure =

=062 pst {w e
= 3434 paf (@ heel

Note: Check slab for this lateral force of 5487 Ibs. — usually resisted by sliding friction.

Buasics of Retaining Wwall Dc‘é‘ign . - Page los
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DESIGN EXAMPLE 9 Page 1 of 3

Gravity Wall:

Retained height = 6.0 fi.

Wt. of rubble masonry - 145 pet

Allow. comp. = 100 psi no tension = 10 psi
Allow. passive = 300 pef

Soi1l bearing = 2000 pst

Cohesion - 200 psf

Width of stem base = 30 1.

S @ base = 122300 100 i

6

Back(ill slope — 2:1
Soil density = 110 pef

TP = 43 pof
43x6° ‘
e — o= 1548 fi - lbs.
2x3

WL ol stem above base (rubble + earth over
back facc)

145 {(Ix6+1x6x05+05%x6x
0.5)+05x60x05x110
= {688 Ths.
168Y 4 1548 x12
12x30 1800
=4.69 1 10.32
Max. comp = 15.01 psi
Max. tension = 3.63 psi OK
4356" x 05

vi@ base - ——— =215 psi OK
- 12 30

Stress @ baser —

Checel (@ 2'-07" height above base
Thickness — 24”7 $-11524n"

43x4°

2x3

M @ 2" high — =459 fi —Ihs.
Wi oabove 2'= 145 (1 x4+ .07 x4 x 0.5+
33 x4 x0.5 =870 |bs,
870 N 4530 12
12x24 1152

=3.02 L 4.78
Max. comp. — 7.8 max. tension=1.76  OK

Stress @ 2'=

Basics of Retaining Wall Design Page 168
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DESIGN EXAMPLEY Page 2 of 3
Resisting Moments: o - ]
W X M
Sten:
1x6x 145 = 870 % 250 = 2,175 1t lbs,
+1x6x0.5x145 = 435 X 1.67 = 726
+05x6x03x145 = 218 X 317 691
Soil:
Ix1lx110 : 110 X 0.50 = 55
0. 5x6x0.5x110 = 163 X 333 = 544
+2x6x 110 = 1.320 X 450 = 5,940
+1.25x25x05x110=172 X 4.67 - 503
Footing:
1l x55x%x 150 825 X 275 = 2269
4,115 Ihs. 3,208 [l.-lbs,
Overturmning M = it (125;: flgu P10/ - 321*2; =3984 fi - [bs.
Overturning 5. F. = ]3'2_08 332=15 OK
3984
Dist. toe to soll pressure ¢.g.
13,2(181 ]53984 3240
Basics of Rc_fﬁming wall Design R Pupe 169
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DESIGN EXAMPLE 9 Page 3 of 3

Lh

3

— -2.24=0.50
2

¢

within middle third

4115 6x4115:050
55 55°

Soil pressure =

X 748 1 408 = 1156 ps[ -2 3500 OK

(heck sliding:

= 1403 /hs,

43(125+60+10)° 30x2°
Net lateral [orce — ( +60+10) :

2 2

Cohesion resisiance - 5.5 x 200 = 1100 1bs.

) . 300 x 27
Passive resistance = _.,,_:;t,,_ = 6(N)

£

600 T100

Shding 5 F. = = 1.21 < 1.5 Consider key
1403
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DESIGN EXAMPLE 9

Report Printout

rHugh Brooks. PL, BE

Fmkatnh Pro Softwere

At Box 828 Corosa de! Mar, ©A 92625
RbBronks EratRinmm. Lm0
5457214099

Tite - EX.5 Fana
Job#® | DY Trgnn Db AUG 37,2008
Dasoniptian. ..

This Wall In Filo: c=bprey ane Tl pd00Tacsmpies.rps

RetHP Fro 2% 1809 - 2000 vor, 300 8004
Regletration # RP-11104 & RFi

Gravity Stem Retaining Wall Design
Armnmed 4o PFha s name aoas hent]

Semle 188G 2606

] Soll Data

| Critaria
Hatsineg | gt B G0N
Wali apight abov= solf = onofi
Slnpe Bohisd Wi - rd i v |
Height of Sail it Toa » 1200 in
Snil Lenzity = 1000 pd
Wird on Slem = 0.0 pod

Uerbieal cnmiprnrt of pothae

el AGl grass g oplions;
MOT LIFED Jof Sail Pressunm.
MNOT LIEFD lor 8RINE Feemiisncs

Burtharge Loads

NOTUSED for Gverieming Hesstance.

AilEw 501 Bearing

Eruiviatent Fluid Fiessute Mathed |

Fwal Adive Hresaurns
Tuez Arstiwe Pranstaiirn
Fansve Pmnare
Wier herih s heel
Caodmsion walle

i neighd to wingrg
Far PAESIVE PIETELHe

= BAMLE pal

45,0 pupic

30,0 preta

AL pety
o fr

2006 psf

O in

|
I
|
Thumbnaif ‘

- I [ Lateral Load Applied fo Stem

1 [Ai:'i!macent Fmt"ing'Load' .

Buronarge Over Heal - aGre 11,0ad 0.0 B Adjpeard Fogling Load = [ra vy -tY
mwitaed To Resist Aiding & Owdummg Lﬁ’:%?g Tor : 000K Eonting Widih ooo i
Butchage Ove: Toe W 0.0 gt .. Hesigrt o Butor =  DDpof Eccunincity - 0.90 in
Lised tor Slikng S Crvniuming ! Waalb by Fig OL Dl o R
! Axial Loed AppHed to Stom ' Fonting Typs tirg Load
Base: Al wwr/BEeitw Soil
Al Deged Lapd 0.C lbe at Back of Wall - eon
Axiat Live Load = 0.0 (b=
Axlal boad Eccentricty = C0in Fomaon's Rats = 0.4l
i Design $ummary I |Gr€wn‘y Stemj.nalysus Diata finraintoread matenist o l
Tatp) Searing Load ™ 4,134 s Wil Maloriz! Wighl w B0 e
bttt pal - .14 in Foo Max Allow Dompressioe = 1000 psi
SedPraseure g Ter  » V1B oSF ON pop s isleng: - zoon o VAR Allee Tesion = QO
s”;:”"‘:;':&@ ol - 3 gg; D:: OF  rinkrmas & Top of Ftom = 420t m Latytt Load Factar = 18
WA - ; e = ;
Sl Py Lass Thn Aol Back Bater DBEMGE = B 00 i
A Factored @ Toe 1.344 pef £ Hetm ¥ @ Helgh #2 & Felyht ¥3
A F. o G et 352 pet LT 2 T
Fudtrog Shea g 1va = 8.5 po Ok Hight sbowe Faging = 4001t Z.00 % 00K
Footing Shaar @ tewl = B4 paa DK Wil Thick. §f Hught - 8.0 in 2400 ih AN ln
wﬂ?l!cmbh%b" Rato - '?7?} gi! ” Sratina Modulus = B4AO0IME 1102 00 b 1,500 08 i3
E : = Mt <
Siding c.amw ot ot MOIT Lot Mormend £ Height " 57.2 fr 450,718 15400 RH
"+ atgeral 5;;‘1.{,,9 g,m w1409 b Wikl Lond @@ Height = 363.5 Ws BTG s 18225 o
;ess gash:w_e h;:-e = . %g-? ]\Es Azlual Uit ensicr » C.E pgt 1.8 psi &.1 psl
wss Cohesion Forca =1 = lbs Addual Unit Compmssior < i pat 7B pai 1.5 par
Adnd Fanz Fuag'y - .ty b DIK L pai 5 pai
Lfor 1501 Stakiity = ok A b £ Shaar ) Sechion = 88.0 e Al O ik #59.0 s
Load Factors Aclual Unit Bnear ks T i 12 pei 2.1 pai
Eralldivm Cwlde AL 2h0A
Lvaat Load +.200
Live Loac 1.880
Fasth, M 160
Wing W kRcia i)
Sxisme, & 1060
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DESIGN EXAMPLE ¢

Report Printout

Hugh #roois, PE, ZE
Retatn Fro Soware
#3 fiox 26 Gorana el Mar, G 32825

hbrovksnstahpro.com
i T i 4003

Dt

Thes Wadl In Fily: c\program Hies\rp oty et 65708

Hetairr P T & TN - 605 vor: 500 #03%

Linanand to: [The comparry mats b goas here!

Froglafration # HECT1101 & FAR00 ) Gravity Stem Retaining Wall Dezign

Coda: 180 2006

[Footing Sirengths & Dimensions

Vorticn! ieanpangnt of activa presmite MOT dsed for soll prassiems

DESIGNER NOTES:

el WhHEHR = Lo _bed
Mgl Wit ) - Faoipned Fmassee = 1. 045 362 el
“atal Puotiog Welll = ' Upwerd o 1 Pt
Foomng THicknose - 2, A LinwnveRid = o o R
Ky VAnath = 0.0 #c. Design = &4 &4 het
Hey Denth = 0.00 n Actaal §-Weay Shear = 884 B.44 pei
Key Diatance from Tow = oo Allow Wy Sasar = B7.08 57.08 pst
fu = . 2,000 pai Fy = E0.RH ps Taw Pl ol vy = #7605 m
Footry Conorels Dansty = 150 G peF Fhoet Bl At NG = wd @600
Mir. As % = . LR Ky Reinfrin = Nore Syacd
Coverdil foa = 200N &% Byn= 38010 F¥ Rrinfoming -
b A bl Sizes & Sp T
Tk, Byl sy, AL = 57 Fr
thael Mai e Mp 2 5* Fr
Ky, Noehey defned
! summary of Qvurturning & Rezisting Forces & Moments
o OVER FIRRNG. e PRESESTING. .
Fares Liatance Homant Fatrs Diamance  Moimemnt
HEM i L SV L S - iLd
Heng; Active Prassun - 1.482.3 ] & 782 Sail {ver Heel = 1.220.0 4560 58400
Tue Active Pressua = B0 057 =41.0 Sioped Soi O Meds hral:) LX-T BLZH
Sumhange Dvar Foe = Sunchange Cver Heal =
Azt Fooling Load = Adjpeamnt Foating Load =
Added Lateral Liag = Aakd Beag boad on Stem= oo
Lo @ Stem Above Sl ™~ Soil Crr Ten - 14m3 G5 gL 7
Seiemit Lowd = WD .o =23 Surenarge Cver Toa =
Sedrn Stem F4TWE 2 Suwam deigt = 1Ems 236 46658
Tenst U400 OTM = 3E8a E:;‘;‘ﬂ:‘”g;’;q*::’p“‘g et 1650 233 £50.0
Resisdng/Croruming Rarlle = 3.3 Koy Walght ) T 2280 274 23006
Verticaal Loads used for o Pretome — a1y ibs wert. Gompanent
Tobs
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DESIGN EXAMPLE 10 Page 1 of 8

Segmental Retaining Wall — Geogrids
Wall height = 12.0 ft.

Embedment - 1.0 ft.
Backfill slope =4:1 — 14" ‘
Backfill soil: ¢, =337 =120 pef \

§=%¢=22"
In gitu soil: o, — 327 v — 110 pef P

d=¢;=32"°
Use Coulomb method ) lr/
DL 50 psf LL =100 psf T
Base width (trial) -- 75% of 12 ft. say i, _ﬁ_w- o

= 10.00 [
Block selection: Keystone Compac

1" offsets, Height = 8.0 in.,

Iyepth = 12.0 in.

Wt. = 120 psf.

Batter =7.1° «=90+7.1—-97.1"

Active carth pressure — backfill zone

B0

Coulzmb
Figlure
lihe -

D21

K. = sin o | gﬁf)

sin * a sin (o - 4} {l + \f "-‘.!_”' (gé H))M ﬁJ
st (o — 8) sin (- f3)

sin © (97.11 33)

sin (33 4+ 22 jsin (33 -14.0)
sin (971222 jsin (970140 |

sin " 97 lsin (97.0 - 22 ) {1 + J

={0.26
K, (horiz) =0.26 cos (22 -7.1) =0.25

Geogrid Placement:

Lowecst layer at 1" block joint = 10.67 ft.

Space subseguent layers overy 2™ block = 1.33 ft. o.c.

Basics deetaining Wall design Pape 173
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DESIGN EXAMPL.E 10 Page 2 0of 8

Tension to Bottom Laver:

. 20-0 :
I, - 0.25% 120 [ J X (120 -067) - 340
‘ 2.0-0
f surcharge: (.25 (50 + 100) x ( 5 ] =_38
(Sloped backfill ncglected) T, = 37%  lbs,

Selcet Geogrid

T'ry Strata Systems Stratagrid SG200
Long-term design strength (LTDS) = 1613
Sk 1.5

Allowable (1.TADS) — —l%i— 1085 = 378 (@) botl. layer OK

Check Connection Strength

Eqguations: Peak connect =889 1 0.31 N but < 1624
34" Serviceabilily ~ 519+ 0.14 N but < 767
N = (12.0-0.67) 120 = 1360 Ibs.

(889 + 31 1360)
15

= 874 = 378 OK

Peak connecet value =

(519 4 0.4 x1360)
1O

" Serviceabilily = 709 378 OK

Safety Factor
Lesser of Peak, Service, or LTADS : 700
T, 378

- 1.88=1.50 OK

Check Embedment Deplh, L.
Bottom Layer:
7

L, = U (H,, = overlay soil + surcharge)

2H )y tang; x C;
Assume C; = 090 H,, = (12.0-0.67y 1204 (30 t 100y = 1510 1bs.

Basics of Retaining Wall Design
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Page 3 of 8

378

L. =
2 x 1510 x tan 33° x 090

Tension to Laver #2:

333-06
T, - 0.25%120 (&

i

(Sloped backll neglected)

Check Conncetion Strenpth

Equations: Peuk connect
¥ Serviceability

N = (12.0-203120 - 1200 lbs.

Pcak connect value

{889 + 31 x1200)

= .22 AL,

Jx(ﬂﬂ-lm

333 067
b surcharge: 0.25 (50 + 100) x (T]

T, = 449 lbs.

- B89+ 0.31 N but < 1624

=519 1 0.14 N but < 767

= 841

L5

¥a" Serviceabilily

(5191 014 x1200)

L0

Tenston to Top Laver:

T, = 035,{120[12511199

o

+ surcharge: 0.25 (50 | 100} x (l

(Sloped backfill neglecled)

Cheek Geogrid

Strata Systems Stratagrid SG200
Long-term design strength (LTDS) -
SF. 15

Allowable (LTADS) = %f 1095

10-1&0]

Fa

=449

« 687 > 449

} x {120-1133) =

T,

1643

=>58 0K

QK

OK

Add 1.0 ft. per NCMA = 1.22 f. = 7.00 {AASHTO requires 3.0 ft. added - 3.22 ft)

399

‘L;.
=

38 1bs.

Basics of Retaining Wall Desiynm
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DESIGN EXAMPLE 10 Pagce 4 of 8

Check Connection Strength

Equations: Pcak connect =889+ 0.31 N but < 1624
¥ Serviceability =519 ) 0.14 N but < 767

N = (12.0-11.33)120 = 80 lbs,

(889 + 31 x80)

Peak connect value = T — 609 = 58 OK

%" Serviceability (519 + ?;4 x80) _ s34 sy OK
Check Embedment Depth, L.

L. = Tu (.. = overlay soil | surcharge)

211,y tang; x C;

Agsame ¢, = 0.90 I, = (120-1133) 120+ (50 + 100} - 2304 Ibs,

5
L. - 8 = ().22
2 x230x tan 33° x 090

Add 1.0 fi. per NCMA - 122 ft (AASHTO requires 3.0 fl. added = 3.22 {1.)
Check availablc embedment depth based on base = 10.0 (1.
Coulomb rupture angle = 52.1°

1133

L. avail: (10.0-1.0)+ 11.33an 7.1° - .
tan 521

=1.50=122 0K

Overturning Moments

NOTT: Carth pressure applied (o back of reinforced zone, assuming Vertical Planc (907)
cffective ht. = 12.00 1 9.00 tan 14 = 14.25 ft.

K, [extemal (in-situ)]

. = 32¢

o a90°

& = $=32°
B 14°

v =110

Basics of Retalning Wall Design
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DESIGN EXAMPLE 10

Page 50f 8

Checl Sliding at Base

Lateral force on reinforced soil = 3859 lbs,
Sliding resistance = 16,965 tan ¢ , = 10,600 lbs.
Total vertical force = 16,963 1bs,
10,600
3859

Sliding safety tactor = 2775 0K

Check Soil Pressure

Use Meyerhofl Method

Fecentricity, ¢ =

(8) Mp-Myy (10) 9284-19803

K. = 034
K, (horizy = 0.29
Force Dhstance
25" 2
Tiarth pressure . .29 x 110x L4 = 3239 ]43 > - 4.75
1425
Surcharge 02030+ 100)yx 14.25= . 620 -2— =71
Sliding Force Total = 3859 Ibs.
Rcsisting Moments
Forge Nistancg
W, Wall 12x120= 1440 1.25
W, Earth O0x 12x120= 12,960 5.5
2
W; Sloped  9x225x120x'a= 1215 v} X9 249=835
. . Q
Wi Surcharge 9 x {50+ 100) = 1350 -5 +2.49= 7.0
Tolal vert. force = 16,965 lhs.
028 ‘
Overtuming safely lactor ratio = 2R 4,68 =20 OK
19,803

50—

2 2

Vo

16,965

Effective bearing length = (B) — 2¢ = (10) - 2 x 0.69 = §.62 (i

Basies of Retaimng Wall Design
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Moment

15,385 fl.-lbs.

.4.418

19,803 (1. ibs.

Moment
1,800
71,280

10,328

2,436

92,844
ft. 1bs.

431=069 /1

Page 177



DESIGN EXAMPLE 10

_ ' 16965

Bearing pressure
caring pre 862 8.62

= | 968 psf

Allowable Beanng Pressure

Assume no cohesion (¢ =0)
=yDN, + 0.5y [Eff. Bearing length] N,
= 110x 1.Ox 232+ 5x 110 (8.62) 30.22
- 101t

= 16,879 psf

Page 6 of 8

v = 1n situ soil density = 110 pef.

D = Depih of embedment

N, for 327 =232

N, for 327 =30.22

Soil bearing ratio = 16_'87_9 =§.58 OK
1968

Values for N, and N,
i Ny N,
3l 20.63 260
32 232 302
33 261 352
3 | 204 | 411
A5 333 48.0
36‘“ 37.8 56.3

Check for Added Seisimic

Added seismic has three components:
Seismic loree of self-weight of wall
Scismic force from reinforced zone

Seismic foree acting on reinforced zone

AKain ~ Kasu

fan’ 0.15 - 8.53v

ky = .15 ) =
Kaw = 0.55[0 97.1° ¢ — 33° §=22° [ = 14°]
lKA” ={.25

K/\Il’ = 55_25- 030

Bagics of Retaining Wall Desipm
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DESIGN EXAMPLE 10

Total scismic lateral force:
Wall; KixWxH-013x120x 12
Reinf, Zone: K.xH{(53H- Hv=0.15x 12 (5x12-1.0) 120
+sloped soil =k, [(.5 x 12— 1.0)" x v x tan B x 0.5]
= 15[(.5x 12— 1.0y x 120 x tan 14° x .5]
* Exterior of 7one: - 0.5 x AK gy [H 1 (B-0) tan B x 0.5] x 0.5 v,
=5x03012+(10-Dtan 147 x0.5x 110
* 1sc 50% of scismic per NCMA
Tolal seismic
% Tolal sliding force = 0.5 K [H 1 (B —1) tanp [* v = seismic
=0.5x0.29 x [12 + (10-1) tan 14°]" x 110 + 3027
*+ K .y Lor back of reinf. zonc based on o= 90 and 5= ¢. .. Kan

+(DL+1.L)=0.29(50 | 100)x [12 + (10 — 1) tan 147]

Total sliding = 62006 1+ 620 — 6886 Ihs.

Shding resistance = 10,660 lbs.

Sliding ratio = ]{_]'660 =155 OK
6BB6

Added Seismic Overtuming

Wall: OTM =216x~1~_}g

)
Remfl Zone  — 1080 x l?'
Exterior: = 1675 x [12 1 (10 - 1) tanf}] x 0.6

56 x [12+ (5H tan 14° x 0.33)]

Tolal added seismic overturning

Page 7 of 8

216 |bs.

= 1080 lbs.

3027 lbs.

0.29

620

1296

- 700

= 22797 ft. Ibs.

1675 1bs.

6260 lbs.

Bu:sict;_o.-[-:i'\’;ét.ainillg Wall Design
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DESIGN EXAMPLE 10 Page B of 8

Total overturning = 22.79% - 19,803 = 42,782 (i, lbs.

92,852
42782

=2.17

Overluming ratio w/scismic =

Seismic Tension Lo Layer #1

h»-) - h“ . hlz - ;10 i . . [] — f'j”
(| —m——— AT B—-006 :
l\h [ > ] W+AI‘\.A]:“'\AII [ 5 0 0 77

2 ' 20-00 [ 12-0.67
= .15 [_'02 UJ 120 + .30 x 120x 12 [2'02 (J {0.8-—0.6[ ——H

12
= 119 lbs,

Pullout safety fuctor = _foed 21
378+ 119

Seismic tension (o top layer #9

I_10 12 - 1L
= (.15 [L—qloJ 120+030x 120x 12 EIZ?IOJ [D.E—0.0(lif})il

i o

— 349 lbs.
, 540 ) L
Pullout S.F. = ————— =128 = 1.1 (for seismicy OK
58+349
fi
I, - 28 - 319 _ +1.0=1.66ft
2x [((1(37 +85ay 20) x 120+ (30 + 100)] tan 33° x 0.90
. . . 1133
Available embedment = {10-1)+ 1133 tan 7.1 - ——— = .59
tan 52.1°

Consgider OK w/scismic

Basics of Retaining Wall Design

www.EngineeringEBooksPdf.com

- P.ag'c l 80 -



DESIGN EXAMPLE 10
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DESIGN EXAMPLE 10 Report Printout
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Basics of Retaining Wall Design

DESIGN EXAMPLE 11 Page 1 ot 3

Sepmental Gravity Wall Design

Criteria;

Slope: Level

Retained height (trial) = 4.0 (L. |
Soil density, insita— 110 pet
so0il density, backfill — 120 pel I
Soil , backiill 33°

Soil ¢, in-situ 34°

Sol/wall friction anglc = %3¢ backiill

=22°

Block Data:

Embedment = 1.0 fi. ‘
|
|
|

Try Keyslone, Standard

Height - 8.00 in.  Depth = 18.0"
Wt = 120 x 1.5 180 pst

Offset: ¥ in. per block

Batter = tan ' (0.5/8.0) = 3.6° =

{hlockdepth) 150 L50
tan (v tan 3.6° 063

Hinge height = =24 ft. =40 fi.

Laterul Soil Pressure:

sin’ {a @)

. <in (0 + 0} sinfo— 1) :
sin” a sinfa-aj| 1+ St (Fﬂ +0) .d‘.l.n...(_’?____fl_“_
Nir (o —d sin (o0 — fi}

Ky =

K, (horiz.y - K, cos (90 | & - )

in? (93.60 + 330
sin” +33.0) — 04

3
Sin” 9360 sin (9360 - 22,0 1+ | 2330+ 220)5m (530 -1
' Sin (9360 - 22.0)sin793.60-0)

K, (horiz.) = 0.24 cos (90 + 22.0 — 93.60) -~ 0.23

b | 2
Total lateral force = Lﬂjoiﬂw =221 lhs.
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DESIGN EXAMPLE 11 Page 2 of 3

Stability:

3 . 4.4 .
Overturning moment = 221 x —3—J =204 1t. lbs.

Total vertical force = 4.0 x 180 pel= 720 |bs.

- 5 : |
Resisung moment = 7240 H 12 ] + ( 420 lan 3.6"’} ‘= 630 fit. Ihs,

Overturning ratio = 630 _ 2.14 =150 Ok
294

Fé

Check Shding

Shiding force =221 1bs.
Resistanse 720 (tan ¢ in situ} = 720 x tan 347 = 486 lbs.

L C 486 ‘ e
Sliding salely factor = 75% =2.20=20  OK

Soil Bearing Pressare

Basc width 1.0+05 - 151t - R

=0.28

B ( Revisting — (_)ver'lm*nif?g] 15 630-294
- — - 2 S e —
2 Total Verl. 2 720

Elfective bearing arca - (B —2c} - [(1.53 2 x 0.28) +0.50] = 1.44 ft.

Bearing pressur —720 500 pst
7 ssurc = =5 ;f
&P .44 P

Allowable Bearing Capacity:

Fffective bearing arca = 1.44 fi.

Depth to bottom of 6 in. pad=1.0 +0.5=15 ft.

N,=294 N,=4l.1

Bearing capacity = yDN 1 0.5y (B —2.) N, (Ng and N, from Table in NCMA Handbook)
=110x1.5x294 1 05x [I0Ox[(1.5-2xQ28) 1 0.5]41.1
— 8106 psf  OK

B0 _
500

2

A

Beating safety factor =

Basics of Retaining, Wﬂll Dcs;gn . ' Page 186
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DESIGN EXAMPLE 11 Page 3 of 3

If Desipn for Seismie:

Assume k, =0.05  (If greater, overlurning would excecd resisting moment!)
K. (horiz) = 0.23
sin? fo + 0 — ¢)

., [Sa(@dsinig—F-0) :
sinfa+ 0+ d)sinfo— fi)

Kar =

.7 . . .
cos @ sin” asinfo+0+4)

0=tan™ (0.05) - 2.9°

sin® (93.60 + 29 -33.0)

)

. _ S {330+ 220)sin (330—00-29, |
cos 29 sin’ 93.60sin (9360 + 29+ 220) 1 4 | N30 220)5m (330 -00=29)
' $in (93.60 + 29+ 22.0)s1in (23.60 - 0.0) _

K xp(horiz) = 0.32 cos (90 +22.0  93.60) = 0.30
KA][ ={.23

A K—AHH =0.30- 023 = (.07
Added seismic - 0.07 (4Y x 120 x =67 1bs. 1 0.05 x 4.0 x 180 = 36 Ibs.
Total shding =221 + 67 + 36 = 324 Ibs.

Overturning moment = 294 1 67 x 0.60 x 4 + 36 x 2= 527 ft. Ibs,

Overlurning ratio = @ =12= 1.1
547

(Notc: Safety factor when seismic included ~0.75 x 1.5 1.1 per IBC '09)

This design example used a very low seismic factor for illustration. A higher seismic

factor would require a revised design,

Basfcs of Retaining Wall Desipn Page 187
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DESIGN EXAMPLE 12

Cantilevered wall with prer foundation Code: 1BC

06

Usc wall design Example #1

for forces imposced to pier

Revise footing/piet cap to 307 deep
x 3.0 ft. wide

Try pier spacing = 6.0 1t.

Vertical load from wall
= 5688 x 6.0=134,128 Ibs.

Total luteral load at top of pier from wall

_ 45(100+25+10) 6o 0 (25+ LOY

2 - 2
x 6.0 =23502 Ibs.

Assumne no lateral support at top of pier
Pier 7, = 3000 psi £, = 60,000 psi
$0i] bearing al pier tip = 6,000 psl

Use skin friction = 100 psf, ncglect top 2.0 Lt.

. i 1.
Assume pier fixity at ? pier depth
)

Allow passive for pier: 300 pef.

Load factor for pier conerele design = 1.6

Assume added lateral load at pier top (creep effect) = 500 lbs.

Assumce diameter ef(ectivencss multiplier for passive + 1.0

Cenler the picr under fooling/cap

Moment applicd at top of pier (unfactored) = 18,238 x 6.0 = 109,428 fi-lhs.

Page 1 of 3

Basics of Relaining Wall Design
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DESIGN EXAMPL.E 12 Page 2 of 3

Try 307 diamcter picr spaced 6.0 ft. on center
Trial embedment depth (IBC "06 cquation 18.1)

109,428

P=23502 Fquiv “h” =
23,502

=4.66’

Cmbedment = 16.88 [
Use 18.0 ft. cmbedment
Tolal bearing capacity (neglect pler weight)

T x3 n ’
=23 X3 000+ 2.5 x 314 x 100 (18-2) = 41,998° = 34,128,

Determine eccentricity of vert, load on picr

Dist front edge ftg to verlical resultant

= 17388 -3.06 fi.
5688
50 .

¢c - 3.04 =-0.56 1t

Picr M, - [23,502 (4.66 t 18/6) + 500 (18/6) — 34,128 x 0.56] 1.6 = 259,862 [t-lbs.
Check pier $M,, per *Whitney Approximation Method
*ASCHE transactions paper 1942 by Charles Whitney

Use 307 digmncter with 8 - #8 bars, circular pallern

'

S =3000psi, f,=60000psi, ¢ 090, clearance = 3"

_ 314 x30° :
(iross arca of circular column = + — 707 sq. in.

Whitney equivalent rectangular width = 707 / (0.80 x 30) = 29.5 m.

Whitney equivalent *d” = % (303 =20 1n.

Basics of Retaming Wall Design Page 163
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DESIGN EXAMPLE 12 Page 3 of 3

Per ACT cquations:

As Sy e _
o= = - (8% 0.5 % 0.79 % 60,000) / (0.85 x 3000 x 29.5)

85 f.h '

2.5

$M,, = 0.90 A, £, [d - %J = (0.90 x & x 0.5 x .79 x 60,000)

a0y |
{20 - (a:j:] ;= 3198 in.-kips = 266,500 ft-lbs.
Lo

- Pier design OK
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DESIGN EXAMPLE 12 Report Printout
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B JrlRrmer b [T oMy srii geis S

{ Footing Desion Reswds
Fualtrey 7 oreon, Tl LT TR Y
Foobing Amw Jorean, g0 3y & GLETRTR Rl
18 bl amtsnachs abhomralbile, pointide supsploeni peargn M Kby teiom.
$umm%ry'e Cwaduming B RE&NE‘&!‘{%%&?&M
EWERTUINNG.. .

d

.. REIIGTING, ..

Parce  Biatpeow  Sooweid, Fome Digimsih  Shomeont
e b " e g it S
Hool Bathis Fretdete 4 &£ADR8 450 68,4223 Balt Cver Himg: = zamee 400 BAGEE
TR vy ¥ haey = Sinrad Gail ver dbeed = 108 .35 ATRT
s Actlon Fonuocmw - ALY t T -3 Suerctiangi Cwir 1 | -
Snrehargs D ok “ Achowod Fanding Loyt 4
Agiyvoeat Fomong s = il Dl 1.mart m Segm ©
Adrked Laresad Wil L) “ Axiyl bwm Lo an Starg =
oot 1 Breeest Abervo fiod = Suml Tumr Voo - Zmh .00 P hY
Butcheams Crast T "
S Wirinbyrebin) = 11918 L i
T —— e ekl 2} o Y sy w T - 1) ABE
Yerkpd - 2EMLE OTM. F 18,7364 Feyating Wby = 15758 XS 4_33';,:_5
Koy Wasrghi =
Poer fnendeding umed. Forcos Snd SRS ekl am Wit Caripoaent e .
wgpBacl 1 by oF plor. Tk = LA B AN LG

" P e G MO e latberd 10 Soeal gl or uand for g Py

teilan s, b s dnduded O Rl aRAE e .
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DESIGN EXAMPLE 13

Page 1 of 2

Desien Data

Soldier pile, cantilevered
Retained ht. = 10.0 ft. T
Backfill slope = 18.4% (3:1)
Soil density = 110 pef

Soil friction, ¢ = 34°
(G194Surcharge = 100 psf

\ 33

Safcty factor to apply to passive - 1.5
Drill hole diameter = 247

Multiplier for passive wedge = 2.5

Pile spacing = 8.0 [t.
K, (horiz} = cos= 184
Cos 18.4—ycose — ~-ngern shear,
== ().3] e
Cog 18 44y cost -0 5y » .
t MM‘A\
Ky =tan’ {%5 + ifﬁ -3.54 1y [1it 16
Passive = 3.54 x 110 = 389 psf L
™
S
G310 w107 I 000 TN . S
Py = - X8I 116401 Al
:
P, = 031 x100% 10 x 8.0 =2480 Ibs. L TR Bamapn o

389x 0.67x2.0x2 5xd”

P,=P,=P, - 13,6404 +2 480 = 10,120 1bs. =

i 16.2120x2

\f 2RG0ET e IO e DS

“# Ty e 2d
Mmax = PA :(_ + _t} + Pw{_ _§_ \}

3 4 - 3.

Factored momenlt for LRFD = 111,174 x 1.6 — 177,878 {i-1bs.
Per AISC 13" Edition, 2007, LRED

Assume laleral support (designer to assess)

= 13,640 (3.33 +3.33) + 2480 (5 + 3.33) = 111,637 ft-1bs.

(KL% G

Basics of Retaining Wall F)cs'i;g.u
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DESIGN EXAMPLE 13

Select W10 x 49

Cran = 227,000 i-lhs. = 177 878 ft-lbs.
M = resisled by moment couple = F :x D (DI Homan,
e ¥ P "3 D.67 Fp
)

Mom. Resisting couple = (0.67D) {

I

T'otal embedment required =4.99 4 10.12=15.1 {i.

Check Lagging at, say, 8 ft. deptih

Wit e w033 w110+ 1031w 10g 28"

Assume M = - = 1944 fi-lbs.
ig i
kRIS
Srcq'rl i - =259
EE
Usc4x 12 {5 = === = 235] Consider OK

w389 x BAY v 20020 4 4595 2 0,

}

5

Papc 2 of 2

=D (1089}
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DESIGN EXAMPLE 13 Report Printout
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This W s B e e-hprogroas $lan\rp ZOR ks b fpl
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B0 BO
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Bazhfi shoper HEAT :
Hod Denatly, et Tigun
et Bt mmgie L R4 i |
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DESIGN EXAMPLE 14 Page 1 of 3

' ' o
Giabion Wall f'\"‘r

Crileria . 1*“rar;ﬂmm M

Height of each course + 36" ,}
Retained height = 12.0 ft. ‘ -
Wall tilt from vert. = 6° { Lo e

Surcharge = (L0 psl

Density of cages (or blocks) = 120 !

pef | \L

Ot R ' )
Density of backfill = 110 pef S ‘ { P b
e . i
Backlill slope: Level e E _1{‘ -
| geon e
Soil friction angle = 33° vooT e,

Soil/block friction angle assumed zero (Conservative)
Allow. soil bearing = 2500 psf’

Coel, of inter-block course friction = (.70

Coeft. of friction at basc/soll interface = 0.45

Usc Coulomb equation for I, (horiz)

4s _
o angle for Coulomb = 90° - | tan * Ll +6.0754°
12,0

o

K, - 0.41
K, (horiz.) = 0.41 [cos (20.6 4 6.0)] = 0.37

Check Course #4 (top)
. 4.5 , -
Resisting moment =3.0x4.5x 120 x wz—x cos 6% = 3625 fi.-bs.

Lateral on course 4+ 0.37 x 110 {12.0-9.0)" x 0.5 x cos 6° = 182 Ibs.
OTM for#4 - 182 x 3.0 x 33 = 182 ft. Ihs.

Basics 0fRéfé].ning Wal!l Design
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DESIGN EXAMPLE 14 Page 2 of 3

3625
Stability 5.F. =
182

9

=199 OK

Sliding resistance =070 x 3.0 x 4.5 x 120 = 1134 Ibs,

. - 1134
S.F. forshdmg - ——-62 0k
182

{Repeat this for courses 2 and 3)

Check Stability at Biasc Course

Distance from reference point to ¢.g. of courses:

i 45
H4 = {9 tan 67 + TJ cos 6% =317 ft.
#1 = (6 tan 6° 4 ;}c'us 6" —3.59 ft.

‘ r |
#2 = (3 tan 6° + %—]c-os 6% =402 fi.

Overall Resisting Moment

= 3473 x45x120)+3.59 (3 x6x120)
+4.02(3x75x120)x3.0x9.0x 120 - 38,324 ft-lbs.

Overturning Moment

- Iy 5
= (0.38x1 10x12% x D.Sx%} cos® 6°= 11,914 t-ibs,
18,324

Stability S.F. =
11918

- 322

Sliding Resistance
Total vertical load =4.5x 3x 1201 6.0 x3x 120+ 75x3x 120
19.0x3x 1209720 Ihs.

Resistance = 9,720 x 0.45 = 4374 1bs,

o T 3
Lateral force = (0.38 x 110 x 127 x 0.5) cos 6° = 2980 Ibs.Sliding 5T = % 1.47

Basics of Retaining Wall Design Page 201 o
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DESIGN EXAMPLE 14

Soil Beanng
Tolal vertical load = 9,720 lbs.
Dist. To ¢. g. vertical foad

3832411918 _

Q72()

-272=1.74

ﬁ
|
| o

272 11

Soil bearing = Y

9720 . H720x1.78x6
9

= 2362 psf,

Page 3 of 3
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DESIGN EXAMPLE 14 Report Printout
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DESIGN EXAMPLE

14

Report Printout

byl Tvonke, PT, HE
Rt Pro Satiwarm

B0 Baox. B2B Goromm gut M, GhAI6ES
Tubareasb i adng Fpro oo,

S-St

Tike *
Jok ¥
Lhgete il biect..

Tt

T Wk, £ ba: T POy Mtk s 200 Tutv A b S

Dy
Titm. REP

RRIEEI T

10, 200%

DS Fro i e T . W00 VUL B BOES
gy wimiticen R YIRS & FreR 0
et dind [Tha £ispagunsy) o Dby

Garbion Retaining ¥Wall Dasiga
Thte]

et LB 2006

LB

1. RE bkt S0 By £ihrien bt At i6 dnaity.

2 1) v aapir g G sonmeolhT WEITG HRACMBIEEL SRR awciin, Qi
LY T CT T

3 panmle Btk iy b ased o liew of Gaban cagas.

4 UWfnsq e dunsediiog bayeds TR 10 el [ounse: nthk Ean
i Biptin Py

& Gowarb countion 1msad for ackaee presmums. WRad Kstnn aagin
BRGUITEE THIO

B 1 el i bR 2l nd), ocadiod ok by meaensve oisels par sade
LiTmes TSR e

T, This gy vt vkl B ooitforoned moily DS ET Jue SR moduie

R Wepdar mpeciboations mop apply

Basics of Retaining Wall Dcsigﬂ

www.EngineeringEBooksPdf.com

Page 204



APPENDIX

Appendix A
UNIFIED SO1L CLASSIFICATION SYSTEM (USCS)

MAJOUR SUBDIVISIONS TYPICAL DESCRIPTIONS

WELL GRALEL GRAVELS,
GRAVEL CLEAN GRAVEL-SAND MIXTURES,
AND GRAVELS UTTLE ORNOFINES, .
GhAVELLY - JIMTTLE OR POORLY GRALE GHANELS,
SOALE, N FINES) OR GRAVEL-SAND MIXTURES,
LTIABSE LITTLE O NG FINES,
GRANED  lppig AN 50% | R )
s e ERAVELS ; &M SILTY GRAVELS, GRAVELSAND.SLT
uase WITH FINES MIXTURES.
FRAGTION
RETANED (APPRCIAELE
R A NG 4 AMOUNT OF GO CLAYEY GRAVELS, GRAVEL-SAND.CLAY
: FINES) MIXTURES,
T WELL GRADED SANGS, GRAVELLY
S e pasaos PERRE SW | aNDS. LITTLE OR HO FINES.
ILITTLE OR
SANDY NOFHES) POGALY BRADED SANOS OF GRAVEL Y
SCRE ST | gnNDS LITTLE OR O FINES.
MORE TRAN 50% | oRE THAN SovlSANDS 5
OF MATERAL | ttorie SNES SM | S0TY SANDS, SANG-SILT MIXTURES,
15 LABGER FRAGTION {APPRECIABLE
THAN N, 206 |passia AMOUNT CF :
) CLAYEY SANDS, SAND-CLAY MIXTURES,
SEVE SHE ANG. 4SEVE  FNES) 5C
INORGANE SILTS, SANDY SRTS, AND
ML | ciavey 5178 OF Low PLASTICITY
FiNE INDRBANIC GLAYE CF LOW 10 MED
[ > LM
GRAMED e }’“Lé'f;h":gfm L | PLASTICITY; GRAVELLY, BANDY SR EILTY
SRS clars MBS - GLAYS, |EAN CLAYS.
a CRGARNIC BILTS AND CRGANIG SILTY
L | CLAYS OF LOW PLASTICITY,
INGRGARTE GILTS, MCACER 1S O
W ] CIATOMACESUS FINE SAMDY DR SLTY
SOILE. FLASTIC S TE
MORE THAN 50%
OF MATERIAL L S~ iy | INORGANC CLAYS OF HiGH BLASTICrTY
15 BMALLES AND | GREATER THAN 50, FAT CLAYS,
THAN B, 06 | GhAYS
SIEVE S17F o ORGAMIC CLAYS AR SILTY CLAYS OF
MEDIM 10 JIGH PLASTICITY
HIGH Y DRGAMIC SIS PT [ PEAT AMD OTHER MIGHL Y CRGAMIS S0 s

HOTE: DUAL BYMBOLE ARE USED YO INDICATE BORDERLINE CLASSIFICATICONS

SOIL CLASSIFICATION CHART
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Appendix B - Summary of Design Formulas

CONCRETE{SD)}

& = 90 for flexure
= 75 tor shear
= G5 for plain condcr flexureshearn

Logl _sTmo0

P = 00 2o Bl = 085
o ATy
Pags T B
Pon = 200

ik ..»’Jlf_}«

i

 29.000,000psi
57 000

i
|

"l'h;:’
noo= Tl
_,H_u;.’*_
A0
I
Baf. &

The general selution for A, (per CRS1) =

*gdbf#?qnd%ar arh
S Argerk
B3 :
Mﬁf‘-}. lix""‘g;: &
“FromACH 12 2.3
Lap tength Class Beplice = 1 3 i,
W =

A veatd
voyviged

Zjf 54

Fiain coner tension = &6 /7,
Fiain coner shear = 24 .7,
MASOMRY (WSD)

17 6 Bd 1 (28647 ba” 68 f, B M,
n 2 ~J IS or
Forb=12" 7
o “

Ay, =
047 fa-yeeis

= B0 kst s reduces

» — D083 £, M,
Wn o= AT, gd o :_:

h’ﬁw = a:bM»

DAL A x0T 4 redd
xl{:im ‘ g Doy “J,gﬂ’z

foe =

or .6G, org”

& i ‘:
fan 46 and smaiier
O a4 -tﬁ?i:f{‘ ‘ i pest b
= o g o 1

) E:' < § AL provichee
Wl & Lo v

Basics of Rcl.a.i;ii_rlg Wall Design

F. = 05f (24000 psi max )
E. = 20,000000psi
En = 7501,

e

‘J
N
O
#
AE

35

v o o= 101 (50 psimax)
e -"'-{ - {.f‘“
X - W nef

b, = -
W = S
2 KB

L = 00245, (bul not less than
127
MASONRY (LERFD}

A = A 5,80
080 £

Mo = A G
¢ = 090
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Appendix C - Masonry Design Data

Rebar Position Depth for Masonry, Default Values,

| Thickness | Rebar Depth (in) |
. Center Edge
6" 2.75" 273"
L YL SN - W
| 225"
| - 5. 75" - 9.0
147 678" ... 10" -
16" 7.75" U = A
Masonry Equivalent Solid Thickness (inches)
_ S Groui Spacing
Thickness (inches) & le" | 247 32" 40" 48"
6 5.6 4.5 4.1 3.9 3.8 3.7
8 7.6 5.8 52 4.9 4.7 4.6
““““ 10 9.6 7.2 6.3 5.9 57 5.5
12 1.6 8.5 7.5 7.0 6.7 65 |
14 13.6 99 | 87 8.1 7.6 7.4
16 _15.6 11.6 Wil | 95 8.6 8.3
_ Wall Thickness | ~ Concrete Masonry Units ]
Solid Grouted Lightweight Medium Weight Normal Weight
Wall 103 pef 115 pef 135 pef

6” 8" 1 Oll 12r| 6r| 8" ](‘)l! 12” 6” 8” 10" I_2n

532 | 75| 93 118 |58 | 787 98 | 124 | 63 | 84 | 104 | 133
168" 0e. |41 60 | 69 Be | 47 | 63 | RO Q4 1 52 | 66| 86 103

Vertical - ) Ao . ——

Cored 24" o, | 37 55 1 61 79 143 | 58 | 72 85 | 46 | 61 78 94

Grouted 32%.c. 136 521 57 74 | 42 | 55 68 80 | 47 | 38| 74 Y

at: -

40"o0x. |35 |50 55 | 7L (41 |53 | 66| 77 146 56 72 86
48" 0. |34 | 49| 53 69 |40 |45 64 | 75 |45 55 70 83
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Appendix D - Development and Lap Lengths

Lap Splice Lengths!" and Hooked Bar Embedments (inches)

Bar Size Masonry™ [ 21500 psi Concrete @
Grade 40 Grade 60 | 2000 psi { 3000 psi | 4000 psi
# | L 20 24 209 17.1 14.8
H™ 9.4 77 | 67
#5 L 25 30 262 214 18.5
O N 2 O A 118 9.6 8.3
#6 L 30 36 31.4 25.6 222 |
. H® B 141 | W5 10.0
#7 L 35 42 45.8 374 32.4
N L | 165 | 134 11.6
#8 L 40 48 52.3 427 | 370
H™* 18.8 15.4 13.3

(1} Min. iap for spliced bars, in., assumes f, = 60 ksi, per ACI 316-05, Equation (12-1).
{2) 40 bar diameters for fy = 40 ksi and 48 diameters far f, = 60 ksi {BC '06-2107.5

(3) Min. lap is development length x 1.3, assuming Class B splice. Cannot be reduced for stress level
{4) Assumes standard hook and not reduced by ralio A, (required) / A, (provided)

Note that IBC '08, 2107.5, madifies ACI 530-05, Section 2.1.10.7.1.1 which has the eflect ol deleting the
following onerous development length equation (2-9) in ACI-530-05:

a2
043dy fyy

.(_f‘d_

- 1
KNJm
¥ — 1.0 for #3 4.5 bars, 1 4 for #6, 7, and 1.5 for #4
K = Masonry cover but nnot less than 5 dj,

This requirement resulied m muoch longer lap lengths and has met with considerable
objection,
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Appendix E - Sample Construction Notes

Brief specifications, or notes, should accompany any retaining wall design. A checklist for items to
include:

Relcrence to foundation investigation report recommendations (if applicable)
Lixcavating / grading requircments

(Conerete strength

Masonry

Mortar

Grout

Reinforcing, including placement requirciments

Soil bearing value and special requirements

Inspections

Drainage

And here are a few additional notes that will help solve problems and keep vou out of trouble:

1. Should a discrepancy arise between the drawings and ficld conditions, or where a detail 1s
doubtlul of interpretation or an unanticipated tield condition be encountered, the structural
cngineer shall be called right away for procedure to be followed which shall be conlirmed in
writing by the structural engineer with copies o all parties.

2. Wherever there i1s a conflict between details and specifications, or between details, or where
doubtful of interpretation, the most restrictive shall govern, as determined by the structural
enyineer.

3. The contactor and each subcontractor shall visit the sitc and consider ficld conditions affectmy
the work depicted on the plans, and his submission of a bid indicates his acceptance of such

conditions.

4. The conlractor shall assurc that cach subconiractor has copies of latest plan revisions and is kept
current with any change orders or dircetives affecting the subcontractors work.

And your experience will add more!
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Appendix F. - Conversion Factors

English — 8.1, - Metric Conversions
Multiply by to get
inches a 2.54 | em (centimeters)
fest | 0305 mimeters)
centlimelers (1.394 inches ~
centimeters 10 mm {millimeters)
meters 3.28 feet
psf 479 kPa (pascals) o
psi 6.8% | kPa (kilopascals) ”
pef 16.0 kg/m® (kilograms per cubic meter)
pst/ft 0.157 kPa/m (kilopascals per meter) 3
in-lbs 0.113 Nm (newton meters)
ft-lbs 136 Nm (nowton meters) |
pounds 445 | N{ncwtons)
kip 4.45 kN (Kilo Newtons)
ibs per lin ft 1.49 kg/m (kilograms per meter)
inches 254 mm {millimeters)
“milimeters 039 inches T
 Paseals | 1.0 [ Nm'(newtonspersquarcmeter) |
Newtons/in’ 1.0 | Pa{pascals) o
Common Equivalents
English 51.
1,500 psi =10.34 mPa
2,000 psi . =138 mPa
2,500,psi - 1724 mPa
3,000 psi 20.7 mPa
24,000 psi =165 mPa
60,000 psi =414 mPa
100 psf _ =4788 mPa
CCiE0pst | =479mpa
Basics of Retaining Wall Design i Page 210
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Appendix G - Reinforcing Bar US/Sl Conversions

Reinforcing Bar Conversions
| (*soft” metric) R
U.S. Bar No. Metric Bar No. Diameter in/mn Area in/mm’ |
3 10 (.379/9.5 0.11/71
- 4 13 B 0.50/12.7 0.20/129
5 16 | 0625159 0.31/199
O 19 0.44/19.1 0.44/284 B
7 22 | 0875222 0.60/387
8 25 100254 0.79/510
9 29 1.125/28.7 _ 1.00/645
I 10 32 1.25/32.3 1.27/819
1 36 _ 1.375/38.8 1.56/1006 |
Basics ol Retaining Wall Design S Page 211
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Page 212

Basics of Retaining Wall Design

www.EngineeringEBooksPdf.com



Appendix I: Notations & Symbols

A

AASHTO

AL
AISC

ASCE

ASD
ASTM

CBC
cm

MU

1.

depth of cquivalent rectangular
stress block for strength design.

American Association of Stale
Highway & Transportation
Officials

ground acceleration. (symbol
varies)

eflectlive cross-sectional area of
reinforcement 1n a column or
[lexural member, square inches.

Amecrican Concrete [nstitute,

American Concrete Masonary
Association,

American Society ot Civil
Engineers.

Allowable Stress Design

American Society for Testing
and Materials,

width of reclangular member.

cocfficient that determines the
distance to the neutral axis ina
beam in strength design.

Calilornia Building Code
cenlimeter
Conerete Masonry Unit.

depth of reinforeing [rom
compression edge.

dead load.

eceentricity measured from (he

vertical axis ol a section to the
resultant force.

modulus of clasticity ol
masonTy in compression, psi.

modulus of clasticity of steel =
29,000,000 psi.
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Jo

Sy

A

actual axial compressive siress
due to axial load psi.

actual flexural stress in the
cxtreme tiber due to bending
moment, psi.

COIMPIessIve stress In concrete
in flaxure, psi.

specified compressive strength
of concrete, psi.

allowable compressive strength
ol masonry, psi.

modulus of rupture, psi.

computed stress In
reinforcement due to design
loads, psi.

SIress in Compressive
reinforcement in flexural
menibers, psi.

vield strength of reinforcement,
psi.

flexural tensilc stress In
MAasonry, psi.

actual shear siress, psi.

allowable axial compressive
SLrCss, sl

allowable flexural compressive
slress, psi.

International Building Code.
International Code Council

gross scction moment ol inertia,
- 4
m..

moment of incrtia of cracked
scction, in’.

active earth pressure cucficient,
stalc

active carth pressure, slatic and
SEISIIIC,
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er-fa

["l"!u'

LL

MIA
MSIC

M,

MPa
M R
M,

cocfficients for scismic lateral
garth pressure ol backlill against
cantilever retaining wall,

1000 pounds.

kilonewtons.

At-test earth pressure cuficient.
kilopascals

Kips per square inch

Kips per square tool

kilogram.

required development length ol
the reinforcement.

hasic development lenpth,
inches.

hooked bar development length,
inches

live load.

Load Resistance Factor Desgin,
Masonery Institule of America

Masonary Standards Joint
Committee

the moment ol the
compressive foree in the
masonry about the centroid of
the tenstle force 1n the
reinforcement.

nomingl moment strength of a
MAsonry section.

megapascals.

resisting moment.

the moment of the tensile force
in the reinforcement about the
centroid of the compressive
force in masonry.

NCMA

OTM
Pa
pcf

plf
[rsi
psl
RM

Sk
|

i}

H

o)

1

National Concrete Masoncry
Association.

Overturning Mament.

Pascals.

pounds per square foot per (ool
or pounds per cubie [ooi.
pounds per linear [oot.

pounds per square inch.
pounds per square [oot.
Resisting Moment

radius of gyration,

Safcty Factor

International Systems of
Measurements as adopted by (he
General Conference of Weights
and Measures.

segmental Retaining Wall
shear stress, psi

factored shear stress, psi.
allowable shear siress for
masonry, psi.

total design shear foree, 1bs,
factored shear forec at section,
uniformiy distnibuted toad.
weight of wall or component.

In Coulomb cquation, clockwise
angle (rom horiztonal 1o back
tace of wall (90" if wall is
vertical).

angle of the backfill slope from
a horizontal level plane.
unit weight of soil, pef,

angle of the wall friction to a
horizontal level planc.

deflection of clement,
cocfficient of sliding friction.
angle of internal friction of soil
degrecs.

NOTE: SOME SYMBOLS MAY HAVE DIFFERENT MEANINGS IN DIFFERENT CONTEXTS.
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Appendix J: Moments and Reactions for Rectangular Plates

These four pages are adopted from a U.S. Department of the Interior, Burcau of Reclamation, Water
Resources publication: Engincering Monograpoh No 27, prepared by W.T. Moody. Find it in a library
near you at http://www. worldeat. org/ocle/S6307609&referer=briel results.

A WATER RESCURCES TECHMICAL PUBLICATION
ENGINEERING MONOGRAPH NO. =27

Momernts and Reactions for
Rectangular Plates

UNITED STATES DEPARTMENT
OF THE INTERIOR
BUREAU OF RECLAMATION
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A WATER RESOURCES TECHMICAL PUBLICATION
Erngineerdng Monowraph No, 17

Moments and Reactions for
Rectangular Plates

By W.T. MOODY

Divislon. of Theciyn
Davwvar, Coloraio

United States Department of the interior

BUREAL) OF RECLAMATION
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