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CONVERSION FACTORS

English to Hetritc System (SI} of Measurement

English unit
inches (injor{")

feet (ft)or(')

miles {mi)

square fnches (Tnzl
square feet (ftz)
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galtons {gal)
cubic feet (ft
cubic yards (yda)

%)

cubic feet -per
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British thermal
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degrees
fahrenheit (F)

Multiply by

25.40
.02540

L3048
1.609

6.432 x 10
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I. INTRODUCTION

The lateral earth pressure that will be exerted by soil on
the back face of a retaining wall is a major governing fac-
tor in its design. Based on geometric configuration, earth
retaining systems have generally been classified as gither
gravity walls, cantilever wa 11s, or counterfort walls, In
recent years, several new types of earth retaining systems
have been developed which utilize the strength and weight
of the backfill material to achieve internal stability.
These new types of earth structures include the proprietary
system of Reinforced Earth (Vidal, 1969; Chang, 1974),
bar-mat anchored system of mechanically stabilized embank-
ment (MSE) (Chang et al, 1981) and tire anchored timber
walls (Jackura et al, 1983). The facing members for these
earth retaining systems can be of either precast reinforced
concrete, steel, or wood. 1In all cases, it is necessary to
evaluate the earth pressure that the structure must
withstand.

The objectives of the study reported herein were to measure
both the lateral soil pressure and the stresses developed
in the plywood facing and steel bar-mats of an experimental
anchored bulkhead {MSE)}, using field instrumentation to
develop realistic design criteria for this system under
varying soil conditions.

The determination of lateral soil pressure on concrete
retaining walls is generally based on Rankine's State of
Stress Theory {1857) or Coulomb's Sliding Wedge Theory
(1776), in which lateral pressure is directly proportional
to the vertical soil stress (or the weight of the soil
above the point of concern). Thus, practical engineers'
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often assame an equiva]ént fluid pressure for design pur-
poses. The distribution of lateral pressure with depth,
therefore, is assumed to be triangular. For internally
braced, flexible walls, Terzaghi and Peck (Terzaghi, 1968)
assumed a uniform distribution of lateral soil pressure for
sands and trapezoidal distribution for soft to medium clays
and‘sffff7c1ays. Many practitioners have applied empirical
rules deVéToped for internally .braced walls to the design
of tied<back walls (Goldberg, 1976). At the present time,
no empirical methods for tied-back walls have been accepted
as universally as Peck's criteria for internally braced,
flexible walls. o

Various investigators have developed charts and tables to
aid in determining the magnitude of Yateral earth pressures
for given conditions {Tschebotarioff, 1951). However, in
many instances, the earth pressure is estimated with the
aid of equations developed from the classical theories de-
rived either by Rankine (1857) or Coulomb (1776), by which
the lateral earth pressure is assumed to be equal to the
vertical stress, or the weight of a unit column of soil at
the point of concern multiplied by a coefficient of lateral
earth pressure. The coefficient is a function of wall
movement, physical properties. of the backfill, and geometry
of the wall and the backfi#11. Recently, Coyle et al (1974)
and Prescott et al (1973), reported their research results
on lateral earth pressure on concrete-faced retaining
walls. Schuster et al Ll§73), conducted a comprehensive
literature review of earth pressure on timber crib walls.
They also utilized instrumentation on a prototype timber
crib wall to verify the bin pressure equations developed by
Airy (1898) and the modified Janssen's equation (Jumikis,
1971). The bin pressure ¥s generally utilized for design
of crib walT members. Schuster et al (1974), also
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instrumented the timber members with strain gages to
determine the stresses developed in the stretchers and the
headers. The results of these field instrumentation
studies provided only limited information on the soil
pressure and deformation of the timber members. The
Transportation Laboratory (TransLab) of the California
Department of Transportation (Caltrans) instrumented a
reinforced earth wall and two MSE walls on Interstate
Highway 5 at Dunsmuir to study the lateral earth pressure
on precast concrete facing members. The results were
reported in 1981 by Chang, Hannon and Forsyth. A second
report by Hannon and Forsyth (1984) also discusses Tlateral
earth pressure measured on two concretefaced MSE walls
constructed with low quality backfill. Testing of steel
face members was reported by Chang (1974) for the first
reinforced earth wall constructed in the United States on
California Highway 39 in Los Angeles County.

This report presents the results of both laboratory testing
and field instrumentation of a wood-faced mechanically
stabilized embankment wall (WFMSE) located on Highway 99 at
Delhi, California (Figure 1). The wall was built in April,
1979 as a temporary retaining structure to permit use of
the existihg northbound roadway while a partial embankment
was constructed over the existing southbound roadway for
the new highway alignment. After completion of the embank-
ment, a new roadway was constructed behind the wall and
traffic was transferred from the original highway. The
outer side slope of the embankment for the northbound Tlanes
was placed against the wall which was left in place with
only the top panels of the wall removed. The completed
embankment encapsulated the temporary wall and covered the
original highway on an elevated grade through the town of
Delhi.
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IT. CONCLUSIONS

The WFMSE satisfactorily performed its function as a

temporary retaining wall. It was cost-efficient and easily
constructed within 18 working days. Following are more
specific conclusions based on observations and measurements:

A. Lateral Soil Pressure

1. The taboratory vacuum test on the plywood panels
proved to be a good indicator for predicting lateral soil
pressure in the field.

2. An excellent correlation existed between calculated
and estimated tateral soil pressures from horizontal strain

gage measurements on the face panels during construction
and during laboratory vacuum testing.

3. A reasonable correlation was found between lateral
soil pressure derived from panel stresses and bar-mat
stresses near the wall face.

4. Due to possible movement at the soil-pressure cell
interface as a result of warpage of the plywood panels,
soil pressure cells provided somewhat unreliable readings
during the latter stages of wall construction. When
analyzed alone, the pressure cells did not provide a good

indicator of soil pressure distribution behind the wall
face.
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5, When tateral soil presSure'data from pressure
cells, actual plywood panel strains, laboratory vacuum
tests, and bar-mat stresses are combined, the resulting
lateral soil pressure diagram followed a rectangular
(uniform) ‘distribution behind the wall face.

B. Bolts and Bar-Mats

1. Bar-mat stresses peaked after completion of the
wall, relaxed somewhat, then increased until the roadway
was completed.

2. The maximum recorded bar-mat stress was 19.5 ksi in
Levels 2 and 3, seven feet back from the wall face prior to
encapsulation within-the embankment during October 1979.

3. Substantial bending was experienced by the anchor-
age (connector) bolts, possibly due to a deficiency of soil
below the bar-mats at the wood-soil interface or possible
settlement of the soil mass relative to the wall face.

4, The strain gages on the connector bolts provided
questionable results since all transfer connection members
were bolted flush against the back of the wood panei facing
members:-. ‘

C. Doug]as Fir quts

1. Analysis of strain gage data on the instrumented
vertical member denotes compression on the outer face and
tension on the inner face (plywood side) as a result of
outward bending. The maximum measured bending stress was
1002 psi, well below the allowable stress of about
2000 psi.
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2. The instrumented vertical post was not spliced and,
therefore, did not truly represent the response of the
vertical members.

3. The difference in stiffness of the spliced and
continuous vertical posts influenced the stresses that were
measured in the field.

4. Continuous vertical posts for the full length of
wall would have maintained better wall alignment during
construction loading, and the tilting or leaning evident
in the upper portion of wall could have been avoided.

D. Plywood Panels

1. The strain gages on the plywood face panels pro-
vided reliable data through completion of the wall on
May 2, 1979. Strain gage readings increased significantly
after wall construction with the highest readings recorded
on the inside face of wall.

2. Strain gages on the plywood face may have
experienced creep or partial penetration of moisture which
led to malfunction. The strain gages on the outside wall
face were more stable than the strain gages mounted at the
inside wall/soil interface.
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IIT, RECOMMENDATIONS

More utilization should be made of WFMSE systems to reduce
the cost of retaining wall construction of both temporary
and permanent facilities., Efforts should be made to take
full economic advantage of MSE by utilizing available
on-site materials in lieu of importing more costly, higher
quality backfill material. The design for internal
stability should also be predicted on the redistribution of
stresses in the backfill., When feasible, based on internal
and external stability, a reduction in the bar-mat embed-
ment length in the upper portion of MSE walls should also
be considered for potential cost savings. The following
are specific recommendations relative to WFMSE systems
based on this project:

A, Bolts and Bar-Mats

1. Backfill material placed over the mats should be
compacted starting from the wall and proceeding back from
the face to avoid "bunching"” of the mats near the wall,

Hand guided compaction equipment should be operated near
the wall face.

2. 0On future instrumented installations, strain read-
ings of bolts should be monitored before and after
tightening to confirm validity of measurements and the
torque should be specified to ensure a uniform initial
Tevel throughout the wall during construction.

3. The compacted fill height should be brought up to a
point directly beneath the mat elevations prior to mat
placement to eliminate excess bending moments in the bar-
mat connection bolts.

ClihPDF - www .fastio.com
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B. Wood Facing

1. Full length vertical posts should be utilized when
practical.

2. To minimize the effects of moisture on strain read-
ings, all future instrumented wood members (posts or
panels) should be treated to maintain moisture content.

3. The flexible nature of the wall should be given
greater consideration during construction to avoid undue
deformation of the wall facing.

4. Consideration. should be given to constructing the
wall face on a slight batter so that subsequent outward
movement would rotate the wall to a more nearly vertical
position. This would be especially important on permanent
installations.

C. Soil.Instrumentation

The problems encountered in obtaining lateral soil pressure
data from the pressure cells should be investigated and
corrected on future instailations. Since plywood is
flexible and susceptible to moisture penetration and sur-
face deformation, the installation of lateral soil pressure
cells is questionable. Even with moisture sealing of the
panels, movement and stress concentrations could result in
erroneous readings. Therefore, to attain realistic
readings of soil pressure at the face, soil pressure cells
should be mounted to minimize these effects.
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Future WFMSE studies should consider long-term performance
of both the wood-facing and the bar-mats. These walls
should be designed with a rectangular (uniform) pressure

distribution when used with fine grained cohesionless
backfill. '
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IV, IMPLEMENTATION

Mechanically stabilized embankments (MSE) with wood or
precast concrete facing are presently recommended for
utilization by Caltrans whenever feasible as an alternative
to other types of retaining wall construction. MSE is a
Caltrans development and is licensed through a joint agree-
ment under the Reinforced Earth (RE) Company patent for use
on Caltrans projects. Under the agreement, RE is given the
opportunity to submit an alternative design on all projects
where MSE is proposed.

Presently, Transiab performs feasibility studies for both
MSE and RE systems at district request. Final MSE design
is performed by the O0ffice of Structures Design. Some
designs will be performed by districts. Experience has
shown that these systems have provided satisfactory perfor-
mance and significant construction cost savings compared to
crib wall and othér.retaining wall construction.

10
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V. DISCUSSION

A. General Description of the Construction Project

Construction of a vertical earth retaining wall at Delhi,
California was necessary in order to temporarily support
the embankment fill of a new elevated six-lane freeway and
prevent it from encroaching on the existing northbound
lanes of Road 10-Mer-99 during construction. Northbound
traffic was carried through construction on the existing
northbound lanes and southbound traffic moved through the
project on the new embankment construction. The new free-
way on fill reached a height of 24 feet (Figure 2). The
right-of-way was limited so that detouring of the ongoing
traffic was not possible.

This bulkhead-type retaining wall of approximately
1300-foot length was required only while a partial embank-
ment for the new freeway was being constructed. After
completion, the fill slope over the existing northbound
lanes would be constructed to the level of the new roadway
(refer to Figure 3). The existing road was obliterated
through this process. '

A temporary MSE wall was conceived for this purpose. Soil
reinforcing systems, such as the patented concept of
Reinforced Earth (RE) which utilizes steel strips as rein-
forcement or MSE (steel bar-mats for reinforcement), have
proven to be more economical for this type of application
than standard concrete retaining walls or crib walls of
steel or concrete. Due to the temporary nature of the
proposed wall, a system of earth reinforcement that would

be even more economical than those previously constructed
was required.

11
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‘A MSE wall similar to that constructed in Dunsmuir on
Interstate 5, as reported by Chang, et al (1981), had
potential for construction at the Delhi site., Experience
had shown that soil reinforcement systems such as MSE
deve]op an apparent soil pressure at the face which is
somewhat less than the theoretical design pressure due to
redistribution of stress. As a result of this experience,
it was reasoned that wood-facing could provide an economic
yet adequate a1ternat1ve to either steel or concrete facing
for this pro;ect

The WEMSE built at Delhi was Caltrans' first experience
utilizing a temporary wall of this type. However, a
similar pefmanent treated wood-faced wall of lower height
was constructed in 1978 at Santa Barbara on Route 192 and
has performed satisfactorily. Due to the experimental
nature of the Delhi wall, it was instrumented to monitor
short-term performance. Details of the instrumentation
appear in later sections of this report.

It should be noted that MSE was developed by the California
Department of Transportation and is licensed under a joint
agreement with the Reinforced Earth Company. In accordance
with that'agreement, an alternative design for a RE wall
with steel facing was submitted for this project by the
Reinforced Earth Company. "However, the alternative
selected for construction by the low bidder was the wood-
faced MSE.

12
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B. Elements Comprising Wood-Faced Mechanically Stabilized
Embankment (WFMSE)

WFMSE is essentially a bar-mat reinforced soil mass in
which the strength and weight of the backfill, coupled with
the reinforcement-soil frictional resistance and mobilized
passive resistance of soil due to transverse reinforcement,
provide internal stability for the embankment.

Important elements in design of MSE are the selection and
sizing of the reinforcement and wall-facing. The system
can be utilized with essentially any backfill material
that is nonexpansive, i.e., plasticity index (PI) is Tless
than 10 (Hannon and Forsyth, 1984).

The reinforcing system designed for the WFMSE at Delhi con-
sisted of bar-mats using 11 individual W5 wires (0.252 inch
diameter) placed longitudinally (perpendicular to the wall
face) at 6-inch spacings with tack welded W5 transverse
wires at 20-inch spacings (Figure 4). However, the con-
tractor elected to use prefabricated W5 bar-mats with 6x12
grid spacings which were readily available. The bar-mats
were fabricated in two lengths, 10 feet for upper portion
of wall (higher than 12 feet) and 15 feet for lower portion
of wall (refer to Figure 4). The 11 longitudinal wires
were welded to a 1/4 inch x 2-3/4 inch x 5 foot-4 inch
plate which, in turn, was welded to three 3/4-inch diameter
threaded rods that provide connection to the wood-face.
These connection assemblies were shop fabricated. The
facing materials were 1-1/8 inch x 4 foot x 8 foot plywood
panels positioned vertically with the long dimension in the
horizontal direction. Where long mats (15 feet) were used,
up to the wall height of 12 feet above the top of the
footing, two rows of panels were utilized, back-to-back

13

www . fastio.com


http://www.fastio.com/

i M
'(F1§Ure 4): The-pane1s'were provided additional stability
by 4 inch x 6 inch, undressed, Douglas fir, vertical posts
attached to the front face of the plywood panels at two
foot spacings (Figure 4). The height of the panels and the
vertical posts varied with the embankment height.

The vertical posts were positioned and cast in a one foot
square cohtinuous, unreinforced concrete footing and were
braced to maintain their vertical position.

The material for the entire embankment was imported from a
local source. No special selection of backfill material
was required for the wall, The material consisted mostly
of silty sands and sandy silts with the following strength
properties:

Table 1

Strength Properties of Backfill

Unconsolidated ' Consolidated

Undrained Test (UU) Drained Test (CD) Unit Weight ()
» = 36 degrees ¢ = 39.5 degrees Wet = 125 pcf
¢ = 800 psf’ ‘ ¢ =0 Dry = 112 pcf

An evaluation of the interaction of the soil and reinforce-
ment was not required for this project because the strength
properties of the soil were considered more than sufficient
for internal stability based on pullout tests with other
materials. Additional pullout tests were therefore not
necessary. Internal stability could be achieved by provid-
ing embedment depth of reinforcement to satisfy external

14
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stability, i.e., overturning factor of safety of 2.0 and
factor of safety against sliding of 1.5. For additional
jnformation on the interaction of soil and reinforcement
for both MSE and RE refer to the report by Chang, et al
(1977} which discusses pullout test results on steel
bar-mat and steel strip reinforcement.

The wall design for this project assumed backfill material
with anglie of internal friction (¢) of 32 degrees, cohesion
(c) of zero and soil density {y) of 130 pcf. A sloping
backfill condition was also assumed above the wall with
partial saturation of backfill. An active Rankine triangu-
lar pressure distribution with K;=0.46 was utilized.

C. Instrumentation

To monitor the performance of this wall, the following
instruments were installed at Station 365%:

1. Strain gages on the bar-mats and anchorage bolts to
check the stress history in the reinforcement and
connections,

2. Gloetzel soil presure cells behind the wood facing
to check the earth pressures within the embankment, and

3. Strain gages to check the stresses on the vertical
posts and plywood facing.

The relative locations of the instrumented levels and the
jndividual instruments are shown in Figure 5.

15
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"Due to the short-térm life of this wall (8 months), many of

the basic evaluations that are usually undertaken on
experimental projects, i.e., corrosion loss, settlement and
horizontal movement, etc., were not conducted,

D. Laboratory Installation of Instruments

_ 1. Strain Gages -on Bar-Mats

Four bar-mats were laboratory instrumented prior to instal-
lation at four different levels in the embankment. The
location and identification of each strain gage is shown in
Figure 6. The process of attaching the Ailtech 120 weld-
able strain gages to the bar-mats began by first preparing
the designated gage location by sanding to remove all
oxidation. The strain gages were then welded at a rate of
30 welds per inch (Photo 1). No protective covering for
moisture or physical contact was applied to the gages.

Each instrumented bar-mat was outfitted with a wood frame
to'grevent gage damage during transit to the project.

2. Strain Gages on Vertical Posts

One 4 inch x 6 inch x 24 foot vertical timber post member
was laboratory instrumented with strain gages installed at
the four different instrumentation levels of the wall. The
location and identification of each individual strain gage
is shown in Figure 7. The surface of the wood member at
the gage locations was sanded before attaching the PML
Polyester 120 type strain gages. A coating of EPY 150
epoxy was then applied to the wood surface and the strain
gages were attached (Photo 2). A1l surfaces of the member
then received a coating of epoxy to prevent moisture
penetration.

16
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3. Strain Gages on Plywood Panels

Six 4 foot x 8 foot plywood sheets, labeled A through F,
were laboratory instrumented with the PML Polyester 120
type strain gages. The location and identification of each
gage is shown in Figure 7. Each set of strain gages was
centered horizontally and located three feet from the left
edge of each of the instrumented panels. The procedure for
attaching the gages to the plywood panels was the same as
that for the posts (Photo 3). Al1 instrumented panels were
treated with epoxy paint to eliminate moisture change in
the wood as another variable influencing panel response in
the field.

E. Determination of Elastic Properties of Steel Bar-Mats
and Wood Members

1. Elastic Property of Bar-Mats
a. Material Specifications

Plans for the Delhi WFMSE called for use of W5 wire bar-
mats with the configuration shown in Section B-B, Figure 4.
As previously discussed, the contractor elected to use a

6 inch x 12 inch grid in lieu of 6 inch x 20 inch grid.

The wire-mesh reinforcement for the bar-mats complied with
ASTM Designation A-185 for welded steel wire fabric for
concrete reinforcment which specified the following for WS
wire:

Nominal diameter: 0.252 dinch
Tensile strength, min (KSI} = 75
Yield strength, min (KSI) = 65
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b."Testing Procedures and ResuTts

A bar-mat sample was obtained and tested for strength
propert1es and modulus of ebasticity according to ASTM
Des1gnat1on A82. The test specimen provided a yield
strength of 77.2 ksi and a tensile strength of 79.4 ksi
which complied with-specifﬁ%atipns. Analysis of the
tensile test data revealed a modulus of elasticity of
29.3x10% psi.

9. Elastic Properties of Douglas Fir Posis

The setup for load tésting the woed posts fs shown in
Figure 8 and Photo 4. The post was instrumented with PML
polyester 120 type strain gages as described above in
Section D.2. Since the wood member's cross~section varied
due to drying shrinkage, the relative spacings of the
strain gages varied from group to group. Deflection pots
were, installed under each strain gage group to measure the
displacement of the wood member at these points.

With all instrumentation im place, the post was Toaded by a
hydraulic jack. A Toad cell between the jack and the post
indicated the applied load on an electronic readout. After
calibration, the mechanism was advanced by hand jacking
until the required Toad was dispTayed on the readout. Data
from the strain gages and deflection pots were recorded,
and the load was increased to the next level. Deflections
were recorded at 25 lb Tead imcrements up to 200 1b. The
modulus of elasticity was determined for four individual
wood members using classical mechanics of materials analy-
sis for a simply supported beam undergoing elastic deforma-
tion according to the equatioen shown in Figure 8. The
load-deflection relationship for the jnstrumented wood post
js shown in Figure 9.
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The calculated moduli of e]astitity for the wood posts are
summarized in Table 2 and are compared with a standard
value for timber construction. The instrumented post
showed a close correlation, coming within 2% of the stan-
dard value. The average experimental modulus of elasticity
from four tests was greater than the standard value by
7.8%. This variation may be explained by a change in
cross-section as a result of shrinkage, moisture content
variation and the nonhomogenous nature of construction
timber.

The theoretical relationships for calculation of modulus of
elasticity of the posts are shown in Appendix A.

Table 2

Summary of Moduli of Elasticity of Douglas Fir Posts

Post Modulus of E, From Timber
Designation Elasticity,E,{(psi} Construction Manual,(psi)
Instrumented 1.77x106 1.8x106]

Post

A 2.14x106 1.8x100
B 1.65x106 1.8x10°
C 2.20x100 1.8x100

A1l posts were nominal 4x6 select structural grade Douglas
fir.
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_3;‘lE1astic_Property of Plywood Panel
a. Material Specificafions and Testing Procedure

Plywood is composed of veneer sheets of wood, compressed and
glued together in layers that alternate in grain direction
by 90°. \Usually, there is an odd number of veneers so that
the surface layers have a similar grain direction (see
Figdfe Al in Appendix B). Since the strength characteris-
tics of wood are not isotropic but vary with grain direc-
tion, the moment of inertia (I) and modulus of elasticity
(E) vary with the direction of the applied stress. 1In this
experiment, the properties of the plywood panel were tested
in the laboratory with the-app1ied load producing stresses
parallel to the surface grain of the panel.

As described previously, under test procedure for the wood
posts, the modulus of elasticity of the plywood was deter-
mined by loading the member and measuring the deflections,
then applying the relationship between load, deflection, and
E. Gagesfwere jnstalled on the plywood panel to measure
strains both perpendicular and parallel to the applied load.
The plywood panel was simply supported at both ends and a
1ine load applied in the middle of the span as shown in
Figure 10. Also refer to Photo 3.

Three extensometers spaced evenly under the line loading
recorded panel deflection for test loads applied in 25 1b
increments up to 200 1b. Polyester gages glued to the
plywood panel recorded strains at each load level for
comparison with theoretical strains., Tests were run on six
panels, labeled A through F, for which calculated values of
moment of inertia, modulus of elasticity, and section modu-
lus, are shown in Table 3. Typical load-deflection plots
are shown in Figure 11.

20
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b. Data Correlation

Due to the empirical nature of the values listed in the
Timber Construction Manual (TCM), our experimental values
seem best suited for this analysis. They indicate that the
tabulated values for design are on the conservative side
and probably take into account the worst allowable case for
plywood of a given type. A comparisoh of calculated
expérimenta1 values and speéified‘design values for plywood
consfruction'are.shown at the bottom of Table 3.

The average modulus of elasticity of the plywood of 1.9x106
psi found experimentally for this project is within 6 per-
cent of the ya1ue‘giVen in the TCM. The average values for
moment of inertia and section modulus are within 35 percent
of the TCM values. The tabulated values for moment of in-
ertia and section modulus given in the TCM are "effective"
values and ";..have beeh adjusted to account for several
variables..." (APA, 1978, p. 12).

As expected, the gages placed parallel to the load read
zero strain for all load increments indicating that no
torsion was occurring in.the panels.

The measured (from instrumentation) and caiculated moduli
of elasticity are shown in’Table 4. Panels A and B show
very close agreement between measured and calculated values
and Panels C, D, E and F show a reasonable correlation.
Refer to Figure 11 for a plot of the load-deflection rela-
tionships for Panel's A, B and C. For all panels tested
(Table 3), the stress versus measured strain had a greater
slope than the stress versus catculated strain. This
indicates that the measured strain was smaller than the
calculated strain for all loading increments. This would

22
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seem to indicate that panels C through F were actually more
elastic than expected and that the actual value for the
modulus of elasticity was greater than the calculated
value,

Table 4

Measured and Calculated Moduli of Elasticity of
Piywood Panels

Panel Measured E, psi Calculated E, psi
A 2.08x100 2.10x100
B 2.24x100 2.21x100
c 2.10x106 1,75x100
D 2.00x10° 1.76x106
E 2.30x106 1.94x106
F 1.98x10° 1.69x106

F. Vacuum Loading Tests on Plywood Panels

1. Testing Procedures and Results

A vacuum load test was devised based on information from
Dallas and Mitzner (1977). This type of test was felt to
be a good, inexpensive method for evaluating the perfor-
mance of the plywood panels and strain gages under the type
of loading expected in the actual field installation., It
was felt that the test results could be compared to pres-
sure cell measurements in the field. An advantage of this
type of test is that uniform loads can be applied safely
and measured accurately.

23
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Two of the.instrumented plywood panels (Panels A and B),
were subjected to vacuum tests for determination of their
modulus of -elasticity. and reaction to pressure loading.
This was accomplished by utilization of a special test
frame (Photos 5 and 6). The two panels were separated at
their perimeter by a welded aluminum channel frame, forming
a thin rectangular box., Within fthis box configuration,
wooden posts were placed, as illustrated in Figure 12, to
simylate actual caonstruction conditions of the wood-faced
wall. A sealant dispensed from a cau1k1ng gun was applied
to the contact surfaces between the plywood and the alumi-
num frame Both pane1s were also sealed on their outside
surfaces with epoxy pa1nt Holes were bored and bolts,
washers, and nuts were installed at the actual locations
requ1red for bar-mat fastening in the field.

Vacuum was app]ied to the box through fittings installed in
the aluminum frame. - A maximum vacuum of .18 inches

(8.84 psi) of Hg (mercury) was applied and strain measure-
ments were obtained at various increments between 0 and 18
inches of Hg. These data are summarized in Table 5 and are
‘plotted in terms of actual strains on Figure 13,

2. Correlation Betweeﬁ Thedretica] and Actual Strains

The reader is referred to Appendﬁxhc for information on the
theoretical development of strains.

In the horizontal direction, the theoretical and the actual
laboratory measured strains were -696 Win/in and

-725 -uin/in, respectively,.for Panél A and -906 wuin/in and
-991 uin/in, respectively, for Panel B. These values were
determined at a pressure of 18 inches of Hg and correspond
reasonably well.
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TABLE 5
RESULTS OF LABORATORY VACUUM TESTS ON PLYWOOD PANELS A & B

Strain vs Vacuum Pressure

Strain, e (¥ "M /in.)

Vacuum
Pressure Panel "A" . Panel "B"
Channel Channel
Inches 4 5 6 7
ﬁ; (psi) (Horiz.) (Vert.) (Horiz.) (Vert.)
0 0 0 0 0 0
4,25 2.09 -155 17 -190 1
6 2.95 -230 28 -299 -2
8 3.93 -324 33 -427 -6
10 4,91 ~-417 42 -559 -10
12 5.89 -493 51 -663 -15
14 6.87 -591 59 : -804 -22
16 7.86 -666 67 -908 -26
18 8.84 -725 75 -991 -28
25
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In the vertical direction, the theoretical and actual
strain values did not correspond nearly as well. In Panel
A, the theoretical and actual strains were -20 uin/in and
75 uin/in, respectively, and in Panel B they were

-19 uin/in and -28 vin/in, .respectively. Correlation was
almost fonexistent., This behavior could again be attrib-
uted to the irregular and nonhomogeneous wood plies. |

G. CalibratioﬁAbf Sfrain Gages ‘

1. Strain Gages on Bar-Mats

The linearity of_thefstrajglgages jnstalled on the bar-mats
was tested in the laboratory under tensile loads.

A nut with a‘hook-fastening feature was threaded on the
center bolt connector of each instrumented bar-mat prior to
testing. . Fach mat was lifted individually with an overhead
hoist until it was vertical (Photo 7). The single wire
strand with the strain gages attached was threaded at the
opposite end and. fastened to a chain of testing parapher-
nalia that included a load cell, hydraulic jack, and
anchors. The jack applied the tension load and the Toad
cell monitored the load application.

Once a mat was in position as described above, testing
began by first applying a load of 1,000 1b (the maximum to
eventually be applied), and then releasing the load. Lload
applications in increments of 100 1b were then applied from
0 to 1,000 1b with strain readings obtained at each 100 1b
increment. This testing procedure was repeated three times
with each instrumented bar-mat.
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2. Strain Gages on Wood Posts

The Taboratory test setup and procedure was described pre-
viously in Section E.2. and the theoretical relationships
are presented in Appendix D. Also refer to Photo 4.

The difference between measured strain and calculated
strain was evaluated for all strain gage loadings for
calibration purposes. This difference was expressed as a
percentage of the calculated strain. The average percen-
tage deviation for each loading was used as a parameter for
comparing the accuracy of each gage.

Better correlation was found for gages closer to the top
surface of the member during loading. A few large varia-
tions between measured and theoretical strain gage values
probably suggest that wood members are not perfectly
homogeneous and exhibit some inelastic behavior. It is
interesting to note that in most cases the measured strain
and theoretical strain for a given gage were almost equiva-
lent at the point of applied load.

H. Calibration of Soil Pressure Cells

The Gloetzel soil pressure cells were calibrated in the
laboratory prior to incorporation in the project. Each
cell was individually placed in the large air pressure
calibration chamber at the Transportation Laboratory and
tested at chamber pressures from zero to 30 psi. In addi-
tion, three pressure cells were placed in direct sunlight
and surface tempetrature of the cells was allowed to raise
to 140°F. Maximum change in prepressure readings of the
cells from the indoor ambient temperature condition with
cell surface temperature of 90°F to outdoor direct sun
conditions was 0.01 percent.
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1. Wall Construction

1. General

Wall construction began on March 2, 1979, and was completed
in 18 working days. DOuring two of the working days, high
wind conditions slowed work progress. After the first few
days, a routine was established that provided optimum work
progress for the number of workers and equipment involved.
This routine consisted of dividing the 1300 foot wall
length in half to form two work areas. As the crew of
laborers and carpenters fastened panels, drilled holes and
placed bar-mats in one work area, embankment placement pro-
ceeded in the other. This system accelerated progress and
contributed greatly to the rapid completion of the wall.

Prior to. wall erection, the planned bar-mat configuration
was altered by a Contract Change Order. The spacing of the
transverse bars: was changed from 20 inches to 12 inches
center to center.. The contractor requested this change be-
cause the latter mat configuration was readily available.

2. Placement of Copcrete_Footing and Erection of Wood
Facing Members

Excavation for the footing was accomplished with a trench-
ing machine that excavated a 1 foot x 1 foot trench (Photo
8). .The excavated trench. walls contained the concrete
durfng placement and no forms were required. Prior to
placement of the footing concrete, the 4 inch x 6 inch ver-
tical wood posts were positioned and nailed to the plywood
panels at 2 foot centers in units of four posts to one

4 foot x 8 foot sheet of plywood (Photo 9). The plywood
sheets (panel) were positioned. such that when the wood
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units were efected vertically, the prenailed panels became
the second row of face members from the bottom, thereby
allowing room for footing placement. These wood units were
then erected and placed in the proper position in the
trench with the aid of a truck-mounted telescoping boom
with cable slings. Laborers guided the wood units into
position and nailed them to the adjoining wood units (Photo
10). This newly positioned wood unit was then braced with
lengths of Douglas fir struts nailed to wooden stakes
driven in the ground (Photos 11 and 12). The trenching
operation progress ahead of the vertical whaler erection
operation was controlled so that at the end of the work day
there was no open trench area. Concrete placed in the
trench formed a nominal 1 foot x 1 foot footing with the
lower 1 foot of each 4x6 post embedded in concrete (Photo
13).

Installation of bottom level plywood panels began as soon
as the footing concrete had cured a minimum of one day
(Photo 14). Once the bottom panels were in place, the _
first level of holes were drilled in the panels to accommo-
date the connection bolts for the bar-mats (Photo 15).
Embankment was placed and compacted to a level just below
the row of bolt holes and the bar-mats were then distribu-
ted on the newly placed embankment behind the wall with
bolt equipped ends inserted into the appropriate holes
(Photo 16). Washers and nuts were fastened to the bolts
and tightened with a pneumatic wrench from the outside of
the wall to snug the bar-mats flush with the back face of
the panels (Photo 17). As the nut tightening activity
progressed to higher levels, the process was conducted from
the back of a flatbed truck and finally from scaffolding
housed on the truck bed. The truck also served to pull the
trailer-mounted compressor that supplied the air for the
pneumatic wrench.
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"This cycle of plywood.eréctjon, bar-mat placement, embank-

ment placement was continued alternately in both work areas
until the full wall height was attained. Plywood erection
was kept just far enough ahead of embankment placement to
permit the carpenters and laborers to work conveniently
while standing on the new embankment.

3. Backfill Placement and Compaction

Embankment (backfill) material, delivered to the job site
by bottom dumps, was.spread and then compacted by a
vibratory roller (Photo-18). A water truck complemented
the compaction operation. The truck and.trailer traffic
also contributed to the compactive effort. A road grader
aided in material spreading and leveling to grade. A
hand-operated vibratory steel roller provided compaction
within two feet of the wall face (Photo 19). The degree of
compaction was monitored by nuclear gage.

4. Field installation of Instrumented Members
a. Instrumented Wood Post

Following the laboratory attachment and calibration of
strain gages to the wood post, it was wrapped in fiberglass
fabric insulation to protect the gages and wires and
transported to the job site. The instrumented post was
erected at its proper location as part of a wood unit
consisting of four posts and one sheet of plywood (refer to
Photo 20). The protective insulation material on the
instrumented post was unwrapped only long enough to accom-
modate panel attachment. Strain readings were obtained
before embankment was p]acéd against the post, and during
and after wall construction.
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b. Instrumented Plywood Panels

The six instrumented panels were installed by Transporta-
tion Laboratory personnel and located as illustrated in
Figure 7. Each panel was installed just prior to
embankment placement. Precautions were taken to prevent
damage to strain gages during this operation.

¢c. .Instrumented Bar-Mats

Each of the four instrumented bar-mats was installed by
Transportation Laboratory personnel at the proper level
after the embankment reached the appropriate elevation
(refer to Figqure 5). The embankment material consisted
primarily of sand and silt with no appreciable amount of
coarse material. Typical grading values included 100%
passing No. 4 and about 35% passing the No. 200 sieve.
This type of material was very desirable for bedding and
protection of the instrumented mats. With little effort,
the material was screened to produce a fine-graded bedding
material for the exposed strain gages. This finer graded
material was placed over the gages as a cushion from any
coarser material and construction equipment loadings.

d. So0il Pressure Cells

Ten Gloetzel soil preésure cells were installed on the
embankment side of face panels as shown in Figure 5. The
manufacturer recommended placing the cells against the
panels so that they would be in the vertical plane of the
panel face and no cells would project out from the face.
It was also necessary to provide a uniform, smooth contact
between cell and panel.
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Thus, in the laboratory, housings for the cells were carved
out of the panels in the specific locations where they were
to be installed, and in the field, the actual installation
took place ‘{Photo 21).  The cells were kept in place prior
to embankment platement by small tabs,

5., Construction Costs

The simplicity of the wood«faced wall erection and the
efficient operation of embankment placement resulted in a
short construction period and contributed to a substantial
overall construction cost reduction. Except for the
initial vertical post erection (where a truck-mounted tele-
scoping boom and a trenching machine were used), special
equipment was not required "during wall construction and
embankment placement. Wood face panels were nailed in
position before embankment was$ placed against them and
steel bar-mats were manually placed. The silty sand
embankment material allowed easy placement and reduced com-
paction time considerbly. Construction costs are tabulated
in Table 6 and show an actual unit construction cost of
$6.18/ft2 for the wood-faced wall. Photo 22 shows a view
of the wall nearing'completion.

J. Analysis of Instrumentation Data
1. "Soil Pressure Distribution

No established theory was available at the time of design
to precisely analyze soil pressures in WFMSE. The design
for the Delhi wall utilized the closest applicable and yet
conservative theories of retaining wall design as described
in Section 5.b.
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TABLE 6

CONSTRUCTION COSTS

CLEARING AND GRUBBING $ 794

. Includes: .equipment,
survey and labor

MECHANCIALLY STABILIZED EARTH WALL $ 75,800

Includes: equipment, steel
bar-mats, plywood panels,
Douglas fir posts, concrete
footing, survey and labor

TRENCH EXCAVATION $ 1,940
Includes: equipment, survey

and Tabor
EMBANKMENT ‘ $ 60,500

Includes: equipment, backfill
material, survey and labor

TOTAL COST $139,034
FACE AREA 22,500 ft2

ACTUAL CONSTRUCTION COST
PER SQ FT OF FACE AREA* $6.18/Ft2

TOTAL ESTIMATED SAVINGS WHEN
COMPARED TO OTHER ALTERNATIVES about $300,000

*The Caltrans estimate was $8.65/ft2
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““At_vest pressure theory is not considered applicable to MSE
design becduse of the flexible nature of the system. It
is, therefore, appropriate to design the system based on
the active earth pressure and assume a certain amount of
pressure redistribution behind the wall as defined by
Chang, et al (1981).

The initial design of this wall assumed a conservative
active Rankine state of stress with a horizontal active
pressure coefficient, K, of 0.46 {$=32 degrees, ¢=0 and
Ywet~130 pcf) for a sloping backfill condition determined
from the following equation:

cosB-Ycos2B~cos?¢
COSB+/Cc05*B~COS%

Ka= cosB

angle of backfill slope above wall
angle of internal friction of backfill

[¢]

where: B8

Thé above Ky value (0.46) representé the completed wall
with embankment and roadway above it. The May 2, 1979
condition is representative of wall completion to full
height with no sloping backfill or surcharge. The analysis
which follows is based on the May 2, 1979 condition.

Nuclear soil densities measured in the field during wall
construction suggest Y,=120 1bs/ft3, Strength param-
eters with angle of internal friction ¢ (36 degrees) and

¢ (0) were also assumed for the actual backfill condition,
The Rankine active coefficient, K5, at wall complietion is
determined as follows for the zero surcharge condition:

_ l-sin 36°

Ka l+sin 36°

= 0.26

34

ClibPD www fastio.com


http://www.fastio.com/

ClibhPDF -

The lateral soil pressure at 20 foot wall depth (H), is
calculated as

_ kYR _ 0.26(120)(20)
144 144

= 4,3 psi

Ten soil pressure cells were installed on the inside face
of the wall to measure horizontal (lateral) pressures at
five different elevations for comparing actual field
results to the above theory (Photo 21). Initial measure-
ments indicated higher than normal horizontal pressures
that were in excess of theoretical values, These higher
pressures were due, in part, to the construction operation.
However, within a couple of days of installation, the
pressure cells indicated a decrease in horizontal pressure,
A11 cells except two returned to zero pressure, Retrieved
sections of plywood panels, containing 8 of the 10 pressure
cells, obtained several months after construction revealed
soil penetration into the contact between the cells and, the
panels in almost all cases. This suggests that the panels
may have distorted or warped stightly and fines from the
backfill soil migrated into the voids between the cells and
the wood facing which may have resulted in somewhat errone-
ous readings.

Figure 14 shows a plot of measured pressure readings versus
overburden height during construction as well as the
theoretical active pressure discussed earlier. Higher
pressures were recorded in the top portion of the wall,
perhaps due to the built-in cantilever effect above the
common splice location in the vertical posts (refer to
Figure 14, CG-5, CG-10 and Photo 23). The contractor
failed to tighten the bolts for these splice connections
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i1 after the first 1ift of soil and bar-mat reinforce-
ment were placed above the sb]iée. The top of the wall
tilTted outward approximately 12 inches as a result of
embankment placement and equipment loading prior to tight-
ening the bolt connections. The vertical alignment could
not be maintained above the splice connections during
construction. No measurableé additional outward movement
occqrredvfoliowing construction.

No attempt ha's been made to assess the cantilever effect on
the" lateral pressure, but it is assumed that actual
pressures would have been somewhat less with the vertical
alignment. Higher” internal pressures were also recorded
during the early stages of loading‘at each level, possibly
dué to excessive compaction near the face. However, these
lateral pressures dissipated as wall construction pro-
gre'ssed. The Tateral pressure near the toe (CG-1, Level 1)
remained constant during wall construction possibly due to
toe restraint. Alternative procedures for predicting soil
préssure'wefé used’ that applied data recorded from strain
gages installed on panels, posts and barmats. They are
discussed in the sections which follow.

2. Stresses in PTywood Panels

As mentioned previously, the WFMSE included instrumentation
to measure-strain in the plywood panels. These strains
were measured by polyester strain gages (as described in
Section D)} at various wall heights and on both sides of the
wall face. The location of the gages is shown in Figure

7. _ : . _
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Strain gage readings were used to compute plywood panel
stresses, define the soil pressure applied to the plywood
panels, and compare the results with both the theoretical
and measured soil pressures.

As shown in Figures 15 and 16, the strains in the plywood
panels increased significantly after completion of the wall
on May 2, 1979 and continued to increase through the final
readings taken in October 1979, The highest strain read-
ings were measured on the inside face of the wall (Figures
15b and 16b). These excess strain readings did not occur
in the vertical posts (Section J.3.) or in the bar-mats and
thus cannot be attributed entirely to loading. The strain
gages on the plywood may have experienced creep, partial
penetration of moisture, or both. Also, the bar-mat con-
nection assemblies installed flush with the back of face
could have induced panel warpage.

The data shown in Table 7 were developed from the May 2,
1979,strain readings which appear reasonable.

Both calculated and estimated soil pressures are presented
in Table 7 using recorded strain readings from the horizon-
tal gages. The calculated Jateral soil pressures in Column
5 were determined from field strain readings assuming the
face panels were acting as continuously loaded beams with
supports at two-foot intervals (refer to Appendix C).
Column 6 in Table 7 shows values of lateral soil pressure
estimated from Taboratory vacuum tests (Figure 13) and
adjusted for double panel units. A good correlation exists
between the calculated and estimated values of soil
pressure,
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Vertical strain gage readings were not utilized in this
analysis since they appear to be unreliable as an indicator
of Tateral soil pressure (refer to Section F.2,)

Figure 17 illustrates the range in lateral soil pressure

of calculated and estimated values for different overburden
heights, A comparison is also presented for the triangular
Rankine, K4, pressure distribution. Even though no
correlation existed between the two distributions of pres-
sure, the maximum pressures (theoretical vs calculated) are
in close agreement,

Additional analysis of soil pressure is covered in subse-
quent sections of this report.

3. Stresses in the Wood Posts

As part of the wall facing, the Delhi MSE included 4 inch x
6 inch Douglas fir posts up to 24 feet long and spaced at
2-foot intervals. The pattern of bar-mats attached with
bolt connectors alternated between members. At 4-foot
vertical intervals, each post was anchored with a bar-mat
connection bolt (Figure 4). At each interval between bar-
mat members, the posts were bolted to the plywood panels.
As shown in Photo 23, each wood post exceeding the 12-foot
height was subject to a common splice at the 12-foot level.

The instrumented Douglas fir post was installed during wall
construction at Station 365+00 and extended to the full
height of wall without splicing. Five strain gages were
located at each of four levels, corresponding to the four
levels of instrumented bar-mats (refer to Figures § and 7).
Strain histories for each of the strain gages are shown in
Figure 18,
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Contraky to resilts for thé plywood panels, strains in the
wood posts did not continue to increase after wall comple-
tion. The strain gage data in Figure 18 suggest that the
instruméented post was subject to outward bending for its
entire height. However, its performance is not representa-
tive of the other post members- which had a common splice at
the 12-foot height. The data are, therefore, provided only
for information and no further analysis is attempted.

4., Analysis of Bolt Data

Data collected from strain gages installed on the bar-mat
bolt connections {(Gages 101 and 102, Level 1; 111 and 112,
Level 2; 121 and 122, Level 3; and 131 and 132, Level 4)
are very questionable since all transfer connection members
were bolted flush against the back of the wood facing
during construction (refer to Figure 6 and Section 1.2. of
this répdrt). Thus, no attempt was made to analyze these
data because of the preload condition and the data are
presented in Figure 19 for information only.

5. Stresses in Bar-Mats and Correlation With Lateral
Soil Pressures

Daily histories of stresses in the bar-mats calculated from
measured strains are plotted in Figure 20, Stresses
generally peaked at wall completion on May 2, 1979, and
decreased following wall ‘construction. The stresses then
increased during placement of thekétpucturai section and
Tater with traffic on the fill.
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A11 bar-nmat stresses were less than the maximum allowable
working stress of 24 ksi. The maximum recorded stress was
19.5 ksi in Levels 2 and 3 near the center of the bar-mat
at both levels in October 1979 prior to encapsulation of
the wall in the embankment.

Figure 21 presents bar-mat stresses recorded at completion
of the wall on May 2, 1979.

For estimating lateral soil pressures on the wall face, an
equivalent pressure was determined from strain gages
located one foot back of the wall face on May 2, 1979. The
connector bolt stresses could not be utilized since they
were not a good indicator due to the construction
procedure.

Since an average of two bar-mats were placed per 4x8-foot
face panel, each bar-mat supported a face area equal to
16 ft2, Using the bar-mat strains measured on May 2,
1979, the pressure distribution shown in Figure 22 will
result.

The calculated pressures appear to follow the Rankine
triangular distribution in the lower portion of the wall,
However, at Level 4, above the vertical spliced members,
the pressure is somewhat higher, possibly due to the canti-
lever effect above the splice. The pressure distribution
could also be rectangular (similar to that found in braced
cuts in dry or moist sand Terzaghi and Peck, 1968). This
suggests that additional study is necessary.
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Figure 23 provides additional”analysis by which to estimate
lateral soil pressure with overburden height. A comparison
is presented for calculated and estimated soil pressures
using the information discussed in previous sections of
this report. The pressure cell readings from Figure 14,
average soil pressure determined from face panel strains at
inside and outside faces (Figure 17), and soil pressures
determined from bar-mat stresses (Figure 22) are shown for
comparison. The tHeoretica1'hankine-triangu]ar pressure
distribution at K, equal to 0.26 and a rectangular
(uniform) pressure distribution for braced excavations in
sand [P=0. 65 Htan2 (45 -%)] are also provided for
comparison,

It should be pointed out that the pressure cell data under
low overburden heights (<6 foot) appear to provide overreg-
istration and may not be meaningful.

An excellent corretation exists between c¢alculated and
estimated soil pressures. These data points also agree
reasonably well with so0jl pressures derived from bar-mat
stresses at Level 1 (18 foot overburden) and Level 3 (10
foot overburden).

Final ané1ysis bf’Figﬁre 23 suggéSts that all four proce-
dures for predicting soi]'pfessure conclusively show that
the pressure d1agram (dlstribut1on) follows a rectangular
rather than a tr1angu1ar shape for this particular project.
However, this does not suggest that this project was
underdesigned using the triangular distribution. The steel
bar-mats and connection bolts are generally selected based
on the maximum stress at the bottom of the wall.
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The rectangular pressure distribution could provide some

economy by requiring less steel for tensile reinforcement

on future designs. A rectangular pressure distribution

should probably be utilized for wood-faced MSE walls using
fine grained cohesionless backfill.
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BAR-MAT STRESSES ONE FOOT BACK FROM FACE
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Fig. 23 LATERAL SOIL PRESSURE TEST RESULTS
VS THEORY.
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PHOTO 1: Welding of strain gages on bar-mats

PHOTO 2: Strain gages on wood post
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PHOTO 3: Strain gages on plywood panel

PHOTO 4: Laboratory setup for testing timber posts
to determine elastic properties.
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PHOTO 5:

PHOTO 6:

Special test frame for vacuum load tests
on plywood panels.

Special test frame for vacuum load tests on
plywood panels.
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PHOTO 7: Apparatus for testing linearity of strain
gages.
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PHOTO 8: Excavation of footing trench
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PHOTOS 11 & 12: Lateral supports for wooden facing
units,
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PHOTO 13:

Wood posts embedded in concrete footing.

PHOTO 14:

[ro.com

Installation of bottom_]evei‘p]ywood panels.,
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PHOTO 15: Drilling bolt holes through plywood panel
and wood posts.

M PHOTO 16: Placement of bar-mats.
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PHOTO 18: Compaction of embankment fill material with
a vibratory roller.
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PHOTO 19: Compaction of fill material within two
feet of wall face using hand operated
vibratory roller.

PHOTO 20: .Instrumented wood post erected in position.
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PHOTO 21: Field installation of soil pressure cells
' behind wall face.

o PHOTO 22:  Wood-faced MSE nearing completion.

ChihPDF - www.fastio.com



http://www.fastio.com/

PHOTO 23: Installation of splice on vertical wood
posts.,
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APPENDIX A

THEORY FOR DETERMINATION OF MODULUS OF ELASTICITY
OF DOUGLAS FIR POSTS

For a simply supported beam undergoing elastic deformation
from a concentrated load at any point, classical mechanics
of materials analysis yields the following equation:

A - Pa%p? L (1)

@ 3 FI% .

where Ay = the deflection at point of load

P = applied load

2 = shortest distance between support and load
b = Tongest distance between support and load
E = modulus of elasticity

I = moment of inertia about the u-u axis

L

= length of the beam
Refer to Figure 8 of text.
When the relationship between P and A is known, E remains

the only unknown in Equation (1). The moment of inertia,
I, about the u-u axis is found from the equation:

For an average beam width (w) of 5.52 in. and average beam
depth (h) of 3.81 in.,

A-1
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[ . (5.52)(3.81)3 _

" in 4
17 25.44. in.

In the case of a slightly warped beam (see Figure 8b),
P = P (cos¢), therefore Equation (1) becomes

Pa2b2 coso
F =

e )

aSSuming $ =-1° for analysis. -

From Figure 9, %ﬁ = 117 1b/in.
a

"Frdm'the beam geometry shown in Figure 8,

_‘_(cos¢a2b2

O3F3D) =Kk = 15,166/ in.

and E is calculated as

1b
in

(117)(15,166) = 1.77 x 106 psi

for the instrumented-beam.J

N

A-2

ClihPD www.fastio.com


http://www.fastio.com/

APPENDIX B

THEORY FOR DETERMINATION OF MODULUS OF ELASTICITY
OF PLYWOOD PANELS

For a simply-supported member with a centrally applied
load, classical mechanics of materials analysis yields the

relation:
= P x 2 2
E T e (3264x4) L, L L L0 . 0 .. (4)
11 7 38K 114
where P = applied load

x = distance from support of measurement point
% = length of member
Ay = deflection from the load
I17 = moment of inertia parallel to outer grain
and E11 = modulus of elasticity parallel to outer
grain

Load-deflection relationships, shown in Figure 10 of text,
permit solving for Eyp if Iyp is known.

The moment of inertia is better understood as a resistance
to bending, and is a function of geometry and strength
characteristics of the cross section., Due to the makeup of
plywood {as described earlier and shown in Figure B-1), the
reduced effectiveness of the perpendicularly grained plies

- to resist bending must be taken into account. The modulus
4 of elasticity of veneer perpendicular to the grain is about
. 1/35 that of its modulus parallel to the grain (APA 1978).

Thus, a ratio of elasticities of the inner ply to the outer

B-1
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plies is used to calculate the moment of inertia. This
idea is conveyed in Figure B-2 where the cross section
shown is formed by proportioning the stiffness of each
layer relative to the stiffness of the outer layer. The
moment of inertia of each individual ply about its center, .
Io5» s calculated and Iy1. the moment of inertia

of the entire cross section about its neutral axis, is
calculated by summing up the moments of inertia of each ply
about the outer surface of the cross section using the
parallel axis theory.

I]_]_ = § [101_”_\1(?_?])2 s s e s e A v s (5)

where I, = moment of finertia of a ply abouts its
centroidal axis
Aj = area of ply (i) in the proportioned
cross section '
distance from centroid of proportioned
cross section to top surface of
cross section
yj = distance from centroid of ply (i) to top
of surface of cross section

«<|
L]

For panel A, Iil = 0.8916 int per foot of cross sectional
width.

With Iy1 known, Ej; is found using Equation (4) at A=1.0 inch.

For panel A,

1y - (443.63 1b/in.)(36 in.)[3(96)2-4(36)2](in.2) = 2.1 x100 psi
48(0.8916){in.4/ft) (4)(ft)

B-3
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Theoretical Caiculation of Strains

With Iy1 known, the effective section modulus (Schuster,

1973), KS, can be found. For p1ywood,kthe effective section

modulus is defined at K111/C where K is an empirical

correction factor equal to 0.85 and C is the distance from

. the centroid to the outer surface. KS is found pér foot of
cross section, ‘ '

The stress, o, in the member is found (Seely, 1952) for the
4 ft cross section from the flexure formula

.M
U-4KS . . L) . . . - . » . - . L] . . . . - (6)

where M is the bendihg moment at the strain gage., The
section modulus is multiplied by 4 ft to represent the
entire width of the member. The loading diagram is shown
in Figure 10 of text and the bending moment at the strain
gage location is found from Equation (7) below.

Px

= PX L WX N _
M_ 2 + 2 (2 X) . . . - - » . . » - - - - (7)

where = applied line load at center of span
= distance from support to strain gage

weight/ft of panel
= distance between supports

» ¥ X O
]

From the values in Figure 10

M = 18P + 1080W lb-in, . . . . . . « . . . (8)

B-5
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3

Substitution into the flexure formula yields:

o = L.5P¥270W .

KS

with o known, the thoret{cé]IStrain'is found

Hooke's Law, € = %

P N R T T
? * v ST
i : \
Il . . .-
4 L
¥ - 1 ~
’
: i
Lo
- fL
T . .
a
- - L
RETAR ¥
. f
»
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APPENDIX €

1, THEORETICAL CALCULATION OF STRAINS IN PLYWOOD PANELS .

FROM VACUUM TEST LOADING

It was assumed that each section of the plywood panel
containing the strain gages acts independently. The 4 ft
span will be referred to as Span "a". The 2 ft span will
be called Span "b".

It was assumed that for bending in Span "b", the plywood
panel would act as a 2-ft long beam, 4 ft wide with fixed
ends., The strain at the gage location can be determined by
combining Equations 6 and 9 from Appendix B to form the

following:

where M

KS

W

it

IEE'-E-.....'.........-_--(lo)

wh? '
'EE"‘ . . - . - . . . - - . . . . . - . . (11)

Section modulus from Table 3 (text)
Modulus of elasticity from Table 4 (text)
Vacuum load in psi

Since 1 inch of H§_= 0.491'psi, the maximum vacuum pressure
of 18 inches of Hg is equivalent to 8.84 psi. For a4 ft
wide beam, this corresponds to a vacuum load of 8.84(4)(12)

= 424 1b/in.

www . fastio.com
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For the two panels which were tested, one obtains:

, 12
e . = ={424)(24)°/(24). . _696u in /in
panel A - 4(1.74)(2.10x10)
- 2
©anel B ° =(424)(24) /28 _ . _9g6u in./in.

4(1.27)(2.21x108)

For bending iqxthé véfi%cal direction, (Span "a"), the
instrumented section of the plywood panel was assumed to
act as a flat plate uniformly loaded with Spén "b" fixed
and Span "a" simply supported. Again, using Equations 6
and 9, the following is obtained:

. M . '
£ = ———
o ZKSE " . l . l. -- - - . L] - . - - - - - (12)

_ wb? 124 (p.236, Table 9, |
M= go— [170.3(=)7] seo1y & smith, 1952) © (3)

Centerline moment

=
il

where
= = b/a, b=short span, a=long span
w = Vacuum load in psi
E = Modulus of elasticity from Table 3 (text)
KS = Section modulus perpendicular to the
direction of the grain (0.82 in.3/ft)

Ca1pu1ating tﬁe theoretical strain in the two panels we see

that |
E'pane1 AT (-8.84)(24) /80[1+0.3(1/2)] = -20u in./in.
and 2(0.82)(2.10x106)
2 2
Ebanel 5 = (-8.84)(24) /80£1+0.3(1/g) 1. 1oy 1n./in.

2(0.82)(2.21x108)

c-2
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2. CONTINUQUS BEAM ASSUMPTION FOR DETERMINING SOIL
PRESSURE ON WALL FACE USING STRAIN GAGE DATA

CONTINOOUT LoADINS &I FROM LATERAL
STRAIN CAGES — Dol PRESSURE

e

|22

poa&t.,,qs F/B POSTS
By ool PANEL, 4'x8°

el L= 8’ >

T T T T T L] !1 |__| | |f’w4§’£xrzou§ N
B T = _MEMBEE

— =2’ 4=z’ i 4=2" 1 q=2°
O393R | LrBwh LI YA YN o334

The following reactions and bending moments were derived by
moment distribution assuming a statically indeterminate
beam {refer to Wang, 1953):

. LZISus
0785w hqew 0,728

‘\_ \l | \I\] SHERR DIASRAM
\ ~o28 \,,a-;z | eSS

‘ l

QA0BD o MBS ' ,! 14 IO,?:O&N

//\ ZIN TN /’|\ MOMENT DIASRAM
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AT -0zl
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Analysis of Stress and Unit Soil Pressure

From the flexure formula

" x

O nax. =Mc/L o v v e e e e e e e e e e . (14)

" For pi}@poﬁ S#L(&;'thérefqre; use a factor K to correct

eqﬁatiﬁh'T14) whjch then becomes
0 = M/KS & & v v i e e e e e e e e e e e . (15)

Combining (10) with {9) we obtain

™M
0

M/KSE.
where € = measured panel strain in horizontal direction
For two pahe] thicknéssés of p]ywdod, the unit strain can

be determined for single panel plywood face unit by the
following:

E1 = 482 . - . - . . - . . « e . I R (16)

strain measured on single panel face unit
strain measured on double panel face unit

where €1
&2

Levels 1, 2 and 3 are two panels thick.

For Panel A at Level 1 (from strain gage 21), the average
unit soil pressure is derived as follows using KS and E
values from Table 3.

-4
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20.736 W 1b/in.

€ = M/KSE =
1.738 in.3/ft(4 ft)2.0957x1081b/in.?
E = 1.423x10-6y
W= €/1.423x10-6(48 in.) = 1.464x10%€1b/in.?

Since panels are doubled, use €1=4€; and measured strain at
gage 21, €2=48x10‘6 in./in.

W= 1,464x10%(48x107%)4 = 2,81 psi
Refer to Table 7/

i

For single panel units, 1.e.,‘Leve1 4 Panel F, use &7
without modification and measured strain at gage 33,
€1=220x1076 in./in.

e = 20.736 M = 1.923x10-6y

1.412(4)(1.909x106)

=
It

2.38 psi
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APPENDIX D

THEORETICAL CALCULATION OF STRAINS IN WOOD POSTS FROM
LABORATORY LOADINGS

The beam obtained for instrumentation was somewhat warped
due to shrinkage and could induce torsional stresses during
loading through unsymmetrical bending. However, the angle
of warp was found to be minimal (not greater than 2°) and
torsional stresses could, therefore, be neglected in the
analysis. The shear stress due to the dead load (beam
exclusive of bending) was also insignificant compared to
the bending stress and was neglected.

Given the geometry of the beam, the bending stress for
unsymmetrical loading is given (Seely and Smith, 1952) by

- (Mcos¢)v + (Msin¢)u

G Iu x Iv e e e . {17)
where 6 = bending stress
M = bending moment
¢ = warp angle
(see Fig. 8) V = vertical distance from principal axis

of inertia

u = horizontal distance from principal
axis of inertia

I, = moment of inertia about vertical axis
I, = moment of inertia about horizontal axis

g is positive if the member is in tension and negative if
in compression. After the bending stress, g, is calcula-

ted, the theoretical strain, €, is found from Eguation (9)

g
where £ = E

D-1
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