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Yo = Theload factor for vertical earth pressure EV in Table 2.1 and Table 2.12 (dim.).

Yo = The load factor for live load surcharge per the AASHTO LRFD Specifications
(dim.).

q = Live Load Surcharge (ksf).

H = The total vertical height at the wall face (ft.).

S = Average soil surcharge depth above wall top (ft.).

Aoy = Vertical stress increase due to concentrated surcharge load above the wall
(ksf).

The K-Stiffness method differs from the other that it determines the maximum
reinforcement load from the gravity forces acting in the wall and then it adjust the
maximum load per level of reinforcement using a load distribution factor (Dymax) and
some others empirical factors that account the stiffness of the facing and
reinforcement, the facing batter, etc. to determine Tpay.

To calculate the maximum factored load at each reinforcement level, the

following equation shall be used:

Thax = O-SSVKUVDtmaxd)fsd)local(pfb + ypAO-HSV (2.20)
where:

Sv = Vertical spacing (ft.).

K = Index lateral earth pressure coefficient equal to Ko = 1-sind (dim.).

Gy = The factored pressure due to resultant of gravity forces from soil self weight

within and immediately above the reinforced wall backfill and any surcharge
loads present (ksf).



Dtmax

Sglobal
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Distribution factor to calculate Tax for each layer as a function of depth fig
(dim.).

Global reinforcement stiffness (ksf).
Global stiffness factor (dim.).

Local stiffness factor (dim.).

Facing batter factor (dim.).

Facing stiffness factor (dim.).

Horizontal stress increase resulting from concentrated horizontal surcharge
(ksf).

The following equation shall be used to calculate the global reinforcement

stiffness (Sgiobat) Which takes into account the stiffness of the entire wall section.

Sglobal -

where:

Jave =

Ji =

Jave Z?zl]l’
= == 2.21
H/n) H (2.21)

Average stiffness of all reinforcement layers within then entire wall section on
a per foot of wall width basis (kips/ft).

Stiffness of an individual reinforcement layer on a per foot of wall width basis
(kips/ft).

Total wall height (ft.).

Number of reinforcement layers within the wall section (dim.).
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The global stiffness factor shall be calculated as follows:

0.25
By = 0.25 (2ee!) (2.22)

a

where:

P, = Atmospheric pressure (2.11 ksf).

The local stiffness factor shall be calculated as follows:

a
S oca
Drocar = (sl l) (2.23)
global
where:
Siocal = 2 2.24
local — S_ ( . )
|4
And:
Sweal = Local stiffness that consider the stiffness and reinforcement density at a given
layer (ksf).
a = 1.0 for geosynthetic walls and 0.0 for steel reinforced walls.
J = Stiffness of an individual reinforcement layer (kips/ft.).

Sy = Vertical spacing (ft.).
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The wall face batter factor (®s,), which takes into account the influence of the

reduced soil weight on reinforcement loads, shall be calculated as follows:

by = (Kabh)d (2.25)
fb Kavh '
where

Kaoh = Horizontal component of the active earth pressure coefficient accounting for

wall face batter (dim.).

Kasn = Horizontal component of the active earth pressure coefficient assuming that
the wall is vertical (dim.).

d = Constant coefficient recommended to be 0.25 to provide the best fit to
empirical data (dim.).
To determine Kyph and Kay, Coulomb’s equation can be used assuming that there

is no friction between the wall and the soil and a horizontal backslope as follows:

2
K. = cos (¢+(_u) 2.26
ab cos3w[1+ —::;‘Z ( )
where:
® = Peakfriction angle (°).
w = Wall face inclination, positive in a clockwise direction from vertical. This should

be set to 0 to calculate Ky, (°).
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To calculate the horizontal component of the active earth pressure coefficient

the following equation shall be used assuming no wall-soil friction:

Kupn = Kgp cOS (2.27)

Koy = Kavn (2.28)

The data obtained from geosynthetics walls using segmental concrete blocks and
propped panel wall facing, shows a significantly reduced stress in the reinforcement. To
account for that was derive the facing stiffness factor (¢s). This factor is not well known
how it will affect steel walls and should be set to 1.00 for steel and flexible faced wall.

The recommended formula for this is:

1.5H2

= m a (2.29)
and
brs = NFF (2.30)
where:
bw = Thickness of the facing column.
L = Unit length of the wall.
H = Total wall face height.

E = Modulus of the facing material.
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heft = Equivalent height of an un-jointed facing column that is 100% efficient in
transmitting moment throughout the facing column.

P, = Atmospheric pressure used to preserve dimensional consistency (2.11 Ksf.)

n, k = Dimensionless coefficients determined from empirical data, 0.5 and 0.14,

respectively.

Dimax shall be determined using Fig. 2.12. This distribution only applies to wall

constructed in firm soil. The rock and soft soil distribution should be different; it

becomes more triangular as the soil becomes more compressible.

2.3.2 Strength limit state design for internal
stability for geosynthetic walls

The design of geosynthetics wall must check four possibilities of failures: 1) Soil failure,

2) Reinforcement failure, 3) Connection failure and 4) Reinforcement Pullout. In this

r‘fﬁo.o- 0.0 0.0

<
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(@) 1 S Syopar < 100 Kips/f2 (b) 100 < Sy <400 Kips/f2  (¢) 400 < Sy < 6,500 Kips/fi2

Fig. 2.12 Dimax as a function of normalized depth below wall top plus average surcharge
depth: a) generally applies to geosynthetic walls, b) generally applies to polymer strap
walls and extensible or very lightly reinforced steel systems, and c) generally applies to
steel reinforced systems (WSDOT, 2006).
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section we are just going to explain the soil failure and how to obtain the parameter
needed for Equation 2.20 because in this method the others failure methods are treated
as specified in the AASHTO Bridge Design Specification (2004) described in the section
2.2 with the differences that Ty is obtained from Equation 2.20 and the load factor
provided in Table 2.12 must be used as minimum values to be used for the K-Stiffness
method although the factors provided in Table 2.1 still apply.

Soil failure is considered when the soil reaches its peak shear strain, because at
strains higher than that the soil lowers its friction angle. The purpose of this part of the
design is to select a geosynthetic that at the working conditions (strain, stress,
temperature, etc.) its stiffness is large enough to prevent soil failure to occur.

The stiffness for final design must be obtained using products specific
isochronous creep data obtained in accordance with WSDOT Standard Practice T925
(WSDOT, 2006). For design the secant stiffness should be used. If the reinforcement

ratio (R¢) is less than 1, the reinforcement stiffness must be calculated as follow:

J= JEOC (2.31)
R¢

where

J = Reinforcement Stiffness modified for R..

Jeoc = Reinforcement Stiffness at the end of construction, which can be assumed to

be after 1,000 hours.

Rc = Reinforcement coverage ratio as in Fig. 2.10.
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To calculate the factored strain in the reinforcement at the end of design life (75

years for permanent structures is typically used) the following equation shall be used:

Erein = ]Z’;‘—;"f (2.32)
where:

€ein = Factored reinforcement strain.

Tmax = Maximum factored load from Equation 2.20

Joo = Reinforcement stiffness at the end of design life.

@ = Resistance factor from (Table 2.13).

The reinforcement strain (g,) should be limited to the maximum soil strain which

can be assumed for granular soils to be 3% for flexible faced wall and 2% for stiff faced

wall if a ¢y of less than 0.9 is used for design.

2.3.3 Strength Limit state design for internal
stability for steel walls

The design of steel reinforced wall must check four possibilities of failures: 1) soil
failure, 2) reinforcement failure, 3) connection failure and 4) reinforcement pullout. In
this section we are just going to explain how to obtain the parameter needed for
Equation 2.20 and any difference with AASHTO. In this kind of wall we do not have to
worry about soil failure because if we keep the stress below yield (Equation 2.33) the
reinforcement strain will not be higher than the soil peak strain. The others failure

methods are treated as specified in the AASHTO Bridge Design Specification (2004)
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described in the section 2.2 with the differences that Tnax is obtained from Equation
2.20 and the load factor provided in Table 2.12 must be used as minimum values to be
used for the K-Stiffness method although the factors provided in Table 2.1 still apply.

To begin with the design a trial spacing and steel area based on the end of
construction (EOC) conditions (no corrosion) must be chosen to calculate the
reinforcement stiffness and Sgiopal (Equation 2.21).

The reinforcement rupture has to be checked at the end of life of the wall. In this
method this limit state is verified using the ultimate strength of the steel instead if the

yield strength as follows:

FyA¢ FyAc
Tnax < b Ry = Sh Dry (2.33)
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CHAPTER 3

DESIGN METHODOLOGY

3.1 Concept

As noticed in the literature review the lateral earth pressure coefficient (K
values) used for design geosynthetics walls are lower than those used to design steel
walls. This is because geosynthetics walls are less rigid permitting the wall to yield and
work under actives pressures instead of at rest pressures as in steel walls.

The concept for this design is based on steel bars that will behaves more like a
geosynthetic, allowing the wall to deform sufficient to lower the stresses to active
stresses. To be able to do that, crimps (Fig. 3.1) were made in steel reinforcing bars like
the ones we used in reinforced concrete. These crimps allow the steel bar to be more
flexible and permit bigger deformations and lowers working loads. Also having crimps in
the bars creates additional pullout resistance.

Another problem in current designs is that actual steel straps and wires have a
large cross sectional area and in order to use the steel at the maximum capacity allowed
by the code (about 50% of yield stress) we need to have large horizontal spacing
between bars which is not allowed in the code for wire facings and is not economically
suitable for concrete panels facings. Therefore a more efficiently way to use the steel is
proposed with the use of smaller bars with crimps which will resist the stresses behind

the wall, make the wall more flexible and lower the cost of it.
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Fig. 3.1 Example of a crimp in a steel rebar.

3.2 Crimp Properties

A variety of tests were performed by Suncar (2010) to characterize the pullout
resistance and the tensile behavior of the steel bar with crimps when buried under soil
at different overburden pressures. The data presented in this thesis to obtain the
different properties needed for the design is based on the data presented by Suncar
(2010).

The crimps properties presented by Suncar (2010) are based on a soil with a
friction angle of at least 38°. More testing has to be done in order to characterize the
effect of the friction angle in the properties of the crimps. There are two sizes of crimp
on each bar. The crimp 1 is the biggest crimp and the crimp 2 is the medium crimp of
each bar size as presented by Suncar (2010). This crimps where made taking into
account the minimum radii as specified in the AASHTO LRFD Bridge Design Specifications

(2004).

3.2.1 Pullout resistance

The first property needed for the design is the crimp pullout resistance. In this

case the pullout resistance is going to be divided in two parts. The first one consider the
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pullout resistance of a single straight steel bar (Fig. 3.2) because the crimps are going to
be separated by a certain spacing and the resistance provided by that straight section
needs to be taken into account. The second part is the pullout resistance provided by
the crimp itself. As the crimp are pulled trough the soil, friction and passive forces are
developed preventing the crimp from sliding. The crimp pullout resistance is going to be
dependent on two variables: The effective vertical stress in the crimp and the tension at
which the crimp is working. The results from the pullout resistance test are illustrated in
Fig. 3.3 thru Fig. 3.8 along with a fit made to come up with the design charts.

The data presented by Suncar (2010) shows all the information obtained from
the pullout tests made in crimped bars. The pullout resistance of the straight bar and
the crimps were defined at a displacement of 0.75”.

Several tests were performed on 5/8”” and 1/2" steel reinforcing crimped bars to
characterize its pullout behavior using different sizes of crimps. The pullout behavior of
the 3/8" steel reinforcing bar and 1/4" steel smooth crimped bars were extrapolated
based on the results from the 5/8” and 1/2" crimped bars. Those extrapolated results
were compared with a measured curve of each crimp size of the 3/8” diameter bar and
the results show a difference of less than 10% between the extrapolated and the
measured curves (Fig. 3.9 and Fig. 3.10).

The 1/4" bar properties were extrapolated assuming half pullout resistance of
the 1/2” bar at the same percentage of the working stress referenced to the yield stress.
This results were not verified and taking into account that the 1/4” bar is smooth and

the 1/2" has some corrugation the behavior is not expected to be the same.
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For the crimp 1 of the 1/2" bar the pullout resistance (Fig. 3.3 ) was just obtained
till a working load of 6,000 |bs (about 50% of yield strength) because that was the
maximum working load. When doing the pullout design of the wall as we apply the
safety factor to the maximum tension the tensions in the crimp might increase above
6,000 Ibs. To be able to account for that, an assumption that the bar is totally straighten

at 8,500 Ibs was made so there is no crimp resistance left.

3.2.2 Crimp deflection

When dealing with retaining structures the deflection in the wall is a determining
factor that indicates if the wall is going to be working at active state of stress or at-rest
state of stress. The deflection of the wall is preferred to be enough to work in active
state of stress because these stresses are about 50% lower than the at-rest allowing the
wall to be less expensive.

There have been various publication about the deflection needed to reach the
active condition. Bonaparte (1988) stated that at 0.2% strain of the steel reinforcement
is required to reach the active condition behind the wall. Terzaghi reported that only a
0.5% of the wall height is required to reach the active condition and Clough and Duncan
(1991) reported that 0.1% of the wall height is required for dense sand, 0.2% for
medium dense sand and 0.4% for loose sand.

Tension test of crimped bars at different effective vertical stress were also made
and presented by Suncar (2010). The results of these tests are presented in Fig. 3.11

thru Fig. 3.15.
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The 1/4" bar properties were extrapolated assuming half deflection of the 1/2”
bar at the same percentage of the working stress referenced to the yield stress. This
results were not verified and taking into account that the 1/4” bar is smooth and the
1/2" has some corrugation the behavior is not expected to be the same.

All the deflection presented in the graph is assumed to come from the crimps
because the deflection of the straight bar is negligible compared to the deflection of the
crimp. The design graph presented does not take into account the difference in effective
vertical pressures because the data shows a negligible difference between tests so one

fitting was made with all the data.

3.3 Model Definition

The model presented in this thesis is for internal design of the wall only. For
external equilibrium the requirements of AASHTO must be met.

The definition of this model is going to be based in the assumption that with the
crimps the wall is going to yield enough to work under the active state of stress. Based

on this assumption the forces on the wall are going to be defined as follows:

oy = oyk, + Aoy (3.1)
where:

oy = Horizontal pressure in the wall (psf).

Ka = Horizontal pressure active coefficient as specified in Equation 2.2 (dim.).
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Oy = Pressure due to resultant of gravity forces from soil self weight within and
immediately above the reinforced wall backfill and any surcharge loads present
(psf).

Acy = Horizontal stress at reinforcement level resulting from any applicable

concentrated horizontal surcharge load (psf).

The maximum force supported by the each reinforcement is going to be

calculated based on the tributary area concept as follow:

Tnax = OuSySu (3.2)
where:

Tmax = Maximum load in each reinforcement (lbs).

oy = Horizontal pressure in the wall as in Equation 3.1 (psf).

Sy = \Vertical spacing < 2.7 ft (ft).

Si = Horizontal spacing (ft).

The maximum tensile force in the reinforcement (Tax) can also be calculated using
any other method approved by AASHTO like the K-Stiffness method presented in this

thesis.

3.3.1 Tensile design of the wall

The tensile design of the wall takes into consideration the loads that are going to
be received by the steel cross-sectional area during the design life of the structure. The
purpose if this step of the design process is to prevent the rupture of the reinforcement

at the calculated workings loads.
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The maximum load that the steel can handle is going to be limited by a percentage
of the yield stress of the steel used in the design. The maximum force allowable by the

steel shall be calculated as follows:

Ta = FA. (3.3)
where

Ta = Allowable tension force in the steel (Ibs).

F, = Yield stress of the steel (psi).

A. = Steel cross sectional area after corrosion as specified in Sections 0 and 2.2.9.2

(in?).

Combining equations 3.2 and 3.3 a basic equation for the tensile design of the

wall can be obtained:

OTax < Tu (3.4)
where:
@ = Factor of safety against rupture. In this case 2 is going to be used (dim.).
Tmax = Maximum load in each reinforcement (lbs).
Ta = Allowable tensile force in the steel (Ibs).
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So:

FyAC
@O'HSU

Sy < (3.5)

The maximum horizontal spacing should be limited by the maximum spacing
permitted by the facing that is going to be used. For flexible wall facing the maximum

horizontal spacing allowed by the code is 3 ft.

3.3.2 Pullout design of the reinforcement

The pullout design takes into consideration the friction resistance provided by
the soil to the reinforcement to prevent it from being pulled out from the soil mass by
the soil pressures making the wall collapse.

The distribution of the tensile force along the reinforcement without crimp will
be assumed to vary linearly with a slope defined by the pullout resistance per unit
length of the reinforcement (Fig. 3.17). In this case the contribution of the crimp will be
defined as a step localized value that will be located at the center of the crimp. This
value is going to be a function of the effective vertical stress and the tension in that
crimp.

The spacing between crimps needs to be assumed before entering in the design.
The values proved to be useful and efficiently range from 1.50 ft. to 2.00 ft. Other
spacing can be used if they meet the required displacement and length of reinforcement

for the specific project.
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Crimped Bar
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Fig. 3.17 Tension distribution along the reinforcement behind the wall face.

To calculate the total length needed for pullout resistance a detailed analysis
must be made in each reinforcement level to calculate the tension in each crimp as we
go farther from the wall face and select the correspondence pullout resistance value for
each crimp. This analysis has to be done from the locus of maximum tension (Fig. 2.5),
assuming the behavior of an extensible reinforcement, and moving away from the wall

face. The followings formulas define the pullout resistance for each part of the bar:

F= Fstraight + Fcrimp = Yplmax (3.6)
Fstraight = fstraight X Le (3.7)
Fcrimp = chrimp (3.8)

where:
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F = Total friction force resisted by the crimped bar (lbs).
Fstraight =  Friction force resisted by the straight part of the bar (Ibs).

fsraight =  Straight bar friction factor per unit length for a given effective vertical stress
as show in Fig. 3.2 (lbs/ft).

Le = Length of reinforcement in resisting zone (ft.).

Feimp =  Friction force resisted by the crimps in the bar (lbs).

feimp = Crimp friction resistance for a given effective vertical stress and working
tensile load as shown in Fig. 3.3 to Fig. 3.8 (Ibs).

Yo = Load factor against pullout taken as 1.44 (dim.).

Tmax = Maximum load in each reinforcement (lbs).

The total length of reinforcement needed in each layer is going to be defined as
the summation of the length of the reinforcement in the active edge for extensible

reinforcement (L,;) and the length of reinforcement in the resisting zone (L.) (Fig. 2.5).

Lo = htan(45 - £) (3.9)
Ly=L,+L, (3.10)
where:

L. = Length of reinforcement in the active edge assuming an extensible

reinforcement (ft.).
h = Height from the bottom of the wall to the reinforcement layer (ft.).

@ = Effective friction angle of the soil (°).
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L Total length of reinforcement needed (ft.).

Le Length of reinforcement in the resisting zone (ft.).

3.3.3 Wall deflections

In this section the deflection in each reinforcement layer is going to be
calculated so the designer can know its values and can make decisions with them. The
deflection in each reinforcement level is going to be dependent on the crimp spacing
and the tensions in the crimps. In this model we will make the assumption that all the
deflection is coming from the deformations of the crimps and the bar deformation is
going to be neglected because it is expected to be too small compared to the crimp
deflection.

To calculate the deflection in the crimped bar the tension force is each crimp
must be known first. The total deflection in each layer is going to be defined as the
summation of all the deformations of all the crimps in the bar (the ones in the active

zone and the ones in the resistance zone).

8 = Xz 6, (3.11)
where:

6 = Total wall deflection in a given layer (in.).

n = Number of crimps in a given layer (dim.).

6; = Deflectionin a given crimp in a layer (in.).
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A detailed analysis must be made in each reinforced level. This analysis has to be
done from the locus of maximum tension toward the front of the wall and also toward
the end of the reinforcement so all the crimps are taken into account. To calculate the
expected deflection in the wall is recommended to use unfactored loads to obtain a real
value for deflection and not an overestimated value caused by the factored loads.

To reach the active condition this model is going to consider, based on past
investigation, a minimum deflection of 0.20% of the wall height is required with an
average deflection of 0.35% of the wall height preferred taking into consideration that

we will be dealing with dense to medium dense soil in the reinforced zone.
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CHAPTER 4
DESIGN OF A 40 FT. HIGH MECHANICALLY STABILIZED EARTH (MSE) WALL USING THE

PROPOSED METHODOLOGY

4.1 Introduction

This chapter is going to present the design of wall that is going to be constructed
and monitored to see the behavior of an actual constructed wall using the newly
proposed crimped bars and design methodology. A detailed design of one layer is going

to be explained while all the calculations are going to be presented in Appendix B.

4.2 Description Of The Wall

The wall that is going to be analyzed and designed is a 40 ft. wall with concrete
panel facing. The concrete panels will be 12.5 ft. x 2.5 ft. Each panel needs to be
attached at least to two rods or straps so the maximum horizontal spacing will be
limited to 6.25 ft and the vertical spacing will be used as 2.5 ft. The crimps spacing
proved to be useful for this design are 2.00 ft and 1.50 ft. This example calculation is
going to be based in the 1.50 ft spacing between crimps and using crimp 1 although the
summary table is presented for both crimp spacing and sizes all the calculations tables
are presented in Appendix A.

The yield stress of the reinforcement that is going to be used in this design is 60

ksi.
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The soil that is going to be used in the design will be a well graded sand with a
friction angle of 38° and a unit weight of 130 pcf.
This wall is going to be considered a permanent wall with a design life of 75

years.

4.3 Wall Design

For the step by step explanation of the design the last layer of this wall will be
selected. This example will cover everything from the calculation of the soils properties
to the calculation of the deflection in the layer.

The first thing to do to design the wall is calculate the vertical and horizontal
stress in the desired layer. To do this Equation 2.2 reduced for vertical walls and 3.1 will

be used.

¢ 38
Ko = tan (45 —2)? = tan (45 — =) = 0.23788308

o, =yH =130 x 18.75 = 2,437.50 psf

oy = (0,k, + Acy) = (2437.50 x 0.23788308 + 0) = 579.84 psf

Now that the horizontal stress is calculated the next step is calculate the
corroded area expected at the end of the life of the structure using considerations
specified in Sections 0 and 2.2.9.2 . After the calculation of the corroded area the
horizontal spacing needed in that layer can be calculated using Equation 3.5. In this layer

we are using a 3/8"” diameter steel reinforcing bar.
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E. = 0.00047 x 75 = 0.03525 in

d — 2E,)? 0.375 — 2(0.03525
A= ult 7 ) _ & 4( ) _ 007282 in?

o F,A; 60000 x 0.07282
H= 0o,S, 2x579.84x25

=151 ft

The horizontal spacing needs to be rounded down to fits the facing allowable
spacings and also to help the construction of the wall. Also the length of the
reinforcement need to be taken into account because it is not efficient to have a very
large length is better instead to have smaller horizontal spacing (Sy). For the purpose of
this thesis the horizontal spacing is going to be used as calculated just for the
comparison of the methods.

After calculating the horizontal spacing needed between bars to limit the
internal stresses on it to be 50% of the yield stress we are done with the tension design
of the wall. Now the pullout analysis needs to be done in order to complete the internal
design of the wall.

To begin with the pullout design the maximum pullout force to be resisted by the
reinforcement needs to be calculated using Equations 3.2 and 3.6 and the location of

the maximum tension using Equation 3.9.

Tonax = 03SySy = 579.84 x 2.5 x 1.51 = 2,188.90 lbs

F = Foraignt + Ferimp = VpTmax = 144 x 2188.90 = 3,152.01 lbs
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1) 38
L, = htan(45 — E) = 21.25tan(45 —7) = 10.36 ft

Now that we have the location of the maximum pullout force an analysis needs
to be done from this point and moving away from the wall face using the model
presented in Fig. 3.17 to know the length of reinforcement needed. First of wall a
calculation needs to be done to know the portion of straight bar that is just between the

point of maximum force and the first crimp.

X=S.—(Lsg—S:N) (4.1)
Lg

N = 5 (4.2)

where:

X = Straight bar length between the point of maximum tension and the first crimp

behind that (ft.).
Sc = Spacing between crimps (ft.).

L, = Length of reinforcement in the active edge assuming an extensible
reinforcement (ft.).

N = Number of crimps in the active edge length rounded down to the nearest integer
(dim.).
N—La— 10.36_691~6
S, 15 7

X=S,—(Ly—S.N)=15- (1036 — 1.5 x 6) = 0.14 ft
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Now the pullout resistance of the straight bar is needed. Using the effective
vertical stress at that level and knowing the size of the bar from Fig. 3.2 can be obtained
the value of the pullout resistance per unit length of bar. Then multiplying that value
times the straight bar length between the point of maximum tension and the first crimp
and subtracting that from the total friction force we can find the tension in the first
crimp. Having the tension in the crimp the pullout resistance of the crimp can be

obtained using Fig. 3.3 thru Fig. 3.8.

fstraight = 7.68

Ty = F — Xfotraignt = 3152.01 — 0.14 x 7.68 = 3,044.49 lbs

forimp1 = 170.59 lbs

Now that those values are calculated the tension in the second crimp can be

calculated and its deflection and pullout resistance can be obtained.

Ty = Ty — furimp1 — Scfstraignt = 3044.49 — 170.59 — 1.50 x 7.68 = 2,868.38 lbs

ferimpz = 195.38 lbs

Following this procedure the tension in every crimp can be calculated. This
procedure can also be done from the point of maximum tension toward the wall face to

know the value of the tension in the connection.
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To calculate the deflection of the crimps is better to use unfactored loads so a
more precise value is obtained instead of a big value because of the factor in the loads.

The same procedure needs to be followed but using the value of Tay.

Ty = Tonax — X fstraign: = 2188.90 — 0.14 x 7.68 = 2,187.82 lbs
ferimp1 = 247.74 lbs
Serimp1 = 0.38 in
Ty =Ty — forimp1 — Scfstraignt = 2187.82 — 247.74 — 1.50 x 7.68 = 1,928.56 lbs
ferimpz = 278.72 lbs

Serimpz = 0.31 in

Following that procedure the displacement of all the crimps can be obtained and
the total deflection is the summation of the deflection of each individual crimp. The
crimps in the active zone need to be taken into account to calculate the total

displacement of the wall face at that layer.

4.4 Designs Summary

Below are the summary tables of the walls designed using the proposed
methodology and the new type of reinforcement. The complete information of the
design of these walls is presented in Appendix B. These walls where designed with both

the crimp 1 and the crimp 2 using two different crimp spacing of 2.00 ft. and 1.50 ft.
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D?fz)t h (?:) Bar :I-E:; (I-:;;) (:tt) L'(d fets;g" Steel Volume (in®)/ft of wall
1.25 1 1/4" dia. 96.64 0.00 28.90 | 29.00 17.08
3.75 1 1/4" dia. | 289.92 0.00 27.68 | 29.00 17.08
6.25 1.8 | 3/8" dia. | 869.76 0.00 27.40 | 29.00 21.35
8.75 1.8 | 3/8" dia. | 1217.66 0.00 28.09 | 29.00 21.35
11.25 | 1.9 | 3/8"dia. | 1652.54 | 142.57 | 28.02 | 29.00 20.23
13.75 | 1.9 | 3/8" dia. | 2019.78 | 885.58 | 28.80 | 29.00 20.23
16.25 | 1.74 | 3/8" dia. | 2184.67 | 1291.89 | 27.58 | 29.00 22.09
18.75 | 1.51 | 3/8" dia. | 2184.67 | 1203.08 | 24.36 | 29.00 25.45
21.25 | 1.33 | 3/8" dia. | 2184.67 | 1406.91 | 23.71 | 29.00 28.90
23.75 | 1.19 | 3/8" dia. | 2184.67 | 1684.57 | 20.61 | 29.00 32.30
26.25 | 1.08 | 3/8" dia. | 2184.67 | 1750.97 | 18.84 | 29.00 35.59
28.75 | 0.99 | 3/8" dia. | 2184.67 | 2128.38 | 16.66 | 29.00 38.82
31.25 | 0.91 | 3/8" dia. | 2184.67 | 2270.71 | 14.27 | 29.00 42.24
33.75 | 0.84 | 3/8" dia. | 2184.67 | 2716.80 | 13.05 | 29.00 45.76
36.25 | 0.78 | 3/8" dia. | 2184.67 | 2849.54 | 11.83 | 29.00 49.28
38.75 | 0.73 | 3/8" dia. | 2184.67 | 3041.04 | 9.44 | 29.00 52.65

Total: 490.40

The wall design with crimp 1 shows a good behavior in terms of the deflection.

Although the minimum deflection was not reached in the first three and last one layers

of the wall it is expected to reach the active condition. The deflection at the top will

always be a problem because in order to get a reasonable bar length shorter horizontal

spacing was used.

The amount of steel used in this wall is very low because of the long term

behavior of the round bars that will lose less cross-sectional area due to the corrosion of

the steel and that the deformation in the wall will allow the reach of the active

condition.
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Table 4.2 Design summary table for the wall designed with crimp 1 and Sc = 1.5 ft

D?f':)t h ;:) Bar :I-"b':; (I-'I;;) (:tt) L‘;;ts;g" Steel Volume (in®)/ft of wall
1.25 1.3 | 1/4" dia. | 125.63 0.00 27.90 | 29.00 13.14
3.75 1.3 | 1/4" dia. | 376.90 0.00 28.18 | 29.00 13.14
6.25 2.3 | 3/8"dia. | 1111.36 0.00 28.46 | 29.00 16.71
8.75 2.4 | 3/8"dia. | 1623.55 0.00 28.30 | 29.00 16.01
11.25 | 2.1 | 3/8" dia. | 1826.50 0.00 27.52 | 29.00 18.30
13.75 | 2.06 | 3/8" dia. | 2184.67 | 700.22 | 27.80 | 29.00 18.66
16.25 | 1.74 | 3/8" dia. | 2184.67 | 725.18 | 25.08 | 29.00 22.09
18.75 | 1.51 | 3/8" dia. | 2184.67 | 824.16 | 22.36 | 29.00 25.45
21.25 | 1.33 | 3/8" dia. | 2184.67 | 726.52 | 19.64 | 29.00 28.90
23.75 | 1.19 | 3/8" dia. | 2184.67 | 994.22 | 18.43 | 29.00 32.30
26.25 | 1.08 | 3/8" dia. | 2184.67 | 1336.54 | 15.71 | 29.00 35.59
28.75 | 0.99 | 3/8" dia. | 2184.67 | 1732.71 | 14.49 | 29.00 38.82
31.25 | 0.91 | 3/8" dia. | 2184.67 | 2167.43 | 14.18 | 29.00 42.24
33.75 | 0.84 | 3/8" dia. | 2184.67 | 2345.95 | 10.55 | 29.00 45.76
36.25 | 0.78 | 3/8" dia. | 2184.67 | 2838.46 | 9.33 | 29.00 49.28
38.75 | 0.73 | 3/8" dia. | 2184.67 | 3041.04 | 8.11 | 29.00 52.65
Total: 469.04

Displacement (in)
0 1 2 3
0
5
e=g==Sc = 2.0 ft
10 \‘
\ —8—S5c=1.5 ft
15
3 P N
in. Disp. For
%.O /J Active Condition
%5 Max. Disp. For
# Active Condition
. 7
35 A
V4
40

Fig. 4.1 Displacement of the face of the wall vs. depth of the wall designed using crimp
1.



Table 4.3 Design summary table for the wall designed with crimp 2 and Sc = 2 ft
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fo':)th ("f’:) Bar (Tlg;*) (I1I:;cs : (fL;) L*(dfet-";g" Steel Volume (in*)/ft of wall
1.25 1.2 | 1/4" dia. | 115.97 0.00 28.29 | 29.00 14.24
3.75 1 1/4" dia. | 289.92 0.00 27.07 | 29.00 17.08
6.25 2.1 | 3/8" dia. | 1014.72 0.00 29.00 | 29.00 18.30
8.75 2 3/8" dia. | 1352.96 19.16 28.63 | 29.00 19.22
11.25 1.8 | 3/8" dia. | 1565.57 | 365.50 | 28.71 | 29.00 21.35
13.75 1.8 | 3/8" dia. | 1913.47 | 774.74 | 28.19 | 29.00 21.35
16.25 | 1.74 | 3/8" dia. | 2184.67 | 1334.18 | 27.30 | 29.00 22.09
18.75 | 1.51 | 3/8" dia. | 2184.67 | 1469.45 | 27.75 | 29.00 25.45
21.25 | 1.33 | 3/8" dia. | 2184.67 | 1424.92 | 22.54 | 29.00 28.90
23.75 | 1.19 | 3/8" dia. | 2184.67 | 1702.57 | 19.32 | 29.00 32.30
26.25 | 1.08 | 3/8" dia. | 2184.67 | 1749.13 | 16.32 | 29.00 35.59
28.75 | 0.99 | 3/8" dia. | 2184.67 | 2142.96 | 14.88 | 29.00 38.82
31.25 | 0.91 | 3/8" dia. | 2184.67 | 2589.68 | 13.66 | 29.00 42.24
33.75 | 0.84 | 3/8" dia. | 2184.67 | 2756.89 | 12.44 | 29.00 45.76
36.25 | 0.78 | 3/8" dia. | 2184.67 | 2948.33 | 11.22 | 29.00 49.28
38.75 | 0.73 | 3/8" dia. | 2184.67 | 3145.92 | 8.24 | 29.00 52.65
Total: 484.62

Table 4.4 Summary table for the wall designed with crimp 2 and Sc = 1.5 ft

fo‘t’)th é:) Bar (Tlg;*) (|ch : (:;) L‘(d;ts;g" Steel Volume (in®)/ft of wall
1.25 1.6 | 1/4" dia. | 154.62 0.00 28.79 | 29.00 10.68
3.75 1.4 | 1/4" dia. | 405.89 0.00 27.57 | 29.00 12.20
6.25 2.6 | 3/8" dia. | 1256.32 0.00 28.96 | 29.00 14.78
8.75 2.3 | 3/8" dia. | 1555.90 0.00 28.13 | 29.00 16.71
11.25 2.2 | 3/8" dia. | 1913.47 | 533.45 | 28.76 | 29.00 17.47
13.75 | 2.06 | 3/8" dia. | 2184.67 | 804.25 | 27.19 | 29.00 18.66
16.25 | 1.74 | 3/8" dia. | 2184.67 | 813.21 | 24.47 | 29.00 22.09
18.75 | 1.51 | 3/8" dia. | 2184.67 | 895.42 | 21.81 | 29.00 25.45
21.25 | 1.33 | 3/8" dia. | 2184.67 | 1063.25 | 20.54 | 29.00 28.90
23.75 | 1.19 | 3/8" dia. | 2184.67 | 1312.91 | 17.82 | 29.00 32.30
26.25 | 1.08 | 3/8" dia. | 2184.67 | 1328.48 | 15.10 | 29.00 35.59
28.75 | 0.99 | 3/8" dia. | 2184.67 | 1725.00 | 13.83 | 29.00 38.82
31.25 | 0.91 | 3/8" dia. | 2184.67 | 2175.71 | 11.94 | 29.00 42.24
33.75 | 0.84 | 3/8" dia. | 2184.67 | 2673.37 | 10.25 | 29.00 45.76
36.25 | 0.78 | 3/8" dia. | 2184.67 | 2948.33 | 8.93 | 29.00 49.28
38.75 | 0.73 | 3/8" dia. | 2184.67 | 3145.92 | 7.50 | 29.00 52.65
Total: 463.57




78

Displacement (in)
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Fig. 4.2 Displacement of the face of the wall vs. depth of the wall designed using crimp
2.

Although the wall designed with crimp 2 uses little less amount of steel than the
one designed with crimp 1 the deflection in all the layer did not reach the minimum
displacement required to reach the active condition. For this reason this size of crimp

cannot be used to design MSE walls using the active condition.
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CHAPTER 5

COMPARISON BETWEEN DESIGN METHODOLOGIES

5.1 Introduction

One of the biggest concerns when planning a project is choosing the design
approach to be used. This decision is going to be based by analyzing some aspects like:
safety, material availability, construction difficulty, time and money. The design
approach which can give us more benefits in each of those categories will be the winner.
A comparison between all three design methodology (AASHTO, K-Stiffness and Crimps)
is presented in this chapter.

Although the K-Stiffness method only deals with the calculation of the maximum
tension in the reinforcement a final designs using current materials (RECO Strap) is
presented. AASHTO guidelines for the internal design of the wall using RECO straps are
used with the maximum forces obtained from the K-Stiffness method.

A final design of the wall presented in Chapter 4 was made for the other two
methodologies (AASHTO and K-Stiffness) and is presented in this chapter so the reader

can analyze each design and arrive to his own conclusion.

5.2 Other Design Methodologies

A summary table of the wall designed using AASHTO approach and RECO strap is

presented in Table 5.1. The complete design information is presented in Appendix B.
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Table 5.1 Summary table of the AASHTO design approach using RECO straps

Depth S S T L Lidesi .
(f':t)) ( f':) (f':) (IE:; ( f':) t::;g" Steel Volume (in®) / ft of wall
1.25 6.25 2.50 | 1133.92 25.01 28.00 16.13
3.75 6.25 2.50 | 3274.34 25.53 28.00 16.13
6.25 4.32 2.50 | 3623.96 21.65 28.00 23.34
8.75 3.21 2.50 | 3623.96 19.46 28.00 31.36

11.25 2.61 2.50 | 3623.96 18.35 28.00 38.61

13.75 2.23 2.50 | 3623.96 17.77 28.00 45.11

16.25 1.98 2.50 | 3623.96 17.50 28.00 50.86

18.75 1.80 2.50 | 3623.96 17.49 28.00 55.85

21.25 1.63 2.50 | 3623.96 16.10 28.00 61.69

23.75 1.46 2.50 | 3623.96 14.01 28.00 68.95

26.25 1.32 2.50 | 3623.96 12.03 28.00 76.21

28.75 1.21 2.50 | 3623.96 10.14 28.00 83.46

31.25 1.11 2.50 | 3623.96 8.31 28.00 90.72

33.75 1.03 2.50 | 3623.96 6.52 28.00 97.98

36.25 0.96 2.50 | 3623.96 4,78 28.00 105.24

38.75 0.90 2.50 | 3623.96 3.07 28.00 112.49

Total: 974.13

The design presented in Table 5.2 was done with the maximum tensions

calculated using the k-Stiffness method and taking the consideration presented by

AAHSTO to do the internal design of the wall. The complete information of the design is

presented in Appendix B.

5.3 Designs Comparison

After seeing the designs made of the same wall using the different

methodologies used actually to design MSE walls and the one proposed in this thesis is

good to compare them to find the pros and cons of each one.
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Table 5.2 Summary table of the K-Stiffness method using RECO straps

Depth S Sv Trmax L Lidesign .

( frt)) ( f:) () (Ib:) ( f;) t(d;ts)g Steel Volume (in®) / ft of wall
1.25 6.25 2.50 67.37 12.02 28.00 16.13
3.75 0.61 2.50 606.35 12.90 28.00 16.13
6.25 1.68 2.50 1684.30 | 13.92 28.00 16.13
8.75 3.30 2.50 3301.22 | 15.15 28.00 16.13
11.25 5.46 2.50 5457.12 | 16.62 28.00 16.13
13.75 5.48 2.50 5476.21 | 16.21 28.00 24.01
16.25 5.48 2.50 5476.21 | 16.01 28.00 33.53
18.75 5.48 2.50 5476.21 | 16.00 28.00 44.64
21.25 5.48 2.50 5476.21 | 14.67 28.00 57.34
23.75 5.48 2.50 5476.21 | 12.73 28.00 70.12
26.25 5.48 2.50 5476.21 | 10.88 28.00 77.50
28.75 5.48 2.50 5476.21 9.09 28.00 84.88
31.25 5.48 2.50 5476.21 7.34 28.00 92.26
33.75 5.48 2.50 5476.21 5.63 28.00 99.65
36.25 5.48 2.50 5476.21 3.95 28.00 107.03
38.75 5.48 2.50 5476.21 2.29 28.00 114.41

Total: 886.01

First of all the three design methodologies showed about the same required
length of reinforcement which means that the cost on excavation and selected fill will
be about the same. Any of the methods showed advantage over the others in this
aspect. This aspect can be improved with the use of bars with bigger deformations as
the one presented by Suncar, 2010 in addition to the crimp.

One of the most important parts of the total cost of a steel reinforced MSE wall
is the amount of steel needed to build the wall. In this aspect the proposed
methodology shows an impressive decrement in the steel needed to design a wall. As
shown in Fig. 5.1 the amount of steel needed to build a MSE wall with the proposed

methodology is about 50% lower than the amount needed using AASHTO methodology
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and current reinforcing materials and 45% better than using the K-Stiffness method with
the current reinforcing materials.

The K-Stiffness method was not used with the proposed reinforcing materials
because this is an empirical method derived from the measurements of MSE walls and
the effect in the calibration and factors in the model is not well known as the behavior

of the materials is totally different.
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Fig. 5.1 Steel usage for the existing and proposed design methodologies.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

A new methodology for the design of MSE walls is proposed with the use of
crimped rounds bar which behaves more efficiently under corrosion and that allows
more deformation that will lead the wall to work under an active state of stress. This
type of reinforcement proved to be useful. The length of reinforcement needed to take
the pullout forces is the same for the others design methodologies. This total length is
limited by AASHTO by 70% of the wall height and a single length must be used.

The proposed design methodology helps us save around 50% of steel compared
to the actual designs. This means a huge improvement in the usage of steel versus the
actual designs. This improvement is obtained because of the efficient behavior of
rounded bars under corrosion and because of the flexibility in the bars that will allow us
to reach the active condition.

With the results obtained from crimp 1 and crimp 2 can also be concluded that
the number 2 crimp cannot be used in a design under the active state of stress because
it did not met the requirements to reach the active condition.

Although all the theory behind the design of MSE walls and the theory about the
displacement needed to reach the active condition have been met a real wall needs to
be constructed and instrumented to prove the concepts proposed in this research. The
construction and instrumentation of a wall using the proposed methodology not only
will help us prove the theory behind this new type of bar also will help us adjust the

design charts with the actual pullout resistance obtained from the field measurements
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and will help us calibrate the K-Stiffness method with this new type of bar, which will
help us to design with lowers load than the ones obtained using AASHTO.

More testing need to be done in order to characterize the behavior of smaller
bars (1/4” dia.). Doing that more precise design in the upper part of the wall can be
done.

More sizes of crimped needs to be tested in order to reach the minimum
displacement to reach the active condition in every layer and more testing needs to be
done with different soils to characterize the effect of the soil friction angle in the

behavior of crimped bars.
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APPENDIX A. Visual Basic Scripts For Crimps Properties Calculation

A.1 Scripts for the properties of crimp 1

88

Bar 1 is referred to the 1/2'"’ diameter bar, Bar 2 is the 3/8” diameter bar and

Bar 3 is the 1/4" diameter bar. The pressure needs to be used in psi and the tension in

pounds. The straight function gives the pullout resistance at a given pressure for each

bar, the pullout function gives the pullout resistance of the crimp at a given load for

each bar and the displacement function gives the displacement of each crimp for a given

load for each bar.

Function straight(barstraight, pressurestraight)
If (pressurestraight < 0) Then
straight = "Error"
Elself (barstraight = "Bar 1") Then
If (pressurestraight < 5) Then
straight = 74.5 * pressurestraight / 5
Else
straight = ((230 - 74.5) / (30 - 5)) * (pressurestraight - 5) + 74.5
End If
Elself (barstraight = "Bar 2") Then
If (pressurestraight < 5) Then
sraight = 39.48 * pressurestraight / 5
Else
straight = ((150 - 39.48) / (30 - 5)) * (pressurestraight - 5) + 39.48
End If
Elself (barstraight = "Bar 3") Then
If (pressurestraight < 5) Then
straight = 10.44 * pressurestraight / 5
Else
straight = ((36.96 - 10.44) / (30 - 5)) * (pressurestraight - 5) + 10.44
End If
Else
straight = "Error"
End If
End Function

Function pullout(bar, pressure, tension)
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If (bar ="Bar 1") Then
If (pressure < 0 Or tension < 0 Or tension > 8500) Then
pullout = "Error"
Elself (pressure >= 30) Then
If (tension >= 6000) Then
pullout = -(283.7 / 2500) * (tension - 6000) + 283.7
Elself (tension >= 946.3148) Then
pullout =-0.1099 * tension + 943.1
Else
pullout = 839.1
End If
Elself (pressure = 25) Then
If (tension >= 6000) Then
pullout = -(248 / 2500) * (tension - 6000) + 248
Elself (tension >= 1032.258) Then
pullout =-0.093 * tension + 806
Else
pullout =713
End If
Elself (pressure < 30 And pressure > 25) Then
pullout = (((pullout(bar, 30, tension) - pullout(bar, 25, tension)) * (5 - (30 - pressure)))
/ 5) + pullout(bar, 25, tension)
Elself (pressure = 20) Then
If (tension >= 6000) Then
pullout =-(215.2 / 2500) * (tension - 6000) + 215.2
Elself (tension >= 1094.987) Then
pullout =-0.0758 * tension + 670
Else
pullout = 587
End If
Elself (pressure = 15) Then
If (tension >= 6000) Then
pullout =-(193.08 / 2500) * (tension - 6000) + 193.08
Else
pullout =-0.0504 * tension + 495.48
End If
Elself (pressure < 25 And pressure > 20) Then
pullout = (((pullout(bar, 25, tension) - pullout(bar, 20, tension)) * (5 - (25 - pressure)))
/ 5) + pullout(bar, 20, tension)
Elself (pressure < 20 And pressure > 15) Then
pullout = (((pullout(bar, 20, tension) - pullout(bar, 15, tension)) * (5 - (20 - pressure)))
/ 5) + pullout(bar, 15, tension)
Elself (pressure = 10) Then
If (tension >= 6000) Then
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pullout =-(151.35 / 2500) * (tension - 6000) + 151.35
Else
pullout =-0.0375 * tension + 376.35
End If
Elself (pressure = 7.5) Then
If (tension >= 6000) Then
pullout =-(102.15 / 2500) * (tension - 6000) + 102.15
Else
pullout =-0.0339 * tension + 305.55
End If
Elself (pressure < 15 And pressure > 10) Then
pullout = (((pullout(bar, 15, tension) - pullout(bar, 10, tension)) * (5 - (15 - pressure)))
/ 5) + pullout(bar, 10, tension)
Elself (pressure < 10 And pressure > 7.5) Then
pullout = (((pullout(bar, 10, tension) - pullout(bar, 7.5, tension)) * (2.5 - (10 -
pressure))) / 2.5) + pullout(bar, 7.5, tension)
Elself (pressure = 5) Then
If (tension >= 6000) Then
pullout = -(30.48 / 2500) * (tension - 6000) + 30.48
Else
pullout =-0.0358 * tension + 245.28
End If
Elself (pressure = 2.5) Then
If (tension >= 6000) Then
pullout =-(9.3 / 2500) * (tension - 6000) + 9.3
Else
pullout =-0.0207 * tension + 133.5
End If
Elself (pressure < 7.5 And pressure > 5) Then
pullout = (((pullout(bar, 7.5, tension) - pullout(bar, 5, tension)) * (2.5 - (7.5 -
pressure))) / 2.5) + pullout(bar, 5, tension)
Elself (pressure < 5 And pressure > 2.5) Then
pullout = (((pullout(bar, 5, tension) - pullout(bar, 2.5, tension)) * (2.5 - (5 - pressure)))
/ 2.5) + pullout(bar, 2.5, tension)
Elself (pressure = 0) Then
pullout=0
Else
pullout = (((pullout(bar, 2.5, tension) - pullout(bar, 0, tension)) * (2.5 - (2.5 -
pressure))) / 2.5) + pullout(bar, 0, tension)
End If
Elself (bar = "Bar 2") Then
If (pressure < 0 Or tension < 0 Or tension > 4781.25) Then
pullout = "Error"
Elself (pressure >= 30) Then



If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
Elself (tension >=532.3021) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 25) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 580.6452) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure < 30 And pressure > 25) Then
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pullout = (((pullout(bar, 30, tension) - pullout(bar, 25, tension)) * (5 - (30 - pressure)))

/ 5) + pullout(bar, 25, tension)
Elself (pressure = 20) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >=615.9301) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 15) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
End If
Elself (pressure < 25 And pressure > 20) Then

pullout = (((pullout(bar, 25, tension) - pullout(bar, 20, tension)) * (5 - (25 - pressure)))

/ 5) + pullout(bar, 20, tension)
Elself (pressure < 20 And pressure > 15) Then

pullout = (((pullout(bar, 20, tension) - pullout(bar, 15, tension)) * (5 - (20 - pressure)))

/ 5) + pullout(bar, 15, tension)
Elself (pressure = 10) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
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Elself (pressure = 7.5) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure < 15 And pressure > 10) Then
pullout = (((pullout(bar, 15, tension) - pullout(bar, 10, tension)) * (5 - (15 - pressure)))
/ 5) + pullout(bar, 10, tension)
Elself (pressure < 10 And pressure > 7.5) Then
pullout = (((pullout(bar, 10, tension) - pullout(bar, 7.5, tension)) * (2.5 - (10 -
pressure))) / 2.5) + pullout(bar, 7.5, tension)
Elself (pressure = 5) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 2.5) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure < 7.5 And pressure > 5) Then
pullout = (((pullout(bar, 7.5, tension) - pullout(bar, 5, tension)) * (2.5 - (7.5 -
pressure))) / 2.5) + pullout(bar, 5, tension)
Elself (pressure < 5 And pressure > 2.5) Then
pullout = (((pullout(bar, 5, tension) - pullout(bar, 2.5, tension)) * (2.5 - (5 - pressure)))
/ 2.5) + pullout(bar, 2.5, tension)
Elself (pressure = 0) Then
pullout=0
Else
pullout = (((pullout(bar, 2.5, tension) - pullout(bar, 0, tension)) * (2.5 - (2.5 -
pressure))) / 2.5) + pullout(bar, 0, tension)
End If
Elself (bar = "Bar 3") Then
If (pressure < 0 Or tension < 0 Or tension > 3000) Then
pullout = "Error"
Elself (pressure >= 30) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >= 236.579) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
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Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure = 25) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >= 258.065) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2/0.25 A 2))
End If
Elself (pressure < 30 And pressure > 25) Then
pullout = (((pullout(bar, 30, tension) - pullout(bar, 25, tension)) * (5 - (30 - pressure)))
/ 5) + pullout(bar, 25, tension)
Elself (pressure = 20) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >=273.747) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure = 15) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure < 25 And pressure > 20) Then
pullout = (((pullout(bar, 25, tension) - pullout(bar, 20, tension)) * (5 - (25 - pressure)))
/ 5) + pullout(bar, 20, tension)
Elself (pressure < 20 And pressure > 15) Then
pullout = (((pullout(bar, 20, tension) - pullout(bar, 15, tension)) * (5 - (20 - pressure)))
/ 5) + pullout(bar, 15, tension)
Elself (pressure = 10) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure = 7.5) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2/0.25 A 2))
Else
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pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure < 15 And pressure > 10) Then
pullout = (((pullout(bar, 15, tension) - pullout(bar, 10, tension)) * (5 - (15 - pressure)))
/ 5) + pullout(bar, 10, tension)
Elself (pressure < 10 And pressure > 7.5) Then
pullout = (((pullout(bar, 10, tension) - pullout(bar, 7.5, tension)) * (2.5 - (10 -
pressure))) / 2.5) + pullout(bar, 7.5, tension)
Elself (pressure = 5) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure = 2.5) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure < 7.5 And pressure > 5) Then
pullout = (((pullout(bar, 7.5, tension) - pullout(bar, 5, tension)) * (2.5 - (7.5 -
pressure))) / 2.5) + pullout(bar, 5, tension)
Elself (pressure < 5 And pressure > 2.5) Then
pullout = (((pullout(bar, 5, tension) - pullout(bar, 2.5, tension)) * (2.5 - (5 - pressure)))
/ 2.5) + pullout(bar, 2.5, tension)
Elself (pressure = 0) Then
pullout=0
Else
pullout = (((pullout(bar, 2.5, tension) - pullout(bar, 0, tension)) * (2.5 - (2.5 -
pressure))) / 2.5) + pullout(bar, 0, tension)
End If
Else
pullout = "Error"
End If
End Function

Function displacement(barl, tensionl)
If (barl ="Bar 1") Then
If (tension1 > 12200) Then
displacement = "Error"
Elself (tensionl >= 7620) Then
displacement = (0.35 / 4580) * (tensionl - 7620) + 0.8
Elself (tensionl >=4000) Then
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displacement = (0.33 / 3620) * (tension1 - 4000) + 0.47
Elself (tension1 >= 1700) Then

displacement = (0.39 / 2300) * (tension1 - 1700) + 0.08
Elself (tension1 >=0) Then

displacement = (0.08 / 1700) * tension1
End If
Elself (barl = "Bar 2") Then
If (tension1 > 6862.5) Then

displacement = "Error"
Elself (tensionl >= 1850) Then

displacement = ((0.56 - 0.325) / (3200 - 1850)) * (tension1 - 1850) + 0.325
Elself (tension1 >= 760) Then

displacement = ((0.325 - 0.045) / (1850 - 760)) * (tension1 - 760) + 0.045
Elself (tensionl >=0) Then

displacement = (0.045 / 760) * tension1
End If
Elself (barl = "Bar 3") Then
If (tension1 > 3050) Then

displacement = "Error"
Elself (tensionl >= 1905) Then

displacement = 0.5 * displacement("Bar 1", tension1 * (0.5 2 /0.25 * 2))
Elself (tension1 >= 1000) Then

displacement = 0.5 * displacement("Bar 1", tension1 * (0.5 2 /0.25 * 2))
Elself (tension1 >= 425) Then

displacement = 0.5 * displacement("Bar 1", tension1 * (0.5 2 /0.25 * 2))
Elself (tension1 >=0) Then

displacement = 0.5 * displacement("Bar 1", tension1 * (0.5 2/ 0.25 * 2))
End If
Else

displacement = "Error"
End If
End Function
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A.2 Scripts for the properties of crimp 2

Bar 1 is referred to the 1/2'"’ diameter bar, Bar 2 is the 3/8” diameter bar and
Bar 3 is the 1/4" diameter bar. The pressure needs to be used in psi and the tension in
pounds. The straight function gives the pullout resistance at a given pressure for each
bar, the pullout function gives the pullout resistance of the crimp at a given load for
each bar and the displacement function gives the displacement of each crimp for a given
load for each bar.

Function straight(barstraight, pressurestraight)
If (pressurestraight < 0) Then
straight = "Error"
Elself (barstraight = "Bar 1") Then
If (pressurestraight < 5) Then
straight = 74.5 * pressurestraight / 5
Else
straight = ((230 - 74.5) / (30 - 5)) * (pressurestraight - 5) + 74.5
End If
Elself (barstraight = "Bar 2") Then
If (pressurestraight < 5) Then
sraight = 39.48 * pressurestraight / 5
Else
straight = ((150 - 39.48) / (30 - 5)) * (pressurestraight - 5) + 39.48
End If
Elself (barstraight = "Bar 3") Then
If (pressurestraight < 5) Then
straight = 10.44 * pressurestraight / 5
Else
straight = ((36.96 - 10.44) / (30 - 5)) * (pressurestraight - 5) + 10.44
End If
Else
straight = "Error"
End If
End Function
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Function pullout(bar, pressure, tension)
If (bar ="Bar 1") Then
If (pressure < 0 Or tension < 0 Or tension > 9000) Then
pullout = "Error"
Elself (pressure >= 30) Then
If (tension >= 3000) Then
pullout = ((169.26 - 612.56) / (9000 - 3000)) * (tension - 3000) + 612.56
Elself (tension >= 1500) Then
pullout =612.56
Else
pullout = ((612.56 - 767.7) / 1500) * tension + 767.7
End If
Elself (pressure = 25) Then
If (tension >= 3000) Then
pullout = ((135 - 525) / (9000 - 3000)) * (tension - 3000) + 525
Elself (tension >= 1500) Then
pullout =525
Else
pullout = ((525 - 650) / 1500) * tension + 965
End If
Elself (pressure < 30 And pressure > 25) Then
pullout = (((pullout(bar, 30, tension) - pullout(bar, 25, tension)) * (5 - (30 - pressure)))
/ 5) + pullout(bar, 25, tension)
Elself (pressure = 20) Then
If (tension >=3000) Then
pullout = ((102.5 - 437.5) / (9000 - 3000)) * (tension - 3000) + 437.5
Elself (tension >= 1500) Then
pullout =437.5
Else
pullout = ((437.5 - 530) / 1500) * tension + 530
End If
Elself (pressure = 15) Then
If (tension >= 3000) Then
pullout = ((60 - 350) / (9000 - 3000)) * (tension - 3000) + 350
Elself (tension >= 1500) Then
pullout = 350
Else
pullout = ((350 - 412) / (1500)) * tension + 412
End If
Elself (pressure < 25 And pressure > 20) Then
pullout = (((pullout(bar, 25, tension) - pullout(bar, 20, tension)) * (5 - (25 - pressure)))
/ 5) + pullout(bar, 20, tension)
Elself (pressure < 20 And pressure > 15) Then
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pullout = (((pullout(bar, 20, tension) - pullout(bar, 15, tension)) * (5 - (20 - pressure)))
/ 5) + pullout(bar, 15, tension)
Elself (pressure = 10) Then
If (tension >= 3000) Then
pullout = ((26.05 - 264.95) / (9000 - 3000)) * (tension - 3000) + 264.95
Elself (tension >= 1500) Then
pullout = 264.95
Else
pullout = ((264.95 - 302.52) / 1500) * tension + 302.52
End If
Elself (pressure = 7.5) Then
If (tension >= 3000) Then
pullout = ((26 - 230) / (9000 - 3000)) * (tension - 3000) + 230
Elself (tension >= 1500) Then

pullout =230
Else

pullout = ((230 - 280) / (1500)) * (tension) + 280
End If

Elself (pressure < 15 And pressure > 10) Then
pullout = (((pullout(bar, 15, tension) - pullout(bar, 10, tension)) * (5 - (15 - pressure)))
/ 5) + pullout(bar, 10, tension)
Elself (pressure < 10 And pressure > 7.5) Then
pullout = (((pullout(bar, 10, tension) - pullout(bar, 7.5, tension)) * (2.5 - (10 -
pressure))) / 2.5) + pullout(bar, 7.5, tension)
Elself (pressure = 5) Then
If (tension >= 3000) Then
pullout = ((28.16 - 196.42) / (9000 - 3000)) * (tension - 3000) + 196.42
Elself (tension >= 1500) Then
pullout = 196.42
Else
pullout = ((196.42 - 265.33) / 1500) * tension + 265.33
End If
Elself (pressure = 2.5) Then
If (tension >= 3000) Then
pullout = ((15 - 105) / (9000 - 3000)) * (tension - 3000) + 105
Elself (tension >= 1500) Then

pullout = 105
Else

pullout = ((105 - 150) / 1500) * tension + 150
End If

Elself (pressure < 7.5 And pressure > 5) Then

pullout = (((pullout(bar, 7.5, tension) - pullout(bar, 5, tension)) * (2.5 - (7.5 -
pressure))) / 2.5) + pullout(bar, 5, tension)
Elself (pressure < 5 And pressure > 2.5) Then
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pullout = (((pullout(bar, 5, tension) - pullout(bar, 2.5, tension)) * (2.5 - (5 - pressure)))
/ 2.5) + pullout(bar, 2.5, tension)
Elself (pressure = 0) Then
pullout=0
Else
pullout = (((pullout(bar, 2.5, tension) - pullout(bar, 0, tension)) * (2.5 - (2.5 -
pressure))) / 2.5) + pullout(bar, 0, tension)
End If
Elself (bar = "Bar 2") Then
If (pressure < 0 Or tension < 0 Or tension > 5062.5) Then
pullout = "Error"
Elself (pressure >= 30) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 25) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >=843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
End If
Elself (pressure < 30 And pressure > 25) Then
pullout = (((pullout(bar, 30, tension) - pullout(bar, 25, tension)) * (5 - (30 - pressure)))
/ 5) + pullout(bar, 25, tension)
Elself (pressure = 20) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 15) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
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pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
End If
Elself (pressure < 25 And pressure > 20) Then
pullout = (((pullout(bar, 25, tension) - pullout(bar, 20, tension)) * (5 - (25 - pressure)))
/ 5) + pullout(bar, 20, tension)
Elself (pressure < 20 And pressure > 15) Then
pullout = (((pullout(bar, 20, tension) - pullout(bar, 15, tension)) * (5 - (20 - pressure)))
/ 5) + pullout(bar, 15, tension)
Elself (pressure = 10) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 7.5) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >=843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure < 15 And pressure > 10) Then
pullout = (((pullout(bar, 15, tension) - pullout(bar, 10, tension)) * (5 - (15 - pressure)))
/ 5) + pullout(bar, 10, tension)
Elself (pressure < 10 And pressure > 7.5) Then
pullout = (((pullout(bar, 10, tension) - pullout(bar, 7.5, tension)) * (2.5 - (10 -
pressure))) / 2.5) + pullout(bar, 7.5, tension)
Elself (pressure = 5) Then
If (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 843.75) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
End If
Elself (pressure = 2.5) Then
If (tension >= 3375) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 1687.5) Then
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2/ 0.375 * 2))
Elself (tension >= 843.75) Then
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pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 22 /0.375 * 2))
Else
pullout = 0.75 * pullout("Bar 1", pressure, tension * (0.5 2 /0.375 * 2))
End If
Elself (pressure < 7.5 And pressure > 5) Then
pullout = (((pullout(bar, 7.5, tension) - pullout(bar, 5, tension)) * (2.5 - (7.5 -
pressure))) / 2.5) + pullout(bar, 5, tension)
Elself (pressure <5 And pressure > 2.5) Then
pullout = (((pullout(bar, 5, tension) - pullout(bar, 2.5, tension)) * (2.5 - (5 - pressure)))
/ 2.5) + pullout(bar, 2.5, tension)
Elself (pressure = 0) Then
pullout=0
Else
pullout = (((pullout(bar, 2.5, tension) - pullout(bar, 0, tension)) * (2.5 - (2.5 -
pressure))) / 2.5) + pullout(bar, 0, tension)
End If
Elself (bar = "Bar 3") Then
If (pressure < 0 Or tension < 0 Or tension > 3000) Then
pullout = "Error"
Elself (pressure >= 30) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2/0.25 A 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure = 25) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2/0.25 A 2))
End If
Elself (pressure < 30 And pressure > 25) Then
pullout = (((pullout(bar, 30, tension) - pullout(bar, 25, tension)) * (5 - (30 - pressure)))
/ 5) + pullout(bar, 25, tension)
Elself (pressure = 20) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2/0.25 A 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2/0.25 A 2))
Else
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pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure = 15) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure < 25 And pressure > 20) Then
pullout = (((pullout(bar, 25, tension) - pullout(bar, 20, tension)) * (5 - (25 - pressure)))
/ 5) + pullout(bar, 20, tension)
Elself (pressure < 20 And pressure > 15) Then
pullout = (((pullout(bar, 20, tension) - pullout(bar, 15, tension)) * (5 - (20 - pressure)))
/ 5) + pullout(bar, 15, tension)
Elself (pressure = 10) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure = 7.5) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure < 15 And pressure > 10) Then
pullout = (((pullout(bar, 15, tension) - pullout(bar, 10, tension)) * (5 - (15 - pressure)))
/ 5) + pullout(bar, 10, tension)
Elself (pressure < 10 And pressure > 7.5) Then
pullout = (((pullout(bar, 10, tension) - pullout(bar, 7.5, tension)) * (2.5 - (10 -
pressure))) / 2.5) + pullout(bar, 7.5, tension)
Elself (pressure = 5) Then
If (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Else
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pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
End If
Elself (pressure = 2.5) Then
If (tension >= 1500) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Elself (tension >= 750) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
Elself (tension >= 375) Then
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 * 2))
Else
pullout = 0.5 * pullout("Bar 1", pressure, tension * (0.5 2 /0.25 A 2))
End If
Elself (pressure < 7.5 And pressure > 5) Then
pullout = (((pullout(bar, 7.5, tension) - pullout(bar, 5, tension)) * (2.5 - (7.5 -
pressure))) / 2.5) + pullout(bar, 5, tension)
Elself (pressure < 5 And pressure > 2.5) Then
pullout = (((pullout(bar, 5, tension) - pullout(bar, 2.5, tension)) * (2.5 - (5 - pressure)))
/ 2.5) + pullout(bar, 2.5, tension)
Elself (pressure = 0) Then
pullout=0
Else
pullout = (((pullout(bar, 2.5, tension) - pullout(bar, 0, tension)) * (2.5 - (2.5 -
pressure))) / 2.5) + pullout(bar, 0, tension)
End If
Else
pullout = "Error"
End If
End Function

Function displacement(bar1, tension1)
If (barl ="Bar 1") Then
If (tension1 > 9000) Then
displacement = "Error"
Elself (tensionl >=3036) Then
displacement = (0.315064897 / 5309) * (tensionl - 3036) + 0.101449872
Elself (tension1 >=0) Then
displacement = (0.101449872 / 3036) * tensionl
End If
Elself (barl = "Bar 2") Then
If (tension1 > 6862.5) Then
displacement = "Error"
Elself (tensionl >=1363) Then
displacement = ((0.27 - 0.045) / (3265 - 1363)) * (tension1 - 1363) + 0.045
Elself (tensionl >= 0) Then
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displacement = (0.045 / 1363) * tensionl
End If
Elself (barl = "Bar 3") Then
If (tension1 > 2250) Then
displacement = "Error"
Elself (tension1 >= 759) Then
displacement = 0.5 * displacement("Bar 1", tension1 * (0.5 2/ 0.25 * 2))
Elself (tension1 >=0) Then
displacement = 0.5 * displacement("Bar 1", tension1 * (0.5 2 /0.25 * 2))
End If
Else
displacement = "Error"
End If
End Function



APPENDIX B. MSE Walls Complete Designs

B.1 Soil and Bars properties

Table B.1 Properties of the select fill for the MSE wall.

Soil Information

Y

130 pcf

0

38 deg

0.237883078

ka
K

0

0.384338525

Table B.2 Corrosion considerations.

Corrosion

Time 75

Rate | 0.00047

Ec | 0.03525

Table B.3 Reinforcement information.

Bar 1 Information

Bar 2 Information

105

Bar 3 Information

Diameter 0.50"
A, 0.196 inc2
A 0.144882596
Gy 60 ksi
Tal 4.35 kips

Diameter 0.38"
A, 0.110inc2
A 0.072822314
Oy 60 ksi
Ta 2.18 kips

Diameter 0.25"
A, 0.049 inc2
A 0.025305725
Gy 60 ksi
Ta 0.76 kips
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