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ABSTRACT

Although end-plates and base-plates are routinely used in cantilevered structures supporting traffic
signs, signals, and lights, no standard procedure has been established for the design of these plates.
In this report, a simplified procedure is developed for design of end-plates and base-plates of these
structures, and also for base-plates of span-wire-mounted traffic-signal structures. The proposed
procedure is based on beam-and-plate bending and torsion theories, and is intended for routine
application by practicing engineers when designing plates of square configurations. Plate
thicknesses and stresses obtained using this procedure compared well with those estimated using
finite-element analysis, and also supported earlier conclusions reached through physical testing. In
all, 35 base-plates from five major manufacturers of traffic poles used in New York State were
analyzed in the study. A spreadsheet program implementing the proposed procedure was also
developed as an efficient tool for engineers designing these items. Using this tool will not only
expedite the design process, but also facilitate optimizing plate sizes, because various design
alternatives can be easily investigated and the optimal alternative rationally selected.
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NOTATION

The following symbols are used in this report:
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Section modulus for torsion

Angle of incidence defined in Figure 2
Square plate side length

Distance defined in Figure 1

Distance defined in Figure 1

Area for checking shear stress due to bearing stresses at the resultant pressure line

Area for checking shear stress at the yield line

Distance defined in Figure 4

Yield line approximated in Figure 9

Torsion coefficient

Outer diameter of mast/mast-arm

Bolt diameter

Edge distance from center of bolt

Maximum bearing stress

Allowable bending stress

Maximum bending stress for fixed-end beam approximation
Maximum bending stress at the yield line

Allowable bearing stress '

Allowable shear stress .

Maximum shear stress for torsional beam approximation
Maximum shear stress due to bearing stresses at the resultant pressure line
Maximum bending stress due to bearing stresses at the resultant pressure line
Maximum shear stress at the yield line

Yield stress of plate material

Distance from center of gravity of mast-arm to end plate

Distance from sign/signal i to end plate

Maximum moment at yield line

Maximum moment for fixed-end beam approximation

Total applied moment

Maximum torsional moment

Moment component about the X-axis due to dead load and ice load
Moment component about the Y-axis due to wind load

Total axial load on plate

Bearing force calculated from the assumed pressure distribution
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Effective forces due to bearing stresses at the resultant pressure line
Left point where the resultant pressure line intersects the plate side
Right point where the resultant pressure line intersects the plate side
Arm for moment about resultant pressure line due to bearing stresses
Arm for moment about yield line due to maximum bolt tension
Normal distance from corner C, to the resultant pressure line
Normal distance from comner C; to the resultant pressure line
Distance defined in Figure 5

Distance defined in Figure 5

Section modulus for bending

Plate thickness

Force on Bolt i

Total force on all tension bolts

Weight of mast arm

Weight of sign/signal 1

Normal distance from Bolt i to the resultant pressure line
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Figure 1. Typical cantilevered support structure and plate.
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INTRODUCTION

Although end-plates and base-plates are routinely used in traffic signal, sign, and light support
structures, a standard procedure has never been developed for the design of these plates.
Manufacturers of these items normally maintain lists in their inventories including plate designs
developed through a combination of experience, minimal analysis, and physical testing. Concern
about adequacy of current New York State procedures for checking and designing these plates has
led to investigation of new alternatives. Such an alternative is proposed here for designing end-
plates and base-plates of the typical configurations shown in Figure 1 -- square plates supported by
four bolts at their four corners, in turn supporting a cylindrical (or multi-sided) mast or mast-arm
load-transferring member. Under service loads, these are essentially plate elements subjected to out-
of-plane bending and shearing forces, and sometimes to in-plane torsional forces. Unlike base-plates
and end-plates in building structures (/,2,3,4,3,6,7,8), the similarity between these two plates, in both
geometry and loading conditions, allows for their design in the proposed unified approach.

Common AASHTO procedures for estimating design loads on these structures (9) have recently
undergone intensive review by researchers (10). The intent of the study reported here was not to
pursue similar efforts, but rather to focus on developing a simplified procedure for design of end-
plates and base-plates of these structures, and also for base-plates of span-wire-mounted traffic-
signal structures. Design loads to be used in the proposed procedure are limited to those due to dead
load, ice load, and wind load, and the mast/mast-arm is assumed to be sufficiently strong to transfer
these loads to the plate. End-plates and base-plates are further assumed to be sufficiently strong to
transfer in-plane torsional forces, resulting from structural configuration and/or applied loads, to the
bolts. Although tensile forces on the bolts and bolt size are estimated for the proposed design
procedure, additional checks for shear and fatigue are required to confirm adequate bolt capacities
to resist these forces (/,2,10,11,12,13).

Spans of the cantilevered arm of traffic support structures have increased significantly in recent
years, due to requirements that masts to be set back greater distances from the roadway for safety
reasons, and the need to span over more traffic lanes (/0). Development of the simple, yet reliable
proposed procedure should promote routine application by engineers in custom-designing these
plates to meet varying structural demands, thus assuring safety and increasing the potential for
savings by owner agencies.

A. BACKGROUND

According to current Department practice for design of base-plates, manufacturers may design these
items based on a simple method that checks flexural stresses at only one location on the plate where



stresses are assumed to be critical, or may use comparable methods of their own. Briefly, this
method -- referred to here as “NYS method” -- assumes a yield line around the most stressed bolt
as the most critical section for bending, and attempts to approximate the arm for this moment using
an averaging procedure. For end-plates, depending on magnitude of design loads, current practice
calls on manufacturers to use a fixed-thickness plate [1.25 or 1.5 in. (31.75 or 38.10 mm)] or other
thicknesses that are designed based on other procedures. Absence of satisfactory methods for design
of these plates has raised concerns about adequacy of current practice for their checking and design,

and has created interest in investigation of new alternatives.

The first of these efforts was introduced in Research Report 159 (14) for design of base-plates for
signal-pole structures. In response to a request from the Structures Design and Construction
Division, the Transportation Research and Development Bureau conducted a study to evaluate the
structural adequacy of span-wire traffic-signal poles, which included full-scale testing and finite-
element analysis and resulted in a proposed procedure for designing base-plates of the supporting
poles. Full-scale testing of four of these poles indicated structural inadequacy of base-plates and
anchor bolts. Finite-element models were then developed to evaluate a representative sample of
poles from the three manufacturers of poles then used in New York State. That evaluation, based
on structural adequacy of base-plates and bolts of these poles, confirmed deficiency of
manufacturers’ methods in designing adequate base-plates and bolts to carry anticipated design
loads. Accordingly, a procedure was proposed for their design (/4), referred to here as the Research
Report 159 or “RR 159" procedure. However, this procedure requires evaluation of semi-empirical
relationships derived statistically for the plate parameters included in that study, thus limiting its
applicability to plates having parameters falling within the ranges of those investigated.

B. REPORT OBJECTIVES AND APPROACH

The objectives of this study were 1) to develop a reliable, simple procedure for design of end-plates
and base-plates of cantilevered traffic sign, signal, and light support structures, and for base-plates
of span-wire-mounted traffic-signal structures, which can be routinely used by engineers designing
these items, and 2) to develop a design tool for implementation of the proposed procedure. The
approach to accomplish these objectives for an end-plate ora base-plate may be summarized in terms
of the following six tasks:

1. Develop a procedure for estimating load distribution to anchor bolts, and also bearing
stresses and forces,

2. Determine critical sections for design by investigating plate behavior under applied loads and
the resulting stress states,

3. Propose approaches for simplifying design forces and estimating design stresses at critical
sections,

4. Recommend a simplified design procedure,

5. Develop a spreadsheet design tool implementing the proposed procedure, and



6. Compare plate thicknesses obtained using the proposed procedure with those obtained using
the RR 159 procedure (14), those supplied by manufacturers, and those based on the NYS
method, and then compare the results with those obtained using finite-element analysis and
physical testing.

C. REPORT ORGANIZATION

This report has three chapters. Procedures for determining load distribution to anchor bolts and
estimating bearing forces and bearing stress distribution are introduced in Chapter 1. In Chapter 2,
plate behavior under applied loads is investigated, critical stress states on the plate are identified, and
a simplified procedure is proposed to estimate these stresses. In Chapter 3, spreadsheet
implementation and application of the proposed procedure are discussed. Also in Chapter 3, plate
designs obtained using the proposed procedure are compared with those obtained using the RR 159
procedure, those supplied by manufacturers, and those estimated using the NYS method, together
with comparisons with finite-element analysis and physical testing results. Finally, conclusions are
presented and an appendix gives examples illustrating application of the proposed procedure.



Figure 2. Applied moments on mast/mast-arm
and bearing stresses on plate (positive =
uplift, negative = positive bearing).
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1. FORCES ON BOLTS AND PLATES

Both end-plates and base-plates (of the special type discussed in this report) must resist moment and
shear forces due to dead load, ice load, and wind load, and sometimes shear forces due to torsional
loads. Base-plates also must resist axial forces due to gravity loads. As a result of this axial load
and moment, compressive bearing stresses may exist fully or partially between the foundation and
base-plate. When these stresses are partially maintained, some anchor bolts must carry tensile loads
for static equilibrium of forces to be satisfied. Under service loads, axial loads on the traffic
structures addressed here are normally of insufficient magnitude to maintain compressive stresses
through the entire contact area between the foundation and plate. [Design is typically governed by
Group II or III loadings in New York State (9)]. This allows for treatment of end-plates and base-
plates in the proposed unified approach, which assumes that some bolts carry tensile forces under
service loads. Accordingly, an end-plate would be a special case of a base-plate with no active axial
load.

A. ESTIMATING TENSILE FORCES ON BOLTS

For calculated design moments due to gravity load M, and wind load M,, total moment on plate M,
and its angle of incidence ¢ (as defined in Figure 2) can be obtained from Egs. 1 and 2, respectively,
the angle ¢ in Eq. 2 being less than 90 :

M, =M:+ M} (1)

¢ = tan™ (M,/M) @

Assuming flexibility of the plate, the resultant of compressive bearing forces may be assumed to lie
at the toe of the mast/mast-arm at the location shown in Figure 3. From this figure, the normal
distances x, to x, from the bolts to the resultant pressure line may be determined from the following
equations:

%, = - V4 [2(sin § + cos &) a, + d] (A)
x,= Y4 [2(sin & - cos §) 2 - d] (3B)
X, = - V4 [2(sin ¢ - cos &) a, + d] (30)
X, = Y [2(sin & + cos §) a, - d] (3D)



where a, is as defined in Figure 1 and d is the mast/mast-arm outer diameter. A bolt is under tension
only if the sign of its normal distance from these equations is negative.

Assuming that the tensile force T;, i =1,...,4, on any bolt is proportional to its distance from the

resultant pressure line, this force may be obtained in terms of the most stressed bolt force T, using
the following equation:

T,=T, x/x “4)

Taking moments about the resultant pressure line, one finds

YT x =M,-(P,-d72) (%)
where P, is the applied axial load. Substituting for T; from Eq. 4 into Eq. 5,

YT, x2/x,=M,-P, - d/2 (6)
Solving for T,

T, = (M,- P, d/2) ((Tx.>/ %) ™

Once T, is determined, remaining bolt forces can be determined from Eq. 4.
B. ESTIMATING BEARING STRESSES AND BEARING FORCES
To estimate these stresses and forces, coordinates must first be determined for the left and right
points where the resultant pressure line intersects the plate sides. This can be achieved by calculating
the normal distances r¢, and 1., (as defined in Figure 4) from corners C, and C, to the resultant
pressure line, using the following equations:
I, = %2 [2(sin $ - cos d) a, - d] (8A)
;s =- Y% [2(sind - cos §) a, +d] (8B)

where a, is as defined in Figure 1. If 1, is negative, the pressure line intersects side C, - C, of the
plate, and the coordinates of point P, (x;, y; ) may be obtained as

X, = -3, (9A)

y,= -(-2-sin¢-a, +d) (2" cosd) ' (9B)
Otherwise, it intersects side C, - C, , and

x=-(2-cosd-a, +d)(2 - sin ) (10A)

"= (10B)



Figure 4. Points of intersection of resultant pressure line with plate sides.
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Similarly, if r, is negative the pressure line intersects side C, - C; of the plate, and the coordinates
of point P, (X, , y,) may be determined using

x,=-(-2-cos da +d)/(2"sin }) (11A)

Y= 8 (11B)
cherwise, it intersects side C, - C, and

X, = a, (12A)

y,=-(2-sin¢-a +d)(2-cos ) (12B5
Assuming the linear distribution of bearing stresses shown in Figure 5, and based on the assumption
that the resultant of the bearing force lies at the toe of the mast/mast-arm, the maximum bearing

stress f, ., in Figure 5 can be obtained from static equilibrium of forces as follows. For equilibrium
of forces in the axial direction

Pb = TTotal + Pa (13)

where P, is the bearing force calculated from the assumed pressure distribution in Figure 5, and T,
is the sum of tension bolt forces. From this distribution, P, may be calculated as

P, = (3/4) f, max - 2 (5 +s;) for Cases 1 and 3 (14)

Py, = (3/2) £, juax * 5 - 5, for Case 2 _ (15)



Figure 5. Assumed bearing stress distribution.

CASES 1 AND 3

Mast/mast-arm

Resultant pressure a

line Assumed bearing
stresses
distribution.

CASE 2

Mast/mast—aim

Assumed bearing stresses distribution



where s, and s, are as defined in Figure 5, and Cases 1, 2, and 3 are as defined in Figure 4. Case 3
is a very rare instance for a very high a/d ratio existing when the resultant pressure line defining Case
1 is rotated counterclockwise to intersect sides C, - C, and C, - C, of the plate. Substituting for P,
from Egs. 14 or 15 into Eq.13 and solving for f;, .

£y max = (4/3) (Tro + PJ/[a (5, +s,)] for Cases 1 and 3 (16)
£, = (2/3) (Tro + P(s, " 5,) for Case 2 (17)

For a base-plate bearing directly on concrete, f, .., should not exceed the allowable bearing stress
for concrete (0.70 £, ), but if it bears directly on leveling nuts, f, ..., should not exceed the allowable
bearing stress for steel (0.90 F, ). For an end-plate, it should not exceed the allowable bearing stress
for steel (15).



Figure 6. Critical stress regions on a base plate (9).
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2. PROPOSED DESIGN PROCEDURE

By investigating plate behavior under applied loads and expected failure modes, complex stresses
on a plate can be approximated by those calculated for assumed plate elements due to estimated
forces acting on those elements. Such stresses are now discussed for four locations where stresses
have been identified as critical.

A. FLEXURAL STRESSES BETWEEN TENSION-SIDE BOLTS

Full-scale testing and finite-clement analysis of base-plates have indicated that under applied
moments, the stress field on the plate is characterized by presence of the two critical regions shown
in Figure 6 (14). In Region A, bending stresses are the prominent stress state, indicating resistance
to mainly flexural forces. For this case, a fixed rectangular beam element of the width and span
length shown in Figure 7 is assumed to resist a bending moment due to effective reactions created
by the bolt tension component (T,+T, ) * cos ¢. Maximum moment on the fixed-end beam element
M,, may be calculated from

M, = (1/8) (a - 2¢ - 2d,) - (T,+T, ) - cos ¢ (18)

where d, is the bolt diameter and e is the edge distance defined in Figure 1, and the length (a - 2e -
2d,) approximates the clear distance between bolts, defining the span of the fixed-end beam. Section
modulus for bending for this beam may be obtained as

S, = (e +u)- /6 (19)

where distance u is assumed to be equal to edge distance e. Maximum bending stress f, 4, for the
fixed beam may then be estimated using

£ .= Mg/S, < F,=140-0.66F, (20)

A factor of 1.4 is used for the allowable stress F, to reflect design stress limits for Group II or III
loadings (9).

B. TORSIONAL STRESS AT THE SIDES OF THE MAST/MAST-ARM
In Region B of Figure 6, shear stresses are shown to dominate the stress state, indicating resistance
to primarily torsional forces (/4). To estimate these stresses, a rectangular beam element of the

dimensions shown in Figure 8 may be assumed to resist a torsional moment due to the bolt reaction
on the plate acting at the eccentricity shown in the figure. Design torsional moment M,,<ion may thus

11



Figure 8. Torsional beam approximation.
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Table 1. Torsion coefficient C, {76).

1 0.208 3 0.267
1.2 0.219 4 0.282
1.5 0.231 5 0.291
2 0.246 10 0.312
2.5 0.258 >10 0.333

Figure 9. Yield line approximation.
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be obtained from

M, ... =T, (a-2e-2d)?2 @1

torsion

where (a - 2¢ - 2d,)/2 is assumed to approximate bolt force eccentricity. Torsional section modulus
I for the beam may be calculated using

r=d-£-C (22)

where C, is the torsion coefficient given in Table 1 for various d/t ratios (16). Torsional shear stress

f, orsion MAy then be obtained using
fv__torsion Mtorsnon/F Fv =14-04- Fy (23)

Again, a factor of 1.4 is used for the allowable stress F, to reflect design stress limits for Group II
or III loadings (9).

C. FLEXURAL STRESSES AT THE YIELD LINE

The critical regions in Figure 6 are important not only for identifying the dominant stress
components, but also for defining plate yielding behavior. As the load is monotonically increased,
yielding eventually is expected to start inside the critical regions, and with continued increase in load
the yielded area is expected to grow in size until failure is reached. At that stage, yielded areas will
become contiguous and a yield line can be defined (17). This line may be approximated by line b”
in Figure 9. Possibility of this failure mode requires evaluation of shear and bending stresses at this
section. For this evaluation, punching shear and bending stresses at this line must be checked,
respectively, for a force equivalent to maximum bolt tension and a bending moment due to this force
acting at the eccentricity r,, shown in Figure 9. Bending moment M,, at the yield line may be
estimated as
M,

y

=T, 1y (24)

where r,, =X, - d - d,/2 approximates the moment arm. Length of the effective plate section for
yield line bending b” in Figure 9 may be approximated from the following equation

b” = [b'- (0.25d)(a/d)]cos ¢ 25)

in which b’ is calculated from

b’ =y —y:)? +(x —%,)? (26)

where y, ., Y., X, , and x, were defined in Section B of Chapter 1. Section modulus S, for bending,
assuming a rectangular beam element of area b” - t, may be obtained as

S, =b" - /6 = {[b’- (0.25d) (&/d)] - cos ¢} - /6 7

13



and maximum bending stress at the yield line f,, may be calculated using
f,, = My/S,= 6T, 1, /{[b’- (025 d) (/d)] - cos g - '} < F,=14-0.66 -F,  (28)

Equation 28 can be solved for an estimate of required thickness t as follows:

t2 [6Tyr,, /{[b'-(0-25d)(a/ d)jcos® - F,} (29)

Shear stress at the yield line may be estimated for an area A, given by

A, =b"t (30)
* and corresponding shear stress f,, may thus be obtained using

f,=T/A,, < F,=14-04"-F, 31
D. FLEXURAL STRESSES AT THE RESULTANT PRESSURE LINE
The plate section defined by the pressure line at the mast/mast-arm toe is also critical for shear and
bending due to bearing stresses. Shear and bending stresses at this section may be calculated based
on the assumed bearing stress distribution in Figure 5 for the compression side of the pressure line.
The effective force Py, , due to bearing stresses, acting at this section for Cases 1 and 3, and Case 2,
respectively, is given by

P, = (5/12) f, . " @+ (5, +s,) for Cases 1 and 3 (32A)
and

P, =(7/18) fypax* 5 * s, for Case 2 (32B)
This force may be used for checking shear stress on a section of area A

A,=b' -t | (33)
and thus the resulting shear stress f,, may be obtained using

fp=Py/(b'-t) < 1.4-04-F, (34)
To calculate bending moment at this section, moment arm may be assumed as

Iy, = (5,+s)/4 for Cases1and3 _ (354)

and

1, = (1/6) [2 - (sin ¢ +cos ¢p)a, -d] for Case 2 (35B)

14



Section modulus S, for bending at the resultant pressure line may be obtained using

S, =b’ /6 (36)
and maximum bending stress f,, due to bearing stresses may be calculated from

f, =Py /Sy < F,=1.4:0.66"-F, 37
E. SUMMARY OF THE PROPOSED PROCEDURE
The proposed procedure may be summarized in the following 14 steps:

Step 1: Determine design moments M, and M, and axial load P, (if applicable) and determine the
required mast/mast-arm diameter at the plate. For a base-plate-span-wire configuration, the
following two cases should be checked when wire orientation relative to the plate is not specified:
1) M, = calculated total moment and M, = 0, and 2) M, = M, = calculated total moment x cos 45°.
For an end-plate, use calculated M, and M, directly.

Step 2: Assume a plate size (about 1.5 times the diameter of the mast or mast-arm) and thickness
(Eq. 29 can be used for an initial estimate).

Step 3: Assume a bolt size and determine an edge distance as specified by the design codes (15,18).

Step 4: Determine total moment and angle of incidence ¢ from Eqs. 1 and 2, respectively. To
account for plate symmetry, ¢ must be adjusted to (90°- ¢) if it is greater than 45°.

Step 5: Calculate bolt distances X, to x, from the resultant pressure line using Eqs. 3, and bolt forces
T, to T, using Eqgs. 4 and 7. Readjust bolt size d, based on maximum calculated bolt tension.

Step 6: Calculate normal distances to the resultant pressure line r., and r; from corners C, and C;
using Egs. 8. A negative sign of a normal distance indicates that the corresponding corner lies
above the resultant pressure line. This determines the sides of the plate on which points P, (x,, y)
and P(x,,y,) falL

Step 7: Calculate the coordinates of points P, (x,,y,) and P(x,, y,) from the appropriate equations,
(Egs. 9 and 10 or 11 and 12), and the lengths b’ and b” from Eqs. 26 and 25, respectively.

Step 8: Calculate maximum bearing stress f, ,, from Eqgs. 16 or 17, as appropriate, and ensure that
it is within allowable bearing stress limits. If not, plate size must be increased or edge distances

readjusted.

In Steps 9 through 12, for each step calculate required stress and ensure that it does not exceed
allowable stress limits:

Step 9: Bending stress between tension side bolts f;, , from fixed beam approximation, using Eq. 20.

15



Step 10: Shear stress at the sides of the mast/mast-arm f, ,,,;,, from torsional beam approximation,
using Eq. 23.

Step 11: Bending and shear stresses at the yield line, from maximum bolt tension and assumed
eccentricity r,, , using Egs. 28 and 31, respectively.

Step 12: Bending and shear stresses at the pressure line, from assumed bearing pressure distribution,
using Egs. 37 and 34, respectively.

Step 13: Readjust plate size or thickness, as appropriate, until all conditions are met.

Step 14: Check adequacy of bolts for all applicable stresses, including tension, shear, and fatigue.

16



3. SPREADSHEET IMPLEMENTATION AND APPLICATIONS

A. SPREADSHEET IMPLEMENTATION

A spreadsheet implementing the proposed procedure has been developed as an efficient tool for
engineers designing the types of base-plates and end-plates discussed in this report. The user first
has to specify the type of plate to be analyzed and the desired system of units, and enter the following
information:

Square plate side length

Trial plate thickness

Bolt diameter

Edge distance from the center of bolt hole

Mast/mast-arm outside diameter

Plate material yield stress

Gravity load moment (or total moment in case of a span wire)
Wind load moment

Axial load

TR0 Q- P
- o

»®

ZE

=

-]

Once this information is entered, the critical stress cases discussed in the previous chapter are
calculated and checked against allowable stresses, and a message will be displayed indicating the
checked result for each case. Allowable stresses for bending, shear, and bearing (F,, , F, ,and F,
respectively) are calculated and factored assuming Group II or III design loads from the AASHTO
specifications (9). Also displayed on the spreadsheet are bolt forces, load effects, and section
modulus for each case, as well as other parameters used in calculating these stresses. Trial plate
thickness can be fine-tuned by resetting and incrementing t to displayed initial thickness, which is
estimated based on yield line bending, until all stress checks are met. Plate dimensions or edge
distances should also be modified in case maximum calculated bearing stress exceeds allowable
bearing stress F,. When span-wire orientation relative to a base-plate is not specified, plate thickness
should be governed by the larger of the two thicknesses estimated for the following loading cases:
1) M, = calculated total moment and M, = 0, and 2) M, = M; = calculated total moment x cos 45°.
For an end-plate, calculated M, and M, should be used directly.

B. APPLICATIONS

The developed spreadsheet was used to design two sets of base-plates from five major suppliers of
traffic poles in this state. The first set consisted of 23 plates manufactured by three of those
suppliers and was part of the RR 159 study, which included full-scale testing and finite-element
analysis (/4). The second set included 12 plates, randomly selected from recent plate designs
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Table 2. Plate parameters, design moments, and comparison of first-set
plate thicknesses obtained by three methods.

Plate Thickness
Plate Parameters and Moments (in)
Manufacturers RR 159 Proposed
Plate ID" | 1) | (o0 (i:.) (ic:xb.) r\(dlgr?:r;t Used |\ piog | oo | Procedure

C326 17 2.5 10.75 1.25 882000 1.5 1.82 1.96 1.87
C328 18 2.65 10.75 1.25 954000 1.5 1.86 1.99 2
C430 18 2.65 12.75 1.5 1368000 1.75 2.12 2.27 2.11
C530 23 3.35 12.75 1.5 1710000 1.75 2.24 2.32 2.53
C530' 18 2.65 12.75 1.75 1710000 2 237 2.52 2.3
C732 25 3.65 16 1.5 2562000 2.5 2.55 2.77 2.67
C832 22 3.2 16 2 2928000 2.25 2.78 3.17 2.75
S324 21 3.1 10 1.5 810000 1.5 1.39 1.55 1.72
S328 21 3.1 11 1.5 954000 1.5 1.49 1.57 1.73
S$334 27 4,65 13 1.5 1170000 1.5 1.46 1.6 1.8
S434 27 4.65 14 1.75 1560000 1.75 1.67 1.79 1.93
S530 27 4,65 14.5 1.75 1710000 1.75 1.73 1.87 1.96
S632 27 3.25 16.5 2 2196000 2 1.99 227 223
S832 32 4.7 19 2 | 2928000 2.25 2.08 2.35 2.25
S934 33 4.65 21 2.25 3510000 2.25 2.22 2.55 2.32
S1036 35 5.66 22.5 2.25 4140000 2.25 2.28 3.27 2.34
U226 14.1 2.1 10.5 1.25 588000 1.5 1.53 1.82 1.52
Us30 20.5 3.2 14 1.75 1710000 2 2.23 2.29 2.15
U636 26 4.7 16.72 1.75 2484000 2 2.36 2.51 24
U832 24.5 3.95 16.5 2 2928000 2.5 2.66 2.75 2.6
U840 26 4.15 18.5 2.25 3696000 2.5 2.84 3 271
U1040 27.5 4.03 21 2.25 4620000 2.75 3.05 4.3 3.09
U1044 29 4.6 21.5 2.25 5100000 2.75 3.1 3.55 3.05

*Yield stresses for plates starting with initials C, S, and U are, respectively, 36, 50, and 36 ksi.

Table 3. Plate parameters, design moments, and comparison of second-set
plate thicknesses obtained by three methods.

Plate Thickness
Plate Parameters and Moments (in.)
a e d d, M t MMUfacn:eYr; PRR 1d59 roposed
. omen

Plae D | oy | iny | ny | in) | bein) | U [metmod || oS
VA728 19.5 3 14 1.75 2352000 2 2.03 2.17 1.97
VAS38 22 2.87 15.5 2 2280000 2 1.97 2.2 2.1
VAI038 | 27.5 3.64 18 2 4560000 2.5 2.54 2.82 2.67
UN442 22 3.375 13 1.25 1510656 2.25 2.11 2.27 2.32
UN451 25 3.82 16.5 1.5 2529000 2.5 2.49 2.66 2.56
UN470 29 4.625 21 2.37 5091720 3.25 3.14 3.39 3.03
SU430 19 2.78 13 1.5 1537632 2 1.88 2 1.89
SU633 22 3.25 15.5 1.75 2549232 2.25 2.23 2.31 2.23
SU836 24 3.5 17 2 3722688 2.75 2.57 2.73 2.57
V8226 15 1.85 12.24 1 667585 1.73 1.35 2.1 1.53
V8629 | 20.98 | 2.36 18.31 1.5 2268276 2.52 2.06 3.31 2.45
VS1139 27 3.25 23 2 5108004 3.27 2.72 3.75 3.2

*Yield stresses for plates starting with initials VA, UN, SU, and VS are, respectively, 60, 36, 50, and 50 ksi.
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submitted to the Department by five manufacturers, including two who participated in the RR 159
study. All plates in the two sets were also designed according to the NYS method and the RR 159
procedure (14).

Estimated plate thicknesses using the spreadsheet program are compared with those obtained using
the RR 159 procedure and those supplied by manufacturers. These are givenin Tables 2 and 3, and
also shown in Figures 10A and 10B, respectively, for the first and second sets. (Plate dimensions,
bolt sizes, and design moments for each plate are also included in Tables 2 and 3). Estimated plate
thicknesses using the proposed procedure in Table 2 and Figure 10A show clear agreement with the
RR 159 conclusion regarding deficiency of the plates in this set, which was evident by the nonlinear
behavior of stresses and displacements exhibited during the testing program of that study (/4). This
deficiency was observed to result primarily because of the need for thicker plates in some cases,
when moment components were applied at a 45° angle from the horizontal axis and a plate was
diagonally stressed.

The spikes in Figure 10 represent plate thicknesses estimated using the RR 159 procedure for plates
* having dimensions falling outside the applicable ranges for validity of that procedure. Table 3 and
Figure 10B indicate a much improved agreement between thicknesses obtained using the proposed
procedure and those supplied by manufacturers. This suggests that some manufacturers may have
revised their designs in response to the deficiency of these plates noted in Research Report 159. For
both sets, the proposed procedure generally resulted in thicknesses much closer to those supplied by
manufacturers than those based on RR 159.

Estimated stresses on base-plates in the first set obtained using the proposed procedure indicated
that, on average, these stresses are within 11 to 20 percent (with a standard deviation of 7 to12
percent) of those obtained using finite-element analysis in RR 159 (14).

Estimated plate thicknesses using the spreadsheet program were also compared with those obtained
using the NYS method and those supplied by manufacturers. This is shown in Tables 2 and 3, and
also graphically in Figures 11A and 11B, respectively, for the firstand second sets. Based on these
results, the NYS method in some cases resulted in thicknesses comparable to those obtained using
the proposed procedure. This was expected because the NYS method is based on checking stresses
at one of the four sections considered critical in the proposed procedure (Sections A through D of
Chapter 2). Smaller plate thicknesses obtained using the NYS method may also be explained by
the fact that plate design is not necessarily governed by the single criterion checked using that
method. Slightly larger thicknesses estimated using the NYS method (than those based on the
proposed procedure) are mainly due to the different approaches used in the two methods for
estimating moments and stresses for the same checking criterion. The results also show that
methods used by manufacturers, other than the NYS method, sometimes may result in thicknesses
smaller than those required by the NYS method.
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Figure 10. Comparison of plate thicknesses obtained using
the proposed procedure against those supplied
by manufacturers and those estimated using the
RR 159 procedure (74).
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Figure 11. Comparison of plate thicknesses obtained using the proposed
procedure against those supplied by manufacturers and those
estimated using the NYS method.
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CONCLUSIONS

A simplified procedure has been proposed here for design of end-plates and base-plates of
cantilevered traffic sign, signal, and light structures, and for base-plates of span-wire-mounted
traffic-signal structures. The procedure is based on identifying critical stress locations on the plate,
and estimating the forces producing these stresses and the effective plate sections they act upon. For
now, applicability of the procedure is limited only to square plates, but with additional physical
testing and finite-element analysis its applicability could also be extended to include rectangular
plates.

Plate designs obtained using the proposed procedure showed good agreement with those estimated
using finite-element analysis, and also confirmed conclusions reached in Research Report 159
through physical testing (/4). The developed spreadsheet implementing the proposed procedure is
an efficient tool that should allow plate designers to optimize their designs, or check those designed
by others, reliably and with very little effort.

The proposed procedure has five advantages:

1. It gives the Department a general, rational procedure for design of both end- and base-plates
for the types of traffic support structures discussed here.

2. Itisbased on simple engineering mechanics concepts that verify critical stresses at more than
one location on the plate, unlike the current New York method for base-plates which assumes
stresses to be critical in only one section.

3. It has demonstrated a capability to provide reliable and consistent results.

4. Tt is more appropriate for cases when span-wire orientation relative to a base-plate is
specified or field-verified, and

5. Its user-friendly spreadsheet makes it appealing for implementation as a ready-to-use tool
for designing these items.
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APPENDIX
Examples lllustrating Application of the Proposed Procedure

‘Plate VA728, shown in Figure 12, was selected to illustrate application of the proposed procedure,

using the spreadsheet tool, in both U.S. customary and SI (metric) units. In the first example, plate
~ thickness is determined assuming it to be a base-plate bearing on steel, to be designed for a total
moment of 2,352,000 lb-in. (2.7 x 10* N-mm). In the second example, thickness is estimated
assuming it to be an end-plate resisting applied moments M, =2,352,000 x cos 30°=2,036,892 Ib-in.
(2.3 x 10*N-mm) and M, = 2,352,000 x sin 30° = 1,176,000 Ib- in. (1.3 x 10° N-mm). For both
cases, axial load on the plates is neglected and spreadsheet results are compared to those obtained
using Mathcad programs.

Example 1: Base-Plate Design
Spreadsheet design for this case is shown on pages 31 and 41, respectively, for two cases:
1. Total moment applied at ¢ = 0° and

2. Total moment applied at ¢ = 45°.

Figure 12. Plate selected for examples (Plate ID VA728).

Bolt (typ.) AY  _le=B"(76 mm)
% db:ljs;& _|#=3" (76 mm)
Lo F, = 60 ksi
(495 3 (414 MP2)
Plate | X

d = outer diam of
mast/mast-arm

a,=(a-2e)2 =6.75" (171mm)
Mastéﬂ;ﬁ%*‘;@ a,= al/2 =9.75"(248mm)
(495 mm)
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From Cases 1 and 2, design thickness is selected as 1.97 in. (50 mm), the larger of the two
thicknesses, 1.97 and 1.89 in. (50 and 48 mm), that are required to satisfy all stress-checking
requirements. Thicknesses obtained for these two cases were also used in the following Mathcad
programs of the proposed procedure, for comparison with the spreadsheet results. Similarity
between these results confirms correctness of the spreadsheet implementation of the proposed
procedure.

Example 2: End-Plate Design

The spreadsheet solution for this case is shown on page 51 for the design moments M, and M,
applied simultaneously, and the plate is assumed to be bearing on a steel plate of similar strength.
The resulting design thickness for this case is 1.87 in. (48 mm). Again, this thicknesses was
employed to verify spreadsheet results for this case using the following Mathcad program.
Agreement between the spreadsheet results and Mathcad program is also noted for this example.
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EXAMPLE 1: ¢ = 0° (U.S. Customary Units)

DESIGN OF END- AND BASE-PLATES PLATE |(ENDPL UNIT J PLATE TYPE:
TYPE: GASEPLATE TYPE: UNIT TYPE:
PLATE INPUT PARAMETERS
a (in. e (in. d (in. t (in. Pa (Ib Fy (psi DESIGN ADEQUACY
e B ’y % 7, ) v, ey ¢ ¥ ’f, \Y/ /
BOLT DATA DESIGN MOMENTS (Ib-in.) ANGLE
db (in. Wind (My| Total (Mt) ¢
/] 2.35E+06 0.0 PLATE BEARING
STRESS STEEL
YIELD LINE BENDING STRESS CHECK Initial fp (psi) CHECK
r Moment b" Sx fb (psi _ Trialt 2163.0
CASE DOES NOT APPLY .10 "‘l
YIELD LINE SHEAR STRESS CHECK TENSILE FORCES .
Force Area fv (psi L
85440.4 21.1 4048.7 BOLTS 1,2, 3AND 4 -
90000 1 L
FIXED BEAM BENDING STRESS CHECK w 70000 - L]
Force |Moment Sx fb (psi) 9 ggggg ] ]
170880.8| 2.1E+05] 3.9 55039.1 £ 10000 ] L
-10000 |
TORSIONAL BEAM SHEAR STRESS CHECK -30000 L
Force |Moment r fv (psi) |
85440.42| 4.3E+05 16.7 25528.3 F%E?E TRz T ]
! S
PRESSURE LINE BENDING STRESS . CHECK N
Force [Moment Sx fb (psi BOLT FORCES (ib)
96659.9 | 1.3E+05 12.6 10537.4 %o T4 T2 T3 T4 Tmax
85440.4] 85440.4| 1553.5{ 1553.5{ 85440.4
PRESSURE LINE SHEAR STRESS CHECK ||
Force Area SHEAR STRESSES |
96659.9 384 35000 L
¢ 30000
AY & 25000 ]
a 1
N . o N
. a - £ 10000 ] | ]
% 5000 1
N o° N
S-iRsEi)S S EBvYieldLine | Torsional L
P [l Pressure Line B3 Allowable | |
| Resultant ‘ : : ; B
| pressure line a 4 BENDING STRESSES 1
\, - £ 60000 B
l:-lzJ 4
el £ 40000 - I
db — ] %20000 1 ]
- & o- L
\ Moment axis | STRESS -
(psi) -
I | |
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EXAMPLE 1: Base Plate:
Plate ID: VA728

Case: ¢ =0 t:=1.97in  Assumed thickness
Units: US Customary

INPUT DATA:
M  :=2352000-1b-in My =0-lbin P, =0b Fy I=60-103-£%
a:=19.5:in e =3-in d :=14-in dp = 1.75:in
ao::a»zz-e ay =5 %=7.107 Cy =030 ui=e
CALCULATIONS:

Calculate total moment and angle of incidence:

‘ Myl
M, = fo2+My2 ¢-—atanM—x ¢

§ if <45

M ¢ =2.352°10°*lb-in
(90-deg - ¢> otherwise

¢ =0°deg

Calculate bolt distances to the resultant pressure line:
Xq:=- G)[z (sin(4) + cos($))-a g+ d| X5 I:%{Z-(sin@) ~ cos($))-ag - d|
X3 = (%)[2 (sin(9) - cos($))-a g+ d| X4 2=%-[2-(sin(¢) +cos(4))-a - d]

Calculate bolt distances from the resultant pressure line:

x 1 ="13.75"in x 9 ="13.75%n x 3 =70.25"in X 4="0.25"n

Calculate bolt distances from the center of the mast:

- d - d . d . d
X117-"*17 32 X127°X273 X137°X37 3 X14 ~-"X47 3
X 11 =6.75%in X 12 =6.75%in X 13 =76.75in X 14 ="6.75"in

Calculate bolt forces:

d
Mt_Pa'E 4 .
Ty = 3 3 3 3 T =-8.5510""Ib (Tension)
X1°tX9"+X3"+Xg
X1
o X2 o cceinde .
T2‘»T1-—{I T, =-8.5510" b (Tension)
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T3 =Tig; T3 =-1.555"10°*Ib (Tension)
X4 3 :
T4 =T 137 T 4 ="1.555°10" *Ib (Tension)

Calculate coordinates of the points where the resultant pressure line intersects plate sides:

First determine which sides of the plate the resultant pressure line intersects:

re 3=%-[2-(sin(¢) - cos($))-a1-d] re =-16.75%in -ve implies Side C2-C4

re3 =- <%>-[2-(sin(¢) - cos(¢))-a 1+ d] re3=2.75%in  +ve implies Side C1-C3

Left and right points coordinates:
1

x]'= -2y if rep<0 ' v1= |- 2'Gos(¢)-<-2~sin(¢)-a1 +d) if rp<0
- -(2-cos(¢)-a 1+ d> otherwise a| otherwise
2-sin($)
x]1="9.75"in y|="7"in

) 1
2-sin($)

aj otherwise

-<-2-cos(¢)~a1+d> if re3<0 ypi=-aq if rg3<o

z.cos(¢)-<2-sin(¢)-a 1t d> otherwise

X p=9.75%n yr="7"in

Calculate left and right distances used in estimating bearing stresses distribution:

517 «ﬁ'al—xl)2+('al*yl)2_ if rep<0 $]=2.75%n
Jk‘al—XI)2+(a]—y])2 otherwise

Sp= «/(’3‘1"%)2*('5‘1_yx')2 ifl'c3'<0 sp=2.75%in
J(al—xr)2+(-a1—yr)2 otherwise

33



Calculate maximum bearing stress:

' 2 (T1+Tr+T3)+P, 3 Ib
fb_max = |3° s if r3<0 fb_max =2145°10°*—
4-(T1+T2+T3)+Pa )
3 a(s[75p) otherwise
- — 540108+ 00
Fp -0.9-Fy Fp—5.4 10 =

Calculate maximum bending sfress between the bolts on the tension side:

T1+Ty 5

Mg =(a-2e-2d b)-—s—-cos(¢) M g, =72.137°10" *lb-in

~(e+u)t? i3
Sy = S, =3.881%in

Mg b
fo b " g fp fi, =-5.50810% =
- X - in

— = . 040 lb

Fi,'=1.4-066-Fy Fp=5.58410%

Calculate maximum torsional shear stress at the sides of the mast:

a-2e-2dy S .
Morsion " T1——5 M torsion = 4-275°10° *lb-in
I=dt%Cy I =16.3*n’
M : ]
e e £y =2.62310* -_—b2
r ) in
Ib
Fy =1404F, Fy=3.3610"—
mn
Calculate maximum bending and shear stresses at the yield line:
dy . Since r_by is
rby::‘(xl)“d—T rby="1.125'm ve, case does
not
3 5 apply.
bprime::«/()’]_yr) +(x]1—Xyp) - bprime=19.5'm
a -
b dprime = <b prime ~ 0~25'a‘d>‘005(¢) b dprime = 14.625 *in
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Calculate maximum bending and shear stresses at the resultant pressure line:

=2.145"10° -_1—b2 s|=2.75%n sp=2.75"n
m

fb_max
Pyp - %-fb_max.sl.sr if 1 3<0 Pp = 9.586°10% *Ib

5
1 fb max'(s11 sp)-a otherwise

Ppb Ib
R fyp =2495°10° =
prlme't in
Ib
= = . 40__
F,'=1404F, Fy=33610"
11 . . .
rpp = |52 (sin(#) + cos(9))-a | - d] if re3<0 rbp = 1.375%n
S}t Sy .
7 otherwise
b . ~t2
.Y prime B 3
Sx g — S, =12.613"in
M pb =P bbTbb M pp = 1.318°10° *lb-in
M bb b
fpp = fp =1.045°10% ~—
bb 7S, bb 2
= = ) 4.lb
Fp =14066F, Fp, =554410"—;

1

End of Example 1 Case ¢ =0 deq.
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EXAMPLE 1: ¢ = O° (Metric Units)

DESIGN OF END- AND BASE-PLATES PLATE _|SEND | PLATE TYPE:
TYPE: { UNIT TYPE:
PLATE INPUT PARAMETERS | JALLOWABLE STRESSES (MPa
d(mm) | t(mm) | Pa(N) |Fy(MPa)| DESIGN ADEQUACY | BENDING ’ STEE
3586 el a1 : Fb
DESIGN MOMENTS (N-mm}
Wind (Myl| Total (Mt)
000E4a0g] 2 66E+08 PLATE BEARING
STRESS STEEL
YIELD LINE BENDING STRESS CHECK Initial fp (MPa) CHECK
r Moment b" Sx fb (MPa) i ' 14.9
CASE DOES NOT | APPLY 4 I |
YIELD LINE SHEAR STRESS CHECK TENSILE FORCES :
Force Area fv (MPa) I BOLTS 1. 2. 3AND 4 -
380753.1| 13604.7 28.0 0K T |
90000 ] |
FIXED BEAM BENDING STRESS CHECK " 70000 7 -
Force |Moment Sx fb (MPa) o 288883 ]
761506.2] 2.4E+07 63500.0 380.6 5 2 10000 ] ‘ L
-10000 ||
TORSIONAL BEAM SHEAR STRESS CHECK -30000 N
Force |Moment r fv (MPa) L
380753.1| 4.8E+07 | 273812.0 176.5 v Fo(ﬁ)CE CREY & & N
PRESSURE LINE BENDING STRESS CHECK T ]
Force [Moment Sx fb (MPa) BOLT FORCES (N)
430751.0| 1.5E+07 | 206375.0 72.9 T1 T2 T3 T4 Tmax
380753.1| 380753.1] 6922.8| 6922.8| 380753.1
PRESSURE LINE SHEAR STRESS CHECK || ||
Force Area fv (MPaL SHEAR STRESSES o
430751.0| 24765.0 ' 17.4 OKiEZ 250 L
2 200 |
& -
\ &
o .
] .
2 L
N STRESS ]
EEviedLine [l Torsional -
(MPa) [l Pressure Line {if§ Allowable ||
| Resultant ‘ ; " ; *
| pressure line 2 4 ] * BENDING STRESSES -
L : 2 400 :
@400 71
| & 300 1 -
| 200 1 H
db — - & 100 . |
\ - g ol |
Moment axis || L
S(T,\l;fas)s isld Line . Ml Fixed Beam |
I Pressure Line Bl Allowable L
| [ I
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EXAMPLE 1: Base Plate:

Plate ID: VA728
Case: ¢=0 t:=50.0-mm Assumed thickness
Units: Sl (Metric),, ., m
N —kg—2 i 6
INPUT DATA: sec MPa =Pa-10
M '=2.66-10%N-mm My =0-N-mm Py =ON Fy:=413.7-MPa
a =495.3-mm € =76.2:mm d '=355.6-mm dp =44.5-mm
-2 d
ag =t arcs s =112 Cy:70.30 u=e
CALCULATIONS:

Calculate total moment and angle of incidence:

My
M, = /Mx2+My2 ¢ =atan| 3 ¢

¢ if 9<45

= 108N,
(90-deg— 8) otherwise Mt =266'107Nmm

Calculate bolt distances to the resultant pressure line: ¢=0°deg
A . 1 .

X1 = (§>-[2-(sm(¢) + cos($))-a ot d} X2 :7-[2-(sm(¢) - cos(¢)>-a 0~ d}

X3 =" (%)-[2-(sin(¢) - cos(¢)>-a ot d} X 4 1:%-[2-(sin(¢) + cos(¢)>-a 0~ d]

Calculate bolt distances from the resultant pressure line:

X 1 =~349.25 *mm X 2 =7349.25 *mm x 3 =76.35 *mm X 4 =76.35 ‘mm

Calculate bolt distances from the center of the mast:

~ . ~ d 5 d
X117°X1"3 X127 X2-3 X13'7°X3-3 X147°X4" 3

(-9
(=8

x 11 =171.45°*mm X 12 =171.45°'mm x 13 ="171.45 *mm X 14 ="171.45 *mm

Calculate bolt forces:

d
M¢-Pa3 S '
T =-3.807"10" "N (Tension)

Ty =
1 x12+x22+x32+X42

X1

X2
T, =T 'xg T, =-3.807°10° *N (Tension)
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X3
T3=Trg, T3=-6922"10°"N  (Tension)
Y PP ,
T4.—T1-;(—1 T 4=-6922°10" *N (Tension)

Calculate coordinates of the points where the resultant pressure line intersects plate sides:

First determine which sides of the plate the resultant pressure line intersects:

rep = %[2 (sin(#) - cos($))-a 1 - d] r o =-425.45 *mm:ve implies Side C2-C4

re3i=- <%>-[2-(sin(¢) - cos(¢)>-a 1+ d] r.3 =69.85'mm +ve implies Side C1-C3

Left and right points coordinates:

x1 7 |ay if rp<0 y1= '2.cos(¢)'('2‘5i“(¢)'a1*d> if r <0
- -<2-cos(¢)-a 1 +d> otherwise a | otherwise
2-sin($)
X | =7247.65 *mm y1="177.8*'mm

- (-2-cos($)-ay+d} if rez<0 y,.=]-ay if rg3<0
2-sin(4) ( 1 > c3 r 1 c3

a ] otherwise

- 2.c05(¢)-<2-sin(¢)-a 1t d) otherwise

X p =247.65°mm y="177.8°*mm

Calculate left and right distances used in estimating bearing stresses distribution:

s)° «[(-a1—x1)2+(-a\1—yl)2 if rp<0 s} =69.85°'mm

J(—a 1-X |)2+ (a1-vy |)2 otherwise

Srj: \/(_al_xr)z-i—(ral—yr)z if rCé<0 Sr=69.85.mm

(aj-x Y+(-aj-y )2 otherwise
1 r 1 r



Calculate maximum bearing stress:

) (T +T2+T3)+P,

fb_max = 3 S7s, if r3<0 fb_max =14.805 *MPa
4-(T1+T2+T3)+Pa )
3 a(s1-57) otherwise
F

p '10.9-Fy F p =372.33"MPa

Calculate maximum bending stress between the bolts on the tension side:

Ty+TH ;

Mg =(a~2-e-2d b)-——s——-cos(¢) M f, =2.416°10" *N-mm

_(e+u)t? , 4 3
Sy Tt S =6.35°10**mm

M,
fb 3:——S— fy, fp ="380.54 *MPa
_ x _

Fp = 1.4066F F, =382.259"MPa

Calculate maximum torsional shear stress at the sides of the mast:

a-2-e—2d b 7
Miorsion = T1—73 M {orsion = 4-833°10° *N-mm
[=dt*Cy [ =2.667"10° *‘mm’
Mt 1
fvt?:—(:io—n f,4="181.21 *MPa
F, =1404F F, =231.672°MPa
v y v

Calculate maximum bending and shear stresses at the yield line:

d . .
iy S0
not
apply.
bprime':J(YI‘yr)2+(X|—xr)2 b prime =495.3'mm

a
b dprime <b prime ~ 0:25-g-d |-cos(¢) b dprime =371:475 ‘mm
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Calculate maximum bending and shear stresses at the resultant pressure line:

fb_max =14.805°*MPa §1=69.85*mm

17 .
Ppb = |78 fo_maxsrsy if re3<0

5
ﬁ'fb max (8] 1 s¢)a otherwise

Ppb
fvo "y ot

prime
Fy =1404F,

rob = |52 (sin($) + cos(8))-a 1 ~d] if re3<0

sl+ S¢
3 otherwise
4_ b prime't2
Sy e
Mpb =PbbTbb
f -:lb_l?
bb Sx

Fy,'=1.4-0.66-F

End of Example 1 Case ¢ = 0 deg.

s r =69.85°mm

P, =4.268°10° N

fyp =17.235°MPa

F, =231.672*MPa

I'pp =34.925°*mm

S « =2.064°10° *mm’

M pp = 1.491°10" *N-mm

fpp =72.234*"MPa

Fp, =382.259*MPa



EXAMPLE 1: ¢ = 45° (U.S. Customary Units)

DESIGN OF END- AND BASE-PLATES PLATE PLATE TYPE
TYPE UNIT TYPE
PLATE INPUT PARAMETERS IALLQWABLE STRESS
a (in. e (in. d (in. t (in. Pa(Ib) | Fy (psi) | DESIGN ADEQUACY [ BENDING = SHEAR
9852l 30 bian 28000 DAL BDD00 % . .
BOLT DATA DESIGN MOMENTS (Ib-in.) .| ANGLE
db (in. DL (Mx Wind (My| Total (Mt) (0]
1A ZeisbEabe i sse io63] 2.35E+06 45.0 PLATE BEARING
STRESS STEEL
YIELD LINE BENDING STRESS CHECK Initial fp (psi) CHECK
r Moment b" Sx fb (psi) | Trialt 1395.2
1.7__| 1.7E+05 |6.1533595] 3.7 | 47656.2 oKy & |
YIELD LINE SHEAR STRESS TENSILE FORCES :
Force Area fv (psi) L
104482.2 20.2 5160.5 BOLTS 1,2, 3AND 4 -
90000 -
FIXED BEAM BENDING STRESS CHECK w 70000 -
Force |[Moment Sx fb (psi) S ggggg ; ]
105136.1| 1.3E+05] 36 36790.7_[iMkC 2 30000 | N
-10000 ]
TORSIONAL BEAM SHEAR STRESS CHECK -30000 -
Force |Moment r fv (psi) - L
104482.2| 5.2E+05 15.6 334816 &0 F‘()IEC;E CRCEE B K .
S
PRESSURE LINE BENDING STRESS CHECK ]
Force |Moment Sx fb (psi) , BOLT FORCES (Ib)
50007.9 | 1.1E+05 8.1 13999.6 ¢ T1 T2 T3 T4 Tmax
104482.2| 44202.7| 44202.7| -16076.8| 104482.2
PRESSURE LINE SHEAR STRESS
Force Area fv (psi) SHEAR STRESSES L]
50007.9 25.7 1948.8 35000 ||
& 30000
AY £ 25000 T
[ 1 -
N e oo |
15000 ] ||
N\ 2 t—é/ % 10000 ] L
& 5000 ]
2 -4 Tl |/ 01 L]
N —
& X ST;RsEi;S S Yield Line [l Torsional -
P Il Pressure Line B Allowable ||
| Resultant ‘ . : : :
s tine | SN2 <= BENDING STRESSES -
| o || L
¢ \ L : & 60000 :
X, N & ]
_— 1= 40000 —
b | T T, | o 1 -
| b — : 2 \ ] £ 20000 . B
3 2 H
I \ || w0 |
Moment axis || ]
1 s?::)s S EYieldtine - Ml FixedBeam |
Wl Pressure Line 5 Allowable -
l [ |
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EXAMPLE 1: Base Plate:

Plate ID: VA728
Case: ¢ =45 deg t =1.89-in  Assumed thickness
Units: US Customary
INPUT DATA:
_ . __ . ,_ ,, Ib
My =1663115-1b-in My '=1663115-1b:in P, :=0-1b Fy -—60-103-i—n—2
a '=19.5:in e =3'in d :=14-in dp = 1.75-in
aO::afZZ-e ag =3 g=7.4o7 C¢ =030 uice
CALCULATIONS:

Calculate total moment and angle of incidence:

L. [My
M, =, /M 2+My2 ¢v—atanM—x ¢

Calculate bolt distances to the resultant pressure line:

o if ¢$<45

M ¢ =2.352°10° *Ibin
(90-deg— tb) otherwise

¢ =45°deg

-[2-(sin(¢) - cos($))-aq - d]

N —

X1 1=—<%>-[2-<sin(¢)+cos(¢))-a0+d} X9 =

-[2-(sin(¢) + cos($))-ag- d}

N —

x3 1= 3] 2-(sin() - costt)) a0+ 4] x4 =

Calculate bolt distances from the resultant pressure line:

x 1 ="16.546 *in X2 ="T7"%n x3="7"in X 4 =2.546"in

Calculate bolt distances from the center of the mast:

- d I d - d _ d
X11:°°X1~3 X127°X2-3 X13 °°X373 X14="X4-3
X 11 =9.546*in X 12=1.09310 Prin  x13=-1.093"10 '* *in x 14="9.546"in

Calculate bolt forces:
d

M{-P,> . _

Ty = 3 3 5 2 T =-1.029"10" *Ib (Tension)
X17+tX2"+X3"+ X4
X1

X2 4 .

Ty i:Tl-x—l T, =-4.353"10" b (Tension)



X3
Ty =Tig T4 =-4.353"10* Ib (Tension)
X4 4. .
T4 =T 1-;(—1 T4 =1.583"10""b (Compression)

Calculate coordinates of the points where the resultant pressure line intersects plate sides:

First determine which sides of the plate the resultant pressure line intersects:

r 2 = _;_l:z. (Sln(¢) — cos(¢)>-a 1~ d] rC2 =7 .in -ve Implles S'de C2‘C4

re3ic- (%).[2.(5“@) - cos(}))-a |+ d} re3=-7°n -ve implies Side C3-C4

Left and right points coordinates:

1
x1:= |-a1 if r.n<0 y1:= |- -(-2-sin($)-aq+d) if rp<0
1 1 c2 1 2-cos(8) < 1 ) c2
- -<2-cos(¢)-a 1t d> otherwise a] otherwise
2-sin($)
x| ="9.75"in y | ="0.149*in
1
x. = |- (-2-cos(¢)ay+d) if re3<0 yp = |-ap if rg3<0
r 2-sin($) ( 1 ) c3 T 1 c3
a| otherwise - -(2-sin(¢)-a 1 +d) otherwise
2-cos(9) < ! >
X ="0.149in Yy r="9.75%n

Calculate left and right distances used in estimating bearing stresses distribution:

sp = «/(’al->(1)2+(-f:11—>'|)2 if re2<0 s1=9.601°in
J(fa 1-X 1)2+ (a;-y 1)2 otherwise

spi= ﬁarxr)%(-al—yr)z if r3<0 sy =9.601°in
J(a 1- X2+ (-ag- y)? otherwise
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Calculate maximum bearing stress:

9 - (T1+T2+T3)+P,

2

fb max 7 |3 SISy if r3<0 b
— Ll 3.
4-(T1+T2+T3)+Pa fb_max_1-374 10 ;
7 a(s] 5 otherwise
r
= ) = . 4llb
Fp-—0.9-Fy Fp—5.4 10" "—

mn

Calculate maximum bending stress between the bolts on the tension side:

T1+T

1 2
Mg =(a-2e-2d b)-—**s—-cos(ii) Mg =-1.29410° *Ib-in
2
5, =Wt S, =3.572%in’
M

—_ —_—— Ll 4 .

fb_fb - Sx fb_fb" 3.623 10 ;5
— _ i b

Fp:=1.40.66F, Fp=5.544"10""—

1y

Calculate maximum torsional shear stress at the sides of the mast:

a-2-e-2dy,

= —_— . Se H
Morsion " T1——>5 M orsion = ~5-144°10° *lb-in
r:=dt2Cy I =15.003 *in®

M torsi Ib
fyp = fyp=-3420°10° + =

r in
Fy = 1.404F Fo=336100"2

AR S y v =33 F
Calculate maximum bending and shear stresses at the yield line:
dp _

fpy = (x1)-d-— rpy =1.671%n
Mpy =Ty Tpy M py =-1.71910° “Ib-in
b pri ﬂ/(y -y P (xy-x ) b yrime = 13.577°in

prime 17 Yr 1 r prime

a .

b dprime ~ <b prime ~ 0.25-3-d |-cos(¢) b dprime =6-153°in



£ - eby
by S,

Fp, =1.4066Fy

S y =3.663in’

4 fge10 o 1D
fpy = 469310° -

b
_— L] 4'

Calculate maximum bending and shear stresses at the resultant pressure line:

Ib
fly_max = 1374°10° " 5| =9.601*in

_l7 .
Ppb = |3 fb_max'siSr if 153<0

5
ﬁ'fb max'(S]t+S¢)a otherwise

- Ppb
vbh prime't
Fy =1404F,

Tbb = %-{2-<sin(¢)+cos(¢)>-a1— d] if 1 3<0

S + Sy
3 otherwise

.42
bprlmet

Sy =—¢

Mpp “PpbTbb

Mpb
fob = S

X

Fp =14-0.66F

End of Example 1 Case ¢ = 45 deg.

s =9.601"n

P pp = 4.924°10% “Ib

Ib

- 3,

fyp=191910°—
m

el Ib
F, =33610"—
m

I'pb = 2.263°in

S« =8.083%in®

M pp = 1.114°10° Ib-in

- 4.1b
fpp =1.379°10 2

I |
Fip =5.544°10%
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EXAMPLE 1: ¢ = 45° (Metric Units)

(MPa)

DESIGN OF END- AND BASE-PLATES PLATE |§
TYPE:
PLATE INPUT PARAMETERS
a(mm e {(mm vPa N
BOLT DATA DESIGN MOMENTS (N-mm) ANGLE
i Total (Mt) )
821 2.66E+08 45.0 PLATE BEARING
STRESS STEEL
YIELD LINE BENDING STRESS CHECK Initial fp (MPa) CHECK
r Moment b" Sx fb (MPa) | Trialt 9.6
42.4 2.0E+07 |156.29533 | 60017.4 | 329.2 - "'"T
YIELD LINE SHEAR STRESS CHECK | TENSILE FORCES
Force Area fv (MPa) BOLTS 1.2 3AND 4
465863.21 13060.5 35.7 e
90000 1
FIXED BEAM BENDING STRESS CHECK " 70000 1
Force |Moment Sx fb (MPa) 9 ggggg ]
468778.8| 1.5E+07| 58521.6 254.2 € 10000 1
-10000
TORSIONAL BEAM SHEAR STRESS CHECK -30000
Force |Moment r fv (MPa)
465863.2| 5.9E+07 | 255622.3 231.4 Fo(ﬁfE |i'r1 [ - ks .T3.T4]
PRESSURE LINE BENDING STRESS CHECK 7
Force |Moment Sx fb (MPa) BOLT FORCES (N)
222974.21 1.3E+07 | 132426.2 96.8 T1 T2 T3 T4 Tmax
465863.2| 197090.2| 197090.2| -71682.9| 465863.2
PRESSURE LINE SHEAR STRESS CHECK
Force Area fv (MPa) SHEAR STRESSES L
222974.2| 16553.3 13.5 250 : "
] oo
Y o 200 1 —
A ] L] N
a e c 100 =
= g 50 —
J o® Il B v 0 —
2 X S;l'NTsaS)S iYield Line [l Torsional -
l Ml Pressure Line [ Allowable |
| Resultant ‘ : " : :
 pressum line | S 3 <=t BENDING STRESSES -
x || L]
N\ | N
/ N
H l— T ] 1
L db — ] T -G, \ — -
\ Moment axis : :
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EXAMPLE 1: Base Plate:

Plate ID: VA728
Case: ¢=45deg t =48mm  Assumed thickness
Units: SI (Metric) ., ., m
N-“kg—3 MPa = Pa-10°
INPUT DATA: sec ‘
M, = 1.88-10%N-mm M =1.88-10%N-mmP, :=0-N Fy =413.7MPa
a =495.3-mm e =76.2-mm d =355.66-mm dp =44.5-mm
_a-2-e _a d N o
ao‘— 7] a]-—§ 't“=7408 Ct_030 u . -—-¢
CALCULATIONS:
Calculate total moment and angle of incidence:
. M y .
M=, M 2+ M2 ¢ = atan M, § = | if §<45 M =2.659"10° “N-mm

(90.deg - ¢> otherwise b = 45 +deg

Calculate bolt distances to the resultant pressure line:

-[2-(sin(¢) - cos(¢)>-a 0~ d}

pf —

X1:=- <%>-[2-(sin(¢)+cos(¢)>~a0+d] Xg =

-[2- (sin(¢) + cos(¢)) ‘ag- d}

N —

x5~ (5 {2 sin®) - eosth) 20+ ¢ X4

Calculate bolt distances from the resultant pressure line:

x 1 =7420.267 *mm x5 =~177.8 *‘mm x 3 ="177.8 *‘mm X 4 = 64.667 °mm

Calculate bolt distances from the center of the mast:

~ d . d B d ~ d
X117X1-3 X127°X27 3 X137°X3-3 X147X4" 3

X 1] =242.467'mm X |5 =2776'10 ¥ *mm  x 13=-2.776'10 ¢ *mmx 14 =242.467 ‘mm

Calculate bolt forces:

d
M{-Py35
. 2 .
Tl '— X 12+x22+X32+X42 Tl =_4.579.105 N _(TenSIOn)
X1
o X2 N o .
T2 ‘—Tluﬂ Ty ="1937"10"°N (Tension)
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T3 Tig, T3 =-1937°10° *N (Tension)
X4 4 ;
T4 =T Xy T 4 =7.04510" "N (Compression)

Calculate coordinates of the points where the resultant pressure line intersects plate sides:

First determine which sides of the plate the resultant pressure line intersects:

re2 i:%-[Z-(sinW) - cos(¢))-a 1- d} rep ="177.8*mm -ve implies Side C2-C4

re3i=- <%>-[2-(sin(¢) - c05(¢)).a 1+ d} ro3="177.8*mm -ve implies Side C3-C4

Left and right points coordinates:

1

) B A lif re2<0 Y= 2.c05(¢)'<-2-sin(¢)-a 1t d) if <0
- z.sin(¢)-(2-cos(¢)-a j+d) otherwise ay otherwise
X | =7247.65 *mm y1="3.797 "'mm
Xp= 'Z.Siln(d))-(—Z-cos(#)-al +d> if re3<0 y,=]-ap if rg3<0
a otherwise 2-cos(¢). <2-sin(¢)-a 1+ d) otherwisg
Xy =73.797 *mm y ¢ =7247.65 *mm

Calculate left and right distances used in estimating bearing stresses distribution:

sp:° ﬁ-al—XI)2+(‘al—yl)2 if <0 51 =243.853 'mm
J(-al - X 1)2+ (ay-y 1)2 otherwise

s, \ﬁarxr)zﬂ-aryr)z if 1 g3<0 s ¢ =243.853 *mm
J&]—xr)er(—al—yr)z otherwise



Calculate maximum bearing stress:

) (T1+To+T3)+P,

fb max ~ |3 STs; if ro3<0 fy_max =9.477°MPa
4-(T1+T2+T3)+Pa )
3 a(s[+5y) otherwise

Fp 1:0.9-Fy' Fp =372.33*MPa

Calculate maximum bending stress between the bolts on the tension side:

T1+T»p 7
Mg =(a—2-e-2d b)-—s—-cos(¢) M g, ="1.462°10" *"N-mm
(e+u)t? 4. 3
Sx = —g— S, =5.85210% *mm
My
fy b =g fly f =~249.872 "MPa
_ x _
Fp = 1.4-0.66-F y F, =382.259°MPa

Calculate maximum torsional shear stress at the sides of the mast:

a-2.e-2dyp

Mtorsion = T1———753 M torsion =~5-813°10 *Nemm
[=dt?Cy [ =2.458°10° *'mm’

e _1\11%,519,_, £,y =-236.493 *MPa

Fy =1404Fy F, =231.672°MPa

Calculate maximum bending and shear stresses at the yield line:

dp
rby::-(xl)—d—T . rby=42.417'mm
Mpy =T 1Ty ‘ M py =~1.942°10 *Nemm
b prime A/ (Y1- ¥ 2+ (X1~ X )? b prime = 344.86'mm

a
b dprime ~ <b prime ~ 0-25-3°d -cos(9) b dprime = 156295 *mm
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e
by "Sy

Fp, =1.4-0.66-F

S x =6.002°10* *mm’
fpy =~323.604 *MPa

Fy, =382.259°MPa

Calculate maximum bending and shear stresses at the resultant pressure line:

fb_max =9477*MPa 5| =243.853 'mm

17 .
Ppb = |73 fb_maxspse if re3<0

5
ﬁ'fb max (S1+ Sp)-a otherwise

f = _P_.b.?_
A prime’t
F, =14.04F y

rbp = |2 (sin®) + cost9))-ay - 4] if rez<0

S|t+8;
) otherwise

S L
bpr1met

Sx =—¢

Mpb “PpbTob

fob =75,

Fp =14-066-Fy
End of Example 1 Case ¢ = 45 degq.

s . =243.853 *mm

Ppp =2.192°10°*N

fp = 13.239°MPa

F, =231.672°MPa

fpp =57.477°*mm

S x = 1.324°10° *mm?

M pp, = 1.26*10" *N-mm

fpp =95.119°MPa

F, =382.259°MPa



EXAMPLE 2: ¢ = 30° (U.S. Customary Units)

DESIGN OF END- AND BASE-PLATES PLATE |
TYPE:
PLATE INPUT PARAMETERS
i e (in. d (in. Pa (b
TS (Ib-in.)
| Total (Mt)
667] 2.36E+06 PLATE BEARING
STRESS STEEL
YIELD LINE BENDING STRESS CHECK Initial fp (psi) CHECK
r Moment b" Sx fb (psi) 1379.5
1.3 1.4E+05 |8.4056554| 4.9 28173.2 "7
YIELD LINE SHEAR STRESS CHECK TENSILE FORCES -
Force Area fv (psi) -
102413.2| __20.0 5112.4 BOLTS 1,2, 3AND 4 ]
90000 -
FIXED BEAM BENDING STRESS CHECK “ 70000 .
Force |Moment Sx fb (psi [Besed H
140363.8| 1.8E+05] 3.5 50174.4 2 10000 ] —
-10000 -
TORSIONAL BEAM SHEAR STRESS CHECK 30000 B
Force |Moment r fv (psi L
102413.2] 5.1E+05 15.3 33524.3 F?IEC);E [. TET2ZE T34 | B
S
PRESSURE LINE BENDING STRESS CHECK | |
Force |Moment Sx fb (psi) BOLT FORCES (lb)
49465.3 | 1.0E+05 8.5 12261.8 T T2 T3 T4 Tmax
102413.2] 59740.9| 28640.7| -14031.7| 102413.2
PRESSURE LINE SHEAR STRESS CHECK
Force Area fv (psi) - SHEAR STRESSES |
494653 | 27.3 1813.6 ok | 35000 B
¢ 30000 1 i
AY £ 25000 —4 B
e £ 20000 | —] —
15000 1 : —
a Lé/ E 10000 E_if L
— ; & 500 — ]
N : N ! 0 —
2 X ST(RSEDS S EEviedline [l Torsional -
‘ P [l Pressure Line Jli Allowable ||
| Resultant ; - : :
| ressure ine | S {3 < e BENDING STRESSES H
I X ] L
¢ N\ \, - £ 60000 ]
X, N 1&1 i —
- £ 40000 -
| T T, - ] 1 -
db 1 4 A | g 20000 - | ]
3 Z
\ N — g 0 -
Moment axis |
ST(ES)S S [@vieaine - Wl Foed Boam ’ ||
Pressure Line Jif Allowable . | L
I | | |

h
-



52

EXAMPLE 2: End Plate:

Plate ID: VA728

Case: ¢=30deg
Units: US Customary

INPUT DATA:

M =2036892-Ib-in My = 1176000-Ib-in P :=0-Ib

2:=19.5-in e =3:in d :=14-in dy =1.75-in

a(,:=a'22'e al =y %=7.4s7 Cy1=0302 uiTe
CALCULATIONS:

Calculate total moment and angle of incidence:

M
- y -
i ‘_atan — =
M= /Mx2+My2 ¢ <Mx) ¢

b if §<45

Calculate bolt distances to the resultant pressure Ii(r?g:.deg 4] otervie $=30"deg
X =- e)[z (sin($) + cos($))-a o + d} X5 i=%{2-(sin(¢) - cos($))-2.¢ - d]
X3 i=- (%)[z (sin($) - cos($))-a g.+ d] X 4 :=%-[2- (sin($) + cos($))-a g - d:l

Calculate bolt distances from the resultant pressure line;

x 1 ="16.221"in X9 =79.471"in x 3 =74.529"in

X 4 =2.221%n
Calculate bolt distances from the center of the mast:
_ d _ d . d . d
X11 -"X1— 3 X12="X273 X137"X373 X14""X4 3
X 11 =9-221°in x12=2471%in  x13="2471%in X14="9221"in
Calculate bolt forces:
d
M¢-Py3 S _
Ty:= 5 3 5 5 T =-1.009°10" *Ib (Tension)
X1 +XZ +X3 +X4 ‘_
X1
X 4 .
Ty :=T1--X—I T, =-5.889°10" °Ib (Tension)

t'=1.87-in Assumed thickness

=60-10°-
Fy‘ 60-10

1n2

ib

M { =2.352°10% *Ib-in



X3
T3=T1gg T3 =-2.81610" *Ib (Tension)
. X4 4l .
Ty .—Tl-x—l T 4 =1.381°10"Ib (Compression)

Determine coordinates of the points where the resultant pressure line intersects plate sides:

First determine which sides of the plate the resultant pressure line intersects:

T ;=%.[2. (sin(¢) - cos(¢)).a 1- d] 1 =-10.569*in -ve implies Side C2-C4

fe3i=- (%).[2.(@1(4,) ~ cos($))-aq +d] ro3=-3431°in -ve implies Side C3-C4

Left and right points coordinates:

1
x1:= J-aq if r.»<0 yi:= |- -(-2-sin($)aq +d) if rp<0
1 1 c2 1 2-cos(8) ( 1 ) c2
- -(2-cos($)-a { +d) otherwise a1 otherwise
2-sin(9) ( ! ) !
x1=79.75"n y}="2454"%in
1
xpi= |- (-2-cos(b)-aq+d) if rg3<0 y,:=]-ay if rg3<0
T 2-sin(9) ( a1 > c3 r 1 c3
aq otherwise - -(2-sin(9)-a 1 +d) otherwise
! 2-cos($) ( ! >
X =2.887°in yr="9.75%in

Calculate left and right distances used in estimating bearing pressure distribution:

sp°= «R'al—xnzﬂ-aryl)z if 1 <0 s1=7.296%n
J(-al—xl)z-i-(al— y1)2 otherwise

Srj: ’\}(_al_xr)2+(-al—yr)2 if ]'c3<0 Sr=12.637.in
ﬁa1~xr)2+(-a1—yr)2 otherwise



Calculate maximum bearing stress:

B 2-(T1+T2+T3)+Pa ) 5. Ib
fb_max‘_ 3 s[5, if r3<0 fb_max=l.359'10 'in—2
“(T1{+TH+T3)+P F. =09F
4 ! 2 3 a otherwise P y
3 a'(sl+sr) 4 ]b

Fp=5.4’10 =

m

Calculate maximum bending stress between the bolts on the tension side:

T1+To

M g, :=(a- 2-e~ 2-d,)-——g——cos($) M g, =-1.729°10° *Ib-in
_(e+ u)-t2 . 3
I S x =3.497%in
Mg b
£ =20 £y g =4.945°10* ~—
b_fb =S, b_fb 2
. =5 sq010% -0
Fp =14-0.66-F Py =5.54410°

Calculate maximum torsional shear stress at the sides of the pole:

 a-2e-24dy .
M torsion =T 1° 3 M torsion =5.043°10" *lbrin
I=dtCq T =14.785*in>
M .
fop Tt £y =-3.411°10° .}_132
r inr
b
Fy =1404Fy Fy=336'10"—
1
Calculate maximum bending and shear stresses at the vield line:
dp
Tpy =-(x1)-d-—- I'py = 1.346°in
Mpy =T 1Ty M py =-1.35710° Ib-in
b prime =AY~ )2 +(x1-X% )2 b prime = 14.593 *in
prime Y17 ¥r 17 Xr prime
a .
b gprime = <b prime ™ O.ZS-H-d)-cos@) b dprime =8.416°in
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_‘bdprime‘t2
S e
oty
by "8y

Fpp, =140.66Fy

£ max =135910° -71% s1=7.296"in

n

|7 .
Ppb = |1g-fo_maxs1sr if re3<0

5
SR max (51t Sp)-a otherwise

f ':_.?_t_)b_
vb B prime't
F, :=14-04F y

b = %-[2-(sin(¢)+ cos($))-2 1 - d] if r3<0

S +Sp
) otherwise

b px-ime"c2

Sy =—¢

Mpb =PbbThb

Mpp
fob =5,

Fpp :=1.40.66F

End of Example 2.

S =4.905"in’

ey )
fpy ="276710°*-

P
Fp, =5.544"10* =
m

Calculate maximum bending and shear stresses at the resultant pressure line:

sy =12.637"in

Py =4.872010*Ib

PUTYS
fyp =178510°"—

2 age1te
Fy=33610%—
m’

Thb =2.106"in

S 4 =8.505%in

M pp, = 1.026°10° *lb-in

1b
— Ll 4.
1

e aggeih el
Fip=5544°10"—
n
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EXAMPLE 2: ¢ = 30° (Metric Units)

DESIGN OF END- AND BASE-PLATES PLATE J UNIT
' TYPE: 3 TYPE
PLATE INPUT PARAMETERS JALLOWABLE STRESSES (MPa
a(mm) | e(mm d (mm) | t(mm DESIGN ADEQUACY | BENDING  SHEAR  STEEL
495131 B2 2 10550 48000 C - Fb Fv.  Fp
23 2317 3723
BOLT DATA DESIGN MOMENTS (N-mm) ANGLE W HELS
db (mm DL (Mx) !Wind (My| Total (Mt) i) ——
aase JB0ERDE L ABSE 08 2 66E+08 30.0 PLATE BEARING
STRESS STEEL
YIELD LINE BENDING STRESS CHECK Initial fp (MPa) CHECK
r Moment b" Sx fb (MPa) Trial t 9.5
34.2 1.6E+07 {213.54351 | 82000.7 189.6 338
!
YIELD LINE SHEAR STRESS . CHECK TENSILE FORCES ]
Force Area fv (MPa) BOLTS 1. 2. 3AND 4 .
454545.9| 13060.5 34.8 T L
90000 ]
FIXED BEAM BENDING STRESS CHECK w 70000 - N
Force |Moment Sx b (MPa) 2] :gggg; N
623063.1| 2.0E+07| 58521.6 3378 2 10000 -
-10000 -
TORSIONAL BEAM SHEAR STRESS CHECK -30000 L
Force |Moment r fv (MPa) -
454545.9| 5.8E+07 | 255622.3 225.7 FO(E;E (T T2 s ) N
PRESSURE LINE BENDING STRESS CHECK T
Force |Moment Sx fb (MPa) ) BOLT FORCES (N)
219546.5| 1.2E+07 | 1422724 82.6 ) T1 T2 T3 T4 Tmax
: 454545.9| 265189.2| 127086.9| -62269.8| 454545.9
PRESSURE LINE SHEAR STRESS CHECK ||
Force Area fv (MPa) SHEAR STRESSES ||
219546.5| 17784.1 12.3 | 250 [
Y 3 200 | L
A & 150 - —
a el ¢ @ 100 ] -
7 < 1
(= g 50 ™
2 -9 Tl I/ 0: -
N - -
e X SZ&PE:)S EBvYieldLine il Torsional k]
[l Pressure Line B Allowable |
| Resultant I ' — : :
I} pressure line \ > a d : BENDING STRESSES 1
NUX | N
N L L 400 1 |
4 ~N ] 300 { |
- T T, — 8200'_ -
db —] 4 X, \ | g 100 + |
3 = 4
\ — W o- -
Moment axis || -
S(T,;f:;s 3 Yield Line: i Fixed Beam L
Il Pressure Line' BBl Allowable L
| l I 1
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EXAMPLE 2: End Plate:

Plate ID: VA728
Case: ¢ =30 deg ¢ 1= 48-mm Assumed thickness
Units: Sl (Metric),,._, m
N=ke 5 MPa :=Pa:10°
INPUT DATA: sec
Mx :=2.3-108-N-mm My ::1.33.108.N.mm Pa =0-N Fy :=413.7-MPa
a:=495.3-mm e =76.2-mm d :=355.6-mm dp =44.5-mm
ao:a—zz-e a1y %=7.408 Cy1=0302 uize
CALCULATIONS:

Calculate total moment and angle of incidence:

M
Y o if 9<45

M, =, M2+ M2 ¢i=atan<M—x) b= .
y (90-deg— (b) otherwise

Calculate bolt distances to the resultant pressure line:

M =2.657°10° “N-mm
¢ =30.039°deg

¢ =30.039°deg
xq = <%)-[2-(sin(¢) +cos(b))-a g+ d] X :=%-[2- (sin($) — cos(9))-a ¢ - d]

X3 =- <%>-[2'(sin(¢) - cos(¢))-a ot d} X4 I=%-[2- (sin(¢) + cos(¢))-a 0~ d]

Calculate bolt distances from the resultant pressure line:

X | =—412.048 'mm x5 ="240.395 *mm x 3 ="4.536 *in X 4 =56.448 ‘mm

Calculate bolt distances from the center of the mast:

. d . d . d a d
X117X173 X125-X2-5  X137°X3-3 X147°X4- 5

X 11=234.248'mm X 12 =62.595'mm x 13 ="62.595°'mm X 14 ="234.248 *mm

Calculate bolt forces:

M;-P d
t—tas
T1= 3 3 i > T =-4.486°10° °N (Tension)
X1°tXx2 +X3°+X4 )
X1
o X2 L o105 o .
Ty "Tl‘;T Ty =72.617°10" °N (Tension)
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T3 :='r1-x—1 T3 =-1.254'10° *N (Tension)
o X4 3 vy .
Ty 4—T1-x—1— T4 =6.146"10" "N (Compression)

Determine coordinates of the points where the resultant pressure line intersects plate sides:

First determine which sides of the plate the resuitant pressure line intersects:

reo :=%-[2- (sin((b) - cos(d?))-a 1- d} I ;2 =7268.215 *mr-ve implies Side C2-C4

re3i=- @)[2 (sin(¢) - cos(¢)) a1+ d] r ¢3 =—87.385 *mm-ve implies Side C3-C4

Left and right points Coordinates:

x1:= -2y lif re2<0 y1°:= _2-c:s(¢)'<_2.5in(¢)-a 1+ d) if 1 <0
- 2'sin(¢)-<2-cos(¢)-a 1+ d) otherwise ay otherwise
X1 24765 mm y|="62.18 *mm
- 2.8i1(¢)-(-2-cos(¢)-a 1t d> if rg3<0 ypi=|-ap if rg3<o
a] otherwise - 2'-cos(¢). (2-sin(¢)-a 1+ d) otherwise
X =73.087 *mm Y ¢ =7247.65 *mm

Calculate left and right distances used in estimating bearing pressure distribution:

spi= | JCag—x P+ (ag-y P i rep<0 s| = 185.47*mm
J(-al—x1)2+(a1—y1)2 otherwise
= B _ 2., /. _ 2 . _ .
Sy J( aj-xp)+(-ayj-yp) if rz<o s r =320.737 *'mm
J(al—xr)2+(—a1—yr)2 otherwise



Calculate maximum bearing stress:

2 -(T1+T2+T3)+Pa

fb_max = |3 i if 1 ¢3<0 f, max =9-366°MPa
] r _|
(Ty+THy+T3)+P F. =0.9F
'g’ 1 a-(szl s 3) 2 otherwise p y
r
F P =372.33*"MPa

Calculate maximum bending stress between the bolts on the tension side:

T 1 + T2 ' 7
Mg =(a-2-e-2d b)-——s-—-cos(¢) : M g, =—1.952°10" *N-mm
._(e-&-u)-tz 4 3
Sx<——5———— Sy =5.852°10" *mm
Mg
fb b ::—S—— fb b =-333.488 *MPa
_| X _
Fp = 1.4-0.66-F y F, =382.259*MPa

Calculate maximum torsional shear stress at the sides of the pole:

a-2-e-2dyp 7
Mtorsion = T1——35 M torsion = 5-695°10" “N-mm
I:=dt*C, | I =2.474'10° *mm’
M 1 H
£t :=_—°r'ﬂ’i‘ f.4 =—230.171 "MPa
Fy:=1404Fy F =231.672*MPa
Calculate maximum bending and shear stresses at the yield line:
dy

rby:=-(x1)—d——2— rby=34.198'mm

Mupy =T 1Thy Mby=—1.534'107 “N-mm

b apime =AY 1 )2+(x -Xx )2 b yrime = 370.501 *mm

prime Yi=¥r 1~ Xr prime

. .
b gprime = (b prime — 0.25-g-d -cos(9) b dprime =213.544 ‘mm
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Sy 2 S x =8.2°10% *mm’
My

foy =g xy frpy ="187.09 “MPa

Fp =1.4066F F1, =382.259 *MPa

Calculate maximum bending and shear stresses at the resultant pressure line:

fb_max =9.366°MPa s1=18547°"mm s =320.737 *‘mm

Py = —l—%-fb_max-sl-sr if r3<0 P pp =2.167°10° *N

5
T‘z"fb max (51t Sp)-a otherwise

Pbb
fyb P fyp =12.184°MPa
prime .
Fy'= 1.4-0.4-F y Fy =231.672°"MPa
_ 1t . .
rbb '= _6..[2. (sn\(¢) + cos(¢)).a 1- d] ifr c3<0 l'bb =53.519*mm
s1t+s
14 ! otherwise
b primet>
Sx1=—‘$— S x =1.423°10° ‘mm®
M b =P bbTbb M pp =1.16*10" *N-mm
M
fpp = Sbb fbb=81.51'1\'fPa
X
Fp =1.4-0.66'F y F =382.259°MPa

End of Example 2.



