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Energy Analysis of CMB

A portable CMB subjected to a vehicle impact at or near. one of the
joints between segments can be analyzed using the energy method. The analy-
sis is subject to a number of simplifying assumptions. The positions of
barrier segments before and after vehicle impact are shown in Figure 1
from an overhead view.

The major simplifying assumptions are:

e Only two segments of the barrier move.

e The amount of vehicle kinetic energy associated with the
lateral component of vehicle velocity is expended in
work on the barrier and the vehicle.

e The complex development of moment in a harrier joint can .
be approximated as shown in Figure 2.

e Static and sliding friction between the barrier base and
the support media can be approximated as shown by Figure 3.

¢ The work done in deférming vehicle structure can be approxi-
mated by the equation derived from Figﬁre 4.

The basic energy balance equation to be used is

Ea = Ernt + Eu 0+ Ec {1)
where
Ex = that amount of kinetic energy associated with the
= lateral component of vehicle velocity, kip-ft.

If one assumes that the vehicle velocity component
parallel to the barrier is not affected by the impact
then E; represents the change in vehicle kinetic
energy due to the impact period between first con-
tact and the time when the vehicle is parallel to

the barrier.

Em., = the total of Em;, Emy, and Em3, the total work done
in rotating barrier joints, kip-ft.

2



Joint No. - 1 2 3
—_— l——— L ~ L ""
? _ H ) . - | - A -

11{a) Before impact

Vehicle exit velocity
vector

Fiqure

11(b} After impact

l.

Vehicle entrv
velocity vector,
V, mph

L
a

¢

Mg

Vehicle
entry
trajectory

|
—
1

Definition of Terms:

Barrier seament lenath

Lateral deflection of joint 2
Anoular rotation of seaments 12
and 23

Moment developed in joints 1, 2,
and 3 (see Fiqure 2)

Idealized barrier seament positions

before and after impac®.



Moment, M, kip-ft

Friction, p

Mu

{LM = MU (eu < ¢ < dg)
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of rotation.
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Figure 3. Barrier-support media friction as a
function of barrier segment rotation, 3.

4



200
ey
Y
a
=
w” 150
s
5
3 yd
+5]
S 100 A, 4
g [ L2 o roint
A - 84 k-ft € 1 = 0
= . | - TTT CMB-1
3 Z | —
2 Pt i i
r 80 Mo — — — — —_—— ) —2 - Estimated Point
2 | 50 k-ft @ & = 5
] | (Used as =max )
2 -
S | 1
= 0 |
0 100 200
Kinetic energy due to lateral velocity component, E;
T w . 2 .
73 (V sin 3) , kip-ft
lote: A,
E = = £,
CA=0 81 4
A
2
£ a == E
Cpzamax 51 *
3 <AL
A B, 2 (1)

Now AA can be proportioned from A2 to A1 for diffaerent levels of
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Eu = the work done in sliding two barrier segments
through the angle ¢, kip-ft.

E = the work done in deforming the vehicle structure
¢ during impact, kip-ft. (See Figure 4)
Note, Emy = Em, + Em, + Emg (2)
where
Em; = the work done in rotating joint 1 through the

angle ¢, kip-ft. (See Figure 2)

Em, = the work done in rotating joint 2 through the
angle 2¢, kip-ft. (See Figure 2)

Emy = the work done in rotating joint 3 through the
angle ¢, kip-ft. (See Figure ?2)

The values of Em; and Em, can be determined from the following inteqrals

(or numerically from Figure 2).
2%

¢ v |
Em; = / M de, Em2 = / M ds ’ Em3 = / M do (3) )
0 o 0

From Figure 1 it is seen that joints 1 and 3 go through an angular defor-

mation of ¢ while joint 2 goes through 2s.

& = the maximum rotation due to impact of segment 1-2
and 2-3.
M = the moment developed by a joint when subjected

to an angular deformation of 3.

The work done in sliding the barrier segments can be computed by multi-
plying barrier segment weight by the amount of friction developed in any
interval of sliding movement and summing all these differential portions of
work. This va]ué‘ié approximated by Equation 4, which can be solved numeri-

cally by referring to Figure 3.

¢
Eu = Wi L2 [ u de (4)
v}
where
Wi = the weight per unit length of the barrier, kip-ft.
u = the coefficient of friction associatad with any

movement of the barrier (See Figure 3), dimensionless.
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L = the length of a barrier segment, ft.

The work done in deforming the automobile structure, EC, is approxi-
mated by Equation 5.
_ E2 (A, - Ay) L sin 3 '
N (Al - A max (5)
where
A, = constant used in determining Ec, kip-ft. (See
Figure 4)
A, = constant used in determing Ec, kip-ft. (See
Figure 4)
B, = constant used in determining Ec, kip-ft. (See
Figure 4)
A max = maximum functional barrier deflection, ft. (This is

simply the maximum deflection that can te produced and
the barrier still be considered to be geometrically
continuous. [t is taken to be five feet.

Wi = weight per unit length of barrier, kip-ft
L = barrier segment length, ft.
¢ = the angular movement of one of the two moving barrier

segments, radians.
By substituting the values of Emt,EU and Ec into Equation 1 the following

equation results:

) 24 2 o
2/»Md¢+[ M do + W, L ] u o db
£ = 0 0

0
‘ (6)
1 1 (A (A, - A,) L sin ¢
8, 1 A
_ max
The control va]uéﬁof E2z is calculated from the equation
1 W . 2
B = o 3 (V sin )¢ | (7)
where
W = vehicle weight, kips
g = acceleration of gravity, ft/sec2
v = vehicle velocity, ft/sec



and 8 = vehicle impact angle, degrees

The solution of Equation 6 can be quickly achieved by the method of
finite differences; assuming a valueof ¢, calculating the value of the right
side of the equation and comparing the calculated value with the known value
of EL from Equation 7 as shown in Figure 5. If E¢ from Equation 6 is

greater than Eg from Equation 7 the value of ¢ is too Targe. There-

fore, a smaller value should be estimated and the procedure repeated.
If E2 (Eq. 6) is less than Ex (Eq. 7) the value of ¢ is too small and
a larger value should be chosen for the next trial. The correct value
of ¢ (i.e. the one necessary to balance the equation) will be defined
within 1% accuracy within ten interations if a reasonable first esti-

mate of ¢ is chosen.
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NOTATION

Rotational friction force reduction coefficient
Translational friction force reduction coefficient
Friction force in Xi direction on segment i
Friction force in Ys direction on segment i
Generalized force due to potential in k-th direction
External applied force in X' direction

External applied force in Y' direction

Elastic spring stiffness

Spring stiffness in lock-up

Plastic spring stiffness

Length of segment i

Mass of segment i

Moment due to friction forces on segment i

Spring force (moment) due to deformation

Number of segments in system

Generalized force due to applied loads

Generalized force due to applied friction
ngeralized force due to rotational friction
Generalized force due to translational friction
Sum of generalized forces acting in k-th direction
Generalized displacement

Generalized velocity

Generalized acceleration

Resulitant friction force on segment i

11



R. - Resyltant velocity on segment i

- Local coordinate of point of external force application

"XA
for segment i
t - Time
u - Kinetic energy
v - Potential energy
Ni - Weight of segment i
X, v - Global coordinate axes
Xi’ Yi - Local coordinate axes for segment i

Xﬁi’ YAi - Global coordinates for location of external force applica-

tion
Xg - Global Tocation where external force is applied
X%, Y; - Global coordinates of segment i center of mass
X%, ?% - Global velocity of segment i center of mass
X%R - Global coordinate of reference end of segment of which

external force is applied
Xt - Giobal coordinate of terminal end of segment on which

external force is applied

Xé, Yé - Global coordinates of reference end of barrier system

A¢i - Differential rotation of spring i

qu - Gepe}alized virtual displacement

GW - Virtual work

&XAT - Virtual displacement of external force in the X' direction
5YA1 - Virtual displacement of external force in the Y' direction
éR - Rotational velocity check for friction adjustment

éT - Translational velocity check for friction adjustment

12



Friction coefficient for segment i

Distance from reference end to center of mass for segment i
End aof elastic deformation in joint spring

Failure deformation in spring

Rotation of segment i

Rotational velocity of segment i

End of plastic range for deformation in joint spring
Rotational slack in joint spring

Rotational velacity of segment i

13



DEVELOPMENT OF SIMULATION PROGRAM

System Characterization

A free-standing, segmental concrete median barrier (CMB) system
can be modeled as a series of "n" articulated rigid segments. The
gegmetry is defined in the global coordinate system with the X' and
Y' axes. The i-th segment has its own local coordinate system given
by the Xi and Yi axes. Each Tink is characterized by four variables:
length, Li; distance from reference end to the center of mass, Pys
mass of segment, M.; and friction coefficient with the roadway, Wy
The spatial relationship is defined by the generalized coordinates
given in the global system. These are: the distance from the global
origin to the reference end of segment 1, Xﬁ, and Yé; and the global
rotational angle of each segment, ¢ to L This gives n+2 degrees
of freedom. The idealized model is shown in Figure 6.

Segment Center of Mass Location

The relationship between segment fixed coordinates (X;,¥;) and
space-fixed coordinates (X',Y') is given as:

XI = X_I C°S¢_i - Y.i Sin¢i; and s & e & e s s (8)

Y' = Xi Sin¢i - Yi Cosgy « v v v v v v v L (9)

The equivalent matrix form is

- [Ti] §x1.‘ ...... e (L0)

xl

1

YI
where .
[Ti]= Cos¢i - S1n¢i

Sine;  CoSey| -« - oo oo (18}

14
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It can be shown that the transformation matrix [T] is an orthagonal matrix
in which its inverse is identical to its transpose, and matrix multipii-
cation of the two, [Ti] [T’]T = [I] is the identity matrix. Solving for

the segment-fixed coordinates in terms of the space-fixed coordinates,

Xi T X!
= T.] ............ 12)
NEN AN
The position of the center of mass of segment can be defined as
X1 X 0
} | R | 1 0
Y YR 0
The position of segment 2 can be written as
X! X! L o
) Zs = | R +[T]” ! +[T2] S 14)
Y2 . YR 0 0
This can be generalized for any segment "i" (except for i=1) as
X} X, i-1 i+ (L o ey
i $§+ 5 [TJ]H e [11] i ..... 09
Yi YR =1 0 0
or in an expanded form
¥ t 1"-[ .j i
Xy = Xg + j; by T e e e f6)
1 1 i'] J i
Y= Ypt ;E% T Lyt Moo o v oo (17)

16



i _ .

where Cos¢i

Segment Center of Mass Velocity

io_ .
T2] = S1n¢i

To get the global velocities of each center of mass, the time deri-

vative of each term must be taken.

ot - BTi]

Ky = X0 7 Sey 1P
37!

w [ 2] .

ViE=Y =, 0

1 12 I 1 "1

The velocity

For the first segment this gives

‘‘‘‘‘

of the i-th segment of the remaining "n-1" segments is

given by :
EN SR —L 4. L.+ 6. 0. . . (20)
i R =1 %5 13 dey TR
L Ty aTd,
Yi = Vo o+ — ¢: L. = 6. P (21)
i R by a¢j J 73 39 i i
and the squaréa terms are
- . . - 2
[- }2 _ iz] 5Ty, . 2T)
X: =X + — 4. L, + .0 | .. e .. (22)
i ] R i=1 a¢j J 7 a¢i T
- _ 2
J i ]
. 2 i1 aT 3T
[Y;.] =+ 2 byl o+ - 5o .. (23)
i J=1 395 eLE ]

17



Segment Angular Velocities

The angular velocity of segment "i" (mi) is expressed as the time

derivative of that segment's rotational displacement (¢i)’ Therefore

and

LaGrange's Egquation

The motion of this system of discrete masses can be described by

LaGrange's equation. It is given as

al_ Al + a8V _
S, T 30, 34, K e e e e e e . (26)

where t = time, U = kinetic energy of the system, V = potential energy

of the system; Qe = generalijzed coordinate, ék = generalized velocity,
Q = generalized forces acting on the system not derivable from potential
functions, and k = 1, 1 . . . nt2, for the generalized problem.
The generalized force on the right-hand side can be defined as

Q = Qek + ka e e e e e e e e (27)
in which Qek f éenera]ized force from externally applied loads {vehicle
loads), and ka = generalized force due to the Coulomb damping friction
force at barrier-roadway interface.

In this problem, the potential energy of the system, V, is derived

from the spring forces (actually end moments) due to relative rotations

18



between two segments. The potential energy due to position is assumed to

be zero. For convenience let

v
F - — s e & & ® » s = & s s« s » & a (28)
Sk aqk
where #5 = generalized force due to strain energy.

k
By substituting Eqs. 27 and 28 into Eq. 26 and rearranging gives:

_—- = FS *Q *Q ... e e oo {29)

If there are "n" segments, there will be a set of "n+2" second order,
coupled nonlinear differential equations. For convenience, the above

equation can be written in matrix form as follows:

a4+ s e ded

Matrix [D] contains all of the coefficients of the generalized accelera-
tions and {E} is a column vector containing the negative of all re-

maining terms from the left-hand side of Eq. 29.

Contributions of Kinetic Enerqgy to Equations of Motion

The kinetic energy of a system of "n" particles is given by:

-

n . . !
U:JZ E} M, [(x%)z ¥ (Y;.ﬂz +% 1;1 I, wiz c e .. (31)

where Mi = mass Of segment i; Ii = mass moment of inertia of segment i

about the Zi axis; (X;.)2
“in X' direction: (Yi')2

= square of i-th segment translational velogity

= square of i-th segment translational velocity

19



n Y' direction; and w? = gquare of i-th segment rotational velocity.

2 and Eq. 25 gives the

Equations 22 and 23 define (X)% and (¥!)
value of (wi)z. These expressions can be substituted into Eq. 26 to give

the general formula for the total kinetic energy of the system. The

result is
;] & i-1 ST%] aT;]
= 5 M. X! —_
i i 2
. i-1 37 5T
21 21
+] Y+ b, L + = DD
r Jg-] Jfbj J ] In4 11
n
. 2
+T§ZI LG (32)
12

By taking the derivative of this equation first with respect to each of
the generalized velocities and then with respect to time, a set of "n+2"
equations with functions of the generalized displacements, velocities,
and accelerations will be generated. After separating the terms that
include a generalized acceleration and factoring out the coefficients,
a set of equatﬁohs to calculate the [D] matrix will remain. The results
of this expanéion is summarized in EQUATIONS GF MOTION.

Next, the derivative of the kinetic energy expression with respect
to the generaf%zed displacements is taken. These terms are then added
to the remaining terms from the previous step. After reversing each of

their algebraic signs, there are the "n+2" equations that make up the

20



{E} vector. The complete set of equations is given in EQUATIONS OF MOTION.

Contributions of Potential Energy

to Equations of Motion

Each joint of this model is designed to have five regions of spring
response. The first region is a slack region in which there is no
moment developed due to spring deformation. There is no energy asso-
ciated with this deflection. [n the second range, the moment generated
is proportional to the relative rotation minus some value of maximum
slack rotation. This stored enerqgy is completely recoverable by the
spring. A plastic region of deformation is next, where there is little
or no increase in joint ﬁoment due to additional deformation of the
spring. Only a small amount of this energy can be returned to the sys-
tem in elastic rebound of the spring. The fourth characteristic zone is
one of lock-up, where a large increase in joint moment occurs with a
very small increase in differential rotation. None of this energy can
be regained. The final region is one of spring failure, in which the
moment capacity falls to and remains at zero. Once this occurs all
stored energy is lost. The relationship of each of these characteristic
regions is shown in Figure 7.

At each goint the Jifferential rotation will be the difference in

angular rotation between segment "i" and segment "i+1%.

Boy = dyyp = &5 o oe e - e I k)

The potential epergy of any one spring is defined as

A :
v, j}r Mu(asdd{as) . . . . . . . . . . . . (34)
Q

1

21



NCTE: Dashed lines show unloading direction
for plastic and lockup ranges.

-

Figure 7. Joint Spring iioment-Differential
Rotation Relationship.
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which can be expanded using the relationship of Eq. 33,

®14i ®
V. =f Mu(ai) d(¢1.+]) -j’ Mu(Aqs].) d¢1. ...... (35)
0

1
Q

If the individual contributions are summed over the “n-1" possible

springs, the total potential energy can be expressed as:

n=1 b ry
V = Z[f 141 Mu(A¢1.) d(“’iﬂ) —f1 Mu(m.i) d¢1} ... (38)
. 0 0

i=1

The contribution of this potential energy to the equations of motion is
found by taking the derivative with respect to each of the generalized
coordinates. However, the potential energy is independent of the X; anﬁ
Y; coordinates, so the necessary derivatives must only be taken with
respect to each rotation, 95 When this is done, the %FS} vector will
be the negative of these terms, where Fsk is the resultant from dif-
ferentiating with respect to Qp OF ¢y _o- The equations for the {Fs}

vector are contained in EQUATIONS OF MOTION.

Generalized Forces due to External. Loads

The external load in this model consists of an impact force in the
global ¥* difécéion that is input with a given magnitude, location, and
time of application, A second force in the glabal X' direction is de-
fined as an input fractional amount of the original force. The first

force is defined as Fy. where

For = Fy(XE 5 t) e e e e e e e e (37)

YI
and the second force is FX" where

23



Fye = (OFp(Xes ) oo (38)

Before these forces can be included in the equations of motion, their
contribution to each of the generalized coordinates must be determined.

The principle of virtual work will be used.

Location of Force

To find the work of these forces, the segment on which the load is
applied must be determined, and its rotation must be established. This
is shown in Figure 8. This is found when a segment's end point satis-
fies the relation

> X!

1 < ¥
xiR - X ST e e e e e e e

F

where i is the number of the segment the force acts on. The initial end

of segment i is at

ooy 1 2 i-1
ViR = XR + T]]L] + T-‘-ll.z + + e T11 Li-1 » + + s & e o s (40)

and the final end is at

=yt i
X%T - XiR + T]] Li .................... (41)

Virtual Work of External Loads
The virtual work of the external loads is given by

4 F

= ]

Y'GYA% s s+ 4 8 s ® e s 9 2 e = o = = s = (42)

‘Expressed in terms of generalized coordinates and forces, this virtual work

is

24
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W = éE% (Qgp 800« oo e (43)

where n+2 = number of deqrees of freedom (n = number of barrier seqments).

To transform Equation 42 into an expression with generalized coordinates,

use the relation

Kag = Mg # T (og + rypi) o v e (44)

where X%P was defined above and
roo. = A AERALE
XA{ Cos o; e T e e e .. (48)

The impact location in the Y' direction is given by

' ' i
YAi YiR + T21 (D_i + rXAi) ................. (45)

where

t = 1 1 2 i-1
RE=YRY Ty L4+ T Ly # -« o+ Typ Ly A 098

Thus, the point of application of force is

i XL - X!
Xio= X+ TYO(F TMNRY L c.o.. (48)
Aij iR 11 -36§—$;_
But Ty1 = Coséys so that
1 = .yt
xAi XF ...... e e e e e et e e e e e e e e e e (49)
In the same manner,
D ST )
Y 1 F iR
YA{ YT‘R + T21 W ................. (50)

26



. i e
and since T21 = S1n¢1

Thi = i

ig * tans, (X% - XiR) ............ (51)

With expressions for xAi and YAi defined, the first differential is

given as

n+2 a!Ai
SXp = )3 —ﬁ]-(- L A A A (52)
=]
and
n+2
Y - 3y,
QST 3 AL S (53)
k=1 %
These expressions can be substituted into Equation 42 to get
n+2 BXAi » n+2 BYAi
= (] ]
W = Fy )3 _3qk 89, + Fy )3 ——aqk 8, - .. ... (54)
k=1 k=1
Rearranging terms gives
n+2
Xt ay!
- Aj Ai
= F i
k=1.
If this is compared to Equation 43 the generalized force is found to be
3xX; . AV
- Ad A1
Qek = qu qu + FY' —a'a'; ............ (55)
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Equation 55 with k = 1, 2, . . . n+2 defines the term in row k for
the column vector {Qe} in Equation 30. The expanded form for each row

of {0, | 1s given in EQUATIONS OF MOTION.

Generalized Forces due to Friction

at the Roadway-Barrier Interface

The friction force developed at the road-barrier interface can be
broken up into two components. The first part is due to translation of
the barrier segment, and the second part is due to rotation of that seg-
ment. The generalized forces for translation will be found first, and

then those for rotation.

Translation Friction Force

The velocity of the i-th segment in the fixed X-axis and Y-axis
directions was found previously in Eguations 20 and 21. Since both ex-
pressions for the center of mass location are functions of the general-

ized coordinates, it can be shown that

. "oy s, ST (I
X'i = z Ek— W = z W qk ....... « 4. s
k=1 k=1
and in a Tike manner.
) n+2 3}
Y_i = z W qk « e e 8 3 s e 3 2 P s & & & & & & e = =
k=1

Define the net translational velocity to be

R = hipz+(%pz]vz R .
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and the maximum resultant friction force on segment i as

Fi (“1)(“1) e e e e e e e e e e e e e e e (56)

R

where Ni = weight of segment i and uy = coefficient of friction between
roadway and barrier.
Now, expressions to find the component of force that oppose the

barrier's translational motion in each fixed axis direction are found to

fo|1=‘(i1_)RF .....-............(60)
h 1
.i
Y.
ny"i ‘(._T)RF ...........‘....-.(61)
R. 1
1

To help avoid the numerical instabilities that accur when X{ or Y%

be

and

change sign, an adjustment in the frictional forces will be made. For
values of segment velocity less than a very‘small value, éT, the force

will be reduced according to the equation.

Re =¢C e e e e e (62)
Fi t Fi
The relationship of reduction constant to translational velocity is
given by -
Sin L El | For é < é (63)
2 éT 1- T . » L - . * & 8 = e .
G = .
1.0 For Ry > =1 e e e e e e e . (64)

Figure 9 shows the C_ - éi curve for making this adjustment.

t
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Rotational Friction Force

The contribution of the rotationai friction component can be found
by examining the distribution of friction forces as shown in Figure 10.
The moment due to the friction force can be calculated as

o7 Wiy

Again, to compensate for possible numerical instability when the
rotational velocity becomes very small or changes sign, an adjustment

factor of

. H [51 - < "
Cr'_‘SU'I(?-—éT) FO!‘CI)I.-ER e e e e e (66)

will be applied to the frictional moment as given here

Me = C M N (-7

Virtual Work of Friction Forces

The virtual work done by the translation friction force is given by

n
— « ’ ¢
»‘SWF =¥ (Feyrg 8X5 # Feyig 6¥3) oo oo oo oo {s8)

1
X ia

In a 1ike manner the virtual work done by the generalized friction
forces can be ‘given as
n+2

5wf=k§ (Qpg) 0« o e e (69)
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Figure

10.

Distributicn of Friction Force
due to Rotation of Segment i.
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The expressions for X% and Y; are given in Equations 22 and 23,

hence
n+2 8X%
X! = TR . (70)
i=1 "%
n+2 BY%
Y;-=z_5qk C e e e e e e e e e e e e e e (71)
i=1 %%

By substituting these two expressions into Equation 68,

i& n X Y
6th = fo1 56;’ + ny'i 36[ éqk (72)
i=1. k=1 -
If Equations 69 and 72 are compared it can be shown that the
generalized friction force due to translaticnal movement is
. n x .
3kl 3Y!
Q =3 i i
ftk Feoo =—— + Fg (73)
i=1 | ™5 %% ¥y 29

In the same way, the generalized rotational friction force can be

found. The virtual work of the rotational forces is

Sd., e e e e e e e e e e e e . (78)

n
war‘ = z MF' i

i
i=1

and the virtual work of the generalized rotational friction force is
n+2

e = L Qepe 09 - v e e e e e e (75)
k+1
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Since each of the segment rotational angles o correspond to the

generalized coordinate Qi4p° the generalized force due to rotational

friction is

Qe = Meqeezy L L (76)

where Mf(k-Z) is defined in Equation 65 or 67 . The total generalized

friction force is given by
Qg = Qe * Qerg (77)

The expansion of this expression is given in EQUATIONS OF MOTION.

Solution of Egquations

The Runge-Kutta Method

The matrix equations of motion for the barrier system asrgiven in
Fquation 11l are of the form in which the second derivative, ak’
(k=1, . . . n), can be expressed as a function of the first derivative,
Qs the dependent variable, ék; and the independent variable, t(time).
Therefore the equations were solved using the Runge-Kutta method for
ordinary differential equations (1).

The right-hand side of Equation l1can be redefined as

{R}={E}+{FS}+{QG}+{Qf} ..... C e (78

Using the inverse of the [D] matrix to find an expression for the

. generalized accelerations

{li}=[rj‘]tk} R ¢ 2:3)
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The [D]'1 matrix is a function of displacements only, but the §R}
column vector is dependent on both displacements and velocities. This

will be noted as

[D}'] [0 dab ] (80)
and

{R} - {R({q},{a})} ................. (81)
so that | :

tab=[oteb] " irdabdab) .o (82)

Solution of Equation 82 was done with a stepwise increment of time,

at, using the equations given below.

{Av]} = at - {q} ..................... (83)
taz,} = ot - [otdah ] 7 {RGabab) (84)
g s fal v patganf oL (85)
2, | = o - [odal + 3 {arh] '1{R(iq} EALAELE
Y %AZ]})} ..................... (86)
favg) = ot - 4} + Lat . baz,d o (87)
g} o0 ottt = o] i+ L imghta
0] {AZZ;)} ...................... (e8)
Ay b=ar - qad « e dazyd oo (89)
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- [otfa} +{Av3})]"{m{q} +:Av3},ia}+{Az3})}. (%0)
. {{AY]; v 2lar,) o+ 2{Av3} + {Av4}} ....... (91)
-{{Az,} + 2z, | + 2{ny, ) +{AY4}} ....... (92

The new values of time, displacement, and velocity at time ti are

——~,
™
~

K
———
]
ot

—ran,
=
-~

——

[}
o) ~—

o~
=]
~d

S~
1]

| —

bty =t g tAt L (93)
faby =fadi ) o (94)
{e}: ={a}s +{Az} ..... e (95)

This solution is continued using previous values of {q} and{g} to solve
for those at the next time step.

The Computer Prggram

The computer program was written in FORTRAN IV on the Amdahl 470
V/6. A LISTING OF THE COMPUTER PROGRAM is given and the input docu-
mentation is given in DESCRIPTION OF INPUT TO THE COMPUTER PROGRAM,

The Subroutines

MAIN contrgls the logic flow of the program. Subroutines DATAIN,
INITL, LOCATE, ECHO, STEPS, RKSOLN, ACCEL, ENDFRC, and QUTPUT are called
from this routine.

Subroutine DATAIN reads all of the required data for the program.
Subroutine INITL initializes the values of the barrier geometry and
velocity, and converts all input into a ft-lb-sec-rad system of units.

Subroutine ECHO prints out the input data read in DATAIN.
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Subroutine RKSOLN performs the Runge-Kutta integration and calcu-
lates the new global coordinates and velocities at each time step. It
calls subroutine STEPS. Subroutine STEPS generates the equations of
motion and soives for the generalized accelerations. [t calls subrou-
tines LOCATE, TRNVEL, FORCE, DMTRX, EMTRX, FSMTRX, QEMTRX, QFMTRX, ADD,
and GAUSS.

Subroutine LOCATE calculates the global cocordinates of each barrier
segment end point.

Subroutine TRNVEL calculates the translaticnal velocity components
for each segment center of mass. Subroutine FORCE locates the impact
force and determines its magnitude using linear interpolation of the
input data.

Subroutine DMTRX generates the [D] matrix from barrier segment
properties and geometry at each time step. Subroutine EMTRX calculates
the elements in each row of the {E} column vector. Subroutine FSMTRX
determines the contributions of potential energy in the joint springs
to {Fs}.

Subroutine QEMTRX finds the generalized force in {Qe} due to the
impact force on the barrier segment. Subroutine QFMTRX calculates the
friction force contributions to the generalized forces in {Qf}.

Subroutine ABD sums the {E} {Fs}, {Qe}, and {Qf} column vectors
into {R}. Subroutine GAUSS solves for the generalized accelerations for
a given [D] and {R} using Gaussian elimination for simultaneous equa-
tions.

Subroutine ACCEL calculates the segment center of mass accelera-
tions using the generalized velocities and accelerations. Subroutine

ENDFRC determines the member end forces on each segment due to imposed
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loads and accelerations, Subroutine QUTPUT prints out barrier geometry,

accelerations, and end forces at each required time step.

Qutput

The user can request output at any time interval desired with the
proper variable input. At each time step the following information is
printed:

1. The global coordinates of the end points of each barrier seg-

ment;

2. The angular rotation of each barrier segment in the fixed

coordinate system;

3. The components of each center of mass acceleration in the fixed

coordinéte system;

4. The global anguiar acceleration of sach barrier segment;

5. The forces and moments at the ends of each barrier segment in

its segment fixed coordinate system.
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VALIDATION OF BARRIER MODEL

Initial Checkout

Once the equations of motion for the system had been derived, a _
three-sfép procedure was used to validate and check the coded program.
These steps were & general check of matrix assemply and solution scheme
logic, comparison with known solutions of theoretical problems, and
simulation of previous crash tests.

After debuqging was completed, the. first phase of verification
began. The program's results for each of the assembled matrices was
checked against long-hand calculations using the equations in EQUATIONS
OF MOTION. At the same time the Gauss solution scheme for linear equa-
tions and the Runge-Kutta integration technique were verified with inde-
pendent tests. Finally, the matrix assembly, time integration, and
elimination routines were linked into a single program and checked for

stability after one time step.

Idealized Structure Modeling

Once the program was running correctly on a single time increment,
the second set of checks was performed. Two idealized structures systems
were modeled and run to examine exactness with theoretical solutions.

The first was a'§iﬁgle member pinned at one end and subjected to a

constant force, as shown in Figure 11. By setting M_, Uy and IO] very

1

large in comparison to MZ’ Mo and 102 and using no spring at the joint,

h this model showed a good relationship with the theoretical solution.
Table 1 shows the values used for each of the variables and the results

of each analysis.
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Table 1.

Input
My (1b-sec2/ft)
1

Ip; (ft—]b-secz)

M, (1b-sec?/ft)

2
42
Ig, (ft-1b-sec?)

Results

Acceleration
(rad/sec?)

Angular Displacement

at Time=0.10 sec

at=0.001 sec
ét=o.1o ft/sec

éR=o.05 rad/sec

Input and Results from
First Idealized Simulation.

[dealized
Structure

Fixed,
not

required

- 248.45

8281.7

.906
(Constant)

0.260°

41 .

Modeled

Structure

6217.6
1.0
82901.

248.45

0.0
8281.7

.906
(Average)

0.258°



In the second idealized case, an elastic spring was added to the
same structure with altered mass and moment of inertia values and the
element was given an initial rotation. By using the stiffness and mass
moment of inertia to find the natural frequency, the time for the seg-
ment to return to its initial position can be calculated. As in the
first test,.the program showed very good results in comparison to the
idealized solution. These results are listed in Table 2.

At this point it should be noted that the three adjustable parame-
ters were established during this phase of the research. The time incre-
ment for stability in the first test was 0.001 secs. This worked in the
second analysis, and was maintained throughout the remainder of the com-
puter runs. The translational adjustment for friction was set at 0.1 ft
and the rotational adjustment was 0.05 rad. These values were also used

in all subsequent simulations.

Crash Test Simulation

In the final step of the validation, six previous crash tests on
concrete median barriers were selected ( 2,3,4,5 ). Each of these tests
used a barrier thaf could be modeled with the proper selection of para-
meters to represent the system. On-going research (3) has established
the joint properties in terms of rotations and moment capacities. Table

-

3 summarizes the.necessary values to define the barrier and joint
properties. In all cases, the barrier segments were initially straight.
The force input was the most difficult variable to establish.

Tests CMB-2, CMB-24, NY-1, and NY-2, were standard structural adequacy
tests (6 ). Force versus time data for a structural adequacy test were

~ experimentaily determined by Bronstad (7).
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Table 2. Input and Results from Second
Idealized Simulation.

Idealized Modeled

Input Structure Structure
M, (b-sec?/ft)  Fixed, 6217.6
Igy (ft-Tb-sec’)  required 82901.
M, (1b-sec’/ft) 10.89 10.89
UZ ) - - 0.0
I, (ft-1b-sec’) 362.8 362.8
ke (k-ft/deq) 100. . 100.

Results

Rotation at end of

one natural period 5° 4.9°

0.001 sec

at

0.10 ft/sec

¢g = 0.05 rad/sec
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144

Test

CAL-291
CAL-294
NY-1
NY-2
CMB-24

CMB-2

Table 3.

Barrier Properties

Barrier Simuiation Input.

No./Segment Length Wt/Ft Friction

(ft) (1b/ft)

12/12.5 400 0.5
6/20. 400 0.5
6/20. 400 0.5
6/20. 400 0.5
5/20. 500 0.5
3/30. 500 1.0

Joint Properties

%
(deg)
15.
15.
22.
12.
13.
15.

¢f
(deg}
15.

15.
22.
12.
13.
15.

K
(weq)
4.5
6.0
48.0
48.0
3.0
25.0

KP
(K/deg)

0
0
0.
0
0
0



This input is recorded in the table in DESCRIPTION OF INPUT TO THE COMPUTER
PROGRAM. A rough estimate was made from vehicle accelerometer and film
data for use in the other two tests, CAL-291 and CAL-294. Table 4 gives
this input. With the proper barrier and joint properties, system geometry
and external forces calculated, the various tests were simulated with vary-
ing success. The results and problems are summarized below.

Table 5 and Figure 12 show the values of absolute maximum lateral
deflection for the actual crash test and those predicted by computer
simulation. With the exception of tests NY-1 and NY-2, the comparison
was very good, There were several factors in the NY tests that could
not be exactly determined, and they 1ikely contributed to this differ-
ence. The number of barrier segments and location of the vehicle im-
pact point were unknown. S$ix Segments were assumed to eliminate systém'
end point movement. An impact at the center of the third segment was
assumed for these two tests, since this seemed to be the most severe
point. Further, the type of surface the barriers were erected on was
unknown. If a grout bed or hot asphalt mix was used as a leveling
course, the value of friction at the roadway would have to be much
larger. It should be noted here that a friction coefficient of 1.0
was used on CMB-2 because it was built on a hot mix asphalt bed.

Finally, vehicle impact conditions for the NY tests (as well as the

.other tests) virﬁed from the conditions used in the Bronstad test (7 ).
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Table 4. Impact Force Input for
CAL-291 and CAL-294 Tests.

CAL-291

Time Force Position
(sec) ‘ {1b) {ft)
0.0 0.0 41.0
0.0 18950. 41.95
0.Ce 18950. 46.68
0.065 24300. 47 .15
0.10 0.0 50.46
0.15 24300. 55.19
0.20 0.0 59.92
CAL-294

Time Force Position
{sec) {b) (ft)
0.0 0.0 70.8
0.01 18800. 71.7
0.10 18800. 80.1
0.11 0.0 82.0
0.27 - 0.0 98.0
0.29 ' 35250. 100.1
0.34 35250. 105.2
0.36, 0.0 107.3

46



Table 5. Simulation Results of Previgus
CMB Crash TJests,

Observed Predicted
Test Maximum Deflection Maximum Deflection

(ft) (ft)
CAL-291 0.52 0.65
CAL-294 0.46 0.61
NY-1 1.33 3.63
NY-2 0.92 2.09
CMB-24 3.42 3.49
CMB-2 1.10 1.47
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Predicted Deflections (ft)

[

Line of

Equality
O nv-l CMB-24
© NY-2
MB-2 ©
CAL-291
CAL-294
i 2 3 4
Jbserved Deflections (ft)
Cigqure 12. Predicted versus Cbserved Deflections

for Six Crash Test Simulations.,
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PARAMETRIC STUDY OF BARRIER RESPONSE

Since the precast concrete median barrier has so many design config-
urations, the various effects of barrier length, joint moment capacity,
joint rotational slack, and roadway.friction on lateral deflection of the
barrier due to vehicle impact were all studied. Each parameter was varied
independently to give some insight into each of their effects. The results
of this study will be used later in the degign phase of this report.

Before the parameter study began three barrier lengths were identified
as the most desirable, 12 ft, 20 ft, and 30 ft, since they have been used
in previous designs. This was not a restrictive assumption, but was made
initia11¥ to establish a starting point. Other lengths were also considered
later.

The force vs. time input for the structural adeguacy test of longi-
tudinal barriers {a 4500 1b vehicle traveling at 60 mph with a 25° en-
croachment angle) was used in the parameter study. In all parameter
runs, the impact was located approximately at the third point of the
system. The input for this impact is given in the table in the DESCRIP-
TION OF INPUT TO THE COMPUTER PROGRAM.

Analysis for Length of Need and Impact Location

With the_nétéssary forcing function established, two important
questions had to be resolved. How many segments are necessary to elimi-
nate significant end pofnt movement, and, is an impact at the joint or
the center of tHé barrier more critical? Significant end point movement

| was arbitrarily defined as greater than 2 in. of displacement at each
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end of the barrier in either direction. This is important because the
simulation should approximate a situation where the barrier is very long,
without using so many segments that the computations take én excessive
amount of computer time. These questions were analyzed for each of the
three segment iengths. A1l of the tests were done with no joint moment
capacity and roadway friction, p = 0.7.

The results of this initial evaluation are suymmarized here. The
30 ft length required only four segments, and the 20 ft length needed
six segments, but 15 segments were necessary for the 12 ft length, (More
are really needed, but the program was limited to 15 segments by its
array space.) It is interesting to note that this corresponds to a
system length of 120 ft for the 20 ft and 30 ft segments, but 180 ft is
required for the 12 ft segment. At the same time, center impacts were
determined to be more critical for the 12 ft and 20 ft length, but a
Joint impact on the 30 ft length was more severe.

Later in the parameter study, 15 ft and 25 ft barrier lengths were
addéd to the study. For that reason, this same evaluation was performed
on those segments, and the results are presented here. The 15 ft length
required 12 segments, and the 25 ft length needed five segments. Center
impacts were more severe than those at the joint for the 15 ft segment,

but the 25 ft segment was relatively insensitive to the impact location.

The results of all these tests are tabulated in Table 6.

Effects of Joint Moment Capacity

and Ségment Length on Lateral Displacements

Once the initial study was finished, the second parameter set was

analyzed. In this phase, various segment lengths were combined with
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Table 6. Length of Need and Critical
Impact Point Study Results.

Length No. Hit Max. End Point Displacement
Defl. Xl Y1 X2 Yz
12 3 JT 33" 2.3" -0.1" -4.8" 0.0"
12 10 JT 33" 2.0" D.2" -4.0" o.g"
12 12 JT 31" 1.3" l.2v -3.2" 0.0"
12 12 CTR 39" 3.7" 0.2"  -3.2" 0.0"
12 15 CTR 35" 2.3" 0.7"  -2.9" 0.0"
20 5 CTR 34" 1.3" 0.0" 4.3" 2.8"
20 6 CTR 32" 2.5" 0.0" 0.2" -0.1"
20 6 JT 24" 1.0" 0.2" 1.2" 0.2"
30 3 CTR 18" 0.1" -1.0" 1.7 -13.3"
30 4 CTR 14" g.2" -1.2" -0.4" .7
30 4 JT 17" 0.5" 2.0 0.4"  -0.6"
15 8 CTR 43" 4.7" -0.5" -3.7" 0.o"
15 -8 JT 26" 1.3" -0.2" -2.2" g.o"
15 10 CTR 39" 3.6" 0.1" -3.7" 0.0"
15 12 CTR 35" 2.9" 0.5" -2.9" 0.0"
25 5 CTR 22" 0.1" g.2" -1.8" 2.4"
25 5 JT 21" 0.2" -0.2" -1.2" -1.7"

51



joint moment capacities ranging from O k-ft to 100 k-ft. The slack in
the spring was constant at 3 deg and the elastic limit was 5 deg. There
were no lock-up or failure 1imits established. The roadway friction
coefficient was constant at u = 0.7. The results are given in Table 7
and presented graphically in Figures 13 and 14. Although 12 ft, 20 ft,
and 30 ft segments were the anly lengths initially considered, the com-
plex relationship of segment length and moment capacity required addi-

tional tests using 15 ft and 25 ft lengths.

Several key discoveries are revealed in Figures 13 and 14. First,
it is apparent that the addition of moment capacity to the joints of
25 ft and 30 ft lengths is not very efficient. This becomes obvious if
the effects of a 1 ft displacement to one joint in each barrier system
is considered. The differential rotations of 12 ft, 15 ft, 20 ft, 25 ft,
and 30 ft segments are, respectively, 9.5 deg, 7.6 deg, 5.7 deg, 4.6 deg,
and 3.8 deg. Since the longer segments do not rotate as far as the short
segments, the shorter lengths experience the joint moments soonér, and
absorb more energy in plastic deformation of the spring. Next, although
the 12 ft, 15 ft, ;nd 20 ft lengths all have identical displacements at
zero moment, the 12 ft length shows the optimal use of moment capacity,
and the 20 ft lgggth has the poorest response to joint spring capacity.
The 15 ft length falls in between the two. Stated simply, long segments
have no advantage because of a large joint moment capacity, short seg-
ments can efficiently use moderate moment capacities, and intermediate
Jengths require significant joint strength to minimize lateral deflec-

tions.
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Table 7.

Barrier
Length

Aft)

12-15 Barriers

15-12 Barriers

20-6 Barriers

25-5 Barriers

30-4 Barriers

Connection Moment-Segment
Length-Defiection Study.

Connection
Moment
(k-ft)

0
25
30
50
75

100

53

Maximum
Displacement
(in.) {ft)
35.01 2.92
25.21 2.10
23.92 1.99
19.80 1.65
19.76 1.65
21.67 1.81
35.31 2.94
29.06 2.42
27.93 2.33
22.73 1.89
19.98 1.67
18.76 1.56
33.80 2.82
28.01 2.33
26.94 2.25
26.70 2.23
21.87 1.82
15.07 1.59
22.32 .1.86
21.37 1.78
21.17 1.76
19.89 1.66
18.82 1.57
18.34 1.53
17.74 1.48
16.87 1.41
16.80 1.40
16.55 1.38
16.25 1.35
15.98 1.33



Maxiium Lateral Joint Displacement (ft)

2.0 F

1.5

1.0 +
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Barrier Segment Length (ft)

Mu e — Friction Coefficient u=30.7

30 50 88

Figure. 13. Lateral Joint Displacement Versus Segment
Length, Variable Connection Moment.
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Maximun Lateral Joint Displacement (ft)

Figure

50 75 100

Connection Homent (kp-ft)

14.

Lateral Joint Displacement Yersus Connection
Moment, Variable Segment Lencts.
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Effects of Joint Connection Slack

on Lateral Displacements

The relationship of joint connection slack to barrier displacement
was invegtigated next. In this series of simulations, connection slack
was varied from 1 deg to 8 deg for all five barrier lengths. The ulti-
mate moment was held constant at 100 k-ft and the elastic limit, g Was
always 2 deg larger than the slack rotational limit, b This was done
to keep the elastic spring constant, kE, the same for all tests. As in
previous studies, the friction coefficient was p = 0.7. The results are
summarized in Table 8 and are plotted in Figure 15,

The curves in Figure 15 show a general increase in deflection as
the connection slack grows. However, examination of the individual
curves shows some correlation with the results of the preQious work on
moment capacity. The 30 ft length shows the least increase in deflec-
tion of the five, and the 25 ft length follows the general upward trend
with no irreqularities. This is primarily due to the fact that these
segment lengths generate their resisting forces with friction and not
joint moments. It can be noted that while there is little difference
between the two lengths for slack Tess than 3 deg, the displacement in
the 25 ft length begins to grow faster at a slack larger than 3 deg.

The 12 ft, 15 ft;fand 20 ft segment lengths also show the general trend
of increasing lateral deflections with increasing amounts of joint slack.
The 20 ft length shows the most rapid increase in displacement at a
slack of 3 deg or greater when compared to all other lengths and joint
slack values. A slack up to 5 deg has very little affect on the 15 ft

length, but lateral displacements grow very auickly once slack increases
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Table 8. Connection Slack-Segment Length-Deflection
’ Study Results.
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Maximum Lateral Joint Displacement (ft)

2.0F

1.5 F

1.0

Hu=]00 K-ft
Q
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Figure 15.

3 5 8

Connection Slack (deg)

Lateral Joint Oisplacement Versus
Connection Slack, Variable Segment Length.

58



beyond 5 deg. The same type of response is seen in the 12 ft segment
lengths. The maximum deflection of the 12 ft length is larger than that
for the 15 ft length at all values of connection slack studied. However,
for connection slack greater than 3 deg, the 12 ft length showed smaller
deflections than for a corresponding amount of slack on a 20 ft segment.
Once again, the 20 ft length shows the largest deflections at most values

of joint slack.

Effects of Friction

on Lateral Displacements

The final parameter to be analyzed was the effects of the friction
coefficient on barrier displacement. This study was limited to lengths
of 12 ft, 15 ft, and 20 ft for two reasons. First, lengths in excess of
20 ft were not considered portable enough to warrant further study.
Also, the shorter lengths had previously shown the greatest response to
joint moment and slack variation and were considered the most likely to
show the same response. Thgse three lengths were then singled out for
continued study. A joint with moment capacity of 150 k-ft,‘a slack ro-
tation of 1 deg, and an elastic 1imit at 3 deg was used in all tests.
The friction coefficient was varied from 0.4 to 0.6. The results are
given in Tab1e‘§faﬁd displayed in Figure 186.

None of these results can be considered surprising. As the fric-
tion value decreased for each segment length, the lateral displacement
increased slightly. Since the resisting friction force is proportional
to the coefficient, this simply indicates that the short segment lengths

are not affected very much by changes in the friction force.
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Table 9. Friction Variation Study Results.
b = 1° be = 3° M, = 150 k-ft

FRICTION LATERAL

LENGTH COEFFICIENT DEFLECTION
(ft) (u) !ft!
12 0.4 1.68
0.5 1.61
0.6 1.50
15 0.4 1.68
0.5 1.60
0.6 1.52
20 0.4 1.35
0.5 1.26
0.6 1.20
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iflaximum Lateral Joint Displacement (ft)
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Figure 16. Lateral Joint Displacement Versus

Segrent Lenath, Variable Friction.
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Analysis with Large Joint Moment Capacity

and Moderate Fricticn

Before this part of the research was finished, there was additional.
interest in the effects of a high moment capacity joint with a moderate
amount of friction. Three moment capacities, 50 k-ft, 100 k-ft, and 150
k-ft were selected for study. A joint with 1 deg of slack and 3 deg of
elastic rotation was used, along with a friction coefficient of 0.5.

Once again only 12 ft, 15 ft, and 20 ft segment lengths were used in the
analysis. The displacements are given in Table 10 and are also plotted
in Figures 17 and 18.

These two figures summarize the important factors to be used in the
design stage. First, at 100 k-ft of moment capacity, all barriers ex-
perience approximately the same movement. At lesser joint capacities the
12 ft length shows the smallest deflection, and at 150 k-ft, the 20 ft
le.agth begins to look best. Finally, the range of 100 to 150 k-ft for
joint moment capacities appears to be the maximum the 12 ft and 15 ft
segments can utilize. The 20 ft length still shows a decreasing trend

at 150 k-ft and may be able to use more available moment at the joint.
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Table 10. Additional Results of Joint Moment-Segment
Length-Deflection Study,

CONNECTION LATERAL
LENGTH MOMENT DISPLACEMENT

(ft) (k-ft) (ft)
12 50 , 1.85
100 1.68

150 1.61

15 50 2.11
100 1.54

150 1.60

20 _ 50 2.32
100 1.56

150 1.26
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Maximum Lateral Joint Displacement (ft)
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Figure 17. Lateral Joint Displacement Versus Segment Length,

variable Connection iloment and {loderate Friction.
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Figure 18. Lateral Jaint Displacement Versus Connection
"loment, Variable Length and Moderate Friction.
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EQUATIONS OF MOTION

[ofa} = fe}b + frb +fa b+ b - oo oo (98)

The above matrix equation defines a set of "n+2" nonlinear, second-
order, simultaneous differential equations that describe the motion of
the individual barrier segments.

Matrices [0] and {E} result directly from operations with the
kinetic energy terms; [D] may be thought of as a psuedo-mass matrix and
{E} as an inertial force matrix.

Column vector {FS} contains generalized forces due to potential
energy in the rotational joint springs.

Column vector {Qf} contains generalized forces produced by friction
between the barrier and the roadway.

Column vector {Qe} contains generalized forces resulting from
external forces (impact loads).

Following are the expressions to calculate the [D] matrix:

For the diagonal terms,

n
D =3 M (97)
],] S e

}—1

n
0, , = }_: Mi e (98)

i=1
D-=oM+L ZM For i =1,2, ... .n-1 . (99)
i,i i

J =i+]

D = .2 M For i = n (100)
i+2, i+2 ~ °n 'n
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For the remaining row cne terms,

) 2=0 IR
Dy 4 " piMiSinq:]--LiSin;p]._—z M For i - 1,2, . . . n-l
Dy 142 = -epMhSine, For i = 1

For row two terms,

n
Dy jap ° piMiCOSq;T.'Pi_TCosq,].j:%]Mj For i = 1,2, . . . n-1
!)2,1.+2 = pnMnCos¢n For i =.n
For row 3 to row n+l
Disa,je2 = LiCos(o,m¢ ) (o ;M sz M) For i =1,2, . . . n-1,
j = ]121 . . - n"]
For n+2 column,
Divz,nez = Lione2nealosles-onsy) Fori=1.2,...n

. {101)
. (102)

. . (103)

. (104)

. . (105)

.. (106)

. (107)

[p] is a symmetric matrix, so it is only necessary to calculate half of

the matrix, and then set

th
~n
-
o)
-

.
3
]
—
[aN]

Dji = Dij ‘ For j

1i=1, . ... 3~

Following are the elements for column vector {E} :

For row one

-

g = i""iz cose; oLyl By
) j=i+1
For row two term,
e 2
E2=Z¢1‘C°5¢i°iMi+LJ;HM) e e e e e e e e e e

i=1
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Remaining terms, rows 3 through n+2,

m
"

$21 n
2 o

j+2 z Ljd? j Sin (¢j‘¢i) (Q-iM.i'H--i z Mk)

J=1 k=1+1

n
2
Ly )2 Mso 563 Sin{eg-o,)

+
j=i+1 4
n n
L 3 Lj¢§ Sin(o:-9; )3 M, e e e e e e e e e (111)
j=i+1 o =g+l

Mote that the first term is not included in the E3 calculation, the
second term is not included in the En+2 calcutation, and the third term
is not a part of the En+1 or En+2 calculation.

Following are the elements for column vector {FS} :

Fg, = 0 s 1

FS =0 e e e e e e e e e e e e e e e e e e e e e e e {113)
2

F = -M For i=17 . . . .. ... .. (114)
Sive Y

F =M - M For i = 2,3, ... n-1 . (11%)
Sie Yiop M

F =M For 1 = n . (116)
St#2 Y41

where M“i is the‘MPmént in spring "i". This value is dependent on the
particular response range the spring has been deformed to and the
spring's previous loading history. This relationship or spring moment
to displacement is shown in Figure 7 of the main body of this appendix.
Following are the elements of the {QE} column vector:

For a force located on segment j

el='Fy.tanj e e e e e e e e e e e e e e e
Qez = Fy' e e e e e e e e e e e e e e e e e C e e e e (118)



= 1 i F i = I P
Qe1+2 Fy Li(Cos¢i+S1n¢itan¢J) or i =1,2, J=1
Q = Fy! sec2 (XE=X)) v e e e e e e e e e e e e e e
ej y ¢J- F _ir -----
QEf+2 =0 Ffori=>J .« ... ...

Following are the elements for the {Q.} column vector:

n —
Qf-l = - z Ct] R. H_IU1 ...................
i=] 1
n y;
Up = X Ct; . Wims e
i=1 i
R TR
Qf_“_z = Cti ——]_--— X151n¢1+Y1.C05¢1.
i wj“j
+ L. Cts X'Coso.+Y'Sing,
R 0 NG L T A
o, W.n.l.
i NitiT§ .
-Cri;:_-d— For i = 1,2, . . . n
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LISTING OF THE COMPUTER PROGRAM

REAL PwI(iS)e PHIO(1IS)e =2m(Q(15) -

REAL EmS(L7)

REAL XEy XPy Xy M, L, (3

CrARACTER®QD ~EALCL. ~EaQ2

CIMNCN /TITL %/ mEADLl. mEa02

COMMON /MEMBER/ M(1S5), 5(18), LILS), [JLLS). WIIS). =(LS)
COMMON /SPRING/ PHISAHIE.AHIP AHIF LI KPRy KL » SMOM, PUCNM
* «PRLZ(I0) JXEY(14).09[(]4)

COMMON JENORT/ xI{1S)., YI{(i!S), XT(1%). YT{198)

COMMCN /COPRCP/ %X0(15), YOUlSi). xDDCIS), YDO(13)

CIOMMAON /MATRIXZ O(17418), E(17), F3LT7I. QE(L7). 2F(LT)
COMMON /CONST/ NNPL.NPZ NML ., NPA0T . MARK . INOEX . JT . ET . ZR.P T
CTMMQMN /IMPACT, TMRT(30) ., XRT{(SQ0). FRAT(SJl. ~NPTS, (3T, xFf, [ 3722
- « CF, FX., RY

COMMON 7 ALPHASY/ AYOL1T7)Y. AZDCLIT7TY. Q00OLL7}

CCMMON /MAXDISs REFL, NGRT., TIMEMX

SCUIVALENCE (E{L)}.RRS{1})

Pl 3 a.CmaTAN{1.Q)

CALL BDATAIN (XRQ.YRQ.PHI(Q)

(P (N.EQ.0}) GQ T3 LQQ

NP2 T N s 2

NPl =2 N e |

NMl 3 N - |

{PT a |

CALL INITL (PHMI .AM[J.AM[D.ARARDXRD . ¥R YROLTRO T ¥E]
CALL LSCATE (XR.YR,PRI.TIME)

CaLi ECHT (PHIQ)

AYQ({1) a xR

AVY0(2] = YR

AZO(1l! = XRO
AaZD(2) = YROD
00 8§ X = L.~

XPZ = x » 2
AYDIKP2) = OmI(K)
AZD(KP2) = PmIDI(X] -

COMT INUE

CALL STEPS (TIwE)

NOT 3 )

NPIME 3 TMETINPTSIZ/OT +« 0,001

3C 7% NSTZP = 1, NTINE

CALL RKSOLN (XR. TR A% XA+ YRO.2™ (I TINE)

IE [MAAK .GT.Q) GI TQ 100

IF (IMOBx.85Q.1 1 38 TQ 190

NOT 2 N0T '+ |

TIME 2 TIME &+ DT

[® (NOT-~ NPROT) 7%,40.59

NOT = 5

CALL LCEATE (XR.YR.PHL.TTwE)

CAlLL ACCEL (PHI.AID.CDD)

AL SHMOFSC (Aw{}

CALL CUTPUT (TIME.AHI)

SCNTINUE

JERL = OFFLAEL12.0 *

SAITTS (048300 QEFL) NGRT, TIMEMX

GG T0 1

R [(TE (B8.899)

FRgai

FORMAT (1, 1S MaAx UM DEFLECTION 1 ", F3 424" (NCmE3" 77 Ti3.
* "AT EAND QQINT NUMBER ', [3 -/ T19."AT T[(wg 3 ",~7.3,' 54CI"05")
FCAMAT (=4 ,15x .88 PACGRAMCMATEST, NQAMAL 40 ==
InND
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SUBROUTINE AKSOLN [XR.TR.AHI ¢ARD, YRR (G, TIME)
COMMON ZALPHASS AYO(LT). 42ZDC173. 20001 7)
COMMON CONSTZ N nPL. NP2, MML NPADT (MARK, [NOSX,IT,2T,.3R.7AI1
AEAL OWI(1S), P=ID(13)
QEAM. AY(LT7), AYY(17). AZ(L17). AZZLLTY
AT({L] = OT*xRO
Av{2) = DTavyRD
090 10 X 2 J.NP2
KM2 = £ = 2
AY(K) = OT=PmIO(xM2)
10 CONTINUE
DO 20 X ® 1.NP2
AZ(K) =3 DTeQQO{(x)
20 CONTINVE
0Q 30 X s 1.NP2
AYY(K) = AY(K]/8.0
AZZIK) & AZ(K1/6.0
30 CONTINUE
0Q 80 J *x 2.4
FRaC z 3.5
IF (J.EQ.4) FRAC = 1,0
AYO(L1) = xR e+ PRaCear(l)
arD(2) = YR ¢ FRACsAY{( 2)
AZO(1) = z2AD +» FRACKAZ({ L)
A20{2) = YRO ¢+ FAACaZ(2)
90 &0 X 3 J NP2
KM2 = X = 2
AYD(K) = 2rl(xM2) +» FRACSAY (X))
AZDIN) = P=IDIKMI) ¢ FRACKEAZ(K)
40 CONT([NUE
TMING 3 TIME ¢ DTEFRAC
CalLl STEAS (TMINC)
(F (MaRK.GT.0) GQ TQ 100
{F (INOEX.2Q.tY. GO TG 120
00 50 [ = [.nR2
AY(L) = DYsaZR(L)
aZil) = QT=QO0(I[)
AYY(1) = AYYU L) » AY(I)/{AH.0=FRAC)
AZZ(L) = AZZ(L) + AZIL)/715.98FRACQ)
60 CONTINUE
80 COMTIMNUE
XR 3 XR + AYY(1)
YR a YR + AYY(2)
XRD & XRD + AZZ{1l)}
YAD = YRD ¢ AZZ(2}
Q0 90 K 3 1.nNP2
KM2 & X = 2
PHI(KM2) = PHEI(KM2) « AYY(K)
PHIDIKM2) = PHID{KM2) + alZ(X)
90 CONTINUE
100 RETURN
END
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SUBRCUTINE STEPY (TIME)
CCMMGN /iLPMAS/ AYOL17), AZD(LT3. 300( 17
COMMAON /CONST/ NJNBL, NP2 ,NMIL JNPROT  MARK . (NOEX DT ET, 2547 (
REAL x0{1%5), YO(1%). 20i {15y AIDULI5), InS{17)
FTAUIVALENCE (AYD{1).XR)e (ATD(2)sYR),y (AZDI1} 2R3}, [AZDL2),¥=0)
SQUIVALENCE (AYD(3)«PHIC1) 1. (AZDC(I}PA™(D01T)
SAUIVALSENCE (RHS,J00)
COMMCON /MATRIXZ J(17.18). 3HS
CALlL LCCATE (XR.YR,Pw(,TINE)}
CALL TANVEL (XROYROPHID AL
CALL PCRCE (TIME)
CALL QMTRX (Pw([)
CALL EMTAX (Pl +ARIDsXRD + YRD)
CALL FSMTRX (PMI)
CALL QEMTRX (BW[)
[F (MARK.GT.Q1 GO TQ lao
CALL QFMTRX (PHI[ AHID}
CALL ADO
CALL Gayuss (3o0)
130 RETUAN
INg

SUBROUTINE LOCATE (ARTYRPHI.T(ME]
COMMON /CONST/ NeNPRL NP2 (NM] ,NRRQOT (MAAX ¢ [NDEX QT ,ET . 25,3
COMMON /YEMBER/ N(1S), 24U, LIIS), (30130, JUL1SHe #4193
COMMON /NAXDIS/ CEFL, ~NOPT, TIMEMX
COMMON /ENDRT/ X[(1S), YI{(L%)se XT(13), Y7131}
REAL PW]I{(13). L
L CALCULATE x—CLOORDIMNATESI CF 3EGMENT INOPQINTS
Xf{l) = XR
0Q 29 J = | ,MNMl
Pl = J = |
XL{UP1) = 20(J3 +» COS{PHMI{JI)SL(I)
AT{J) = xI(u@t)
20 CONTINUE
ET(NI & X[(N) » COS(PmIIN)ISLIN]
- CALCULATE Y-COCROINATES UF SSSMENT SNORS[INTS
Yr{t1} = rn
D0 a0 4 3T Lenmy
JE2t = J e |
YU(JPL) & vl (J) » L(JIeSiN(PHI{J])
YT(J)y = ri{JP1)
40 CanTinyg
YTINT 2 YI{N) + SINI(PHI{NI)SL (N}
- CHECK FOR MAxX[MyM ENOPOQINT DISPLACIVENT
cQ &80 [ = 1.N
[F (A@SIYI{l))~OEML]) 6Q¢35:55
SS DEFL a2 AQS(YL(L})
NOPT = |
TIMENX 3 TIME
40 CONTINUE
[F (ABS(YT(MNI)=OEFL)} T0.5%5.558
4% DEFL = AQZ{YT(N)}
NUPT s N ¢ 1
TIMEMX a Tiug
7O CONTINUE
RETURN
ZND
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SUBROUTINE TRANVEL { XRO.YRO.A={0,3=()
COMMCN /MENBERS AU1S)s PU1S)e LELS)e L[O013)s J(15). #4013}
COMMON /CONST/ N NP L, MAZ,nMl  NPROT (MARK . INDEX 43T 4ET 1271
COMMCN /C5RR0P7 x0(1%),., YOU131e X00C151. ¥3O(1L3)
REAL PHI 153, PWIJ(1S)., L
- EINO CENTER OF “AS3 TRANSLATIONAL VELJCITY [N SLCBAL X=Ll3ZC71 1

90 %0 [ = 1.N
2041) = XAD = ACL)esIN(PHI(LIIsNIDD)
(B ({.2Q.1) GQ TO SO
SUM 3 Q40
[t 2 L =}
DO 40 K = 1,1ML
SUM & SUM + LIKIASIN(PHI(K) }eon[0(K]}

a0 CONTINUE
X0({) = xD(1]1 = SuUM

SO CONTINUE

s FINQ CENTER OF MASS TRANSLATIONAL YELICITY [~ GLOBAL v=OI9ECTIZN

D0 100 [ = L.N
YO{l) = YAQ + O([)}algsiAmI{ L) )ePmID( )
(P {1.8G.1) GQ TQ (00
SUM = 3,0
(M =2 [ =
CQ 90 X = |,lm .
SUM 3 SUM ¢ LIKI®COS(AMIIK))ISONI0(X)

90 CONTINUE
YO(L) & rO({} +» SUM

100 CONTINUE
RETUHN
ENO

SUBRQUTINE FORCE (TIME)

COMMON /IMPACT,/ TMRT(3Q) . XPT{3d). FPTIFI)ls NPTS, [PT., XF, (w2347
- « CF. FX., FY
* FIND RANGE QF TIME TQ INTERPQLATEZ ABTaEIN

IPTPT = (AT + |

IR (TIME.GE .TMPRT{I3T) .4ANO. TIME.LT.TURT((PT31 )1 33 TS 10
00 2¢ N 3 [PT,NPTS
{ = N

[P ((TMRTI(N} LETJLTIME) AND. (TMPT(NP LI .GT.T(ME)} GO TO 25
20 CONTINUE
MARK = 20
G0 TO 14049
29 1PY = [
IPTPL =& [PT +» |
- FIND CORRESPONOING FORCE aNd LICATION AIS CURFENT ~aLJE - TI4g
3O xF = xPY{[AT) & (XOT([PTA)=XBT([AT) )/ (TUAT( (DT {j=TUaT({ [OT) )=
+ (TINE=TMRT(IAT))
FYy a2 FAT{IRT) + (FRT(IPTRL)=~FRT{IPT) I/ (TUPT(I[RTO|}=TuRT([3T) )=
« (TIME=-THMAT(IAT))
FX = CRafFy
100 ETUAN
END
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SUBRQUTINE DMTRX (Pwm{}

COmMON /MEMBER/ M{1S)e PCLIS)e LILS)e I2C(1%), JIL1S)s «i19)
COMMON /wMATRIX, CLT7.,i81e SULI7)e FSLLTI, JECLIT). SF{LL™)
COMMON /CONST/ NNPL NIZ ML . MPR0T . MARK, [NOEX.OT 8T SR .A{

-

i3

20

.S

sa

50

REAL AHI(LS)

AEAL M. L. I8
CALCULATE DIAGONAL TERMS

SUM = 0.0

00 1 [ & LN

SUms = SuUmM » w{(l)

CONT TNUE

AQCl.1) = Sum

0€(2.2) = Sum

90 1¢ [ = J.~PQ

M1 = [ = |

(42 3 [ = 2

QULl) =2 PUIM2)aeZ es([M2) + [Q{IN2)

IF { [(~2.,GE.M) S0 TO 10

UM = 3,0

0Q 3 4 = (Ml

JUM = SUM & NM(J)

CONT I NYE

D(lel)l = QClol) + SUMS ([9)es2

CONTINUE
CALCULATE ACw CNE TEZAMS

Dil«2! = 3.0

0Q 29 4 3 J«nR2

JMat = J - |

M2 = J - 2

Q{lsd) 3 =3( M2 )em(Jm2)

IF (JM2,GE.N) GO TQ 20

SUM = 0.8

00 IS JJ =3 JMLl.N

SUM = SUM + M{JJ}

CANT INUE

D{le+dl = Dil.d) = SuMs{iiM2)

DL1edl 2 D0 JISINIPH[ (1827}
CALCULATE ROV TwQ TEZRMS

0Q 390 J =3 J.NP2 -

JMt 2 4 = |

JMZ 2 J - 2

Dl24d) = P{IN2)aM( 2]

[F (JM2.GE.N) GQ TGO 30

Sum = 3.0

0C 2% 44 = Jml.N

Sus 3 UM+ w(aJ)

CONTINUE

Cl2:4) 8 D{2eJ) » SUMS(JM2}

2424d) 7 Q(2.4)8COS{AniJm2))
CALCULATE QAEMa(NING O MATALX ELEMENTS

00 %3 [ = J.nP¢

Pt a | 1

[ a | 2

20 39 4 TIP1.NP2

Jug o= i

JMg = 4 - 2

D(led) = L((M2)=Q( JM2)sM{ IM2)

{F (Mt eTen) 30 T 39

SUM = 3,90

20 as JJ =2 JMil.N

SUM = SUM » N{JJ)

LI I B

COMTINUE

O(Lladld 3 D{ladl + SUMSL{LIMZ2)aL( JM2)
4T d) 2 (1,1 mCRS (P Ja2)=-9%{142))
20 40 t =2 2.,8P2

M1 =z 1 =~ 1

oC 40 4 3 1.iM1

OCLl.a) = DCusl

CONTINUE

RETURN

END
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SUBROUPINE ZMTAX (Pm{ . 7HI0+xRO(YRD)
COMMOM /MEMBER/ M{15), 2(15)¢ LUIS)s {0015, JU13)s «(15)
COMMEN /MATRIX,/ O(17.13), U171, F3{17). 2ECLTI, JF{TT)
COMMON /CONST/ MNeP L ivd2oNML o NPROT JMARK  [NDEX 0T 43T 437 021
REAL Pwml((%)1. PRIDO1S)
AgAL LI, Lo M
. CALCULATE Q0w ONE TERM
(1) = Q.0
0Q 290 X = 1N
XKPpL * X+ |
SUM = Q.0
[F (X.EQeN) GO TO L S
00 L0 [ = XPl.N
UM a SUM + M{l)
10 CONTINUE
15 E€1) = B(L) ¢ (LIK)SSUM &+ P(X)aM(X])ePmIQ(x)ae2eCOS(PHIIxX]))
20 CONTINUE
L CALCULATE RQw Ta0 TERM
E(2) = 0.0
0C 70 K = 1.N
kPl a & » 1
SUM = Q.0
[F (x.2Q.,8) GQ TQ o5
00 SO [ = xPAL,N
SUmM = SUM » w(])}
SO CONTINUE
45 Z(2) = () ¢ (LikJeSUM » PK)IsMIK)} sOM (R I *=2eSIN(A=T1(%))
TO CONTINUE
. CALCULATE QEMAIN{NG E 4aTR[X TEAWS
30 0Q 299 [ = [,.N
iPL = [ « |
P2 = [ ¢ 2
E(I1P2) = Q.0
Sut 2 S(l)rsM(l)
[S S B
[F ([+EQ4l) GO TQ 135
My = [ - 1
SuM = Q.9
[ ([+EQeN) GT TO 128
00 120 & = [PL,N
SUM = SUM +» m(K)
120 COMTINUE
12% 00 130 2 3 1,IML
SOIA2) = E(IP2) + PHID(JIsa2es (s
* SIN(PWI(JImPmi{I))a{IM] « [a50M)
130 CONTINUE
(F ([«€Q.N) GQ TC 200
135 sSuM 3 Q.0
0Q 140 K = [PI.N
SUM 3 SUM + MIKISP{K)®PHID(K)as2
+ =SIN(PRI(K) - PAMilL))
140 CONTINUE ’
E{LP2) = E(IPR) » LLL)ESUM
SuUM 3 Q2.9
tF (IPT.GZ.8M1) 53 TGO 200
DO 180 J = 1PL .NMI
SUM 3 SUM & LIJISPHID(J IS IN(RPNI(Jl=3nI[1)}
PI_ B O I B
PRQD = Q.9
JC 1350 x = JPLWN
ARCD = ARCO + SUMsM(K)
153 COMTINUE
E{[A2) a2 E{1P2) &+ LIl*ARJD
189 CONTINUE
20Q CoONTINUE
RETUEN
ENO
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SUBRCUTINE AEMTRX (PH{)
COMMON /MEMBER/ M(18), PIL3T. LI1S)s 10018, UL1S). #(15)
COMMON JENOPT, X1(1S), YILLS)y 2T(1S)e ¥TiL3)
COommOn s/MATRLXS (17,183, SLL17T. FSLLTY, JECLZY, QF(L7)
COMMON /CONSTS NJNPL NP2 ,NML  NPROT JMARK, INDEX DT (ET 2R 4P [
COMMON /IMPACT, TMAT(S0), XPTI(S301. FPTISJ), NPTS, ([PT. XF. |
*» s CFy FX, FY
REAL Awm1(1S), L
AAdX = 0 i

- BING AARRIER SEGMENT 1MPALT FORCE (S AAPL_(ED T2
DG 20 J 3 LeN
[P (XI{J}.GT.XF) GO TO 20
{ a J
IF (xT(d4).aT.xP) G0 TO 28

20 CONTINUE
$R(TE (6,500) xF
“ARNK = 10
GC Ta 100
2% TANPM = TaAN(PW[[[))

- CALCULATE EACH ROw OF THE JE M“ATRIX
QE(Ll} 2 =FYSTANPH]
JEl2) = FY
[F ([+EQsl) GO TQ 55
(M1 2 1 = |

20 30 4 = L.IM1

JP2 =2 J + 2

SE(JRZ) = PYs  (J)a{COS(P=I{as)) » TANORI=SINIDOHILI) )
39 CONTINMUE
55 (P2 = | + 2

FEL[P2) = FYN(XF=X1{[)}/(CQS{PWI(L]})ung)

#3 3 [ +» 21

0Q 79 J 3 ([P3INP2

AR(J) = Q.0

73 CONTINUE
1230 SETURN
6J0Q0 FORMAT ('="',10X,'NQ POINT OF APRLICATIOIN FOR THE ZATEONAL 7.

* 13X%:; 'COULD BE FCUND FQR XF =z t,F10.2)
END
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SUBROUTINE QEMTAX (Pw{,aNID)
COMMCN /NEMBERS “(1S]e 2(1%5), LI1S). [Q(15). WLIS)s #4135
COMMON /MATRIX/ J(17.18), (173, FSULTY. ZE(L7). SFOLT)
coMMAON /RACTNS FEX((1S). FEY({LS)
COMMON sCGARGP/ x0(15), YOU13te X00(1S5)s ¥YDO(151}
COMMON /CONST/ NiNRL NP2 . NM| NPRDT sMARK ¢ INDEX . OF.ET4ER A
AL SET(1I7Y, QFACLT7), RDCLS) . PHITLIS). AHI2(151)
REAL Y. L, [0
FIND RESULTANT TRANSLATIONAL VELOCITY FOR SACH 3ARRILES SZ. 4o
20 30 [ = 1l1.N
RO{L) = (X0(L)ws2 » YO({[)as2}880,.5
IF (RC{I}«NELD2) GO TQ 19
AFX({) = Q0.3
FEY(I[} = 0.0
GO O 40
OETESMINE FRICTION FORCES [N X= AND vY= J[RELTIONS
FEX{I1) = ~wl{l)eul [I/RD([)®xD ([
I (RO(I}.CE.ET) SO TY 30
FRX({[) 3 SFX(1)ed@8S(3IN(RI®RD(LI/12.8ST) )
FEY{I) 3 =~wl[)sUlL)/RO(I)®YD([!
[F (RD(I).CE.ET) GO TQ a3
SEY(L) = SEY([)aidS(SIN(PISID(L} t248ST)})
CONTINUE
CALCULATE TME GEMERALIZED FQRCES QUE TQ FRANSLATICNAL AIICTICIN
SUML = C.0
SUM2 = 0.0
9Q Sa 1 2 L«N
SUML = SUML *» FFXL(I)
SUM2 = SUMZ + FFY(L)
CONTINUE
QEiLY) = SUML
IUF(2) = 3UMZ
00 80 K = 1N
KPL 3 X + 1
A2 =2 £ « 2
CFTIRP2) 3 ~P(K)S(FFA{K)SSINI(PMI(K)) = FFRY(KIesCQSI{P=I({x)))
IF {K.EQ.N) GO YO 420
SUML = 0.9
SUM2 = Q9.0
00 40 [ = xXP1.N
SUM1 = SUML + EEX(L)
SUMI = SLUME + FEY(T)
CONTINUE
AFT(XP2) 3 QT (KPP} = LIKIE(SUMLSSIN(AMI(K]!} = SUM2eCIS(A((L) )
CONTINUE
EVALUATE FRICTION YOMEBNT DJUE TO QTATIAN CF SELSMINT
JQ 590 < = [eN
X222 z K + 2
GFR(KP2) = =Pm(DiIK)swikKIsylg)s{X)/ /4.
IF (P (D(X)e80,0.3) 33 TQ 90
QFR(KPZ) = QAFR(XPII/ASS(PHIDIX))
IF {ABS(PmIO(K)) .GE,ER) GQ TQ 30
QFRA(RPI) 3 QAFRI(RPLISAIS(SINIALI*sPHIDIR)I/{2.3E) )
CONTINUE
SUM PRANSLATIONAL ANO ROTATIGNAL GENERALIZED FCRCES
00 100 X = 3,892
QF{K]) = QFT(K) « OFR({K)
CONTINUE
AIETURN
ENO

SUBRCUTINE alOo

COMMON /wATAIX, 2UL7.181s E(LT7I, FS{L7Ys JE(LT). FI1T)
COMMON /CONST/ MNP LiNPZaNML  NPROT M &RK + [NOEX s IT 42T IS4 A1
ABAL ams (LT

SQUIVALENCE (ARSTL)E(1)1

00 20 I = .n02

AMS{Tl) = (L) + FSLL) » GE(L} » CP(L}

CONTINUE

ARTURN

END
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sa

30

110

128

[-3-3-]

45
50

SUBROUTINE 3auss (x)

COMMON /YATRIXZ A(LT7.180. CQUL17)
COMNMON /CONST/ NMZ,NM{  NeNMILNPROT (MARK. [NOEX.IT ST 425471

DImENSION X(1T7)

¢ 3 L = )M

aA{lsNPL) 2 QL D)

CANTINUE

20 30 X Tl .NM

KPPl 2 £ + 1

[F (A{KeK)sNESsDeQ) G3 TQ 40
IF (A(XPLl.K)NELDs3) GQ TO 20
IF (XP1,EQenN) GO TO 129
Pl = K21 & |

g3 TO 1S

S0 30 4 =3 K.NP1

STOREA = A(K.J)

AlK.d) 3 A{XPYLJ}
A(XPL.J) = STOREA

CONT INyE

8 = A(X.K)

20 %4 J » K.NAY

A{Ked] = A{XKed)r8
CONTINUE

CQ 80 [ = kPLl.N

3 = A{l.x)

00 80 J = X.MPI

A( T d) = A0T.d) = I8A(KJ)
CONTINUE

XIN)} a1 AI(NSNPLISA{NN]

CC 110 L = [ .,NML

X = N -L

(K] &8 A({KNPL)

XP1L 2 X + 1

2Q 110 J = LPLN

X({K) = X[K) = A{K.JI)=xX[J}
CONTINUE

INDEX 2 2

RETURN

INDEX = |

AR1TE (6.4830)

EORMAT ('=1,10X, 'eaa THE ACCELERATIANG CIULD ~AQT 3E STLVED 273 0,

¢ 'mEmt / |1X,"'ess QUE TQ A SINGULAALTY

RETURNM
END

SUBRQUTINE AalCEL (P[.PmI(Q.4Q00)
LE1SE, 13413 )1. {13, w{13)
COMMON 7CGARAP Y X0( 151, YO(L1S51. X00(13).
COMMAN ZCONST/ N MNP o222 MMt JNPRDT  MalK  INDEX .OT ,2T.£2 .30
AEAL ImI(1%), I{D{13)s 3Q0(17)

COmmOn /NEMBER, (151, 2(15).

RE AL L
20 5 1 =2 1.M
P2 = | + 2

IN ThE D ¥ATS(X

YOOt t5)

XDO( {3} 3 QOO(1) = (DI S(SIN(ENI(TI))=GODIIR2) » CTS3(A=L(l))s

* IRIQ(TIem2)

YOO(I == AC0(2) + A([)I=(CAS(PHI(L))I=QCRI (P2} = SIN{Im([({)]=

+ PID(L )=}

[F (1.23Q2.1) GS TG %0
{1 = | - 1

0Q0 8 4 = l.[m|

JPZ 3 J e 2

XQOC () 2 xDO(I) = LiJ)e(SINIPMI(J))IRQD0(IF2) « CIS{PmI( 1w

* PHIB{Jimn2)

TOOUL) & YOOUL! + LiJIs{COS{PRI(J))BQADDIIRZ! = SIN{O™I{J)})m

* AHIDIJ)s=2)
CONTINUE
COMTINUE
RETUAN

END
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SUBROQUTINE ENOFRC (Bnl)

COMMCN /MEMBER/S (1S5}, 2(13)s LIL15).

[3C13Ste WCL3). w(19)

COMMON /7SPRINGS PHISPHIE PRIB PHIFIKE AP KLy EVOM ,34¥ IV

-
SOMMON /LMPACT/ TMBT{(SQ0), X2T(50).
* y CFs FXo FY
COMMON /ERACTNS FBXLLS), FRY(L1S)
CCMMON /MEMERCY QL(1%). Q2{19)
SOmMON /CSPROPY X0(15). YD( 1S5},
CIMMON
REAL PHI{!%)
REAL KE, XP,
og 19 I leN
I3 =
IF {[m1)
Qe =
g2t}
s
catl)
{(F ([=1MPdAR)
Cal(l) = Qarli]}
I%{L) = Qs 1)
CONTiINyE

IF (Imt) 110+110.70
QILI) = -Q&([m1)
CANT I NUE

AETYAN

END

100¢

Klae M
F Y
-1

40430 .30

QA ([H1)sCOS{0PI{ ML}
~Qa( (M1 )SSIN(IPNILINML))
2 M(f)2YQD(1l) = FRY([I]}
= M([)exBD(L) FEx([)
90430469

Fras [N(BRI(I1))
- FYSCQOS{PAmM{({Il}])

e 15
=

Q21i1l}
aqrey)

SUBRQUTINE QUTPUT (TIug, ML)
CAMMON /TITLE/ HEADLls HEAD2
COMMON /ENQRT/ X [{1S)s TI(19),
COMMON ZALPHASY AYD{LT) . AZDL17),
COAMMON /MEMFRC,Y QAL(1S5)e Q201314
COMMON 7CGPRAR, X0(15) s YOL ISH,
COMMAaN
SHARACTER=80 HEADL, HZAD2

REAL P=[{1S5), AICOC(15)
EQUIVALENCE (C00(3) PRIDO(L1 1))
#RITE (86001 TIMEs MEAODLs ~EAQR2
WRITEZ (6.810)

DQ 20 4 2 i.M
SRITE (4,020) J.
* YOD(J). AMI0044)

COMT [ NUE
4R TE (6,03
00 69 J = LN
SRITE (8.,8680)
CAONTINUE
RETUAN
#ORMAT
FORWAT
PMING IR LTI, INITIAL

200«

R{LJIbs YICJ)s xTUJ)

Jde QA1Cd)s QRLJYY GBI

(*1%ei0X,°eas TIME 2° +F1lJeds
(12, TaQ, "EMNO JUINT LCCATICMT
»

QAI(L1S),

XT{L5).
00017
QICLS

ENOT TS0 ' TIC ¥ NaL

ePR{ILLe) KT 181, 0P {14}
FOT(50) .

NRTS . IRPT. xF,

Qa(ISte QAS{131s

Yoo 1S)

Qqetrs)
131

ZCONST/ MNP L nPZsNML o NPROTMARK « [MOEX W OT JET +E2 421

(IML ) =S IN(DPt L))

AS(IML I =COS{PPmI(TM1}]

TTLL3)

Gai i3y 3FULSte Qoll3)

1S YUOULLS)

SOCONSTS N NOL NP2 NML yNEADT sMARK , [MOS X, DT W ZT,3Q.°1(

o YTOJ s I=[(JE, XOCUJT,

o dwid)y 2304y 29l )

2

. seB¢ X, A80 7/ 22nea 3
+TLOAL"CINTER IS vA33* /

ENO* L TI3S, *aACCSLz7

1
r
-
!

[ 499 an~

v

. -
(=

* / TS MO » T Lot X' yTadyrrote THS e x2 sTE7,% 7?0 ( T79,°0=1{"+,

* T4, XD0¢.T106,9YD0Q! ,T123.?PHIOD?
FORMAT (¢
BOAMAT (*t=+ ,TS58, ' mEMIER EM0D FOQRCEIS:
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DESCRIPTION OF INPUT TO THE COMPUTER PROGRAM

First Card, Format (A30)

Program
Col. No. Variable Description
1-80 HEADI1 Alphanumeric information for identification,

printed on each output page

Second Card, Format (A80)

Program
Col. No. Variable Description

1-80 HEAD2 Additional information continued from card
6ne

Third Card, Format (2I5,3F10.2)

Program
Col. No. Variable Description
1-5 N Number of barrier segments*
6-10 NPROT Qutput print interval
11-20 0T Time integration interval
21-30 ET Translational velocity check
31-40 ER Rotational velocity check

- *Must be 15 or less.
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Fourth Card Series, Format (5F10.2)

Properties of Barrier Segments

Program
Col. No. Yariable
1-310 M(I)
11-20 L{I}
21-30 P({I)
31-40 10(1)
41-50 u(r)

Description

Mass of segment I ({1b secz/ft)

Length of segment [ (ft)

Distance from reference end to center of
mass for segment I (ft)

Mass moment of inertia about center of
segment I (ft-]b-secz)

Friction coefficient for segment I

There are N cards in this series.

Fifth Card Set, Format (4F10.2)

Joint Spring Parameters

Card 1 Program
Col. No. Variable
1-10 PHIS
11-20 PHIE
21-30 PHIP
31-40 PHIF
Card 2 Program
Col. No Varijable
1-10 KE

11-20 KP

21-30 KL

Description

Limit of slack rotation in joint spring
(deg)

Limit of elastic rotation in joint
spring (deg)

Limit of plastic rotation in joint
spring (deg)

Rotation in joint spring at failure (deg)

Description
Elastic spring stiffness {ft-1b/deg)

Plastic spring stiffness (ft-1b/deq)

Lock-up spring stiffness (ft-1b/deg)
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Sixth Card Set, Format (8F10.2)

Initial Position of Barrier

Card 1 Program

Col. No. Variatle Description

1-10 XRO Global X-position of initial end of
system {ft)

11-20 YRO Global Y-position of initial end of
system (ft)

Card 2 Program

Col. No. Variable Description

1-10 PHIO(1) Initial rotation of segment 1 (deg)

11-20 PHIO(2) Initial rotation of segment 2 (deg)

71-80 PHIO(8) Initial rotation of segment 8 (deg)

itnput each of the N initial rotations; use additional cards as necessary.

Coordinate orientation and sign convention shown here:

XRO PHIO(2)(-)

Y4 . 7 S5

PHIO(1)(+) PHIO(3)(+)

YRO

85



Seventh Card Set

Impact Force on Barrier

Format (I5,5X,2F10.2)

Card 1 Program
Col. No. Variable
1-5 NPTS
5-10
11-20 PTIMP
21-30 CF
Format (6F10.2)
Card 2 Program
Col. No. Variable
1-10 T™MPT(1)
11-20 XPT(1)
21-30 FPT(1)
31-40 TMPT(2)
41-50 XPT(2)
51-60 FPT(2)

Description

Number of points in force input

Blank

Distance from reference end of barrier
to XPT(1) = 0.0 (ft)

Coefficient relating longitudinal to

lateral force components

Description
Time at value of FPT(1) (sec)

X-coordinate of location of FPT(1) (ft)
Force perpendicular to barrier segment (1b)

Continue for second set of points

This same format is followed for the remaining sets of TMPT(I),

XPT(I), FPT(I), punching two sets per card.

-

_ Suggested values for the impact fofce, time of application, and

location on the barrier are given in the following table for two stan-

dardized crash tests. This input was used throughout the parameter

evaluation of this research, and gives favorable comparisons with actual

crash test results.

(See results of test 2 for additional details.)
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Standardized Force Input

4500 1b Vehicle, 60 mph, 15° Encroachment

DISTANCE
TIME_ FORCE FROM IMPACT
(sec) (ib) (ft)
0.6 0.0 0.0
0.03 21100. 2.45
0.05 30800. 4.03
0.06 , 33600. 4.80
0.07 35200. 5.56
0.08 35600. 6.30
0.09 35000. 7.03
0.10 33400, 7.74
0.13 25100, 9.83
0.17 11400. 12.55
0.20 4500. 14.58
0.21 2800. 15.26
0.22 1500. 15.97
0.23 600. 16.62
0.24 0.0 17.30

4500 1b Vehicle, &0 mph, 25° Encroachment

DISTANCE
TIME FORCE FROM IMPACT
(sec) (1b) (ft)
0.0 0.0 0.0
0.01 0.0 0.35
0.02 5560. 1.70
0.05 63400. 4.21
0.06 72800. 5.02
0.07 72800. 5.83
0.08 77600. 6.62
0.09 . 70200. 7.41
0.13 - 18000. 10.47
0.14 . 8390. 11.22
0.15 3170. 11.97
0.16 1510, 12.72
G.17 2600. 13.46
0.19 8400. 14.96
.20 10800, 15.71
0.21 11800. 16.46
0.23 8730. 17.97
0.25 1490. 18.72
0.26 0.0 19.47
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PORTABLE CONCRETE MEDIAN BARRIER CONNECTIONS

In the past few years modified versions of concrete median barriers
(CMB) have become popular as portable construction zone barriers. Such a
portable construction zone barrier is constructed by interconnecting several
CMB sections as shown in Figure 19. When CMB sections are used in this
fashion there is usually no positive connection of the barrier to the ground.
The barrier segments are connected with specially fabricated connections.
Several different types of portable CMB connections have been designed by
different groups. The strength and utility of the various types of
connections are highly variable. The degree to which continuity between the
CMB segments is maintained, and hence the ability of the portable barrier to
prevent enchroachment into the work zone is controlled to a large degree by
the strength of the connection. The purpose of the research reported herein
is to present the caIcu]ated strengths of different types of portable CMB
connections in use today.

Fifteen different portable CMB connections were examined in the research
report herein. Details of the different barrier connections were obtained by
contacting wvarious agencies and designers involved in the design,
construction, or use of the portable CMB's. For various reasons, it was not
possible to assemble a complete set of details concerning the material
strengths associated with each of the different connections. Therefore, in
many cases it was necessary to assume material strengths to calculate
connection strengths., Table 1l presents a uniform set of material strength
assumptions which were used in this study in lieu of more precise
information. Using the barrier §eometries, elementary principals of
mechanics, and assumed or actual material properties, the tensile, shear,
bending, and torsional strengths of each of the different portable CMB
connections were-calculated.

" The remainder of this appendix is devoted to a detailed presentation of
the connection strength calculations for each of the different CMB
connections considered. Results of these calculations are summarized in
Table 12. It would certainly be possible to perform more rigorous analyses
to determine the strengths of the connections than those reported herein.
However, the quality of the calculated strengths would not be improved
because of the uncertainties in the material properties and construction
tolerances. Therefore, it 1is the opinion of the writers that more
complicated analyses are unwarranted.
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1

2

Table 11. Assumed Material Strengths.

Ultimate
Material Compressive Yield Strength Yield Strength

Strength in Tension in Shear

(ksi) (ksi) (ksi)

Concrete f ¢ 3.0 -—- Tt T 0.3
Rebar Bolts, --- g = 36 T = 20.38
and welds Y Y
Structural --- a = 36 T = 20.3
Steel Y Y
Wire Rope --- g = 91.72 T = 52,92
and Cable ult uit
Structural -—- g = 46 T = 26.6
Steel Tube y y

all shear strengths except for concrete are based on energy of distorion
theory, i.e. ry

= cy /Iv3

strengths based on gross cross-sectional area
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Table 12. Calculated Connection Strengths.

Connection Tensile Shear | Moment WiTorsion Designation
Capacity | Capacity | Capacity | Capacity | Appendix E
(k) (k) (ft-k) (ft-k)

Welsback Interlock (NJ) 208 156 139 94 clo
I-Lock (NY) 92 208 61 87 c7
Pin and Rebar (CA) 85 85 57 60 W)
Corregation and

Cable (CA) 41 23 27 19 *%
Lapped Joint and

Bolt {TX) 27 47 4 24 Co
Pin and Eye Bolt (MN) 20 12 13 9 Co*
Pin and Wire Rope (ID) 61 61 41 41 Ce*
Pin and Rebar (GA) 46 46 31 31 CE*
Dowel (TX) g 6U 0 37 Ce
Tongue and Groove (OR) 0 27 0 9 Clewx
Tongue and Groove (VA) 0 32 0 7 Cl

_;ook and

Rebar (C0) 7 5 5 0 *
Channel Splice 96 &7 80 21 C9
T-Lock (Base) 46 588 97 375 c8
T-Lack (Top) 16 193 11 56 ca4
Grid-Slot (TX) . ° 0 60 0 30 €3
* These connections are similar to C6 but have a Tower structural

capacity. The model for C6 used in the cost section (Appendix E) was
the California Pin and Rebar.

**  Not considered in the cost section

***  Different end connection geometry than the Virginia Tongue and Groove.
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WELSBACH INTERLOCK (New Jersey)

The New Jersey Welsbach Interlock connection is shown in Figure 2. This
connection consists of two specially fabricated steel interlocks which are
cast into one end of the barrier section and two grooves which are cast into
the other end of the barrier section. The connection is accomplished by
Tifting the end of the barrier section with the interlocks and inserting the
steel interlocks into the grooves on the opposite end of another barrier as
shown in Figure 20,

TENSION CAPACITY
The tension capacity, FT of this connection- is controlled by the

tensile strengths of the steel fnter1ocks loaded as shown in Figure ¢1.
SHEAR CAPACITY OF FILET WELDS

If it is_assumed that the yield strength of the weld in shear is 34.6
ksi and that the weld has a 1/4 in. throat, the tensile strength of the
connection is given as follows:

FT = 4(.707)(.25 in.)(5 in.)}(34.6 ksi),

Fr = 122.3 k.
If the throat of the weld is assumed to be 1l/2 in., the strength of the
connection is given as follows:

FT = 2(122.3 k),

Fp = 284.6 k
TENSILE CAPACITY AT POINT A

If it is assumed that the yield strength of the steel interlock in
tension is 36 ksi, the strength of the connection is given as follows:

FT 2(5 in.)(.75 in.)(36 ksi),

FT 270 k.=
SHEAR CAPACITY AT POINT B

If it is assumed that the yield strength of the steel interlock in shear
is 20.8 ksi, the tensile strength of the connection is given as follows:
FT = 4(5 in.)(.50 in.}(20.8 ksi},
FT = 208 k. -
Assuming that the weld is sized so that it i1s not the weakest point, the

calcuTated tensile capacity of the connection is determined to be 208 k.
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SHEAR CAPACITY
The shear capacity, V, of this connection is controlled by the shear

strength of the steel interlock loaded as shown in Figure 22. If it is
assumed that the yield strength of the steel interlock in shear is 20.8 ksi,
the shear strength of the connection is given as follows:

V= 2(5 in.)(.75 in.)(20.8 ksi),

V = 156 k.

The shear strength of this connection is thus calculated to be 156 k.

BENDING CAPACITY
The bending capacity, M, of this connection is controlled by the couple

that develops between the tensile force in the steel interlock and the
barrier faces in contact as shown in Figure 23. If it is assumed that the
tensile force in the interiock is 208 k, as previously calculated, and that
the moment arm, d, shown in Figure 23 is 8 in., the bending strength of the
connection is given as follows:

M= (208 k)(8 in.),

M = 1664 in.-k or 139 rt-k.

The bending strength of the connection is thus calculated to be 139
ft-k.

TORSION CAPACITY
The torsion capacity, T, of this connection is controlled by the couple

which develops between the shear forces in the interlocks as shown in Figure
24. The moment arm, d, in Figure 24 is taken to be 14.5 in. I[f it is
assumed that the interlock forces are equal to half of the shear capacity of
the connection (calculated to be 156 k), the torsional strength of this
connection is given as follows:

T = (14.5 in.)(156 k / 2),

T =1131 in.-k or 94.3 ft-k.

The torsion capacity of the connection is thus calculiated to be 94 ft-k.
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Figure 23. Forces on Barrier Face
When Connection is in Bending.

Figure 24. Forces on Barrier lhen Connection
is in Torsion.
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[-LOCK (New York)

The New York I-Lock connection is shown in Figure 25. The connection
between barrier sections is accomplished by inserting a specially fabricated
steel key into slotted steel tubes which are cast in the barrier ends.

TENSILE CAPACITY
The tensile capacity, FT’ of this connection is controlled by the

strength of the I-lock- 1oaded as shown in Figure 26, or the capacity of the
structural tube loaded as shown in Figure 27. The strength of the I-lock
will be checked first,
SHEAR CAPACITY OF FILET WELDS

If the yield strength of the weld shown in Figqure 26 is assumed to be
34,6 ksi, the tensile strength of the comnnection is given as follows:

FT = 2(20 in.)(.707)(5/16_in.)(34.6-ksi),

Fr = 305.8 k.
SHEAR STRENGTH AT POINT B

If the yield strength of the I-lock at point B in shear is assumed to be
20.8 ksi (ref. Fig. 26), the tensile strength of the connection is given as
follows:

FT 2(1/2 in.)(20 in.)(20.8 ksi),

FT 416 k.
TENSILE STRENGTH AT POINT A

If the yield strength of the I-lock in tension is assumed to be 36 ksi
(ref. Fig. 26}, the tensile strength of the connection is given as follows:

Fr = 1/2 in.(20. in.)(36 ksi),

FT = 360 ksi. .
FLEXURAL STRENGTﬁ 0OF STRUCTURAL TUBE AT POINT A

[f the yield strength of the structural tube is assumed to be 46 ksi,
1> at point A on the tube (ref. Fig. 27) is

the maximum plastic moment, Mp
given as follows:
Mp]'= 46 ksi{1l/4 in.)(20 in.)(1/4 in.),
Mp] = 57,5 in.-k.
The tensile capacity of the connection is then calculated as follows:
FT = 2(57.5 in.-k)/(1.25 in.),
FT = 92 k.
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{a} 3ide View of I-Lock
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SHEAR CAPACITY OF STRUCTURAL TUBE BELOW POINT A

[f it is assumed that the yield strength of the tube in shear just below
point A is 26.6 ksi (ref. Fig. 27), the tensile strength of the connection is
given as follows:

FT = 2(20 in.)(1/2 in.){26.6 ksi},

FT = 532 k.

The tensile capacity of this connection is thus calculated to be 92 k.

SHEAR CAPACITY
The shear strength, V, of this connection is controlled by the shear

strength of the I-lock loaded as shown in Figure 28. [f the yieid strength
of the I-lock in shear is assumed to be 20.8 ksi, the shear strength of the
connection is given as follows:

V-= 172 in.(20 in.)(20.8 ksi),

vV = 208 .

The shear capacity of connection is thus calculated to be 208 k.

BENDING CAPACITY

The bending capacity, M, of this connection is controlled by the couple
that develops between the tensile force in the I-lock and the compressive
force in the concrete barrier face as shown in Figure 23. If it is assumed
that the moment arm, d, shown in Figure 23 is equal to 8 in., the bending
capacity of this connection is given as foliows:

M= 92 k(8 in.},

M =736 in.-k or 61.3 ft-k.

The bending capacity of this connection is thus calculated to be 61
ft-k.

TORSION CAPACITY .
The torsion capacity, T, of this connection is the result of shearing

stresses in the web of the I-lock as shown in Figure 29. If it is assumed
that the yield” strength of the [-lock in shear is equal to 20.8 ksi, the
torsion capacity of the connection is given as follows:

T =10 in.(1/2 in.)(20.8 ksi)(10 in.),

T = 1040 in.-k or 86.7 ft-k.

The torsion capacity of this connection is thus calculated to be 87
ft-k.
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PIN AND REBAR {California)

The California pin and rebar comnection is shown in Figure 30. Steel
loops are cast in the ends of the barrier face so that loops in opposing ends
of the barrier align as shown. The connection is accomplished by inserting a
bolt through the loops and installing a nut and washer on the bolt end.

TENSION CAPACITY
The tension capacity, FT’ of this connection is controlled by the

strength of the steel loops loaded as shown in Figure 31 or the strength of
the bolt loaded as shown in Figure 32. The strength of the steel Toops will
be addressed first.
TENSILE CAPACITY OF STEEL LOOPS

[f it is assumed that the yield strength of the steel loops in tension
is 60 ksi {(ref. Fig. 31), the tensile strength of the connection is
calculated as follows:

Fr = 2(2)(n)(3/8 in.)%(60 ksi),

Fy = 106 k.
SHEAR STRENGTH QF BOLT

If the shear strength of the balt is assumed te be 34.7 ksi (ref Fig.
32}, the tensile capacity of the connection is given as follows:

Fr = 2(x)(5/8 in.)%(34.7 ksi),

FY = 85.2 k.
BENDING STRENGTH OF BOLT

The bending strength of the bolt in this connection is not at issue
because the nut on the bottom of the bolt prevents failure of the bolt in
this mode.

The tensile‘cépacity of this connection is thus calculated to be 85 k.

SHEAR CAPACITY
The shear capacity, V, of this connection 1s controlled by the same

mechanism as the tension capacity. Therefore, the shear capacity is
calculated to be 85 k.
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BENDING CAPACITY

The bending capacity, M, of this connection is the result of the couple
which developes between the tensile force in the steel loops and the
compressive force in the extreme fibers of the barrier end as shown in Figure
23. If it is assumed that the moment arm, d, in Figure 23 is 8 in., the
bending strength of the -connection is given as follows:

M =85.2 k(8 in.),

M =681.6 in.-k or 56.8 ft-k.

The bending capacity of the connection is thus calculated to be 57 ft-k,

TORSION CAPACITY
The torsion capacity, T, of this connection is the result of the couple

which develops between the forces on the steel lcops as shown in Figure 24.
The moment arm, d, for this conpection is 17 in. [f it is assumed that this
force is limited by the shear strength of the pin, the torsion capacity of
the connection is given as follows: ' .

T = (85.2 k/2)(17 in.),

T =1724.2 in.-k or 60.4 ft-k.

The torsion capacity of this connection is thus calculated to be 60
ft-k.
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CORREGATION AND CABLE (California)

The California corregation ang cable connection is shown in Figure 33.
The connection is accomplished by post tensioning the corregated barrier ends

together as shown in Figure 33.

TENSION CAPACITY

The tension capacity, FT, of this <connection 1is controlled by the
tensile strength of the wire rope loaded as shown in Figure 34, [f it is
assumed that the ultimate tensile strength of the wire rope is 91.7 (on the
gross cross-section), the tensile strength of the connection is given as

follows:
Fr = 1(3/8 in.)(91.7 ksi),
Fr = 40.5 k.

The tensile capacity of the connection is thus calculated to be 41 k.

SHEAR CAPACITY
When this connection is subjected to shear, the tendency will be for the

connection to open as shown in Figure 35. This results in a tensile force in
the wire rope and a normal force between the barrier sections. Therefore,
the shear capacity, V, of the connection is limited by one of two factors,
the magnitude of the friction between the concrete barriers as shown in
Figure 36, or the shear strength of the cable as shown in Figure 37.

FRICTION BETWEEN BARRIERS.

The maximum tensile force that the wire rope can develop was calculated
above to be 40.5 k. If it is assumed that the coefficent of friction between
the barrier sections is 0.70, the shear strength of the barrier is given as
follows: -

v=(.7) (40 .5 k),

V = 28.4 k.

SHEAR STRENGTH OF CABLE

If it is assumed that the ultimate shear strength of the cable is 52.9
ksi on the gross area (ref. Fig. 37), the shear strength of the connection
can be calculated as follows:

Vo= x(3/8 in.)%(52.9 ksi),

v 23.4 k,

The shear strength of the connection is thus calculated to be 23 k.
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Figure  34. Forces on Wire Rope When
Connection is in Tensian.
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Figure 35. Connection in Shear.
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BENDING CAPACITY
The bending capacity, M, of this connection is the result of the couple

which forms between the wire rope and the extreme fibers of the barrier
segments as shown in Figure 23. The magnitude of the tensile force in the
wire rope was previously calculated to be 40.5 k. [If it is assumed that the

moment arm, d, in Figure 23 is equal to 8 in., the bending capacity of the
connection can be calculated as follows:

M= (40.5 k)(8 in.),

M= 324.0 in.-k or 27.0 ft-k.

Therefore, the bending capacity of this connection is calculated to be’
27 ft-k,

TORSION CAPACITY
The torsion capacity, T, of this connection barrier is the resuit of the

frictional shear forces on the barrier face as shown in Figure 38. The
resultant shear force on the barrier face will be 28.4 k as previgusly
calculated. If it is assumed that the moment arm associated with this
resultant force is 8 in., the torsion capacity of the section is given as
follows:

T = (28.4 k)(8 in.),

T =227.2 in.-k or 18.9 ft-k.

The torsion capacity of this connection is thus calculated to be 19
ft-k.
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LAPPED JOINT AND BCLT (Texas)

The Texas lapped joint and bolt connection is shown in Figure 39. The
ends of each barrier segment are specially fabricated so that they overlap in
a vertical plane. The connection is accomplished by inserting and tightening
a single 1 in, diameter steel bolt.

TENSILE CAPACITY

The tensile capacity, FT’ of this joint is controlled by the shear
strength of the connecting bolt as shown in Figure 40. If the yield strength
of the bolt in shear is assumed to be 34.6 ksi (ref. Fig. 40}, the tensile
strength of the connection is given as follows:

Fp = 7(1/2 1n.)%(34.6 ksi),

Fr =27.2 k.

The tensi]g capacity of the joint is thus calculated to be 27 k.

SHEAR CAPACITY
The shear capacity, V, of this connection is controlied by either the
tensile strength of the connecting bolt as shown in Figure 41 or the shearing

strength of the failure plane as indicated in Figure 42.
TENSILE STRENGTH OF BOLT

If the yield strength of the bolt in tension is assumed to be 60 ksi,
the shear strength of the conmnection is given as follows:

Vo= a(1/2 in.)%(60 ksi),

V=47.1k.
SHEAR STRENGTH ACROSS FAILURE PLANE

If failure of the barrier connection occurs along the failure plane
indicated in Fié@re 42, a total of four bars of unknown diameter (assumed to
be 3/8 in.), cne steel plate with a 4 in. x 1/2 in. cross-section, and the
concrete itself must fail in shear (ref. Fig. 39). If it is assumed that the
yield strength of the steel bars in shear is 34.6 ksi, the yield strength of
the steel plate in shear is 20.8 ksi, and the ultimate shear strength of the
“concrete is 110 psi, the shear strength of the connection is given as

follows: '
V= 4(2)(3/16 in.)%(34.6 ksi)+(4 in.)(1/2 in.)(36 ksi)
+(200 sq. in.)(.110 ksi), '
¥V =

109.3 k.
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The shear strength of this connection is thus calculated to be 47 k,

BENDING CAPACITY
The bending capacity, M, of this connection is developed as a result of
the couple which develops between the tensile force in the connecting bolt

and the compressive force between the concrete barrier ends as shown in
Figure 43. [f the tensile strength of the bolt is taken to be 47.1 k as
calculated earlier and the ultimate compressive strength of the concrete is
taken as 0.85 (3000 ksi), the width, w, of the compressive zone shown in
Figure 43 is given as follows:
47.170(30 in.)(.85)(3 ksi)]
.62 in.
The value of moment arm, d, is then be calculated as follows:

d=261in. - .62 in./Z,

d =5.7 in.
The moment capacity of the connection is then given as follows:

M=47.1 k(5.7 in.),

M= 268.5 in.-k or 22.4 ft-k.

The bending capacity of this connection is thus calculated to be 22
ft-k.

]

w

W

TORSION CAPACITY
The torsion capacity. T, of this section is controlled by the couple

which develops between the tensile force in the bolt and the compressive
force on the barrier as shown in Figure 44. If it is assumed that the moment
arm, d, is equal to 6 in., the torsion capacity of the connection is
calculated as follows:

T =47.1k({® in.),

‘T = 282.6 in.-k or 23.6 ft-k.

The torsion capacity of the connection is thus calculated to be 24 ft-k.
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PIN AND EYE BOLT (Minnesota)

The Minnesota pin and eye bolt connection is shown in Figure 45. Eye
bolts are cast into the ends of the barrier segments so that the bolts in
opposing ends of the barrier align as shown. The connection is completed by
inserting a connection pin through the eye bolts,

TENSION CAPACITY
The tensile capacity, FT, of this connection is controlled by the

strengths of the eye bolts or the strength of the pin, If moments are summed
about point A in Figure 46 the following relationship between the torces in
the eye bolts results:

PI = 1.25 PO
Therefore

FT = 2.25 P0
or

FT = 1.80 PI

STRENGTH OF THE EYE BOLTS

It is assumed that the strength of the eye bolt is controlled by the-
tensile strength of the shank as shown in Figure 47, If it is assumed that
the yield strength of the eye bolt shank in tension is 36 ksi, the tensile
strength of the connection is given as follows:

Fp = 1.8(3/8 1n.)%(x)(.70)(36 ksi),

FT 20.0 k.
SHEAR STRENGTH OF THE PIN

The maximum shear in the pin occurs just above point A {ref. Fig. 46).
1f it s assumed that the yield strength of the pin in shear is 34.6 ksi, the
tensile strength of the connection is given as follows:

Fr = 2.25 (34.6 ksi){n)(5/8 in.)%,

FT = 95.5 k.
FLEXURAL STRENGTH CF THE PIN

The maximum moment in the pin occurs 2 in. above point A as shown in

"

i

Figure 46, If it is assumed that the yield strength of the pin in tension is
60 ksi, the plastic moment capacity of the pin is given as follows:
Moy = 4/3(5/8 in.)3(60 ksi),

Mp] = 19.5 in.-k.
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The tensile strength of the connection can then be calculated as follows:
Fr = 2.25 (19.5 in.-k/2 in.),
FT = 21.9 k.
The tensile strength of the connection is thus calculated to be 20 k.

SHEAR CAPACITY
The shear strength, V, of this connection is controlled by either the
strengths of the eye bolts loaded as shown in Figure 48, or the strength of

the pin loaded essentially the same as shown in Figqure 46.
SHEAR STRENGTH OF THE EYE BOLT
If the yield strength of the eye bolt in shear is assumed to be 20.8
ksi, the shear strength of the connection is given as follows: -
V = 1.8(20.8 ksi)(1)(3/8 in.)%(.70),
v 11.6 k.
STRENGTH OF PIN
The shear and bending strengths of the pin are the same as calculated

It

above in the tensile capacity section,
The shear strength of the connection is thus calculated to be 12.0 k.

BENDING CAPACITY
- The bending capacity, M, of this connection 1s controlled by the couple

which develops between the tensile farce in the a2ye bolt and the compression
between the concrete barriers in contact as shown in Figure 23. If it is
assumed that the moment arm, d, shown in Figure 23 is 8 in., the moment
capacity of the connection is calculated as follows:

M =20.0 k(8 in.},

M= 160.0 in.-k or 13.3 ft-k.

The bending.capacity of the connection is thus calculated to be 13 ft-k.

TORSION CAPACITY
The torsion capacity of this connection is the result of the couple

which develops between the forces acting on the pin as shown in Figure 49.
The following equilibrium equation can be developed by summing moments about
point A in Figure 49.
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Figure 49. Forces Acting on Pin Yhen
Connection is in Torsion.

123



The forces are limited by either the strength of the eye bolt or the strength

of the pin.

SHEAR STRENGTH OF EYE BOLT
If it is assumed that the yield strength of the eye bolts in shear is

20.8 ksi, the torsional capacity of the connection is given as follows:

T = 20.8 ksi(x)(3/8 im)2(.70)(16 in.),

T =102.9 in.-k or 8.6 ft-k.
SHEAR STRENGTH OF PIN

[f the yield strength of the pin in shear is assumed to be 34.6 ksi, the
torsional capacity of the connection is given as follows:

T = 7(5/8 in.)?(34.6 ksi)16 in.),

"

T =679.4 in.-k or 56.6 ft-k.
FLEXURAL STRENGTH OF PIN

[f the yield strength of the pin in tension is assumed to be 60 ksi, the
plastic moment capacity is 19.5 'in.-k as calculated earlier. The torsional
capacity of the connection is calculated as follows:

T = (19.5 in.-k/2in.)(16 in.},

T = 156.0 in.-k or 13.0 ft-k.

The torsion capacity of the connection is thus calculated to be 9 ft-k,
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PIN AND WIRE ROPE (Idaho)

The Idaho pin and wire rope connection is shown in Figure 50. Wire rope
Toops are cast into the ends of the barrier segments so that the loops in
opposing ends of the barrier overlap as shown, The connection is completed
by inserting a threaded steel pin through the loops and installing & nut and
washer on the bottom end of the steel pin. '

TENSION CAPACITY
The tensile capacity, FT’ of this connection 1is controiled by the

strength of the pin and wire rope loaded as shown in Figure 51. If moments
are summed about point A of the pin as snown in Figure 51, the following
equilibrium equation results:

PI = 1.25 P0
Therefore

FT = 2.25 P0
or

FT = 1.80 PI

TENSILE STRENGTH OF WIRE ROPE

The wire rope loops are loaded in tension as shown in Figure 52. If it
is assumed that the tensile strength of the wire rope is 91.7 ksi {on the
gross cross-section), the tensile strength of the connection is given as

follows:
Fro= 1.8(2)(91.7 ksi)(x)(1/4 in.)®
F. = 64.8 K.

T
SHEAR CAPACITY OF PIN
If it is assumed that the yield strength of the pin in shear is 34.6

ksi, the tensile strength of the connection is given as follows:
Fo= (2.25)(34.6 ksi)(m)(1/2 in.)

T

FT 61.1 k.
BENDING CAPACITY OF PIN

The bending strength of the pin is not a controlling factor for this
ccnnection because the pin is equipped with a nut and washer.

The tensile capacity of this connection is thus calculated to be 61 k.
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SHEAR CAPACITY
The shear capacity, V, of this connection is controlled by the same

mechanism as the tension capacity. Therefore, the shear capacity of the

connection is 61 k.

BENDING CAPACITY
The bending capacity, M, of this connection is controlied by the coupie

which develops between the tensile force developed by the pin connection and
the compression between the concrete barrier sections as shown in Figure 23.
If the moment arm, d, shown in Figure 23 is assumed to be 8 in. then the
bending capacity of the connection is calculated as follows:

M= {61.1 k)(8 in.),

M = 488.8 in.-k or 40.7 ft-k.

The bending capacity of this connection is thus calculated to be 41
ft-k.

TORSION CAPACITY
The torsion capacity, T, 1s the result of the couple which develops
between the forces acting on the pin as shown in Figure 53. The following

equilibrium relationship can be developed by summing moments about point A,
P0 = PI
The forces are limited by either the strength of the loops or the
strength of the pin.
TENSILE STRENGTH OF LOOPS
If the tensile strength of the loops is assumed to be 91.7 ksi (on the

gross cross-section), the torsional capacity of the connection is given as

follows: ‘
T = 91.7 ks#(1/2 in.)2()(18 in.),
T = 1296.4 in.-k or 108.0 ft-k.

SHEAR STRENGTH OF PIN

If the yield strength of the pin in shear is assumed to be 34.6 ksi, the
torsional capacity of the connection is given as follows:

T = x(1/2 in.)%(34.6 ksi)(18 in.),

T =489,1 in.-k or 40.8 ft-k,

The torsion capacity of this connection is thus calculated to be 41
ft-k.
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PIN AND REBAR (Georgia)

The Georgia pin and rebar connection is shown in Figure 54. Steel loops
are cast in the ends of the concrete median barrier so that the loops in the
opposing ends overlap as shown. The connection is completed by inserting a
7/8 in. diameter pin which is held in place with a nut and washer as shown in
Figure 54,

TENSION CAPACITY
The tension capacity, FT’ of this connection 1is controlled by the

strength of the loops loaded as shown in Figure 56, or the strength of the
pin loaded as shown in Figure 55. [f moments are summed about point A in
Figure 55 the following relationship between the forces on the pin results:

PI = 1.22 PO
therefqre

FT = 2.22 P0
or

FT = 1.8¢ PI

The first set of calculations is concerned with the strength of the steel
Toops.
1ENSILE STRENGTH OF LOOPS

Figure 56 presents the tensile loads acting on a typical steel loop. If
it is assumed that the yield strength of the loop in shear is 60 ksi, the
tensile strength of the connection is given as follows:

Fr = 2(1.82)(n)(3/8 in.)?(60 ksi),

FT = 96.5 k.
SHEAR CAPACITY OF PIN

If the yiefa strength of the pin in shear is assumed to be 34.7 ksi, the
tensile capacity of the connection is given as follows:

Fro= 2,22 (2)(7/16 1n.)°(38.7 ksi),

FFT = 46.3 k.
BENDING STRENGTH OF PIN
‘ The bending strength of the pin is not a controlling mechansism for this
connection because the pin is securely fastened in place with a nut.

- The tensile capacity of this connection is thus calculated to be 46 k.
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SHEAR CAPACITY
The shear capacity, V, of the connection is controlled by the same

mechanism as the tension capacity. Therefore the shear capacity of the

connection is 46 k.

BENDING CAPACITY
The bending capacity, M, of this connection is developed as a result of

the couple between the tensile force in the hooks and the compressive force
in the extreme fibers of the concrete barriers in contact as shown in Figure
23. If the magnitude of the tensile force is taken to be 41.3 k as
calculated above and the moment arm, d, in Figure 23 is assumed to be 8 in.,
the bending capacity of the connection is given as follows:

M=46.3 k (8 in.),

M= 370.4 in.-k or 30,9 k-ft.

The bending capacity of this connection is thus calculated to be 31
ft-k.

TORSION CAPACITY
The torsion capacity, T, of this connection is the result of the couple

which develops between the forces between the pin and the loops as shown in
Figure 57. If moments are summed about point A in Figure 57, the following
relationship between the forces results:

P, = P

The magnitudes of the forces between the pin and the hooks is controlled by
gither the strength of the hooks or the strength of the pin.
TENSILE STRENGTH OF HOOKS

Figure 57 presents the tensile forces acting on a steel loop. If it is
assumed that thefyield strength of the loop in tension is 60 ksi, the torsion
capacity of the section is given as follows:

T =2 (n)(7/16 in.)%(60 ksi)(18 in.),

T =1298.9 in.-k or 108.2 ft-k.
SHEAR STRENGTH OF PIN

If the yield strength of the pin in shear is assumed to be 34.7 ksi, the
torsion capacity of the connection is given as follows:
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(7716 in.)%(34.7 ksi)(18 in.),
375.6 in.-k or 31.3 ft-k.
The torsion capacity of the connection is thus calculated to be 31 ft-k.

—f
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DOWEL (Texas)

The Texas Dowel connection is shown in Figure 58. Three steel dowels
are cast into one end of the barrier section and three grooves are cast into
the other end of the barrier section. The connection is made by inserting
the dowels on one end of a barrier section into the grooves on the end of
another barrier section. When this connection is used in a permanent
installation grout is pumped into the grooves and into the interface area
between the barrier sections; however, grout is not used in a temporary
installation.

TENSILE CAPACITY
The tensile capacity, FT’ of this connection is zero because grout is

not used in a temporary installation.

SHEAR CAPACITY ‘
The shear capacity, V, of this connection is controlled by the shear
strength of the dowels as shown in Figure 59, or the bending strength of the

dowels as shown in Figure 60.
SHEAR STRENGTH OF DOWELS

[f it is assumed that the yield strength of the steel dowels in shear is
34.6 ksi, the shear strength of the connection is given as follows:

Vo= 3(n)(1/2 in.)%(34.6 ksi),

vV = 81.5 k.
BENDING STRENGTH OF DOWELS

If it is assumed that the yield strength of the steel dowels in tension
is 60 ksi, the plastic moment capacity of the dowel is calculated as follows:

My = 4/3(172 in.)3(60 Ksi),

Mp1 = 10.0 ‘in.-k. ,
If it is assumed that the moment arm, d, shown in Figure B0 is equal to 1
in., the shear strength of the connection is calculated as follows:

V = 3(2)(10 in.-k/1 in.),

V = 60.0 k.

The shear capacity of this section is thus calculated to be 60 k.
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BENDING CAPACITY
The bending capacity, M, of this connection is zero because grout is not

used in temporary connections.

TORSION CAPACITY
It is assumed that the torsion capacity, T, of this connection is the

result of the couple which develops between the two outer dowels as shown in
Figure 61. It was seen earlier that the maximum shear force in the doweil, is
limited by the bending strength of the dowels. Assuming that the plastic
moment capacity of a dowel is 10.0 in.-k as calculated earlier, the torsion

capacity of the connection is given as follows:
T =2(10 in.-k/1 in.)(22 in.),
T = 440,00 in.-k or 36.7 ft-k,
The torsion capacity of the section is thus calculated to be 37 ft-k.
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TONGUE AND GROOVE (Oregon)

The Oregon tangue and groove connection is shown in Figure 62. Two
protrusions are cast on the face of one end of the barrier and two grooves
are cast on the other end of the barrier. The connection is accomplished by
inserting the protrusions on one end of the barrier into the groove on the
other end of the barrier.

TENSILE CAPACITY
The tensile capacity, FT’ of this connection is zero because there is no

positive attachment between barrier sections.

SHEAR CAPACITY
The shear capacity, V, of this connection is controlied by the force

required to shear the concrete protrusions from the end of a barrier as shown
in Figure 63. The total area of the concrete which must be sheared is 88.8
sq. in. If the ultimate shear strength of the concrete is assumed to be 0.30
ksi., the shear strength of the connection is given as follows:

V = (88.8 sq. in.)(0.30 ksi), '

V = 26.6 k.

. The shear strength of this connection is thus calculated to be 27 k.

BENDING CAPACITY ,
The bending capacity, M, of this connection 1is zero because the

connection has no tension capacity.

TORSION CAPACITY

To calculate the torsion capacity, T, of the connection it is assumed
that the ultimate shearing strength of the concrete is 0.30 ksi and that the
shearing stress distribution in the concrete protrusions is as shown in

Figure 64. The torsion capacity of the connection is thus calculated as

follows:
T =(5.95 k)(10.6 in.,) + (.75 k)(3.8 in,) + (5.20 «){7.9 in.),
T =107 in.-k or 8.9 ft-k.

The torsion capacity of the connection is thus calculated to be 9 ft-k.
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TONGUE AWD GROOVE (Virginia)

The Virginia tongue and groove connection is shown in Figure 65, A
single vertical protrusion is cast into one end of the barrier section and a
groove 1is cast into the other end. The connection is accomplished by
inserting the protrusion on one end of a barrier section into the groove on
the other end of another barrier.

TENSION CAPACITY
The tension capacity, FT’ of this connection is zero because there is no

positive attachment.

SHEAR CAPACITY
The shear capacity, V, of this connection is controlled by the force

required to shear the concrete protrusion from the end of the barrier section
as shown in Figure 66. The area of the protrusion that must be sheared is
107.6 sq. in. If the ultimate shear strength of the concrete is assumed to
be 0.30 ksi, the shear strength of the connection is calculated as follows:

V = {107.6 5q in.)(0.30 ksi},

V=32.3 k.

The shear capacity of the connection is thus calculated to be 32 k.

BENDING CAPACITY
The bending capacity, M, of this section is zero because the tension

capacity of the caonnection is zero.

TORSION CAPACITY

To calcuiate the torsion capacity, T, of this connection it is assumed
that the ultimate shear strength of the concrete is 0.30 kei and that the
shearing stress distribution shown in Fiqure 67 acts in the concrete
protrusion. The torsion capacity of the section is then given as follows:

T=(6.4 k){13.6 in.),

T=287.01in.-k or 7.3 ft-k.

The torsion capacity of this connection is thus calculated to be 7 ft-k,
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TOP HOOK AND REBAR (Colorado)

The Colorado top hook and rebar connection is shown in Figure 638. Steel
loops are cast into both ends of the barrier section. The barrier connection
is accomplished by installing the steel hook as shown in Figure 68.

TENSION CAPACITY
The tensile capacity, FT, of this connection is controlled by the

strength of the steel hook (Ref. Fig. 69) or the strength of the steel loops
(Ref. Fig. 70).
TENSILE STRENGTH OF HQOK

If the yield strength of the hook in tension is assumed to be 60 ksi,
the tensile strength of the connection at point A (Ref. Fig. 69) is given as
follows:

T = (7716 in.)2(60 ksi),

T=36.1k.
FLEXURAL STRENGTH OF HQOK

If the yield strength of the hook in tension is assumed to be 60 ksi,
the plastic moment capacity of the hook at point B, as shown in Figure 69, is
given as follows:

Moy = (4/3)(7/16 in.)3(60 ksi),

Mo1 = 6.7 in.-k.

The tensile capacity of the hook is then given as follows:

FT = 6.70 in.-k/(15/16 in.),

Fr = 7.1 k.
SHEAR STRENGTH OF HOOK -

If the yield -strength of the hook in shear is assumed to be 34.6 ksi,
the tensile stré;gth of the connection is given as follows:

Fr = 34.6 ksi (n)(7/.6 in.)%,

FT = 20.8 k.
TENSILE STRENGTH OF LOOP ‘

If the yield strength of the Toop in tension is assumed to be 60 ksi,
the tensile strength of the loop loaded as shown in Figure 70 is given as
follows:
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Fr = 2(x)(5/16 in.)2(60 ksi),
Fq 36.8 k.
The tensile capacity of the connection is thus calculated to be 7 K.

SHEAR CAPACITY
The shear capacity, V, of this connection is controlled by the shear

strength of the hook loaded as shown in Figure 71, or the fricticnal
resistance between the barrier sections in contact as shown in Figure 72.
SHEAR STRENGTH OF HOOK

The shear strength of the hook was previously calculated to be 20.8 k.
FRICTIONAL RESISTANCE BETWEEN BARRIERS

The maximum normal force between the barriers was previously determined
to be 7.2 k. If the coefficient of friction between the concrete barriers is
assumed to be 0.7 {Ref. Fig. 73), the shear.strength of the connection is
thus calculated to be 5. k.

V=.71(7.2),

V =510k,

The shear capacity of the connection is thus caiculated to be 5 k.

BENDING CAPACITY
The bending capacity, M, of this connection is controlled by the couple

which develops between the tensile force in the hook and the compressive
force between the concrete barriers in contact as shown in Figure 23. If the
moment arm, d, shown in Figure 23 1is assumed to be 8 in., the bending
strength of the connection is given as follows: )

M= (7.2 k)(8 in.),

M= 57.6 in.-k or 4.8 ft-k.

The bendingxcépacity of this connection is thus calculated to be 5 ft-k.

TORSION CAPACITY
The torsion capacity is controlled by the torque required to twist the

hook loaded as shown in Figure 74. If it is assumed that the yield strength
of the hook in shear is 34.6 ksi, the torsion capacity of the connection is
given as follows:
T = (2/3)(34.6 ksi)(7/16 in.
T=1.9 in.-k or .16 ft-k.

The torsion capacity of the connection is thus calculated to be
effectively zero,

)3
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CHANNEL SPLICE

The TTI channel spliice connection is shown in Figure 75. The barrier
sections are fabricated with two bolt holes through the thickness of the
barrier. The barrier connection is accomplished by connecting the barrier
ends together using channel splice plates which are bolted to the barrier
ends with bolts which go through the full width of the barrier section as
shown.

TENSILE CAPACITY
The tensile capacity, FT, of this connection is controlled by either the

strength of the chanrel splice plates, or the strength of the bolts loaded as
shown in Figure 76.
TENSILE STRENGTH OF SPLICE

If it is assumed that the yield strength of the splice in tension is 36
ksi, the tensile capacity of the connection is given as follows {Ref. Fig.
76):

F

T 2{2.64 sq in.-(7/4 in.)(.325 in.]{36ksi),

Fr = 149.1 k.
SHEAR STRENGTH QF BOLTS

If it is assumed that the yield strength of the bolts in shear is 34.6
ksi, the tensile strength of the connection is given as follows:

Fr = 8(.70)(x)(9/16 in.)%(34.6 ksi),

Fr = 96.3 k.

The tensile strength of the connection is thus calculated to be 96 k.

1]

SHEAR CAPACITY )

-The shear tapacity, V, of the connection is controlled by either the
shear strength of the channel splice plate as shown in Figure 77, or the
frictional resistance between the barrier ends in contact as shown in Figure
78.

SHEAR STRENGTH OF SPLICE
If the yield strength of the channel splice plate in shear is assumed to
be 20.8 ksi, (Ref. Fig. 77) the shear strength of the connection is given as

follows:
V = 2(2.64 sq. in.)(20.8 ksi),
V = 109.8 k.
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FRICTIONAL RESISTANCE BETWEEN BARRIERS

The maximum normal force between the barriers was calculated earlier to
be 96.3 k. [f the coefficient of friction between the barriers is assumed to
be 0.7, the shear strength of the connection is given as follows (Ref. Fig.
79):

v .7(96.3 k),

V =67.4 k.

The shear capacity of the connection is thus calculated to be 67 k,

BENDING CAPACITY
The bending capacity of this connection is controlled by the couple

which develops between the splice plate in tension and the compressive force
between the barriers in contact as shown in Figure 80. The maximum force in
each channel was calculated to be 96.3/2 k. If the moment arm, d, shown in
Figure 80 is assumed to be 20 in,, the bending capacity of the connection is
given as follows: .

M= (96.3/2 k)(20 in.),

M= 93.0 in.-k or 80.3 ft-k.

The bending capacity of the connection is thus calculated to be 80 ft-k.

TORSION CAPACITY
The torsion capacity of this connection 1is controlled by the couple

which develops in the channel splice plates as shown in Figure 8l. The force
in the splice plates is limited by either the shear or bending capacity of
the splice plates loaded as shown in Figure 82.
SHEAR STRENGTH OF SPLICE PLATES

If the yield strength of the splice plates in shear is assumed to be
20.4 ksi, the tofsion capacity of the connection is given as follows:

T = (2.64 sq. in.)(20.4 ksi)(22 in.),

T = 1184.8 in,-k or 98.7 ft-k,
BENDING STRENGTH OF SPLICE PLATES

I[f the yield strength of the splice plates in tension is assumed to be
36 ksi, the plastic moment capacity of the section is given as follows:

Mp] = 2[(2.18 in.){.325 in.)}(36 ksi)(2.18 in./2)+

+(1.56 in.)(.32 in.)}(2.34 in.)(36 ksi}],
My = 139.7 in.k. '
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The torsion capacity of the section is then given as follows:

T = (/25 in.)(139.7 in.-k}(22 in.),

T =245.9 in.-k or 20.5 ft-k.

The torsion capacity of this connection is thus calculated to be 21
ft-k.
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T-LOCK (BASE)

The TTI T-Lock connection is shown in Figure 83. Vertical holes are
cast into the bottom ends of the barrier section as shown. The holes are
aligned so that they mate with the vertical members cf the steel T-Lock. The
connection is accomplished by placing the steel T-Lock in position and
1ifting the barrier sections onto the T-Lock as shown in Figure 83.

TENSILE CAPACITY
The tensile capacity, FT’ of this connection 1is controlled by the

strength of the steel T-Lock loaded as shown in Figure 84. This strength is
limited by either the tensile strength of the horizontal stiructural tube or
the shearing strength of the vertical end pipes.
TENSILE STRENGTH OF STRUCTURAL TUBE

[f it is assumed that the yield strength of the structural tube in
tension 1is 46 ksi, the tensile capacity of the connection is given as

follows:
Fr = (8.36 sq. in.)(46 ksi),
Fr = 384.6 k.

SHEAR STRENGTH OF VERTICAL PIPE

If it is assumed that the yield strength of the pipe tube in shear is
20.8 ksi, the tensile capacity of the connection is given as follows:

F {2.23 sq. in.)(20.8 ksi),

FT 46.4 k.

The tensile capacity of the connection is thus calculated to be 46 k.

SHEAR CAPACITY

The shear capacity, V, of this connection is controlled by the strength
‘of the steel T-Lock loaded as shown in Figure 85, If the yield strength of
the structural tube in shear is assumed to be ¢6.6 ksi, the shear strength of
the connection is given as follows:

V = [8.36 sq. in. + 13,75 sq. in.](26.6 ksi),

V = 588.1 k.

The shear strength of this connection is thus calculated to be 583 k.
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BENDING CAPACITY
The bending capacity, M, of this connection is the result of the

combined actions of the couple which develops between the tensile force in
the T-Lock and the compressive force between the barrier ends in contact
{Ref. Fig. 23), and the bending strength of the structural tube. The
combined bending capacities are closely approximated by simply summing the
two effects. If it is assumed that the yield strength of the structural tube
is 46 ksi, the bending capacity of the connecticn is given as follows:

M= 2[(3 in.){1 in.)(1.5 in.)+(3 in.)(.5 in.){2.75 in.) (46 ksi)+{46.4

k )(8 in.),
M= 1164.7 in.-k or 97.1 ft-k.
The moment capacity of the connection is thus calculated to be 97 ft-k.

TORSION CAPACITY
The torsion capacity of the connection is controlled by the strength of

the steel T-Lock with the assumed shear stress distribution shown in Figure
86. If the yield strength of the structural tube in shear is assumed to be
26.6 ksi, the torsion capacity of the connection is give as follows:

T = (294 k)(11.1 in)+(71.7 k)(2.7 in.)}+(222.3 k){4.7 in.).

T = 4501.8 in.-k or 375.2 ft-k.

The torsion capacity of the connection is thus calculated to be 375
ft-k.

166



) _ -
| -
= ‘ —
l: 3"c2"xi/4"
| | (13.75 sq.in) -
| l 22.]" E—F
275" | | )
| | DA
| } " fe—i
j | *
' l 11} ] []
| 4"x6'x1/2" —Y—
l i o il
* ! / (8.36 sq. in) |54 7= 7
T F—— I
4 L ¢ R
27"
(a) Cross-Section of T-Lock (b) Assumed Shearing
in Shear Stress Distribution

F, =294.0 k , F2 = 71.7 k , Fy= 222.3 k

Figure B86. Shearing Forces on T-Lock When
Connection is in Tension.

167



T-LOCK (TOP)

The Harris county T-Lock connection is shown in Figure 87. Vertical
holes are cast into the top ends of the barrier section as shown. The holes
are aligned so that they mate with the vertical members of the steel T-Lock.
The connection is accomplished by positioning the barrier sections end to end
and then lowering the T-Lock into place from the top as shown in Figure 87.

TENSILE CAPACITY
The tensile capacity, FT’ of this connection is controlled by the

strength of the steel T-Lock loaded as shown in Figure 88. This strength is
limited by either the tensile strength of the horizontal steel channel, or
the shearing strength of the vertical steel pins.
TENSILE STRENGTH OF CHANNEL

If it is assumed that the yield strength of the steel channel in tension
is 36 ksi, the tensile capacity of the connection is give as follows:

FT = (1.59 sq. in.)(36 ksi),

FT = §7.2 k.
SHEARING STRENGTH OF PINS

If it is assumed that the yield strength of the steel pins in shear is
z0.8 ksi, the tensile capacity of the connection is given as follows:

Fr= n(.5 in.)%(20.8 ksi),

FT 16.3 k.

The tensile strength of the connection is thus calculated to be 16. k.

SHEAR CAPACITY

The shear capacity of the connection is contrclled by the strength of
the steel T-Lock with the assumed shearing stress distribution shown in
Figure B9, If it is assumed that the yield strength of the steel channel in
shear is 20.8 ksi and that the yield strength of the structural tube in shear
is 26.6 ksi, the shear strength of the connection i1s given as folilows:

V = (1.59 sq. in.) (20.8 ksi) + (12 in.)}(1/2 in.) (26.6 ksi),

V= 192.7 k.

The shear strength of this connection is thus calculated to be 193 k.

168



1/8° wiLD
v

1/78° A,

— 3 g0
i
TYPICAL PANEL PLAN
12-a¢"
20"
B oo
] |

TYPICAL PANEL ELEVATION

Figure 87. T-

31/4%1249/0%1 (/8" MLATER 1 8/8°
/ ce 3.8 cHammEL ——-\\_ {

a-dad

1/16° wELO 3°x 375 174" et
ALL Amouwg S ) STRUCTURAL TUBING L

ELEVATION
METAL CONNECTOR DETAIL

lEeras

T—

END VIEW

Lock (Top).

169



C4x54

{1.59 sq.in)
;r: ..... :_ P———— | l"ﬁpin
' I
H
FT — d? L :
..4
FT

Figure 88. Forces on T-Lock When Connection

is in Tension.

C4x54
(.59 sq. in)

3"x3"x14"

(a) Cross-Section of T-Lock
in Shear

208 ksi

\\‘265 ksi

(b) Assumed Shearing
Stress Distribution

Fp=33.1 k, Fy = 150.6 &

Figure 89. Farces on T-Lock When Connection

is in Shear.

170



BENDING CAPACITY
The bending capacity, M, of this connection is controiled by the couple

which develaops between the tensile force in the T-Lock and the compressive
force between the barrier ends in contact as shown in Figure 23. If the
moment arm, d, in Figure 23 is assumed to be 8 in., the moment capacity of
the connection is given as follows:

M= (16.3 k) (8 in.),

M= 130.4 in.-k or 10.9 ft-k.

The bending capacity of this connection is thus calculated to be 11
ft-k.

TORSION CAPACITY

The torsion capacity, T, of this connection 1is controlled by the
strength of the T-Lock with the assumed shear stress distribution shown in
Figure 90. 1If the yield strengths of the channel and the structural tube are

assumed to be 20.8 ksi and 26.6 ksi respectively, the torsional capacity of
this connection is given as fallows:

T=296.4k (3.6 in.) + 63.3 k(2.4 in.) + 33.1 k (5.2 in.),

T =671.1 in.-k or 55.9 ft-k.

The torsion capacity of this connection 1is thus calculated to be 56
ft-k.

171



; A

1 |
| i e F,
; 1 ZA-{- 2
| l‘ 3"13“X|/4" F3 ] 26.6 ksi
o (6 sq. in) 3s"

- A
(:26£ikﬂ
‘(a) Cross-Section of T-Lock {b) Assurmed Shearing

in Torsion Stress Jistributicn

F. = 33.1 k , Fr=63.3 k, Fy = 86.4 k

-Figure  90. Forces on T-Lock Wihen
Connectign is in Torsion.

172



GRID-SLOT (Texas)

The Texas grid-slot connection is shown in Figure 91. An orthogonal
connection grid is fabricated by welding three horizontal steel bars welded
to two vertical steel bars as shown in Figure 91. [dentical vertical slots
are cast into each end of the barrier segments. The connection is
accomplished by atigning the ends of two barrier sections and inserting the
steel grid described above into the slaot. In permanent installations the
grid is then grouted in place; however, in temporary installations grout is
not used,

TENSILE CAPACITY
The tensile capacity, FT’ of this connection is zero because there is no

positive connection between the barrier section ends,

SHEAR CAPACITY
The shear capacity, VY, of this connection is controlled by either the
shear strength (ref. Fig. 92) or bending strength (ref. Fig. 93) of the

horizontal grid bars.
SHEAR STRENGTH OF GRID BARS

If it is assumed that the shear strength of the grid bars in shear is
34.6 ksi, the shear strength of the connection is given as follows:

V=3 (n)(.5 in.)%(34.6 ksi),

vV =8l.5 k.
BENDING STRENGTH OF GRID BARS

If it is assumed that the yield strength of the grid bars in tension is
60 ksi, the plastic moment capacity of the bars is calculated as follows:

Moy = 4/3 (.5 in.)3(60 ksi),

Mp] = 10.0 in.-k.
If it is then assumed that the moment arm, d, shown in Figure 93 is assumed
to be 1 in., the shear strength of the connectign is given as follows:

V = 3(2)(10 in.-k/1 in.),

Vv =60 k.

The shear capacity of the connection is thus calculated to be 60 k.
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BENDING CAPACITY
The bending capacity, M, of this connection is zero because grout is not

used in temporary connections,

TORSION CAPACITY
It is assumed that the torsional capacity, T, of this connection is the

results of the couple which develops between the two outer grid bars as shown
in Figure 94. It was seen earlier that the maximum shear force in the bars
is limited by the bending strength of the bars. I[f it is assumed that the
plastic moment capacity of the grid bars is 10 in.-k as calculated earlier,
the torsion capacity of the connection is given as follows:

T 2{(10 in.-k/1 in.) (18 in.),

T =360 in.-k or 30 ft-k,

The torsion capacity of the connection is thus calculated to be 30 ft-k.

176



18

P 4———

Figure 94. Forces on Quter Grid Bars
When Connection is in Tarsion.

177



BARRIERS IN CONSTRUCTION ZONES
APPENDIX E

Cost of Portable Concrete Barriers

Prepared for
Contract DOT-FH-11-9458
O0ffice of Research
Federal Highway Administration

U. S. Department of Transportation

by

Rager J. Koppa
Research Psychologist

Texas A8M Research Foundation
Texas Transportation Institute
The Texas A&M University System

April 1985



THE COST OF PORTABLE CONCRETE BARRIERS

INTROGUCTION
In order to develop a solid basis for comparative ratings of portable
cancrete barrier concepts, a number of cost estimates were performed on
various aspects of fabricating, installing, relocating, maintaining, and
removing these barriers at construction sites. Some of this work was based
on field observations carried out in the early summer of 1983, and some was
based on estimates of the tasks, manpower and eguipment times and costs that
it might take to perform these operations. As will be described below,
man-minute and equipment-time estimates for anaiytic cases were based on
standard construction industry information such as that obtainable from the
Dodge Manual (8). Other pricing guides were used as a backup, and industrial
engineering standard references were used to estimate time for Jjobs such as
joint fabrication. ‘
Ten different portable concrete barrier (PCB) concepts were used in this
analysis. They run the gamut so far as joint design is concerned, from the
very simplest tongue-and-groove or mortise design to the very complex
Welsbach interlocking joint. All but one of these joints (Bottom T-Lock,
Concept {-8) are in use somewhere in the United States. Except for details
of reinforcing steel and hardware cast into the body of the barrier itself,
these ten concepts differ only in the joint design. Each design is also
considered for three different lengths: 10, 20, and 30 ft. Other lengths,
of course, are both feasible and occasionally found in use, but the results
of the analyses presented in this chapter can readily be interpclated for any
length less than 30 ft. For lengths greater than 30 ft, physical limitations
of cranes and flatbed truck trailers assumed or observed in this study would
greatly and nonf}nearly change these cost estimates.
The ten concepts are as folliows:
Cl: Tongue and Groove
C2: Steel Dowel Joint
C3: Grid Slot--a Gridiron inserted down a slot in the ends of
abutting PCB's
C4: Top T-Lock--a T-shaped connector s pinned on each side of a
joint
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C5: Lapped joint--ecach end of a PCB at a joint is scarfed to
overlap, with a single bolt holding the joint together

C6: Pin and Re-Bar--a long bolt drops through rings embedded in
the ends of each PCB to form a hinge-like joint

C7: Vertical [-Beam--the joint consists of an I-beam which is
dropped through a split pipe embedded in each PCB end

C8: Bottom T-Lock--somewhat like C4, but pins become short pipe
ends, and the PCB's are placed over the joint assembly

C9: Channel Splice--Channel sections are bolted across the two PCB
ends to form the joint

C10: Welsbach--steel T-hooks engage matching slots in the mating
end of a PCB to form an interlocking joint.

These ten joint concepts are pictured in Figures 95 througn 1U4.
Detailed technical descriptions and further views of these joints and the
reinforcing structures required in their respective barrier structure are
given in Appendix D. -

Field research was performed in the late spring and early summer of 1983
to witness first hand actual operations by several different contractors and
to conduct time and motion studies of representative PCB handling procedures.
With the very kind assistance of the Texas State Department of Highways and
Pubtic Transportation, resident maintenance engineers in all the major urban
districts of the Department were contacted and asked to alert TTI researchers
when movement, installation, or removal of PCB's was scheduled in their
district. Three field trips resulted from this. Each trip followed the same
protocol.

Researchers traveled to the site and checked in with the SDHPT
supervisor, and the contractor supervisor. After observing several cycles of
maniputation ofi the PCB's, individual procedure times were taken by
stopwatch. Stii] photographs of the joint design and representative stages
in the moving, loading, and placement of PCB's, etc. were made. Then several
complete cycles were videotaped. Supervisory personnel were debriefed to
clear up any details. The procedure followed the format given in Figure 105,
which is a reproduction of the field visit data sheet. The three sites.

visited were:
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THE TEXAS A&M UNIVERSITY SYSTEM
TEXAS TRANSPORTATION INSTITUTE

COLLEGE ST.'TION, TEXAS 77843

HUMAN FACTORS DMISION Arsa Code 713

Telsphone 845-2736

DATA FORM

Project RF3825: '"Development of Safer Barriers
for Construction Sites" (DOT-FH-11-9458)

TASK 1: Barrier Rating System

Date District TT1 Observer
Time Contact

To Site Supervisor

Location: Highway Direction Specifics
Film Rol1# Exposures to

Video Cartridge#

2.

Barrier Type: ( ) PCB: { ) 12 ( )15 ( ) 24 { ) 30 { ) Other

Joint: } None .
) Tongue and groove Sketch Joint
} Positive Joint
)

{
f
{ ) Other design

( )fOther type (specify)

TRANSPORTATION RESEAACH AND DEVELOPMENT

Figure 105. Field Visit Data Sheet.
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Barrier Placement
Barrier Relocation
Barrier Removal
Other (Spectfy)

3. Operation:

—— e
e P

4. Sections: Sections or ft. Total
during Observatian Period

5. Crew Size: [ )} Supervisor(s}

- Personnel Directly Involved
Personnel Traffic Control
Personnel other duties

(Specify)
6. Equipment
{ )} A. Trucks: Trucks (Specify Types}

{ ) B. Crane: Describe

( } €. Forklift: Describe:

() 0. Other Heavy Equioment (Specify)

( ) E. -Small Tools Used (Specify)

Figure 105. Field Visit Data Sheet. (Continued)
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Time Estimates

Suboperation

Beginning Point

End Point Elapsed time:

Manpower engaged min.

Suboperation

Beginning Point

End Point Elapsed time:

Manpower engaged min.

Suboperation

Beginning Point

End Point Elapsed time:

Manpower engaged min.

Suboperation

Beginning Point

Fnd Point Elapsed time:

Manpower engaged min.

Suboperation

Beginning Point

-

End Point

Elapsed time:
Manpower angaged

min,

Figure 105. Field Visit Data Sheet. (Continued)
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8. Total £lapsed Time for Sections or

ft. Handled.

REMARKS:

Figure 105. Field Visit Data Sheet. (Continued.
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(1) State Highway 288, Jjust north of ity Tlimits of Angleton,
Texas. This was a relocation job, ancillary to widening the
pavement. The barriers were of the CS type, Channel Splice,

(2} 1-35 west of Dallas downtown area, relocation job to protect
the median while the median barrier was being improved from &
Steel W-beam to a concrete median barrier., The type joint was
C5--Lapped Joint.

(3) 1-10, west of Houston, PCB placement job, as part of a
creation of a median dedicated lane for mass transitway.
These barriers will ultimately become permanent CMB's. The
joint design was C3--Grid Slot.

COSTS OF FABRICATION OF PORTABLE CONCRETE BARRIERS
Estimates for Casting Barriers

Cost estimates for casting the main structure of Portable Concrete
Barriers (PCB) were derived from several sources., The Dodge Manual (8)

indicates a cost per linear foot of nearly 84 dollars for the construction of
precast beams for construction which are approximately the size (though not
shape nor for the same purpose) of PCB. This compares with a cost to TT[ for
special experimental PCB's of $80 per foot. Reports from other sources in
State Highway Departments suggest that in large quantities which would
characterize operational purchases of PCB, the price for these barriers would
be of the order of 16 to 30 doliars per ft. The 16 dallar price is for
materials, casting; and Tabor exclusive of any special provisions for joints.
For purposes of comparing different concepts, since they differ principally
in the design of the joint, a figure of $16.00 per linear foot will be used
throughout this chapter. This value is a reasonable approximation of cost to
produce without overhead or profit to the contractor, i.e., direct costs to
fabricate,

Estimates of Joint Fabrication Costs
It was necessary to make a number cof assumptions in analyzing the work

and materials invoived in fabricating joints. The 20-city labor cost average
from the Dodge Manual was used as a basis for all fabrication labar, with
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categories of general worker or laborer, welder, skilled metal
worker/machinist. These labor costs do not include overhead or profit by the
contractor, but do include fringe benefits, and a 27 percent surcharge for
insurance and taxes. They are as follows:

Genaral labor =------- $16.54 per hour
Welder --w--c-oceae-m- $20.00 per hour
Skilled machinist ----  $21.50 per hour

Material costs were obtained by inquiry to several local suppliers of
building and construction metal. Fabrication times were estimated by using
the following rationale:

[t was assumed that no special tooling or mandrells except for stamped
metal parts would be used, but rather fabrication would involve only general
shop machinery such as drill presses, lathes, brakes, bending machines,
electric arc welders, etc. It was assumed that suitable modifications could
be made in any PCB casting assembly to accommodate the joint system without
extra cost to the major casting operation. Another assumption was that
fasteners, i.e. bolts and nuts, would be purchased at commercial rates and
not specially fabricated. Costs for the purchase of these items was
estimated from the Dodge Manual, with cross check of prices in Engelsman (9).
Cutting, welding and forming man-minute rates were estimated by reference to
standard sources, such as Niebel (10) and Kent (11). These estimates should
thus be considered to be very conservative, i.e. high, since a large contract
to fabricate PCB would Tlead most fabricators to invest in some kind of
special tooling and mass-production techniques to facilitate Jjoint
fabrication. Although the cost per joint might be less if mass-production
techniques were used, the relative cost of fabrication of one joint vs,
another should hold.

Analysis, QEth a good -measure of engineering judgement, of the ten
different PCB joints yielded Table 13. Each joint is considered 2s a unit,
Column 1 identifies the concept, column 2 briefly lists the hardware that
must be fabricated or procured to make the joint. The manufacturing
operations needed to ready the joint parts for incorporation in the casting
of the PCB's are listed in Column 3. These costs range from a minimum of
about three dollars for Cl--Tongue and Groove to a high of 87 dollars for the
complex Welsbach design {C10).
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Table 13, Joint Fabrication Cost Analysis
CONCEPT HARDWARE MFG NAT'L LABOR TOTAL NEAREST
REQ'D OPRNS COST COSTS DIRECT OST $.50
(1) (2) (3) (4) (5) (6) (7)
Cl-Tongue & | Nose Cap Cut $2.40 $ .69 $3.09 3.00
Groove over Tongue | Stamp
C2-Dowel Steel Rods Cut £3.20 $ .33 $3.53 4.Q0
C3-Grid Slot{ Grid of Cut $5.33 $1.69 $7.02 7.00
Steel Bar Weld
Cé-Top Channel Cut . 59.00 $3.52 $12.52 13.00
T-Lock Tubes Pril)
Plates Weld
Pins
C5-Lapped Bolt Cut $8.55 $1.72 $10.27 10.00
Joint Re-Plates Notch
Drild
C6=-Pin & Rebars Cut & $13.62 $7.08 $20.70 21.00
Rebar Bolt Form
Bars
C7-Vertical I-Beam Cut %24.,27 $14.82 $39.09 39.00
I-Beam Tubes Slot
Re-Plates Weld
C8-Bottom Tube Base Cut $34.00 84 .15 £38.15 38.00
T-Lock Pipe Split
Tubes Weld
C9-Channel Channel Cut $50.00 §5.35 $55.35 55.00
Splice 4 Bolts Dril
Re-Plates Clear
C10-Welsbach| T-Raits Cut $45.96 | $41.16 $87.12 87.00
L-Anchors Form
Socket Assy.| Bend
Anchors Weld
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These joint fabrication costs operate on the base cost of 16 dollars per
linear foot for casting PCB as shown in Table 14 for three different lengths of
PCB, 10 ft, 20 ft, and 30 ft. Obviously, cost pér foot decreases as the length
of PCB increases. These costs run from a minimum of $16.10 for a 30 ft
tongue-and-groove PCB to $24.70 for a 10 ft Welsbach jointed section,

COST ESTIMATES FOR BARRIER ASSEMBLY, DISASSEMBLY, AND RELOCATION
Bases for Cost Estimates

The primary basis for estimating the costs of moving barriers, i.e.
(1) Picking up barrier sections from a depot, transporting them to
a construction site, and placing them
(2) Relocating barrier sections from one location to another
within a construction site as the work progresses
(3) Picking up barrier sections and returning them to a depot,
was observation of typical operations of this type at three constructicn sites,
was the C9--Channel Splice concept at Angleton on 288, the C5--Lapped Joint an
Stemmons Freeway, Interstate 35 in Dallas, and the C3--Grid Slot on [-10 west of
Houston. Tables 15 through 20 summarize the tasks, work crew and equipment
observed during these site visits, Table 21 summarizes these observations in
terms of man-minutes of labor required, plus adds some estimated times based on
similarity to these operations.

Some contractors were much more labor-intensive than others in the
operation of hoisting and placing these barriers. Ore such operational’
sequence js depicted in Figures 106 through 108. in Figure 106, two men place
hoisting rods and lifting cables in place up on the flatbed trailer (note that
four barriers are carried at one time}. Two other workers wait below. Four men
under a supervisor's direction are used to maneuver the barrier section into
pltace (one of the ;brkers, just before final placement, places a plywood spacer
between the sections to assure proper cliearance for the joint. In Figure 108,
.the workers are shown removing the hoisting rods after final placement of the
section. A typical time for this operation was ¢ minutes., Figure 109 shows the
extreme simplicity of installing the Grid Slot.
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Table 14. Fabrication Costs
CONCEPT LENGTH JOINT COST TOTAL TOTAL
(FT) COST/FT. | COST PER SECTION
C1-Tongue and 10 3.00 16.30 163.00
Groove 20 3.00 16.15 323.00
30 3.00 16.10 483.00
C2-Dowell 10 4.00 16.40 164.00
20 4.400 16.20 324.00
30 4.00 16.13 484 .00
£3-Grid Slot 10 7.00 16.70 167 .00
: 20 7.00 16.35 327.00
30 7.00 16.23 487 .00
C4-Top T-Lock 10 13.00 17.30 173.00
20 13.00 16.65 333.00
30 13.00 16.43 493.00
C5-Lapped Joint 10 10.00 17.00 170.00
20 10.60 16.50 330.00
30 10.00 16.33 4390.00
C6-Pin and Rebar 10 21.00 13.10 181.00
20 21.00 17.05 341.00
30 21.00 16,70 501.00
C7-Vertical I-Beam 10 39.00 19,90 199,00
20 39.00 17.95 359.00
30 39.00 17.30 519.00
C8-Bottom T-Lock 10 38.00 19.80 198.00
20 38.00 17.90 358.00
30 38.00 17.27 518.00
C9-Channel 10 55.00 21.50 215.00
Splice 20 55,00 18.75 375,00
30 55.00 17.83 535.00
Cl0-Welsbach 10 87.00 24.70 247.00
20 87.00 20.35 407 .00
30 87.00 18.90 567.00
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Figure 106. Method 1 (Labor Intensive)--Placing Hoisting Rods.

Figure 107. Method 1--Maneuvering Section into Place.
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Figure 108. Method 1--Removing Hoisting Rods after Placement.

-

Figure 109. Installation of Grid in Slot (Concept C3).
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Table 15. Activity Analysis - Relocate 25 ft C9.

RF3825: DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITES
EQUIPHENT Crane - 15 Tons BARRIER 25' PCB, C9 Channel Splice

ACTIVITY ANALYSIS

ACTIVITY Relocate PCB for later placement

T=17min S0 = 3 min. N=5

CREMW
Ho. | ELEMERT Jpesmone END SUPER CRANE TRUCK FNDLR OTHER OTHER
1 Install eye belts (2) Remove from last Release 1 - - 2 - -
PCB '
2 Attach lifting cables (2) Grasp Release 1 1 - 2 - -
2nd
3 Lift PCB Tensian Cables PCB clear]{ 1 1 - 2 - -
4 Move PCB to one side PCB moves PCB on 1 1 - 2 - -]
ground
5 Detach lifting cables (2) Slack cables Remove 1 1 - ? - -
cable 2
6 Remave eye bolts {2) Grasp | Remove 2 1 - - 2 - -
7 Move Crane TOpsS v:e;:a—ct ' Props 1 1 ) . - Crane -
extend
Oriver
SUMMARY 1 ] 2 1
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Table 16. Activity Analysis - Disassemble 15 ft (9.

RF3825: DEVELOPMENT OF SAFER BARRYERS FOR CONSTRUCTION SITES

EQUIPMENT I[mpact Wrench . BARRIER 15' PCB, €9 Channe) Splice
ACTIVITY ANALYSIS Socket Wrench & Cheater
APV ACTIVITY Disassemble Splice

6.00 min. 2 joints

CREW
No. | ELEMENT BEGINNING END SUPER CRANE TRUCK HNDLR OTHER OTHER
1 Take off 8 Nuts Wrench on 1 Wrench of f 2
8
2 Pull Bolts Pull 1 3 out 2
E—
3 Take off channels 4 Lay 1lst down Lay 4 down 2

{drop 2 over from|other side

SUMMARY 2

Note: about 25% of bolts are
cross-threaded and stub-
born about 1 in 40 must
be cut with oxyacetylene
torch.
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Table 17. Activity Analysis - Load 30 ft C5.

RF3825: DEVELOPMENY OF SAFER BARRIERS FOR CONSTRUCTION SITES

EQUIPHENT Crane - 22 Tan BARRIER PCB, C5 Lapped Joint & Bolt 30 ft.
ACTIVITY ANALYSIS  hooks on Bar
Flathed Trucks (3) ACTIVITY Pick up PCB, place on Flatbed
h T=0.97 min. SD = 0.15 min. N =5
Wo. | ELEMENT ' BEGINNING " END CREN
' . SUPER CRANE TRUCK HNOLR OTHER OTHER
1 Swing 'C' assembly into place Lower assembly 'C* next 1 1 - - - -
to slots
2 Secyre ‘C's into slots C contacts slots |'C's in 1 1 - 2 - -
place :
3 Pick up PCB Tension on PCB clear 1 1 - - - -
Assembly
4 Swing PCB onto flatbed PCB moves PCB on bed 1 1 - 2 - -
5 Trip 'C's from slots Slack on Assembly|'C's clear 1 1 - 2 - -
5 | Move crane ) Props retract Props 1 T 1 - - ' - -
o extend o )
7 Move flatbed Engage clutch Truck stops 1 - 1 - - -
SUMMARY 1 1 1.5% ?
Note: Supervisor was doubling
as crane operator, but
this would not be nominal
procedure *| 1pn positian
1 at other gnd
] in transif
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Table 18. Activity Analysis - Bolt/unbolt Cb.

RF3825: DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITES

Y EQUIPMENT 30" Ratchet MWrench BARRIER_PCB, C5 Lapped Joint & 8ot
ACTIVITY ANALYSIS . 30" Socket Wrench
ACTIVITY Bolt/Unbolt Joint
0.3 min.
CREWN
No. | ELEMENT BEGINNING END SUPLR CRANE TRUCK HNDLR OTHER OTHER
1 Place bolt through lap joint 1
holes
2 Place nut on bolt 1
3 Tighten nut on bolt 1 1
OR '
1 Loosen nut on bolt 1 1
2 Remove nut 1
3 Pull out bolt 1
SUMMARY | ]
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RF3825:
ACTIVITY ANALYSI]S

Table 19,

Activity Analysis - Place 30 ft (5,

DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITES

EQUIPMENT Crane - 22 Ton

L Hooks

Flatbed Trucks (3)

BARRIER PCB, C5 Lapped Joint & Bolt 30 ft.

ACTIVITY Place PCB at Construction Site

' T=1.3min. SD=0.29min. N=5
N ELEMENT BEGINNING END CREM
g. SUPER CRANE TRUCK HNDLR OTHER OTHER

] Swing 'C' assembly into place Lower assembly 'C' next 1 1 - - - -

to siots
2 Secure 'C's into slots Get on truck 'C's in 1 1 - 2 - -

place
3 Pick up PCB Tension on PCB clear 1 1 - - - -

assembly

4 Swing PCB inte position PCB moves PCB in 1 1 - 2 - -

line
5 Position PCB Gauge PCB Separa-rggﬁ on 1 1 r - 2 - -

tion ground
6 Trip 'C’'s from slots Slack on assembly{'C's clear| 1 1 - 2 - -
; Move crane Props retract Props ex- ‘_f—‘a r771‘7 - - - -
tend
8 Move flatbed Engage clutch Truck stops| 1 - 1 - - -
SUMMARY 1 1 1.5% 2
*1 in positign
1 at other gnd
1 in transi




£02

Table 20. Activity Analysis - Place 30 ft C3.

RFI825: DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITES

EQUIPMENT _30 Ton Galion

BARRIER _PCB 30', C3 Drop in Grid

~(haul 4 each)

ACTIVITY Place PCB at Construction Site

T=2.09min SD=0.5min N=8 L
CREW
fo. ELEMENT
0 BEGINNING END SUPER CRANE TRUCK HNDLR OTHER CTHER
1 Place rods in PCB Climb on Bed 2nd rod in 1 2
place
2 Attach cables (4) to rods Grasp 1st cable |Climb down 1 2
off bed
3 Lift PCB off Flatbed Tension cables PCB clear 1 1
4 Move flatbed forward Engage clutch Stap 1 1
5 Move PCB into position PCB moves PCB in tingd 1 | 4
6 Final position, gauging Gauge inserted PCB on 1 1 1 4
separation ground
7 Detach cables (4) Slack cables Unhook 4th 1 i 2
8 Pull rods from PCB Grasp 2nd rod 1 2
out
9 Move crane Praps retract Props 1 1
| extend -
SUMMARY 1 1 2* 4
Note: Joint consists of grid *1 at site
dropped into complex slot. I at depot
Done by one of handlers 2 in transit
in Tulls,
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Table 21. Summary of Man-Minutes for Operations.

*Comparison of PCB Designs with Respect to Disassembly, Pickup, Placement, Reassembly

DESIGN ' JPISASSY PICKUP PLACEMENT REASSY TOTALS
€3 Drop in Grid 0.10 | 9.00 12.54 21.74
C5 Lapped Joint {0.60] [3.88] 0.60 10,48 | Ratio Place to P/U = 1.40
€9 Channel Splice | [6.00] {8.75] 12.30 6.00 33.05
RANK ORDERS [Actual) _
Other Costs Estimated

B&R Drop in Grid 1 2.5 2.5 1 8
Texas Lapped Joint 2 1 1 2 b
TTI Channel Splice 3 2.5 2.5 3 11

TYPICAL 8.88 12.42

*Exclusive of transportation costs.



Figure 110 depicts C-shaped hooks on a spreader beam which one
contractor uses to expedite handiing of the PCB's. The crew consists of only
two individuals for maneuvering (and sometimes securing or releasing the
hooks; with the supervisor operating the crane. Figure 111 shows the final
placement operation, with a stick used as a spacer. Figure 112 shows the
section finally in place. This ogperation takes about one minute of time with
Tess than half the manpower.

Figure 114 depicts the C-5--Lapped dJoint used in this installation.
Figure 115 shows the equipment and workers necessary to assemble or
disassemble a C9--Channel Splice joint, including the APU for the impact
wrench,

For costing typical operations, it was assumed that most contractors
would use the more Tabor-intensive, less specialized equipment approach for
1ifting and moving the sections. It was assumed that contractors would use
forklift trucks for 10 ft sections, but a ‘cherry picker" or similar
self-propelled crane (approximately 20 to 30 ton capacity) for }oﬁger
sections. Contractors informed researchers that at least three flatbed
trucks were used for relocating barrier sections within a construction zone
(Tess than 2 miles) but five were used for initial placement from a depot, or
for return to a depot if the depot was more than two but less than ten miles
distant. These numbers were used in this analysis. It was further assumed
that the crane or forklift was rented equipment, but trucks were owned by the
contractor and hence only operating costs and five year straight-line
depreciation were assumed, plus, of course, direct costs for operator or
driver labor. These costs worked out as follows (8):

Truck, flatbed, 1/2 day = $64
Crane, 22 ton capacity, 1/2 day = $165
Forklift, 9 ton capacity, 1/2 day = $138

Not considering direct costs for transportation but only labor reguired
for operations at site, the labor man-minute estimates shown in Table 22 were
derived, and used as a basis for further analysis.

Transportation of barrier sections was costed at $64 per truck for a
4-hour period, and $17.33 per hour for the driver.
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Figure 110. Method 2 (Mechanized) C-hooks Used to Hoist Section.

Figure 111.
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Figure 112. Method 2--Final Placement (Note shim usage).
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Figure 113; Methodrz--End Sf Procedure, C-hooké Released;
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Figure 114, Lapped Joint (C5) Installed.

Figure 115. Workers Installing C9 Channel Splice Joints.
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Table 22. Labor in Moving PCB

Unit: Man Minutes (M-M)
DESIGN DISASSEMBLY | PICKUP* | PLACEMENT* | REASSY | NOTES
Cl-Tonque & Grocve 0 2.69 3.00 Q 1{perhaps)
C2-Dowel 0 2.69 3.00 0 1
€3-Grid Slot .03 2.69 3.77 .03 2
C4-Top T-Lock .11 Z2.69 3.77 .11 2
C5-Lapped Joint 17 2.69 3.00 .17 3 4
C6-Pin & Rebar .55 2.69 3.77 .55 2
C7-Vertical I-Beam .03 2.69 3.717 .03 2
C8-Bottom T-Lock 0 2.69 3.77 0 2
C9-Channel Splice 2.00 2.69 3.77 2.00 2,3, 4
Cl0-Welsback 0 2.69 3.77 0 1 &2

NOTES:

"o
.

placement)

PN
+

*Mean cost is average of 4 laborers @ 15.54

Placement 1
Pickup

2.42 M-
8.88 M-

1 crane opr. @ 21.5
1 supervisor @ 21.5

M (including penalty)

213

Constrains replacement of individual Sections.
. Requires precise alignment and spacing {20% penalty on

of -

. Bolts become damaged; disassembly cost can be much higher
Crew size 2 for disassembly/assembly
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Cost Estimates for Relocating Barriers
A nominal job consisting of moving 1,000 ft of bDbarrier was used

throughout this, and the following movement analyses., Since 10 ft sections
can be picked up by one man on a forklift, at a wage of $21.50 per hour, and
he can place 1,000 ft of barrier in four hours, the cost of initial pickup is
$21.50 x 4/100 or 86 cents per sec.ion. Costs of labor for a 30 ft section
are, of course, much higher, $2.69, but since there are only 33 sections to
be moved, the total cost of pickup is comparable. These cost estimates plus
others are shown in Table 23. Note that transportation cost is invarient,

since a 60,000 1b capacity flatbed, a standard size in the industry, can
handle four 30 ft sections, four 20 ft sections, or twelve 10 ft sections.

Section placement costs are taken from Table 27z for the 30 ft section
operations already described. The 10 ft sections are assumed to require a
two man crew: one on a forklift at $21.50 per hour, and a worker on the
ground to assist in placement and use the spacer at $16.54 per hour. These
costs multiplied by a four-hour time period total $152° for 100 sections
placed, or $1.52 per section.

Joint disassembly times are costed out from observational or analytic
data summarized in Table 22, and then multiplied by the number of joints that
must be disassembled for a 1,000 ft barrier. This same logic applies to
assembly costs. Then equipment rentals are totalled in, assuming that
equipment cannot be rented for less than a half-day, and indeed a 1,000 ft
job would require four hours. Finally, total estimated costs for this 1,000
ft relocation within a site are presented, As a check on this entire
analysis, several contractors doing work for the Texas State Department of
Highways and Public Transportation were queried for the direct cost they
charge for this same operation. These estimates were in the range of one
dollar per foot,“an excellent agreement with the results of this analysis.

The mean cost per foot for relocating 10 ft sections is $1.19, with a
range of $1.11 to $1.54, whereas the mean cost for 30 ft sections is 95
cents, ranging from $.92 to $1.07. The major cost differential in this 25
per cent difference 1is attributable to Jjoint disassembly and assembly
operations, even thought less manpower is required for 10 ft sections.
Twenty foot sections would tend to reflect a cost intermediate or more like
the 30 ft sections, since handling equipment 1is much the same for these
sections as it is for 30 foot sections.
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Sle

Concept

C1-Tongue
C1-Tongue
[2-Dowel
£2-Dowel
C3-Grid
£3-Grid
Cc4-Top "T"
C4-Top "“T"
(5-Lapped
C5-Lapped
C6-PIN

C6-PIN

C7-1 Beam
C7-1 Beam
(8-Bottom "T*
C3-Bottom “T"
C9-Channel
C9-Channel
C10-HWelsbach
C10-Wel sbach

Length

10¢
0!
10'
30!
10
30’
10"
30
10!
o
10"
3o
10"
30!
10!
30!
10'
30
10'
0

Cost/
Joint
Assy.

a
0
0
0
.03
.03
1
A
A7
A7
.55
.65
.03
.03
0
0
2.00
2.00
0
0

\ Table 23. Job: Release 1000 ft of PCB.
Total Pick

Cost/ Joint Up Total Place Total

No. Joint pissas. Section Pickup Transp. Section Place

Juints  Dissas. Cost _Lost Cost Cost Loyt Cost
98 Q 0 .86 86.00 400.00 1.52 152.00
3l 0 0 2.69 B8.77 400.00 3.00 93.00
98 0 0 .86 86.00 400.00 1.62 162.00
i1 0 0 2.69 B8.77 ' 400.00 3.00 99.00
98 .03 2.94 .86 86.00 400.00 1.82 182.00
k)| .03 .93 2.69 88.77 400.00 3.17 124 .4)
93 n 10.78 .86 86.00 400.00 1.82 182.00
31 1 31.41 2.69 88.77  400.00 3.17 124.4)
38 7 16.66 .86 86.00 400.00 1.52 152.00
3l 7 5.27 2.69 88.77 400.00 3.00 99.00
93 .55 53.90 .Bb 86.00 400.00 1.82 182.00
3] .55 17.05 2.69 88.77 400.00 3.77 124 .4
98 .03 2.94 .86 86.00 400.00 1.82 182.00
3] .03 .93 2.69 88.77 400.00 3.77 124 .41
98 0 0 .86 86.00 400.00 1.82 182.00
3 0 0 2.69 B8.77 460.00 3.77 124.01
[l . 2.00 196.00 .86 86.00 400.00 1.82 182.00
31 2.00 62.00 2.69 88.77 400.00 3.77 124.41
9H 0 0 .86 86.00 460.00 1.682 182.00
Kl 0 0 2.69 88.77 400 .00 3.77 124.91
SUMMARY: Mean Cost/ft, 10' Sections =  $1.19 range 1.11 to 1.54
Mean Cost/ft, 30' Sections = § .95 ranqe .92 to 1.07

25% penalty by going with 10*' vs 30' sections

196.00
62.00
0
1]

Equip.
(2)

Fork-
Lift
Crane
Fork
Crane
Fork
Crane
Fork
Crane
Fork
Crane
Faork
Crane
Fork
Crane
Fark
Crane
Fark
Crane
Fork
Crane

Equip.
Cost

475
330
475
330
475
330
475
330
475
330
475
330
475
330
475
330
475
330
475
330

Total
Cost
S5+7+8+
10412414

113
917
113
917
1149
945
1165
950
1146
928
1252
977
1149
945
1143
943
1535
106°
143
943

Cost/lt.

1.

1

1

—— -

11
92

1
.92
I
.95
A7
.95
.15
.93
.25
.98
5
.95
.14
.94
.54
.07
14
.94
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Cost Estimates for Initial Installation of Barriers
Costs for bringing barriers from a depot to the construction site can be

estimated by considering this operation to be a special case of relocation,
with the subtraction of the disassembly operation and the addition of two
extra trucks and their drivers to keep up a steady flow from the depot to the
site. Thus, for 1,000 ft of barrier, for each of the ten concepts, Table 24
was generated, again at the limiting case lengths of 10 and 30 ft. These
costs closely correlate with those for relocation. .

Costs for removal of these barriers in those cases in which the barriers
are not going to be permanently instalied somewhere on the site, can also be
estimated in a similar way from the relocation analysis. The total cost of
relocation is debited by the cast for assembly of joints, and credited by two
extra trucks to transport the sections back to the depot for storage. This
analysis is shown in Table 25,

Supplementary Data from State DOT}S

A compliementary study in the Texas Transportation Institute (12) has
obtained some preliminary work and cost estimates for operations similar to
those discussed above. Researchers sent a gquestionnaire to cognizant
construction engineers in North Carolina, Tennessee, Virginia and Florida.
These results are summarized in Table 26. They are not inconsistent with the
cost estimates produced anatytically in this project. The joint concepts
involved were {North Carolina) Cé--Pin and Re-Bar, also CS--Channel Splice;
(other States) Tongue and Groove (Cl).

MAINTENANCE COST ESTIMATES FOR BARRIER
Assumptions and Basis of Estimates

There are mgny ways in which a portable concrete barrier can be impacted
by passing traffic and damaged, but for the purposes of this analysis it was
assumed that the supervising agency would not repair a section in situ but
would allow a damaged section to remain unless it was no longer able to

perform its function or redirecting an impinging motor vehicle. Hence in
this analysis "maintenance" means outright replacement of one or more
sections, Conversations with construction engineers suggest that this is not
an unrealistic assumption.

A maintenance activity therefore consists of:
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Table 24, Installation of PCB at Construction Site
CONCEPT RELOCATE LESS PLUS 2 MORE TOTAL COST/FT
TOTAL DISASSY TRUCKS INSTALL
Cl-10 ft 1113 0 267 1380 1.38
Cl-30 ft 917 0 267 1184 1.18
£2-10 ft 1113 0 267 1380 1.38
C2-30 ft 917 0 267 1184 1.18
C3-10 ft 1149 2.94 267 1413 1.41
C3-30 ft 945 .93 267 1209 1.21
£4-10 ft 1165 10.78 267 1421 1.42
£4-30 ft 950 3.41 267 1213 1.21
€5010 ft 1146 16,66 267 1396 1.40
£5=30 ft 928 5.27 267 119G 1.19
C6-10 ft 1252 53.90 267 1465 1.47
C6-30 Tt 977 17.05 267 1227 1.23
C7-10 ft 1149 2.94 267 1413 1.41
€7-30 ft 945 .93 67 1211 1.21
C8-10 ft 1143 0 267 1410 1.41
€8-30 ft 943 0 267 1210 1.21
C9-10 ft 1535 196.00 267 1606 1.61
C9-30 f¢t 1067 62.00 267 1272 1.27
Cl0-10 ft 1143 0 267 1410 1.41
Cl10-30 ft 943 0 267 1210 1.21

1000 ft of barrier
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Table 25. Cost Estimates for Removal
CONCEPT RELOCATE COST ASSEMBLY COST TOTAL COST
C1-10 ft 1113.00 0.00 .1380.00
C1-30 ft 917.00 0.00 1184.00
£2-10 ft 1113.00 0.00 1380.00
C2-30 ft 917.00 0.00 1184.00
£3-10 ft 1149.00 2.94 1413.06
€3-30 ft 945,00 0.93 1211.07
C4-10 ft .1165.00 10,78 1421.22
£4-30 ft §50.00 3.41 1213.59
C5=-10 ft 1146.0GC 16.66 1396.34
C5-30 ft 928.00 5.27 1189.73
Ce=-10 ft 1252.00 53.90 1465.10
C6=-30 ft 977 00 17.05 1226.95
C7-10 ft 1149.00 2.94 1413.06
C7-30 ft 845.00 0.93 1211.07
C8-10 ft 1143.00 0.00 1410.00
C8-30 ft 943.00 0.00 1210.00
(9-10 ft 1535.00 196.00 1606.00 -
€9-30 ft 1067.00 62.00 1272.00
€10-10 ft 1143.00 0.00 1 1410.00
C10-30 ft 943.00 0.00 1210.00




olLe

Cost
Category

Relocation
Relocation Cost
Per foot

Removal
Remove Cost
Per Foot

Transport Per
Ft/Mile

Fabricate Cost/
Ft

Install Cost/
Ft

Relocate Cost/
Ft

Remove Cost/
Ft

Table 26 : Summary of Self Reports from
State 90T's
N. Carolina N. Carolina Tennessee  Tennessee
Winstan-Sal 0ld Fort Site 1 Site 2
6.00 m-m 0.30 m-m 5.40 m-m -
$1.82 . 0.09 1.64 -
6.00 m-m 6.60 m-m 6.00 m-m -
$1.82 2.00 1.82 -
$ 0.15 1.20 1.31 0.00
$20.00 13.30 13.80 21.00
$ 2.50 4.90 2.04 2.00
$ 2.50 9.81 2.39 7.00
$ 6.60 6.39 2.41 11.50

Virginia Florida
6.00 m-m 6.00 m-m
1.82 1.82
6.00 m-m 6.00 m-m |
1.82 1.82
0.02 0.02
15.00 16.50
0.65 1.00
0.65 1.00
0.85 2.25

Mean Times or
Mean Costs

4.74 m-m
$1.44

6.12 m-m
$ 1.86

$ 0.45

$16.60

$2.18

$ 3.89

$ 5.00



(1) special traffic control or diversion {not costed here)

(2) pickup of replacement sections from the depot

(3) transportation of sections to the construction site

(4) removal of damaged sections to & position nearby original position

(5) offload of sections and placement in original barvier

(6) pickup of damaged sections or debris

(7) transport of damaged sections to depot or other disposal

It was further assumed, as for the analyses in previous sections of this
saction that the depot is less than 10 miles from the site. Flatbed trailer
capacities and load 1imits will permit four 30 Tt sections to be transported,
four 20 ft sections, or twelve 10 ft sections.

A “cherry-picker" crane was assumed to go with transport trucks to the
depot or meet them there to load sections, although a forklift truck could
also serve at the depot. After loading the needed sections, both the crane
and the flatbed truck-trailers proceed to the construction site. It was
further assumed that sufficient trucks would be requisitioned to accomplish
the maintenance activity in one trip from the depot to the site and return.
The handling c¢rew for attaching 1ift cables and maneuvering the PCB's into
place was assumed to ride to the depot 1in some fashion (perhaps the
supervisor took them) but to ride back to the site after Yoading the sections
in the truck(s).

It was finally assumed that equipment would have to be paid for in
four-hour (half-day) increments.

In order to cost the effort required to replace sections, it Is
necessary to consider how many sections at most might need to be replaced at
a site as a result of a collision. The dynamic and structural analysis
presented in Apggndix C or D provides an estimate of number of sections that
would be damaged;in absorbing varying levels of energy as a function of joint
design. If the conservative assumption is made that a damaged section must
be replaced, it is possible to arrive at some conclusions as to amounts of
time and numbers of trucks that would be required as a maximum, Table 27
provides these estimates of number of sections damaged as a result of levels
of collision energy ranging from 20.4 to 322 kip-ft (27.7 to 437 kN-m). An
examination of this table reveals that no more than one truck would be
required for repair of barriers hit with energy levels no greater than Level
3. These data lead directly to Table 28, which presents the cost breakdown
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Table 27. Damage Estimates

Barrier Representative Collisions
Connection Section 4500/15/45 4500/15/20 4500/25/60 40,000/15/60
Type Length Level A Level 1 Level 2A Level 3
(ft) *20.4 K-ft  36.5 K-ft 97.3 K-ft 322 K-ft
Cl Tongue & Groove 10 l 2 4 8
| 20 1 2 3 4
30 1 2 2 3
C2 Dowell 10 1 2 4 8
20 1 2 3 4
30 1 2 2 3
€3 Grid Slot 10 1 2 4 8
20 1 2 3 4
30 1 2 2 3
C4 Top T-Lock 10 0 1 4 8
20 0 1 2 4
30 0 1 ? 3
C5 Lapped Joint 10 i 1 4 8
20 1 1 2 4
30 1 1 2 3
C6 Pin and Rebar 10 0 0 2 8
20 0 0 2 4
30 0 0 1 3
C7 Vertical [-Beam 10 0 0 2 3
20 0 0 2 4
30 0 0 1 3
C8 Bottom T-Lock 10 0 0 2 8
20 0 0 2 4
30 0 0 1 3
€9 Channel Splice = 10 0 0 2 8
- 20 0 0 2 4
30 Q 0 1 3
Cl0 Welsbach 10 0 0 2 4
20 0 0 2 3
30 0 0 0 2

*Number Sections Damaged
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Table 28. Cost Bases
Sections to Haul
<4-30' | 5-8 - 30
<6-20'}7-12 - 20'
TRUCK COSTS <12-10'] 13-24-10"
Truck Use 42.00 | 84.00
Truck OPS Cost 22.00 | 44.00
Driver Cost 69.32 |138.64
$133.32 1266.64
Drivers 8 $17.33/hr.
Truck Use @ $42/3; day
Truck OPS @ $22/% day
CRANE COSTS
Operator 21.50/hr X 4 = 86.00
Cherry Picker 165.00 for & hours = 165.00
$251.00
Plus transport to site and back to depot
Assume same as truck OPS cost 22.00
$283.00
PICKUP & PLACEMENT COSTS
Time Base: Empty transport to depot @ 20MPH = 30 min.
Transport to site @ 20MPH = 30 min.
2-Handlers - 1 hour in transit @ 16.54 = §33.08
Can handie 4 30' {no faster to do 20's or 10's)
in 10 minutes
So: MAX time at site 1 hour @ 16.54 = $33.08
DAMAGED SECTIONS - Transp. to depot @ 20 MPH = 30 min.
- Back haul & drop @ 20 MPH = 30 min.
So: 2 hours just for xport
Handlers: 3 hours total X 2 X 16.54 = $99.24
Plus a super for 4 hours @ 21.50 = 86.00
So: 1 TRUCK 2 TRUCKS
133.32 266.00 Only differential
283.00 283.00 cost then is joint
99.24 99,24 hookup. (Negligible)
_86.00 _ 86,00
$801.56 or $602.00 $734.00
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for a half-day maintenance activity (it could hardly be less, as the table
shows) which basically involves men and equipment tied up for that length of
time and the costs associated with such an activity. Since no cases involved
more than one transport flatbed truck, a flat rate of $602 was taken for the
cost of the maintenance activity associated with a single collision., If it
is assumed that these sections must be replaced, then the cost associated
with that replacerment must be taken into account in estimating the total
cost of maintenance. For the small numbers of joints that must be fastened
in such maintenance jobs, the cost of that operation can be safely neglected.
The per-section fabrication costs for each concept presented in Table 14,
multiplied by the number of sections expected to be damaged in Table 27, plus
5602 was taken for the cost of the maintenance activity associated with a
single collision (Table 29). In this table, the total costs for a collision
at a given level are presented for each joint concept for each of three
section lengths, 10, 20 and 30 ft. In order to present these estimatées in a
perhaps more meaningful way, Figures 116 through 125 plot a curve for each
section length of cost as a function of energy level of collision.

Most of these <curves loock much the same, with the exception of
Cl--Tongue and Groove, and ClO--Welsbach, but even there, there is a
convergence of costs for higher energy collisions, for 10 vs. 20 vs. 30 ft
sections. Shorter sections maintain a cost advantage as far as maintenance
and'repIacements ¢costs over longer sections at a given level of energy for
most concepts until the higher energy ranges are reached. Note that costs
accelerate very rapidly for the lower two Tevels of energy.

A Hypothetica] Case for PCB Cost Analysis

The foregoing sectiaon presents a picture of the costs associated with a
collision, but the construction engineer needs a more complete perspective of
the total costs that he is facing in using PCB for protection of a
construction sice; that is, cost of the barrier itself, costs for
installation, and costs for maintaining the barrier once in place at any
given place in his site for a period of time. How many collisions should he
expect, and what will the consequences of these be on nhis total cost picture
for construction protection?

In order to dillustrate how such a costing estimate might be done,
recourse was made to the AASHTO Guide, "Guide for Selecting, Locating, and
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Table 29. $602 + Replacement Costs
COLLISION LEVELS
CONCEPT SECTION JOINT
LENGIH A 1 ZA 3 ASSY
Cl Tongue & 10 765 928 1254 1906* 0
Groove 20 925 1248 1571 1894* 0
30 1085 1568 1568 2051* 0
{2 Dawel 10 766 930 1258 1914*= 0
20 926 | 1250 1574 1898** 0
30 1086 | 1570 1570 2054%* 0
C3 Grid Slot 10 769 936 1270 1938 .03
20 929 1256 1585 1919 .03
30 1089 | 1576 1576 2063 .03
C4 Top T-Lock 10 Q 775 1294 1986 .11
20 0 935 1268 1934 .11
30 ) 1098 1594 2090 .11
C5 Lapped Joint 10 772 772 1282 1962 17
20 932 932 1262 1922 .17
30 1091 | 1091 1582 2072 17
C6 Pin and Rebar 10 0 0 964 2050 .55
20 0 0 1284 1966 .55
30 c 0 1103 2105 .55
C7 Vert 1-Beam 10 g 0 1000 2194 .03.
20 0 0 1320 2038 .03
30 Q 0 1121 2159 .03
C8 Bottom T-Lock 10 Q 0 998 2186 0
20 0 0 1318 2034 0
30 0 0 1120 2156 0
C9 Channel Splice 10 0 0 1032 2322 2.00
. 20 0 0 1352 2102 2.00
= 30 0 0 1169 2302 2.00
C10 Welsbach 10 0 0 1096 2084** 0
20 0 C 1416 1823** 0
30 0 0 0 1736%** 0

*May require moving undamaged PCB's to reconnect.

**Will require moving undamaged PCB's.
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST V5. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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Figure 125. Barrier Maintenance Cost vs. Energy
in Collisions--C10 Welsbach.
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Designing Traffic Barrier'(l3). The model in Section VII of the guide
provides an estimate of collision frequency per year, given certain
parameters about the highway and its geometrics with respect to a barrier or

obstacte. This is to say,

A = Tateral placement from EQP of PCB line
L = length of barrier array A
W = width of barrier
ADT = 2-way volume flow
Ef = vehicle encroachments per mile per year 7
Y = lateral displacement of encroaching vehicle measured from edge of

travelled way to longitudinal face of the barrier
P{y>...} = probability of vehicle lateral displacement greater than some

value
J = no, of 1 ft increments of width of barrier, i.2. a 2 ft wide

barrier would have a J-value of 2.

Obtain estimate of collision frequency per year Cf.

E

ce =_° (L +62.9) " P [Y>A)+
10560 _
[}
5.14 1 P [Y > A+ 6.0+ 2970
v 2

Let us now adapt an actual site in Texas for the purpose of demonstrating
this approach to cost analysis.
PLACE: Stemmons Fwy., 1-35
w side of Dallas, Texas
ADT: 200,000 for all 8 lanes, divided median

A: 3 f¢
L: 5,000 ft
W: 2.3 ft
P Y>A: 38%
Ef: 40% .
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’ w
Ce= Bt (L+62.9) P (VoA '+ 5165 P [¥>A+6+ &l
10560 J=1
= 40  {5000+62.9)* .98 + 5.14 [.935 + .925]
10560
if J=2; P [¥>3 +6+ 2-1] = [P ¥>9.5 = 93.5]
P [¥Y>3 +6 +4-1] = P {Y>10.5 = 92.5]
= .004 [4961.6 + 9.96] = 19.88 collisions per year

or approximately 20
Vehicle Mix:

Heavy Vehicles 16% 3.2 per year
Passenger Cars 84% 16.8 per year

Period of time barrier will be in place during construction: 1 Year

Since encroaching vehicles are "selected" randomly and might be
distributed approximately normally, a good method of roughly estimating the
energy of collision with the barrier might be the mean of energies associated
with passenger vehicles at various speeds and angles of encroachment. This
would be the mean of levels A, 1, and 2A, or 51.4 kip-ft.

By a similar argument, small trucks at 60 mph and 25 degrees
encroachment expend the same energy as larger trucks at lower speeds/angle
combinations, and distribute up to the extreme of 40,000 1b vehicles
impacting at 15 degrees at 60 mph (322 kip-ft). An estimator of the energy
associated with truck collisions would thus be the mean of level 2A and 3,
which is 209.7 kip-ft,

Suppose (as was the case in this real-l1ife example) the resident
‘engineer is considering the C-3--Grid-Slot concept, but his contractor can
supply the C-5--Lapped Joint. Which should be used on this busy freeway, and
which length, 10, 20, or 30 ft?

For C3, the costs of maintenance for 1 year would be:

Length Passenger Car Levels Cost

10 ft (% 992 x 16.8) + (51604 x 3.2) = 321798
20 ft ($1257 x 16.8) + ($1748 x 3.2) = $26942
30 ft (31413 x 16.8) + ($1820 x 3.2) = 529562



For C5 the costs would be:

10 ft (5 942 x 16.8)
20 ft ($1042 x 16.8)
30 ft (51255 x 16.8)

+ {51622 x 3.2) = $21016
+ ($1592 x 3.2) = $22600
+ ($1827 x 3.2) = $26930

From a maintenance standpoint, a 10 ft C5 is the most attractive in this

installation costs

considered from the previous sections.

example, however

and relocation costs must also be
5,000 ft of 10 ft C5 would cost;

Fabricate: $17.00/ft x 5000 = 585,000
Install $ 1.40/ft x 5000 = $ 7,000
Maintain : 521,016
TOTAL COST $113,016
whereas 30 ft sections of CH would be:
Fabricate: $}6.33 x 5000 = $81,650
Install: $ 1.19 x 5000 = $ 5,950
Maintain: $29,562
TOTAL COST $117,160

The much simpler C3 concept, in

comparison for 10 ft lengths would cost:

Fabricate: $16.70/ft x 5000 = $83,500
Install: $ 1.41/ft x 5000 = $ 7,050
Maintain: $21,798
TOTAL COST $112,348
30 ft lengths would cost:
Fabricate: $16.23/ft x 5000 =$81,150
Install: $ 1.21/ft x 5000 =% 6,080
Maintain: = A $29,564
TOTAL COST $116,764

This rationale can be generalized into a summary table, Table 30, which
assumes the nominal vehicle mix on the nation's highways of 16 per cent heavy

.truck, and 84 percent passenger or similarly sized vehicles.

As a matter of

determining how sensitive the relative total costs are to vehicle mix, the

vehicle mix ratio was changed from 16-84 to 50-50 (an extremely high ratio of

trucks, really unrealistic) and Table 31 was generated.

Then from these

figures, the histogram of Figure 126 was constructed showing the ten least
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Trucks 16% - Passenger Cars 847,

Table 30.

Concept Length Fabricate Install
C1 Tongue 10 $ 81,500 $ 6,900
C1 Tongue 20 80,750 6,400
C1 Tongue 30 0,900 5,900
C2 Dowel 10 ,000 6,900
C2 Dowel 20 81,000 6,400
C? Dowel 30 80,650 5,900
€3 Grid 10 83,500 7,050
€3 Grid 20 81,750 6,550
€3 Grid 30 81,150 6,050
CAdTop T 10 B6,500 7,100
CdTop T 20 83,250 6,600
CATop T 30 82,650 6,050
C5 Lapped 10 85,000 7,000
C5 Lapped 20 82,500 6,500
C5 Lapped 30 81,650 5,950
Cé Vert P 10 90,500 7,350
C6 Vert P 20 85,250 6,750
Co Vert P 30 83,500 6,150
C7 Vert 1 10 99,500 7,050
C7 Vert 1 20 89,750 6,550
C7 Vert 1 30 86,500 6,050
C8 Bottom 10 99,000 7,050
C8 Bottom 20 89,500 6,550
C8 Bottom 30 86,350 6,050
9 Splice 10 107,500 8,050
C9 Splice 20 93,750 7,200
C9 Splice 30 89,150 6,350
€10 Welsb 10 123,500 7,050
C10 Welsb 20 101,750 6,550
€10 Welsb 30 94,500 6,050

factor for Cars
Factor for Truc

ks

.00

Level A

$ 765
925
1,085
766
926
1,086
769
929
1,089
0

0

0

712
932
1,091

CCoCODOOo0OCOCOoOOoOOo 0o

Total 1 Year Costs With Maintenance for

Level 3

Level 1 Level 2A Main Cost Total Cost
$ 928 $ 1,254 $ 1,906 $ 21,559 $ 109,959
1,248 1,571 1,894 26,510 113,660
1,568 1,568 2,051 29,428 116,228
930 1,258 1,914 21,618 110,518
1,250 1,574 1,898 26,555 113,955
1,570 1,570 2,054 29,464 116,014
936 1,270 1,938 21,793 112,343
1,256 1,585 1,910 26,704 115,004
1,576 1,576 2,063 29,572 116,772
175 1,294 1,986 16,834 110,434
935 1,268 1,934 17,460 107,310
1,098 1,594 2,090 20,970 109,670
172 1,282 1,962 21,016 113,016
932 1,262 1,922 22,600 111,600
1,091 1,582 2,072 26,925 114,525
0 964 2,050 10,221 108,071

0 1,284 1,966 12,390 104,390

0 1,103, 2,105 11,310 100,960

0 1,000 2,194 10,710 117,260

0 1,320 2,038 12,765 109,065

0 1,121 2,159 11,526 104,076

0 998 2,186 10,683 116,733

0 1,318 2,034 12,744 108,794

0 1,120 2,156 11,514 103,914

0 1,032 2,322 11,146 126,696

0 1,352 2,102 13,098 114,048

0 1,169 2,302 12,100 107,600

0 1,096 2,084 11,226 141,776

0 1,416 1,823 13,112 121,412

0 0 1,736 2.7/8 103,328



6£¢

Concept

Cl
cl
C1
c2
c2
c2
C3
C3
C3
C4
c4
c4
C5
Cs
cs
Co
Co
cé
c7
c7
)
c8
c8
c8
c9
c9
c9

Tongue -

Tongue
Tongue
Dowel
Dowel
Dowel
Grid
Grid
Grid
Top T
Top T
Top T
Lapped
Lapped
Lapped
Vert P
Vert P
Vert P
Vert I
Yert I
Vert I
Battom
Bottom
Bottom
Splice
Splice
Splice

C10 Welsb
C10 Welsb
Ci0 Welsb

Table 31,

Trucks 50% - Passenger Cars 507.

Total 7 Year Costs With Maintenance for

Factor for Cérs =

Length Fabricate Install Level A Level 1 Level 2A Level 3 Main Cost Total Cost
10 $ 81,500 $ 6,900 $ 765 $ 928 $ 1,254 $ 1,906 $ 25,614 $ 114,014
20 ' 88,750 6,400 926 1,248 1,571 | 1,894 29,793 116,943
30 80,900 5,900 1,085 1,568 1,568 2,051 32,151 118,951
10 82,000 6,900 766 930 1,258 1,914 25,697 114,597
20 81,000 6,400 926 1,250 1,574 1,898 29,848 117,248
30 80,650 5,900 1,086 1,570 1,570 2,054 32,193 118,743
10 83,500 7,050 769 836 1,270 1,938 25,947 116,497
20 81,750 6,550 929 1,256 1,585 1,910 30,029 118,329
30 81,150 6,050 1,089 1,576 1,576 2,063 32,318 119,518
10 86,500 7,100 0 775 1,294 1,986 23,290 116,890
20 83,250 6,600 0 935 1,268 1,934 23,346 113,196
30 82,650 6,050 0 1,098 1,594 2,090 27,384 116,084
18 85,000 7,000 772 772 1,282 1,962 25,631 117,631
20 82,500 6,500 932 932 1,262 1,922 26,330 115,330
30 81,650 §,950 1,091 1,091 1,582 2,072 30,804 118,404
10 90,500 7,350 0 0 964 2,050 18,280 116,130
20 85,250 6,750 0 ] 1,284 1,966 20,526 112,526
30 83,500 6,150 0 4] 1,103 2,105 13,113 109,363
10 99,500 7,050 0 0 1,000 2,194 19,300 125,850
20 89,750 6,550 0 0 1,320 2,038 21,186 117,486
30 86,500 6,050 0 0 1,121 2,159 20,133 112,683
10 .99,000 7,050 0 0 998 2,186 19,243 125,293
20 89,500 6,550 0 0 1,318 2,034 21,149 117,199
30 86,350 6,050 0 0 1,120 2,156 20,110 112,510
10 107,500 8,050 ] 0 1,032 2,322 20,207 135,757
20 93,750 7,200 4] 0 1,352 2,102 21,772 122,722
30 89,150 6,350 ] 0 1,169 2,302 21,248 116,748
10 123,500 7,050 0 0 1,096 2,084 19,550 150,100
20 101,750 6,550 0 0 1,416 1,823 20,910 129,210
30 94,500 6,050 0 0 0 1,736 8,680 109,230

3.33
5.00

* Factor for Trucks



MIX*= 50 50 =e=ns
MIX = 16 - 84

Relative Cost TOP 10 $ x 103
918 1?0 I(IJZ 1[1}4 196 198 1110 1}2 1}4 116 1}8

UEEEESNNEEERUENI

=

*Percentage of trucks and passenger cars respectively.

Figure 126. Comparison of Ten Least Expensive
PCB poncepts.
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expensive concepts far a vehicle mix of 16-84 trucks: cars {realistic) and
the worst-case 50-50 mix. A1l costs, of course, go up for this worst case,
but the relative standing of most of the barrier joint concepts for the three
lengths of interest do not change a great deal. The least costly concept for
both traffic mix casas is the familiar vertical pin with rebar, C6 concept,
at a length of 30 ft, with (8, the Bottom T-Lock at 30 ft the next least
expensive (tied with C7--Vertical I-Beam) for the heavy truck mix case.
Others in the ten least expensive can bDe seen by studying this fiqure. Note
that the longer lengths predominate in overall costs, and positive Jjoints
appear to have an advantage in c¢ost over those less positive, although this
relationship is not completely straightfarward.

Analyses such as that presented above can be generated for a wide
variety of different traffic situations at proposed canstruction sites to
assist the construction engineer 1n'choosing an appropriate design of PCB for
his particular needs,
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