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Energy Analysis of eMB

A portable eMB 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

from an overhead view.

The major simplifying assumptions are:

• Only two segments of the barrier move.

• The amount of vehicle kinetic energy associated with the

lateral component of vehicle velocity is expended in

work on the barrier and the vehicle.

• The complex development of moment in a barrier joint can

be approximated as shown in Figure 2.

• Static and sliding friction between the barrier base and

the support media can be approximated as shown by Figure 3.

• The work done in deforming vehicle structure can be approxi

mated by the equation derived from Figure 4.

The basic energy balance equation to be used is

where

Ei = + Ell + E
c (1)

=

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.

the total of E~l' Em2. and Em3. the total work done
in rotating barrier joints. kip-ft.

2



,Joi nt No.

Vehicle entry
velocity vector.

V. mph
~

w

c::::J t::)

Vehicie exit velocity
vector

11(b) After impact

2

Definition of Tern;s:

L - Barrier seqrnent 1enpth
~ - Lateral deflection of joint 2
~ - Annular rotation of seqments 12

and 23
,>,~ - ~loment developed in joints 1, 2,

and 3 (see Fiqure 2)

Figure 1. Idealized barrier seqment positions
before and after impact.
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Now A~ can be proportioned from AZ to Al for different levels of

deflection by the equation
~

Ei.

(1) we find

and
11 = L sin e

By substituting A~ and 11 into equation

(A,-AZ)
(A, --~m~a-x~ L sin ~)

E =_.:.-_=~--------
C

(2)

(3 )

FiClure 4. Illustration of estimating work done in deforming
vehicle structure.



ElJ =

=

the work done in sliding two barrier segments
through the angle ~. kip-ft.

the work done in deforming the vehicle structure
during impact, kip-ft. (See Figure 4)

Note, Emt = Eml + Em 2 + Em 3 (2)

where

Eml the work done in rotating joint 1 through the
angle .p, kip-ft. (See Figure 2)

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

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

( 3) .

be determined from the following integrals
2) •

/

z¢ ¢

= N d¢ ,Em3 = I M d¢
o 0

The values of Eml and Em. can
(or numerically from Figure

Eml = f<P M dq> , Emz
o

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

mation of ¢ while joint 2 goes through 2¢.

¢ = 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 ¢.

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 value'is approximated by Equation 4, which can be solved numeri-

cally by referring to Figure

1
~

£11 = Wi lZ
o

3.

11 d~ (4 )

where

Wi = the weight per unit length of the barrier, kip-ft.

11 = the coefficient of friction associated 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.

E
E2,

(AI
(l\) - Az) L sin ~ ) (5)= -c B1 6. max

where

/1 1 = constant used in determining Ec, kip-ft. (See
Figure 4)

Az = constant used in determing Ec, kip-ft. (See
Figure 4)

B1 = constant used in determining Ec, kip-ft. (See
Figure 4)

t. max = maximum functional barrier deflection, ft. (This is
simply the maximum deflection that can be produced and
the barrier still be considered to be geometrically
continuous. It is taken to be five feet.

Wi = weight per unit length of barrier, kip-ft

L = barrier segment length, ft.

<P : the angular movement of one of the two moving barrier
segments, radi ans. .

-.
By substituting the values of Emt ,E).! and Ec into Equation 1 the following

equation results:

fa~' MdQl 12
<1>

2

Jo
Ql

2 + o I-I d<t> + W. L ).! d¢
E£

,
=

(6)

1 1 01
_ (At Az) L sin

<P)-~ t:. max
-=;

The control value.of Et is calculated from the equation

1 W ( 8)2E£ = 2" 9 V sin

where

W = vehicle weight, kips

g = acceleration of gravity, ft/sec 2

v = vehicle velocity, ft/sec

7

(7)



and e = 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 E~ from Equation I as shown in Figure 5. If Et from Equation 6 is

greater than E1 from Equation 7 the value of ~ is too large. There-

fore, a smaller value should be estimated and the procedure repeated.

If E~ (Eq. 6) is less than E~ (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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Cr

Ct

Ffx;
Ffy.

. 1

Fsk

FX'

Fy'

Ke

Kl
Kp

L.
1

n

Qek
Qfk

Qfrk

Qftk
Qk

qk

~k

l:lk

RFi

NOTATION

- Rotational friction force reduction coefficient

- Translational friction force reduction coefficient

Friction force in X. direction on segment i
1

Friction force in Yi 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

- Mass of segment i

Moment due to friction forces on segment

- Spring force (moment) due to deformation

- Number of segr;,ents in system

- Generalized force due to applied loads

- Generalized force due to applied friction

- Generalized 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

- Resultant friction force on segment i
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- Kinetic energy

- Potential energy

- Weight of segment i

- Global coordinate axes

- Local coordinate axes for segment i

- Global coordinates for location of external force applica-

·R. - Resultant velocity on segment i
1

rXAi - Local coordinate of point of external force application

for segment i

-Timet

U

V

W·1
XI , yl

X. , y.
1 1

XAi , YAi

XI
F

Xi ' y~
1

Xi ' y~
1

XiR

- Global location where external force is applied

- Global coordinates of segment i center of mass

- Global velocity of segment i center of mass

XR, y 'R

t.<jl.
1

0
qk

oW

oXAi
oYAi

ER

ET

- G~eralized virtual displacement

- Virtual work

Virtual displacement of external force in the XI direction

Virtual displacement of external force in the yl direction

- Rotational velocity check for friction adjustment

- Translational velocity check for friction adjustment

12



u. - Friction coefficient for segment i
1

Pi - Di stance from reference end to center of mass for segment

~e End of elastic deformation in joint spring

~f Failure deform~tion in spring

~i Rotation of segment i

~i - Rotational velocity of segment i

~p End of plastic range for deformation in joint spring

~s - Rotational slack in joint spring

w· - Rotational velocity of segment i
1

13



DEVELOPMENT OF SIMULATION PROGRAM

System Characterization

A free-standing, segmental concrete median barrier (eMS) system

can be modeled as a series of "n" articulated rigid segments. The

geometry is defined in the global coordinate system with the XI and

VI axes. The i-th segment has its own local coordinate system given

by the Xi and Yi axes. Each link is characterized by four variables:

length, Li ; distance from reference end to the center of mass, Pi;

mass of segment, M;; and friction coefficient with the roadway, ~;'

The spatial relationship ;s 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, XR, and YR; and the global

rotational angle of each segment, ~l to ~n' 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 (Xi,Y i ) and

space-fixed coordinates (X',y l
) is given as:

XI = Xi COScjli - Vi SinlPi; and. ..... (8)

VI =Xi Sincjli - Vi Cos~i . • . . . • . . .. (9)

The equivalent matrix form is

::= [Ti
] I:; I M)

where
- 5i n<Pi ]

Cos¢i

14
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of Seqment 1
(XRs YR)

\ r1 r2 IVi Vn

a e e -- a 0 I• • ... - - - • &"""-..

Xl X X. --2 1-
-- 0 X

n
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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 multipli

cation of the two, [TiJ [Ti]T = [r] is the identity matrix. Solving for

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

x.
1

y.
1 !

XI

y'
~2)

The position of the center of mass of segment can be defined as

X'1
y'
1

The position of segment 2 can be written as

XI
2

y'
2

= (14)

This can be generalized for any segment II i" (except for i=l) as

X~

x~I ;-1

[Tj
] !~jI [ TiJ :111 = + 1: + (Is).

y~ YR1 j=l

or in an expanded form

I I i-1 j i
Xi = X + I T1l Lj + T" Pi . . . . . . . . . . . . ~6}R j=l

I I i-1
T~l

iy. = y + 1: L· + T21 p. . . . . . . . . . (17 )
1 R j=l J 1

16



where and Sin4>.
1

Segment Center of Mass Velocity

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

vative of each term must be taken. For the first segment this gives

• I "' aT'l'
Xl = X12 + ~Ijll 4>1 °1

v' ., aT~n·
= y +~Ijll P1'1 12

. . . . . . . . . . . . • . . . . (18)

. . . . . . . . (19)

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

given by :

. . i-1 aT~l • aT~l
X ~ = XR' + I: ~ ~J' L. + -a- ~. P . •••••••••• (20)

1 j=l O~J J $i 1 1

i i
. i-l aT21 . ~T~l .

Y~=VR'+I: -a-tp·L·+-a " $. p .•••••••••• (21)
1 j=l $j J J <P; 1 1

~

and the square~ terms are

j ;

Pi ]

2[. r [ ;-1 aT" . aT" .
X~ = x· + I: dl • Lj + --~ . . . . (22)

1 R. 1 a<p· J a¢· iJ= J 1

2[r [ ;-1
j i

"i ]
y~ = Y' + I:

aT21 .
L.

aT21 .
(23)--1>. + -- ¢.

1 R j=l a1>. J J a¢. 1
J 1

17



Segment Angular Velocities

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

derivative of that segment1s rotational displacement (~i)' Therefore

and

(-24)

LaGrange's Equation

2(w. )
1

( 25)

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

LaGrange's equation. It is given as

(26 )

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

of the system; qk = generalized coordinate, qk = generalized velocity,

Qk = generalized forces acting on the sy~tem not derivable from potential

functions, and k = 1, 1 n+2, for the generalized problem.

The generalized force on the right-hand side can be defined as

( 27)

in which Qe c generalized force from externally applied loads (vehicle
k -

loads), and Qf = generalized force due to the Coulomb damping friction
k

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

(28)

where Fs =generalized force due to strain energy.
k

By substituting Eqs. 27 and 2~ into Eq. 26 and rearranging gives:

(29)

If there are lin" 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:

Matrix [0] contains all of the coefficients of the generalized accelera

tions and tEl is a column vector containing the negative of all re

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

Contributions of Kinetic Energy to Eouations of Motion

The kineti.c energy of a system of "nil particles is given by:

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

about the Zi axis; (Xi)2 = square of i-th segment translational velocity

"in XI direction~ (Yi)2 = square of i-th segment translational velocity

19



n VI direction; and w~ = square of i-th segment rotational velocity.
1

Equations 22 and 23 define 6;)2 and (Yi)2 and Eq. 25 gives the

value of (wi)2. These expressions can be substituted into Eq. 26 to give

the general formula for the total kinetic ener9J of the system. The

result is

[x~ +
i-1 ~T11

i ,rn ~T11
U = - I M. I jcj>. ~j L. +

~cj>.
~ .

2 . 1 1 J 11= j=l J 1

+ [ y~ +

'T; i ri-l d 21 "T 2lI ~~j
L. + --~. o·

J 3¢; 1 1j=l J

n
+ 1 Iz . 11=

(32)

By taking the derivative of this equation first with respect to each of

the general ized 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 equat10ns to calculate the [0] matrix will remain. The results

of this expansion is summarized in EQUATIONS GF MOTION.

Next, the derivative of the kinetic energy expression with respect

to the generalized 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. In the second range, the moment generated

is proportional to the relative rotatlon minus some value of maximum

slack rotation. This stored energy is completely recoverable by the

spring. A plastic region of deformation is next, where there is little

or no increase in joint moment 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 ~fnt the di fferentia1 rotation will be the difference in

angular rotation between segment "i" and segment "i+l".

~<Pi = 4>i+1 - 4>i

The potential energy of anyone spring is defined as

l
~ep

v. =
1 0

( 34)
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which can be expanded using the relationship of Eq. 33.

. . . . . . ( 35)

If the individual contributions are sunmed over the "n-l" possible

springs, the total potential energy can be expressed as:

n-l[l<1> ·+1
V = 1: '

;=1 0
(36 )

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~ and

y~ coordinates, so the necessary derivatives must only be taken with

respect to each rotation, ~i. When this is done, the {Fs } vector will

be the negative of these terms, where Fs is the resultant from dif-
k

ferentiating with respect to qk or ~k-2. The equations for the {Fs }

vector are contained in EQUATIONS OF MOTION.

Genera1i zed Forces due to Ex terna1. Loads

The external load in this model consists of an impact force in the

global yl direction that is input with a given magnitude, location, and

time of application. A second force in the global X' direction is de-

fined as an input fractional amount of the original force. The first

force is defined as Fy' where

.............

and the second force is FX" where

23



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

XI < X' X'iR - F > iT

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

of segment i is at

(38)

-
(39)

Ti - l
11 Li _l (40)

and the final end ;s at

Virtual Work of External Loads

The virtJal work of the external loads is given by

(41)

. . . . . . . . . . . . (42 )

Expressed ;n terms of generalized coordinates and forces, this virtual work

is

24



y'

Xir

~

On the i 'th
Segment

-Fi<

N
U-.

X'

.. IXiR

XAi
;; X! . +"T

l
i

1
(p· + r

XA
')

1 r 1, 1

X'F

Fiqure 8. Location of Vehicle Impact Force Alon~ Barrier.



n+2
oW = I

K=l
. . . . , . . . . . . . . . . . . . . . ( 43)

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

To transform Equation 42 into an expression with qeneralized coordinates,

use the relation

where X~R was defined above and
1 \

XF' _ X'. R
r = 1
X~i Cos ¢i - Pi

The impact location in the yl direction is given by

where

(45)

(46)

Thus, the point of application of force is

(47)

( 48)

But
;

Tll = Cos~i' so that

(49 )

In the same manner,

i XF - XiR
YI - yl + T
Ai - iR 21 Cos ~i
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and since T~l = Sin~;

With expressions for XAi and VAi defined, the first differential is

given as

n+2
oXAi = 1:

k=l

and

n+2

oVAi = 1:
k=l

(52)

(53)

These expressions can be substituted into Equation 42 to get

n+2 aXAi
n+2 aY AioW = F' 1: cqk + Fy 1: cqk (54)X aqk aqk

. . . . . .
k=l k=l

Rearranging tenns gi.ves

If this is compared to Equation 4) the general ized force is found to be

( 55)
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Equation 55 with k = 1, 2, ... n+2 defines the term in row k for

the column vector {Q
e

} in Equation 30. The expanded form for each row

of {Qe } is 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 V-axis

directions was found previously in Equations 20 and 21. Since both ex

prEssions for the center of mass location are functions of the general-

( 56)

k=l
X: =

1

ized coordinates, it can be shown that

n+2 aX: aq n+2
I: 1 k = I:

aqk aqt
k=l

and in a 1i ke manner.

n+2 aV:.
I:V~ = 1

qk1 aqk
k=l

( 57)

Define the net translational velocity to be

[
• 2 • 2 ] l/2

R. = (X:) + (V:)
111

(58)
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and the maximum resultant friction force on segment i as

where Wi = weight of segment

roadway and barrier.

. . (59)

and ~. = coefficient of friction between
1

Now, expressions to find the component of force that oppose the

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

be

Ff" =

- (:;) RF.x 1
1

and

Ffy'i = -C;) RF.
1

(60 )

(61 )

To help avoid the numerical instabilities that occur when X! or Y!
1 1

change sign, an adjustment in the frictional forces will be made. For

values of segment velocity less than a very small value, ET, the force

will be reduced according to the equation.

(62 )

The relationship of reduction constant to translational velocity is

gi ven by

Sin II
Ri For R. < (63 )2' ET 1

t:T . . . . . .
Ct =

1.0 For R. > t: T . . . . . . . (64)
1 -

Figure 9 shows the Ct - Ri curve for making this adjustment.
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Rotational Friction Force

. The contribution of the rotational 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
.
ep • Wi l1 i Li1

Mf . = - 4
1 I ~ ·11

Again, to compensate for possible numerical instability when the

rotational velocity becomes very small or changes sign, an adjustment

factor of

( 65)

.
ep •

Cr = Sin (~ t~) For ;, l' S -'t' t.: R

will be applied to the frictional moment as given here

Virtual Work of Friction Forces

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

n

cSWF -= ~ (FfX'i cSXi + FfV ' i cSVp
X - i =1

In a like manner the virtual work done by the generalized friction

forces can be'given as

n+2

= ~
k=l
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The expressions for X~ and Yi are given in Equations 22 and 23.,
hence

n+2 aX~

X~ = 1:
,

(70)6qk . . . . . . · . . . ·,
aqki =1

n+2
aY~

v~ = 1: 1
(71 )

1 6qk . . · . . . . ·
i =1 aqk

By substituting these two expressions into Equation 68.

aV.i ]+ Ff I·Y , aq~
cqk .....•...

If Equations 69 and 72 are compared it can be shown that the

generalized friction force due to translational movement is

n lFfxj
Qftk = 1: aX~

JY ~ ],
+ F 1 ( 73)

aqk f y i aqk . . · . ·
i=1

In the same way, the generalized rotational fri ctian force can be

found. The virtual work of the rotational forces is

n

oWfr = 1: MFi 6q,i
i =1

and the virtua1 work of the generalized rotational friction force is
n+2

oW = 1:f
k+l
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Since each of the segment rotational angles ~. correspond to the,
generalized coordinate qi+2' the generalized force due to rotational

fr;ction is

where Mf (k_2) is defined in Equation 65 or 67. The total generalized

friction force is given by

(76 )

( 77)

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

Solution of Equations

The Runge-Kutta Method

The matrix equations of motion for the barrier system as given in

Fquation 11are of the form in which the second derivative, qk'

(k=l, ... n), can be expressed as a function of the first derivative,

qk' the dependent variable, ~k; and the independent variable, t(time).

Therefore the equations were solved using the Runge-Kutta method for

ordinary differential equations (1).

The ri ght-ham:l side of Equati on 11 can be redefi ned as
"'"

{R}= {E} + { Fs} + {Qe}+ {Qf }

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

. generalized accelerations

34
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The [oJ- l matrix is a function of displacements only, but the {R}

column vector ;s dependent on both displacements and velocities. This

will be noted as

and

so that

. . . . . . . . . . . . . . . . . (80)

(81)

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

6t, using the equations given below.

{AY1}:: ~t· {q}

{All }:: ~ t . [0 ({ q }) ] -
1{R ({ q ~ , tqn} .

{AY2} :: ~t . {q} +} ~ t {Al,} .

1Alzl ' ,t . [0<I Q I + } lAY11 )] -1{R <l Q f +} lAY11 ,lid

+} 1Alll l} .
{AY3} :: ~ t . .{ q} + t ~ t . {Al2 } • • • • • . • • . . . . . •

!Al31, ,t~. [O<lql +}!Ay2Il] -1 {R<!ql +±lAY2\-lQI

+ HAl2 ll} .
{ AY4} :: ~ t . {q l + t· {AZ3 } • • • • • • . . . . • . .
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lAZ41= t· [O(jql +IAy31)] -l{R<lql +IAY31.1,i! +z31)}. (90)

IAYI= ~·{hl +ZIAYzl +zhl+I AY41}······· (91l

lAZI = t· {IAz11 +ZIAZzl +Zhl +lAY41} . . . . . (9Z)
The new values of time, displacement, and velocity at time t i are

{ql; ={ql;-l +{AV}

{cl; ={~h-l +{AZ}

................

••••••• I ... I •••••••• (94 )

(95)

This solution is continued using previous values of 1q} andtq} to solve .

for those at the next time step.

The Computer Program

The computer program was written in FORTRAN IVan 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 contr~)s· the logic flow of the program. Subroutines DATAIN,

INITL, LOCATE, ECHO, STEPS, RKSOLN, ACCEL, ENDFRC, and OUTPUT 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 solves for the generalized accelerations. It calls subrou-

tines LOCATE. TRNVEL. FORCE. DMTRX. Ef1TRX. FSMTRX. QEMTRX. QFMTRX. ADD.

and GAUSS.

Subroutine LOCATE calculates the global coordinates of each barrier

segment end point.

Subroutine TRNVEL calculates the translational 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 tEl column vector. Subroutine FSMTRX

determines the contributions of potential energy in the joint springs

to tFs l·
Subroutine Q~MTRX finds the generalized force in tQel due to the

impact force on the barrier segment. Subroutine QFMTRX calculates the

friction force contributions to the generalized forces in tQfl.

Subroutine ADD sums the IE}, IFs}.IQe}' and {Qf} column vectors

into {Ri. Subroutine GAUSS solves for the generalized accelerations for

a given [0] and {Rl 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

37



loads and accelerations. Subroutine OUTPUT prints out barrier geometry,

accelerations, and end forces at each required time step.

Output

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

coordinate system;

4. The global angular acceleration of each 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 eqtiations of motion for the system had been derived, a

three-step procedure was used to validate and check the coded program.

These steps were a general check of matrix assembly and solution scheme

logic, comparison with known solutions of theoretical problems, and

simulation of previous crash tests.

After debugging 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

~tabi1ity 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~ing1e member pinned at one end and subjected to a

constant force, as shown in Figure 11. By setting M
1

, ul' and 101 very

large in comparison to M2, u2' and 102 and using no spring at the joint,

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 and Results from
First Idealized Simulation.

Idealized r~ode1ed
Input Structure Structure

M, (lb-sec 2/ft) Fixed, 6217.6

u, not 1.0
2 required10, (ft-1b-sec ) 82901.

M2 (lb-sec2/ft) 248.45 248.45

u2 0.0

102 (ft-1b-sec 2) 8281.7 8281. 7

Results

Acceleration .906
(rad/sec 2) (Constant)

Angular Displacement
at Time=0.10 sec 0.260°

~t=O.OOl sec

~t=0.10 ft/sec

~R=0.05 rad/sec

41 .
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(Average)



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 sees. 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 ( ~,l,i,i). Each of these tests

used a barrier that could be modeled with the proper selection of para

meters to represent the system. On-going research (1) has established

the joint properti~s 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-I, and NY-2, were standard structural adequacy

tests (§.). Force versus time data for a structural adequacy test were

experimenta lly determi ned by Bronstad (L).
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Table 2. Input and Results from Second
Idealized Simulation.

Idealized Modeled
Input Structure Structure

M, (lb-sec2/ft) Fi xed, 6217.6

\11 not 1.0

101 (ft-lb-sec2) required 82901.

M2 (lb-sec2/ft) 10.89 , 0.89

\12 0.0

102 (ft-1b-sec 2) 362.8 362.8

ke (k-ft/deg) 100. 100.

Results

Rotation at end of
one natural period

6t = 0.001 sec
.
St = 0.10 ft/sec

~R = 0.05 rad/sec
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Table 3. Barrier Simulation Input.

Barrier Properties Joint Properties

Test No./Segment Length l.lt/ Ft Friction 4>s 4>e 4>p 4>f Kf Kp
(ft) (lb/ft) ~ ilig1 ilig1 ~ (K/deg) (K/deg)

CAL-291 12/12.5 400 0.5 3. 5. 15. 15. 4.5 o.

CAL-294 6/20. 400 0.5 3. 5. 15. 15. 6.0 o.
~
~

NY-l 6/20. 400 0.5 10. 12. 22. 22. 48.0 O.

NY-2 6/20. 400 0.5 o. 2. 12. 12. 48.0 O.

CMB-24 5/20. 500 0.5 l. 3. 13. 13. 3.0 o.
Cr·1B-2 3/30. 500 1.0 O. 5. 15. 15. 25.0 O.



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-29l and CAL-294. Table 4 gives

this input. With the proper barrier and joint properties, system qeometry

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-l and NY-2, the comparison

was very good. There were several factors in the NY tests that could

not be exactly determined, and they likely contributed to this differ

ence. The number of barrier segments and location of the vehicle im

pact point were unknown. Six segments were assumed to eliminate system

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) varied from the conditions used in the Bronstad test (~).
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Table 4. Impact Force Input for
CAL-291 and CAL-294 Tests.

CAL-291

Time Force Position
~ .l!E.L (ft)

0.0 0.0 41.0

0.01 18950. 41.95

0.06 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
illfl .ill.L (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
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Table 5. Simulation Results of Previous
CMB Crash Tests.

Observed Predicted
Test Maximum Deflection Maximum Deflection

(ft) (ft)

CAL-29l 0.52 0.65

CAL-294 0.46 0.61

NY-l 1. 33 3.63

NY-2 0.92 2.09

CHB-24 3.42 3.49

CMB-2 1. 10 1.47
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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 deflectiQn 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 design 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

initially to establish a starting point. Other lengths were also considered

later.

The force vs. time input for the structural adequacy test of longi

tudinal barriers (a 4500 1b vehicle traveling at 60 mph with a 25 0 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_necessary forcing function established, two important

questions had to be resolved. How many segments are necessa,'y to elimi

nate significant end point movement, and, is an impact at the joint or
.

the center of the 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 an excessive

amount of computer time. These questions were analyzed for each of the

three segment lengths. All of the tests were done with no joint moment

capacity and roadway friction, ~ = 0.7.

The results of this initial evaluation are summarized 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

added 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-a}l these tests are tabulated in Table 6.

Effects of Joint Moment Capacity
.

and Segment 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

50



Table 6. Length of Need and Critical
Impact Point Study Results.

Length No. Hit Max. End Point Displacement
Defl. Xl Yl Xz YZ

12 8 JT 34" 2.3" -0.1" -4.8" 0.0"
12 10 JT 33" 2.0 11 0.2" -4.0" 0.0 11

12 12 JT 31" 1.8" 1.2" -3.2" 0.0"
12 12 eTR 39" 3.7 11 0.2 '1 -3.2" 0.0"
12 15 eTR 35" 2.3" 0.7" -2.9" 0.0"

20 5 CTR 34" 1.3" 0.0" 4.3" 2.8"
20 6 eTR 32" 2.5" 0.0" 0.2" -0.1"
20 6 JT 24" 1.0" 0.2" 1.2" 0.2"

30 3 eTR 18" 0.1" -1.0" 1.7" -13.3"
30 4 eTR 14" 0.2 '1 -1. 2" -0.4" 1.7"
30 4 JT 17" 0.5" 2.0" 0.4" -0.6"

15 8 eTR 43" 4.7" -0.5" -3.7" 0.0"

15 ·8 JT 26" 1.3" -0.2" -2.2 11 0.0"

15 10 eTR 39" 3.6" 0.1" -3.7 11 0.0 11

15 12 eTR 35" 2.9" 0.5" -2.9" 0.0"

25 5 eTR 22" 0.1" 0.2" -1.8" 2.4"

25 5 JT 21" 0.2" -0.2" -1.2 11 -1. ]"
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joint moment capacities ranging from a 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 limits established. The roadway friction

coefficient was constant at ~ = 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 only 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 sooner, and

absorb more energy in plastic deformation of the spring. Next. although

the 12 ft. 15 ft, and 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 length 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

lengths require significant joint strength to minimize lateral deflec-

tions.
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Table 7. Connection Moment-Segment
Length-Deflection Study.

CPs = 3° 41 = 5° 41 = 40°e p

Barri er Connection Maximum
Length Moment Displacement
(ft) (k-ft) (i n. ) (ft)

12-15 Barriers a 35.01 2.92
25 25.21 2.10
30 23.92 1.99
50 19.80 1.65
75 19.76 1.65

100 21.67 1.81
15-12 Barriers a 35.31 2.94

25 29.06 2.42
30 27.93 2.33
50 22.73 1.89
75 19.98 1.67

100 18.76 1. 56
20-6 Barriers 0 33.80 2.82

25 28.01 2.33
30 26.94 2.25
50 26.70 2.23
75 21.87 1. 82

100 19.07 1. 59
25-5 Barriers 0 22.32 .1.86

25 21. 37 1. 78
30 21.17 1. 76
50 19.89 1.66
75 18.82 1. 57

100 18.34 1.53

30-4 Barriers a 17.74 1.48
25 16 ..87 1.41
30 16.80 1.40
50 16.55 1.38
75 16.25 1. 35

100 15.98 1.33
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Effects of Joint Connection Slack

on Lateral Displacements

The relationship of joint connection slack to barrier displacement

was investigated 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, ~e' was

always 2 deg larger than the slack rotational limit, ~s. This was done

to keep the elastic spring constant, kE, the same for all tests. As in

previous studies, the friction coefficient was ~ =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 previous 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 irregularities. 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 less 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,-and 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 quickly once slack increases
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Table 8. Connection Slack-Segment Length-Deflection
Study Results.

Mu =100 k-ft ~ = ~ + 2°e s

LATERAL
LENGTH SLACK DISPLACEMENT
(ft) ~ (ft)

12 1 1. 61
2 1.60
3 1.60
5 1. 78
8 2.20

15 1 1.45
2 1.50
3 1.56
5 1.65
8 1.99

20 1 1.37
2 1.53
3 1.59
5 1. 92
8 2.34

25 1 1.13
2 1.34
3 1.53
5 1. 75
8 1.86

30 1 1.06
2 1.22
3 1.33
5 1.43
8 1.43

57



3.5

+-'
4-

+-' 3.0c:::
QJ
E
QJ
u
<U

c..
Ul......

0

+-' 2.5
c
0

20'
"":l 12 I

<U
~
QJ
+-'
<U 2.0 15 I

....J

E
:::l 25'E......
X
n:l
:z

1.5 30'

1. a L.---.;......._---'~_.....r_ ..&._ __a. _

2 3 .) 8

r·, ;100 k-ft
u

4l e; 4l s + 2°

w;0.7

Connection Slack (deg)

Figure 15. Lateral Joint Displacement Versus
Connection Slack, Variable Segment Length.

58



beyond 5 deg. The same type of response is seen ;n the 12 ft segment

lengths. The maximum deflection of the 12 ft length ;s 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. These 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 limit at 3 deg was used in all tests.

The friction coefficient was varied from 0.4 to 0.6. The results are

given in Table g-and displayed in Figure 16.

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

tothe coefficient, this simply indicates that the short segment lengths

are not affected very much by changes in the friction force.
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LENGTH
(ft)

12

15

20

Table 9. Friction Variation Study Results.

<!l =1° ~ = 3° M = 150 k-fts e u

FRICTION LATERAL
COEFFICIENT DEFLECTION

(~) (ft)

0.4 1.68
0.5 1. 61
0.6 1.50

0.4 1.68
0.5 1.60
0.6 1. 52

0.4 1.35
0.5 1.26
0.6 1.20
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Analysis with Laroe Joint Moment Capacity

and Moderate Friction

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

1edgth 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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LENGTH
(ft)

12

15

20

Table 10. Additional Results of Joint Moment-Segment
Length-Deflection Study.

CONNECTION LATERAL
MOMENT DISPLACEMENT
(k-ft) (ft)

50 1.85
lOa 1.68
150 1. 61

50 2.11
100 1.54
150 1.60

50 2.32
100 1.56
150 1.26
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EQUATIONS OF MOTION

(96)

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 tE~ result directly from operations with the

kinetic energy terms; [0] may be thought of as a psuedo-mass matrix and

tE~ as an inertial force matrix.

Column vector lFs~ contains generalized forces due to potential

energy in the rotational joint springs.

Column vector lQf~ contains generalized forces produced by friction

between the barrier and the roadway.

Column vector lQel contains generalized forces resulting from

external forces (impact loads).

Following are the expressions to calculate the [OJ matrix:

For 1he diagonal terms,

n

°1 ,1 = I M.
i=1 - ~

n

°2,2 = I Mi
i =1

(97)

(98)

D..
1 , 1

2 n
= 0 .r~ .+L. I M.

1 1 1.. 1 JJ=l+
For i = 1,2, .... n-1 (99)

°i+2, i+2
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For the remaining row one terms.

D
1

2 = 0 •••••••...
, n

ul . = p.M.Sinep.-L.Sinep. I M.
,1 1 1 l' , j =i+1 J

For row two terms,

For i - 1,2,

For ; = f,

. n-1

(101 )

(102)

( 103)

n
O2, "+2 = p. M, COS¢! ,+L .COS¢!. I M.

I 1 " '5=;+1 J
For = 1,2, ... n-l (104 )

For row 3 to row n+1

For = n .. (105)

n
0'+2 '+2 = L.Cos(¢! -<fi .)(p .M·+L· I Mk) For i = 1,2,
',J , u J J J J k=j+1

n-1, (106)

j=1,2, n-1

For n+2 column,

0;+2,n+2 = L;Pn+2r~n+2Cos(<P;-¢n+Z) For i ;: 1,2, ... n ... (107}

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

the matrix, and then set

D.. :: D.,
J' , J

For j = 2,3, n-12 .. (l08)

i=l,. j-1

Following are the elements for column vector lE} :
For row one

For row two term,

n 2 n
EZ = I ep. Cosep. p. M. +L . I M.)

, ", 'J'=i+l J
i =1

. . . . . . . . . . . . . . . (109)

. . . . . . . . . . . . . . . . (110)
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Remaining terms, rows 3 through n+2,

i -1

Ei+2 = I Lj 4> i Sin (4)r cP i)
J=l

n

(PiMi+L; I Mk)
k=;+l

n

+ L. I M.p.4>~ Sin(¢.-¢')
'j=i+l J J J J l

n

+ L. I
'j=i+l

2 n
L.4>. Sin(¢J'-~i t ~\

J J k=J+l
.............. (Ill)

rlote that the first tenn is not included in the E3 calculation, the

second term is not included in the En+2 calculation, and the third tenn

is not a part of the En+l or En+2 calculation.

Following ar~ the elements for column vector lFsl

F = a
Sl

...................... (112 )

(113 )

F = -M
5i+2 u.

1

F = M ~I

5i+2 Ui_l u.
1

F = M
5;+2 u. 11 -

For ; = 1

For i = 2,3,

For i = n

n-1

(114 )

(115 )

(116 )

-
where M is the lTlbment in spring "i". This value is dependent on the

ui
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 tQel column vector:

For a force located on segment j

Qe1 = -Fy'tan j

Q - I:'yle2 - I
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. . . . . . . . . . .

Qe;+2 = FY'L;(COs~i+Sin~itan~j)

Qej = Fyi sec2~j(XF-Xir)

Qei+2 = 0

For ; = ',2, . . . j - ,

For ; > j

( 119)

(120)

(121)

Following are the elements for the tQft column vector:

~~
n 1

Qf, = - ~ Ct· -R' ~J.lJ. • ••••••••••.••••••• , (122)£. ,. 1 1
; =1 1

n
Qf2 = 1: Ct;

; =1

y~
1

-, W'lJ
fL 1 1

1

.......... __ (123)

+ L.
1

n

I
.i =; +1

W.!J.
C J J X'C Y"S'tj~ j os~;+ j In¢;

J

~. W·lJ·L.
_ Cr,. 1 1 1 1

~i 4
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LISTING OF THE COMPUTER PROGRAM
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SY8AOUT[N! AKSOLN (XA.tR.~Hl.XRO.tqO.~M[y.rl~!)

CO~.ON ,.. ..LP.....$/ "'1'0(111. "",,01171. :l001171
COM~ON ,..CaNST/ ~.~I.NPa.N"I.NPAOT.M""RK.INO;~.JT.ZT.;~.~[

RE~ ~H(15). ~HIO(151

AEA4. A'I'(171. ""'1''1'(171. ",z((11. 4ZZI(11
..T( II a OreOlAO
AY(21 a I)T.'I'AO
00 (0 '< .. J.NPZ
l(M2 • 0( - 2
~Y(l(1 a OT«P... l0(I(M21

10 CONTINUE
00 20 " • I.NP2
AZ(l() .. OraaOO(KI

20 CONTrNUI
00 JI) I( .. I. NP 2
A'I''I'(K) a "V(K)I"e.O
"ZZIKI a "ZIK)/6.0

30 CONTINUE
00 SO J .. a.4
FQ .. C a o.~

IF (J.EQ.4) ~RAC .. 1.0
""YO( I) • -'R • Fq~C04'1'( (I
.. vOlal • '!'A • FRAC T(ZI
AZO( II ...RD. F;;AC Zll)
.ZOIZI a YAO • FAAC."Z(~)

00 40 I( .. J.NPZ
1("2 .. I( - 2
.. TO(K) • ~MI(I("2) • FRAC.A'!'II()
",ZO(K) a PHI0(1(~21 • FR4CO""IK)

40 CaNT I NUE
T.INC a TIM~ • OTeFAAC
CALL STEPS (T~INC)

I~ (M"~K.GT.O) GO TO 100
IF (INOEX.EQ.IIGQ TO 100
00 60 I .. I.NP2
"''1' ( () • OT ... ZO( ()
A,z ( II • OToQOO I [ I
"'1''''(1)'' "''1''1'(1) 'I'(I)/(6.0 .... Cl AC)
~ZZ(I) • ~ZZ(I) ZIII,..(~.~.FAAC)

60 CONT1NUl!
SO CONTI NUl!

xA .. XA .....,.., (I)
Ylt .. YA • "V'I'(Z)
XAO" xAO • "Zlll)
YRO .. 'I'~O ...ZZ121
00 90 K .. J.NPZ
"'/lOI2 .. I( - 2
~H I ( I< '" 2 I a p!oj « K'"a) • ... Y'I' I K I
~~[OIKM2) • P"'10(1("'2) + .,zZIK)

90 CONTINUE
100 j;l!TUAN

END
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SU6RCUT[NE STEP! (T[~el

CCIINCN /.1.~"5.1 o\TO~17l, ... ,01111. JOOCl"'1
CO","ON .ICONST.I '1 ..'<l>l .....1>2 .NNI ..... PROT ...ARK. ::-.oex .OT .e.T'. ~q.;> I
REAl. "OCI!), TOClSl, ;> ..Hll51. ;:::I~[:l(l!). :>"':>1(7')
.!QU[V"I.ElIICE IATDC11.,lt~I. (AYOlZI,TAI, ("'Z::>111.xR';:). 1.10.:0121 .... 0))

!QUIV"..eNCe (AYOIJ).P~[(lll. (ALOIJI.;2"'I:JI1))
e:OVI v .... ;,..C! 1I'I115,QOOI
CO~NON /""TRIX.I DC 17,lSI. ~H5

CALI. l.eCAT! lXA.vA.PM(.TI~EI

CAI.1. TRN"E~ lXAO,VRO,;:::IHIO,PHl1
CAI.1. FC~CE lTIME)
CAl.I. OMTRX (;:::IH I)

CALI. e."'TRX (PH[.;2H[~.XAO,TAOI

CAI.1. FS,..TQx (PH[ I
CAI.1. OE",TRX IPH[)
IF ( .... RK.~T.OI GO TO 100
CAl-I. QF~TRX (PHI.PHlDI
CAl.I. ...00
CAl.I. CA~SS (0001

lOa RETURN
!i\l0

5UOAouTI'Ie 1.0CAT! lXR.TA.PHI,TtMel
CO"'.ON /CONST/ ... NPI.'IPZ ......"'I.NPROT ....... K. t"oEx.uT.:T.:,".;J(
CO"'''ON /14E'~8eQ,I "1151. ;>( (5·1. 1.( 151. (01 (51. J( IS) •• ( IS)
CO"''''ON /".xOIS/ OEFI.. ~OPT'. r: ..e'""
COIO"ON /!NOP r / x I ClSI. ., 1 I l5 I. X T I l5). • T ( 151

REAL P.., I C1 !). I.
e - c"l.e~"TE X-COORDIN"TES OF 5~G"'ENT ~NOPO[NT5

X1(11 a XR
00 20 J a 1.1'1"'1
JPlaJ"l
Xl(JPII a XIIJ) + COSlPHllJII-I..(JI
xTCJI a XII"JPU

ZO CONTI'lUE
lIT(N) a XII'l) .. COSCP"'((NII-t..INI

C • C41.eUI.4TE Y-COOAOIN.. TIS UF Si~~!~T ;No"o[~rs

Y [( 11 • Y~

00 &0 J a L.N"'I
Jj;I t • J + L
'([I",PLI • TI(JI + I.("JI-SIN(PH[(JII
YT ( J I a Y t I JP 1 I

&0 CONT[ 'luI!
.,TINI = TIll'll" S['lCPHllNII-l.lN)

C - CMEeK ~OR ·U.X["U'" i!NOP01NT OISPI.AC~"E... T
00 ~O [ = L •.'l
LF (4eS('f1(1l1-oE!K\.) 60,55.55

55 OEFI. a 4aSCY[Cl)
NOPT' a 1

rl",e"x • TIMI!
60 CONTINUE

I~ IA85(TTINII-Oc~t..J 70.05.05
65 O!!WI. a ",SSC'l'TCNII

NlJPT' • ..I!' • 1
1': ... e14l1 ~ TI,"'I!.

70 CONTINUE
~eTUAN

!!'<O
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SUBRouTtN! TRNV!L (~RO.YRO.~~IO.~~I)

COM"'CN l"e"l!!1V .01(15). ",1151.1..(151. lOllS). ,)115), .1151
CO/ltMCr. ICCNST I ".NII 1 • NPZ ,N"( ••\I""OT ,Mol .... , I NO~)I ,::IT. E:T • ~~.p t
CONNON IC~pqOPI )lOllSl. '1'01151, ~OOI151. rQulIS)

R!AI. II"" 15). 1".01( 0 I 15 I. L
e _ ~INO CaNTaR OF .... 5 ... TRANSl.ATIONAI. 'JEI.JCP"Y (N ';;I..C'Io\L }\-'';'I:;=crr ~-.

00 50 I ~ I.N
;COUI .. ;eRO lI(II·SIN(P'Hlllll.PM'O((1
[10 I (.~Q.ll GO TO 50
SUN .. 0.0
(Nt .. I • 1
00 40 I( .. 1. li'otl
SU" .. Su.- + I.. I J() • S I N( PM I I J( I I -- I 0 ( I()

_0 CONTINUe!
;CO( () .. xoe I I - SUM

50 CONTINU!
C • ~(NO C!NTl;F1 0" "'''''SS TRAN$l.AT(Of'olAI.. 'fEL.OC[TY [-' ~L.OB"'- r-v[=Ecn:',

00 (00 I • 1. N

'l'Oe[) • 'l'QO + I"CU.COS(P'",lllll.P",(O([)

I" [(.EO.l) GO TO (00
SUN. 0.0
[101 .. I - 1

0090 1(" 1.1/011
SUN" SUN + L.(I(I.COSI ..... UK) I-PMlce ...

90 CONTtNU!
TO[() .. '0(1 I + SU/lt

(00 CONTINue
R!!TUNN
!NO

c

SUBAOUTINE FORCE ITIN!)
CO""ON It"P"CT/ T..PTISOI, }\I"T(SOI. F~T"IJ). "''''TS. [lor. xF. t ..p·:: .. =

.. • CF. ,ax. ~'1

• FINO R"Nee 0,. TIMe TO INTERP'OL.olT! a!~.E~N

[PTIII .. [lOT + I
IF (T[ ..€.G2.T1U~T[I;:»TI .ANO. T [)oIE.I..T.T'lI:lTI r"'T;:Il I J ;,J rc 20

00 ZO N a lPT.NPTS
I • N

I,. [IT_T(NJ.L~.Tl"'I!J .A/IIO. ITIl4PT(~lI.GT.TP.1!11 ~O Hl.25

20 CONTINUa

" ..AK .. ZC
GO TO loa

2' [I"T ... [
IPT~l • IFIT • 1

• FINO <:O~RES"ONO[NG FO~<::: "'NoJ L::lC",T[ON ;:J'" c'.)I'<;:e',r ,"L.;E :~ ~:"~

30 x~ .. }\P'T[lll~1 ~ ()CPT( rI"TPlI-}\PT( tl"TII/(T"'~T( I",~Ptl-r ..",r( I",T) I-
+ [Tllfl!!-TIolPT(IIlTlI

FY .. FQTI11:I~1 + (~"TI[lOTPll-~I"T(IPTII/IT''l~T'I[p'''OII-r''''''''([QTI)

+ ITI,"l!!-TIolPT"(lPTII
FlC • C,.."",

1 00 ~T\,j~N

=/010
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SU8ROUT1Nl! O~T~X (~~I)

CO,.. ..ON /NeIol8Ei'l/ .. ( 151. ~ ( 151. I. ( 15 I. [:) ( IS). '.J ( IS). • ( 15 I
CO.NeN l"'Ar~[X/ JII7'd!51. :;(P·,. ~~HL?I. 4E(I':"I. ~F(I?l

CO....ON ICONST; N.N~I.N~Z.N"I.NpqOr./ol_~K.[NOE~.vT.~r.=~.~[

;:1101. ~~l( 131
RI!J.l. .... I.. ,0

C - C~l.CULATE OIAGONAI.. T!i'lNS
SUN - 0.0
00 1 I ,. 1.1'1
SUN - SUN • lOt I I
CONTINUI!
01 I e1 I =- SUM
012.2) - SUIC
00 10 I .. J. ",p 2
rllli .. I - I
[."2 .. [ - ,
Q(I.II ,. 1>1(1012)&&2 ""1M2) • [O(P~2)

IF ( ["z.Ge.:'!) ~O TO 10
SUN. 0.0
OO',J=-[lIOl.N
SUN=- SUN. MIJ)

, CONTl'-'ue
onol) .. O(ld) + SU;O-I.([.IOZI--Z

I:) CONTl/'''UI!
C CA~CUl.AT! RC. C~ Tii'lNS

011.2) - ~.o

00 20 J ,. 3.N~Z

JNI ,. J - 1

J~Z • J - Z
O(I.,J) • -~(J"2)""(JIIIZ)

IF (,JM2.GE.NI GO TO 20
SUN • 0.0
00 I' J.J =- Jill I .N
SU~ ,. SUllO. "(JJ)I' co,..rlNUE
O(l.,J)" O(I.J) - SU"-I..IJIIOZ)

20 011 • .J) .. 011.JI.SINIP~[I.J'''211

C & CAl.CULAr! ROW TwO TiRMS
00 30 J .. J.NPZ
JNl & J - I
.11'12 ,. J - .2
OIZ.,JI =- P(,JNZI-MI,JNZJ
I~ (.I ..2.GE.NI GO TO 30
SUN,. 0.0
00 2' J.I .. J .. I.·...
SUN .. SUN + "(JJI

Z, CONTINUE
OIZ.,J)" OIZ.,J) .·SUIo4-I..IJMZI

30 :)(Z,,J) ::r OIZ.J).CCS(~lIJ"ZJl

C • CAI..CULATE QI!"AIN1N~ Q Io4ATQIX ~E"ENr$

00 '0 I ,. 3.NPl
IP I .. [ + 1
1"'2 ,. I - 2
00 'OJ .' I PI. NP Z
J/OO1 .. t' - I
.INa ,. .r - Z
Oll,JI =- L.(1)42)-~IJM21-M(JM21

IF 1.l1041.''T.N) ';;0 ro so
SUM,. 0.0
00 ~5 JJ .. J ... I .....
SU'" .. SU'" + "(JJJ

., CONTI~\,jE

O(I.JI .. 011 • .J1 ~ sU"-I.ltl'O')-I.IJ"ZI
500(1 • .1) '" 0(I,.J).COS(~ .. t(J.102)-Q~I(I."'ZII

00 60 [ .. z. 1"1' Z

11041 '" I - I
00 !lO J" 1.[."\
Q( 1 • .J 1 " 0 ( .J • t)

00 CONTINUE
ReTURN
=NO
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~ueROUT1Ne E14TRX I~Ml.~MIO. xRO. "RD I
C04Ol1ll0N /"I!:-tSeR/'4(15I, ~1151, 1..115/. iOl151. J!I:;I ... "51
CC,l4llleN /lurCllx/ 01l7,l31. ::1171. F5Il71. 'JEIl71. )F(!·l
COMIllON /CONST/ ~.NP,.~P2.~~1,NPRor,~.~K.t~OEX.~T,~T.a~,~{

~I!AL. ~"1l15J, ~MIO(l51

aeAI. 1.1, I., ..
C .. C~I.CUl.Are ~ow ONI! reRill

EIII '" 0.0
00 20 l( .. I ,1'4

1(1' I '" I( ~ I

SU/Ill '" 0.0
I~ (K.l!a.NJ GO 1'0 15
00 10 Is I(Pl.N
SU'" • SU,. .. lI( I I

10 CONTINUE
15 EIII '" E(11 • (1.IKI-SU" ~ PIK.)"'CK)I·~.nO(I(I"-2-COS(PM(")1

20 CONTINue;
C • CAL.CUL..r! ROw 1'.0 rER/IIl

E(21 '" 0.0
00 70 I( .. I.N
1(1', '" I( .. 1
SU~ '" 0.0
IF (o(.EO.HI GO 1'0 as
00 50 I '" 1(~I,N

:;UIll '" SUIll ~ '4( II
50 CONTINUe
!IS al21 3 El21 .. (L.IKI.SU~ ~ P(o(l ... CKll ...... IO(K) •• Z.Sr"("... «'"I )

7 a CON 1't N vI!
C - CAl.CUl.ATI! RI!~AINIHC e: '4ATRlx rI!R~S

so 00 ZOO I :. I.N
11'1 '" I ~ 1
1~2 '" I • Z
E< I~ZI • 0.0
~Mt '" IICII_Ill(11
1.1'" 1.111
iF II.eOdl GO 1'0 L~!

IlIl '" I - 1
S~ '" 0.0
II" I l.eQ.H I GO 1'0 125
00 120 If, '" IPt,N
SU/Ill • SUIll • IllCI(J

120 CONTINUl!
125 00 130 oJ '" Itl,.L

;111021" ElIP21 .. pMIO(JI-.Z-l.IJI
~ SIN(PIol[l..II-I' ... UIII,,(""1 0 ,-1.S..J~1

130 C:NTINVe
IF li.eO.1'I1 GO 1'0 ZOO

IJ:I SUM" 0.0
00 140 l( '" IPI,N
SUM'" SUIll ~ '4CKI.P(KI.~lOCKI •• Z

.. -SINlp"lII(J - "..,tlll I
160 CONTINue

!(II>ZI '" ElIP21 .. I,,(tl-SV'"

SU/Ill ~ ~.o·

IF I IPf'.GS: .1'4101 I GO TO ZOO
00 160...J '" 11'1.1'4101
SU" ~ SUIO" L.IJ)~PIolI.JI,JJ..-Z~SINIP.. IIJ)-~.. I(())
;P\_Jol
~I:;OO '" 0.0
OC 1'00( "" JPL,N
~~OO .. "~CC .. SU"••C~I

150 CCNrtNUE
:1 ti=l21 '" EI (i=l21 ~ l.1.PQOO

t60 CONTINUE
200 CONT I NU!

al!TUR'"
aNO
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DESCRIPTION OF INPUT TO THE COMPUTER PROGRAM

First Card, Format (ABO)

Program
Col. No. Variable Description

1-80 HEADl 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

one

Third Card, Format (215,3F10.2)

Program
Col. No. Variable Description

1-5 N Number of barrier segments*

6-10 NPRDT Output print interval

11-20 DT 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. Variabl e

1-10 M(I)

11-20 L( I)

21-30 P(1)

Description

Mass of segment I (lb sec2/ft)

Length of segment I (ft)

Distance from reference end to center of

mass for segment I (ft)

31-40

41-50

IO(I )

U(1)

Mass moment of inertia about center of

segment I (ft-1b-sec 2)

Friction coefficient for segment I

There are N cards in this series.

Fifth Card Set, Format (4F10.2)

Description
Card 1
Col. No.

Joint Spring Parameters

Program
Variable

1-10

11-20

21-30

PHIS

PHIE

PHIP

Limit of slack rotation in joint spring

(deg)

Limit of elastic rotation in joint

spring (deg)

Limit of plastic rotation in joint

spring (deg)

31-40 PHIF

Card 2 Program
Col. No. Variable

1-10 KE

11-20 KP

21-30 KL

Rotation in joint spring at failure (deg)

Description

Elastic spring stiffness (ft-lb/deg)

Plastic spring stiffness (ft-lb/deg)

Lock-up spring stiffness (ft-lb/deg)
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Sixth Card Set, Format (8F1O.2)

Initial Position of Barrier

Card 1 Program
Col. No. Varial:le Description

1-10 XRO Global X-position of initial end of

system (ft)

11-20 YRO Global V-position of initial end of

system (ft)

Card 2 Program
Col. No. Variable Description

1-10 PHIO(l) 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)

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

Coordinate orientation and sign convention shown here:

XRO

y

~ PHIO(2)(-)

I~~-r---~ ~-,-
P.HIO(l)(+) I?HIO(3)(+)

YRO

x
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Seventh Card Set

Impact Force on Barrier

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

Card 1
Col. No.

1-5

5-10

11-20

21-30

Card 2
Col. No.

1-10

11-20

21-30

31-40

41-50

51-60

Program
Variable

NPTS

PTIMP

CF

Format (6F10.2)

Program
Variable

TMPT(l)

XPT (1 )

FPT (1 )

n~PT(2)

XPT(2)

FPT(2)

Description

Number of points in force input

Blank

Distance from reference end of barrier

to XPT(l) = 0.0 (ft)

Coefficient relating longitudinal to

lateral force components

Description

Time at value of FPT(l) (sec)

X-coordinate of location of FPT(l) (ft)

Force perpendicular to barrier segment (lb)

Continue for second set of points

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

XPT(I), FPT(I), p~nching two sets per card.

Suggested values for the impact force, time of application, and

location on the barrier are gi~en 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 lb Vehicle, 60 mph, 15° Encroachment

DISTANCE
TIt1E_ FORCE FROM IMPACT
.lli£l 1J.QL (ft)

0.0 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, 60 mph, 25° Encroachment

DISTANCE
TIME FORCE FROM IMPACT
illtl 1J.QL (f.t)

0.0 0.0 0.0
0.01 0.0 0.35
0.02 5560. 1. 70
0.05 50400. 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
0.17 2600. 13.46
0.19 8400. 14.96
0.20 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
eMB 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 CMS 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
eMS 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 calculated strengths of different types of portable eMS
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 various agencies and designers involved in the design,
construction, or use of the portable CMS'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 11 presents a uniform set of material strength
assumptions which were used in this study in lieu of more precise
information. Using the barrier geometries, elementary principals of
mechanics, and assumed or actual material properties, the tensile, shear.
bending, and torsional strengths of each of the different portable eMS
connections wer~calculated.

The remainder of this appendix is devoted to a detailed presentation of
the connection strength calculations for each of the different eMS
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 is the opinion of the writers that more
complicated analyses are unwarranted.
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Table 11. Assumed Material Strengths.

Ultimate
Material Compressive Yield Strength Yield Strength

Strength in Tension in Shear
(ks i) (ksi) (ks i )

Concrete f' = 3 0 --- T ult = 0.3c •

Rebar 8olts, --- cr = 36 T = 20.8
and welds y y

Structura1 --- cr = 36 T = 20.8
Steel y y

Wire Rope --- cr = 91. 72 T = 52.92

and Cable ult ult

Structural --- cry = 46 T - 26.6
Steel Tube y

1 all shear strengths except for concrete are based on energy of distorion
theory, i.e. Ty = cry /tT

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

Connection Tensil e Shear Moment Torsion Designation
Capacity Capacity Capacity Capaci ty Appendix E

(k) (k) (ft-k) (ft-k)

Welsback Interlock (NJ) 208 156 139 94 C10

I-Lock (NY) 92 208 61 87 C7

Pin and Rebar (CA) 85 85 57 60 C6

Corregation and
Cable (CA) 41 ,3 27 19 **

Lapped Joint and
Bo 1t (TX) 27 47 2L 24 C5

Pin and Eye Bolt (MN) 20 12 13 9 C6*

Pin and Wire Rope (10) 61 61 41 41 C6*

Pin and Rebar (GA) 46 46 31 31 C6*

Oowe 1 (TX) 0 60 0 37 C2

Tongue and Groove (OR) lJ n [) 9 C1***

Tongue and Groove (VA) 0 32 0 7 C1
-

Hook and
Rebar (CO) 7 5 5 0 **

Channel Splice 96 67 80 21 C9

T-Lock (Base) 46 588 97 375 C8

T-Lock (Top) 16 193 11 56 C4

Grid-Slot (TX) - 0 60 0 30 C3

rhese connections are similar to C6 but have a lower 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.

92



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 othe-r end of the barrier section. The connection is accomplished by
lifting 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 interlocks loaded as shown in Figure ~l.

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 114 in. throat, the tensile strength of the
connection is given as follows:

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

FT = 122.3 k.
If the throat of the weld is assumed to be 1/2 in., the strength of the
c~nnection is given as follows:

FT = 2(122.3 k),

FT = 244.6 k

TENSILE CAPACITY AT POINT A
If it is assumed that the yield strength of the steel interlock in

tension is 36 ksi t 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 is not the weakest point, the

ca1cu" ated ~ens il e capac ity of the connect ion is determi ned to be 208 k.

93



the shear

If it is

20.8 ksi,

SHEAR CAPAC ITY
The shear capacity, V, of this connection is controlled by

strength of the steel interlock loaded as shown in Figure 22.

assumed that the yield strength of the steel interlock in shear is

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 CAPAC ITY

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 interlock 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 ft-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 ~hear forces in the interlocks as shown in Figure
24. The moment arm, d, in Figure 24 is taken to be 14.5 in. If it is
assumed that the interlock forces are equal to half of the shear capacity of

the connection (c~lculated to be 156 k), the torsional strength of this

connection is glven as follows:
T = (14.5 in.)(156 k I 2),
T = 1131 in.-k or 94.3 ft-k.
The torsion capacity of the connection is thus calculated to be 94 ft-k.
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I-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-lack- loaded as shown in Figure e6, 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 Figure 26 is assumed to be
34.6 ksi, the tensile strength of the connection is given as follows:

FT = 2(20 in.)(.707)(5/16in.)(34.6 ~si),

FT = 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 ;s given as
follows:

FT = 2(1/2 ;n.)(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 ks;

(ref. Fig. 26), the tensile strength of the connection is given as follows:
FT = 1/2 in.(20. in.)(36 ksi),
FT = 360 ksi._

FLEXURAL STRENGrH OF STRUCTURAL TUBE AT POINT A
If the yield strength of the structural tube is assumed to be 46 ksi.

the maximum plastic moment, Mpl ' at point A on the tube (ref. Fig. 27) is
given as follows:

Mpl "= 46- ksi(I/4 in. )(20 in. )(1/4 in.),
Mpl = 57.5 in.-k.

The tensile capacity of the connection is then calculated as follows:
FT = L(57.5 in.-k)/(1.25 in.),
F
T

= 92 k. -
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SHEAR CAPACITY OF STRUCTURAL TUBE BELOW POINT A
If 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 CAPAC ITY
The shear strength, V, of this connection is controlled by the shear

strength of the I-"lock loaded as shown in Figure 28. If the yield strength

of the I-lock in shear is assumed to be 20.8 ksi. tne shear strength of the
connection is given as follows:

v-= 1/2 in.(20 in.)(20.8 ksi),
V :: 208 k.

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 tens i 1e force in the I-lad and the compress i ve
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 follows:

M:: 92 k(8 in.),

M:: 736 in.-k or 61.3 ft-k.
The bend; ng capacity of thi s connection ; s thus cal cul ated to be 61

ft-k.

TORSION CAPACITY·
The torsi on capacity, T, of thi s connection is the result of sheari ng

stresses in the web of the I-lock as shown in Figure 29. If it is assumed
that the yield' strength of the I-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 connection 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 capa~ity, 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 loops will
be addressed first.
TENSILE CAPACITY OF STEEL LOOPS

If 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:

FT = 2(2)(n)(3/8 in.)2(60 ksi),
Fr = 106 k.

SHEAR STRENGTH OF BOLT
If the shear strength of the bolt is assumed to be 34.7 ksi (ref Fig.

3~), the tensile capacity of the connection is given as follows:
FT = 2(n)(5/8 in.)2(34.7 ksi),
FT = 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-capacity of this connection is thus calculated to be 85 k.

SHEAR CAPACITY
The shear capacity, V, of this

mechanism as the tension capacity.
-calculated to be 85 k.

connecti on is contro 11 ed by the same
Therefore, the shear capacity is
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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 loops as shown in Figure 24.

The moment arm, d. for this connection is 17 in. If it is assumed tha~ 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 = 724.2 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 and cable connection is shown in Figure 33.
The connection is accomplished by POjt tensioning the corregated barrier ends

together as shown in Figure 33.

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

tensile strength of the wire rope loaded as shown in Figure 34. If 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:

FT = n(3/8 in.)2(91.7 ksi),
FT = 40.5 k.
The tensile capacity of the connection is thus calculated to be 41 k.

SHEAR CAPAC lTV

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

foll ows:
V= (.7) (40 .5 k),
V = 28.4 k.

SHEAR STRENGTH OF CABLE
If it is assumed that the ultimate shear otrength 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:

V = n(3/8 in.)2(52.9 ksi).
V = 23.4 k.

The shear str~ngth of the connection is thus calculated to be 23 k.
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Figure 34. Forces on Wire Rope When
Connection is in TensiQn.
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Figure 35. Connection in Shear.
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Figure 36. Friction on Barrier Face
When Connection is in Shear.
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Figure 37. Forces on Cable When
Connection is 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 result of the

frictional shear forces on the barrier f~ce as shown in Figure 38. _The

resultant shear force on the barrier face will be 28.4 k as previously

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 BOLT (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:

FT = n(1/2 in.)2(34.6 ksi),

FT = 27.2 k.
The tensile capacity of the joint is thus calculated to be 27 k.

SHEAR CAPACITY
The shear capacity, V, of this connection is controlled 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.
T~NSILE STRENGTH OF BOLT

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

V = n(1/2 in.)2(60 ksi),
V=47.lk.

SHEAR STRENGTH ACROSS FAILURE PLANE
If failure of the barrier connection occurs along the failure plane

indicated in Fi~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(n}(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 wh i ch deve lops between the tens il e force in the connecting bolt
and the compressive force between the concrete barrier ends as shown in
Figure 43. If 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:

w = 47.1/[(30 in.)(.85)(3 ksi)]
w = .62 in.

The value of moment arm, d, is then be calculated as follows:
d = 6 in. - .62 in./2,
d=5.7in.

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.

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 = 47.1 k\6 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 forces in
the eye bolts results:

PI = 1.25 Po

Therefore

FT = 2.25 Po

or

STRENGTH OF THE EYE BOLTS
It is assu~ed 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:
FT = 1.8(3/8 in.)2(~)(.70)(36 ksi),
FT = 20.0 k.

SHEAR STRENGTH OF THE PIN
The maximuUf shear in the pin occurs just above point A (ref. Fig. 46).

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:

FT = 2.25 (34.6 ksi)(~)(5/8 in.)2,
FT = 95.5 k.

FLEXURAL STRENGTH OF THE PIN
The maximum moment in the pin occurs 2 in. above point A as shown in

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:

M1 = 4/3(5/8 in.)3(60 ksi),
M~l = 19.5 in.-k.
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The tensile strength of the connection can then be calculated as follows:

FT = 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 Figure 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)(n)(3/8 in.)2(.70),
V ;: 11. 6 k.

STRENGTH OF PIN
The shear and bending' strengths of the pin are the same as calculated

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 is controlled by the couple

which develops between the tensile force in the eye 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 bendin~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 ge developed by summing moments about
point A in Figure 49.

Po = PI
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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(~)(3/8 in)2(.70)(16 in.),

T = 102.9 in.-k or 8.6 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 = rr(5/8 in.)2(34.6 ksi)16 in.),

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

If the yield strength of the pin in tension is assumed to be 6U 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
loops 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 a nut and
washer on the bottom end of the steel pin.

TENSION CAPACITY
The tensile capacity, FT, of this connection is controlled 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 shown in Figure 51, the following
equilibrium equation results:

PI ~ 1. 25 Po

Therefore

Fr ~ 2.25 Po

or

Fr ~ 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:

Fr = 1.8(2)(91.7 ksi)(rr)(1/4 in.)2

Fr = 64.8 k.
SHEAR CAPACITY O£ 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:
Fr = (2.25)(34.6 ksi)(rr)(1/2 in.)2

Fr = 61.1 k.
BENDING CAPACITY OF PIN

The bending strength of the pin is not a controlling factor for this
connection 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 capaci ty, V. of th is connection is contra 11 ed 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 controlled by the couple

which develops between the tensile force developed by the pin connection and
the compression between th~ 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, is 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.

p '" Po I
The forces are 1imited 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~(i/2 in.)2(n)(18 in.).
1 '" 1296.4 fn.-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'" n(I/2 in.)2(34.6 ksi)(18 in.),

T '" 489.1 in.-k or 40.8 ft-k.
The torsion capadty 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
ljB in. diameter pin which is held in place with a nut and washer as shown in
Figure 54.

TENS ION CAPAC ITY
The tension capacity, FT, of this connection is 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. If moments are summed about point A in
Figure 55 the following relationship between the forces on the pin results:

PI ,.; 1.22 Po
therefore

FT = 2.22 Po

or

FT = 1.8L PI
The first set of calculations is concerned with the strength of the steel

loops.
lENSILE 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:

FT = 2(1.82)(~)(3/8 in.)2(60 ksi),

FT =96.5 k.
SHEAR CAPACITY OF PIN

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

FT = 2.22 (n)(7/16 in.)2(34.7 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
F"gure 57. If moments are summed about point A in Figure 57, the following
relationship between the forces results:

Po = PI

The magnitudes of the forces between the pin and the hooks is controlled by

either 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 the~yield strength of the loop in tension is 60 ksi, the torsion

capacity of the section is given as follows:
T = 2 (w)(7/16 in.)2(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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T = rr(7/16 in.)2(34.7 ksi)(18 in.),

T = 375.6 in.-k or 31.3 ft-k.

The torsion capacity of the connection ;s thus calculated to be 31 ft-k.
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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 ba rri er section into the grooves on the end of
another barrier section. When this connection is used in a permanent
i nsta 11 ation 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 Sg, or the benaing strength of the
dowels as shown in Figure 60.
SHEAR STRENGTH OF DOWELS

If 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:

V = 3(n)(1/2 in.)2(34.6 ksi),
V = 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 pla~tic moment capacity of the dowel is calculated as follows:
M 1 = 4/3(172 in.)3(60 ksi),

p -
Mpl = 10.0 ·in.-k.

If it is assumed that the moment arm, d, shown in Figure 60 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 dowel, is
limited by the bending strength of the dowels. AsslJming 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 = 440.0 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 tongue and groove connection is shawn in Fi gure 62. Two
protrusions are cast an 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 CAPAC ITY
The shear capacity, V, of this connection is controlled by the force

required to shear the concrete protrusions from the end of a barrier as snown
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 is 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 k)(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 AND 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 is cast into the other end. The connection is aCto~plished 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 CAPAC lTY
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 sq in.)(0.30 ksi),
V = 32.3 k.
The shear capacity of the connection is thus calculated to be 32 k.

BEND LNG CAPAC ITY
The bending capacity, M, of this section is zero because the tension

capacity of the connection is zero.

TORSION CAPACITY
To calculate the torsion capacity, T, of this connection it is assumed

that the ultimate shear strength of the concrete is 0.30 k£i and that the
shearing stress distribution shown in Figure 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 = 87.0 in.-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 68. Steel
loops are cast into both ends of the barrier section. The barrier connection
is accomplished by installir.~ 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 HOOK

of the hook in shear is assumed to be 34.6 ksi,
connection is given as follows:

2in.) ,

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 ; ~(7/16 i~.)2(60 ksi),

T = 36.1 k.
FLEXURAL STRENGTH OF HOOK

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:

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

Mpl = 6.7 in.-k.
The tensile capacity of the hook is then given as follows:
FT = 6.70 in.-k/(15/16 in.),
FT =7.1k.

SHEAR STRENGTH OF HOOK
If the yield -strength

~

the tensile strength of the
FT = 34.6 ksi (rr)(7/~6

FT = 20.8 k.
TENSILE STRENGTH OF LOOP

If the yield strength of the loop 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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; 2(~)(5/16 in.)2(60 ksi),

FT = 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 frictional
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; .7 (7.2),

V = 5.0 k.
The shear capacity of the connection is thus calculated 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 is 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 bending-capacity 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 ks i )( 7/16 in.) 3,

T = 1.9 in.-k or .16 ft-k.
The torsion capacity of the connection is thus calculated to be

effectively zero.
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Figure 74. Forces on Top Hook ~hen

Connection is in Torsion.
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CHANNEL SPLICE

The TTl channel splice 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 channel splice plates, or the strength of the bolts load~a as

shown in Figure 76.
TENSILE STRENGTH OF SPLICE

If it is a~sumed that the yield strength of the splice in tension i~ 36
ksi. the tensile capacity of the connection is given as follows (Ref. Fig.
76) :

Fr = 2[2.64 sq ;n.-(7/4 in.)(.325 in.](36ksi),
Fr = 149.1 k.

SHEAR STRENGTH OF 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:
FT = 4(.70)(n)(9/16 in.)2(34.6 ksi),
Fr = 96.3 k.
The tensile strength of the connection is thus calculated to be 96 k.

SHEAR CAPACITY
The shear "Capacity. V. of the connection is controll ed by either the

shear strength of the channel spl ice plate as shown in Figure 77, or the
frictional resistance between the barrier ends in contact as shown in Figure
78.
SHEAR STRENGTH OF SPLIC('

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 1<.
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Figure 77. Forces on Channel When
Connection is in Shear.
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FRICTIONAL RESISTANCE BETWEEN BARRIERS
The maximum normal force between the barriers was calculated earlier to

be 96.3 k. If 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= 963.0 in.-k or 80.3 ft-k.

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

T~RSION CAPACITY
The torsion capacity of this connection is controlled by the couple

which develops in the channel splice plates as shown in Figure 81. 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 torsion 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
If 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:

Mpl = 2[(2.18 in.)(.325 in.)(36 ksi)(2.18 in~/2)+

+(1.56 in.)(.32 in.)(2.34 in.)(36 ksi)],

Mpl = 139.7 in.-k.
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The torsion capacity of the section ;s then given as follows:
T :: (2/25 ;n.)(139.7 in.-k)(22 in.),

T :: 245.9 in.-k or 20.5 ft-k.
The torsion capacity of this connection ;s thus calculated to be 21

ft-k.
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T-LOCK (BASE)

The TTl 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 of the steel T-Lock. The
connection is accomplished by placing the steel T-Lock in position and
lifting the barrier sections onto the T-Lock as shown in Figure 83.

TENSILE CAPACITY
The tensile capacity, FT, of this connection is 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 structural tube or

the shearing strength of the vertical end pipes.
TENSILE STRENGTH OF STRUCTURAL TUBE

If it is assumed that the yield strength of the structural tube in
tension is 46 ksi, the tensile capacity of the connection is given as
follows:

FT = (8.36 sq. in.)(46 ksi),
FT = 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:
FT = (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 26.6 ksi, the shear strength of
the connection is given as follows:

V = [8.36 sq. in. + 13.75 sq. in.J(26.6 ksi),
V = 588.1 k.
The shear strength of this connection is thus calculated to be 588 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 barri er ends in contact
(Ref. Fig. 23), and the bending strength of the structural tube. The
combined bending capacities are closely approximated by simply sunming the
two effects. If it is assumed that the yield strength of the structural tube
is 46 ksi. the bending capacity of the connection 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 strengt~ 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.
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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 "lligned 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 = 57.2 k.

SHEARING STRENGTH OF PINS
If it is assumed that the yield strength of the steel pins in shear is

~Q.8 ksi, the tensile capacity of the connection is given as follows:
FT = rr(.5 in.)2(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 controlled by the strength of

the steel T-Lo~k with the assumed shearing stress distribution shown in
-Figure 89. 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 is given as follows:

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

which develops 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 Gr
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 is controlled by the

strength of the T-Lock with the assumed shear stress di stributi on shown in
Figure 90. If 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 follows:

T = 96.4 k (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 is thus calculated to be 56

ft-k.
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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. Identical vertical slots
are cast into each end of the barrier segments. The connection is
accomplished by aligning the ends of two barrier sections and inserting the
steel grid described above into the slot. 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, V, 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 ?hear strength of the grid bars in shear is
34.6 ksi, the shear strength of the connection is given as follows:

V = 3 (rr)(.5 in.)2(34.6 ksi),
V = 81.5 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:
Mpl = 4/3 CS" in. )3(60 ksi),

M1 = 10.0 in.-k.p .
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 connection is given as follows:

V = 3(2)(10 in.-k/l in.),
V = 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. If 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 = L(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.
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THE CUST OF PORTABLE CONCRETE BARRIERS

INTRODUCTION
In order to develop a solid basis for comparative ratings of portable

concrete 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 equipment times and costs that
it might- take to perform these operations. As will be described below,

man-minute and equipment-time estimates for analytic cases were based on

standard construction industry information such as that obtainable from the
Dodge Manual (~). Other pricing guides were used as a backup, and industrial
engineering standard references were used to estimate time for jobs 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 C-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 interpolated 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 nonlinearly change these cost estimates.

The ten concepts are as follows:
C1: 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 is pinned on each side of a

joint
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C5: Lapped joint--each 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 I-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 1ike C4, but pi ns become short pi pe

ends, and the PCB's are placed over the joint assembly
C9: Channel Sp1ice--Channel sections are bolted across the two PCB

ends to form the joint
Cia: 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 through 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
Public Transportation, resident maintenance engineers in all the major urban
districts of the Department were contacted and asked to alert TTl researchers
when movement, installation, or removal of PCBls 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- .
manipulation of the PCB's, individual procedure times were taken by
storwatch. Sti 11 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

DATA FORM

Project RF3825: "Development of Safer Barriers
for Construction Sites" (DOT-FH-1l-9458)

TASK 1: Barrier Rating System

1. Date _

Time _

To

District TTI Observer __

Contact ----------------------------------------------
Site Supervisor _

Location: Highway Direction ___ Specifics __

Fil m Ro 11 It Exposures to _

Video Cartridge# ____

2. Barrier Type: () PCB: ( ) 12 ( ) 15 ( ) 24 ( ) 30 ( ) Other __

Joi nt: () None
( ) Tongue and groove
( ) Positive Joint
( ) Other design

Sketch Joint

~

( ) ~ther type (specify) _

Figure 105. Field Visit Data Sheet.
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3. Operation:

4. Sections:

5. Crew Size:

6. Equipment

Barrier Placement
Barrier Relocation
Ba rri er Retrova1
Other (Specify) . _

______ Sections or ft. Total

during Observation Period

Supervisor(s)

___~ Personnel Directly Involved
____________________ Personnel Traffic Control
__________________ Personnel other duties

(Spec i fy) _

( ) A. Trucks: ____ Truc ks (Spec ify Types) _

( ) B. Crane: Describe ~__

( ) C. Forklift: Describe:

( ) D. Other Heavy Equioment (Specify)

( ) E. ~Small Tools Used (Specify)

Figure 105. Field Visit Data Sheet. (Continued)
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Subopera t ion

Beginning Point

End Point Elapsed time:

r'1anpower engaged min.

Suboperation

Beginning Poi nt

End Point Elapsed time:

Manpower engaged min.

Subopera t ion

Beqinning Point

End Point Elapsed time:

Manpower engaged min.

Suboperation

Beginning Point

End Point Elapsed time:

Manpower engaged min.

Suboperation

Beginning Point
~

Erid Point - E1 apsed time:
Manpower engaged min.

7. Time Estimates

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

_______________ ft. Handl ed.

REMARKS:

Figure 105. Field Visit Data Sheet. (Continued.
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(1) State Highway 288, just north of .ity limits of Angleton,
Texas. This was a relocation job, ancillary to widening the
pavement. The barriers were of the C9 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) I-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 pennanent 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 Conc~ete

Barriers (PCB) were derived from several sources. The Dodge Manual (.§.)

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 TTl for
speci a1 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 dollars per ft. The 16 dollar price is for
materials, casting, and labor 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 ~h~pter. This value is a reasonable approximation of cost to
produce without ~verhead or profit to the contractor, i.e .• direct costs to
fabricate.

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

and materials involved in fabricating joints. The 20-city labor cost average
from the Dodge Manual was used as a basis for all fabrication labor, with
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local suppliers of
estimated by using

welder, skilled metal
overhead or profit by the
22 percent surcharge for

categories of general worker or laborer,
worker/machinist. These labor costs do not include
contractor, but do include fringe benefits, and a
insurance and taxes. They are as follows:

General labor -------- $16.54 per hour

Welder --------------- $20.00 per hour
Skilled machinist ---- $21.50 per hour

~laterial costs were obtained by inquiry to several
building and construction metal. Fabrication times were
the following rationale:

It 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 cOl1111ercial 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 (~).

Cutting, welding and forming man-minute rates were estimated by reference to
standard sources, such as Niebel (lQ) and Kent (11). These estimates should
thus be considered to be very conservative, i.e. high, since a large contract
to fabricate PCB would lead most fabricators to invest in some kind of
special tool ing and mass-production techniques to facil itate joint
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 ho19.

~

Analysis, wjth a good measure of engineering judgement, of the ten
~ifferent PCB joints yielded Table 13. Each joint is considered ?s 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 CI--Tongue and Groove to a high of 87 dollars for the
complex Welsbach design (CI0).
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Table 13. Joint Fabrication Cost Analysis

CONCEPT HARDWARE MFG NATIL LABOR TOTAL NEAREST
REQ'D OPRNS COST COSTS DIRECT r.OST $.50

(1) (2) (3) (4) (5 ) (6 ) (7)

CI-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 4.00

C3-Grid Slot Grid of Cut $5.33 $1.69 $7.02 7.00
Steel Bar Weld

C4-Top Channel Cut _ $9.00 $3.52 $12.52 13.00
T-Lock Tubes Drill

Plates Weld
Pins

C5-Lapped Bolt Cut $8.55 $1. 72 $10.27 10.00_
Joint Re-Plates Notch

Drill

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 $4.15 $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 Drill

Re-Plates Clear
~

C10-Welsbach T-Rails 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 per 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 construction si~es,

was the C9--Channel Splice concept at Angleton on 288, the C5--Lapped Joint on
Stemrnons Freeway. Interstate 35 in Dallas, and the C3--Grid Slot on 1-10 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. One such operational'
sequence ,is depicted in Figures 106 through 108. In Figure 106, two men place
hoisting rods and lifting cables in place up on the flatbea 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
place (one of the workers, just before final placement, places a plywood spacer
between the sections to assure proper clearance for t~e 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 2 minutes. Figure 109 shows the
extreme simplicity of installing the Grid Slot.
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Table 14. Fabrication Costs

CONCEPT LENGTH JOINT COST I TOTAL TOTAL
(FT) COST/FT. COST PER SECTION

CI-Tongue and 10 3.00 16.30 163.00
Groove 20 3.00 16.15 323.00

30 3.00 16. 10 483.00

C2-0owe1l 10 4.00 16.40 164.00
20 4.00 16.20 324.00
30 4.00 16.13 484.00

C3-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 10.00 16.50 330.00
30 10.00 16.33 490.00

C6-Pin and Rebar 10 21.00 18.10 181.00
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

I
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
Spli ~e - 20 55.00 18.75 375.00

- 30 55.00 17.83 535.00

C10-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.

_ "'&111'11 I. J!Jlfrf~%"""
...... ~.!I hill!l'"

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 e9.

RF3825: DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITES

ACT I V I T V A NA L Y S I ~

EQU IPI1ENT Crane - 15 Tons BARRIER 25' PCB. C9 Channel Splice

ACTIVITY Relocate PCB for later placement

T ; 1.75 min SO; .34 min. N; 5

N
a
N

No. ELEMENT BEGINNING END C R E W
SUPER CRANE TRUCK HNDLR OTHER OTHER

I Install eye bolts (2) ~emove from last Release I - - 2 - -
PCB ,

2 Attach lifting cables (2) Grasp Release I I - 2 - -
2nd

3 Litt PCB ens ion Cables PCB clear I 1 - 2 - -
4 Have PCB to one side PCB moves PCB on I 1 - 2 - -

ground

5 Detach lifting cables (2) Slack cab Ies Remove I 1 - 2 - -
cable 2

6 Remove eye bolts (2) Lirasp I Remolle 2 1 - - 2 - -
Props retract

--

7 Holle Crane Props 1 1 - - Crane -
extend

Driver

SUMMARY I I 2 1



Table 16. Activity Analysis - Disassemble 15 ft e9.

RF3825: DEVELOPMENT OF SAFER BARR'ERS FOR CONSTRUCTION SITES

ACT I V I T Y A NA L YSIS
EQUIPMENT Impact Wrench BARRIER 15' PCB. (9 Channel Spllce

Socket Wrench &Cheater
APV ACTIVITY Disassemble Splice

6.00 min. 2 joints

N
o
w

C R E W
No. ELEMENT BEGINNING END SUPER CRANE TRUCK HNDLR OTHER OTHER
1 . Take off 8 Nuts Wrench on 1 Wrench off 2

8
------- ----

2 Pull Bolts Pu1l 1 8 out 2
---------

3 Take off channels 4 lay 1st down lay 4 down 2
(drop 2 over from other slde

SUHHARY 2

Note: about 25$ of bolts are
cross-threaded and stub-
born about 1 In 40 must
be cut with oxyacetylene
torch.



Table 17. Activity Analysis - Load 30 ft C5.

RF3B25: DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITES

ACT I V I T Y A N A L Y SIS
EQUIPMENT Crane - 22 Ton

C hooks on Bar
Flatbed Trucks (3)

BARRIER PCB, C5 Lapped Joint &Bolt 30 ft.

ACTIVITY Pick up PCB, place on Flatbed
f = 0.97 min. SO =0.15 min. N = 5

N

~

No. ELEMENT BEGINNING END C R E W
SUPER CRANE TRUCK HNOLR OTHER OTHER

I Swing 'C' assembly into place Lower assembly 'C' next I 1 - - - -
to slots
'---

2 Secure 'C's into slots C contacts slots 'C's in 1 I - 2 - -
place

3 Pi ck up PCB Tension on PCB clear 1 I - - - -
Assembly

4 Swing PCB onto flatbed PCB moves PCB on bed 1 I - 2 - -
--"----- f------

5 Trip 'C's from slots Slack on Assembly 'C's clear I I - 2 - -
----
6 Move crane Props retract Props 1 I - - - -

extend
- .-

7 Move f1 atbed Engage clutch Truck stops 1 - 1 - - -
~ --- --

SUMMARY 1 1 I. 5* 2

Note: Supervisor was doubling
as crane operator, but
this would not be nominal
procedure *J ; n pas it ic n

J at other E nd
J in trans';



Table 18. Activity Analysis - Bolt/unbolt C5.

RF3825: DEVELOPMENT OF SAfER BARRIERS FOR CONSTRUCTION SITES
, ~

ACT I V I T Y A NA L YSIS
EQUI PI~ENT 30" Ratchet Wrench

30" Socket Wrench
BARRIER PCB, (5 Lapped Joint &Bolt

ACTIVITY Bolt/Unbolt Joint

0.3 min.

N
o
U1

C R E W
No. ELEMENT BEGINNING END SUPER CRANE TRUCK HNOLR OTHER OTHER

Place bolt through' lap joint 11
holes

12 Place nut on bolt

1 13 Tighten nut on bolt

-- --e--- .OR
-~ --

I 11 Loosen nut on bolt

2 Remove nut 1

Pullout bolt 13

-

! !SUt-t4ARY



Table 19. Activity Analysis - Place 30 ft C5.

RF3825: DEVELOPMENT OF SAFER BARRIERS FOR CONSTRUCTION SITts

ACT I V I T Y A NA L Y SIS
EQUI Pt~ENT Crane - 22 Ton

C Hooks
Flatbed Trucks (3)

BARRIER PCB, C5 Lapped Joint &Bolt 30 ft.

ACTIVITY Place PCB at Construction Site

f = 1.35 min. SO = 0.2~ min. N = 5

N
o
0\

ElEMENT BEGINNING END
C R E W

No. SUPER CRANE TRUCK HNOLR OTHER OTHER

) Swing 'C' assembly into place Lower assembly 'C' next 1 1 - - - -
to slots

- ~-

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 into position PCB moves PCB in 1 1 - 2 - -
line

-

5 Pas it ion PCB Gauge PCB Separa- PCB on 1 1 - 2 - -
tian ground

--.-

6 Trip 'C's from slots Slack on assembly 'C's clear ) 1 - 2 - - .
------ -

7 Move crane Props retrac t Props ex- ) ) - - - -
tend

- --

8 Move flatbed Engage clutch Truck stops ) - 1 - - -

SlJotHARY 1 1 1. 5* 2

*1 in pas it ie n
1 at other E nd
1 in transi



Table 20. Activity Analysis - Place 30 ft C3.

RF3B25: DEVELOPMENT Of S~fER BARRIERS FOR CONSTRUCTION SITES

ACT I V I T V A NA L V SIS
EQUIPMENT 30 Ton Galion

4 Flatbed Trucks
(baul 4 each)

BARRIER PCB 3D', C3 Drop in Grid

ACTIVITY Place PCB at Construction Site

f = 2.09 min SO = 0.50 min N = B

N
o......

No. ELEMENT BEGINNING END C R E W
SUPER CRANE TRUCK HNDLR OTHER OTHER

I Place rods in PCB Climb on Bed 2nd rod in 1 2
place

2 Attach cab Ies (4) to rods Grasp 1st cable Cllob down 1 2
off bed

3 Lift PCB off Flatbed Tension cables PCB clear I 1

4 Move flatbed forward Engage clutch Stop I 1

5 Move PCB into position PCB moves PCB in lint I I 4

6 Final position, gauging Gauge inserted PCB on I I I 4
separation ground

~- - - ~ -
7 Detach cables (4) Slack cables Unhook 4th I I 2

--
B Pull rods from PCB Grasp 2nd rod I 2

out

9 Have crane Props retrac t Props I I
extend

SUI+1ARY I 1 2* 4

Note: Joint consists of grid *I at site
dropped into complex slot. I at depot
Done by one of handlers 2 in trans i
in lulls.
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Table 21. Summary of Man-Minutes for Operations.

*Comparlson of PCB Designs with Respect to Disassembly, Plckup, Placement, Reassembly

DESIGN 'tHSASSY PICKUP PLACEMENT REASSY TOTALS

C3 Drop in Grid 0.10 9.00 112.541 10.10 1 21. 74

C5 Lapped Joint I0.60 I ~ I 5.401 0.60 10.48 Ratio Place to P/U = 1.40

C9 Channel Splice 16.00 I 18.75 1 12.30 6.00 33.05

AANK ORDERS IActual!
Other osts Estimated

B&R Drop in Grid 1 2.5 2.5 1 8

Texas Lapped Joint 2 1 1 2 6

TTl Channel Splice 3 2.5 2.5 3 11

TYPI CAL B.88 12.42

*Exclusive of transportation costs.



Figure 110 depicts C-shaped hooks on a spreader beam which one
contractor uses to expedite handling-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
placem~nt operation, with a stick used as a spacer. Figure 112 shows the
section finally in place. This operation takes about one minute of time with
less than half the manpower.

Figure 114 depicts the C-5--Lapped Joint 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 labor-intensive, less specialized equipment approach for
lifting and moving the sections. It was assumed that contractors would use
forkl ift trucks for 10 ft sections, but a "cherry -picker ll or similar
self-propelled crane (approximately 20 to 30 ton capacity) for longer
sections. Contractors informed researchers that at least three flatbed
trucks were used for relocating barrier sections within a construction zone
(less 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 (~):

Truck, flatbed. 1/2 day = $64

Crane, 22 ton capacity, 1/2 day = $165
.Forklilt~ 9 ton capacity, 1/2 day = $138

Not considering direct costs for transportation but only labor required
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 1'0. Method 2 (Mechanized) C-hooks Used to Hoist Section.

Figure 111. Method 2--Initia1
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~_._.'O_ __._-_.--_.._.-

Figure 112. Method 2--Final Placement (Note shim usage).

Figure 113. Method 2--End of Procedure. C-hooks 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

CI-Tongue &Groove a 2.69 3.00 0 l(perhaps)

C2-Dowel 0 2.69 3.00 0 1

C3-Grid Slot .03 2.69 3.77 .03 2

C4-Top T-Lock .11 2.69 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 3.77 .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

CI0-Welsback 0 2.69 3.77 0 1 &2

NOTES: 1. Constrains replacement of individual sections.
2. Requires precise alignment and spacing (ZO% penalty on

placement)
3. Bolts become damaged; disassembly cost can be much higher
4. Crew size 2 for disassembly/assembly

*Mean cost is average of 4 laborers @ 16.54 }
1 crane opr. @ 21.50 =
1 supervisor @ 21.50

Placement 12.42 M-M (including penalty)
Pickup 8.88 M-M
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Cost Estimates for Relocating Barriers
A nominal job consisting of moving 1,000 ft of barrier 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 hour~, 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 lb 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 22 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 sectfons
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
a;sembly 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
analysi s, several contractors doi ng 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 pe\ 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 is attributable to joint 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 is much the same for these
sections as it is for 30 foot sections.
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Table 23. Job: Release 1000 ft of PCB:

Total Pick Tota 1 Total
Cost/ Joint Up Total Place Total Cost/ Joint Cost

No. Joint Dissas. Section Pickup Transp. Sec t ion Place Joint Assy. Equip. Equip. 5t7+8+
~Ill:~~ lenJl!.!!. Joints !1.i ssas. Cost _ Cost ~ Cost _Cost_ Cos.L A_~y-,- Cost_ J~L Cost _ 10+12+14 Cos!l~----

Fork-
C1- Ton9ue 10' 98 0 0 .86 86.00 400.00 1.52 152.00 0 0 lift 475 1113 1.11
C1-Ton9ue 30' 31 0 0 2.69 88.77 400.00 3.00 99.00 0 0 Crane 330 917 .92
C2-00wel 10' ?8 0 0 .86 86.00 400.00 1.52 152.00 0 0 Fork 475 1113 1.11
C2-Dowel 30' 31 0 0 2.69 88.77 400.00 3.00 99.00 0 0 Crane 330 917 .92
C3-Grid 10' 98 .03 2.94 .86 86.00 400.00 1.82 182.00 .03 2.94 Fork 475 1149 1. 15
C3-Grid 30' 31 .03 .93 2.69 88.77 400.00 3.77 124.41 .03 .93 Crane 330 945 .95

N C4-Top "T" 10' 98 .11 10.78 .86 86.00 400.00 1.82 182.00 .11 10.78 Fork 475 1165 1. 17......
C4-Top "T" 30' 31 .11 3.41 2.69 88.77 400.00 3.77 124.41 .11 3.41 Crane 330 950 .95

lJ1
C5-Lapped 10' 98 .17 16.66 .86 86.00 400.00 1.52 152.00 .17 16.66 Fork 475 1146 I. 15
C5-Lapped 30' 31 .17 5.27 2.69 88.77 400.00 3.00 99.00 .17 5.27 Crane 330 928 .93
C6-PIN 10' 98 .55 53.90 .86 86.00 400.00 1.82 182.00 .55 '53.90 Fork 475 1252 1. 25
C6-PIN 30' 31 .55 17.05 2.69 88.77 400.00 3.77 124.41 .55 17.05 Crane 330 977 .98
C7-1 Beam 10' 9B .03 2.94 .86 86.00 400.00 1.82 182.00 .03 2.94 Fork 475 1149 1.15
C7-1 Bedm 30' 31 .03 .93 2.69 88.77 400.00 3.77 124.41 .03 .93 Crane 330 945 .95
C8-Bottom "T" 10' 98 0 0 .86 86.00 400.00 1.82 182.00 0 0 Fork 475 1143 1.14
C8- 80 ttom "T" 30' 31 0 0 2.69 88.77 400.00 3.77 124.41 0 0 Crane 330 943 .94
C9-Chdnnel 10' ~: 2.00 196.00 .86 86.00 400.00 1.82 182.00 2.00 196.00 Fork 475 1535 I. 54
C9-Channel 30' 31 2.00 62.00 2.69 88.77 400.00 3.77 124.41 2.00 62.00 Crane 330 106 1. 07
Cl0-Welsbach 10' 98 0 0 .86 86.00 400.00 1.82 182.00 0 0 Fork 475 1143 1.14
Cl0-Welsbach 30' 31 0 0 2.69 88.77 400.00 3.77 124.41 0 0 Crane 330 943 .94

SUIfillRY; Mean Cost/fr, 10' Sections = $1.19 range 1.11 to 1.54

Hean Cost/ft, 30' Sections = $ .95 ranlJe .92 to 1.07

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



Cost Estimates for Initial InstallatiDn 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 1imiting 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 installed 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 cost 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 complementary study in the Texas Transportation Institute U.£) has

obtained some preliminary work and cost estimates for operations similar to
those discussed above. Researchers sent a questionnaire 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 analytically in this project. The joint concepts
involved were (North Carolina) C6--Pin and Re-Bar. also C9--Channel Splice;
(other States) Tongue and Groove (C1).

MAINTENANCE COST ESTIMATES FOR BARRIER
Assumptions and Basis of Estimates

~

There are m~ny 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
perfonn 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

C1-10 ft 1113 0 267 1380 1.38
Cl-30 ft 917 0 267 1184 1.18

C2-10 ft 1113 a 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

C4-10 ft 1165 10.78 267 1421 1.42
C4-30 ft 950 3.41 267 1213 1. 21

C5010 ft 1146 16.66 267 1396 1.40
C5-30 ft 928 5.27 267 1190 1.19

C6-10 ft 1252 53.90 267 1465 1.47
C6-30 ft 977 17.05 267 1227 1.23

C7-10 ft 1149 2.94 267 1413 1.41
C7-30 ft 945 .93 267 1211 1.21

C8-1O ft 1143 0 267 1410 1.41
C8-30 ft 943 0 267 1210 1.21

C9-10 ft 1535 196.00 267 1606 1.61
C9-30 ft 1067 62.00 267 1272 1. 27

C10-10 ft 1143 0 '-67 1410 1.41
C10-30 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

CI-I0 ft 1113.00 0.00 -1380.00
CI-30 ft 917.00 0.00 1184.00

C2-10 ft 1113.00 0.00 1380.00
C2-30 ft 917.00 0.00 1184.00

C3-10 ft 1149.00 2.94 1413.06
C3-30 ft 945.00 0.93 1211.07

C4-10 ft 1165.00 10.78 1421.22
C4-30 ft 950.00 3.41 1213.59

C5-10 ft 1146.00 16.66 1396.34
C5-30 ft 928.00 5.27 1189.73

C6-10 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 945.00 0.93 1211.07

C8-10 ft 1143.00 0.00 1410.00
C8-30 ft 943.00 0.00 1210.00

C9-1O ft 1535.00 196.00 1606.00 .
C9-30 ft 1067.00 62.00 1272.00

CIO-I0 ft 1143.00 0.00 1410.00
ClO-30 ft 943.00 0.00 1210.00
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Table '26 : Summary of Self Reports from
State l)OT's

Cost N. Carol ina N. Carolina Tennessee Tennessee Virginia Florida Mean Times or
Cate.9Qll. WinstQn-Sal Old Fort Site 1 Site 2 Mean Costs

Relocation 6.00 m-m 0.30 m-m 5.40 m-m - 6.00 m-m 6.00 m-m 4.74 m-m
Relocation Cost $ 1.82 0.09 1.64 - 1.82 1.82 $ 1.44
Per foot ' h

Removal 6.00 m-m 6.60 m-m 6.00 m-m - 6.00 m-m 6.00 m-m 6.12 m-m
Remove Cost $ 1.82 2.00 1.82 - 1.82 1.82 $ 1.86
Per Foot

Transport Per
Ft/Mil e $ 0.15 1.20 1.31 0.00 0.02 0.02 $ 0.45

Fabricate Cost/
Ft $20.00 13.30 13.80 21.00 15.00 16.50 $16.60

\)
~

Install Cost/0

Ft $ 2.50 4.90 2.04 2.00 0.65 1.00 $ 2.18

Relocate Cost/
Ft $ 2.50 9.81 2.39 1.00 0.65 1.00 $ 3.89

Remove Cost/
Ft $ 6.60 6.39 2.41 11 .50 0.85 2.25 $ 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 a position nearby original position
(5) offload of sections and placement in original barrier
(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

section that the depot is less than 10 miles from the site. Flatbed trailer
capacities and load limits will permit four 30 it sections to be transported.
four 20 ft sections. or twelve 10 ft sections.

A "cherry-pi cker" crane was assumed to go wi th 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 crew for attaching lift cables and maneuvering the PCB's into
place was assumed to ride to the depot in some fashion (perhaps the
supervisor took them) but to ride back to the site after loading 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 App:n9ix C or 0 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 i~. which presents the cost breakdown
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Table 27. Damage Estimates

Barrier Representative Collisions
Connection Section 4500/15/45 4500/15/60 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 Tongu~ &Groove 10 1 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

C3 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 2 "3

C5 Lapped Joint 10 1 1 4 8
20 1 1 2 4
30 1 1 2 3

C6 Pin and Rebar 10 a 0 2 8
20 0 0 2 4
30 0 0 1 3

C7 Vertical I-Beam 10 0 0 .2 8
20 0 0 Z 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

C9 Channel Splice ~ 10 0 0 2 8
20 0 0 2 4
30 0 0 1 3

CIO 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

TRUCK COSTS

Truck Use
Truck OPS Cost
Driver Cost

Drivers @$17.33/hr.
Truck Use @$42/~ day
Truck OPS @$22/~ day

~4-30' 5-8 - 30'
~-20' 7-12 - 20'
~2-10' 13-24-10'
42.00 84.00
22.00 44.00
69.32 138.64

$133.32 266.64

CRANE COSTS
Operator
Cherry Picker

21. SO/hr X4 =

165.00 for 4 hours
86.00

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

Transport to si te @ 2Of.1PIl
= 30 min.

30 min.

2-Handlers - 1 hour in transit @16.54 = $33.08

Can handle 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 - TransD. to deoot
Back haul &drop

@20 MPH = 30 min.
@20 MPH = 30 min.

So: 2 hours just for xport
Handlers: 3 hours total X 2 X 16.54 = S99.24
Plus a super for 4 hours @21.50 = 86.00

So: 1 TRUCK

133.32
283.00
99.24
86.00

$601.56 or $602.00

2 TRUCKS
266.00
283.00
99.24
86.00

$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 tra~sport 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 th~se sections must be replaced. then the cost associated
with that replacerr.ent 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 1eve1 are presented for each joi nt concept for each of three
section lengths. 10, 20 and 30 ft. In order to present these estimates in a
perhaps more meaningful way. Figures 116 through 125 plot a curve for e-ach
section length of cost as a function of energy level of collision.

Most of these curves look much the same. with the exception of

C1--Tongue and Groove. and C10--Welsbach, but even there, there is a
convergence of costs for higher energy collisions. for 10 vs. 20 vs. 30 ft
spctions. Shorter sections maintain a cost advantage as far as maintenance
and replacements 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 levels of energy .

.
A Hypothetical Case for PCB Cost Analysis

The foregoing section presents a picture of the costs associated with a
collision. but tRe-construction engineer needs a more complete perspective of
the total costs· that he is facing in using PCB for protection of a
construction si~e; 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 his total cost picture
for construction protection?

In order to illustrate 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

COL L I S ION LEV E L S
CONCEPT SECTION JOINT

LENG1ti A 1 2A 3 ASSY

C1 Tongue l- ID 765 928 1254 1906* 0
Groove 20 925 1248 1571 1894* 0

30 1085 1568 1568 2051* a

C2 Dowel 10 766 930 1258 1914** 0
20 926 1250 1574 1898** a
30 1086 1570 1570 2054** 0

C3 Grid Slot 10 769 936 1270 1938 .03
20 929 1256 1585 1910 .03
30 1089 1576 1576 2063 .03

C4 Top T-LoCK 10 0 775 1294 1986 .11
20 0 935 1~68 1934 .11
30 0 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 0 0 1103 n05 .55

C7 Vert I-Beam 10 0 a 1000 2194 .03.
20 0 0 1320 2038 .03
30 0 0 1121 2159 .03

C8 Bottom T-Lock 10 0 0 998 2186 0
20 0 a 1318 2034 0
30 0 0 1120 2156 0

C9 Channel Splice 10 a 0 1032 2322 2.00
20 a 0 1352 2102 2.00

~

30 0 0 1169 2302 2.00
-

CIa Welsbach 10 0 0 1096 2084** 0
20 0 0 1416 1823** a
30 a a 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. E:.IERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. E:JERGY IN COLLISIO:-IS
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BARRIER MAINTENANCE COST VS. E~ERGY IN COLLISIO~S
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. E~ERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. E:.IERGY IN COLLISIO~S
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BARRIER MAINTENANCE COST VS. ENERGY IN COLLISIONS
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BARRIER MAINTENANCE COST VS. E~ERGY IN COLLISIONS

75 100 I?5 150 175 200 225 250 275 300 325

ENERGY OF COLLISION. KIP FT.

'"/,

""""""""" ," "" ," ," "
~-'-"-'".'".' "

" ", ...... ",,/

"",-
,-

,-

",-

"""
,

,
";-

",,"
,-

, ", (
, I

" I, I

I

: I, (

: I

25:0'1
0

~

22~0~
~ i

•....
•
j

20001..
·

M ··
H ··
I : 750";
N ~

T :
E
N
i=l : 5:0~
N :: ..
E

..
i

:
C :250-':
0 ·
S ··
T

..
···

I : OJO~
N ···
0 ··O' ··L 750~
L -
A ··R ··
5 ·

5:0~
··•:..

2So~

·i
oj

0 2S 50

LEGEND: LENGTH --10 ------- 20 - ---- 30

Figure 124. Barrier Maintenance Cost vs. Energy
in Collis;ons--C9 Channel Splice.
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BARRIER MAINTENANCE COST VS. E~ERGY IN COLLISIO~S
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Designing Traffic BarrierIlOl). The model in Section VII of the guide

provides an estimate of collision frequency per year, given certain

parameters about the highway and its geometries with respect to a barrier or

obstacle. This is to say,
A = lateral placement from EOP of PCB line

L = length of barrier array
W = width of barrier

ADT = 2-way volume flow
E
f

vehicle encroachments per mile per year

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

va lue
J = no. of 1 ft increments of width of barrier, i.e. a 2 ft wide

barrier would have a J-value of 2.

Obtain estimate of co 11 i sian frequency per year Cf·

cf
= Ef (L + 62.9) P [Y >AJ +

10560
w

6.0 + 2J-l]5.14 E P [Y > A+
u 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't

L: 5,OOOft
W: 2.3 ft

P Y>A: 98%

Ef : 40%

?1t;



c = Ef (L+62.9)·P [Y>A] "+ 5.14 ~ P [Y > A + 6 + 2r1]
f 10560 J=l

= 40 (5000+62.9)' .98 + 5.14 [.935 + .925J
mba"

if J=2; P [Y>3 + 6 + 2-11 = [p Y>9.5 = 93.5]
2

P [Y>3 + 6 + ~-11 = P [Y>10.5 = 92.5]

= .004 [4961.6 + 9.56] = 19.88 collisions per year

or approximately 20

Vehicle ~lix:

Heavy Vehicles 16%
Passenger Cars 84%

3.2 per year
16.8 per year

Period of time barrier will be in place during construction: 1 Year

$21798
$26942
529562

($1604 x 3.2) =
($1748 x 3. 2) =
(51820 x 3.2) =

+
+
+

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 lb 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 I0p~ft.

Suppose (as was the case in this real-life 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)
20 ft ($1257 x 16.8)
30 ft ($1413 x 16.8)



For C5
10 ft
20 ft
30 ft

the costs would be:
($ 942 x 16.8)
($1042 x 16.8)
($1255 x 16.8)

+
+
+

($1622 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

example, howp~er installation costs and relocation costs must also be
considered from the previous sections. 5,000 ft of 10 ft C5 would cost:

Fabricate: S17.00/ft x 5000 = $85,000
Install S 1.40/ft x 5000 = $ 7,000
Maintain $21,016

TOTAL COST $113,016

whereas 30 ft sections of C5 would be:
Fabricate: $16.33 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 =$ 6,050
Maintain: ~ $29,564

iOTAL COST $116,764

This rationale can be generalized into a summary table, Table 30, which
assumes the nominal vehicle mjx 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

?~7



Table 30. Total 1 Year Costs With Maintenance for
Trucks 16% - Passenger Cars 84%.

Concept Length Fabricate Install Level A Level 1 level 2A Level 3 riain Cost Total Cost---
Cl Tongue 10 $ 81.500 $ 6.900 $ 765 $ 928 $ 1.254 $ 1.906 $ 21 .559 $ 109.959
Cl Tongue 20 80.750 6.400 925 1.248 1 .571 1.894 26.510 113.660
Cl Tongue 30 ~.900 5.900 1.085 1.568 1.568 2.051 29.428 116.228
C2 Dowel 10 .000 6.900 766 930 1.258 1 .914 21.618 110.518
C2 Dowel 20 81 .000 6.400 926 1.250 1 .574 1,898 26,555 113.955
C2 Dowel '30 80.650 5,900 1.086 1 .570 1,570 2,054 29,464 116,014
C3 Grid 10 83.500 7,050 769 936 1,270 1,938 21.793 112.343
C3 Grid 20 81.750 6.550 929 1 .256 1,585 1 .910 26,704 115.004
C3 Grid 30 81.150 6,050 1,089 1 ,576 1,576 2.063 29.572 116.772
C4 Top T 10 86,500 7,100 0 775 1,294 1.986 16,834 110,434
C4 Top T 20 83.250 6,600 0 935 1,268 1 .934 17,460 107,310
C4 Top T 30 82.650 6,050 0 1.098 1.594 2.090 20,970 109.670
C5 Lapped 10 85.000 7,000 772 772 1.282 1,962 21,016 113.016
C5 Lapped 20 82.500 6.500 932 932 1,262 1.922 22.600 111.600

N C5 Lapped 30 81,650 5,950 1.091 1 ,091 1,582 2,072 26.925 114,525w
(» C6 Vert P 10 90,500 7,350 0 0 964 2,050 10.221 108.071

C6 Vert P 20 85.250 6,750 0 0 1.284 1.966 12.390 104,390
C6 Vert P 30 83,500 6,150 0 0 1 .103, 2.105 11.310 100.960
C7 Vert I 10 99,500 7.050 0 0 1.000 2" 94 10.710 117.260
C7 Vert I 20 89,750 6,550 0 0 1,320 2.038 12.765 109.065
C7 Vert I 30 86,500 6.050 0 0 1.121 2.159 11 .526 104.076
C8 Bottom 10 99.000 7,050 0 0 998 2.186 10.683 116.733
C8 Bottom 20 89.500 6.550 0 0 1 ,318 2,034 12.744 108.794
C8 Bottom 30 86,350 6,050 0 0 1.120 2.156 11 .514 103.914
C9 Splice 10 107,500 8,050 0 0 1.032 2.322 11 .146 126,696
C9 Splice 20 93,750 7.200 0 0 1,352 2.102 13 ,098 114.048
C9 Splice 30 89,150 6,350 0 0 1.169 2.302 12,100 107,600
C10 Welsb 10 123.500 7.050 0 0 1,096 2,084 11 .226 141 ,776
C10 Welsb 20 101.750 6,550 0 0 1 .416 1,823 13.112 121.412
C10 Welsb 30 94,500 6,050 0 0 0 1.736 2.718 103.328

Factor for Cars = 6.00
Factor for Trucks = 2.00



Table 31. Total ~ Year Costs With Maintenance for
Trucks 50".6 - Passenger Cars 501,.

Concel!! Length Fabricate Install Level A Level 1 Level 2A Level 3 Main Cost Total Cost

C1 Tongue· 10 $ 81,500 $ 6,900 $ 765 $ 928 $ 1,254 $ 1,906 $ 25,614 $ 114,014
C1 Tongue 20 ' 81),750 6,400 926 1,248 1,571 1 ,894 29,793 116,943
C1 Tongue 30 88,900 5,900 1,085 1,568 1,56B 2,051 32,151 118.951
C2 Dowel 10 82,000 6,900 766 930 1,258 1,914 25.697 114,597
C2 Dowel 20 81,000 6,400 926 1,250 1,574 1,898 29,848 117,248
C2 Dowel 30 80,650 5,900 1,086 1,570 1,570 2,054 32.193 118,743
C3 Grid 10 83,500 7,050 769 936 1,270 1 .938 25,947 116,497
C3 Grid 20 81.150 6,550 929 1,256 1.585 1.910 30,029 118,329
C3 Grid 30 81,150 6,050 1 ,089 1,576 1,576 2.063 32,318 119,518
C4 Top T 10 86.500 7,100 0 775 1,294 1,986 23,290 116,890
C4 Top T 20 83,250 6,600 ° 935 1,268 1.934 23,346 113.196
C4 Top T 30 82,650 6,050 0 1,098 1,594 2.090 27,384 116,084

N C5 lapped 10 85.000 7,000 772 772 1.282 1.962 25,631 117,631
LV C5 lapped 20 82.500 6,500 932 932 1.262 1.922 26,330 115,330\0

C5 lapped 30 81 .650 5,950 1,091 1,091 1,582 2,072 30,804 118,404
C6 Vert P 10 90,500 7.350 0 0 964 2,050 18,280 116,130
C6 Vert P 20 85,250 6.750 0 0 1,284 1,966 20,526 112,526
C6 Vert P 30 83,500 6,150 0 0 1,103 2.105 19.713 109,363
C7 Vert I 10 99.500 7.050 0 0 1,000 2.194 19,300 125,850
C7 Vert I 20 89,750 6.550 0 ° 1,320 2,038 21 ,186 117,486
C7 Vert I 30 86,500 6.050 0 0 1,121 2,159 20,133 112,683
C8 Bottom 10 .99,000 7,050 ° 0 998 2,186 19,243 125,293
C8 Bottom 20 89,500 6,550 0 0 1,318 2,034 21 ,149 117,199
C8 Bottom 30 86,350 6,050 0 0 1,120 2,156 20,11 0 112,510
C9 Splice 10 107,500 8,050 0 ° 1,032 2,322 20,207 135,757
C9 Splice 20 93,750 7,200 0 0 1,352 2,102 21,772 122,722
C9 Splice 30 89,150 6,350 0 ° 1,169 2,302 21 ,248 116,748
C10 Welsb 10 123,500 7,050 0 0 1,096 2,084 19,550 150,100
C10 Welsb . 20 101,750 6,550 0 0 1,416 1,823 20,910 129,210
Cl0 We1sb 30 94,500 6,050 0 0 0 1,736 8,680 109,230

Factor for Cars :;: 3.33
. Factor for Trucks :;: 5.00
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*Percentage of trucks and passenger cars respectively.

Figure 126. Comparison of Ten Least Expensive
PCB Concepts.
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expensive concepts for a vehicle mix of 16-84 trucks: cars (realistic) and
the worst-case 50-50 mix. All 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 cas~s is the familiar vertical pin with rebar, C6 concept,
atal ength of 30 ft, wi th C8, the Bottom T-Lock at 30 ft the next 1eas t

expensive (tied with C7--Vertical I-Beam) for the heavy truck mix case.
Others in the ten least expensive can be seen by studying this figure. Note
that the longer lengths predominate in overall costs, and positive joints

appear to have an advantage in cost over those less positive, although this
relationship is not completely straightforward.

Ana lyses such as that presented above can be generated for a wi de
variety of different traffic situations at proposed construction sites to
assist the construction engineer in choosing an appropriate design of PCB for
his particular needs.
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