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The Design of Independent Anchor
Blocks for Vehicular-Impact Loadings

MaLcoLM H. Ray

A simplified method for the analysis and design of independent
anchor blocks is presented. Independent anchor blocks are
structures designed to provide adequate guardrail-system an-
chorage and still remain independent of the bridge rail struc-
ture in guardrail-bridge rail transitions. Critical loadings for
independent anchor blocks are discussed as well as the dy-
namic ultimate strength of soils. Equations of motion are de-
veloped from dynamic equilibrium considerations, and design
curves are developed that can assist the designer in selecting
the most appropriate geometry. Given the length and width of
a particular independent anchor block, the design curves indi-
cate what minimum embedment depth is required to minimize
deflections in the critical-loading cases. Finally, the results of
two full-scale crash tests are presented that verify the design
curves.

The purpose of using independent anchor blocks in guard-
rail-bridge rail transitions is to provide a nearly rigid fixed
support for the approach guardrail that remains independent of
the bridge structure. This is generally accomplished by anchor-
ing the guardrail system with a large mass. A simple method is
presented for analyzing and designing independent anchor
blocks in terms of providing anchorage and minimizing the
anchor-block deflections.

Anchor blocks designed using traditional soil mechanics
tend to be grossly overdesigned, which results in uneconomical
designs. Traditional soil mechanics does not account for the
increased strength of soils under dynamic conditions. As a
result, most real-world anchor-block details are designed with
little supporting methodology. In this paper an attempt is made
io provide a simpie method for designing such structures.

There are two distinct types of loadings that typically occur
during a vehicle impact with an anchored approach guardrail,
these two scenarios are shown in Figure 1. Case 1 represents a
loading condition in which lateral overturning forces are trans-
mitted to the anchor block in addition to longitudinal sliding
forces. In this case, the block rotates about an axis parallel to
the traveled way, which primarily results in shear failure in the
soil behind the independent block as the base “kicks out.” In
Case 2, the vehicle strikes downstream of the anchorage, and
the anchor block must resist the tensile force transmitted by the
guardrail beam, which causes the block to slide through the soil
being pulled by the guardrail beam. This loading results in a
bearing failure on the narrow edge of the block.

A force-time history of an independent anchor block derived
from a BARRIER VII (1) simulation is shown in Figure 2. The
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FIGURE 1 Critical load cases for an
independent anchor block.

solid lines represent an idealized force-time history; the data
points are the BARRIER VII estimates of the force at each time
step. Using these idealized force-time histories and the two
worst-case scenarios shown in Figure 1, the following sections
will present a simplified independent anchor-block analysis
procedure and a set of design curves to be used for selecting the
footing width, embedment depth, and wall length required to
ensure adequate independent anchor-block performance.

STRENGTH OF DYNAMICALLY
LOADED SOILS

Ultimate Strength of Soils

The behavior of soils during dynamic large-deflection events is
difficult to model. Soil is a highly nonlinear material; it is not
homogeneous, it is nonisotropic, and its strength depends on
many factors over which the designer has no knowledge or
control. Except with small deflections, soils behave plastically
and not elastically. There is therefore some ultimate plastic load
with which the soil will resist motion regardless of the magni-
tude of the deflection. Figure 3 shows force-deflection plots of
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FIGURE 3 Force-displacement behavior of a

dynamically loaded guardrail post embedded 44 in.
into the soil (4).

a guardrail post that illustrate the plastic behavior of soils when
subjected to dynamic forces (2). For both rotational and trans-
lational deflections, the soil behaves elastically for only 10
percent of the total deflection; the remaining 90 percent of the
deflection exhibits plastic behavior.

The force drops below the ultimate value in the upper graph
of Figure 3 for several reasons. First, as the post rotates, it is
also being pulled from the ground, so that less soil is in contact
with the post. Second, according to the Coulomb earth pressure
theory (3), the lateral earth pressure decreases as the rotation
increases. If rotations, in the case of Figure 3, are less than 20
degrees, the idealized constant ultimate load will provide a
good estimate of the soil strength. Because the purpose of the
following procedure is to assist designers of independent
blocks, the idealized ultimate soil resistance was used so that
the deflections would not be excessive. Good performance was
therefore defined as response that minimized block deflections.
In the range of deflections acceptable to the designer, the
ultimate resistance is nearly constant, that is, perfectly plastic.

The assumption that the ultimate soil strength is perfectly
plastic greatly simplifies developing equations of motion for
the independent anchor block. The anchor block must satisfy
dynamic equilibrium at each time step; the applied forces,
resisting forces, and inertial forces must all sum to zero. The
acceleration acting on the block during any time step is there-
fore merely the sum of the resisting and applied forces divided
by the applicable mass property of the block. The equations of
motion will be developed fully in the next section.

Lateral Earth Pressure

Determining the lateral-earth-pressure coefficient is critical in
determining the ultimate strength of soils. Terzaghi presents the
following classical expression for lateral earth pressure (4):
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Py = vd (K- K,) ¢))
where
P, = lateral earth pressure,
Y = unit weight of soil,
d = depth of interest,
K, = passive-earth-pressure coefficicnt, and
K, = active-earth-pressure coefficient.

The Coulomb formulation (3) of the active and passive earth
pressures was used in this analysis because it incorporates the
rotation of the wall as well as the angle of internal friction,
angle of wall—soil friction, and the slope of the backfill. For
soils with large angles of internal friction (¢), the passive earth
pressure (K),) is much larger than the active earth pressure (K ,).
Well-graded base materials that are lypically used as the foun-
dation for road surfaces generally have internal friction angles
between 40 and 53 degrees. The term K, therefore can be
neglected for most practical design cases because it is very
small compared with K. The Coulomb formulation of the
passive pressure as presented by Bowles (3) is

K = sin? (& + ¢)
¥ st (o + &) {1 . [Sin (6 + B) sin (¢ + 8) ]1/2}2

sin (a0 + B) sin (o + B)

2
where
o = wall rotation,
& = angle of wall-soil friction,
¢ = angle of intemnal friction, and
B slope of the backfill.

Unfortunately, the soil strength estimated using this form of K,
is much too low for dynamically loaded soils; predictions made
using the Coulomb formulation are not at all accurate when
compared with full-scale tests. When subjected to dynamic
loads, soil appears to exhibit much greater strength. There are
several possible reasons. First, because the event happens
quickly, the soil moisture has no ilme io drain. This hydro-
dynamic resistance arises because the water cannot be pushed
through the soil pores quickly enough; the end effect is to
create miniature hydraulic cylinders that resist the dynamically
applied load. A more important effect, especially in well-
drained soils in which there is little water present, is interparti-
cle friction. In static tests, soil particles will align themselves
and flow slowly. During dynamic events, the particles are not
aligned and cannot flow as quickly because of higher interparti-
cle friction. One reason for specifying well-graded base mate-
rials for roadway construction is to provide a wide range of
particle sizes, which will ensure a high degree of interparticle
friction.

Although soil behavior is easily rationalized, it is far more
difficult to quantify its effects. Dewey et al. (5) reported on a
number of static and dynamic tests of guardrail posts embedded
in soil. By comparing the magnitudes of the ultimate loads
observed in static and dynamic tests, it was observed that soils,
or at least well-graded crushed gravel, were approximately 5
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times stronger during dynamic events than during static events.
The lateral passive-earth-pressure coefficient in the following
analysis was therefore multiplied by a factor of 5 to provide a
more realistic though wholly empirical estimate of the lateral
soil strength.

The final and perhaps most critical factor in estimating
lateral soil strength is the shape of the soil pressure distribution.
Figure 4 shows a distribution empirically derived by Seiler (6)
for laterally loaded timber poles. The choice of the pressure
distribution shape will define the point of rotation.

ANALYSIS OF THE INDEPENDENT BLOCK

Dynamic Equilibrium

Because dynamic equilibrium must be satisfied at each time
step, a short 200 line BASIC program called the Independent
Block Analysis Program (IBAP) was written to solve the large
number of repetitive equations quickly. In the following scc-
tions the derivation of the equations used in the simple analysis
program is presented.

The first step in writing equations of motion for the indepen-
dent block is to calculate the resultant acceleration for each
degree of freedom (df). At each time step, the sum of the
applied and resisting forces must be equal to the acceleration of
the block for dynamic equilibrium or

A
P, +P =
an m In, (3)
where
P,, = applied load in the df n-direction,
P,, = resistance in the df n-direction,
A, = acceleration in the df n-direction,
I, = inertial property of the block for the nth df,
and
n = df from 1 through 6.

Translation
Referring to Seiler’s pressure distribution in Figure 4, the

following equations can be written for the x and y translational
df’s:

AM = P, — R, + Ry, — uW, tang

where
A, acceleration in the x-direction,
M = mass of the block,
k= coefficient of soil-block friction,
W, = weight of the anchor block, and
P,, = applied load in the x-direction.

The third term represents the contribution of base friction to
the total resistance. Recognizing that the distribution in Figure
4 is parabolic, expressions for soil resistance R, and R, can be
rewritten as follows:
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4\ (DB , _ 4DBP,
By = (5) (_3_) Fa=—5

By integrating the expression for the soil pressure distribution
shown in Figure 4 between 0.67D and D, an expression for the
force R, can be developed as follows:

-2.9

- P &Y
R, = VK, fam o 42+ 197ddd
29 ., 197 P
= 7K, ( T A d)o.ssu
= 0.1347KPD2
where
B = width of block,
D = embedment depth, and
P, = maximum lateral earth pressure.

Using Equation 1 to calculate P, at a depth of D/3 yields the
following:
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P, = 0333yDK,
Ry = 0.148yD?BK,
R, = 0.134yD2BK, @)

where 7 is the unit weight of the soil. The x-direction and the
analogous y-direction resistances to translation are therefore
found to be

AM
AM

P, - 0.014yD2BK, — W, tanf
P,, - 0.014yDZK, + LW, tant ®)

where L is block length.

The sign of the base friction term in Equations 5 is due to an
assumption about how the block is likely to deflect. Because
the length will be much greater than the width, base friction
will have the same sense as the applied load for the y-direction
because base friction will resist overturning and the opposite
sign for the x-direction because pitch rotation is unlikely and
friction will oppose the x-translation. It was assumed that
displacement in the z-direction was negligible. The accelera-
tion, therefore, in the z-direction was always set to zero.
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FIGURE 4 Seiler’s lateral soil pressure distribution (6).
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FIGURE 5 Forces resisting yaw rotation.

Rotations

Rotation about the x-axis is called roll and rotation about the
y-axis is called pitch. Again, the equations are analogous for
both x- and y-rotations. Figure 4 shows the moments that resist
rotations of the anchor block.

1 H 2D
Al = 2 PayH + R, ('2_ B

H H
- R, (5 - Tng — W, tand (5)

Substituting Equations 4 into the foregoing expression and
simplifying yields

1
Aol = 3 PoH * 'yDZLKp (0.007H - 0.070D)
=1 W, Hu tand
2 o b
1
A})iwhl),y =5 P, H + 'yDZBKP (0.007H - 0.070D)

1
= 5 WpH)\ tang ©)

Yaw is not a primary mode of displacement because the
overturning and sliding strength are generally much less. In
loading Case 2, yaw rotation is ignored because the guardrail
beam is attached near the y-z center of gravity, and the moment
arm is therefore very small. For load Case 2, yaw is more likely
to occur although it is conservative to ignore it because the
bridge rail end of the anchor block will rotate into the traveled
way where it will shield the vehicle from snagging on the

bridge rail. Yaw rotation was included in this analysis only for
loading Case 1.

Yaw resistance arises mainly from frictional forces acting on
the bearing surfaces of the block. Referring to Figure 5, the
resisting force and the applied force produce the following yaw
acceleration:

4 g _PuB _Pol YDK,BL
iR = 2 4 7

Equations of Block Motion

With the foregoing equations representing the block’s accelera-
tion at any time step, the derivation of the block’s equations of
motion is straightforward. At each time increment, the applied
load is estimated from the BARRIER VII simulation shown in
Figure 2 and read from an external file and the acceleration
terms arc calculated with Equations 5 through 7. The velocity
and displacement of each degree of freedom are given by the
following equations:

in = Vi-l,n + Ai.nAt (8)
Bip =084, +05(V,,+ Vi,n) At ()]
where

Vin = velocity of block at time ¢ for df n,

A;, = acceleration of block at time i for df n,

A;, = displacement of block at time  and df n,
At = time increment, and

i = time step number.
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The acceleration, velocity, and displacement of each of the
block’s degrees of freedom can be easily calculated by starting
at time zero and working incrementally through the last time
step.

DESIGN OF INDEPENDENT ANCHOR BLOCKS

Using the analysis method presented in the previous section as
implemented in IBAP, a set of curves was formulated to assist
the designer in quickly selecting the wall length, footing width,
and embedment depth required to minimize deflections. The
idealized loadings represented in Figure 1 were used to simu-
late Case 1 and Case 2 loadings.

In order to develop strength, soils must experience some
deformation. The curves of Figures 6 and 7 were derived by
finding the footing width required to prevent excessive deflec-
tion for a given wall length and embedment depth. A width was
deemed adequate when the deflection at the point of the most
extreme comer of the block was less than 1 in. (2.54 cm),
which was chosen as a critical displacement because deflec-
tions of more than 1 in. could produce snag points from
nonalignment of the faces of the independent anchor block and
the bridge structure. The vehicle, after causing the wall to
rotate, could snag on the end of the rigid bridge rail.

In order to generate fairly generic design curves, it was
necessary to assume some typical or at least conservative
geometry. The geometry chosen is shown in the inset to Figures
6 and 7. Most typical wingwalls would perform somewhat
better because they use a sloped wall, which adds more weight,
thus increasing the inertial resistance of the block.

The solid lines in Figure 6 show the family of curves for load
Cases 1 and 2. Each curve corresponds to a particular embed-
ment depth and can be used to select the most appropriate
footing width. For example, if an anchor wall 18 ft (54.8 m)
long with a footing width of 20 in. (50.8 cm) is to be used,
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Figure 6 indicates that the embedment depth must be at least 24
in. (61 cm) to prevent excessive roll rotation after a load Case 1
impact.

Load Case 2, in which the anchor block slides in the x-direc-
tion, is also represented in Figure 6. For example, the 18-ft-
long, 20-in.-wide wall that was adequate for Case 1 is also
adequate for this loading, though more marginal than for Case
1.

If the solid and dashed lines in Figure 6 are compared, it
becomes apparent that load Cases 1 and 2 can both be critical
for different geometries. Figure 7 is a set of curves that show
only the critical values. In the portion of Figure 7 below the
dashed lined, sliding stability dominates and load Case 2 con-
trols. In the area above the dashed line, overturning stability is
critical and load Case 1 controls. With Figure 7, the designer
merely needs to select the embedment depth represented by the
curved line just below the plotted point defined by the wall
length and footing width.

FULL-SCALE CRASH TESTS

Two independent-anchor-block designs were tested in this re-
search program—one state standard and one designed accord-
ing to the design curves shown in Figure 6.

Standard Design Test

The standard design tested was a G4(2W) guardrail transition
to an 18-ft-long independent block embedded 10 in. into the
soil. The footing width of the independent block was 1 ft 8.5
in., as shown in Figure 8. Referring to the design curves in
Figure 7, the embedment depth required to provide adequate
performance given the length and width of the block should
have been 24 in. and not 10 in. Figure 9 shows the test
installation before the collision.
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IMPACT

Sequential photographs of standard design.
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Although the 4,500-1b test car was redirected as shown in
Figure 10, the vehicle experienced severe snagging on the end
of the independent end block. This snagging was due to the
post spacing of 3 ft 1.5 in. near the end of the block. The block
rolled considerably, greatly exceeding the arbitrary 1-in. max-
imum deflection selected in the previous sections. The block, as
designed, did not have sufficient embedment to adequately
resist the impact loading as predicted by the design curves in
Figure 7. A test summary appears in Figure 11.

Modified Design

The modified independent anchor block tested was designed by
using the design chart shown in Figure 7. The same flat wall
tapered to a safety shape was used as that in the standard design
test. The primary difference between these two tests was the
embedment depth, total block length, and the footing width. An
18-in.-wide footing was used that extended 30 in. below grade.
The point represented by this geometry is shown in Figure 7.
The selection of a 10-ft wall length necessitates using a footing
30-in. wide and an embedment 18-in. deep.

Post spacings in this transition were derived from other full-
scale tests of transition systems. The modified-design test uti-
lized a reduced post spacing of 3 ft 1.5 in. and 1 ft 6.75 in. near
the upstream end of the independent block. This reduced post
spacing and the addition of a lower rub rail are required to
prevent the serious snagging observed in the standard-design
test. The last 12-ft 6-in. section of W-beam was nested or
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doubled in the modified design, which is shown in Figure 12.
Before-and-after views of the test installation are shown in
Figure 13.

The 4,500-1b car was smoothly redirected, as shown in
Figure 14. A summary of the modified design test is shown in
Figure 15. The independent anchor block experienced no dis-
placement during the test; thus the curves of Figure 7 provided
a suitable design.

SUMMARY

When conventional soil-strength analysis is used, the geometry
required to provide adequate support against displacements of
the anchor wall is far too conservative in comparison with
designs that have been shown to perform well in the field. In
the previous sections a simple method of modifying traditional
soil-strength analysis techniques has been outlined that will
produce far more realistic designs. The first modification re-
quired was to account for the increased strength of soils under
dynamic loadings. This was done by multiplying the usual
Coulomb passive-earth-pressure coefficient by an empirically
observed factor of 5. A second modification was to enforce
dynamic instead of static equilibrium in calculating the forces
acting on the block. Using an incremental time step and an
assumed force-time history allowed the calculation of the ac-
celeration, velocity, and displacement of the block at each time
step. With the resulting design curves, the designer can deter-
mine the geometry required to ensure good performance of
independent anchor blocks.
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