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1. Introduction



Guardrails are placed adjacenmt to highways and roadways to redirect errant
vehicles away from roadside hazards. These hazards may nclude light poles,
abutments, bridge piers, and other obstacles. Guardrail designs that have proven very
effective are being continuously redesigned to improve their efficiency, and these
redesigned svstems must then be ana.l'_-a'zed in detail and tested to prove their crash
worthiness. Full-sczle crash testing on such $ystems provides a valuable tool for
evaluating their performance

The Kansas Depariment of Transpontation (KDOT) has designed several
guardrail systems to control deflections and safely redirect vehicles from roadside
obstacles. If an obstacle is close to the road, a stiffer modified barrier is needed to
decrease deflections and mimmize the possibility of snmagoing or striking the hazard
There are many different modifications that can be employed te stiffen a guardrail
The two modifications investigated as part of this research are nested W-beams and
half-post spacing  W-beam nesting increases the stiffness of the rall by sandwiching
two We-beams together and mounting them at the same point on the post.  Half-post
spacing is reducing the spacing from the standard 6 ft - 3 in. to 3 ft - 1'; in. One
aspect of this research is 1o evaluate the effects these two strengthenming techniques
have on the performance of a guardrail

In 1993, a seres of full-scale crash tests (26) were performed on Kangas W-
Beam (KSWB) guzrdrails employing the strengthening techniques described abowve,

The tests consisted of single and nested W-beams wiath full and half-post spaced seesl



posts, The purpose of the tests was to determine the effects that nesting and reduced
post-spacing have on the dynamic lateral deflections of the guardrail, KSWE-1, the
baseline system configuration, consisted of a typical W-beam installation with & single
rail and full post spacings (6 ft - 5 in), KSWE-2 was identical to the first with the
only modification being nested W-beams on the inner five of the seven sections
KSWEB-3 was also identical to the baseline configuration except the inner five sections
had half-post spacings (3 ft - 1%z in). KSWB-4, the final test in the series, employed
nested W-beams and half-post spacings on the inner five sections. The plan view and
section details of the KSWE installations are illustrated in Figure 1

The interaction of a vehicle and a roadside barrier is complex, requiring
extensive analysis. The interaction can only be properly and reliably analyzed through
full-scale testing and computer simulations. Full-scale crash tests on guardral systems
have proven to be an accurate and reliable means of evaluating the performance of a
system, but the cost associated with them is lngh. Because of this fact, full-scale
testing is not a cost effective way to develop mew guardraill systems. Hand
caleulations of dynamic vehicular impacts can be too simplistic and cannot analyze the
process thoroughly. Computer simulations, however, can provide a reliable and
relatively inexpensive means of analyzing the impact into a guardrail. Thus they
have the potential to reduce the cost or even enlarge the extent of an existing test

program, without substantizlly increasing the cost For these reasons,
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eomputer simulation programs have become an extremely valuable tool for use in the
development of guardrail designs.

One such computer program, known as BARRIER VII, was first developed in
1970 by G H, Powell (1,2) and has since been used extensively by state agencies to
simulate full-scale wvehicle impacts. The computer program performs a two-
dimensional analysis of a vehicle impacting deformable barriers. While more advanced
computer simulation programs have evolved since BARRIER VII, this program
continues 10 be widely used due 1o s proven reliability and familianity by the roadside
safety community.

Over the years since the inception of the program, research has focused on
validating and refining the parameters input to the program. In particular, much of this
research effort has been directed toward developing the post stiffness input parameters
that describe the behavior of the post for the various post and soil conditions. Post
testing in various soil conditions provides for & better understanding of the relationship
between these conditions and the behavior of the post under dynamic loading.
Conditions investigated in this research effort include: the post type, and the sml
matenal and moisture content, and the embedment depth

The griginal proposal for this research was to validate a BARRIER VII model
for steel posts typically used in Kansas, and to determine the deflections of the KSWB
guardrail systems with timber posts by computer simulations. The posts to be

investizated were W6 x 9 steel and 6 x 8 inch umber posts, each 6 ft inlength. KDOT



and many other highway agencies are considering the potential use of one length of
post for both its W-beam and Thrie beam systems A Thre-Beam guardrail system
requires a 6'/; ft post, whereas a W-beam system typically utilizes a 6 ft post. In order
to reduce post inventories, it would be desirable to use 6'/; ft posts for both guardrails
The longer posts must be embedded an additional six inches for W-beam systems, so
the testing matrnix was expanded to examine the effect this increase in embedment has
on the past behavior under dynamic impact load.

The soils used in the sudy include a lean ¢lay and a fine poorly graded sand.
The clay soil was chosen because the four guardrails which were tested were installed
in this soil, and the sand was chosen because i provided for a well dramed soil
condition.

Varying the moisture content of the soil dunng post tests has been given little
attention In past research even though the moisture content directly affects the
compaction of the sml around the post, and hence the lateral resistance of the soil. As
part of this research, three different moisture contents were studied - varving from low
{3%), optimum {17%), to high (28%:).

Twenty-one dynamc tests were conducted on various posts embedded in the
aforementioned soil conditions. The posts were impacted with a bogie - a steel frame
cart designed for testmg components of roadside safety appurtenances - at
approximately 20 mph. The bogie is very rigid, therefore most of the impact energy is

absorbed by the soil and post



After the bogie post testing phase, the resulting force and deflection plots were
used to develop the BARRIER VII post models for each of the various post types and
soil conditions. Four of the models were validated by comparing the computer
simulation results with the full-scale crash test results (KSWB 1-4),

After validation of the post model, simulations were conducted using the other
post parameters in the matrix to predict the dynamic deflections for similar guardrail
systems with different post types and soil conditions.  The various strengthening
techniques were assessed for each structural change by comparing the maximum
dynamic deflections of the strengthened rails with those of the corresponding standard
installation Comparisons were also made berween identical configurations with
different post and soil conditions to evaluate the effect of each condition on the

maxamum dynamic deflections.



2. Literature Review



2.1 Computer and BARRIER VII Simulations

The interaction of a vehicle with 2 flexible barmier system is a particularly
complex process  When analyzing this process, dynamic effects, extremely large
displacements, and inelastic behavior must all be considered Dynamic loads used in
the interaction are not explicitly specified, but must be determined by satisfying force
equilibrium and displacement compatibility equations between the automobile and
barrier. Computer simulation using the finite element method for the dynamic
interaction problem is ideal for studying this interaction

In the late sixnies, the Highway Vehicle Object Simulation Model (HVOSM)
was developed (3) The computer simulation program simulated the three-dimensional
behavior of a vehicle as it interacts with roadside objects. Although this program s
stlll widely used by many research agencies, usually in a modified form of the original
version for specific needs, 1ts success on longitudinal barriers is limited.

In 1970, Graham Powell developed two guardrail computer simulation
programs, BARRIER TV and BARRIER V for the Federal Highway Administration
(FHWA) (1} The BARRIER programs simulate two-dimensional impacts of various
vehicles with deformable barriers. The two programs were intended to provide
mformation at two stages in the evaluation of barmier systems: (1) at the initial design
stage, the programs could be used to compare design concepts and assist in prototype
design, and (2) at the testing stage, if the programs provided reasonable results for the

range of parameters considered in the tests. the behavior could be predicted for other



in

values of the parameters, and the number of tests reduced. In other words, if one set
of parameters could be vahdated by full-scale test results, then this reliability could be
projected toward other values of the parameters.

In 1973, Powell published the next wversion of the simulation program,
BARRIER VII (2). This update contamed the features of both BARRIER IV and
BARRIER V with additional capabilities. BARRIER VII included an energy balance
computation and the ability to swnulate barriers with members at different heights
above the ground. such as rubrails.

BARRIER VII idealizes the barrier as a structural framework of arbitrary
configuration and the automobile as a body surrounded by a cushion of springs in the
horizontal plane. Large displacements and inelastic behavior, including hysteresis
effect on unloading, are considered in the barrier structure.  As the automobile shdes
along the barrier, the effects of normal forces, friction forces, and wheel drag forces
are considered in determining its motion, Input data to the program consists of the
configuration of the barrier, the properties of the barrier members and the automobile,
and the trajectory of the automobile before impact. Qutput data consists of the time
histories of automobile positions, velocities and accelerations, and barrier deflections
and member forces.

The vehicle model used in BARRIER VII 1s composed of 3 major segments:
the vehicle as a rigid body, the steering mechanism, and the deformable body. The

barrier is modeled as a structured beam on many flexible supports, The rail, is divided



into discrete elements connected to each other at the support nodes,

The reliability of BARRIER VII has been proven numerous times, and the
range over which the simulation program can be successtully wsed has been
demonstrated in many validation studies. Simulations in 1987 by Post (4) proved the
aceuracy of the program when the snagging potential of wheel hubs and rims predicted
by BARRIER VII was verified by full-scale crash tests, Snagzing of whesels occurs
when the path of the wheel overlaps a past or other potential snag points and direct
contact 15 possible, resulting in excessive vehicle decelerations and unacceptable
occupant impact velocities. Wheel contact cannot be simulated. but its occurrence can
be predicted. The predicted snaggng of 3'; inches compared well with the field
measured value of 3 inches.

Research in 1988 by Bligh, et al. (3) verified, with full-scale vehicle cragh tests,
that BARRIER VII could be emploved to predict vehicle snagoing for W-beam
transitions without a rubrail by plotting the path of the undeformed wheel hub. These
findings indicated that the wheel hub and rim were able to shde under the W-beam
guardrail member easilv. These results from BARRIER VII demonstrated the benefits
of rubrails in preventing snagging problems on guardrail installations.

Work by Tuan in 1989, et al. (8) on Kansas Guardrail 10 Bridge-rail Transition
Designs proved the model effective at predicting the vehicle exit speed and angle, and
maximum dynamic deflections of transitions, A methodelogy was developed for

wheel-snageing prediction and was validated against test data. It was shown that
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reliable simulation resuits could be obtained if the input parameters for simulation were

assessed accurately

2.2 Previous Post Testing Studies

Post testing can be accomplished by a number of different methods. For posts
loaded stanically, a continuously increasing load 15 apphed until failure of the post or
soil occurs. The basic static test configuration consists of the post, embedded in soil
or fixed to an immowvable block, and a loading mechanism, typically a hydraulic
cyhnder. As the load is increased, the resulting deflections are recorded. Post model
constants used as input in simulations are calculated using the force-deflection plots
created from the test results. These static values, although easily obtzined. do not
replhcate the actual load a post in 2 guardrail system is subject to during a vehicular
impact because the strain rates are typically much lower. The dynamic response of a
post to an impact load is very complex and much more difficult to determine.

Dvnamic impact tests with moving carts or pendulums more closely replicate
the actual force transmissien to the posts when a guardrail i1s impacted, thus producing
more viable results. Typically these tests are performed by impacting a post, embedded
in soil or fixed in a rigid base, by a pendulum or a bogie. However, for dynamic
testing of posts in soil, adequate post rotation is reeded in order to develop a force-
deflection relationship that accurately models the common behavier of strong posts in
goardrails.  If the post is not allowed 1o rotate sufficiently and fractures or vields soon

after impact, the force levels will be of shorter duration than what 1s commonly
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observed in full-scale guardrail impact tests with strong posts embedded in soil,

Due to the complexity of post / soil interaction, much effort has been devoted
to the behavior of posts under lateral load. Many different aspects of the post and soil
interaction have been studied m prior research projects. In 1961, General Motors, (7)
studied the performance charactenstics of vanous materials and found that reinforced
concrele 15 undesirable for guardrail posts However, timber and steel posts were
found to be acceprabie 1ov strong and weak post designs

In 1967, the “ew York State Department of Public Works (8) found that the
behavior of guardrai posts directly affects the performance of guardrails. This was
determined using the resalts of dynamic post testing.  They also found that an 8 by 24
n. steel plate attache 1 the posts was adequate to replace a more expensive concrete
footing.

In 1970, the Nowthwest Research Institute (9) conducted a study of the post-
soil interaction bebavi e of guardrail posts. A total of 72 tests were conducted, both
dynamic and stauic, usng two types of soils, four embedment depths and three
different posts. They found that the dynamic response of the post and the energy
absorbed by the soil is directly related to the shear strength of non-cohesive soils,
embedment depth, and post wadth, Also, the study found that the dynamic response of
guardrail posts was greater than what was indicated by static tests. Results also
showed that the performance of a highway guardrail system is clearly affected by the

post/soil charactensucs of the system
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Michie et al. (10) conducted pendulum tests to experimentally determine the
performance properties of timber posts under impact loads.  Steel posts were also
tested for companson with the timber posts,  The posts were secured to a rigid fixture
ta test the post strength and not the more complex post/soil composite properties
The post dynamic peak force, average force and fracture energy were found to vary
directly with the moment of inertia. Presented in Table 1 15 a summary of the results

obtained from the study.

Post Material Dimensions or Specifications Average Force (kips) Defection (in.)
Drouglas Fir ix8 008 1.7
Drouglas Fir 6x8 0, B4 o5
Drouglas Fir ix6 300 &l
[rovglas Fir 4 x4 1.7%8 2.9

Steel GEE.S T4 a7
Stecl 3157 158 k2

Table 1. Michie post test results

In 1974, a series of pendulum tests was performed by Gatchell {11) to evaluate
the dynamic performance of wooden guardraill posts. The major finding was that
specifications for timber guardrail posts based on grades or stress ratings can be
eliminated. Wooden-guardrail-post specifications should be based on the amount of
knot-associated grain distortion in the middle third of the tension face. Such knot-
assoctated grain distortion should not exceed one-third the width of the tension face

A series of 102 pendulum tests on two typical guardrail posts installed in five
different soil types was performed by Calcote, et al (12.13) of the Southwest
Research Institute (SwRI) in 1978 The purpose of the tests was to detérming post

property variations as a function of soil conditions.  The results were then used as post
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mput properties in the BARRIER VII computer program to estimate the ultimate
effect soil conditions have on guardrail performance. It was concluded that guardrail
failure could be expected for severe impacts on short installations (less than 130 fi)
with poor soil conditions and that guardrails of this length or shorter should not be
used unless precautions are taken to ensure the integrity of each post, particularly if
the available space behind the barrier is limited. It was felt that embedding the post in
a concrete footing or lengthening the embedment depth in the soil could provide the
necessary integrity of the posts. Shown in Table 2 are the parameters developed as a
result of this study. It should be noted the force-deflection curves provided showed
that the forces absorbed by the post returned to zero once the maximum force was
reached. That is. no sustained force was apparent in the models developed from this

post testing study.

%oil and Post Type
Input Fixed Support Base Material ST Clay Sat Clay Sandy Loam
Parameter Steel Wood Steel Wood Stecl Wood Steel Wood Steel Wood
StifTness Ka 1.02 3.56 .15 1.95 0.561 L.1& 0,74 1.40) .78 1.57
g A kfin
StifTness K 395 4.55 2.46 I.56 L.1a 1.42 1.13 .22 1.92 1.28
Wk Aot kfin
Basze Yicld | Mg 353.14 | 33987 | 231.00 | 17259 | 12568 | 108386 | 7162 7346 13896 107.09
Moment | k-in
St Auis |
Base Yield M, 107.09 | 247.82 96,47 19295 TI.69 102.67 36,64 Ti.89 T3.46 119.49
Moment | k-in
Wk Axns
Shear Fa .10 11.80 4,61 9.19 339 4.0 2.70 3.7 351 571
Force kips
St Asis
Shear Fu 16.7% 16.21 10.99 2.21 G.00 5:19 3.39 3.51 G.G1 510
Force kips
Wk A
Max. D, 4,96 331 198 4,72 355 4.17 166 2.64 4,49 3.62
Deflection .
Fireg Ans
Max. D 425 3.54 4.49 5.28 516 366 2.99 187 3.39 398
Deflection in.
Wesk Ak

Table 2. Calcote post test results.
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In 1983, Jeyapalan et al (]14) of the Texas Transportation Institute (TTI)
conducted a study of the post/soil interaction to determine the relationship between
laterally apphed loads and the rotational displacements of 6 inch wide guardrail posts
n dry soils. The load-displacement relationship was idealized as elastic-plastic with
complete failure occurnng at a post deflection of 20 in.  Series of both static and
dynamic tests were conducted to verify the performance capabilities of the posts. The
results of the tests indicate that the steel guardrail post, embedded without a concrete
footing which was required by specifications at the time, performs similarly to the

timber post. The results of the dvnamic testng program are presented in Table 3

Test Fost i Impact | Maximum | Force af 18 in. Total
No. | Materal | { saditions | Velooity Foarce Movement Enerpgy
! ifps) {Rips) (kips} (ft-kips)
| C1 | Timber & vheviopnless | 26.6 13.3 - 1.3
c2 Steel | Colwwionless | 6.1 124 14 29.3
Ci Timber | [ ohesse 127 16,3 19.2 7.2
o] Seeel L oligsing 4.1 171 17.1 %4

Table 5 Jevapalan post test resulis
In 1984, Ezeers et al (15) studied the effects of different backfill materials and
concrete footings on guardrail posts. Static load tests were performed on posts in
clay, sand, weathered limestone and concrete.  They found that posts behaved
acceptably i all conditions, however, sand or weathered limestone was recommended
as a backfill maternal due 10 the easc of placms and compaction

In 1985, Bedewi (16) conducted a series ol pendulum tests to venfy a

simplified elastic-viscoplastic lumped parameter model for the analysis of guardrail
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posts in soil subjected to three-dimensional applied loads. Results from the post tests
compared favorably with the results of the computer program developed.

TTI conducted static load post tests (17) in 1986 to study the effect of
embedment depth, soil properties, and post type on the load-deformation
charactenstics of guardrail posts.  They found that a successful cuardrail can be
designed using more posts when full embedment is not possible.  Posts with only |18 or
24 inch embedment could be used at 3 fi. - 1'/; in. spacing and still produce the
required strength

In 1988 Bronstad, et al. (18) conducted 12 pendulum tests on timber and stecl
posts, His findings were different from the results of previous research conducted by
Calcote (13). He concluded that the posts maintained significant reserve strength after
the maximum load was reached when strong posts yvield the soil  Bronstad used
BARRIER VI computer simulations for guidance in selecting test conditions for the
various transiion configurations. For systems using larger posts, pendulum tests were
conducted to determine post properties for BARRIER VII input. Results from testing
indicated that the 18 x 24 inch soil paddle used on Wé x 15.5 posts apparently has
little effect on the stiffness or maximum force, and a W6 x 155 post is only slightly
less stiff than 2 10 x 10 inch wood post but vields at greater maximum force. The

results of the post testing study are summarized in Table 4
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Post Size Axis Maximum | Distance | Stiffness | Distance | Hemarks
Material Force il -
(kips} A{in.) ki) {in,}
Wond 12w 12 MNA 223 .34 3.41 17.15 Sml Yield
Wood 0% 10 NA 16.4 4l 2.55 I8.12 | Soil Yield
Wood BB MNa 12.4 744 1.67 20.07 | Soil Yicld
Wioped LB Wieak 9.2 4.71 1.95 MA |  Post
| Fracture

Wond Gx 8 Strong £.2 526 1 56 1347 Soil Yield
Steel | Wéx15.5 | Strong* 19.4 B0 2.a0 20.26 501l Yicld
Steel Wiox155 | Swrong 18.3 B.04 2.28 21.60 Soil Yigld
Steel Witxl35 | Weak 10.7 822 1.30 19.82 Post Yield
Zreel Winkh, 3 ek 46 3.99 113 13.65 Fost Yield
Steel W6x8.5 | Strong 1.0 445 246 13,21 So1l Yield

* weith Seil Paddles

Table 4 Bronstad post test results

In 1988, Ataullah (19) utilized BARRIER VII for Nebraska Bridge-rail-
Guardrail Transition designs. From the simulations, Ataullah calculated the post
properties of the transition and found that guardrail post behavior in wet soil is not as
stiff as ot 15 in dry soil. The respective deflections were found 10 be considerably higher
in the wet soil. The wet and dry soll parameters were calculated by multiplying the
experimentally collected data by a factor of 0.75 and 0.50, respectively. Although the
parameters were not obtained directly and were altered in order to be wsed in the
simulation, the effect of moisture content on the performance of a guardrall svstem
was evident and found to be sigmficant. Tt was also found that for smooth redirection
of vehicles, the impact point needed to be tarther downstream from the transition for
the weaker wet soil.

In 1988, Stour et &l (20) conducted static and dvnamic post tests, as well as

full-scale 1ests for guardral designs near foreslopes w determine the effects that
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embedment depth, slope. and distance to slope have on the guardrail behavior. It was
found that 7 ft posts could develop full strength while 6 ft posts pushed away causing
the soil to displace without the post bending. They concluded that on steeper slopes, 6

ft posts should be set farther in from the break point of the slope.
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3.1 Program Input & Quiput

BARRIER VII uses a formatted field input file that contains the simulation
models for the guardrail and automobile. The post model is defined in the barrier
section of the input file. A portion of this research is to create guardrail post models
for the various conditions a post may encounter as part of a guardrail system

The flexibility of the simulation is easily seen by the range of different inputs
that are available Seven different types of members can be specified. These include:
beams, cables, columns, springs. friction damping members. viscous damping
members, and posts. Each individual member’s stiffness characteristics are assigned by
the user Multiple members provide for a variety of strengths and stiffnesses.
Members that are more complex than the basic seven can be modeled by placing two
or more of the same, or differemt member types in parallel It is this flexibility that
provides for the large variety of guardrail simulations that can be performed

The vehicle 15 modeled as a ngd frame serrounded by a layer of springs
These springs are the possible contact points where the automobile may interact with
the barrier, The stiffness values for the springs are calibrated by simulating automobile
impacts with ngid walls and comparing the predicied values with measured vehicle
deformations from instrumented wall rescarch results  The automobile wheels are
individually specified by points so they may be free 10 imteract with the barrier if the
vehicle body expeniences large deformations. The program also allows for the brakes

on the automobile wheels to be on or off. and the maximum wheel drag force or
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Inction force may be explicitly specified for each wheel. The steer angle of the wheels
may also be specified in the input data for the wheels. The last card in the input file
contains the automobile position and trajectory, for which a large variety of locations.
velocities or rotations may be specified

The program provides three output files from the sinulation. These ASCII
text hles provide the simulation results in a tabular form that can be imported into
BARRIER VII post-processors, spreadshests, or other programs.

Deflections of the barrier and the forces in the members at any time stép in the
simulation are provided in one of the output hles. This data can be used to produce
plots of deflected shapes of the barnier at any time step during the impact evemt. The
dynamic deflections can be used to determine if the guardrail can adequately control
deflections. The second output file consists of the wvehicle positions, velocities,
accelerations, pomts of contact with the barner, and magnitudes of the normal and
tangential interaction forces.  Velocities and accelerations are provided in both the
lateral and longitudinal coordinate directions with respect to the barmer, and the
forward and sideways directions with respect to the wehicle. The wvelocities and
accelerations can provide valuable information about occupant risk during an actual
crash  The vehicle position data depicts the ability of the barrier to safely redirect the
automobile back onto the roadway away from roadside obstacles. Vehicle position
data, in conjunction with barnier deflections effectively predict snagging potential of

the vehicle and barmer cntical sections, such as transitions.  The third output fle
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presents the contents of both of the other two as well as an input echo, energy balance,

and contaet information in a format that is more easily read by the computer operator

3.2 Post/ Soil Interaction Model

The post/soil model for BARRIER VI, as shown in Figure 2, 15 similar to the
model presented by Bronstad et al. (18) in 1988, This model can be broken into three
parts. Initially, the force increases linearly with deflection until an elastic deflection
(D) is reached, The foree level then remains constant until a yield deflection (Dg) is
reached, At this specified deflection, the post 1s considered to have failed and the
resistance of the post thereafter is taken to be zero in ten time steps.

The stiffness (Kg) is the slope of the force-deflection model up to the yeld
point. The post is assumed to vield at constant load by forming a plastic hinge at its
base. The yield moment (M,) at the base of the post, is found by multiplying the
sustained force level (Pg) by the interaction height of the barrier (H} or as in this
research, the mounting height of the rail. The shear force (Fg) is the force necessary to
fail the post in shear at the base. To ensure that the vield moment controls the
behavior of a strong post. the shear force can be considered to be the sustained force
increased by a shear factor, In Figure 2, this shear factor is denoted by €. For this
research C was taken as 1.25. At the maximum deflection (Dg) the post 1s considered
to fanl and the load it 15 carrying prior to failure is transferred to the barrier in ten equal
time steps following the initiation of failure. The gradual reduction to zero Is

performed to avoid the numerical mstabilites that anse from the application or



24

removal of *shock load” Even though a failed post does not contribute stiffness to the

system, it does however contribute mass to the system (1.2)

My=H*F
FR'E'PE

Force

Deflection

Figure 2. BARRIER VII post model,



4. Study Parameters

5



4.1 Scope

The onginal obective of the research was to determine the BARRIER VI
parameters for both timber and steel 6 ft guardrail posts. The simulated steel post
guardrails were to be compared with the four KSWB full-scale crash test results and
velidated. The steel post model, and similar timber post model could then be used in
simulations to predict the strengthening effects of nesting and half-post spacing on
controlling guardrail deflections under impact

Upon review of previous tests performed on posts, and studving the results of
the full-scale KSWB tests, it was necessary to expand the matrix. The onginal testing
program was to be performed solely in the clay soll used in the KSWB tests
However, two sets of each post type were also tested in sand to determine the effect
the presence of sand had on the performance of & post. Moisture content of the clay
soil was included as a study vaniable for two reasons; (1) the KEWEB full-scale crash
tests were performed in clay soil with moisture contents that varied from medum to
high, and (2) the moisture content of the soil 15 known to affect the performance of
guardrail posts based on the conclusions of previous research (12,19}, In addition to
the above variables, 6'/; fi posts were also included in the test matrx because of the

desire to use a single length post for multiple systems.
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4.2 Variables

4.2.1 Steel and Timber Posts

The type and size of post used in a guardrail system has a direct effect on the
ability of the guardrail 1o control deflections and to safely redirect a velucle. This may
be attributed to several reasons. Mainly, 2 larger area of contact that a post maintains
with the soil increases its lateral load capacity in soil.  Previous research indicates that
the embedment depth and width of posts is directly related to the lateral resistance it
offers (9,17,20). Furthermore, the cross-sectional shape and material of the post may
affect the transmission of impact forces to the soil. This .rmuch investigates how
these differences mayv exhibit themselves on the two particular post Lypes included in
this study - a 6 x 8 inch imber post and a Wéx9 steel post

The rough sawed Southern Yellow Pine 6 x 8§ inch post and Wéx9 steel post
are used in this study because they are commonly used by various state agencies,
including KDOT, for guardrail installa2uions.  Both posts are shown and described in
Figures 3 and 4, respectively.  The photographs were taken just prior to testing with
the bogie in place to stage the impact event.  Notice that the stiffness of the steel post
is approximately 476 kip-in" This value is almost 1.5 times larger than the stiffness of

the timber post, which is 309 kip-in’
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Dimensioan. 6 by 8 inch (Nominal)

Materia! Treated Southern Yellow Pine, Grade 2
Densin 54 plf
Area A=4125in’
Moment Strong Axis 1, = 193.36 in’
of Incria: Weak Axis Iy = 103.98 in*
Modulus of Elasticity E = 1600 ksi
Stiffness Strong Axis  EI = 309.4 kip-in®

Weak Axis  EI = 166.4 kip-in®

Figure 3. Timber post photograph and description.
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Section: Wex9

Material Galvanized, A36 Mild Steel

Dimensions:  Flange width: 3.940 in
Depth: 5.90 in

Density 9 pif
Area A=268in’
Moment Strong Axis 1, =164 in’

of Inertia:  Weak Axis In=2.19 in’
Modulus of Elasticity: E = 29,000 ksi
Stiffness: Strong Axis  El = 475.6 kip-in’

Weak Axis  El = 63,5 kip-in®

Figure 4. Steel post photograph and description.
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4,2.2 Clay and Sand Soils

Two different soils were used for post testing in this research. A lean clay soll,
classified as an A-7-6 in the AASHTO system, will be used to in order to replicate the
soil conditions for the KSWB full-scale crash test series. Sand was alse included mn
the test matrix to provide a measure of how a cohesionless soil affected the
performance of a post under lateral impact load. The sand was a fine poorly graded

sand, classified as an A-3 under the AASHTO soil classification system.

4.2.3 Standard and Extended Embedment Depth

Typically 6 ft posts are used for W-beam applications and 6'/; fi posts are used
in Thrie-beam installations. KDOT was interested in investigating the use of &' fi
posts for both applications, by simply embedding the longer post 6 in, more into the
oround for the W-beam guardrail installation. This changes the embedment depth
from a standard 44 in. to 50 in. Studies indicate that the embedment depth of a post in
soil has a direct effect on its capacity to resist lateral loads (9,019,207, As pant of this

research, effect of the & inch increase in embedment depth for a post in a low moisture

content clay will be investigated.

4.2.4 Soil Moisture Content
Upon reviewing the results of the KSWE testing program, moisture content
was considered 1o be a major factor affecting the deflections. In addition, previous

research indicates that soil properties, such as soil moisture content, directly affect the
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performance of guardrails (9.12.19). For this reason the scope of this research was
expanded to include the moisture content of the soil as a study parameter. For the clay
soil, posts were tested at three different soil moisture contents, low, optimum, and
high

Standard proctor tests, presented in Appendix D, indicate an optimum
moisture content for the clay of 17% with a maximum dry density of 999 b/’
Unconfined tests, performed at the extreme moisture contents, yielded a Young's
modulus of 3000 psi and shear strength of 14.9 psi for the low moisture content (1296)
clay and a Young's modulus of 500 psi and shear strength of 2.0 psi at a high moisture
content (25%). The differences in these values suggest the relative performance of

pasts embedded in these two soils will also be different

4.3 Test Matrix

Alter selecbon of the study parametérs was completed, a test matnx was
constructed. The testing matnix, shown in Table 5, consists of two different post types
- timber and steel, two soils - clay and sand, two post lengths - standard 6 it posts and
extended 6'/; ft posts; and three moisture contents - low, optimum and high Each

matrix classification consisted of two tests to establish repeatability, except for PT 7



Classification | Post | Soil = Moisture | Embedment | Number of
Mumber (FT) | Type | Type | Content Depth Tresis
I Timber | Clay Ly S1adard 2
2 Timber | Clay | low Extended 2
3 Timber | Claw | Oplimum Standard 2
4 Timber | Clav High S1andard ik
3 Timber | Sand | Unsaiurated | Standard 2
G . _Ben] | Claw L Srandard ¥
N . Sl Claw Lo Extended 1
i Srea] Clav Ciptimum standard !
4 Stec] | Clav Higl Zinnilard 7
10 | Steel | Sand | Unzaturated | Standard 2

Table 5. Post testing matrix
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3.1 Test Setup

The post tests were conducted at the Midwest Roadside Safety Facility's
outdoor test site located at the Lincoln Air-Park on the northwest side of the Lincoln
Municipal Airport approximately 5 miles northwest of the Umversity of Nebraska -
Lincoln. The testing site is located on the south end of the facility on the 2 # thick
concrete tarmac at Pit 2. A native Nebraska soil occupies Pit #2, which is
approximately 16 ft wide by 100 fi long

A plan view of the test setup and post test soil pit is shown in Figure 5
Placement of the pit allowed for a level acceleration path for the bogie and sufficient
run-out length and clearance for both the bogie and the tow vehicle. The test pit was
located a sufficient distance from the edge of the concrete apron so as not 1o interfere
with the soil response dunng mmpact

The post testing pit shown in Figure 6 15 oval in shape and approximately 36 in
wide by 75 in. long. The soil being tested occupied the entire post testing pit to a
depth of approximately 60 in. Moisture content samples and sand cone compaction
tests were conducted at three depths during compaction. The soil was compacted in &
to 8 inch lifis, using 2 pneumatic tamper. Typical densines achieved by the tamper
were 35% of the maxamum dry density of clay soils at 12% moisture content and 95%

of maximum drv density at 25% moisture content.
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Figure 5. Plan view of the post testing site.
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Figure 6. Cross-section view of the post testing pit.
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5.2 Bogie and Test Setup

The bogie shown in Figure 7 is a rigid steel frame cart that isolates the post and
soil as the primary means of absorbing the impact energy. The bogie was built
according to the specifications of the bogie used at the Federal Outdoor Impact
Laboratory (21). The bogie weight was set at 3060 lbs. Calculations prior to testing
showed that this weight, in combination with a velocity of approximately 30 fi/sec (20
mph), would closely replicate the actual impact conditions that a post as part of a
guardrail system would be subjected to in a 60 mph, 25 degree impact with a 4500 Ib.

sedan.

Figure 7. The MwRSF bogie.
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A pew bogie head was designed for the post testing program to replicate a
point load on the post at the mounting height of the guardrail. The bogie head
consisted of an 8 inch concrete filled standard stecl pipe mounted 21 in. above the
ground. A '/y inch thick mat of belting was attached to the metal head to minimize
local damage to the post from the impact. As shown in Figure 8, the head extends
approximatelv 15 in. in front of the bogie to allow sufficient rotation of the post to

take place before any other part of the bogie interacts with the post.

Figure & The post testing bogie head
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A reverse cable tow system was used to propel the test vehicle. The bogie was
accelerated toward the post along a 100 ft long tracking system, which consisted of a
1’/s inch aluminum pipe that was anchored 4 in. above the tarmac. The guidance
system is shown in Figure 9. Rollers attached to the underside of the bogie straddled

the pipe, ensuring the proper direction and position of the bogie prior to impact.

Figure 9. The post testing setup and timing strobes.

Each post test was documented by physical measurements and photographs
prior to testing. The exact embedment depth, post dimensions, and post integrity (i.e.
knots) were measured and recorded. The test was also documented by three cameras.

A 35 mm camera provided still photographs of the site, test procedure, and the post
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A LoCam high speed camera, with a 12.5 mm - 73 mm zoom lens, recorded the
impact at 250 frames per second. A grid with a2 1 i square pattern was placed in the
backaround to provide references for the film analysis. A Super VHS Camera was

also employed to provide footage for documentation and presentation purposes.

3.3 Bogie Instrumentation

In order to determune the forces transmitted to the posts during impact, the
initial velecity of the bogie must be known,  The impact speed of the bogie was
determined using a senes of pressure switches spaced at known distances adjacent to
the guidance system as shown in Figure 9. As the left front tire of the bogie passes
aver each sinp, a strobe was triggered, and an electronic tming mark was $ent 1o a
data acquisition system located in the test van. The signals were recorded for each
switch on a computer using The Enhanced Graphics Acquisition and Analysis software
package (22), which provides the time intervals between the signals. Using the tngger
spacings and time intervals between the signals, the speed of the bogie just prior 1o
impact could be determined accurately

A tnaxal plezoresistive accelerometer system with a range of £200 g's was
mounted on the frame of the bogie at the center of gravity. It measured the
accelerations in the _hngitudina[ direction at a sample rate of 3200 Hz  The
accelerometer system known as the Model EDR-3 developed by Instrumented Sensor
Technology (IST) (23) of Okemos, Michigan was configured with 256 Eb of RAM

memory and a 1120 Hz filter, A laptop computer downloaded the accelerations
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immediately following each post test.  This is the data from which the forces and

deflections used in the analysis are obtained.



6. Post Testing Results
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.1 Film Analysis Data

A high speed Lo-Cam camera recorded the impact event at approximately 250
frames per second. Unfortunztely, a malfunction in the high speed camera resulted in
averexposed film for number of the tests. The usable film was analyzed using a
VanGuard Film Analyzer to determine post deflections and rotation peints, and to
abserve the overall behavier of the post such as pull out, fracture, and response of the
soil on the surface, With the usable film, deflections were estimated using the targets
placed on the side of the post However, for most of the tests the targets were
obscured by airborne soil Therefore, an accurate determination of the position of the
post was only attainable for the first |2 1o 15 frames  This usually proved to be
adequate in estimating the deflections and the rotation point with a high level of
confidence.

The results of this analysis for a 6 it timber post embedded n a low moisture
content clay are shown in Figure 10, When the centerline of the post is drawn for each
frame, an approximate rotation point can be estimated, shown as 29 . below the
surface in Figure 10. Post tests where usable film was available were analyzed in a
similar manner to determine the point of rotation. The available rotation points and
the ratios to the overall embedmem depth for the post tests are presented in Table &
The average poim of rotation was approximately 30 in. below the ground line. This

corresponds well with the commonly assumed value of 86% of the embedment depth



Figure 10. PT 1.1 post rotation.
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Post Test Post Point of Post Ratio to the

(PT) Number Rotation Embedment Embedment Depth
1.1 12 29 44 66%

12 13 3l 4423 T0%

5.1 20 30 44 68%

5.2 21 30 44 68%

6.2 10 28 44.5 62%

7.1 11 30 50.3 60%

1.1 18 27 445 61%

10.2 19 32 445 72%

Table 6. Post rotation points,
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6.2 Bogie Acceleration Data

During the impact event, the longitudinal accelerations were recorded on the
EDR-3 unit at 3200 samples per second. This information was downloaded to a
laptop computer and viewed to ensure the results were recorded successfully.
Software known as DvnaMax (DM-1) (24) extracts and processes the raw data so it
can be viewed and saved as an ASCII file to be manipulated by the data analysis
software, Data Analvsis and Display (DaDisp) (25)  Using DaDisp. the accelerometer
data was filtered and force plots were created through the use of energy equations. By
knowing the final speed of the bogie before impact and integrating the accelerations
twice, the deflections of the post could be calculated These deflections were verified
by companng the results with those obtained from motion analysis of the high speed
hlm These force and deflection data sets were then assembled into force-deflection
plots for each post test and BARRIER VII post parameters were obtained. Proper
idealization of the force-deflection plots was checked by comparing the energy
dissipation of the force-deflection plots with that of the idealized BARRIER VI post
model.

The data from test PT 1.1 15 used to demonstrate in detail the procedure used
1 obtain the BARRIER VII post input parameters. This panticular test was performed
with a 6 fi long. 6 x & inch timber post embedded i a low moisture content (12.1%)
clay. The bogie weight was 3060 Ibs and impact speed was 31 3 fps

The raw unbiltered data obtamed from the EDR-3 umit for test PT 1.1 is shown
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in Figure 11. The data is shown with the accelerations in G’s on the y-axis and time

in seconds on the x-axis.

PT 1.1 EDR Raw Unfiltered Data
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Figure 11. PT 1.1 raw data plot.
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The raw data 1s filtered using a 90 Hz Chebychev Type 1I low pass filter to

remove the high frequency noise. Figure 12 presents the data for test PT 1.1 after

being passed through the filter. In order to obtain the forces, as shown on the y-axis,

the accelerations are multiplied by the mass of the bogie.

PT 1.1 Force vs. Time
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Figure 12, PT 1.1 filtered force plot.
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To obtain deflections from the accelerometer plots, the data is integrated
twice. A wvelocity plot of the bogie is created by integrating the accelerations and
adding the final velocity of the bogie before impact as the integration constant. This
velocity data 18 theén integrated once more to determine the deflections. which
correlated very well with the results obtained from the film analysis. The deflections

caleulated for test PT 1.1 are presented in Figure 13

PT 1.1 Deflection vs. Time
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Figure 13. PT 1.1 deflection plot.
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To obtain the force-deflection plot, the y-coordinates from the two previous
plots are plotted against each other for each time step. Figure 14 presents the
assembled force-deflection plot for test PT 1.1. Notice, the shape of the plot is similar
to the BARRIER VII model illustrated in Figure |. The force-deflection plot can now

be used to determine the BARRIER VII post input properties.

PT 1.1 Force vs. Deflection |
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Figure 14, PT 1.1 force-deflection plot.
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Using the force-deflection plots, a BARRIER VII post model was developed
for each post test. The dark line in Figure 15 illustrates the approximation of the
force-deflection curve for PT 1.1 that is used in the BARRIER VII post model,
Similar models of the force-deflection curves for all other post tests can be found in

Appendix A,

PT 1.1 Force vs. Deflection
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Figure 15. PT 1.1 BARRIER VII force-deflection analysis
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The BARRIER VTl model was developed by matching the impact energy of
the model with that of the force-deflection curve. If the areas of both the model and
the force-deflection curve are similar, the impact energy is maintained, Hence, the
post model shown in Figure 15 was constructed by ensurning that the arca underneath
the trapezoidal model was equivalent 1o the ares undemneath the aclual curve

The values that descnibe the post model in Figure 15 are hsted in Table 7. The
initial deflection, D,, is the deflection at which point the force level is considered 10
level off. In Figure 15, Dy can be estimated as 3 in.  The sustained force level, Fg, is
also determined as approximately 11 82 kips  Finally, a maximum deflection must be
selected for the post model. Once the post has rotated a certain amount, the bolt
becomes detached from the guardrail, and it no longer provides resistance to the
impacting vehicle At this point, judged 10 correspond with a deflection of 20 1. in

this case, the post is no longer an acting part of the svstem, so s force is dropped to

ZEID,
Elastic Deflection Average Force Final Deflection
(in.} (kips) {an, )
3.0 I182 200

Table 7. PT 1.1 post model analysis results,

The stiffness parameter, Kg, is the slope of the line up to the initial deflection,
D}, calculated as Fs/ Dy. For this example, Ky is 394 kipfin (11.82 kip/3.0m) The
vield moment, M., s calculated as the force multiphed by 2 moment arm, whereby the
moment arm is simply the height above the grade at which the rail 13 connected to the

post, and in this guardrail, is taken to be 21 in. Hence, the yield moment is 248 22 k-
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in (1182 kipsx 21 in)
All force-deflection plots were analyzed in a manner similar 1o the one

descnbed above, from which a collection of parameters was developed.



7. Post / Soil Modeling and Validation
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7.1 Force-deflection Data Analysis
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The parameters obtained from an analysis of the force-deflection plots for each

particular post test are listed in Table 8. The BARRIER VII models from which these

were obtained are presented in Appendix A

Post Test | Dy Dy Py Kg 3 Y Fy Dy
(PT) {in.) (i} (krps) | (kdin} (k=i ) (kips) {in.}
1.1 3.0 200 | 1182 | 394 | 24822 | 14.78 2000
12 3 200 | 1082 | 292 | 22722 13.33 200
21 3.7 100 | 1052 ) 2.90 | 225,12 | 1340 1.0
pr G.4 200 | 1356 ] 202 | 28476 | 1695 200
il 44 200 (1363 ] 278 | 28623 | 17.04 20.0
32 3.0 20,0 3,56 1.85 | L1678 | 6.95 20.0
4] 24 200 | 477 1.99 | 100.17 596 20.0
42 5.1 150 | 484 | 095 | 10164 &.05 13.0
i | 2.4 200 | 644 | 268 | 13524 B0 20.0
32 P 2000 | 249 1.00 3229 31 20.0
6.1 ai 20.0 985 | 2.8]1 | 20685 | 12.3] 20.0
6.2 3.3 20.0 B35 2.59 179.53 10.69 20.0
7.1 4.1 200 | 1076 ] 262 | 22596 | 1345 20,0
3.1 2.2 200 | 1129 ) 513 | 237.05 | 14.1] 20.0
8.2 2:1 2000 | 831 | 386 | 17451 | 1039 20.0
9.1 5.8 200 | 444 | 077 9324 £ 20.0
92 3.5 200 | 438 1.39 | 102.4% G.10 20,0
10.1 24 200 397 | 249 | 12337 718 200
10.2 2.2 200 443 201 9303 3534 200

Table 8. Post test analysis results.

Upon comparison of the post test results, several tests were assumed to be

outliers and were omitted from the final collection of parameters. The remaining tests

were synthesized into a table with a set of constants for each test classification. Table

9 lists the BARRIER VII post parameters from this synthesis and are the actual values
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used in the KSWB simulation efforts presented in the applied results. The applicable

Bronstad (18) test results listed in Table 4 compare favorably with those list here.

Clas Post Muaisture Embedment Sail Stiffness Yield Maximum Shear
% Type Content Type Moment | Deflection Force
(PT)
%) (kfin.) (k-in.) {in.) (kips)
1 Timber Low Standard Clay 3.43 3772 20.00 14.15
2 Timber Low Extended Clay 2.51 2549 15.00 15.18
3 Timber Optimum Standard Clay 2.78 28623 20.00 17.04
4 Timber High Standard Clay 1.47 100.91 17.50 6.01
5 Timber | Unsaturated Standard Sand 2.68 13524 20.00 §.03
[ Steel [ivm Standard Clay 2.70 19320 20.60 11.50
7 Steel [oa Extended Clay 2.62 22596 20.00 13,45
8 Seel LIkt Standard Clay 4 54 20580 20.00 12.25
9 Steel ' | Siandard Clay 1.08 97.86 20.00 383
10 Steel Pretorates | Slandarnd Sand 2.25 105.20 20.00 6.50

Tanie ¥ BARRIER VII post input parameters.

=2 Moisture Content Relationships

Plots of the post parameters vs. the moisture content of the clay were also
developed to establish a relationship between the two. For example, in Figure 16, the
yield moments, M, for the steel posts in clay soil were plotted against the
corresponding moisture contents and a curve was fitted to the data. The shape of the
curve is similar to that of the proctor curve shown in Appendix D. This suggests a
direct relationship between the post parameter and the density of the soil. Notice the
maximum vield moment for the post occurs around 16% moisture content. This
roughly agrees with a measured optimum moisture content of 17%. Also, notice that
the high moisture content clay yields the lowest M, values. Results were similar for

the timber post and are presented in Appendix E.
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Figure 16 Moisture content relationship vs. yield moment for a steel post
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7.3 Kansas W-beam (KSWB) Full-scale-Tests

In 1993, Holloway et al (26) conducted full-scale crash 1ests (o evaluate the
effect of nested W-beams and half-post spacing on the performance of Kansas W-
beam guardrail svstems (KSWB). The four test installations that were evaluated
consisted of (1) a single W-beam with 6 fi - 3 in. post spacing; (2) a nested W-beam
with 6 ft - 3 in. post spacing; (3) a single W-beam with 3 ft - 1'/; in. post spacing, and
(4) a nested W-beam with 3 & - 12 in. post spacing. The target impact conditions for
all four tests consisted of using a 4500 Tb sedan impacting the guardrails at 60 mph and
25 degrees.  All installations were constructed using 6 fi steel posts in a clay soil

The KSWB tests were conducted and reponed in accordance with the
requirements specified in the Recommended Frocedwres for the Safety Performance
Evaluation of Highway Appurtenances, Nanomal Cooperative Highway Research
Program (NCHRP) Report No. 230 (27). The safety performance of each guardrail

system was determined to be acceptable according to the NCHRP Report 230 criteria.

7.3.1 Full-Scale Crash Test Descriptions and Results
KSWE-1

KSWB-| was the baseline for the four tests  The overall layout of the system
mstallaton 15 shown in Figure 17. The first test was conducted with full post spacings
(6ft-3in) and 175 fi (seven - 25 fi sections) of single 12 gauge W-beam mounted at

a height of 21 in (height to post bolt).
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A total of 29 posts were in the guardrail system. Posts 3 through 27 consisted
of 6 ft long Wex? steel posts with Wox9 steel spacer blocks. While posts 1, 2, 28,
and 29 were 3 ft - 6'5 in. long, 5'%; x 7' inch timber breakaway posts. The W-beam
guardrail was anchored on both ends with a standard breakaway cable terminal (BCT).
steel backup plates were placed between the guardrail and the posts at all non-splice
locations. All posts were installed by auguring holes and backfilling with the native
clay soul

This test was conducted with a 4 399 |b sedan at an impact speed II:bflf:n].E‘ mph
and impact angle of 251 degrees. The impact location was approximately 12 ft
upstream of post 15 These impact conditions correspond to an impact severity of
101.4 kip-ft. The film analysis results for the test indicated the vehicle had an exit
speed of 40.1 mph and an exn angle of 145 degrees.  The maximum dynamic
deflections were also estimated from the film analysis and are presented in Figure 18
with the permanent s=t deflections measured directly in the field The overall
maximum dynamic post deflection was estimated to be 28.0 in. at post [5 and the
maximum permanent set post deflection was measured as 23.0 in. at the same post.
Posts 15 and 16 were disengaged from the system and post 15 was permanently

twisted, There was also a small tear in the W-beam at post |5
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Figure 17. Plan view of KSWB-1 guardrail installation
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Figure 18, Full-scale crash test post deflections of KSWB-1.
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K5Wh-2

The second test in the series as shown in Figure 19 was constructed using the
normal 6 fi - 3 in. post spacing with nested W-beam, The two end 25 f sections of
the installation consisted of a single layer of W-beam and only the five inner sections
were nested. Only the inner sections were strengthened because that was the area of
concern.  Alse, the length of modified guardrail met NCHRP 230 specifications (27)
for minimum test lengths. Twentv-mine posts were used in constructing this system
Post and rail installation details are the same as previously discussed for KSWB-1.

A wvehicle weighing 4,486 lbs impacted the system at 605 mph and 254
degrees, approximately 12 fi upstream of post 15, The impact seventy for this test
was 1010 kip-ft  The vehicle exited the installation with a speed of approximately
52.6 mph and an angle of 12.9 degrees, T!.'IE maximum dynamic and permanent set
deflections are shown in Figure 20. The maximum dynamic deflection was estimated
to be 355 in. between posts 14 and 15, The maximum dynamic post deflection
occurred at post 14 and was 32.5 in, The maximum permanent set deflection of 24.8
in. occurred at the same post. None of the posts disengaged from the system although
past 13 was permanently twisted and contained visible markings resulting from contact

with the vehicle.
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Figure 20. Full-scale crash test post deflections of KSWB-2.
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K5WB-3

The third svstem in the series as shown in Figure 21 used a single W-beam and
half-post spacings (3 ft - 1'; in). As before, only the middle five sections employed
the strengthening technigue of half-post spacings. The total number of posts used in

the installation was 49. Post 3 through 47 were & fi long WoxY steel posts with Wax9

=l

ox T o meh

steel spacer blocks. Posts 1, 2, 48, and 4% were 3 fi- 6% in long 5
timber breakaway posts.  Steel backup plates were placed between the guardrail and
the posts at all non-splice locations. All other pertinent details are the same as
previcusly discussed.

Test KSWB-3 was conducted using a 4,486 lb vehicle impacting the guardrail
at 39.7 mph and at an angle of 248 degrees. Impact occurred at a point
approximately 12 it upstream of post 25, The impact severity for this test was 94.0
kip-ft. The vehicle exited the guardrail with a speed and angle of 46.1 mph and 9.6
degrees, respectively, The maximum dynamic and permanent set deflections of the
posts are illustrated in Figure 22. A maximum dynamic post deflection of 23.5 in.
occurred at post 24, The maximum permanent set post deflection of 203 . occurred
at the same post. MNeng of the posts were disengaged trom the system although posts
24 through 26 contained permanent deformations and marks near the bottom of the
posts resulting from contact with the wvehicle. Guardraill damage consisted of only
moderate deformation and flattening of the lower portion of the impacted 25 ft W-

beam section.
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Figure 21, Plan view of KSWB-3 guardrail installation.
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Figure 22. Full-scale crash test deflections of KSWB-3.
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K5WEB-4

The last system in the series as, shown in Figure 23, emploved both
strengthening techniques - half-post spacing and nested W-beam. These modifications
were also only applied to the muddle 5 sections. Fortv-nine posts were also used in
this installation. The post and rail details are the same as previously discussed in
KSWB-3,

Test KSWB-3 used a 4,301 b velicle with an impact speed and angle of 60 4
mph and 28 4 degrees respectively. The vehicle impacted the guardrail approximately
12 fi upstream of pos: 2% The impact severity for this impact was 124 2 kip-fi. The
vehicle lefi the syvsicrm: with a speed of 468 mph and an exit angle of 4.1 degrees.
The maximun dvnanu. and permanent set post deflections are presented in Figure 24,
A maximum dynamu. deflection of 19.6 in. occurred between post Nos. 23 and 24,
The maximum dvpamic deflection for a post was 17.6 in. at post 23 The maximum
permanent set was measured as 159 in, at post 24 Post 24 pulled away from the
guardrail, and posts 23 through 25 sustained permanent deformations and marks near

the bottom of the posts resulting from contact with-the vehicle
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Figure 24. Full-scale crash test deflections of KSWB-4.
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A summary of the post deflection results for all four KSWE tests is presented

in Table 10. Included in the table are the impact severities, which provide a measure

of the lateral impact energy with which the vehicle strikes the guardrail.

Test Designation EKEWE-1 | KSWE-2 | KSiWB-3 | KSWB-4
Impact Severity (kip-ft) (LW 101 24.0 1240
Maximum Dyvnamic Deflection fin,) 150 315 235 196
%o Difference from BKAWE-1 0.0% 16.1% =16 1% =300
Maximum Permanent 5et Dellection (in,) 30 4% 203 159
o Difference from KEWE-] 0.0% T.8% -11.7% =30, 90,

Table 10, Summary of KSWB full-scale crash test post deflections

When companng the maximum deflections of the strengthened guardrail
systems to the baseline KSWB-1, it 15 noticed that KSWB-3 and KSWB-4 provide
increased resistance to lateral deflections, and as expected, KSWB-4 pmvided the
greatest resistance to lateral deflectons. However, the nested W-beam guardrail test
KSWEB-2Z produced maximum dynamic deflections that were 16% greater, although its
impact severity was nearly the same as KSWBE-1  Despite attempts to control the soil
conditions, 1t i1s believed that on the day KSWB-2 was tested, the soll moisture content
was higher than that of KSWB-1 test conditions. This resulted in larger deflections for
the stiffened rail.  Along with the so0il moisture contents, impact severities for all four
tests also vaned. ranging from 94.0 kip-ft to 1242 kip-fi.  As a result of these
differences, the full-scale tes1s did not reveal the strengthening effects for each of the
modifications in an obvious manner. This dramatically shows how different suffnesses

of the same soil and varying impact severities can produce results that make the

various guardrail strengthening techmques difficul: to assess from full-scale crash
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testing alone, Therefore only when the soil stiffness and impact severity variations are
eliminated can an objective comparison of the various strengthening technigues be
conducted.  This 15 most easily and economically accomplished by using a properly

validated computer simulation program.

7.3.2 Computer Validation Results

The post parameters obtained from the steel post bogie tésts were incorporated
into the BARRIER V11 simulations using the same configurations as the K5WB tests,
The deflections obtaned from the simulations were compared with the measured
deflections of the full-« ale tests to validate the parameters.

It is necessar 1o vahdate the parameters from the post testing program so they
may be used m other wmulations with confidence.  Using results from full-scale tests,
such as the KSWB weries. simulated deflections from BARRIER. V1l are compared. If
the post input parameters in the simulations must be adjusted to predict the measured
deflections, then the remaining parameters must be calibrated in the same manner,
Then the calibrated parameters may be used in other simulations

During the KSWB full-scale crash tests, it was estimated that the moisture
content of the soil was higher than the optimum level. Rough estmates of the sol
moisture content for these full-scale tests were as high as 27%,  According to prior
research by Ataulluh (1%) soill moisture contents as high as this produce a less suft
uardrail system and result in increased deflections.  Therefore, for the validation of

the parameters, the strongest and weakest sets of parameters for a higher mosture
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content were used in simulations of the full-scale tests to predict a performance range
for each configuration. The séts are the parametérs corresponding with steel posts
embedded in clay so1l with both optimum and high meisture contents.
KSWE-1

Simulations of the KSWE-| full-scale tests were conducted using parameters
for steel posts embedded in a clay with 2 high mosture content and an oplimum
moisture content, The simulation deflection results were compared with the measured
defl ectim.ls. from the full-scale test. The maximum dynamic deflections of the full-scale
crash test (KSWB-1) and the computer simulations are presented in Figure 25, The
permanent set deflections are presented in Figure 26, The simufations were conducted
using the same impact conditions as the full-scale test. Example BARRIER VI
simulation input data files for all four KSWE validation simulations can be found in
Appendix C.

The shape of the measured deflected rail was closer to the predicted shape of
the simulated rail with an optimum moisture content. The largest difference occurs on
the downstream side of the maximum deflection at post 16, However, the simulated

deflections generally agreed with the measured deflections.
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Figure 25 KSWB-1 maximum dynamic deflection comparison.
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Figure 26. KSWB-1 permanent set deflection comparison,
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The maximum permanent set deflections shown in Figure 26 occur at the same
post for all three shapes. As wath the dynamic deflections, the measured deflections
were approximated more closely by the simulation using parameters for a steel post
embedded i a clay with an optimum moisture content. The largest difference, once
again, occurred on the downstream side.  Also, the measured deflected shape was
within the range predicted by the simulations. The results of the above validation
simulations suggest that the moisture content of the soil for which KSWB-1 was
tested was around the optimum maisture content {1 7%0)

KSWB-2

Simulations of the KSWB-2 full-scale tests were also conducted with the
aforementioned parameter sets. A comparison of the maximum dynamic deflections
and the permanent set deflections from the simulations and the full-scale crash test are
presented in Figures 27 and 28, respectively. The same [ull-scale test impact
conditions that were present for the full-scale test were used in the simulations

The measured maximum dvnamic deflected shape for KSWB-2, shown in
Figure 27, was within the range predicted by the simulations. The measured maximum
dynamic deflection of 32.5 . was within the range predicied by the simulations of 25

. to 39 in
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Figure 28 KSWB-2 permanent set deflection comparison.
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The permanent set deflections of KSWB-2 are shown in Figure 28, The
measured permanent set deflected shape fell within the range predicted by the
simulations,  From the validation results presented, it is difficult 10 estimate the
mnsture content of the sol on the day that KSWB-2 was tested, however, it is
reasonable to conclude that the moisture content was within the range investigated.
KSWB-3

The KSWB-3 full-scale test was also simulated with the properties mentioned
above, The maximum dynamic and permanent set deflections obtained from the
results of the full-scale crash tests (KSWB-3) and the computer simulations using the
same impact conditions from the actual full-scale test are presented in Figures 29 and
30, respectively

The measured maximum dynamic deflected shape for KSWB-3 almost fell
completely within the range predicted by BARRIER VII. Deflections on the upstream
side of maximum were shahtly out of range. However, once again the maximum value
was within the range of maximums predicted,

The maximum permanent set deflections from the computer simulations and
the full-scale test are presented in Figure 30. The deflections from the full-scale tests
were slightly above the values predicted by the simulation conducted with high
motsture content clay parameters These results coupled with the maximum dynamic
deflection comparisons suggest that the KSWEB-3 test was tested in a clay with a high

maoisture content.



Maximum Dynamic Deflection
KSWB-3

Deflection (in)

18 20 22 24 26 28 30
Post Number
—w— High Motire == COpbmum Mosare == Meatred Deflection

Figure 29 KSWB-3 maximum dynamic deflection comparison.
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KSWB-4

The final KSWB configuration was 2lso used m simulations to predict a range
of deflections for the full-scale test The maximum dynamic deflections and the
permanent set deflections are presented in Figures 31 and 32, respectively. The
computer simulation of the KSWB-4 installation used the same impact conditions as
the corresponding full-scale test,

Figure 31 presents the maximum dynamic deflections from the computer
simulation and the full-scale test. The deflected shapes of the simulated guardrails
were more severe than the full-scale crash test results. The largest difference occurred
at the maximum value

The permanent set deflections for KSWB-4 are presented in Figure 32 As
with the dynamic deflection companson. the measured results were lower than the
range predicted by BARRIER VII. However, the largest difference between the range
and the actual measured deflection was less than 5 in.  From the simulation results, it
is reasonable to conclude that the mosture content of the soil on the day of test

KSWB-4 was at or near optimum.
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Table 11 presents a maximum dvnamic deflection summary of the BARRIER

VI simulations and the full-scale test results of the four KSWB installations

Test Measured Maximum Simulated Maximum
Designation Dynamic Deflection Dynamic Deflection Ranges
{in} iin.)
KSWH-1 8.0 29.1 - 41.6
ESWH-2 325 253-39.2
KSWH-3 2353 1.1 « 281
KSWH-4 17.6 233113

Table 11 BARRIER VII Validation Results

Considenng the ahove results of the validation study, the use of the BARRIER

VI input parameter« ottamed from the bogie tests were considered acceptable to

determune the performunce companisons of the guardranl strengthening technigues.

With the knowledye 1t the post testing parameters could satisfactorily replicate

actual full-scale crash test results, smulations could then be conducted using the other

parameters determined trom the bogie post testing phase to predict the performance of

the guardrail systems with difterent post and soil conditions,
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Following the validation of the post parameters with the four KEWB tests,
computer simulations of the guardrail crash tests were conducted with the same post
and soil conditions as that used during the bogie post tests. By using identical post
properties in all four KSWB guardrail simulations, soil stiffhess variations were
eliminated and objective comparnisons of the various strengthening technigques were
conducted.  Also, compansons betwesn systems using different post and soil
properties were conducted by using identical impact conditions, thus eliminating the
impact condition vanations that accompanied the full-scale KSWB crash tests
Knowing this, all of the KSWB simulations m this chapter were conducted using the
intended KSWE target impact conditions, a 4300 Ib sedan impacting at 60 mph and 25
degress.

Using the timber post data from the bogie post testing, computer simulations
were used to predict the dvnamic response of similar systems with timber posts,
therely avoiding the cost of four additional full-scale crash tests  In addition to the
systems with timber posts embedded to a standard depth in clay, the performance of
similar systems with longer posts, different moisture conditions, and sandy soil were
also evaluated using the post parameters developed from the post testing program.

The maximum dynamic and permanent set deflections for the guardraill impact
simulations using the test matnx conditions found in Table 9 are summarized in Table

B-1
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8.1 Effects of Nested W-beams and Half-Post Spacings on Guardrail

Performance

A comparison of the maximum dynamic deflections of all of the simulations

performed in this study 1s presented in Table 12. This table is intended to aid in the

evaluation of the effects of the various guardrail strengthening techniques. The values

in parentheses represent the percent decrease in the maximum dynamic deflection for

each system compared to the standard KSWB-1 installation.

Post and Soil C enditions

Maximum Dvnamic Deflection (in)
(%o Dhecreazes in compariaon to the Standard Installation)

Sail Moisture | Embedment | Post Standard W-beam Half-Post | Both Nesting
Tvpe Content length Tyvpe Installation | Nesting Only | Spacing Only| & Half-Post
| Spacing

Low el Steel 26.8 236 222 183

(4553 (17%4) (32%)

Timber 258 249 20.2 17.4

(3% {T3%) 33%)

Lo Steel 293 264 219 158,58

tlital (25%) (36%)

Clay Timber 254 24.5 192 17.6

LY [24%) {3 1%}

Optimun Staredard Steel 26.8 247 214 18.2

(835} ] (3%}

Timber 247 236 18.9 16,3

[452) (1% {34%)

Hizgh Stundard Steel 40.3 k¥ i) 287 274

(64s) ) {34)

Timber 389 6.2 289 272

(%) (26%) (30r%)

Sand |Unsaturated| Standard Steel 373 4.9 273 256

(] (2T%) {31%)

Timber 35 318 236 23.0

] 2T (3350)

Table 12. KSWB strengthening techniques comparisons.

As expected, the guardrail systems with both nesting and half-post spacing

consistently have the lowest maximum dynarmic deflections for all soil and post types,

reducing the deflections by 30% to 36% compared with the standard installation, The
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systemn alternative consisting of half-post spacings with a single W-beam decreased the
deflections of the standard installation by 17% to 29%. The simulations in drner clay
sglls._jf indicated that the effect of nested W-Beams was greater for systems with half-
post spacings in companson to the effect nesting had on systems with regular full-post
spacings. The results from the simulation conducted with steel posts embedded to an
extended depth in a clay so1l with a low moisture content illustrate this. The deflection
of a system employing nested W-Beams alone reduced the deflections by 4%
compared with the standard mstallation, However, the simulation conducted wath
both modifications. half-post spacing and nested W-Beams, predicted a maximum
dynamic deflection of 18.3 in., which was 18% lower than the deflection of 22.2 in.
obtained with half-post spacings alone. This difference was not as large for

simulations conducted in weaker soils (high moisture content clay and sand).

8.2 Effects of Post Type on Guardrail Performance

The post type does not greatly affect the deflection characteristics of any of the
W-beam systems tested. The average difference in maximum dynamic deflection for
wood and steel post systems for all simulations was only 7% The largest difference of
maximum dynamic deflection was 3.2 in. for the standard installation (KSWB-1) using
standard length posts embedded in a low mosture content clay. The maximum
dynamic deflection of this system with timber posts was only 13% smaller. These
results agree with the findings of the TTI study (14) that maintained that steel posts

behaved similarly to timber posts under laterally applied load.
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8.3 Effects of Moisture Content on Guardrail Performance

The BARRIER VII post parameters obtained from Table 9, particularly the
vield moments, varied considerably with the moisture content of the clay The
differences between posts embedded in a clay with a low, optimum, and high moisture
content is Mustrated in Table 13 The low moisture content yield moments were only
6% to 1 7% lower than the optimum moisture content clay vield moments, whereas the
high moisture content yield momenis were 32% to 63% lower than optimum. The
effect of mosture content on the performance of a post 15 considerable, confirming

what Ataulluh et al suspected in [988 (19)

Post Tvpe { Clay Moisture Content|  Yield Moment %o Difference

{kip=in.}

Timber Z Low 137.72 L -17%

Optimum 28623 | =

High 100,91 55%

Stesl Low 19320 ~0%
Ciptimim 203 80

High @7 86 -52%

Table 13. Clay moisture content and yield moment compansons for standard
embedment depth

The deflections of the systems simulated in clay soil with high moisture
contents were considerably higher than the deflections from simulations conducted
with a drier soll. The predicted deflections from simulations in a clay at a high
moisture content were on average 43% higher than those resulting from simulations
with a low moisture content. The largest difference occurred in the simulations for
timber posts in the standard KSWB-1 configuration with deflections that were 53%

higher, The optimum moisture content simulations produced deflections that were
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only slightly lower than that of the systems placed in s0il with a low moisture content,
as the deflections decreased by an average of onlv 4%. These comparisons show that
guardrails are particularly vulnerable to weak soil conditions, such as when the
maisture content is high. Soils with low to optimum moisture contents are similar in
strength and guardrails installed in these soils respond similarly to impacts. Therefore,
a guardrall placed in a soil with a high moisture content may not perform up to
expectations because of the low resistance the soil provides,  These results
dramatically illustrate the effects of the moisture content of the clay on the

performance of a guasdrail in controlling lateral deflections

8.4 Effects of Post Embedment Depth on Guardrail Performance

A synthesis of Table 9 15 presented in Table 14 illustrating the difterence
between the vield moments of posts embedded to a standard depth and those with an
extended embedment of 6 in. The comparison is only performed for 2 post embedded
in a low moisture content clay because there 1s only test data available for this
molsture content. For both post types, the yield moment of the extended post was on

average 12% higher than a post embedded to a standard depth.

Fost Type Embedment | Yield Moment Difference
Depth (kip-in.) Fap
Timber Standard | 24752 1737
Extended | 734 04 T
Slea] Slandard 19320 3270
Extended 225,90 (7%

Table 14, Embedment depth and vield moment comparisons
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By companng the maximum dynamic deflections of the svstems listed in Table
12, no substantial decrease in deflection results from embedding the posts an
additional 6 in. The average difference of the maximum dynamic deflections between
the two posts was 3%, These results indicate that increasing the embedment depth of
a post by 6 in provides little or no addwional resistance when 2 standard embedment

depth of 44 in. 15 used in low moisture content clay.

8.5 Effects of Soil Type on Guardrail Performance

The maximum dynamic deflections for posts in sand were consistently higher
than the posts in clay except when a high moisture content was present. The
deflections for systems in clay at low and optimum moislure Contents were on average
24% and 28% lower than the deflections in sand, respectively. The largest difference
in deflection between systems in sand and clay occurred with the standard
configuration (KSWB-1) using steel posts in an optimum moisture content clay. The
high moisture content deflections, however, were consistently higher than those of the

sand installations by an average of 10%.



9. Conclusions and Recommendations
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9.1 Conclusions

The objective of this research was to develop a set of post parameters to be
used in simulations of guardrail installations. These simulations would be used o
evaluate the effects of strengthemng techmques. post tyvpe, soil tvpe, embéedment
depth, and soil moisture content on the performance of guardrails. The objective was
achieved through the use of dynamic post tests and the BARRIER VII simulation
program, This work is also reported in the thesis by Bierman (28)

The post test study and analysis of the KSWEB simulations conducted in this
research lead to several general conclusions. Timber and steel posts behaved simlarly
in all installations and soil conditions  The timber post guardrails performed slightly
better in all conditions. The post imput parameters i clay illustrate the drastic effect
meisture content has on the lateral impact behavior of a post under dynamic load
This effect becomes critical when lateral deflections are to be controlled adjacent to
roadside hazards. The deflections for guardrails placed in clay soils at a high moisture
content were on average 30% higher than those placed in an optimum mmsture
content soil.  The effect of post embedment on guardrail performance was found 1o be
minimal for 6'f; ft posts embedded an additional & in. in & low moisture content clay
A guardrail system placed in an unsaturated sand was not as effective at controlling
deflections as the same system placed in a clay with & low or optimum maoisture
content

Using the results of the full-scale crash tests and computer simulations, the
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effect of nested W-beams alone at reducing guardrail deflections was found to be
marginal and therefore it 15 not recommended as an alternative to reduce deflections,
However, half-post spacing produced a substantial reduction in the maximum
deflections of the cuardrail. Therefore, the strengthening technigue of a half-post
spacing is recommended.  Compaction of the soal s of primary importance because
any benefit denved by either strengthening technique can be reduced or eliminated 1f

the soil cannot provide the required resistance to lateral load

9.2 Recommendations

Dhue to the limited time and resources available 1o the researchers, the number
of tests performed on the posts with a wide range of moisture contents was limited
Future research should examune this phenomenon in more detail, and attempt to
establish a more dependable relationship between the soil moisture content and the
post-soil strength.  Also, only the strong axes of the posts were tested, and further
research should be conducted to venfy the weak axis parameters used in the
simulations for this research,

Different sizes of posts of the same matenal were not included as a study
parameter in this research  The results from this research only considered the timber 6
in, x % in, and steel W6x% posts. As a result, the effects of post matenial, size, and
shape on the strength of a post could not be determined

It should be noted that the bogie impact speed and weight were held constant

throughout the testing program. The bome speed and weight were chosen to
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reproduce the forces transmitted to a post when a 45300 Ib sedan impacis a guardrail at
60 mph and 25 degrees. The results obtained in this research were intended to be used
for guardrail simulations conducted with similar impact conditions. ™No conclusions
about the effect of impact seventy on the performance of the post can be made using
the results of this testing program alone, therefore the conclusions of this research
should be used wiath discretion for installations with different impact conditions than

those investizated here
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Appendix A: Force-Deflection Results of Bogie Post Tests

Table A-l1 hsts the classification numbering scheme of the post testing

program. Refer 1o this table to find the post and soil conditions that were present for

each set of test data

Class Fost | Seil Muisture Embedment
(FT) Type | Type| Content Depth
| Timber| Clav Lo _Sundnrd
a Timber| Clav Loy Exiginded |
i Timber| Clav | Oplimum Standard |
4 Timber| Clav High Stpndord |
] Tinther| Sand | Unsaturated | Standard
s Siecl | Clav Loy alandard
I Speel | Clay Lo Exieaded
8 | ot | cin | Opimwm |  Sundag |
o | Sweel | Clav| High | Sosded |
0 Stecl | Sand | Unsaiurased Standard

Table A-1. Post / soil testing classification scheme

Figures A-l through A-10 present the force-deflection data used in the
BARRIER V11 post parameter analysis. The dark line on each s the simplified force-
deflection model used by BARRIER VII  Annotated on each graph are the actual
BARRIER VIl post parameters extracted from the models that were presented in
Table 8 A descnption of the procedure used wm determimng the parameters is

presented in Chapter 7
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Appendix B: Deflected Shapes of the Simulated KSWB Systems

Listed in Table B-1 is the maximum dynamic and permanent set deflections of

the BARRIER. VII simulations conducted in this research. The deflected shapes of the

simulated KSWB guardrails can be found in Figures B-1 through B-10. Depicted on

each plot are the maximum dynamic and permanent set deflections resulting from

BARRIER VII simulations conducted using the appropriate parameters from Table 9

for each post and soil condition. Refer to Table B-1 for a list of the various post and

soil conditions present for each simulation.

Post and Soil Conditions

Maximum Dyvnamic Deflection
[Permanent Set Deflection)

(in.)
Soil | Moisture | Embedment | Post Standard ¥-heam Nestin Half-Fost Both Nesting &
Type | Content Lenzth Tvpe Installation Only Spacing Only I1alf-Fost Spacing
Low Extended Steel 268 256 232 18.3
[17.0] [155] [14.4] [13.6]
Timber 258 249 20.2 17.4
[16.2] [15.1] [ 130 [12.0]
Standard Steel 293 26.4 219 18.%
[19.1] [19.5] | 14.0 [153]
Clay Timber 134 24.5 9.2 17.6
[16.8] [15.8] [14.9] [13.0]
Optimum Standard Steel 268 247 21.4 18.2
[17.2] 180 [13.5] [14.9]
Timber 147 236 188 16.3
[13.9] [12.6] [13.3] [10.5]
High Standard Steel 403 7.7 287 274
[23.1] [28.0] [15.3] [15.4]
Timber 389 36.2 8.9 27.2
[28.6] [27.4] [19.5] [1%.5]
Sand | Unsaturated|  Standard Steel 3T3 344 7.3 56
[25.5] [28.2) [17.9] [18.3]
Timber 350 ils 256 236
[23.0] |24.8] [15.9] [18.1]

Table. B-1. Predicted deflections of KSWB configurations with varying conditions.
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Figure. B-6. Predicted KSWB deflections using PT 6 post parameters.
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Figure. B-8. Predicted KSWB deflections using PT 8 post parameters.
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Figure. B-9. Predicted KSWB deflections using PT 9 post parameters.
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Figure. B-10. Predicted KSWB deflections using PT 10 post parameters.



o

Appendix C: Sample BARRIER VII Simulation Input Files
BARRIER WVII input files vsed in the wvalidation simulations described in

Chapter 7 are given in their entirety on the following pages.



I. KSWB-1 BARRIER VII Simulation Input File

Kansas Post Testing, KSWBl, 43998/61.9%mph/25.ldeg/Nodell

29 g 7 1 57
0.o01 0.001 2.009
i 10 10 10 10
1 0.0 0.0
5 300. 0.0
9 600. 3.0
13 3940, Q.0
17 1200.¢ a.¢
21 1500.0 0.0
25 1800.0 0.0
2% Z100.0 a.¢
1 B & i
5 ] 3 I
g 13 3 1
13 17 3 1
17 21 3 1
21 25 3 b
25 23 3 1
T 25 0.35
29 28 27 24 25
19 18 17 18 15
2 B 7 & 5
100 i
I 2.30 1:9%
300 Z
1 21. 0.
5.100 12.2% 20,04
e O
35.00 8._190 20.0
i 1 2 28 1
29 1 30 1
3 3 55 1
585 28 57 1
43889, 47000, 20
1 0.940 G250
1 B5.35 14.38
Z B9.35 26.38
3 §9.35 3&.38
4 77.35 38.328
5 65.38 38.38
6 53.35% 34.248
7 41,35 38,38
B 29.35 39.38
9 -42.85 38.38
10 -54.865% 38.38
11 -66.865 38.38
12 -78.65 38.38
13 -50.865 38.38
14 -10Z.85 38.38
15 -114.85 38.38
ls =126.65 38.38
17 =126.65 ~-38.38
1 89.3b =38.38
19 48.35 31.0
20 =85.865 3l.0
1 48.35 31.0
2 48.35 =31.0
3 =65.865 31.0
4 =65.8D =31.0
1 0.0 0.¢
3 810.2 0.

4 2 0
300
5 5
24 23 22
14 13 12
4 3 2
T5.0 Z0000
1.150 4.540
20_.00
102.50 1.5600
15.5
10l 0.
3nz 0.
30l 0.
30z 4.
1 4 o
7.50 12.
112,
1 12.
1 12
112,
1 12.
112,
I LE:
1 12
1 1.
1 12.
1 12,
1 12,
1 12,
I A2,
1 1Z.
1 12.
i 1z,
112,
I 1.
L1 633,
O, B33.
0. 467,
. 467.
25.1 5l.%

1 i
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11
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s

z0
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II. KSWB-2 BARRIER VII Simulation Input File

Kansas Post Testing, KSWBZ, 4486§/60.5mph/25.4deg/Nodel3
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III. KSWB-3 BARRIER VII Simulation Input File
Kansas Post Testing, KSWB3, 44868/59.7mph/24.8deg/ Nodell
1]

4% 8 7 1 97 & 2
0.001 0.001 2.000 100
1 10 10 10 10 5 5
1 0.0 0.0
5 300. 0.0
13 600, 0.4
21 800. 0.0
29 1200.0 0.0
37 1500.0 0.0
45 1800.0 0.0
49 2100.0 0.0
i | 5 3 1
] i3 T 1
13 21 7 1
21 29 7 1
29 37 7 1
k) 45 7 L
45 49 3  §
1 49 0.33%
49 8 47 46 45 £4 43 42
s g 37 £ 1] as 34 k] 3z
29 28 27 26 25 Z4 23 22
19 18 17 16 15 i4 13 12
g -] T ] 5 4 3 4
100 2
1 2.30 1.99 5.0 30000,
2 2.30 1.99 38 30000.
g0 2
b et 0. Lixs 4.540
5,10 12,25 20.0 20.0
221, - 102.50 L. 5800
35.00 9.100 20.0 5.5
1 i 2 4 I 103 0
5 & 6 44 1 1og 0.
45 45 486 4B 1 101 6.
49 1 50 1 302 D-
51 3 25 I 301 0.
96 48 a7 1 30z 0.
44B86. 47000. 20 i < 1]
1 0.040 0.250 7.50 1z,
189.35 14.38 1 1z
2 B9.35 26.38 1 12.
3 89.35 38.38 iliz.
4§ 77.55 38.38 1 1z2.
5 65.35 38.39 1 L2
5 B3.35 38,28 1 12,
7 §1.35 3a.38 1 k2
8 29.35 38,28 1 12
9 =42.85 38.38 1 Y2
10 =54.5658 38, 38 1 2.
11 -846.,63 38.38 jEaE b
12 -78,85 38.38 i
13 =80.65 3g.38 S B
14 =-102.65% 38.38 1 12,
15 =114.65% 38.38 1 12
lé =-126.63 3B.28 1 12,
17 =-126.6% =38.38 1 12.
18 89.35 =38.38 1 12Z.
19 48.35 31.0 11k
20 -65.65 31.0 T 1
1 48.35 3.0 0. 525.
2 498,35 =31.0 0. §25.
3 -85.65 31.0 g. 4986.
4 -65,.865 =31.0 0. 486.
1 0.0 0.0
3 810.2 0. 24.8 58.7

1.

0.
0.
0.
0.
o.
0.

g
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1n
21
11

(=]

I W -l el T e A e e N ]
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IV. KSWB-4 BARRIER VII Simulation Input File

Kansas Post Testing, KSWES, 45018/60.4mph/28.4deg/NodeZz
49 B 7 i 437 7 Z o
0.001 0.001 2,000 100 1.0 1
1 10 i0 1q 5 &
1 0.0
5 300.
13 600,
21 800,
23 1200.0
37 1500.0
45 1800.0
49 Z100.0
1 5
5 13
13 21
21 29
29 37
< i 45

L=

(==l e e o o e 8
T
(=== e NaRalaNsl o

BT

b
LA
.
b
al

4139 48 47 sx 4 <4 q3 42z 41 40
39 38 37 3¢ : 34 X3 32 31 30
23 28 27 e A 23 22 ral 20
135 18 17 1E 4 4 L3 1z 11 1q
3 =) 7 € 4 3 s 1
100 2
1 2.30 Li9s i 30000, 3.92 38.5 58,5 LR
2 2.30 1,99 =S 30000, 3.92 38.5 58,5 LV
200 £
1 Zis L. .l 4.540 24 . 107.1 205.840 0.1
5.10 12.25% . - 5.0
2 21. i N, 1.5800 B4 .50 830,00 Isl.10 0.1
35.00 5.100 - 1ELE
1 1 z i S T el i, 0.
5 5 & q4 e 3 0. 0.
45 45 46 4L 5 emelE a. 0.
4% 5 & BE Erety ¢ a. Q.
=) 1 Cle - e 0. a. 0. 0.
91 35 135 L Aaelih 0. 0. J. D.
138 48 137 M Lol 0. 0. 0. D.
4501 47000 M i 4 0 i
10,040 0.250 50 1z,
1 B%.35 14.38 1-12. 1 0 g 0
Z B9.35 26.38 P bl 1 0 ) o
3 B9.35 38.38 i e 1 Q Q 0
4 77.35 33,38 112, 1 0 a 0
5 B5.35 38.38 1-12 1 0 a 0
g 53.35 38,238 o Ye i 0 & o
7 41.35 38.38 112 1 0 Q 0
8 29.35 33,32 112 1 0 a 0
g9 -4z2.85 38.33 112, i o & 0
10 -54.85 38,38 L 12 i 0 & &}
11 -66.65 38,38 L e ! Q g 0
12 -T5.85 38,2389 Lo AZ, 1 Q 4 0
13 -90.65 38.38 1-12, 1 Q o 0
14 -10z.65 38.38 i Bt | Q 0 4]
15 -114.865 3B.38 12 1 0 ] 0
1 -126.65 38.38 o325 1 0 Q v]
17 -126.65 -38.38 112, Q Q Q 0
18 89,35 -38.38 1-12. Q 0 9 Q
19 48.35% 31.0 1= L 1 0 0 0
20 -65.65 3.0 Yod 1 a 0 0
1 48,35 3.0 g B30,
48.35 -31.0 a 830,
3 -65.65 31.0 0 496,
4 =85.65 =3%1.0 Q 438,
1 0.0 D.0
3 910.2 D, 28.4 G4 0.0 a.0 0.0
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Appendix D: Optimum Moisture Content Determination

Prior to post testing, a soil analysis was conducted with the clay soil to
determine the optimum moisture content. This is the moisture content at which the
maximum dry density of the soil can be achieved. This was accomplished by
performing a standard Proctor test. A plot of the Proctor curve obtained from the test
is illustrated below in Figure D-1. A second order regression curve was fit to the data

points in order interpolate values between known points.

Proctor Tests
105 -
< 100 -
= .
= w
Z g5 v N,
g = N
=
9 g \\E
£ \
-
E N l
@ N |
= 85 \ [
]
N |
80 .
0.1 0.15 0.2 0.25 0.3
Moisture Contant

Figure. D-1. Clay soil proctor curve.

Using the proctor curve, the optimum moisture content was determined by
interpolating the moisture content at which the curve 1s maximum and was found to be

approximately 17%, vielding a maximum dry density of 100 pcf



Appendix E:  Moisture Content Relationslips
Ghven an Figures E-1 through E-6 are the moisture content relationships for the
BARRIER VII parameters - the vield moment {M.), the stiffness (Kg), and the force

(Fg) parameters. Plots are included for both steel and timber posts embedded 1o a

standard depth.
Steel Posts
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Figure E-1. Moisture content vs. yield moment for a steel post
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Figure | -2 Moisture content vs. stiffness for a steel post.
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Figure. E-3. Moisture content vs. shear force for a steel post.

116



Timber Posts

Yield Moment vs Moisture Content
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Figure. E-4. Moisture content vs. yield moment for a timber post.
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Figure. E-5. Moisture content vs. stiffness for a imber post.
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Timber Posts
Shear Force vs Moisture Content
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Figure. E-6. Moisture content vs. shear force for a timber post.



