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ABSTRACT -W-beam guardrail system has been the most popular roadside safety device around the world. Through
large plastic deformation and corresponding energy dissipation, a W-beam guardrail system contains and re-directs out-
of-control vehicles so as to reduce the impact damage on the vehicle occupants and the vehicles themselves. In this paper,
our recent experiments on 1:3.75 downscaled W-beam and the beam-post system are reported. The static and impact test
results on the load characteristics, the global response and the local cross-sectional distortion are reveled. The effects of
three different end-boundary conditions for the beam-only testing are examined. It is found that the load characteristics are
much dependent on the combined contribution of the local cross-sectional distortion and the end-supporting conditions.
The energy partitioning between the beam and the supporting posts in the beam-post-system testing were also examined.
The results showed that the energy dissipation partitioning changed with the input impact energy. Finally, a simple mass-
spring model is developed to assess the dynamic response of a W-beam guardrail system in response to an impact loading.
The model’s prediction agrees well with the experimental results.

KEY WORDS : Guardrail system, W-beam, Dynamic characteristics, Energy patrtitioning, Cross-sectional distortion,
Mass-spring model

1. INTRODUCTION cross-sectional profile. Besides, as shown by Teh and Yu
(1987) in their study of beams of angle-section, more
Roadside safety devices are used to reduce the severity détails of the load-carrying capacity and local cross-
the impact to the car as well as the car occupants in aectional distortion could be revealed because of the
crash event by dissipating a large amount of the kineticepeatability of the experiment. The static performance of
energy of the collision. Therefore, they are of crucial one-third downscaled W-beams was preliminarily investi-
importance to road users’ safety. W-beam guardrailgated by Hui and Yu (2000).
systems have been the most popular roadside safety Inthe experiments reported in this paper, a downscaled
device for the last few decades and, thus, their behavigprototype of the W-beam guardrail system, with a scaling
under impact loading is worth a throughout investigation.factor 8 = 1/3.75, was adopted to conduct more tests with
Full-scale testing for the performance of the W-beamwell-controlled input so that the record on the mechanical
guardrail system has been conducted in the United Statdsehavior of the beam and the system became more
(Bank et al, 1998a) and Japan (Andst al, 1995). complete. Moreover, the experiments were divided into
However, to repeat a full-scale impact testing on atwo main categories. The first set of tests was concent-
guardrail system would be very tedious and expensiverated on the static and dynamic characteristics of the
As a result, attempts were made to simplify the testingdownscaled W-beam itself. After revealing the beam’s
procedure into a downscaled prototype (Batkal, behavior, two downscaled supporting posts were attached
1998b) so that more tests could be conducted with @ each of the W-beam samples to form a downscaled
better controlled test input and well-recorded documentaprototype of one segment of the guardrail system to better
tion for the dynamic response of the guardrail. Thisrepresent the real situation in a vehicle-guardrail-system
downscaled testing has been used as a screening procésgact.
for the selection of new guardrail material and guardrail The characteristic behavior of the guardrail system
obtained from the downscaled testing was then used
to develop a simple mass-spring model to assess the
*Corresponding authoe-mail: metxyu@ust.hk energy dissipation and the global deformation for a
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vehicle impact on a W-beam guardrail system. The model Strain (mm/mm)

prediction is compared with the downscaled test results_. , ) ,
Figure 2. Typical material tensile test results for real and

2 TEST METHOD AND EXPERIMENTAL downscaled beams with a loading rate of Imm/min.
SETUP

Quasi-static and dynamic tests were conducted on ‘ W Loading

geometrically downscaled prototype of the actual W- 1o 7 Crosshead

beam guardrail system to acquire the response characte \ / Specimen

stics. A scaling factof = 1/3.75 was adopted. The cross- ‘ - j ~

sectional profile of the downscaled W-beam samples ant Support ‘ L/2 Y

the dimensions of the downscaled supporting posts ar !
shown in Figure 1 and Table 1, respectively. Apart from |
the sample size, other geometrical features, such as tt
supported span of the W-beam, were also downscaled k B
the factorB. The material of the samples was also choser {—57«;,,::;
to have a compatible property of the real beams. The
corresponding tensile test results for the two materials ar
depicted in Figure 2. Figure 3. Schematic illustration of experimental configu-
For the beam testing, beam samples of 600 mm werration.
quasi-statically and impact three-point bended with a
supporting spah of 535 mm, as shown in Figure 3. The In the static tests, a crosshead speed of 5 mm/min was
beam samples were loaded at the mid-span by a rigidsed and the load was removed at every 10 mm-interval
wedge head perpendicular to the beam axis. Three supmtil a final transverse displacement of 120 mm was
porting conditions were adopted to examine their effectseached. In the impact tests, the downscaled beam samples
on the load-carrying capacity: namely (1) simply roller- were impacted by a wedge-headed drop weight assembly
supported (RS); (2) axially-constrained roller-supportedof 12.92 kg at three prescribed impact velocities.
(AR); and (3) simply box-supported (BS). On the roller For the system testing, similar configurations as those
support, the cross-section of the beam was transversein the beam testing was used, except that the beams were
constrained; while on the box support, the correspondingnounted on two supporting posts, one at each end, for
edges of the cross-section were allowed to rotate freelyimpact loading. The system test configuration was

Table 1. Comparisons of dimensions of conventional guardrail system and the experimental setup.

W-beam Circular hollow post Rectangular hollow post
Width Thickness| Diameter  Thickness Width Height  Thickness
Original system 310-317 mm 3 mm 115 mm 4 mm 50 mm 100 mm 5 mm
Scale-down system 81-84 mm 0.8 mm 30 mm 0.8 mm 13 mm 25 mm 1 mm
Ratio 3.77-3.83 3.75 3.83 5.00 3.85 4.00 5.00
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scaled-down W-beam and the clamped end was setto k  ° o 2 0 6 % 00 1 20'10000
160 mm. Two post types were tested, namely the circula Transverse displacement (mm)
hollow tubes and the rectangular hollow tubes, to o 100000
compare their performances. . © 1 90000
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3. TEST RESULTS AND DISCUSSION ll | 70000
= al — Loading | 60000 E
A Z2s | 8 1 s0000 B
3.1. Quasi-static Tests on Downscaled W-beams =t —— Strainl 10000 3
The load-transverse-displacement curves of downscale & 2 | “‘:"“f“§ 1 30000 g
W-beams are depicted in Figure 4. In general, the load™ !5 | T 20000 %
carrying capacities of the beams with different end !t 1 10000
conditions were similar: the load rose rapidly to a peak 035 & -~ 0
: : : . . -10000

then decreased gradually. However, the notable differ 0
ence was that for axially-constrained roller-supported W-

beam, the load-carrying capacity rose again to a ven Transverse displacement (mm)
high value at larger transverse displacement. As a sign ¢

the structure’s limit instability, the initial peak load under quasi-static three-point bending with different end

indicates that material's hardening effect was graduallySU orting conditions: (a) simply roller-supported (RS)
overwhelmed by the structural softening effect resulted pporting Ny Pl PP '
(b) axially-constrained roller-supported (AR) and (c)

from the serious distortion of the local cross-section a‘sim ly box-supported (BS). (Note: Locations of strain
the mid-span, which reduced its second moment and thu Py PP : ’

the fully plastic bending moment. This structural measurement: Strainfnid-span, bottom; Strairguarter-

softening effect also led to further localization of the span, bottom; and Strainguarter-span, top.)

deformation around the mid-span of the beam. The very

localized plastic deformation was verified by the strain The corresponding local cross-sectional distortions of

measurements at the mid-span and the quarter-span, #se downscaled W-beams at different transverse displace-
shown in Figure 5. For the axially-constrained roller- ments are shown in Figure 6. Despite the similarity in the

supported beams, the difference in the load-carryingoad-carrying capacities, the local cross-sectional distor-

capacity at larger transverse displacement was attributetions accompanied the flexural deformation of the beam

to the tensile force resulted from the axial constraintssamples under roller and box supports were different. As
which strengthened the structure, competed with theobserved from the measurements, under these two
structural softening effect and made the load rose agairsupporting conditions, the local cross-sectional distortions

0 20 40 60 80 100 120

Figure 5. Strain measurements for downscaled W-beams
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began with the flattening of the top portions, followed by f'ii A " 0 2
a further collapse of the whole cross-section with bulges 0 0.04 0.06 0.08 0.1
formed at the top. Starting from a transverse displace Time (s)

ment of 40 mm, there was less increase in the width o

the local cross-section for the simply box-supportedFigure 7. Contact force and transverse displacement for
beams. This was mainly because, for the box-supportedownscaled W-beams under impact loading with
samples, the two ends of the cross-sections were free different end supporting conditions: (a) simply roller-
rotate. When larger transverse displacement was reachesupported (RS), (b) axially-constrained roller-supported
the two sidewalls of the cross-sections were pushe(AR), and (c) simply box-supported (BS).

downward. This small downward displacement of the

sidewalls was not localized but occurred throughout the From the viewpoint of solid mechanics, during the
whole W-beam. Again, for the axially-constrained roller- bending process of a beam of thin-walled cross-section,
supported beams, the local cross-sectional distortion wasome cross-sectional distortions must occur and accom-
similar to its simply supported counterpart. However, pany the flexural deformation to make the total deformation
heading to larger transverse displacement, the distortioenergy of the beam minimum. The similar phenomenon
deviated. Comparing the shapes of the beams at the sarhas been previously observed and analyzed for four-point
transverse displacement, the distortion of the local crossbending of beams of angle-section (Teh and Yu, 1987).
section or the increase in the width for the two types of

roller-supported beams was more significant than the3.2. Impact Tests on Downscaled W-beams

beam samples under box-support conditions. Figure 7 demonstrates the contact-load characteristics



DYNAMIC CHARACTERISTICS OF SCALED-DOWN W-BEAMS UNDER IMPACT 35

during the first impact of the downscaled W-beams with
different end supporting conditions under three different
impact velocities. There were two peaks in the contac
load history: an initial peak and a highest peak. The initial
peak loads for all impact velocities and end supporting
conditions were similar, approximately 1.5 times their
static counterparts. The increase is attributed to the strai
rate effect of the material and the inertia effect of the
beam. Yet, another observation from the contact loac
characteristics is that there was a sudden increase in tt
load when the drop weight reached its maximum
transverse displacement and just started to rebound. Th
phenomenon was more notable when the initial impac
velocity increased, resulting in a corresponding higher
peak load. For lower velocity impacts, this sharp increase
might be absent. Normally, for all simply supported
beams, an impact velocity larger than 4 m/s would induce
such a sharp contact load. Yet, for the beams with extr:
axial constraints, this phenomenon occurred only wher
the impact velocity was beyond 5 m/s and the peak valui
was considerably smaller. As observed from the high-
speed videos taken, one possible explanation is that whe
the beam was hit by the drop head with a lower velocity,
the deceleration and the increase in the transverse di
placement would be more gradual, and thus the change |
velocity would be slow and the load characteristics would
be more like a plateau. However, when the beam was h
with a higher velocity, the deceleration and the increase
in the transverse displacement would be more abrup
towards the end of the impact event; therefore, there
would be an abrupt increase in contact-load induced. A
for beams with extra axial constraints, the constraints
helped in the reduction of the velocity of the drop head in (b)
the early stage, making the final change in velocity neal
the end of the impact event less sudden.

The local cross-sectional distortion mechanism of the
beams under impact was found to be very similar to thos
in the static three-point bending. For all supporting
conditions, there was a flattening of the top portions of
the local cross-section under the drop head. With thehange in the local cross-section. The second moment of
increase in impact velocity, there was further collapse ofthe cross-section at the mid-span befdyead after k)
the local cross-section. Yet, nearly all the deformationthe impact event were calculated from the measured
was localized in the ‘plastic zone’ underneath the line ofprofiles. As an index of the change in the beam’s flexural
drop head, forming bulges and elongating the material irstiffness, the ratid/l indicates the change in the second
the zone as in the static tests. One difference in the crossaoment, as plotted in Figure 9.
sectional distortions observed between the quasi-statically
and impact tested down-scaled W-beams is that for th&.3. Impact Tests on Downscaled W-beam Systems
impact-tested samples, with a final transverse displaceFigure 10 depicts the contact-load characteristics during
ment similar to its quasi-static counterpart, the crossthe first impact of the downscaled system with different
sectional distortion was less severe, as shown in Figure &upporting posts. Similar to that observed in the beam
The distortion zone in the quasi-static case was longetests, there was an initial peak load followed by a very
along the axial direction and the distorted cross-sectiorhigh and sharp peak towards the end of the impact event
was wider. when the impact velocity was high, despite the type of

Another parameter was introduced here to evaluate theupporting posts. The sudden-risen highest load occurred

Figure 8. Comparison between the local cross-sectional
distortion of static and impact tested downscaled W-
beams with a similar final transverse displacement, (a)
bird view; (b) side view.
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Z Hy 1 80 é the beam impact tests. This is reasonable because, as
330 Toms 8 observed from the high-speed videos, during the early
= < .
£ ;s Tansere || 60 = stage of the response only the beam deformed, which was
- A isplacement .z . .
é 20 praams| |2 then followed by the bending deformation of the sup-
- - - -Transverse | | .
8 displacemen § porting posts when the drop head reached a larger
10 So-tmene | 420 & displacement. The reason for the sudden peak near the
» displacementt S . . . . .
: — for7.90m's = end of the impact event is similar to that in the beam-only
0 0 tests.
0 002 004 006 00801 There was no considerable difference in the distorted
“ Time (s) 20 shape of local cross-section for beams with different
b — supporting posts. There was still flattening and bulge
SN mpacted at . . H
N ®) s 00 B formation at the top portions of the local cross-section
z Impactedan g found in the system-tested beams. Nonetheless, compared
b mosetn| ] & g with the cross-sectional distortions of the beams in the
f;: 804ms " 3 beam-only tests, the distorted shapes in the system tests
5 Transverse | = were very much asymmetric (Figure 11), unlike those
E S B T e resulted from the quasi-static or impact tests of the beam
“ s tims | § alone. It is because the two sides in the beam’s width
Tl | 4020 2 direction were in a different supporting condition during
. forf . = the system test. For the side near the clamped end, the
0.04 0.06 0.08 beam’s end cross-section was supported by the post, like
ﬁme © ' ’ with a roller support; while the other side was hang

freely, like with a box support. When the beam was hit by

Figure 10. Contact force and transverse displacemerf drop head and the cross-section started to distort, the
versus time for downscaled guardrail systems with (ayotational motion of the sidewall of the cross-section near

rectangular hollow posts and (b) circular hollow posts. the clamped end was constrained by the supported post;
and the freely hang sidewall was free to rotate. Therefore,
it was observed from the records that a half of the

when the transverse displacement reached the maximundistorted local cross-section was more flattened; while

The initial peak loads were of a similar value as those irthe other half displayed more inward motion of the
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1 because the energy dissipated by the beam alone till this
o Rectangular hollow posts final deformation can be estimated based on the results of
08 | ® Circular hollow posts the beam-only tests. The correlation for the simply
supported beams is used for the estimate, and the energy
dissipation ratioa, and a, are plotted against the total
energy dissipated by the system. Hexeand a, are
v . defined as
ool a,=(Energy dissipated by the beam)/(Total energy dis-
sipated by the system)
02 r a,=(Energy dissipated by the posts)/(Total energy dis-
sipated by the system)
0 1 respectively. As observed from Figure 13, when the
0 100 200 300 400 500 impact energy was low, the W-beam dissipated most of
Impact energy (J) the input energy; when the impact energy was high, the
supporting posts shared more portion of the input energy,
Figure 12. Change in the second moment of the locaéind eventually shared a portion larger than that of the W-
cross-section as a function of impact energy for irhpacbeam.
tests of downscaled guardrail systems with differen
supporting posts. 4. DEVELOPMENT OF A MASS-SPRING
MODEL

0.6 -

Chagne in second moment (I'/1)

sidewall. Again, the change in second moment, tdtip  In the evaluation of a guardrail system, there are many
of the local cross-sections is plotted in Figure 12. Unlikepossible combinations of rail and post materials and
the results in the beam-only tests, the values of this ratishape profiles. Therefore, a theoretical model should be
of second moment remained almost the same fodeveloped and it should be capable of predicting the
different input impact energies. As shown below, whendynamic behavior of the guardrail-post system, with the
the input impact energy was higher, the supporting postgssential physics of the impact event on the system being
dissipated more energy, so that the flexural deformatiorpreserved.
as well as the local cross-sectional distortion in the In general, the dynamic response of a structure is
guardrail beam-post system would become less sensitiveainly governed by the inertia and the dynamic resistance
to the input energy. of the structure, such as that shown in Figure 14. The first
The final deformation of the W-beam in a system testfactor is described by the mass or equivalent mass of the
was measured after the test when the beam was distructure, whilst the second factor is represented by the
mounted. The energy dissipation partitioning between thdoad-carrying capacity associated with the deformation
down-scaled W-beam and the supporting posts can themechanism of the structure. As a result, the dynamic
be evaluated from the final deformation of the W-beam,behavior of a simple structure can be modeled by a single
degree-of-freedom mass-spring model, which signifi-

£ 1 cantly simplifies the problem without losing the fund-
55 =, amental physics of the impact event. Symonds and Frye
% g 0.8 I WEnergy dissipated by e (1988) studied a single degree-of-freedom mass-spring

o v .. .
G 5 D eiom pots : o system to represent a rigid-plastic response of structures
3 § 0.6 | | o e e vam u _8 in an impact event. Wu and Yu (2001) also proposed two
87 o Enerey diss ﬁ lumped-mass-spring models, namely the stick and non-
g a nergy dissipated by the ™1 i . . .
© 9 04 || beemsupporedon o L ) stick models, to predict the dynamic behavior of a
s 5 circular hollow posts o
Sy O Energy dissipated by [ ]
: g circular hollow posts [e]
Ecoz}
£ 28 o ©
=
Qo
E 0 1 1 L L ! 1

0 50 100 150 200 250 300 350 A

Energy dissipated to the system (J)

Figure 13. Proportions of the energies dissipated by bearFigure 14. Single-hinge mechanism for a simply
and posts under impact loading, varies with the totalsupported beam with no axial constraints subjected to an
energy dissipation in the beam-post system. impulsive load at the mid-span.
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structure under a rigid-projectile’s impact; and examinedcharacteristic loadF'=4M;/L+2N6 , the governing
the applicability of the simple mass-spring model on theequation is recast as
dynamic deformation of elastic-plastic structures.

For the single-hinge deformation mechanism in our
current problem (Figure 14), because the striking mass i§he mass-spring models associated with Equations (2)
much larger than that of the guardrail beam, the Modaknd (4) are depicted in Figure 16(a).

Approximation Technique (MAT) proposed by Martin  For the modeling of a guardrail-post system, a two
and Symonds (1966) can be adopted and the response @égree-of-freedom mass-spring system is proposed, as
the downscaled guardrail beam is then transformed into ahown in Figure 16(b). This model is reasonable since it
single degree-of-freedom problem. Based on the sameas observed that the deformation of the posts was
reason, the stick assumption (Wu and Yu, 2001) is adopteoncentrated at the clamped end where a single plastic
ed. By re-examining the formulation, the correspondinghinge formed. The equivalent mass and the characteristic
governing equation is written as: load of the add-on spring-mass system representing the
1 s Grrl 4 . posts’ dynamic behavior can be taken @s=2G,'=
3P0 9+§EIZD 6=M; for a simply-supported beam (2/3)pp_Lp and Fp:ZFp':Z(P(Lp’/Lp—Mc/Lp)) ,

(@H) respectively. And based on the conservation of

(G+ m,)V=F' for an axially-constrained beam 4

wherep is the density per unit length of the bednis momentum, the initial condition of the system=@ are

the span of the beam between the supp8iitsthe angle  8,=9,=0 (5)
of rotation at the support& is the mass of the drop 5 =v (©)
weight assembly, and; is the bending moment at ¢
section B, as shown in Figure 15(a). Taking whered, andd, denote the displacement of the guardrail
m,=(1/3)pL andF=4M,/L as the equivalent mass and beam and the supporting posts in thgdirection,

the characteristic load of the beam, respectively, theespectively, and, is the impact velocity of the striking
governing equation is recast as massG.

The characteristic load of the downscaled W-beam and
the supporting posts can then be obtained from their static
wherev=Lg test results. However, many additional effects contribute

2 to the dynamic behavior of the structural system, making
the latter very different from its quasi-static counterpart.
Consequently, adynamic enhancement factat has
1 EI:D39+§E1:D29_M +N% ELD been introduced in our modeling to modify the static load
3P0 oo Ve 0 characteristics of the structures. This factor accounts for

for an axially-constrained beam @3) the combin_atiorj of the strain-rate effect of the materia_l,
the lateral inertia effect of the structure and the dynamic
where N is the induced axial force by the extra axial effect on the flexural stiffness of the beam related to the
constraints at the supports, as shown in Figure 15(b). And
by taking the equivalent mass,=(1/3)pL and the

(G + m))v=F for a simply-supported beam 2

Similarly, we find

»i

(a) (b)

Figure 15. Deformation mechanism of a half of (a) aFigure 16. Mass-spring models of (a) a W-beam and (b) a
simply-supported and (b) an axially-constrained beamW-beam guardrail system under impact by a striking
subjected to a striking mag&sat the mid-span. massG.
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90 . based on the two assumptions are shown for com-
B e arison.
é, 80 t o o 2, P
g s u b 5. CONCLUSION
g 60 1 *
Tzi 50 I A @ Simply roller supported- As observed from the downscaled experiments, the
3 A Expenmental results performance of a W-beam under different end supporting
9 40 O&h;lgelﬁglrlzxﬁgpomd» conditions is mainly affected by three factors: (1) the
> 30 AA%E , material's strain hardening, (2) the structural softening
@ xially constrained roller . X .
g 20} Sup}iorted-EXpemnenlal due to the local cross-sectional distortion, and (3) the
= rels tensile forces caused by the axial constraints.
s 10 A Axially contrained roller "
iz supported-Modeling results For the downscaled guardrail-post system tests, the
0 ’ ' ' energy partitioning between the W-beam and the sup-
0 50 100 150 200

porting posts is estimated based on the experimental
measurements. It is found that the proportions of the
i i i __energies dissipated by the beam and posts under impact
Elgure 17. Experimental results and nlumerlcal preOIIC'Ioading varies with the total input energy in the system:
tions folr downs_cgled W-beam tests with different endrnore portion of the energy is dissipated by the beam
supporting conditions. when the input impact energy is low, and more portion of
the energy will be absorbed by the posts when the input
impact energy is higher.

Finally, a simple mass-spring model is proposed to
predict the dynamic performance of the guardrail beam
or the guardrail-post system subjected to impact loading,
and the model's prediction has shown a good agreement
with the experimental results.

Input impact energy (J)

distortion of the local cross-section under impact.
The “dynamic enhancement factor” is defined as:

D
nem s
E®|

(7)

%
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