TK-1-364 2k 2

Rk 30 -4 H 26 A
H A1 /)R FE R
ERYINARHBEHZHOWT (2 22 ME)

Wk 304E4 H 6 BICEMBLI-E T Y 7 I2BiITHa Ay MIOWTEIZE 2 LLFITRT,

aA O
Haehnel and Daly OXOB|HE NEHAIC DWW THEMRFIT S Z &,

aX @
B RAFZE AT O FZERIZ B T D EE OEAIMEDO RIEICB W, g &R E EhTwn
HZEDFEMERTZ L,

=3 SVENE)
FEMA ORERUIZE T 54848 1. 3 DFNZHOWT, FRGFHT 5 2 &,



1. 2 A2 MEEQ (Haehnel and Daly ORD 5| H K EHIZOWTHMBFT6Z &)
FEMA DEfMMEFAE X2 £ — 112, BARRBFZEF (2015) ¥ ROEE S (2015) *BWTERICH T 2 EH G %2 FH$ 2 Bl O A Zhsfif: % [F €325 DIV 517 Haehnel and Daly™ oz —2 1277,

#—1 FEMA OFE i EE EX O
i i B K OV ER FEROM AR SN fPE (RS EE)
MER) 7RIS < #i52 H HREy
W RO FRAUZESNTI Y, BEE K OB SR DN S & b 52 R T, D DOEZERED
F; = 1.3upmae/kma(1 + ©) TRAX—HEN —PZE SN TORVAHERETORERTH S 2 &b, BRI &
FEMA (2012) JEAR O MM OMERE T, FEROERMIZR LT, EBGZ2HELT 5 L5 22 m@ s & 2 2
ayTF | F 9, o AHINEERE, BERD D,
Upnax © BV % T SRR O fie KIEE, FEMA D5 2U%, F = vWkm (Haehnel and Daly™) TH v, FEFHE GEEHE) T2 < Eikik
mg : IR DOE R, ko ER O il WA AW TR EL B ET 5 Ro T\ D, ERWAHEE 25035 X O e b, Mzeiis
Z50%E LTRWAREMEN & 5 & OFLHNH 5,
#F—2 Haehnel and Daly O DHEEHH
i TS HEEE K OV E BEROM AR ST fPE  (FEBRSESE)
FEMA OJFETH Y, Fimijis (HEiE) T < ERmEz2 AV CERMmEEZ B ET 2 TH
F=v /k(m1+Cmf) %
F:18%27), v: O, k : B O 2, JFERSCCIE, MINE B C 2 & 072 E LCF = v/k(my + Cmp) Vit ST 528, B &
C : IVE &R DERDINDIRARDOE & me DR ETEE L <, FEMA (2012) TIXZNEERHOEE L LI THRELH
Haehnel and Daly (2004) | HL[fj my - R OE R, me BRI K VI LR SNTRKOE R | RERTWD, FERSUTIE, N RRE C OB A BEA L= L LTF = vwkmMiE# S h T 5,

F =vVkm
F: E%27), v: B OB,
m: EROE R, ko Eii oA hEirE

F=vwkmix, B/HhRmFseir (2015) 1 ROGEE D (2015) *2 BWTERICK T 2 EHE A T
2 Hl O G ZhERIEEZ [FET 2 DICHNLNR TV AR TH D, @D (2015) 2 O HE O HEHEIPED [F
BT, WEMEZREL, ERYOERE n IHEEHOERTEL Lz LT, ZOMEEF = v/km
THEBLT 2 X O THIEME k 2Rk TnD,

LIF%IZ, Haehnel and Daly (2004) BT HE0#k 2R,




Maximum Impact Force of Woody Debris on Floodplain
Structures

Robert B. Haehnel' and Steven F. Daly, P.E., M.ASCE?

Abstract: We collided woody debris (i.e., logs) with structures using flume and test basin laboratory facilities to investigate the
maximum impact force that floodplain structures are exposed to from floating woody debris. The tests also investigated the influence of
collision geometry, determined by the debris orientation on impact, on the maximum impact forces. We reviewed the three approaches that
represent the existing guidance for estimating maximum impact forces. Each approach estimates the maximum impact force based on the
debris velocity and mass. We show that all the existing approaches can be derived from a single-degree-of-freedom model of the collision
and can be considered to be equivalent. The laboratory data show that the maximum impact force was associated with a log striking a rigid
structure with its end. Oblique and eccentric collisions reduced the maximum impact load in a predictable and consistent manner. The
approach we refer to as “contact stiffness,” a linear, one-degree-of-freedom model with no damping, was able to reproduce the laboratory

results over the entire range of data, with an effective contact stiffness of 2.4 MN/m.

DOI: 10.1061/(ASCE)0733-9429(2004)130:2(112)

CE Database subject headings: Impact forces; Debris; Flood plains; Floating bodies; Flood damage.

Introduction

Debris transported by floodwaters can strike residential, commer-
cial, or other structures in the floodplain. These impacts reduce or
redirect the velocity of the debris and impart a force to the struc-
ture. The magnitude of the force can be large enough to cause
substantial, or even catastrophic, damage to the structures. Flood-
proofed structures must be designed to withstand the expected
maximum impact loads. Estimating the maximum force on the
structure is complex because the force is influenced by the prop-
erties of the debris, particularly its mass, velocity, and orientation
on impact, and the properties of the structure itself, especially its
stiffness and inertia.

At present there is no one accepted approach for estimating
debris impact loads. There are, in fact, three distinct—although,
as we show, theoretically equivalent—approaches to estimating
the maximum impact force. Each of these approaches estimates
the maximum impact force based on the debris velocity and mass.
All of the approaches are based on a one-degree-of-freedom sys-
tem (i.e., only the mass of the debris is considered in the calcu-
lation of forces). The contact stiffness approach is based on a
one-degree-of-freedom spring-mass system where the stiffness of
the interaction between the “debris” and the structure is required.
The American Association of State Highway Transportation Offi-
cials (AASHTO 1998) LRFD Bridge Design Specifications uses
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this approach to estimate the loads resulting from ship collisions
with bridge piers. The impulse-momentum approach equates the
momentum of the debris and the time history of force, or impulse,
imparted on the structure. In this approach the stopping time of
the debris and the shape of the force function with time must be
assumed. This approach is used in the flood-proofing guidance
provided by the Federal Emergency Management Agency (FEMA
1995) and the U.S. Army Corps of Engineers (1995). (For brevity
we refer to these works collectively as FEMA guidance.) The
work-energy approach equates the energy of the debris with the
work done on the structure. This approach requires an estimate of
the distance the structure moves from the time of the initial con-
tact of the debris until the debris comes to rest. The National
Association of Australian State Road Authorities (NAASRA
1990) Highway Bridge Design Specification guidance on design-
ing bridges for debris impacts uses this approach.

The focus of this work was to obtain laboratory measurements
of the forces caused by impacts of floating discrete woody objects
(i.e., logs) on rigid structures. The tests also investigated the in-
fluence of collision geometry, determined by the debris orienta-
tion on impact, on the maximum impact forces. These data were
then used to develop initial guidance for computing the maximum
force associated with debris impacts.

Estimating Impact Forces

In the following section we develop a one-degree-of-freedom
model of the impact between woody debris and a structure. We
then discuss other influences that can affect the impact force:
added mass and the debris orientation on impact. Finally, we re-
view the guidance on impact forces. The guidance can be classi-
fied according to the govemning assumptions made to estimate the
maximum forces. The three basic approaches are: contact stiff-
ness (AASHTO 1998); impulse momentum (FEMA 1995; U.S.
Army Corps of Engineers 1995); and work energy (NAASRA
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1990). The aim of each approach is to estimate the maximum
impact force based on the velocity and mass of the woody debris.
Each requires an additional parameter: impulse momentum re-
quires the stopping time; work energy, the stopping distance; and
contact stiffness, the effective contact stiffness. We discuss the
assumptions required by each and show their equivalence.

One-Degree-of-Freedom Model

A log impacting a structure can be modeled as a one-degree-of-
freedom system if the structure can be considered to be rigid. The
descriptive equation of such a model is

(my+Cmpi+kx=0 1))

where m =mass of the log; C=added mass coefficient; ms=mass
of the displaced fluid; and k=effective contact stiffness of the
collision.

It is reasonable to assume that the collision occurs over such a
short duration that damping can be neglected. The effective stiff-
ness of the collision is

12"—1+1 2
“utE ()]

where k,=local stiffness of the structure at the impact zone; and
k, =elastic deformation of the log at impact. The structure will be
rigid if the structure support stiffness is much greater than the
stiffness of the target zone or the log. The structure will also act
as if it is rigid if the mass of the structure is so great that it doesn’t
move appreciably in response to the impact of the log.

The variable x is the summation of the compression of the
target face and the log during impact and rebound (e.g., x=x
+x,), and the dot notation indicates the time derivative of x. At
the moment of contact between the debris and the structure (i.e.,
t=0), x=0 and x=u,, and the solution of Eq. (1) is

_ ’(m1+Cmf) . ( ’ & )
x=u 7 sin{ ¢ (mi+Cmy) 3)

Given the linear relationship between the penetration depth
and the normal force, F=kx, the maximum impact force, F; .,
predicted using Eq. (3) is

| F,»'m,,x=u1\/k(m1+Cmf) | @

Thus, the maximum impact force is a function of the impact
velocity multiplied by the square root of the product of the effec-
tive contact stiffness and the effective debris mass. Note that the
maximum impact force is independent of the properties of the
structure if the structure is rigid.

The value of C depends on the object’s geometry, degree of
submergence, orientation with respect to the direction of accelera-
tion, and natural frequency. C approaches zero for a long slender
object (e.g., a log) with its axis oriented with the direction of
acceleration (Sarpkaya and Isaacson 1981). However, C=1 for
the same obj celerat 1 to its axi

Several log sizes and geometries were used in this study, in-
cluding short rectangular timbers and long, slender cylindrical
logs. Estimates of the added mass coefficient for the geometries
used in this study are given below. For small rectangular timbers
with an impact angle of 0°, we assumed C=0.22; for full-size
cylindrical logs with the same impact orientation, we assumed
C=0. For the 90° impacts of the rectangular timbers, we assumed

C=2.4 and 3.5 for square and rectangular timbers, respectively.
For long cylindrical logs oriented 90° to the flow, we used C
=1

The effects of eccentricity and obliqueness of the impact can
be included in the above analysis by augmenting Eq. (4)

Fimax=eBuyVk(my+Cmy) 5)

where e=reduction of the impact force as a result of eccentricity;
and B=reduction of the impact force as a result of obliqueness.
The reduction of the impact force as a result of eccentricity can be
estimated using the analytic expression developed by Matskevitch
(1997)

1

&o To
1+{—[{1+p—
4] &g

where £, =distance from the center of gravity of the log to the
point of impact; r;=radius of gyration for the log; p.=coefficient
of friction between the target and log; and ro=radius of the log.

The reduction of the impact force as a result of obliqueness
can be estimated simply as

©

B=sin$ Q)]

where ¢=angle of the impact relative to the log surface.

Previous Approachés

In reviewing the previous approaches, we will not consider the
reduction in impact force due to eccentricity or obliqueness, or
the fluid added mass. These terms were not included in any of the
previous analyses.

Eg. (4), which we refer to as the contact-stiffness approach,
has the same form as the expression adopted for calculating ves-
sel impact forces on bridge piers (AASHTO 1998), where the
maximum collision force on the pier is based on the dead-weight
tonnage of the vessel in long tons, and the vessel velocity is in
feet per second.

The impulse-momentum approach equates the impulse acting
on the debris in contact with the structure with the change in
momentum of the debris. The governing equation for this ap-
proach is based on the definition of impulse 7

1=f F(t)dt=t,f.-=fd(ulml) ®)

where F=force acting on thé¢ debris {a function of time, 7);
F;=time-averaged force; and /=total change in the momentum of
the debris over the course of the impact. .

Integration of Eq. (8) requires the functional relationship be-
tween impact force and time. If we assume that the momentum of
the debris goes to zero as a result of the impact, then Eq. (8)
becomes

- wmy ww
T
where w=weight (=mg) of the debris; and g=gravitational con-
stant. The impact duration, ¢;, is equal to the time between the
initial contact of the debris with the structure and the maximum
impact force. An independent estimate of ¢; is required to estimate
the impact force. FEMA (1995) and the U.S. Army Corps of

©)
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Engineers (1995) have adopted the impulse-momentum approach.
Eq. (9) is the expression used in the FEMA guidance, which
suggests a value of 1 s for ¢;.

A limitation of Eq. (9) is that it gives the average impact force,
not the maximum force, an important point that is not explicitly
stated in the FEMA (1995) guidance. An expression for the maxi-
mum force, F; ., can be obtained if the function of the force
with time, F(t), is assumed. Based on Eq. (3) we would expect
that the functional dependence of force with time is sinusoidal,
thus

o Um
i.mu=5 1

F (10

i

In the work-energy approach, the impact force is computed by
equating the work done on the structure with the kinetic energy of
the debris element and assuming that the velocity of the debris
goes to zero as a result of the collision

W=J. F(x)d.x=J‘ d(%muz) an
where W=work done by the change in kinetic energy, 1/2mu?.
The force is a linear function of the distance, x, over which it acts.
We define S, the stopping distance of the debris, as the distance
the debris travels from the point of contact with the target until
the debris is fully stopped (x=0). Then Eq. (11) can be solved as
follows:

s 1
kadx=5mu§ 12)
0
or
kSZ=mu(2, (13)

Since F; =S, Eq. (13) becomes

mug wug
Frme= 5= %5
or
2
F,-‘max=§KE (14)

This is the expression used by NAASRA (1990) to compute im-
pact forces of woody debris on bridge piers. To estimate the maxi-
mum design impact load, NAASRA recommends a range of stop-
ping distances based on the bridge design for a log with a
minimum mass of 2 t (4,410 Ibm). The stopping distances used in
the NAASRA guidance vary with pier stiffness only, with shorter
stopping distances for stiffer piers.

Though the above analyses of the maximum impact force are
presented as three separate approaches, the one-degree-of-
freedom model can be used to demonstrate that they are equiva-
lent. We can use Eq. (3) to determine the values of ¢; and S that
coincide with F; ;. These are the values required by Egs. (10)

and (14)
I it
W= NT 15)

and

m
s=u1\/—;‘- (16)

Substituting Eq. (15) into Eq. (10) or Eq. (16) into Eq. (14) yields

Fimax= 1 Vkmy an

which 1s identical to Eq. (4) if the added mass coefficient is ne-
glected.

Egs. (15) and (16) show that impact duration and stopping
distance are not constants that are independent of the properties of
the logs involved in the collisions. Indeed, the impact duration
depends on the debris mass and the contact stiffness of the inter-
action, while the stopping distance depends on the debris mass,
the contact stiffness, and the approach velocity. Treatment of ¢;
and S as constants that are independent of debris mass and veloc-
ity has led to the disparate estimates of impact forces using these
otherwise equivalent expressions. Given that all these approaches
are equivalent if the functional relationships for stopping distance
and impact duration are used, we have chosen to use the contact
stiffness approach as the basis for analyzing the data in this study.
This approach relies only on the effective contact stiffness, which
for a first-order system is independent of log mass and velocity.

Experimental Procedures

All of the tests were conducted in the Cold Regions Research and
Engineering Laboratory’s Ice Engineering Facility. Tests using
reduced-scale logs were conducted in the flume facility; tests
using full-scale logs took place in the test basin. A complete de-
scription of the experiments can be found elsewhere (Hachnel and
Daly 2002).

Flume Experiments

The flume allows tests that are hydrodynamically the same as
conditions in the field, with the water and log moving and the
target remaining stationary. The flume is capable of flows up to
0.25 m%s (4,000 gpm), and the bed slope can be varied to main-
tain a uniform flow depth. However, because the flume is small—
1.22 m (4 ft) wideX0.61 m (2 ft) highx36.6 m (120 ft) long—
only small (reduced-scale) logs could be used.

Logs of varying weight were used to measure the impact
forces on a stationary load frame placed in the flow. The load
frame had a rounded target mounted on a front plate, which in
turn was mounted on three load cells that were fastened to a rigid
frame mounted on the flume floor. The rounded target kept the
point of impact concentrated between the three load cells, assur-
ing that all of the load cells were in compression on impact. Three
8,900 N (2,000 Ibf) load cells were used.

In the flume tests (Test Series 1) we varied log mass, flow
velocity, and impact orientation. Table 1 shows the levels for each
of the factors studied in these experiments. The convention used
for impact orientation was that 0° indicated a log with its long
axis parallel to the flow (head-on impact) and 90° indicated a log
aligned perpendicular to the flow (broad-side impact). The logs
for the flume tests were cut from stock pressure-treated lumber
(rectangular cross section).

The logs were released into the flow 7.6 m (25 ft) upstream of
the load frame. This was a sufficient distance for the log to ac-
celerate to the flow velocity before impact. Care was taken to
ensure that the impacts were within a few degrees of the intended
impact angle and that the logs struck the center of the target. If
this was not the case, the test was repeated.
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Table 1. Test Matrix for Flume Experiments Series 1; Each Factor was Tested against All Other Factors with Three Replicates for Each Test,

Giving Total of 144 Tests

Log Actual average impact
Imipact orientation Actual mass velocity,
Target material (deg) kg (Ibm) Dimensions, cm (in.) m/s (ft/s)
Wood 0 5.90 (13.0) 8.9X14X91 (3.5%X5.5%X36) 0.381 (1.25)
Steel 90 12.0 (26.5) 14X14X91 (5.5X5.5X36) 0.533 (1.75)
144 (31.8) 14X19X91 (5.5X7.5X36) 0.800 (2.62)
— 19.7 (43.5) 19X19X91 (7.5X7.5X36) —

Basin Experiments

The test basin is 9.1 m (30 ft) wideX37 m (120 ft) longX2.4 m (8
ft) deep and can easily accommodate logs that are prototype size.
However, the water is stationary in the basin, For these tests we
placed the log in the stationary water and mounted the target on
the movable test carriage. This allowed us to ram the log with the
target. The load frame used in the basin was similar to that used in
the flume. The same rounded target and front plate were used in
both the basin and the flume. However, we mounted two 8.9 kN
(2,000 Ibf) load cells on the top of the front plate and one 22 kN
(5,000 1bf) load cell on the bottom to allow measurement of the
larger loads anticipated in the basin tests. The load cells were
fastened to a flexible frame that was in turn mounted on the
underside of the test carriage. Substituting plates of varying thick-
ness for the “end plates” varied the stiffness of the load frame. To
make the frame extremely stiff, an additional longitudinal stiff-
ener was added that extended between the two end plates.

Test Series 3

To confirm that the experiments in the flume and test basin would
produce equivalent results, we ran a direct comparison with the
flume tests by repeating the tests conducted with the 19.7 kg
(19%X19%91 cm) log in the test basin. Table 2 shows the test
matrix for these experiments. Three replicates were performed at
each level.

Test Series 4

This test series used full-scale red pine logs in the test basin.
Table 3 gives the test matrix for these experiments. These logs
were 24-32 cm in diameter and 4.6-8.5 m long. The FEMA
(1995) guidance gives a design log mass of 454 kg. We could not
accommodate a log this large in the test basin; the maximum log
mass used in these tests was 330 kg. The weight of the logs varied
with the time they spent in the water. The logs were weighed at
the beginning and end of each test day to determine the average
weight for the associated tests. The range in weight of logs used

Table 2. Test Matrix for Basin-Flume Comparison Experiments
(Test Series 3)

Impact velocity, Target Impact orientation
m/s (fs) material (deg)

0.381 (1.25) Steel 0

0.800 (2.62) Steel 0

0.381 (1.25) Wood 0

0.800 (2.62) Wood 0

0.381 (1.25) Steel 90

0.800 (2.62) Steel 2

0.381 (1.25) ‘Wood 90

0.800 (2.62) Wood 90

was 171-330 kg. Tests were conducted at 0 and 90° orientations
for a variety of impact velocities and two structural stiffnesses.
To control the impact orientation the logs were held in position
with ropes that extended to the edges of the test basin. At the
basin walls, 2.3~4.5 kg weights were placed on the ropes to hold
them in place until impact. At impact the ropes pulled free, al-
lowing the log to move freely in the water. One end of the log was
rounded in the horizontal direction. Since the target was also
rounded yet oriented in the vertical direction, the impact zone was
essentially reduced to a point for 0° impacts. Furthermore, since
the logs were round, any impact other than 0° was also at a point.

Table 3. Test Plan for Basin Full-Scale Tests [This Shows Plan for
Only one Series of Full-Scale Tests]

Impact Impact Log butt
orientation velocity Target frame diameter
(deg) m/s (ft/s} stiffiess (MN/m) cm (in) Replicates
0 0.076 (0.25) 32.1 25 (10) 1
32.1 30 (12) 1
0.15 (0.5) 32.1 25 (10) 1
32.1 30 (12) 1
0.30 (1) 21.8 25 (10) 1
218 30 (12) 1
321 30 (12) 1
0.61 (2) 21.8 25 (10) 2
21.8 30 (12) 2
32.1 25 (10) 2
32.1 30 (12) 2
091 (3) 21.8 25 (10) 2
21.8 30 (12) 2
1.2 (4) 21.8 25 (10) 2
21.8 30 (12) 2
321 25 (10) 2
32.1 30 (12) 2
15 (5) 21.8 30 (12) 1
1.8 (6) 21.8 30 (12) 1
90 0.61 (2) 21.8 25 (10) 2
21.8 30 (12) 2
321 25 (10) 2
32.1 30 (12) 2
12 4 21.8 25 (10) 2
21.8 30 (12) 2
32.1 25 (10) 2
321 30 (12) 2

Note: Series 4: Log mass, velocity and impact orientation; log length
=8.53 m (28 f1), load frame weight=127 kg; eccentricity=0, and target
=steel.
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Test Series 5

Using various end plates and the longitudinal stiffener, we were
able to vary the stiffness of the test structure in the test basin from
0.607 to 120.0 MN/m, a factor of 200. Mounting lead weights on
the bottom plate of the flexible frame varied the inertia of the
frame, We could add up to 187 kg to the frame, more than dou-
bling the inertia of the load frame. We conducted tests using a
full-scale log (8.53 m longX25 cm butt diameter) at 0° orientation
for impact velocities of 0.15, 0.30, and 0.61 m/s, structural stiff-
nesses of 0.607 and 120.0 MN/m, and structural inertias of 127
and 314 kg. Three replicates were conducted for each test.

Test Series 7 and 8

In Test Series 7, Oblique Impacts, we varied the orientation of the
debris impact from O to 90° in 10° increments. The eccentricity
was O for all these tests. In Test Series 8, Eccentric Impacts, we
varied the eccentricity of the impacts by varying the impact loca-
tion along the long -axis of the log in 0.305 m increments. All the
impacts in Test Series 8 were carried out at an orientation of 90°.
In both Test Series 7 and 8 a full-scale log was used, all tests were
carried out at a single velocity of 1.2 m/s, and we conducted these
tests using the stiffest test structure (120 MN/m). Three replicates
were conducted for each test.

Results and Discussion

Maximum Impact Force

The relevant experimental results described above can be used to
test the utility of using the contact stiffness approach for comput-
ing debris impact forces. The data that we will use are those
generated by Test Series 1, 3, and 4. Tests were conducted at 0
and 90° orientations for a variety of impact velocities using
reduced-scale logs in the flume and full-scale logs in the test
basin. The complete time history of force was recorded for each
test, along with the velocity and mass of the logs. The initial peak
in the force record was selected as the maximum impact force. In
the analysis below, the fluid added mass is included in computing
the log mass.

Three observations of the data are in order. First, the data that
exhibit the most scatter are the reduced-scale impact tests con-
ducted in the flume. Based on our observations during the tests, it
is likely that the scatter in the flume data reflects the difficulty in
controlling the exact impact geometry with an object moving with
the flow. Slightly eccentric and oblique impacts were the rule
rather than the exception in the flume tests, and the scatter in the
data reflects the resulting reduction in forces. In Test Series 1 the
exact orientation of the log at the time was not recorded, only the
intended orientation of 0 or 90°. Second, the full-scale tests in the
test basin recorded in Test Series 4 at an orientation of 90° and
experiencing an impact at the midpoint of the log displayed a
markedly lower maximum impact force than would be expected.
The explanation for this reduction is undoubtedly flexure of the
logs during impact. The large size of the logs allowed them to flex
between their midpoint and their ends. The logs were therefore
not accelerated uniformly along their length during an impact.
And third, the reduced-scale tests in the flume and the reduced-
scale tests in the test basin conducted in Test Series 3 produced
similar and compatible results.

A short discussion is necessary regarding the applicability of a
one-degree-of-freedom model to the laboratory measurements. A
one-degree-of-freedom model is the basis of the three approaches
currently used for computing debris and vessel impact forces. As

stated earlier, it requires that the structure be rigid, that is, not
move significantly during impact. This lack of movement can
result either because the structure is much stiffer than the impact-
ing debris or because the structure is massive and the debris re-
bounds off the surface of the structure before the structure moves
appreciably. It is important that the laboratory data were collected
under conditions that simulate a one-degree-of-freedom situation.
The obvious means of assuring this was to ensure that the mea-
sured stiffness of the structure was much greater than the stiffness
of a log. The actual stiffness of the laboratory structures was
estimated through measurement of the natural frequency of the
structures and through measurements of the structure displace-
ment under static loads. The two estimates provided similar re-
sults. Surprisingly, however, it is not straightforward to estimate
the stiffness of the wooden logs during the brief durations of
impacts. The stiffness of the collision between the log and the
structure is determined by the exact geometry of the impact zone
of the log and the structure, the definition of which is beyond the
scope of this study. An alternative means of assuring that the
measurements are made under one-degree-of-freedom conditions
is to successively increase the stiffness of the structure until the
maximum impact forces reach a constant level that does not
change with further increases in the structure stiffness. This pro-
cess was conducted in Test Series 5, and the results are shown in
Fig. 1. It can be seen that the linear envelope containing the test
results coincides with the data collected using a structure with a
stiffness of 22 MN/m and that further increases in the structure
stiffness to 120 MN/m did not increase the maximum impact
forces. The square of the slope of the line that defines the linear
envelope or upper bound of the data provides an estimate of the
upper limit of the effective contact stiffness of the collision; using
this approach we found that the effective contact stiffness for
woody debris striking a rigid structure is approximately 1.1-2.4
MN/m. This suggests that a structure can be considered to be rigid
if the structure stiffness is at.Jeast ten times the effective contact
stiffness. All of our data (except for Test Series 5) were collected
using structures with a stiffness of 22 MN/m or greater, indicating
that a one-degree-of-freedom model should be applicable.

The measured maximum impact forces are plotted against the
“‘augmented” velocity to evaluate the contact-stiffness approach
(Fig. 2) using data from Test Series 1, 3, and 4. The augmented
velocity is u Jm, where u is the velocity of the log and m includes
the fluid added mass, if appropriate. It can be seen that a linear
envelope would contain all the data, and the maximum impact
force is, in Newtons

F i max= 1550um 18)

where u=velocity (m/s) and m=mass (kg). Thus, Eq. (18) is
equivalent to using Eq. (4) with £=24MN/m and provides a
slightly conservative prediction of the impact force over the full
range of data measured in this study (Fig. 3).

As stated, Eq. (18) represents the upper bound of the data.
There is notably a grouping of data, specifically the flume data,
that lies close to the line represented by Eq. (18) (Fig. 1), but
slightly below it. There are two reasons that the flume data lie
below this line. First, the high occurrence of slightly oblique or
eccentric strikes in the flume experiments increased the scatter in
the data and has the effect of reducing the impact force, as pre-
viously discussed. Second, the stiffness of the load frame used in
the flume was never measured in these experiments and therefore
is not known. Yet the upper limit of these flume data provides a
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Fig. 1. Effects of structure stiffness and mass on impact force (test series 1, 4, and 5); only 0° impacts are shown

constant of approximately 1,070 for Eq. (18), which is somewhat
less than the bounding envelope given by Eq. (18). This suggests
that the effective contact stiffness in the flume experiments may
have been slightly lower than that measured in the basin experi-
ments (on the order of 1.1 MN/m). As a consequence, using the
bounding envelope for all of the measured data to determine the
effective stiffness tends to slightly overpredict the impact forces
for measured forces below 10 kN (Fig. 3), the majority of which

were measured in the flume. Thus, using an effective contact stiff-
ness of 2.4 MN/m is a reasonable (yet slightly conservative) es-
timate of the contact stiffness for collisions of woody debris with
a rigid structure over the range of data we obtained in this study.
This is a reasonable result, considering that the effective contact
stiffness used in the AASHTO guidance for vessel impacts on
bridge piers is within this same order of magnitude: 14 MN/m
(AASHTO 1998).

40000
+ Flume-0 deg x
35000 —t = Flume-90 deg
a Basin-0 deg (reduced scale)
30000 +~ x Basin-90 deg (reduced scale)
x Basin-0 deg (full scale) %
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] x F
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.
¥
10000 L -
5000 — | -
| %
0 4 b T T T T T
0 5 10 15 20 25

Augmented velocity (m/s-kg"?)

Fig. 2. Contact-stiffness approach applied to laboratory data [test series 1 (flume), 3, and 4 (basin)]; added mass is included for 90° impacts
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Fig. 3. Predicted versus measured values of impact force using contact-stiffness approach [Eq. (16)], data are for 0° impact orientation

Debris Orientation on Impact ness of the impacts while impacting the structure at its midpoint
so that the line of impact passed through the center of gravity of
the logs. In general, we found that the maximum impact force
decreased in a consistent manner as the eccentricity or oblique-
ness of the impact increased.

Figs. 4 and 5 display the effects of eccentricity and oblique-

In all of the tests discussed above, the debris impacted the struc-
ture at an angle of 0 or 90° to the axis of the logs, and the line of
impact passed through the center of gravity of the logs. We col-
lected laboratory data in Test Series 7 and 8 to evaluate the re-
duction in impact load that could be expected when the impacts

were at an oblique angle or eccentric. We investigated each sepa- ness, respectively, on the maximum impact force. In these plots

rately. We increased the eccentricity while keeping the impact on the measured maximum impact force has been normalized by

the structure perpendicular to its long axis (no obliqueness) to F, ?_(:m, the maximum impact force for a central impact with a log

evaluate the effect of eccentricity. We also increased the oblique- orientation of 90°. For the eccentric impacts in Fig. 4, the impact
1.2

« Basin tests

~ —— Matskevitch (1997) |
\\ m
|
$

$ L}E

o
3

Normilized impact force, FmedF™ max
o
(+:]

x T
0.4 %
*
P4
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0 T T T T T T T T T -
[ 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
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Fig. 4. Effects of impact eccentricity on force; log used was 4.9 m (16 ft) long and weighed 171 kg (378 1bm); diagrams show impact geometry
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orientation

location is expressed as a normalized distance, where g is the
distance from the center of the log and r; is the radius of gyration
for the log. We also display Matskevitch’s (1997) estimate of the
decrease in the maximum impact force with increasing eccentric-
ity. His estimate provides a reasonable fit to the data, although the
measured data show a more rapid decrease in the maximum im-
pact force with eccentricity. We suspect that flexure of the logs,
which is not accounted for in Matskevitch’s formula, accounts for
this discrepancy.

Fig. 5 displays the effects of oblique impacts on the maximum
impact force. There is a decrease as the impact angle decreases
from 90 to 20° that correlates well with the sine of the angle, as
might be expected (20° was the smallest angle that could be dis-
cerned for the oblique impacts, although impacts occurred at
smaller angles). Collisions at angles between 0 and 20° directed
most of the force toward the edge of the target, putting one or
more of the load cells into tension. The force rose abruptly at an
impact angle of 0°, as would be expected, as the impact at this
orientation was no longer oblique.

Conclusions

‘We developed a one-degree-of-freedom model to describe impact
forces between woody debris and a rigid structure. The maximum
impact force is a function of the impact velocity (the relative
velocity between the debris and structure), the mass of the debris,
and the effective stiffness of the collision between the object and
structure. It is independent of the properties of the structure if the
structure is considered to be rigid. The added mass of the water
and the eccentricity and obliqueness of the collision also affect
the maximum impact load.

‘We reviewed the three approaches that represent the existing
guidance on design for impact loads: impulse momentumn (FEMA
1995); work-energy (NAASRA 1990); and contact stiffness

(AASHTO 1998). Each of these approaches estimates the maxi-
mum impact force based on the debris velocity and mass. Each
requires that an additional parameter be specified: the stopping
time for the impulse-momentum approach; the stopping distance
for the work-energy approach; and the effective contact stiffness
of the collision for the contact-stiffness approach. We show that
all three approaches can be derived from a single-degree-of-
freedom model of the collision and are equivalent. We show that
neither stopping time, in the case of impulse momentum, nor
stopping distance, in the case of work energy, is an independent
parameter. Stopping time depends on the effective contact stiff-
ness and the debris mass; stopping distance depends on the effec-
tive contact stiffness, the debris mass, and the debris velocity.
Based on the laboratory data, we estimate that the effective
contact stiffness of the collision varies over a narrow range (1.1-
2.4 MN/m); 2.4 MN/m is a good upper-bound estimate and can be
used in the contact-stiffness approach over a wide range of debris
mass and velocity. It is problematic to select a single value for
stopping time or stopping distance that can be applied over a wide
range of debris mass and impact velocity. We could improve the
ability of the impulse-momentum and work-energy approaches to
reproduce the laboratory results by making the stopping time or
stopping distance variable rather than constants. But then both
approaches will be identical with the contact-stiffness approach.
Impact geometry has a significant effect on the maximum im-
pact force. Though added mass considerations would suggest that
peak forces should occur for a 90° central impact (broad-side
impact), it appears that flexure of the long, slender log upon im-
pact reduces the force significantly. We found that the peak im-
pact force is associated with the log striking the target on its end
(with the long axis of the log parallel to the flow direction and
normal to the target face). In this orientation the added mass
effects are negligible, and the mass of the log can be used directly
to compute the impact force. Eccentric and oblique impacts sys-
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tematically reduce the maximum impact force as each is in-
creased. The effects of eccentricity can be estimated using the
formula of Matskevitch (1997). The effects of obliqueness are
proportional to the sine of the angle of impact.

Regardless of the approach used to estimate the maximum
impact force, the data demonstrate that a log striking a rigid struc-
ture with its end (with the long axis of the log parallel to the flow
direction and normal to the structure face, i.e., 0° collisions) pro-
duces the maximum impact force. In this orientation, added mass
is negligible, and the mass of the log can be used directly to
compute the maximum impact force.
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AXIAL STIFFNESS MODEL FOR ESTIMATING FLOATING DEBRIS IMPACT
FORCES DUE TO TSUNAMI

Daisuke TAKABATAKE, Naoto KIHARA, Yoshinori MIYAGAWA, Hideki KAIDA,
Atsushi SHIBAYAMA and Masaaki IKENO

.

In this paper, simplified and r

estimating

thod for the floating debris impact force using

existing formula is proposed. Although the impact force is estimated using mass of debris, collision ve-
locity and the axial stiffness of debris in existing formula, the axial stiffness is difficult to determine be-
cause the axial stiffness varies depending on collision velocity. To investigate the way how to determine
the axial stiffness of debris such as cars, the static loading test and collision test are carried out using ac-
tual mini car. Although the axial stiffness of mini car obtained by experiments varies depending on colli-
sion velocity, the estimated impact force using exiting formula with axial stiffness to the corresponding

collision velocity agrees with experimental results.
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Table 6-1  Mass and Stiffness of Some Waterborne Floating Debris

Hydrodynamic
Mass (my)  Mass Coeftt.  Debris Stifiness

Type of Debris in kg (c) (ky ) in N/m
Lumber or Wood Log - oriented 450 0 24x10%
longitudinally
20-ft Standard Shipping Container - 2200 0.30 85 x10° **
oriented longitudinally (empty)
20-ft Standard Shipping Container — 2200 1.00 80 x10°**
oriented transverse to tow (empty)
20-ft Heavy Shipping Container — 2400 0.30 93 %105 **
oriented longitudinally (empty)
20-ft Heavy Shipping Container - 2400 1.00 87 x108 **
oriented transverse to tlow (empty)
40-ft Standard Shipping Container — 3800 0.20 60 x10°
oriented longitudinally (empty)
40-ft Standard Shipping Container — 3800 1.00 40 x10°
oriented transverse to flow (empty)

* Haehnal and Daly, 2002; ** Peterson and Naito, 2012

-2 FEMA (2012) 2B DWMAR = T F ORINE &

—3 TR, AR OV OB W E A R,

B EOFEIZH O DL, FYERERE 11 o/s, T.P. +24m HERAL 156 m/s & L
77

AR E AR R BT L 0 ER W EEEE L,

WMADERMMEIX, WEIZD, AINEORIZ L HHEEICIA, FEMA (2012) OXF; =
1.3Upaxkmg(T+ OIC X VARE 1.3 2 &L, K—2 1ZR9 FEMA (2012) IZRidSh T
2 FRAROEHEINE 2. 4 105 N/m & F\ 7=,

U OEFERAE, 55 1.3 KOG EORSFIZREE & LT —2 [Z7R S5 FEMA
(2012) 2B W TRARDAIEELRE = 1.0 ZHWT, FEMA RUCB T DR ROMELZEE
L7z,
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#—3 EiRWmE &
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Ak AU TEN
- (1) - L Y P T.P. +24 mEEi
(V11 m/s) (V15 m/s)
ayE 15 E e & 162 221
EIE 157 226
VLA 0.08 FEMA 198 270
HINED> 390 565
FEMA
L] 0. 69 (C=1. 0) 759 1035
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2004, pp. 112-120.
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