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Abstract—The dynamic behavior of straight elasto-plastic columns subjected to axial solid-fluid
slamming compression is investigated experimentally in the present study. Two classes of columns
are tested : large slenderness columns with the static Euler strain ¢, smaller than the yield strain ¢,
and middle slenderness ones with the &, close to the &,. Three critical conditions for each of the
columns are observed from the experiments : plastic incipience, buckling, and plastic collapse. These
conditions are defined by introducing three critical loading strains : plastic, buckling, and collapse
axial loading strains. The three critical strain values for cach tested column are reported in the
paper. The results indicate that: (1) the plasticity in a column appears first at the center and the
plastic region is always at the middle length; (2) according to the buckling definition, the type 1
columns buckle elastically while the type 2 buckle plastically ; (3) the column’s load-carrying capacity
is insensitive to the clasto-plastic loading histories (sequences) which the structure experiences before
the plastic collapse occurs and is essentially governed by the dynamic post-buckling clasto-plastic
behavior in one slamming ; and (4) at the critical buckling loading magnitudes the column’s response
becomes dominated by motion in the fundamental mode.

NOTATION

£ peak axial loading strain
£(.Ey resultant strains at the column’s two sides
I bending strain, &, = (¢, ~£,)/2
[N maximum bending strain
1] e maximum resultant strain
Lo crm critical buckling axial loading strain
Eeary critical plastic axial loading strain
Beet critical collupse axial loading striin
£y By residual strains at the column’s two sides
Buk static Euler critical strain of clamped columns, ¢.,¢ = (t/d.)’
to slamming duration
I peak slamming time
Iy maximum response time
3 response cease tlime
Wo maximum initial geometric imperfection
H slamming height
E elastic module
g, yield strain of the column’s material
p density of the column’s material
L effective length of the specimen
b h width and thickness of specimen’s cross-section
At slenderness of clamped columns, A, = (\/3L)/h
C, compressive stress wave speed.

INTRODUCTION

Buckling phenomena may be divided into two classes for axial dynamically loaded
columns : parametric resonance, with loading of an axial periodic compression, and buckling
in which the structures are subjected to axial sudden loads. The parameter resonance is also
called vibration buckling (Lindberg and Florence, 1987), which was well discussed by
Bolotin (1964). For this kind of buckling, the column’s condition is identified as being
critical if the parametric combination among the structure and load falls into the stable and
unstable region boundaries in the parameter space. The unstable condition for the para-
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metric resonance is characterized by the column’s unbounded response or escaping motion.

The problem of suddenly loaded columns can be subdivided into pulse buckling with
respect to impulsive load. and step-loading in which the structures are acted upon by step
loads with infinite duration and constant magnitude. Pulse buckling of columns was first
considered by Taub and Kong (1934) and has since been extended by many researchers. Based
on different assumptions for the boundary condition at the column’s impact end, three
analysis models are employed : (a) an axial load problem (Housner and Tso, 1962 Abra-
hamson and Goodier, 1966 ; Lindberg, 1965 ; Taub and Kong. 1934) ; (b) a constant velocity
problem (Lee, 1981): and (c) a constant mass problem (An-Gur et o/, [982; Kunistomo
et al., 1985 Koji, 1986, 1987; Grybos. 1973 : Hayashi and Sano. 1972, 1973). In exper-
iments, studies on the subject are primarily concentrated on the third model. The pulse
buckling problem is one of a “dynamic response” type rather than an “escaping motion”
type of instability (Simitses, 1987). According to this, it can be said that the condition is
critical if the structure reaches (but does not exceed) some allowable kinematic status.

For the step-load case, Reiss and Matkowsky (1971) treated the nonlinear dynamic
buckling of elastic columns and Jonse and Dos Reis (1980) examined the dynamic buckling
of elastic-plastic columns. These studies indicate that the columns exhibit an “escaping
motion” type of dynamic instability. Actually, this extreme case is an idealized treatment
for suddenly loaded columns in practice.

The pulse buckling phenomenon is usually encountered in solid-solid impact situations
in which the loading pulse has strong magnitude and microsecond-range duration. When
columns are subjected to this kind of solid-solid impact, due to the microsecond-range
duration, the response growth stemming from initial imperfections after impact is important
while the plastic failure is not appreciable.

Also, for suddenly-loaded columns, there is another kind of buckling phenomenon
which is related to fluid  structure slamming. The phenomenon may be encountered in many
ficlds, such as ship slamming, landing of flying boats, cte. This problem is characterized by
load-time histories in the millisecond range. Because of the millisecond-range duration,
compression bending coupling under large slamming values may impel slammed columns
into sufticiently large deformation that plastic collapse i1s possible. This makes apparent
that the columns may show several different critical conditions during slamming, which
cannot be interpreted by vibration buckling, pulse or step-load buckling. The present study
is to explore experimentally the dynamic buckling behavior of clastic -plastic columns
undergoing fluid -structure slamming compression and to trace the critical conditions.

Results from experiments on 15 clamped -clamped columns, with the lengths from 400
to 600 mm, are reported in the present paper. For cach column, three eritical conditions
are observed in the experiments; plastic incipience, buckling and plastic collapse. These
conditions arc estimated by introducing three critical loading strains which are defined as
follows:

£ the critical buckling peak axial loading strain at which the maximum bending
strain, ncar the center of the column, grows to a value equal to the axial loading strain.

tery | the critical plastic peak axial loading strain at which the maximum compressive
bending resultant strain grows to a value equal to the yield strain of the material.

£ .0 the critical collapse peak axial loading strain beyond which further increases in
drop height result in decreases in peak loading strain rather than increases.

For cach column, the three critical loading magnitudes are reported. The data and defi-
nitions from the present experiments provide a basic understanding of the slammed columns.

TEST SET-UP AND PROCEDURE

The test rig simulating the buckling phenomenon of columns subjected to an axial
fluid-structure slamming compression is shown in Fig. 1, which consists of seven principal
parts: (1) electric motor; (2) 6m-high slamming tower: (3) sliding vehicle guides: (4)
electric-magnetic releaser : (5) 450 kg weight sliding vehicle, where the upper part is hooked
by the releaser and can move up and down along its guides : (6) 500 kg weight axial loading
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Fig. L. Test set-up for stamming buckling. (, electric motor; 2, slumming tower ; 3, sliding vehicle
guides | 4, releaser ; 3, sliding vehicle ; 6, axial foading device : 7, water pool.

Fig. 2(a). Axial loading device (see also Fig. 2(b)).

Fig. 3. Dynamic signals recording system,
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Fig. 2(b). Axial loading device. (1) outer casing: (2) reinforcement support ; (3) upper sensors; (4)
upper boundary : (5) flank boundary ; (6) guiding rods; (7) specimen ; (8) sliding guides; (9) lower
boundary ; (10) lower sensors: (11) bottom plate; (12) slamming load.

device attached to the lower part of the sliding vehicle; and (7) 4m-deep water pool. In
experiments, the electric-magnetic releaser is automatically controlled such that the record-
ing of signals to be measured keeps the same time as the releasing of the axial loading
device.

The axial loading device is indicated in the enlarged detail in Fig. 2. It has a rigid
bottom plate which can move up when subjected to slamming. The movement of the plate
is governed by its sliding guides and strictly restrained to the vertical direction. When the
axial loading device is suddenly refeased from a certain height and falls down to the water
surface, slamming happens between the plate and the water surface, and the slamming load
is immediately applied axially to the specimen.

The recording system of dynamic signals is shown in Fig. 3. In experiments, the strain
signals of a specimen to be measured are transmitted to the two YD-15 type dynamic strain
gages through the remote -measurement cables, and recorded by the four SC-16 light wave
form recorders. In order to trace the critical conditions, a specimen is repeatedly loaded
through adjusting different slamming heights. The initial slamming height is low and then
increased gradually until plastic collapsc takes place.

Three kinds of boundary conditions for columns can be curricd out through the
axial loading device. They arc: (a) clamped supporting boundary ; (b) simply supporting
boundary, and (c) simply clamped supporting boundary. The first two kinds of boundaries
are indicated in Fig. 4. For the present study, only the clamped condition is considered.

SPECIMEN CLASSIFICATION
The rectangular cross-section specimens and clumped boundary condition are con-

sidered in experiments as shown in Fig. 5. The specimen sizes, effective slenderness and

(a}

Fig. 4. Column boundary conditions. (a) Clamped supporting boundary; (b) simply supporting
boundary.

SAS 29:3-H
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Table 1. Clamped steel columns under axial slamming

Specimen L b h [ Lo Eccry Egart Wo
no. {mm) {mm) {(mm} Aot (e} {pe) {pe) (ue} {mm)

Sti 600.0 147 7.7 1359 5348 4700 5800 6800 0.30
Si2 660.0 14.6 7.3 135.7 536.2 4800 6000 6800 0.35
S13 600.0 147 1.6 136.0 5335 4800 5800 6500 L.30
Si4 600.0 147 1.7 135.7 536.2 700 5600 6600 1.05
SL3 600.0 14.6 77 1343 5475 470.0 5600 6500 025
82t 500.0 142 17 {125 780.2 5400 6000 8000 030
S22 500.0 {4.3 17 1126 7782 . 5400 6200 7800 035
S23 500.0 1314 17 1128 776.2 5500 6400 7900 100

S24 5060 142 7.7 113.2 7702 3300 6200 7800 075
S2§ 500.0 14.3 1.7 112.0 786.2 5500 6100 7600 100
S31 400.0 14.6 7.7 89.4 12349 8200 7500 9000 023

S32 400.0 [4.5 1.7 89.2 12413 8200 7500 9100 045
S$33 400.0 14.5 1.7 89.2 12413 8500 760.0 9300 075
534 400.0 145 7.7 89.2 12413 8400 7600 9200 045
S35 400.0 14.5 7.7 89.2 12413 8400 7300 9200 120

static Euler strains are given in Table 1, in which the later experimental results for slamming
cases are also listed for comparison. The real initial profiles of specimens in the thin direction
of cross-section are measured. and the maximum initial geometric imperfections wg are also
given in the table. The specimens are classified into two categories : (a) large slenderness
columns (S11-825), for which the static Euler strain & is smaller than the yield strain ¢, ;
and (b) middle slenderness columns (S31-S35). for which static Euler strain ¢y, is close to
the &,. In addition, the material test is performed with five tensile samples ; the stress-strain
curve and the average propertics are also presented in Fig. S,

To determine the deformed profiles and plastic regions of the tested columns, several
pairs of strain gages are arranged on both sides of a specimen. The gage arrangement of
the type T columns is tndicated in Fig. 5. For the type 2 columns, three pairs of gages are
placed at points C, D and E, and one pair at A, ncar the impact end. It is noted that in

80
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80 , 80 | BO
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5 10 Ity 20 Pty

Recorder X-T

50

Sample No. 61
Arca 161.50 mm’*
Elastic 22600, kg/mm?

Load (kg) Elong. (mm) Stress (kg/mm®)  Strain (%)

YS No data No data No data No data
YP 42771 0.064697 26.469 0.12939
Max. 6365.5 46.800 39.393 93.600
Break 42369 58.500 26.220 117.00

Fig. 5. Material properties and gage arrangement. o, = 2680 kgf om™ g, = 1275 pue.
E=2102x10kgfem Y p=T78x10 kgem*  Co = 5.19%x 107 m s~
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Fig. 6. A typical fluid-structure slamming pulse.

the present tests, the slamming load is measured by a pair of gages located at A rather than
by the force sensors shown tn Fig. 2.

RESULTS AND DISCUSSIONS

(1) Slamming load and compressive motion

A typical record for the slamming load is shown in Fig. 6. where ¢ t, and ¢, are the
slamming peak value, duration and peak time, respectively. The test results for the two
category specimens indicate that «, rises with increasing of slamming height and ¢, varies
with the different slenderness ratio : the smaller the slenderness, the shorter the ¢, For a
prescribed slenderness ratio, however, ¢, remains basically unchanged provided that the
column doces not collapse plastically.

t, ranges from 15 to 24 ms for the present two types of columns during clastic and
clasto-plastic slamming without collapse appearance. At these durations, from 130 to 311
wave transits occur along the column length of 400 to 600 mm in the tests. This would
make it apparent that there are no significant axial inertia effects. Table 2 indicates the
compressive strain distribution of the type | columns. It also can be seen from the table
that, except for the small experimental scatter, the strains are basically distributed uniformly
along the length. Thus, it may be considered that the compressive motion is axially uniform,

(2) Flexural vibration and bending mode

Typical strain histories of the type 1 and type 2 columns under different slamming
heights are presented in Figs 7 and 8, respectively. It is observed from the figures that the
flexural vibration strongly depends on the stamming peak value ¢.. The motion is weak for
small £, and becomes strong gradually with the load increase. When ¢, reaches a critical
value &, g, & transition occurs at which the flexural vibration starts to become stronger than
the compressive one. Before the transition, the compression-bending resultant response
exhibits completely the compressive motion characters. After that, the response is divided
into two phases: the first (0 € 1 < ¢,) and the second phase (1, < £ € 1), where ¢4, is the
response cease time. The former is called main response phase and the latter the secondary
one. The main response is directly dependent on the slamming compression while the second
is relevant to the maximum elastic bending strain energy stored in the first phase.

It is also observed from the two figures that the maximum resultant (bending plus
compression) response appears later than the maximum compressive motion after the
transition. This is more clear from Fig. 9 in which the development of the column’s deformed
profile is indicated with increasing load and time. Actually, Fig. 9 demonstrates that the

Table 2. Compressive strain distribution at ¢, (specimen no. SI1, t,=00125s)

A B C D E F

H=40mm -325 -323 -367 ~353 —363 -360 73
H=75mm -600 - 560 —567 - 590 — 600 -~573 ue
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Fig. 7. Typical strain histories of type | columns (specimen no. S12). ¢, axial loading strain near
impact end ; ¢, £,, resultant strains at center (ue).

flexural response at ¢, for the // =75 mm drop height is smaller than that at ¢, for the
H = 65 mm, in which 1y, is the maximum response time of the resultant strain. This indicates
the important role of slamming duration in affecting the slammed columns’ behavior when
the columns are loaded by some critical magnitudes at which their response is dominated
by the flexural vibration. Due to millisecond-range durations, the compressive-bending
coupling under the critical slamming values cause the columns to undergo large defor-
mation. Thus, plastic collapse of the structures is possible during slamming. This situation
does not occur for columns subjected to solid-solid impact where response growth stemming
from initial imperfections after impact while plastic failure is not appreciable because of
the microsecond-range durations.

Figure 10 gives the S11 bending strain distributions along the length at the maximum
response time 1y for different slamming heights. The results indicate that the bending strain
for H = 40 mm has three zero values along the length while it has two for the greater drop
heights. The phenomenon also occurs for the other tested type | columns. This means that
the response mode shape of the type | columns is mode 2 for smaller slamming values while
the response for greater loading magnitude is dominated by the fundamental one.

(3) Plasticity and critical plastic condition

In experiments, each specimen is loaded elastically and elasto-plastically until its plastic
collapse takes place. A direct finding from the test results is that the axial compression is
always elastic for all the slammed columns and thus plasticity only refers to the compressive-
bending response.
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Fig. 8. Typical strain histories of type 2 columns (specimen no. $31). ¢, axial loading strain near
impact end ; £,, &,, resultant strains at center (ue).
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Fig. 9. Bending deformation comparison at 1, and ty (specimen no. St1, 1, = 0.0165). (1) H = 65,
& > & (clastic); (2) H = 75 mm. & > &, (plastic).
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Fig. 10, Flexural response modes under different loading magnitudes (7 = 1. specimen no. S,
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It can be scen from Figs 7 and 8 that the elasto-plastic response for the different drop
heights is divided into two phases: a quasi-clastic phase for the small foading magnitudes
at which the columns still behave in an clastic way, and a plastic phase for the larger
stamming values at which the residual strains remain in the response alter impact.

To indicate the incipience and development of plasticity, the S11 elasto-plastic resultant
strain distributions in two slamming tests are given in Table 3. {tis observed from the table
that plasticity appears first at the outer fibers of the central cross-section, then spreads
along the length and thickness with time and load increase. However, the compressive and
tensile plastic regions are always at the middle length,

Finally in this section, it is necessary to define a critical loading condition associated
with plastic incipience for the present columns in order to divide the clastic and inclastic
behavior. The condition is seen to oceur for a column if its £, reaches (but does not exceed)
a critical value ¢, at which the maximum resultant strain grows to a value equal to the
yield strain of the material. &, is called the criticul plastic axial loading strain.

(4) Buckling and plastic collupse

Conceptually, buckling of columns subjected to sudden and transient loads is related
to churacteristics of the dynamic response. For the present columns, we adapt by choosing
the transition defined in Scction 2 as the buckling kinematic status because the significant
bending vibration appears and begins to become dominant at the transition. Thus, o

Table 3. Elasto-plastic resultant strain distribution (specimen no. Sti)
D
B C (middle) E

B fy= =500 &= -9 &= ~-1334 = -1143 ()

H=75 5% o0 k= -200 no= IS4 n = =296 K

(£, = 600) ~ o= =333 = o 0L e = 1868 e = -
=hvop= 2033 oy 867 .= 1308 .= 8IS U

_ £ = =666 o, = —1600 & = —1868 o, = —1244 ()

H = 85 =l o - 867 o= —207 = 615 p.= —I35 W

(£, = 680) -~ g = =583 &, = —I807 &y = —2608 ;= —1785 )
SN o 200 = L1600 ay= 2005 s.= 180




Axial solid-fluid slamming compression—I 391

proposed criterion is: a column is identified as buckling if its &, reaches a critical value .
at which the maximum bending strain grows to a value equal to the axial loading magnitude.
&c.crp is called the critical buckling peak axial loading strain.

According to the buckling definition, it is clear that the buckling of an axially stammed
column does not mean the loss of its load-carrying capacity. Actually, the load-carrying
capacity loss is correlated to the plastic collapse. This is apparent from Figs 7 and 8, in
which the columns cannot resist slamming when the drop height reaches H = 85 mm for
S12 and at H = 90 mm for S31. In order to estimate the load-carrying capacity of the tested
columns, we must give a definition for the critical condition associated with the load-
carrying capacity loss. It is known from the results for the two types of columns that the
loading duration of a column bears little change before the plastic collapse occurs. Based
on the response characteristic and the fact that the maximum compressive-bending response
always occurs within loading duration, the following definition may be introduced to
estimate the load-carrying capacity : the column’s loading is considered to be critical for
plastic collapse if the peak axial loading strain ¢, reaches a critical value ¢ ¢ beyond which
further increases in drop height result in decreases in peak loading strain rather than
increases. & is called critical collapse peak axial loading strain.

So far, three critical conditions for the present columns have been defined by intro-
ducing the three critical peak axial loading strains, which are plastic incipience, buckling
and plastic collapse. In order to determine the critical strain values of the tested columns,
the curves of maximum flexural strain |eplq., versus peak axial loading strain |¢| and
maximum resultant strainjel,., versus |e| are plotted for each specimen. The two curves
for S12, S21 and S3! are shown in Fig. Il. From the definition for the three critical

conditions and the curves in Fig. 11, the three critical loading values of S12, S2t and S31
No. Coern] Ceery | Ceert No Coern | Tepory [ Coserr
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Fig. 11. Determination of critical axial loading strains. (1) &.cri (2) &yt (3) Eccom-
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Fig. 12. Loading pulse shapes at and bevond ¢_,r slamming.

are obtained. For the other specimens, their characteristic curves are similar to those in
Fig. 11 and the respective critical values have been given in Table 1.

From Fig. 11 and Table I, it is easily found that the relationship €., < .ty < Ecorp 15
valid for the type 1 columns while the inequality ..., < & cn < € holds true for the type
2 columns. This means that the first category columns buckle elastically and the second
plastically. In other words. according to the buckling definition, plasticity in the first
category columns does not appear before they display significant bending vibration, while
in the second category columns the case is reversed. The two inequalities also indicate that
the load-carrying capacity of the slaimmed columns depends on the dynamic post-buckling
elasto-plastic behavior.

An interesting phenomenon is found from the present experiments : when a column is
slammed in the vicinity of £, .. its slamming pulse shape changes in contrast with the
previous onc. In particular, the shape is completely distorted while the plastic failure occurs.
This phenomenon is displayed in Fig. 12 where the pulse shape is essentially a semi-sine
wave before the plastic failure appearance but it is twisted out of the original shape at and
beyond the collapse slamming. The phenomenon is related to the development of plastic
deformation in a slammed column. It is known that the plastic region of a slammed column
appears first at the two sides of the center and then develops along the axial length and
over the cross-section thickness ; thereby the flexural rigidity tn the middle part diminishes
gradually with the decrease of the corresponding clastic region. When the plastic region
spreads to such an extent that the plastic rigidity overwhelmingly prevails in dominating
the total middle-length flexural rigidity, the middle part of the column behaves similarly as
a plastic spring while the two side parts behave like rigid rods. Thus, there is a sharp
transformation from the elasto-plastic column to a system made of two rigid rods and a
plastic spring. Correspondingly, between the water surface and the slamming unit, a sudden
change occurs from fluid -“hard structure™ slamming to fluid -*soft structure™ slamming.
As a result, it seems that the whole slimming process consists of two sub-slamming oncs
which have the two different striking bodies. The “rigid rod-plastic spring”™ model is
corroborated by Fig. 13 in which the axial compressive strain distribution of SI1 at the
collapse slamming is indicated, and the plastic hinge is marked by the near zero value at
the center.

The residual plastic collapse patterns for the specimens of S11-S15 are shown in Fig.
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Fig. 13. Compressive strain distribution at collapse slamming (specimen no. S11).
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Fig. 14. Residual plastic collapse patterns,
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14. It is evident that the middle part of the specimens is curved and the two side parts are
straight. This further verifies that under collapse impact the elasto—plastic columns become
a “'rigid rod—plastic spring™ system.

(5) Loading sequence effect

As mentioned in previous sections, in order to obtain the plastic collapse critical
loading values in Table 1. several tests are performed for a column with ¢_ greater than the
yield strain ¢,. Since this involves testing damaged columns, the effects of the loading
sequence before collapse on the critical strain & . should be considered. Table 4 gives the
loading histories of several tested columns in the form of a sequence of peak ¢, in which
the values in the brackets represent the maximum resultant strains at the corresponding ..
These listed sequences are between the first elasto-plastic loading (before which the column’s
response is elastic) and the collapse loading. Two observations are to be made from Table
4: (1) e ¢ is insensitive to the loading sequences and has almost the sume values for each
of the columns with the same length ; (2) the maximum resultant strains at and beyond ¢
strongly depend on the test histories.

[n order to indicate the dependence of ¢, . on the column’s post-buckling elasto-plastic
behavior in one slamming. the plastic region distribution for Sl 1 at &, = 600 and ¢, = 680
and for S13 at &, = 650 and ¢, = 500 are given in Figs 15 and 16, respectively. From Fig.
15. it is seen that at the &, = 600 slamming the elastic region prevails in the column’s middle
part since the larger plastic region appears only at the compressive side. and the plasticity
at the tensile side is negligible. This makes it natural that elasticity dominates the column’s
response at the present slamming ; therefore, the column still behaves in an clastic way. At
the next impact (&, = 680). the dominant plastic region is formed in the middle part, and
plasticity controls the column’s behavior. This leads the structure to a critical collapse
condition, and the subsequent slamming results in decreases in the peak loading magnitude
and increases in the plastic strain. For S13, the case is different from that of S11. Since at
the &, = 650 slamming (the first clasto-plastic loading) the dominant plastic region is
produced and plasticity dominates the column’s behavior, the present impact has led the

Table 4. Specimen loading sequences between £, and £,

Specimen Louading sequences &, Eg o
no. (e) )
600 680 450
St (1868)  (2668)  (8150) 6%0
si2 570 680 669 550
2 (133)  (1934)  (2335)  (2935) 650
650 500
si3 @730)  (3308) 650
. 640 693 720 775 800 417 $00
2 (1615)  (2230)  (2384)  (2846)  (7600)  (18000)
- 567 662 672 786 602 250
2 (1358)  (1923)  (2145)  (5538)  (8538)
790 506
523 (3608)  (8050) 790
913 913 913 700
531 (101)  (2600)  (5800) (15180) 900
. 652 870 930 869
S32 (133)  (2001)  (6600) (1088T) 910
<13 650 869 916 780 930

(1334) (2268) (6750) (9768)
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structure to the critical failure state and the next slamming results in the decreasing peak
loading value (¢, = 500) and the increasing plastic strain. However, the two different cases
for S11 and S13 bring about almost identical ¢, values. Similar situations are found for
the other tested columns. Consequently, it is concluded that the load-carrying capacity of
an axially-slammed column is insensitive to the elasto-plastic loading histories which the
structure experiences before ¢, .. and is essentially governed by the dynamic post-buckling
elasto-plastic behavior in one slamming.

CONCLUSIONS

This paper describes results from experiments in which each of 15 columns is loaded
by attaching its upper end to a mass and tower end to a splash plate, and then dropped the
unit into water from a series of heights. The essential results are given in Table 1.

For impact loads less than collapse values, the axial compression pulses are essentially
semi-sine waves with durations ranging from 15 to 24 msec. At these durations, from {30
to 311 wave transits occur along column lengths of 400-600 mm in the tests. Thus, loading
may be considered to be axially uniform. Also, at critical loading magnitudes, these load
durations are sufficiently long for the response to be dominated by motion in the fun-
damental mode. For each column. three critical conditions are observed in the experiments:
plastic incipience, buckling and plastic collapse. These conditions are estimated by intro-
ducing three critical peak axial loading strains which are the critical buckling peak axial
loading strain .. the critical plastic peak axial loading strain ¢, and the critical collapse
peak axial loading strain &r.

For ecach column, the three critical loading values are reported. The results indicate
that: (1) the plasticity in a column appears first at the center and the plastic region is always
at the middle length; (2) according to the buckling definition, the type | columns buckle
clastically while the type 2 columns buckle plastically ; and (3) the columns’ load-carrying
capacily is insensitive to the clasto-plastic loading histories (sequences) before the plastic
collapse occurs and is essentially governed by the dynamic post-buckling clasto-plastic
behavior in one slumming.
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