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ABSTRACT

By

Chester E. Canada and Jerry Ward
DOD Explosive Safety Board

UPGRADE
of

“Structures to Resist the Effects of Accidental Explosions*
(Army TM S-1300/NAVFAC P-397/AFM 88-22)

For the first 60 years of the 20th Century, criteria and methods
based on the results of catastrophic events were used for the
design of explosive facilities. The criteria and methods did not
include a detailed or reliable quantitative basis for assessing
the degree of protection afforded by the protective facility. 1In
~the late 1960's quantitative procedures were set forth in the
first edition of the present manual, "Structures to Resist the
Effects of Accidental Explosions”. The manual was based on
extensive research and development programs which permitted a
mora reliable approach to current and future design requirements.
- 8ince the original publication of this manual, more extensive
testing and development programs have taken place. This
additional research was directed primarily towards materials
other than reinforced concrete which was the principal
construction material referenced in the initial version of the
nactnl. . An upgrade to the manual, describing new design
- tevliviywes haqy become essential. besign methods in the proposaed
upgrade provide required structural protection.

This paper reviews differences and additions between the earlier
vaersion and the proposed upgrade. The planned schedule for
technical raview, Tri-Service coordination, and publication is
presented.
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Enhancements of the Prediction of Ground Shock
From Penetrating Weapons

James L. Orake, Elizabeth B. Smith and Scott E. 8louin

Appiied Research Associates, Inc.
South Rayalton, Vermont

ABSTRACT

This paper presents a procedure that predicts
peak particle accelerations, velocities, dispiace-
ments and stresses on axis heneath bombs exploding
on or within the ground. It uses and reconciles
the high erplosive ground shock data base, resulis
of numerical calculations, and theoretical con-
siderations, including conservation laws, cavity
expansion theory and similitude. The method
reproduces most observed contained burst explosion
data in media ranging from loose soil to hard
rock.

BACKGROUND

This paper 35 an update to a paper entitied
“Ground Shock from Penetrating Conventional
Wempans” authored by Jomes L. Drake and Charles 0.
Little, Jr. The ariginal ‘paper presented an
empirica) method to predict the ground shock
en-ironment in soil from conventional weapons as a
function of burst position, s011 indices and
burster iayer thickness. The analysis presented
here describes certain snhancesants to that pie-
diution method especially the prediction of the
nesr source ground shock environaent,

SOIL PROPERTY EFFECTS

While no gingle material praoperty index or
combination of indices can be used to fully
prescrihe ground shock propagation, tie seisaic
velocity ¢y, the primary loading wavespeed ¢y and
thy comractible air void voluse ¢y are valuabla
ir1ices for assessing ground shotk magnitudes,

The seismic velosity s agsociuted with propage.
tion of low amplitude waves through the in sity
mate-ial and is not always indfcative of the beha-
vior of {n situ saterials at higher stress levels,
The primary loading wave velosity is controllied by
the fn situ material response at stress leévels of
srigineering (nterest and, as explained below. 1y
generally slower than the seismic velocity and a
petter indicator of the dynamic in situ resptnse.
Unfortunatsly, the primary loading wave velocity

© {s considerably sore difficult to getermine than
i3 the seismic velocizy. Ground shock attenuation
rates with depch are controlled by the compaction
of saterial during the passage of the stress wave.
Ury weak rocks such as sandstones and tuff have

crushable air voids ang attenuate the shaock more
rapidly than hard rocks that contain few or no
voids. Alluvial materials and soil have high
crushable air voids and attenuate the shack more
rapidiy than all but the weakest, most dry porous
rocks.

The seismic velocity and primary loading wave
velocity provide a fundamental relation between
space and time for scaling ground motions, Since
the characteristic time for a given event is
inversely proportional to the propagation velo-
city, explosians in strong competent materials
(high seismic and loading wave velocities) wil)
produce much shorter duration ground motion pulses
than Yike bursts in soft cock and soils, The pri-
msry loading wave velgcity provides a measuie of
the modulus of the medium, Thus, explosions in
strong competent materials with high propagation
velocities wil) produce higher accelerations and
Tower disptacements than corresponding explosions
in soft sedia having lower propagation velocities,

GROUND SHOCK ENVIRONNENT

Approximate analytical solutions for an ex-
panding spherical shock wave in a nearly incom-
pressible madia, were used as the basis of the
near gource region anaiysis. Considering consers
vetion of mass betwetn the expanding cavity and
the observation point, 1+ was found that the tlow
field can Le estimmted by - -

vie) =t (rg) ° | BT

where v is the particle velocity, ro(t) 13 the
axpanding cavity radius and n is a constant of
spproximately 2. The magnitude o the varticle
velocity and the sitenuation in the high pressure
large flow regton near the tource are controlled
by the cavity expansion rite dnd the geometric
spreading of the shack front.

The kinatic energy in the source region can
be estimated by

2
KE = dxg, rir 2 3= dr s 2mpgrclngd (1 - S )]




assuming n = 2 and po is the initial density.
Assuming that within the source region the kinetic
energy in the flow field is approximately equal to
1/2 of the total weapon yield and also noting that
for TNT 1kg = 4.6186E6 joules, then

(+=) v (3)
Vp = 606.2 (—%
P pord

where vp is the peak particle velocity and W i3
the contained yield of the weapon in Kg.

For incompressible flow n = 2. However, it
has been shown that n can be generalizZed to
account for volume changes in compactible mat-
erials by the expressiun

Lt L0 d
4
™ i

{4)

where ¢ is a constant <<}, that relates the vclume
change to the shear strain in the flow field.
Attenuation rates observed in the data base show
that ¢ s ¢y where ¢, is the compactible air voids.
tor saturated material. n is less than 2 and
depends on the strength of the material.

Empirical fits were made to pesk ground
motion and stress data obtained from contzined HE
detonations in soil and to results of finite dif-
ference calgulations in various soil and rock
geologies. The resulting expressions represent
the bast estismate of the contained expiosion data
base and are consistent with scaling relationships
and near field analysia.

ap = 2.Y r > 156 Wi/ (5)

608, “3/2 ax o
75_;_"—.‘; ( J%;S r ¢ .15% NV3 {6)
Vp L] .
3 -’
§;E§ { %; ) ros o185 Wl
q

r > 158 wi/3d (8)

N R : 4 (9)
whery
e v A5 WMWY Cao
CLety *S vy o {1}

'tr-(g-:--l):j:; ¢y > €L (12)

Terms in the above equations are defined as

ap = peak radial acceleration (g}

dp = peak displacement (m)

oy = peak stress (Pg) (1 Kbar = 108 py)

r = radial distance from the explesion (m)
g = gravitational acceleration (m/s?)

n = peak velocity attenuation exponent

S = equation of state factor (=1.5 for

geologic media)
tr = rise time (s)

The peak velocity and stress attenuations from the
above equations and the soil parameters from Table
1 are compared to the data in Figure 1 for both
dry and saturated media. The previous fits to the
data are also included in the plots. The new
methodology extends the prediction into much
higher stress regimes,

The peak particle velocity in the source
region are included in the above equations. The
magnitude and attenuation rate are controlled by
the cavity expansion rate and the geometric
spreading of the shock front. This region extends
to a range of .155 m/kgl/3 which corresponds to
the approximate size of the expanded cavity in
most rocks. Within this region, the material
displacemonts are largey with =espect to the inmi-
tial position, so that material 1s pushed intn 3
relatively thin shel) with an approximately
constant kinetic energy density. The resulting
peak particle velocity is only weakly dependent on
the material propertvies.

The loading wave velocity 15 a function of
the loading intensity. 1t generally starts from
the primary loading wavespeed and monotonically
increases with increasing stress. For most geo-
fugic materials, the propagation speed can be
spproximated by relating it to the initial Toading
wavespead and the peak particle velocity through
the yse of the factor § which 15 a tunction of the
ovaral) compressibilicy of the material,

The matwrial model for al) rocks and sotils
has been simplified to relate the loading
wavespeed to the peak particle velocity with the
parasster S a 1,5, This has been done to allow
the user to omploy this nethodology with relaei-
vely little knowledge of the actua! matertal mode)
of the geology of interest. [f the actual
untarial stress strain response {8 known, it can
easily be substituted to relate the loading
wavespeed to the peak particle velocity.

The sagnitude of the stress and ground aotion
wil) be grestly enhanced as the wedpon peneirates
sore deeply into the soil. The concept of a
couplting factor was introduced in the previous
paper and is susmarized her#. This factor
accounta for the elfect oF weapon penetratinan on
the ground shock parameters and is defined as the
racio of the ground shock magnitude from a par-
tially hurimt weapon to the ground shock from a
fully cantained burst in the same sedia, The
coupling facror, §, can be detarmined from Figure
¢ and the accelecation, velocity, stress and




-
o

100 T T 1 v T ——rrry
N : :
\\ - o -
r \ 1 F ——New 1
10 dathod @ J ik Method -
3 f ~~-= Original 3
cone W 1 o Mathod 3
2 Mathod ] i ]
g * i '
2 1 = )
g 1 3 g o E
> F 3 & E ]
- + -a : b
r ] § [ LowDensity Drysou ]
+ T~w Denr'ty Dry Soll L looces sand and gravel .
very loces dry sand, gravel }
Ak - Ml Cowm 180m/s E
£ Co= 180m/s 3 . F C=200m/s 3
- Clw200m/s ] L, = 1800 kg/m? ]
L pyw 1300 kg/m® ] P u=28-30 1
;' nw28-30 3 M 1
2 raTSTwwwey | A " aal . beded haa) bbb Shd A \ bbbl
n K} 1 10 00 K .‘x
fcaled Range / n/kg'd) Scaled Range (m/kg'/)
‘“; - T L It 4 %] L 4 -
E Now ] ] ]
[ Method ] [ )
’. somw wm ‘4 3 L
Mathod
ok 1. i ~
3 ] E ]
3t ] s | :
‘g -
'Y b L g e ﬂ
i i E G -
& ; ; ;
- I S ] £ t ]
" Medium Degaity Dry Sol) ] 3 I edium Desalty ]
£ | loam, loessand dry sand d - ! Dry Soil
C loam, loas, dry mad 1
Al Com300sm/s - o N 3
S G WO m/n LR g Co ﬁ‘bﬂm//l 3
L g 1700 kg/s? ] I Clw 380m/e "
3 ". M c t ﬁ‘- 1700 Wﬂ:‘ 4
9 aw 2l 1
. e A4 — s taabea NI A aaaad PO | W
A g : 10 ™ 0 \
Scaled Bange (m/kg'?) Scaled Range (m/kg%)

Figure la. Comparison of pesk velocity and stress attenu2tion prediction to explosive data,




looe g 7
1 Method |
g 1
Method
o E
2 ]
i ~
» L J
3 10f -
=t s
]
Kt C .
g 0} ]
& L Dense Dry Sail J
dense sand and wet sandy

3 clay 3
E Co= 520 m/s "
- Cl=880m/s :
" py= 1780 kg/m? 1
f n=2l )
.‘ ol P PETUOYY 4y

o8 4 » 10

Sceled Range (m/kg'/?

100 ooy Ty ry—————
Saturated Soil 3
sat clay, clay shals

4
Co= 1830 m/a 9
Ci=1880m/s
10 Pe™ 1880 kg/m® 7
3
E 9
< !
| -
. :
. O Dense Dry Soll 4
alluvium
B 3 3
k. Cow 2230 m/e 3
F Ciw400~980m/s ]
L p, = 1900 kg/m® )
b aw28-30 4
o \ %
Scaled Range (m0/kg'/Y

10

Peak Stress (kbar)

Q1

008

T T Ty

LA R A R R

LA | TV oy T

Danse Dry Soil
denae send, sandy olay

Com 820m/s
Cl=350m/a
Pe> 1780 kg/m®
n=2t

PO e Wy | btk

A& 4. 22931

2+ aagenl

1 sl

2.4 2 2 a240f

<
E

)
2

100

108

Particls Valocity (m/e)

Jd *
Scaled Range (m/k:"’)

-
-]

rTrYYT,

LI kL |

[

T T Ty

YT

0 Saturated Sail
mt clay and clay shale

Co= 1880 /s
Ci= 1880 m/s
o= 1800 kg/m?
n=158

Denae Dry Soli
alluvium

Cow 220:in/a
Clw400-280m/a
Py 1900 kg/m®
n=28-230

P
o
-
L

L

a2 8 scassl

o
-

Figure 1b. Comparison of peak velocity and stress attenuation prediction to explosive data,

19




displacemont obtained from the above equations
should be multiplied by this factor for shallow
buried bursts.
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Figure 2. Ground shock coupling factor as

a function of scaled depth of
burse.

S5tress and motion time histories can be
characterized by exponential time histories that
decay rapidly in amplitude and broaden as they
propagate outward from the explosion (Figure 3).
The characteristic time for these time histories
can be measured in arrival tima from the source,
tq w r/cy, the time of peak, t; = r/c|, and the
timg of positive phase duration t, where

d
ty w 2.72 VE - 0,36 tp (13)

Assuning » linear rise to peak velocity, the velo-
city wavefora can be approximated by

vit) = vp(S.;FEa) ta St ety (14)
N _(t -‘te )
vit) = vp(;§.=.§;)c d4° % t oty (15)

where tyq i3 the absolute time at the end of the
positive phise durstion. Since the time domain
wavefora features are inversely proportional to
the propagation velocity, explosiaons in competent
saterdal (high c;) wil) produce shorter pulses
with higher accelerations and lower displacements
than corresponding explosions in less competent
saterial (tow cy). Consistent scaling rela-
tionships also require higher accelerations to be
ansociated with higher stresses and lcwer displa-
cemeants. Conversely, low sccelerations will be
associated with lower stresses snd higher displa-
cements.
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CONCLUSIONS

Empirical expressions were derived from a fit
to a large body of ground shock data from buried
bursts in soil. These expressions were derived
using a more sophisticated material model than
originally used by Drake and Little. The
resulting equations more accurately predict the
near source environments. These modifications of
Drake and Little's work do not negate the previous
study. The extend it over a broader range of peak
stresses and aver a broader range of geologies,

The method presented here {s not necessarily
recomsended over the previous method but is more
valid at regions closer to the source and is based
on a more rigorous theoratical approach which clo-
sely approximates actual test data in virtually
all typas of geologic materials. The two methods
are in close agreesent at farther ranges.




TYPICAL TYPICAL TYPICAL
SOIL CATEGORY TYPES AND EXAMPLES IN SITU SEISMIC INITIAL VELOCITY
DENSITY WAVESPEED LOADING | ATTENUATION
Po (2] Co EXPONENT
{kg/m3) (m/s) {(m/s) n
Dense Ory Soil alluvium 1900 500 220 2.5 t0 3.0
1000
(cemented)
dense sand 1750 §50 520 2.1
Medium Density sand, loam, ailluvium 1700 350 3c0 2.3
ory Sotl
Low Density loose sand, loam 1500 200 180 2.5 to 3.0
Dry Soil
Saturated Soil all types 1850 1850 1850 1.5
High Strength quartzite, disbase, 2650 5500 4500 2.0
Rock basalt, granite
MNadiue Strength shales, porous send- 2500 3400 2180 2.0
Rock stones and 1imestones,
chlorite
Low Strength poraus tuff, clay, 2000 2060 1550 2.3
Rock shales, schist
Very Low very porous and frie 1400 1400 1050 .5

Strength Rock

sble weathered rock

Table 1. Generic s0t1 and rock properties.
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SINGLE DEGREE OF FREEDOM ANALYSIS OF BURIEIj ARCHES

R.A. Frank

Applied Research Associates, Inc.
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Raleigh, North Carolina 27615

ABSTRACT:

This paper presents the results of current research
aimed at developing an improved single-degree-of-freedom
(SDOF) analysis model for buried arches, Several
refinements in the SDOF analysis procedures for buried
arches are derived, including (1) development of a general
soil-arch interaction model for defining the structure-media-
interaction (SMI) loads on the arch, (2) development of
equivalent SDOF response parameters for arches of arbitrary
half-central angle, and (3) development of a resistance
function that accounts for the moment-thrust load path the
arch follows during deformation. The work assumes a
cylindrical arch cross-section of arbitrary arch angle subjected
1o & vertically propagating planar ground shock. The elastic
and plastic deformed shapes are derived for a characteristic
load distribution and used to dafine the equivalent parameters
for the SDOF model. This characteristic load is replaced in
the response calculation by a simplified soil-arch interaction
model which more accuratsly reflects the variation of the
interface loads on the arch as it is engulfed. While the
gmsem model assumes a planar ground shock from a nuclear

urst, the methodology is adaptable to conventional
munitions.

INTRODUCTION:

‘The buried arch is a popular geometry for protective
structure design: its curved geometry is capable of resisting
high pressures through a combination of bending and dirust
whils providing a large interior span that can be used to
store and protect military equipment such as aircraft
However, becauss of its geometry, analysis of the ground
shock loads acting on the arch and its dynamic response is
extremely complex and not well understood. As a result,
current methods for analysis and dasign of buried arches are
generally crude, over simplistic, and inadequate for predicting
the dynamic loads ond large deformation response of these
structures,

One approach to modeling the complex responss of
buried arches is the finite elememt method wherein the
complets arch geometry and structure-media-interaction can

be modeled oxplicitly. The fast computational speeds and
- large memory capacity of modem computers allow ons to
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model the arch in great detail without too great a penalty in
tumm-around time, However, finite element models are still
time consuming to prepare and the results are often difficult
to interpret. In addition, finite element models are
cumbersome to use in preliminary design calculations,
survivability/vulnerability assessments, and cost-trade
studies. Hence, there is still a need for more simplified
analysis procedures that can accurately predict the loads and
response of buried structures. Furthermore, the high cpu
speeds of modem computers alleviate the need to make many
of the simplifying assumptions in SDOF models so that the
accuracy of these models can be improved and potentially
approach that of more sophisticated finite element models,

The research reported herein is addressing this need
through the development of refined SDOF analysis
procedures for buried arches, This work attempis to include
as much of the appropriate physics as is possible while
retaining the simplicity of the SDOF modeling approach.
While ths waotk is currently ongoing, the model derivaion is
complets and is presented In this paper. Comparisons with
test data will be presented in o future paper.

SDOF MODEL FORMULATION:

A schematic of the loading and response of 4 buried
arch as it is engulfed by a ground shock wave is shown in
Figure 1. As the shock wave imninges on the arch, the
ground shock stresses are reflected due to the impedance
mismatch between the soil and the structure, Initially, only
a small portion of the arch perimiatar is loaded by the ground
shock., As the ground shock propagates deeper, the
perimeter of the arch that is loaded increases, until at
engulfinent ths entire arch perimeter is loaded. Responss of
the arch is primarily in the first symmetric bending mode
and analysis of recent tast data and results of finite ¢lement
c¢alculations (1) show that the peak flexural response occurs
during this engulfment phase., Those studies have also
shown that the response of the arch is not sensitive to the
details of the loading and that the primary loading on the
arch is due to the normal pressures on the arch, Interface
shear stresses developed on the arch interfacs are generally
small and can be neglected (1).
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Figure 1: Planar Ground Shock on a Buried Arch

Crawford, et al. [2], have observed that the ground
shock loads on buried cylinders and arches can be described
using a characteristic ¢ + pcos2¢ stress distribution. This
load distribution, shown in Figure 1, consists of a uniform
component given by ¢ and a nonuniform component given
given by pcos2¢. However, the magnitude and distribution
of the interface stresses on the arch vary as the arch is
engulfed so that the characteristic load distribution is not
constant in time, rather, the relative magnitude of the two
components varies. However, as will be demonstrated in the
derivation of the deformed shapes, the ¢ term does not
influence the deformed shape or capacity (except through the
moment-thrust interaction diagram) so that the temporal
variation of the relative magnitude of the two components is
not important to the derivation of the SDOF model
parameters. It is important in determining the moment

capacity and, consequently, the arch dynamic response.

Based on these observations, an equivalent SDOF
model of the arch can be developed as illustrated in Figure 2.
The interface loading on the arch is represented by a
characteristic ¢ + pcos2¢ load distribution. The nse is
assumed to be in the first symmetric banding mods and the
assumed mode shape is taken as the deformed shape of the
arch ynder this load distribution applied statically, The
gqunﬁon of motion for the equivalent SDOF system is given

i

M. i‘;o*R.'FQ(‘) (l)

where Mg, R, and F are the equivalent mass, resistance,

and applied forco for the SDOF system and Wo is the
vertical acceleration of the crown. The derivation of thess
parameters and the loading function are discussed in the

following paragraphs.
Loading Function,

Whils the characteristic g+ pcos2¢ load distribution
is used to derive the deformed shape and equivalent SDOF
parameters, a more accurate description of the loading is
desired in solving for the respoase of the arch, The approach

followed uses a simplified SMI model based on linear wave
theory to define the interface stresses on the arch. This
approach has been used with good success in SDOF models
for buried slabs subjected to ground shock from conventional
and nuclear munitions {3]. The interface stresses on the arch
are determined using a combination of simple wave
propagation and rigid body mechanisms to pose the
boundary conditions between the soil and the structure. The
rate of external work done by the interface stresses is then
calculated at each time increment and used to determine the
response of the SDOF system and the equivalent ¢ and
pcos2¢ interface stress components,

q+ peos 20

One

Figure 2, Arch SDOF Model.

Assuming a full-slip interface condition (zero
interface strength), the interface load consists of normal
stresses oaly which are given by (see Figure 3)
G ap, + pCL (Vg - diaa co8 9 - ) P
where oy, = freefield ground shock stress normal to the arch
interface. pCp, = soll impedance, Vi = frecfield velocity

normal to the arch interface, uggw vertical rigid body
volocity of the arch, ¢ = angle to point of interest on the
arch, and w = radial velocity of the arch at the point of
interest. A planar, vertically propagating ground shock is
assumed and the freefield ground shock velocity and stress
are assumed constant behind the shock front. The component
of the freafisld velocity normal to the interface is given by

Vifn = Vireos ¢ @)

The freefield stresses normal to the arch interface
are determined by transforming the freefield vertical and
horizontal stresses to the plane nonnal to the arch intarface.
Representing the horizontal stress by ayp, = Ky g, and
assuming the vertical and horizontal freefield stresses
represent principal stresses, the freefisld sress normal to the
arch interface is given by

Offyy 2 qff ¢ pffcos 2P @
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p‘a____u,.g'___.

j thcos2¢ rdp ®
and the equivalent uniform component (evaluated at the
crown) is given by
qe=0n(0) - pe ©)

Deformed Shape
Elastic Response

The mode shape for the arch in the elastic response
range is taken as the deformed shape for the arch under the
characteristic g + pcos2¢ load distribution. The solution for
Vy= (Vg Ogp)cos & the deformed shape follows the general approach outlined by
Timoshenko and Gere in Reference (4] and has been derived
for fixed and pinned (2-hinged) support conditions, Referring
to Figure 4, the elastic force resultants at any arbitrary angle

[om

Figure 3, Planar Wave Loading Model from the crown are given by
where v =39£({Av}sin ¢~ 6sin 29) (10)
ae (M) and pr= (L5 op, D Na&((Avloosg+ 3 c0s 20)-r an
The rate of external work done by the interface stresses in 2
defonning the arch is given by M -‘%—({Au} +3c0s2¢ - {Av} cos 9) (12)
N where the bracketed torms (Apg) and (Av) depend on the
Wers | coirdd 6)  supporstconditions and are of the generul form

"
Ag+Aido +A
" " (A)= —:3%4-_013% ' (13)
-qu u‘»rd¢+paj th cos2¢ rdp e
" b The constants for Equations 9 - 12 are:

L = fixed: -3 (cos 3¢o- cos do
* pCy, {(vﬂr-m) I wcosérdé-j w‘m} Av°-{pimed:-7(sin3¢a+9sin¢o)
’ (1 ]

fixed: -2 sin3¢o -6 sin do
A
where the limits of integration are gg = arch angle o An = pinned: 6 (cos 3¢ + cosdo )

complate unloading (o S 0) and ¢5 = arch angle to the

current pasition of the shock front, Av, = [fixed: 0.0
This extemal work rats {s then used to defins the pinsied: 0.0
equivalent load, F,, where Auew [fixed: 025 (cos 4o +8 cas2ge-9)
°" \pinned: sin 49 + sin 2¢%
Fcu!-‘,ﬂ. )
o Au, = [fixed: 3sin 260
pinned: - 6 cos 2¢y

Likewise, the equivalent nonuniform loading component is
given by Auy = [fixed: 0.0
pinaed: 0.0
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Do{ﬁxed. 2-2c082¢n
pinned: -3 sin 2¢o

Dy {ﬁxed. - sin 2¢0
pinned: 2 (2 + cos 2¢v)

fixed: 2.0
b ‘pinncd: 0.0

b STATIC COLLAPSE MODE

Figure 4, Arch Parameter
Definitions and Static Collapse Modu

Finally, the radial displacements are givea by

4
w _g,;_l, {{4v) cos ¢+ cos 20-0.5 {Av) 0 5ing + {Au)) (19)

where
Awow ‘ﬂxed: 5(0.5 sin dgu - sin ¢)
pinned: - Scos 44 + 8 cos 2¢p - 3
A, w |fed: 05 -5 cos 4¢ + 4 cos 2¢0 + 1)
' |pinned: 0.5(-11 sin 4gn - 2 sin 240 )
Awy = {ﬁxed: - sin 4¢ + 4 sin 29y
pinned: 3 (cos 4¢o -2 cos 2¢o + 1)

This deformed shape is used as the mode shape for
the equivalent SDOF and can be used to derive the
transformhation factors, K¢ and Kz, resulting in

[} ®
QI W*PI w cos 2¢d¢
K w 28

9 (15)
wo (g0 + 0.5p sin 2¢0)

16

ad

%
Ky = —l—nj w2d¢
powé

(16)

where w, = deflection at the crown (¢=0).

Note that for both the pinned and fixed arch the

the work done by the uniform load component is zero. This
results in an inconsistency in the case of a semi-circular
arch, where ¢g = 90° and sin 2¢0 = 0. In this case, the load
component performing work is normalized to the load
component not doing work and the load transformation
factor does not have a physical meaning. Due to this
inconsistency the more general statement of the equation of
motion has been retained.

Plastic Response

The limit capacity, deformed shape, and plastic
response parameters for the arch are derived-using the limit
plasticity assuming the five-hinge static collapss mode as
shown Figure 4. From kinematic considerations, the
relationships between the vertical velocity at the crown and
the rotation of the arch segments 1 and 2 are given by

e e
o [meeme),

whare & and & are the rotation ratas of segments 1 and 2,
respectively; and $0 is the angle to the haunch hinge.

The capacity, p°, of the arch is derived by equating
the internal and extemal work rates (Note: the work dons by
the ¢ compongi is zer0 as in the elastic case) giving
pi 3Mp Ao + 4 cos ¢D \
23(1 - cos go) \Co + C1 o ¢o + Ca cos? o]

(19)

where
Ag = | fixed: 2(1-cos o)

pinned: 1 -2cos o Co=-cos ¢o
Ajn fixed: 0.0 Ciﬂl*mm
pinned: 1.0 Cia.l

and Mp = plastic moment capacity of arch cross-section.
gaﬁon with respect W ¢p gives




pinned: cos ¢o =(‘(27-1)+(2-‘v'§')cos¢)

fixed: cosgo = 51-(1+cos¢o) @0

This solution is a upper bound in that the internal
work done by the membrane stresses is neglected. The effect
of the existence of membrane forces is, however, accounted
for in determining the plastic moment capacity, Mp, as
discussed in tha following section.

Resistance Function

The resistance of the arch is modeled using an
elastic-perfectly plastic resistance function as shown in
Figure S, where the stiffness and maximum resistance are
determined using the solutions presenwd earlier. The major
refinement here is that the maximum resistance is allowed to
vary depending on the moment-thrust combination existing
in the arch at any point in time. Observations from test data
[5,6] have shown that the response of the arch is generally
in the compression region of the moment-thrust diagram and
that the eccentricity (ratio of moment to thrust) decreases as
the arch is engulfed by the ground shock. This response is
illustrated in Figure § and is modeled by allowing the
moment capacity of the arch to vary based on the weighted
average of the elastic moment and thryst at the arch critical
cross-sections (crown, ¢p and ¢0), as calculated using the
equivalent ge and pe components. Since as the arch is
engulfed the maguitude of the uniform component, ge,
increases relative to the nonuniform component, pe, this
will naturally increase the magnitzde of the thrust relative to
the moment, replicating test data obsesvations, This can
potentially result in the arch yielding at a moment
magnitude less than the peak moment dus to the decreasing
moiment capacity abave the balance point.

RESISTANCE FUNCTION

M
MOMENT-THRUST DIAGRAM

Figure 5. Resisuincs Function.
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APAPTATION TO CONVENTIONAL
MUNITIONS

The proposed SDOF methodology can be adapted to
conventional munitions for the case of an overhead burst and
two-dimensional response (for example, a longitudinally
segmented arch). This is accomplished by replacing the
planar ground shock with a spherically propagating shock
wave as illustrated in Figure 6. Assuming that the radial
stress and velocity in the freefield are constant behind the
shock front, the normal freeficld ground shock stress and
velocity are given by

ffn = qff +pfeos2( 9+ f)
Vifn = Vgr cos (9 +B)

so that the external work rate is given by

@)

] '

W..aq,j w cos 2 (¢ + Brde )

(]

wrdg + P!J

(2]

+pC:.{ VJJJ‘,WW(M B) rd#

"

(1 (1]
-iwj fvcosérdo’-[ wrdd
[ 73 ”

Since the angles ¢ and g are related (as detarmined by the
standoff distance), f can be solv.d for in terms of ¢ giving

sin ¢

T g =

ﬁ-m“

mw)-( \/@%_{HW) 2
Similarly,
cos Ap s f)m ( 2 cos 2¢ ) (2rsin0$ln2¢

Substitution of Eqns 24 and Eq.25 into Eqn 22 for the
external work rale results in a radical integral considerably
more complex than those for the nuclear case, Nonetheless,
closed form solutions {or these integrals exist so that a
computer efficicut model can bo developed.

The loading for 4 conventional weapon is more
localized than that for a nuclear weapoa 50 that the deformed




shape and collapse mechanism may also require
modification. This can be modeled by assuming a
concentrated load at the crown for the characteristic load
distribution. The deformed shape and plastic limit capacity
can then be derived for this characteristic loading,

STATUS AND FUTURE EFFORT

The research is currently in the final stages of the
model development and programming. In addition to the
refinements reported herein, modals have been derived for
including the effects of rise tim:e in the loading function and
for calculating the rigid body response of the arch. The
elastic response is currently being expanded to include a
three hinge arch (crown, supports). After programming and
checkout of the model, comparisens of the model against
test data from the AFWL Kachina test series [7] and the
DNA/WES Dynamic Arch Test {8]. Comparisons against
finite element calculations [1] and other arch SDOF models
(5,9] will also be conducted.

Figure 6, Adaptation o Conventional Weapon
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ABSTRACT

A study has been conducted (o investigate expedient methods
for hardening existing structures and exposed assets against
the eoffects of conventional weapons. The expedient
hardening methods covered in this paper are soil berms,
sandbagging, sand grids, concreie modular revetments, bin
revetments, and sacrificial panels. For each of the methods
-the paper gives a shont description of the method including
threat protection afforded, a summary of available test
- resulis, lirnitations of the mothod and special considerations

required for deployment.
1. INTRODUCTION

In peacetime or wartime situations, needs can arise
upgrade the hardness of an existing facility in an expedient
fashion, ‘Chis may be due w a change in funciion of the
facility (e.g., relocation of important sssess 10 the facility),
an increase in the perceived importanco of the facility, of an
increasn inmaex ted threat. A study has been conducied
to iavestigats both traditional and newly developed methods
of expedisnt hardening and © develop guldance for designers.
The expedicnt hardening methods covered in this paper are:
soil berms, sandbagging, sand grids, concrele modular
reveinenis (aiscraft, Bitburg, SIRCON), bin révetments, and
sacrificial panels. For cach of the methods investigaied, the
paper presenis a short description of the method including
threat protection afforded, n summary of available test
results, limitations of the method and special considerstions
required for deployment. The complets resuits of this study
can be found in the expedient hardening adiendum to the Air
‘Force Manual {or the Design of Protective Siruciures for
Corv-ational Weapons Effects (ARA, 1988). The
addendum includes meihods not covered herein, design
guidince, and a selection roadma? (0 aid in making optimal

2. SOIL BERMS

General. Berms are emplogied as free standing stroctures of
constructed against walls. A bermed wall configuration is
showd in Figure 1.
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Threat Protection. Berms provide protection against near
miss general purpose bombs, high explosive rounds, and
ballistic penetration (USOCD, 1941), As free standing
walls, berms can be used to deny a direct line of sight to a
protected asset o a vulnerable area such as a door opening.

Recent tests on berms include the CHEBS series conducted
a Kirtland AFB (Hyndman, 1987) and the NATO icsts
conducted at Tyadall AFB (Hyde, 1989). The CHEBS tests
included free standing, full scale reinforced concrete
reveunents that were bath bermed and unbermed. The
environment was provided by a nose tangent MARK 83
general purpose bomb, statically detonated at a standoff of
50 feer. The NATO tast examined the effectiveness of a
besmed semi-hardened reinforced concreto wall subjectad
the NATOQ GP bomb threat. In both 12sts, no damage was
repotied o the bermed structures, while the unbermed
structures suffered significant front face ceatering and
backface spall, Significant airhlast prawction was also
demonstrated in thess tests. The CHEBS wsts showed a
osdustion of about 93% in peak wall pressures (ol the berm.
wall interface); the NATO test showed similar reductons in
peak wall pressures. Because of the redisced wall peessures,
the risk of spall and breach are greaily reduced (even though
total impulse detivered remains relatively unchanged). It
rmust be cautioned, however, that if the weapon penetrales
the bert prior 1o detonation, tie coupling beiween the
cxplosion and the surrounding soil can result in wall
peessures greater than for an unbermed wall, Also, in a free
standing configuration, a bemm provides litde airblast
protection, This is because he blaxt wave reforms beliind it
afier passing vver the top. This wes demonstrated by studies
made during the CHEBS tests. The tesis demonstrats that
berms provide excelient second ar multiple attack protection.

Limitations/Special Considéerations. The main
disadvantage of (ree standing berms and ¢o a lesser extent
besmed walls is theis targe space requirements. Benming may
oot be a practical hardening option for structures sited in
very rocky termins or where grading equipment is not
available, At air base facilities, berms sited near taxiways
and runways may exacerbals problems related to blowing
dust and foreign debris. Erosion control measures are
particularly importnt under these circumstances. Typical




facings used to control erosion include sod, sandbags, and
asphalt cutback. Generally, structures that were originally
designed to withstand loadings associated with weapon
effects hiave ample capacity to support additional dead loads
associated with berming. This is not the case for
convertional structures and analysis is required to determine
the need for additional support.

3. SANDBAGGING

General. Sandbagging is a traditional method of providing
effeciive protection to walls, overhead structures, and
revetments (DOA, 1985; Hoot, et al., 1974). Sandbags can
also be used to construct free standing walls and wall
structures for protection of otherwise exposed assets. Figure
2 shows a sand bag upgrade of an existing structure,

Threat Protection. Several test series conducted by the
U.S. Army Waterways Experiment Station (WES) have
demonstrated that swidbags placed against walls and over
roofs are successful in protecting against near miss and direct
hit high explosive rounds, and direct ballistic impacts (Hont,
et al,, 1974; Bucci and Mlakar, 1976; Hamlin, 1986). Placed
against walls, sandbags provide protection similar to that
obtained from berming with soil.

In one series of tests (Hoot, et al., 1974), a timber framed
roof structure protected by 4 layers of sandbage (16 inches of
cover) was not breached by contact detonations of an 82 mm
mortar, 107 mm rocket, or a 122 mm rocket, Similar tests
of 6 inch thick precast reinforced concrete roof panels also
demonstrated the effectiveness of sandbagging. An 32 mm
mortar round detonated directly against the slab caused major
spalling on the interior surface. A 107 mm rocket round
caused massive spalling and breached the slab. With iwo
layers of sandbags covering the roof, the test using the 107
mm rocket was repeated with only minor cracking occurring
on tha interior face. A 15 inch layer of sandbags stacked
against a 6 inch precast wall provided good protection
against a 155 mm HE artillery round detonated at a standoff
of 5.0 ft. A similar unprotected wall was decimated by the
round. Sandbag berms, wall and roof coverings provide
multiple attack protection to near miss high explosive
threats similar to soil berms or soil covers,

Limitations/Special Considerations. The main
limitation of sand bags is aesthetics and for this ceason,
sandbagging is generally not considered an acceptable
approach for more permanent upgrades. Sandbags have had a
history of susceptibility to rot, however, newer bag
materials made of an acrylic rabric are available and are
reported to remain serviceable for over 2 years with no signs
of deterioration under all climatic conditions (DOA, 1985).
Improved performance against ballistic penetration is
obtained by mixing the fill material with dry portland
cement (1 pan cement to 10 parts soil) or dipping the filled
bags in a cement-water shury (DOA, 1985).
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4. SAND GRIDS

General. Sandgrids were originally developed as a soil
confining system for use in roadway construction over l1oose
soils. Sandgrids are constructed by filling a prefabricated
plastic form shaped like cells of a honeycomb with a
granular material such as sand or gravel (Figures 3, 4). The
sand grids are available in a standard configuration or a
newer, notched configuration. The notched configuration
allows for development of a lapped joint between layers that
prevents leakage of the fill material. The principal
advantages over the more traditional methods of hardening
with soil are ease of construction and reduced space
requirements, Currently available sandgrids are 38 inches
wide in place.

Threat Protection, Testing has demonstrated that
sandgrids can provide efficient and effective protection
against near miss general purpose bombs, high explosive
artillery rounds, shoulder launched rockets, and machine gun
fire (White, 1983; Wood, 1985; Hamlin, 1986; Hayes,
1987, 1988; Hyde, 1989).

Recent tests conducted on the NATO test facility
demonstrated that sandgrids are very effective in protecting
semi-hardened walls from near miss general purpose bomb
fragments and airblast (Hayes, 1988; Hyde, 1989). In this
test a 65 cm wall protected by a sandgrid shield (Figure 4)
suffered no damage from a GP bomb detonation. The same
wall, unprotected, suffered severe spall when subjected to the
same wespon at the same standoff.

Wood (1985) reports the results of tests on free standing
sandgrid revetments against 10§ mm flechelte artillery
rounds, 155 mm HE airbursts, and 155 mm surface bursts.
Six 105 mm flechette rounds were detonated 120 ft from the
target. None of the fl-.-hettes completely penetrated the
revetment, Six standard D544 fragmentary HE rounds were
detonated at a stand off of 40 ft and an elevation of 20 ft.
‘The revetment remained stable 1nd erect and showed slight
deterioration. Thers was no evidence of fragments passing
through the sandgrid. Six 155 mm rounds each were
statically detonated, nose tangent, at ranges of §, 10, and 15
ft from the test revetments. At the S ft range, the six rounds
totally collapsed the revetment. Good fragmentation
protection, iowever, was provided for the first two rounds,
At the 10 ft range, after six rounds, the sandgrid revetment
remained in.act and erect but the top thres layers were
significantly damaged. No fragments penetrated through the
revetment, The six rounds fired at the 15 ft range caused
only superficial damage. Sandgrid revetments have also
demonstraied effectiveness in defeating penetration by small
arms fire up to 50 caliber rounds (Whits, 1983).

Gravel fillsd sandgrid revetments have been tested against
U.S. LAW and Soviet RPG-7 antitank weapons (Hayes,
1988). Crt :ed limestone (34 in. diameter) was used for the
revetments tzsted against the LAW, and rounded river gravel
(1.5-2 in. diametor) was used for the revetment tested against




the RPG-7. Two consecutive hits by LAW rounds, in
approximately the same lecadion, cratered the frout face of
the revetment but the revetment was not perforated. The
revetment hit by the RPG-7 was perforated by the rocket
motor, but the residual velocity of the motor was not
sufficient to cause damage to a proiected wall or lightly
armored assets placed behind the revetment.

Sandgrids filled with sand and gravel have also been tested
against a wire guided warhead (TOW) placed against the sids
of the revetment and statically detonated (Hayes, 1988). The
sand filled revetment was breached by the weapon and the
steel witness plate hehind the revetment was perforated. The
gravel filled revitment was breached and fragments from the
weapon perforated the revetment; howevar, the witness plate
was not camaged. , .

Sangrid revetinents provide limited second attack protection
from near miss GP bombs based upon evidence from the
NATO iest facility. The sandgrid form was severely
damay,d, however, much of the soil remained in the shape
of a small berm. In other applications against less severe
threats such as near miss HE artillery rounds, ths sandgrid
revetriient provides excellent second attack protection. As
overhead protection, sandgrids provide limited second attack
protection against direct hit mortar and HE artillery attack
but can be repaired with loose soil or sand bags.

Limitations/Special Considerations. The maximum
free standing height for use as a protective structure against
conventional weapons is about 8 ft.

5. CONCRETE MODULAR REVETMENTS

General. The discussion in this section focuses on several
modular designs constructed of convantionally reinforced
concreie (R/CY and SIFCON (Slurry Infiltrated Fiber
reinforced Concrete) that have been tested. Figure § shows
one common type of modular unit. The rovetments are
often bermed by soil to improve overall performan ¢ (see
Section 2 and Figure 1).

Threat Protection, These rovetments provide protection
ogainst fragments and airblast from near miss general
purpose bombs and other lesser threats such ns HE artillery
rounds, rockets, and mortars. Also, they are often used to
deny lina-of-sight to doors and other vulnerable openings.

Recent tests on R/C revetments include the CHEBS series
conducted at Kirtland AFB (Hyndman and Bulunan, 1987;
Carsor: and Morrison, 1986) and the NATO tests conducied
at Tyndail AFB (Hyde, 1989), The CHEBS tests included
revetments that were both bermed and unbermed (see Section
2). In the CHEBS 9 and 10 tests four standard reveunent
designs were tested in a variety of configuradons: (1) the
Bitburg Rovetment with a wall thickness of 0.30 m, (2) the
I-meter Alrcraft Rovetnient with a wall thickness of 0.245
m, (3) the d-meter Aircraft Revetment with a wall thickness
of 0.245 m, and (4) tha d-meter Asicralt Revetmeni with a

wall tapering from 0.245 m at the base to 0.085 m at the
top. A second series of tests (CHEBS 16) was conducted
using similar designs constructed using SIFCON (Carson
and Morrison, 1986). The NATO test examined the
effestiveness of unbermed Bitburg revetments subjected to
the NATO GP bomb threat. R/C revetments have also been
testeG against a variety of other conventional weapons
including HE rorkets, mortars, and machine gun fire (Hoot,
et al,, 1974).

The results of the CHEBS and NATO tests demonstrated
that unbermed R/C revetments can provide good first stiike
protection but limited second attack protection due to their
susceptibility to fragment damage and movement (i.e,, rigid
body shifting). As bermed structures, R/C revewments
provide excellent second attack protection.

For the revetments constructed of SIFCON, the general
damage characteristics resulting from fragment impact
differed significantly from the damage characteristics of the
P/C revetments. The damage on the front face of the
SIFCON revetments tended to be localized immediately
around the impact area and not cratered as was the case with
the R/C revetments. Little or no rear spall occurred with the
SIFCON revetments. When the revetments were perforated
by fragments, the penetrations were clean, nearly cylinarical
and eastly repaired.

R/C revetment pansls 6 inches thick and supported by
precast blocks (Hoot, et al., 1974) were demonstrated to be
effeciive against 81 mm mortars and 120 mm rockets
detonated ot a standoff of 5.0 ft. Against 155 mm HE
artlilory rounds the 6 inch panel was considered to be
effective only for standoffs greater then 30 ft. Against 122
mm rockets, the rovetment was considered satsfactory for
standoffs of 10.0 ft; and with the addition of a 1§ inch
sandbag facing, the revetment defeated the fraement effect at
a3 ftstandoff,

Limitations/Special Considerations. R/C
revetments are limited by the resources necessary to fabricate
and deploy them, Their us as an expedient measure requires
that they be prefabricated and available for deploynient.
Modular, prefabricated revetments require a relatively smooth
bass surface for depioyment. Bermed, R/C revsiments have
faicly large space requirements and other limitations
associated with soll berms or bermed walls (see Section 2),
The geometry of the Aircraft Revetment does not allow for
the formation of nincty degree tumns in th layout of an armay
of revetmonts. The base of iz Bitburg reveunent has corners
mitered 52 45 degrees which allow for ninety degree tums,
but these corers are vulnerdble to frigment penstration
because the wall thicknesses of the two revelments just meet
and do not lap. These comers should bo protected with
sandbags.




6. BIN REVETMENTS

General. Bin revetments refer to any of a variety of
methods used to create vertical walls of sand, soil, gravel, or
rock rubble. These systems combine the protective qualities
of soil structures with an efficient use of space. The
thickness of the soil wall is the primary means of providing
protection. The structural system is designed to confine the
soil and can be constructed of reinforced concrete, steel,
wood or wire caging. Typical configurations are two parallel
walls with fill between them or prefabricated containers
filled with soil and arranged into a revetment (Figure 6). In
addition, bin revetments can take the form of planters for

aesthetic permanent upgrades.

Threat Protection. These revetments provide essentially
the same protection as bermed walls or revetments, They can
be employed against fragment and airblast threats from near
miss general purpose bombs, other lesser conventional
munitions, and ballistic threats. They can also be used to
deny line-of-sight to doors and other vulnerable openings.

Soil bin revetments with a soil thickness of 12 inches were
tested by WES for protection against near miss mortar and
rockst detonation in support of the U.S. Army during the
Vietnam conflict (Carre, 1969, 1972). Soil bin structures
constructed of plywood, 18 gage corrugated mestal, and
MB8ALI landing mats were tested. The M8A1 soil bin defeated
all fragments from 81 to 120 mm mortars and 107 mm
rocket detonations at a stand off of 5 ft. The plywood and
corrugated metal bin revetmenis were also effective at a

range of 5 ft but suffered greater damage.

As a part of the CHEBS 9 and 10 tests (Hyndman and
Bultman, 1987), a soil bin revetment was constructed using
two parallel rows of 3 m Aircraft revetments (see Section 5).
The soil thickness was approximately 5 ft. The soil bin was
positioned SO ft from a 1000 1b GP bomb, The face of the
front Aircraft revetment was severely damaged by the
fragment impacts but no damage to the rear revetments
forming the soil bin was reported.

C & C Chamber revetments were tested as a part of the
NATO facility tests (Hyde, 1989). This soil bin structure
makes use of off-the-shelf precast concrets manhole liners
(rectangular tubes 3.0 x 4.5 ft in section, 2,46 ft long, with
a wall thickness of 3 inches). The tubes allow for a soil
thickness of 2.9 fi. Several reinforcing methods were tested
including wire mesh, synthetic and steel fibers and various
combinations. Revetment walls wete constructed by bolting
the tubes together with steel straps and filling the units with
sand. Walls one, two, and thres layers high were tested. The
tests demonstrated that this configuration can provide
fragment protection against general purpuse bombs. If
reinforced with steel wesh, multiplo attack protection can be

expected.

Limitatioa/Special Consideration. Sol bia
revetments generally require significant construcuon
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resources. If built of expedient materials, they tend to be
temporary measures. Constructed of reinforced concrete or
masonry, they are usually part of permanent upgrades or new
facility construction.

7. SACRIFICIAL PANELS

General. Sacrificial panels are panels attached to the
exterior of a main structural wall so that an air space is left
between the main wall and the panel. The panels are not
expected to survive a weapons blast but still provide
significant protection to the main wall (Figure 7). Sacrificial
panels constructed of a variety of materials such as reinforced
concrete, steel plate, plywood, or a layered combination of
materials have been tested. Sacrificial panels are used for
both expedient upgrading of existing facilities and as
inexpensive hardening methods for new construction.

Threat Protection. Sacrificial panels have demonstrated
effectivencss in protecting against fragments and airblast
from near miss general purpose bombs and HE rounds.
Recent tests include a series of 19 scaled tests on a variety of
panel types (reinforced concrete, steel, plywood, and
composite) conducted by the AFESC and the WES (McVay,
1988), the full scale NATO tests conducted as Tyndall AFB
(McVay, 1988; Hyde, 1989) and a series of tests on concrete
panels conducted by WES (Colthorp, 1987).

In all of these cases the damage to the walls protected by the
sacrificial panels was greatly reduced from the damage
observed for the unprotected walls. For example, for a wall
protected by a 6 inch precast pane! with a nominal 1 inch air
space at the full scale NATO test, only minimal scabbing
and cratering occurred on the front face of the main wall and
no spall occured on the backfoce, The same wall tested bare
suffered severe spall damage that would have been lethal to
equipment and personnel inside. The mechanism behind the
protection afforded is due to the gready reduced number and
momenturn of the fragments that impact the main wall and
greatly reduced peak pressures on the main wall, This
results in 8 much lower potential for spall and breach even
though load duration from airblast may be greatly increased.

Limitations/Special Considerations. The main
limitation of sacrificial panels is their single-hit-only
capability. [f multiple hit capability is required a system
must be in place to provide for expedient replacement of the

8. CONCLUSIONS

A wide range of inethods may be used to provide expedient
structural hardening against the effects of conventional
weapons, These methods vary in the degres of protection
afforded, multiple strike capability, ease of construction, and
ease of deployment, Optimal selection of a hardening
method requires careful consideration of each of these factors
as they relats w the particular needs of a given simation and




the resources available, From the test data reviewed the
most effective protection is provided by earth structures.
Earth structures can significantly reduce the effects of
fragments and airblast and can provide excellent multiple
strike protection. Confining the earth through the use of
bags, sand grids, or bins eliminates many of the limitations
associated with traditional berms. Sacrificial panels and
unbermed concrete revetments also provide effective
protection but do not provide the multiple hit capability of
earth structures. ‘
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BLAST RESISTANCE OF A POLYCARBONATE WINDOW

David L. Tilson and James M., Watt, Jr.
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ABSTRACT

High explosive threats directed
againat U.S. facilities throughout the
world have identified a need to blast
harden these facilitiss, lose of
windows during blast loading poses a
serious threat to personnel and facility
security. Research has shown that a
blast rasistant window is feasible and
that a single-degres-of-freedom (SDOF)
analysis can pradict the window
response,

The WES generic hlast rasistant
window was designed to withatand a peak
reflectiva pressurs of 80 psi. This
vindow survived the test with no
danage. The SDOF predictions for the
26+-inch by 26-inch windows were in good
agresmant vith test data, with the
analysis being conzervative. This good
agrosaent resulted from the use of &
resistance function developed from a
static cest.

INTRODUCTTION

Righ explosive threats direcced
against U.S. facilities throughout the
world have identified a need to blast
hardsn these facilities. One of the
most vulnerable elements in these
structures is the windov systems. Lose
of vindows during blast loading poses a
serious threat to personnal and facility
security. Research has bsen funded for
the purposs of designing a genaric
windov system to withstand high blast
pressures. From this research, Lt was
shown that a vindov system can be
daxigned to resist high blast pressures
and that the dynamic responss can be
predicted with a single-degree-of-
freadoa (SDOF) analysis.

WES BLAST WINDOW

The WES generic blast resistant
windov vas designed to withatand a pesk
veflective pressuve of 80 psi. The
vindow was designed {n three parts; the
anchoring frams, which s cast into the

25

reinforced concrete test wall, a rigid
window frame, and 1-1/4-inch-thick
polycarbonate glazing. Figure 1 shows a
schematic view of the design concept.
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Fig.l

The critical element in designing the
anchoring frame was to devalop a large
shear area across the thickness of the
concrete test vall, The frame vas
designed to be pozitioned in the wall
and cast ln place, thereby, developing a
shear arsa 1.5 times larger than the
thickanss of the wall (12-lnches thick).
The anchoring frame was fabricated using
4-inch by 8-inch by 1/2-inch thick steel
angle with a minisuas yield stress of
36,000 psi. To anchor the frame into
the concrete, 5/8-inch diaseter by 8-
inch-long concrets anchors vers welded
to the frams. Thase anchors wers
attached to the frame at a censerline
spacing of 4-inches. The frame vas
positioned and 3 stesl reinforcing bar
stirrups vere added in the high shear
region of the slab adjacent to the
franme.

The test wall consisted of two
layars of 5\8.inch-diasecer reinforeing
bars placed 5-inches on center in both
directions and in both faces of the
slab. The shear scirrups vere added for
a distance of 1 foot from the anchor
frame, The concrete design used, {n the
test vall had a ainimun yleld (f ;) of
S000 psi at 28 daya.




The window frame was designed to
be structurally rigid; therefore, the
remaining critical elements in the
design of the window were the bite
placed on the glazing and the type
glazing used. The frame was fabricated
using 4- by 3- by 1/2-inch steel angle,
with the 4-inch edge providing the bite
of the glazing. Figure 2 shows the
design of the window frame. With this
design, a bite of 1-1/4-inches was
placed on the glazing.

Fig. 2

The glazing selected for the
window wvas 1-1/4-inch laminated
polycarbonate (SP-1230). This material
vas selectad for {ts ability to undergo
large deflections and remain undamaged.
The SP-1250 containas faur layars of
polycarbonate consisting of two - 1/2.
inch layers placed {n the center and two
» 1/8-inch layers placed on the outside.

ANALYSTS

The determination of the dymamic
response of a simple structural systea
using numerical procedures {s presented
{n dotail {n References 1, 2, and 3.
Hore coaplex systems, such as the window
system raported herein, can also be
analyzed with an SDOF, provided un
accurate representacion of tho load
function P(t), resistance function
(load-daflection curve), and mass (M)
can be obtained,

SOOF Anaslysis

The selection of the idealized
spring-mass systea in Figure Ja is such
that tha deflection of the mass, y, {2
the same as the centerline deflection of
the window glazing. From the freebody
diagram shown in Figure 3b, the squation
of motion {s derived and then solved
nuserically.
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To solve for the dynamic response
of the window, a static test wea
conducted to determine the resistance
function, the P(t) was calculated from
formulas developed in Reference 2, and
the mass of the polycarbonate glazing
vas deterained. Once these thres valuas
vers obtained, the use of a computer
code (SDOF) developad at WES vas
utilized in preforaing the analysis.

Scatic Test Device

To conduct the static testing, WES
designed and conatructed a static test
device as shown i{n Figure 4, The test
device vas designed to subject a tesc
article to a maximua hydrostatic
pressure of 200 psi{. The parts of the
device consist of a U-framed base, a
test wall slab, and the hold-down slab.




Fig. 4

This test device allows for the
testing of a window as if the test
article were installed in a building
wall. Once the window is {nstalled, the
test wall is positioned on the U-frame
base and the hold-down slab positioned
on top. The two slabs are then bolted
together. In this configuration, a
chasber is formed between the window and
the bottom of the hold-down slab. It is
into this chaaber that watar is pumped
to produce the uniform hydrostatic
pressure. A saximum of 300 psi has been
achleved with this setup.

By utilizing the U-shaped base,
access to the underside of the window is
pnssible and placement of
instrumentation can ba accomplished.

The design also allows clearance for
videotape equipment to be used in
recording the response of the test
arcicle.

Static Testing

The window systea was subjected to
4 hydrostatic pressure that prcduced
tailure of the windov. Failure is taken
to be the point whers the glazing or
window system cannot sustain additicnal
load. In the test conducted, the
failure mechanisa for the window was the
glazing slipping trom the frame bita.
Vith the dats collected on the pressure
and centerpoint deflection, a load-
deflection curve vas derived for the
analysis. Figure 5 shows the resistance
function developed from tha test data.

27

slactes Presswe GuDd

Muflected Prosewrs ol

] ]

ot letim (g
Fig. §

SDOF Code

The procedure used in the SDOF

code is desacribed in Refsrence 1, The

. procedure is referred to as the
constant-velocity or luaped-impulss
procedure. The code requires the
following information to perform the
calculation: mass (X), area {(A), load-
mass factor (Kyy), percent of daxping
(c), time step dc)' resistance function
f(R), and foruing function P(t).

In the analysis of the window
system, the mass was determined by
weighting che glazing. The area vas
selected as the clear span area of the
vindow (26 inches by 26 inches). The
valuas for the load-masa factor and
percent of damping ware chosen to be
0.67 and 0.03, respactively. The
nuaerical iterative time step of 0.0001
seconds wvas used for the SDOF
calculation,

The analysis was perforzed by
using a veflected pressura-cime history,
with clearing time, for a heamispherical
high-explosive (HE) charge producing a
peak pregsurs of 52.6 psi. The negative
phise peak pressure vas -4.0 psi.

Figure 6 shows the calculated pressura-
tize history,
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Fig. 6

Utilizing the input data, the SDOF
analysis was conducted.




DYNAMIC TEST

To verify the analysis, a dynamic
test was conducted on five WES blast
windows, The window clear span openings
were two - 26-inch by 26-inch, two - 36-
inch by 36-inch, and a 40-inch by 40-
inch.

The test was conducted and
subjected the two 36-inch by 36-inch to
an average peak reflective pressure of
49.2 psi and the two 26-inch by 26-inch
and the 40.inch by 40-inch windows to an
average peak reflective pressure of 57.4
psi.

COMPARISON QF CALCULATED RESPONSE AND
TEST DATA

In deternining the dynamic
response of che three sizes of blast
windovs, an analysis wus performed using
the static load-deflection curve
generated for the 26-inch by 26-inch
window and a theoretical resistance
function calculated for the 36-inch by
36-inch and 40-inch by 40-inch windows.
The theoretical resistance functions
vere generated froa equations developed
in Reference 1.

The analysis predicted a
canterpoint deflection of 1,81 {nches
for the two 26-inch by 26-inch windows,
6.1 inches for the two 36-inch by 36-
inch windows, and greater than 10 inches
for the 40-~inch by 40-inch window, A
comparison of the pretsst prediction and
agtual test data is shown in Table 1.

Table 1 Suanary of Deflection Data for WES

Blast Windows

From comparison of the results from the
test, it appears that revision of the
calculated resistance functions will be
required. The test data shows that the
polycarbonate glazing has a higher
stiffness (resistance) than predicted by
the theoretizal resistance functionm.

A posttest analysis was performed
using the data from the 26-inch by 26-
inch window. The pressure-time history
used in the analysis was the average of
the records from the six pressure gages
used in the test. From this analysis
the peak centerpoint deflection was
calculated to be 1,58 inches. Although
this comparison is based on one test, it
is concluded that the proposed procedure
can be used to verify or determine the
blast resistance of a window system.

The good agreement between the predicted
value and actual test data suggests that
the resistance function developed from
static testing corrsctly described the
spring (k) of the SDOF system.

The poor agreement of the
predicted spring (k) and test response
data indicates that the boundary
conditions are more complicated than
assumed for the theorstical resistance
function. This is one avea where
further studies are needed.
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FINITE ELEMENT MODELING OF UNPROTECTED STRUCTURES USED
IN CONVENTIONAL WEAPON EFFECTS TESTS

Mark Amend and Carlos Coe
MSO/ENYW The BOM Corporation

ABSTRACT

Finite element modeling 1is an analysis
technique which is commonly used in the design and
analysis of structural systems. The approach has
been applied 1{in conventional weapon effects
research particutarly in the detailed analysis of
structural subsystems and components. Limited
studies have been conducted using finfte element
models to simulate the complete structural system
subjected to conventional weapon effects. This
paper addresses the analysis of three-story pre-
cast and reinforced concrete structures subjected
to interior detonations of general purpose bombs.

TEST SERIES OESCRIPTION

In support of 0SD tri-service requirements,
AFATL and 3246 Test Wing conducted a test series
which addressed the effects of general purpose air
delivered munitions against standard office
butlding construction. Spectfically, the tests
faveived threeestory structures: two of which were Figure 1: Test Structure Exterior Perspective
constructed using pre-cast concrete panels and the
third representing cast-in-piace reinforced
concrete construction, Figure 1 shows an {sometric
view of the test structures while Figure 2
{1lustrates the floor tlayout and building
dimensions. A1l wall elements consisted of 6-inch
thick reinforced concrete, The pre-cast panels
were assembled and fastened using standard pre-cast
construction techniques including the use of weld
plates as the connection type bdetween panels.
Figure 2 a1so shows that each building was
constructed in two segments with a dividing wall in
the center. The only structurdl connection between
the two building halves was the foundation system,
Separating the buildings into two separate sections
a\\gred testing to be conductad on each building
section,

The tests were conducted using dynamic and
static placement of the test weapon. For dynamic
placement tests, a rocket sled track propelied the
weapon into the first flgor of the structure. The
weapon fuzfng was designed such that the weapon
penetratedh:he butlding and detonated {n the first
room 35 Shown by the weadpon trajectory line in -
Figure 2. In the static tests, theJeventyconsisted Flgure 2: Test Structure Floor Plan
of placing the munition in the desired room and
then remotely detonating the weapon,
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In several of the events, the test structures
were instrumented with accelerometers and pressure
transducers. The transducer array was designed to
monitor the weapon 1loading on the structure,
structural response, and the documentation of the
interior environment. In addition to the
instrumentation array, exterfor and interior
cameras documented the building coilapse/damage and
the interior building environment. In selected
events, the test structure interior included office
furniture, computer equipment, and test manniquins.

ANALYSIS QVERVIEW

A pardllel effort to the test series was the
finite element modeling of the test structures.
The intent of the study was to identify aspects of
the finite element modeling that seemed promising
and, more importantly, limitations and other areas
requiring further development. A second purpose of

the analytical study was to support the test
instrumentation setup by providing pre-test
predictions.

The analysis effort consisted of twa general
phases: pre-test modeling effort and the post-test
analysis. The pre-test analysis centered on
providing the pre-test predicting for the
instrumentation system and ingluded the development
of models for the entire structure, substructure
systems, and components. The pre-test modeling
effort used COSMOS! a general purpose finite
element code, The post-test analysis focused on
analyzing selected substructure systems and
components  using  AOINAZ (Automatic  Oynamic
Incremental Nonlinear Analysis) finite element
code, The post-test analysis included nonlinear
material models and direct comparisons with test
results.,

PRE-TEST ANALYSIS

The primary task fn the pre-test analysis was
the development of finite element models for the
entire structure, substructure systems, and
components, Figure 3 shows the first floor segment
of the entire structure finite  elament
representation, The models were developed using
COSMOS interactive environment and were constructed
using wall snd floor panels as the basic building
biocks for the mash, Connectivity between the wall
and floor panel fintte element blocks repiicoted
the connection batwaen the wall and floor panels in
the pre-cast test structure. For the cast-in-place
structure  model, the finite element mesh
reprasented 3 monolithic struttural system, The
substructure models represented a series of wall or
floor panels while the component models consisted
of single wall or floor panels. In each case, the
natural frequencies &nd mode shapes of the finite
slement models werp determined., Figure 4 shows the
first three mode shapes Of 3 substructure system
consisting of three wall panels.
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First Floor Segment of Test Structure Finfte Element
Model

Figure 3:

Figure 4: Fires Three Mode Shapes For Well Pane) Subsystem

Quring the development of the finite element
models, free-vibration tests were conducted on the
test  structures. The free-vibration tests
consisted of the static ‘loading of the test
structure at a selected location and then suddenly
unioading the structure, The free-vibration
response of the structure was observed by an
accelerometer transducer array. The pull-tests
allowed the direct observation of bullding
substructure natural frequencies. The natural
frequencies abserved compared well with the natura)
frequencies computed by the finite element model.

The final effort of the pre-test analysis was

to predict the structural response for the
accalergtion transducer Jrray. The andlysis
consisted of estimating Oblast looding on the

structure caused by the weapon detondtion and using

the modal representation of the structure to
predict peak structurd) accelerations at the
transducer locations. The blast ladding were




estimated using an empirical approach which using
an initial impulse loading equal to the first three
reflections of the blast and a time varying
pressure load equal to the pseudo-static confined
blast pressure,

WEAPON EFFECTS TESTS

The weapon effects tests conducted on the test
structures provided excellent information regarding
the general vulnerabilities of the two construction
types tested, coilapse mechanisms for pre-cast and
cast-in-place structures, blast pressure
propagation  through unprotected facilities,
structural response, and interior environment
definition. Figure 5 shows the interior detonation
of the test munition on the test structure while
Figure 6 shows a typical interior pressure time
history recorded during the test series. The test
data was used extensively in the post-test analysis
which 1s discussed fn the next section,

POST-TEST ANALYSIS

The post-test analysis centered on the
analysis of selected substructure systems and
components monitored during the test series with
active instrumentation, The finite element
modeling described in this section was accomplished
using ADINA. The analysis ingluded linear and
nonlinear material models as well as the
elemination of structural connections and elements
during the loading event, The analysis used the
pressure loading measured during the test series
(Figure 5) and standard time integration methods to
predict the response of structural subsystems,
components, and connections, Figure 6 shows @
typical response of wall panel saction subjected to
an airblast loading.

For the pre-cast construction, the weak points
or failure modes centered on tha panel connections
and the collapse of the floor panels, For the
cast-in-place construction, the predicted failure
mode followed the c¢lasstc shear and flexural
failure. Shear failures are localized near the
explosive source while flexural raflure s more
widespresd. In the vicinity of the explosive
source, the finite element representations in both
cases {(pre-cast and cast-in-place) quickly exceed
the modet limitations but the modeis do approximate
when the structural component or connection faily
(given the correct faflure stresson or forces).
Future andlytical efforts should focus on ADINA®s
capabflity to ki1l elements and {nCremeatally
progress through a collapse event. Reasonable
wmicro: %0 macro- models could be used to predtct
and evaluate conventional weapon effects against
structures provided that key empiricdl models are
{ncorporated into the analysis process.
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Figure 5: Interior Detonation on Test Structure
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SUMMARY

The study has highlighted the capabilities and
1imitations of the finite element approach in
modeling weapon effects against structures. The
advantages include great flexibility in model
characterization, generalized loading functions,
nonlinear analysis, stabflity analysis, and
elimination of destroyed elements (ADINA
capabilities). The disadvantages center on the
Tack of available information on the material

parameters to use, numerical instabilities, no
generalized approach to 1incorporate empirical
models, and the appropriate mix of macro-micro

models (reasonable analysis with reasonable cost).
For ¢this effort, the finite element results
compared favorably with the test data. The
modeling exhibited the weak elements of the
structural system and provided better pre-test
estimates for the {instrumentation system. The
post-test analysis demonstrated failure modes which
were not obvious from the ¢est results, It s
‘clear that an appropriate level of finite element
modeling enhances conventional weapon tests against
structures particularly in the pra-test stages.
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DELAYED VENTING OF INTERNAL BLASTS

D. H. Nelson, J. M. VWatt, and R. L, Holnes

U. S, Aray Enginear Watervays Experiament Station
P.0, Box 631
Vicksburg, Mississippi 39181.0631

ABSTRACT: When calculating fntarnal blast loads
for chasbers having frangible panels covering vent
openings, 1t say ba necessary to comsider the
affact of the paunel connections on the venting
{nitiation time. If the panal connections
temporarily resist failure, the onset of venting
can be cignificantly delaysd. This delay vill

. zeasult in a gtester internal loading than would ba
-calculatad {f che panal connections failed
instantansously. This papar presencs a method,
coupled vith exiscing analytical coxputer codos,

© ¢hat will predict tha time at vhich pamel

i ::n‘rqelm fail and the resulting interval blege

~ INTRODUCTION , :

An internal sxplosgon typicslly produces a
complex losd composad of highly cransient mltiple
whock prensures and a relatively long duration gas
pressurs. - In & closad chaaber, these prassutes
Thacelors, to help
raduce internal pressuras, openings sce sowetises
provided to quickly vent chs prestuces out of tha
chamber. Norsally, theas cpanings ave coversd
. whth & frangible pansl thav offers siniwal
resistancs to blase pressuxes, The effsctivensass
of the vent opaning in the rediuction of Lnternal -
prensurss s depandant oo the respocse of the
Leangible panel, : .

" Trengible panele ars typically lightweight
and brask avey witheut significantly coufinlog the
- {aternal blest., The pansl cosnetticus ave usually
Sesigrisd to fail. Hoveament of the panel is
ansused to bagln with the arrival of the taltiel
shock pragsure. Thu panel sovemint produces a
varisble vent ares thac incressss feom zero %o a
waitimom 23 the panel moves avay from the cpenivg.
Yor the particular case in which the pinel is
tecensed vithin the vent opaning, varladle venting
doss ot iniclate until the panel has soved the
. distence of ths recéss. Taicreto and Helseth
(Rsforence 1) have presentsd a msthod for
calculatiog the internal pressura dacay vhen
vatisdle venting occurs, including the effect of &
vecessed paral. 1In this wethod, available from
tha ¥aval Civil Enginesring Laboratory on a
sicrocosputer progran called FRAHG, the frangidle
pansl is treated as & rigld plate that A
sccalevates under the sction of the internal load.

)]

- impulee.

Panel connections, which are usually deaigned to
fail quickly, are ignored. FRANG has bean showm
ta produce good estisates of intsrnal blast loads
for thess nondicions,

This paper addreases a condition in vhich
venting is dalayed because the frangible pansl
coniwc=ions momencarily resist falluza. A similar
application, not addressed in this pupar, is one
in vhich a chamber wall, net specifically designed
a8 & vent ares but known to be conuidarably veaksr
than the ceat of the chauder, way fail as &
frangible pansl. In both cases, {f sn estimate of
the zeaction capacity of che pansl ov wvall) cen be
obtainad, than the mechod pressnted in this paper
vould be uxeful for estlmating the internal load.
A gutaral outline of the wathod will be presented
fivst, followed by an Lilustrared example of the
sathod and cosparisons with sctusl ctest results.

SFFECT OF DRLAYED VENTING ON INTERKAL 3LAST LOADS
Uhsn panel connsctions do not fall

temadiately, venting is delayad., This delay can

caune & signtficant lncveass in the inteianl

loadiog by confining the blast and alloving the

g8 pressuks to Build up to a Migher leval betfore
venting (s inlclated. HNote thet chis fs a

- dtffarent typs of daley than that cavsed by 4

recessad panel as described above. A recessed
panel poses no calculationa)l problem for the FRANG
code because the pansl s 3till sssumed €0 begin
wovisg undst the Loflusnce of the tnitlal shock
For the cais vhan panel connections
causs the delay, a structural oslculaticn is
required 2o determine tha tiwe at which the
cotinsctions fall and panel sovewint bagins.
Caleilating the Lntesinal load in these cases

.involves several steps and ccurot presently be

done using 4 single computer cods. For
dizcussictiy L this psper, *delayed venting™ will
be ured to ldantify cases In which panel
connections do not fall {nstantanscusly. Also,
“tise of fallure® wiil ba used to refer to the
tise st vhich these pansl comnnsctions do fail.

CALCULATIMG TINE OF FATLURE AND THE INTERMAL LOAD
A prisary point to zalculating intarnal blest
loads for delayed venting is to decermine the time
of comnaction fellure. Once the time of failure
Is known, the pressurs time-history can be easily
constructed using exlsting cowputer codss.
Calculating ths time of failute requites




consideration of the airblast load function and
the flexural resistance of the panel, both of
vhich ave functions of time. The {nternal load is
calculated in two segments, ons before and one
afrer the panel connection failure. The two
segmonts ars then joined together to form the
total estimated airblast load funtion.

The method prusented employs four computer
programs. In addition to the FRANG program
mentioned above, the following programs are used:
BLASTINW, an internal blast code (Reference 2),
SDOF, & single-degres-of-freedom dynamic
structural analysis code (Reference 3), and
FAILTIME, & code which incerfaces with SDOF to
calculate the time of panel connection failure
(Reference 4).

The method involves five major steps and
requires a working knowledge of single degree of
freedom equivalent system analytical procedures.
4 thorough discussion of dynamic structural
rssponse and SDOF analysis is found in References
5 and 6. In the stepe that follow, no attempt is
zade to ligt all of the assumptions and
limitations of the four codes used. This
information can be obtained by contacting the
parties referenced for each code.

STEP 1: CALCULATE INTERNAL LOAD FTOR CLOSED CHAMBER
If it is assumed that the pressures time-
history prior to the time of failure is identical

to the pressure time-hlistory in a closed chamber
up to that point in time, then the BLASTIN code
can bs ased to quickly construct the first segment
of the load function. The iirst step is to run
BLASTINW for a closed chamber identical to the
actual chamber with the exception that venting is
not allowed. This calculation produces a pressure
time-history, P(t), for a fully coutained
explosion without any decay assvciated with
venting. At this point, the venting initiu:ion
time is unknown.

This closed chamber pressure time-history,
P(t), will be used to drive the calculations {n
Steps 2 and 3 until the time of failure is
determined. It is necessary to integrate the
closed chamber prassure time-history, P(t). to
obtain the impulse time-history, I(t), for use in
Step 4. In Step 4 the FRANG code will be used to
calculate the decaying gas pressurs time-history,
Pg(t), resulting from variable venting following
the time of failure. Finally, {n Step 5 the
closed chamber pressure time-history will be
truncated at the time of failure, and the decaying
segment of the pressurs time-history from Step 4
will be appended to construct the final sstimated
pressure time-history within the chamber,

STEP 2: CALCULATE THE DYNAMIC RESPONSE OF THE
FANEL

The panel is analyzed using the SPOF code to
deternine the panel center displacement time-
hiscory, D(t), using as input the closed chamber
pressure time-history, P(t), of Step l; the
flexural resistunce function of the panel, K(d);
and the mass of the panel. The resistance
function, K(d), is the variation ir panel flexual
resistance with displacement., The panel
connections are assumed infinitely stroug. The
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SDOF displacement time-history, D(t), is
calculated well past the time of expected panel
connection failure. This displacement time-
histery is used in Step 3 to calculate the
resistance time-history, R(t), of the panel,

STEP 3: CALCULATE THE TIME AT WHICH PANEL
CONNECTIONS FAIL

FAILTIME first constructs a resistance time-
history, R(t), using the SDOF displacement time-
history, D(t), from Step 2 and the flexural
regsistance function, K(d), of the panel. Then
FAILTIME constructs the dynamic reaction, V{t), by
solving

V(t) = a[P(t)] + b[R{L)] {Equation 1}
(Reference 6) using the resistance time-history,
R(t), and the closed chamber pressure time-
history, P(t), from Step 1. In this equation, "a"
and "b" are coefficients that vary according to
vhether the response is elastic or plastic.

Once the dynamic reaction, V(t), is
known, the time at which the panel connections
fail can be determined. The connections are
assumed to fail when the dynamic reaction, V(t},
at the ends of the panel exceeds the connection
capacity, V(max), of the connections. The
connection capacity is the largest dynamic
reaction that can be sustalned by the panel
connections before failure occurs. When one of
several modes of failure are possible (for
example, bolt failure in shear or tension, anchor
pullout, concrete breakout, etc.), the connection
capacity is based on the mode of failure requiring
the least reaction. The dynamic reaction, V(t),
at one end of the pansl is calculated in units of
force (pounds). The conmection capacity, V(max),
must also be expressed in units of force. After
entering the comnection capacity, V(max), FAILTIME
checks to see {f the connection capacity was
exceeded by the dynamic reaction, V(t). By
plotting the dynemic reactian, V(t), with the
constant connection capacity, V(max), &
deteruination can be made as to when and if the
panel connection failaed.

FAILTIME i{s written for simply supported,
uniformly louded, one-way panels. Future
revisions of the FAILTIME code will allow
treatment of panels having all four sides
supportad.

STEP 4: VARIABLE VENTING CALCULATION

With an estimate for the time at which the
panel connections will £ail, the FRANG codc can be
used to calculate the gas pressurs decay, Pg(t),
{n t+ chamber as the panel noves avay from the
opan...; snd venting occurs. To do this the
impulse acting on the panel at the time ths panel
cormnections fail, I(fuil), must be obtained from
the clused chamber {mpulse time-hiatory, I(t),
from Step 1. This i{s the {mpulse that i{s used by
FRANG to accelerate the panel. (In a standard
FRANG calculation, when there {s no dslay of
venting caused by the panel connsctions, the
initial shock impulse is used to accelerats the
panal). After additional fnput, lncluding the
equivilent charge weight, the panel waight, and




dimensional parameters of the chamber and vent
area, FRANG calculates the gas prassure time-
history, Pg(t), as it dacays to zero.

STEP S5: CONSTRUCTION OF THE TOTAL PRESSURE TIME-
HISTORY

As stated earlier, for dslayed venting the
FRANG calculation represants only that segment of
the pressure time-history consisting of the
pressure decay following the time of failure. The
BLASTINW calculation, P(t), from Step 1, based on a
closed chamber, does not include the effacts of
venting. Therefors, the final step is to truncate
the closad chasber pressure time-history, P(t), at
the estimated time of failure and then append the
FRANG decaying pressure time-history, Pg(t), at
this point to construct the final eatimate of the
total internal blast loading.

COMPARISON OF CALCULATIONS WITH TEST RESULIS

The following example compares calculations
from the five-stsp method of analysis and actual
test vesults. An explosive charge was detonated
inside a chamber having a volums of approximately
2,600 cubic feet and one vent area of 120 square
feet. The opening vas covered with a parsl haviung
an approximate waight of C.20 psi. The pansl
measured 10 feet high by 12 fest wide and wvas
connected only across the top and bottom edpes.
The panal vas considered to have one-way action in
flexurs and sinple supports. An l8-inch-wids
section of the panel was analyzed. This section
had an astinated cornection capacity, V(uax), at
each end of 25,200 pounds based on combined shear
and tansile stresass in the pansl connestions. In
the following discussion, refersnce to the -
"backwall® vill idsntify ths chamber wall opposite
the vent area.

Calculations were made, follcwing the fivs
steps outlined above. FPirst, using the actual
test chambsr dimsnsions, charge data, eta.,
BLASTINW calculated the average pressurs time-
history, P(t), on the backwall as if venting had
not occcurred; that is, for a closed chasber
(Flgure 1). Using this closed chamber pressure
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Figure 1. BLASTIN ¢losed chamber pressure Lise-
history

time-history and the structural ptoperties of the
panel, SDOF cslculated the displacement time-
history, D(t), of the panel. The SDOF input and
resulting displacement time-history are shown in
Figures 2 and 3, respectively. FAILTIME then
constructed the resistance time-history, R{t),
(Figure 4) using the flexural resistance functionm,
K(d), and the displacement time-history, D(t).
With the resistance time-history, R(t), and the
closed chamber pressure time-history, P(t),
FAILTIME then solved Equation 1 for the dynamic
reaction, V(t). In Figure 5, the dynamic
reaction, V(t), is compared to the connection
capacity, V(max), of the panel. The calculated
dynamic reaction builds and eventually exceeds the
connection capacity about 48 msec after detonation
of the explosive. Since the connection capacity
vas barely exceeded, a conservative estimate for
the time of failure was taken as 55 msec.
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vith estioatsd reaction capacity

The ispulee at the time of fallure, I(fafl),
equal To 1,750 psi-nsec, vas estimated from che
closed chasber {(mpulse time<history, I(t), Ln
Flgure 1. T...s {mpulse and other panel and charge
data vers entared into FRANG to calculate the
- decay of che gas pressure, Pg(t), in the chamber
after the ctime of fallura. This ssgment of the
pressurs tims-history {s shown in Figuve 6.
Flaally, the clossd shasber pressure tise-history,
P(t), vas truncated at the estimated ties of
fallure, and the ges pressuce time-history decay,
Pgit), vas appendad (Figucre 7) to obtain the final
estimats of the total internal loading.

A typical recordad pressure and impulae clas-
history on the backvall from the actusl tesc s
shown in Figure 8. The gas pressure rise within
the chasbar is clearly discernable as a long
diration swell batwean 13 and 100 masc on wiich
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the highly transient shock pressures are
suporimposed. Figure 9 is a comparison of the
calculated and measured average impulse time-
histories on the backwall. The calculated and
measured maximum impulses compare well. The
caleulated maximum impulse (2,075 psi-msec)

‘exceeds the measured maximum impulse (1,830 psi-

msec) by a factor of only 1.13. It is interesting
to note that the difference in the calculated
maximum {mpulse between the delayed (2,075 psi-
msec) and instantaneous (750 psi-msec)

connection failure is a factor of 2.4. [This
observation stresses ths importance of carefully
considering the time of connection failure when
calculating internal loads.
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caloulation with test data

In addition, high-speed photography shows
that pansl movament began at approximately 30 asec,
vhich cowpares well with the calculated 53 msec
delay tims.

Therafors, the five.step mathod provided a
good estiwate of the time of failure sud the

" internal blast loading in the chamber,

Although not presentsd hsrein, this methed
vas also used to predict the time of failure and
internal load for another test having the aame
type pansl but a lower connection capacity, The
sathod correctly predicted a tims of failure of 20
usac, To help puc the effuct of venting delay in
perspective, comparison of the aaximum impulse
from these two tests reveals an approximate 40
percsnt increass by delaying the tise of failure
from 20 to 30 msec.
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CONCLUSIONS

With good engineering judgment, the method
presented can be used to calculate internal loads
for a variety of venting situations not treated
before. With a good understanding of dynamic
structural analyses and internal blast phenomena,
the engineer can produce good approximations for
internal loads when the initiation of venting is
dependent on the delayed failure time of the
panel,
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8ackfill Effects on Buried Structure Response
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ABSTRACT

In this paper, we further investigate the role
of Structure Medium Interaction (SMI) on buried
structure response. A simple SMI model can be
constructed from applying the boundary condition
between the soil and structure that requires con-
tinuity of both stress and displacement at the
soil structurs interface. Exploiting these simple
boundary conditions, coupled with a simplie mode!
of the structural deflection, a set of diffaren-
tial equations that represent the response of a
buried structure to explosively produced loading
are derived. Limiting cases are developed for
flexible, perfectly plastic structures to fully
demonstrate the interaction betwaen the incident
ground shock loading and the structural defor-
mation. It 1s shown that deformation is con-
trolled by applied stress and displacement of the
30i1. For very flexibie walls, it {s shown that
the wall separates from the soi! very early in
time, and the solutfon degeneratss to the famtliar
impuisive toad response case.

INTRODUCTION

Structurs madium interactfon (SMI) effects
piay an important rola in the responss of buried
protactive structures when subjected to ground
shock 1oading from conventional weapons. The
{nfiuence can be profound for highly flexible
structures, with the effect diminishing as the
structure becomes rigid. Several papers have
appeared in the recent literature, for sxamle,
Drake, Frank and Rochefort (1), Hinmsn and
Weidlinges (2) and (3), that have incorporstsd SMI
models 1n the design of buried structuras.

While the appiication of SMI models has only
recantly been introduced into the design of pro-
tective structures, the role of SM! on tha
response of embedded structures has been
recognized for more than a century. For example,
Raylaigh (4) studied the radiation field produced
by plane sound waves impinging on rigid and
gaseous spherical inclusions. Tha designs of
naval structures (1.e., submarines and ships) have
used the Taylor plate models and plane wave
intaraction modals sincs World War II. Perhaps
the most widely used formulation is the Doubly
Asymptotic Approximation (DAA) developed by Geers
(5) that embodies both the high frequency “plans

n

wave approximation* and the low frequency effects
where the motion of the structure and fluid are
acting tnphase.

It was demonstratéd by Drake, et al. (1), that
a simple SMI model can be constructed from
applying the boundary condition between the soil
and structure that requires continuity of botk
stress and displacement at the soil structure
interface. Exploiting these simple boundary con-
ditions, coupled with a simple model of the struc-
tural deflaction, a set of differantial equations
that represent the response of & buriad structure
to explosively produced loading were developed.
The equations have direct analogy to the familiar
single degres-of-freedom (SDOF) system with
damping and are easily solved by analytical and
numerical means. A comparison of mid-span deflec-
tions measured on buried wall explosive tests and
computations using this simple model was within
230 percent of experiments.

In this paper, we further {nvestigate the role
of SMI on buried structure response. Limiting
cases are devaioped for flexible, perfectly
plastic structures to fully demonstrate the
interaction between the incident ground shack
loading and the structural deformation. It is
shown that, to first order, deformation is
controlled by both the incident stress and the
displacement of the soii. For very flexible
walls, it 1s shown that the wall separates from
the soi! very early in time, and the solution
degensrates to the familiar impulsive load
response case.

PROBLEM DEFINITION

A formulation of the SMI mode! 1s given by
Orake, at al, (1) by a combination of simple wave
propagation theory in the soi! and rigid body
machanisms {n the structure. Boundary conditions
of continuity of both strass and displacement be-
tween the soil and structure are imposed for a SMI

model., At the interface,

0f « Gpp + dp (1)
whare o4 {s the interface stress, apy i3 the
incident frae-field stress and op i3 {he
reflacted stress from the structure. Also at the




boundary, continuity of displacements requires
that

Veg - Vp = i (2)
where Yee 1s the particle velocity associated
with oep , Vp 1s the reflected particle velocity

and 4 {s the velocity of the structure., The
equation of motion for the structural motion is

(3)

where pe s the mass density of the structure, L
is the sgructure thickness, and R(u) 1is the
resistance per unit area. For an elastic-
perfectly plastic structure

oy = pelli + R(u)

Ku ugup
R(u) = (4)
Rmax udup
Using the relationship
o ® pe¥p (5)
where p s the mass density and ¢ 1{s the prop-

agatfon velocity of the 3011 and incorporating
the boundary conditions, Eqs. 1, 2, and 4, results
in the exprassion

(6)

which {s the equation of motion for the structure
that includes thes interaction affact. Strictly
speaking, Eq. 5 13 for a 1inear soil, but for real
s0i1s, the stress and velocity time histories have
different waveforms during unloading, Note that
the SMI effact manifests {tself as a damping term
related to the radiation damping provided by the
reflacted wave from the structure. Also nots that

Offmax * PV fmax o))

at shock impingemant on the structure. Thus the
initia) refiection factor {s two times the inci-
dent stress which arises from the tacit assumption
that the structure is moving as a rigid body. As
pointed out in Reference 1, substituting a reflec-
tion factor based on acoustic wave propagation
theory in place of the factor of two will not con-
serve momantum in this model. Al1s0, the reflec-
tion factor produced by this mode! can be as low
a3 ons -- depending on the rise time of the inci-
dent stress pulse.

psLU + pcl + R(u) = ops + pcVer

Note that during the early phase of the
response when R(u)~0 , then Eq. 3 is oy = pell ,
showing the interface stress is simply the accel-
eration of the structure times the mass. However,
the stress quickly decays as the structure §s
rapidly accelerated to the particie vetocity of
the sofl at the {nterface. The maximum structural
valocity occurs whan [ «» 0 ,

Gnax ® 2 Voo « R/pc (8)
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Thus the maximum velocity that the structure can
obtain §s twice the free-field particle velocity
incident to the structure. It can also be seen
from £q. 3 that the interface stress is reduced to
the resistance at the time that the maximum veloc-
ity is reached.

The role of the properties of the backfill
material can be investigated parametrically by
exploring the response of a perfectly plastic
system. This solution {s easy to obtain and can
be usad to {llustrate the salient features of the
SMI problem. Detailed integration of Eq. 3 with
complex resistance functions are in good agreement
with the simple bounding solutions.

SOLUTIONS FOR PERFECTLY PLASTIC RESPONSE

Consider a perfectly plastic structure with a
constant resistance function,

R = Rmax
Eq. 6 is easily integrated to give

t
oe) = oL Jore + pevpy - Ragyd e=0(E-T) g (9)
[}

where 1n = pc/m and m = pel .

The free-field stress and velocity time
histories can be estimated as (for example, seae
Reference 6)

ofp = pcVgeat

10
Ver « Voe-Bt Ho
where e s r/c , 8~ 1/2.5a and r is the
distance to the structure from the explosion.
Note that a simpier form of the velocity pulse s
assumcd here to facilitate the integration.
snce,

6 . 1 at.a-nt 1 -ft_ant
Wn(e e-nt) + n(° ent)

Yo Wn;a
- Max (1-a-nt) (11)
Smax
where omay = pcVg .
Limiting Case n >>a > B
Far most flexthle structures, n » ad> 8 .

that 13, the response time of the structura mass
{8 much less than the duration of the free-field
strass duration. For this case, a3 t > 1/n,
¢-At + 0, the wall velocity bacomes

g..g*dt*g-ﬂﬂ.n_ﬂﬂ;_x.

(12)
Vo Gnax




From this expression it can clearly be seen that
the structure velocity simply follows the velocity
history of the free-field stress and particle
velecity components.

The displacement of the structure can be
easily obtained by integrating Eq. 12 as

u = Vo (1-e-at) + Vo (1-e-B*) - Rmax t  (13)
a [N pC

Note that the free-field displacement {s
v -a-Bt
uge = Yo (1-e-Pt)
[

and that a ~ 2,58 , so that ths displacement of
the structure s following the displacemant of the
soil, to rirst order.

Thus for the case of Rpax/pc < Vo , the maxi-
mum displacement of the structure is clearly
bounded by

Umax S urr (1+€) (14)

where ¢ s 8/a < 1 . Of course for very resistant
structures the displacements fatl below this
bound, provided that the resistance is sufficient
to maintain contact between the soil and structure
at the interface.

Orake, et a1, (1) demonstrated this by para-
matric calculations and plottad the results as
shown in figure 1 for B = a . It can be seen
that the maximum deflection {s proportional to the
free-field displacements over a wide range of
input conditions. The dashed lines indicate whers
the structure separatas from the soil, as dis-
cussaed in the next section,
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Figure 1, Maximum cdeflaction of a perfectly

plastic SOOF with SNI mode! from
Orake, et al. (1).
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Thus, we note that the structural response for
fiexible structures is dominated uy the motion of
the free-field incident to the structurs. To
first order, the structure velocity ouickly
obtains and maintains the particle velocity of the
soil. The effect of the structure resistance is
to reduce this velocity by a constant amount.

From the free-field ground shock equations, it
is noted that at a constant standn7f distance,

Vo = constant

Imax @ PC (15)

uge a 1/c

Thus a tradeoff in the design and backfill proper-
ties is suggested. High quality backfill
materials will exhibit higher ¢ valuas, resulting
in lower free-field displac:ments, but higher
incident stresses, As shown in figure 1, varying
the resistance provides only a modest decrease in
the peak deflection,

Limiting Case for Cavitation at Interface

For very flexible structures (L/D = 10}, the
structure mass i3 very quickly accelr—ated to
velocities approaching twice the fre: 1ield par-
ticle velocity. [In these cases, tens.on can devel-
op at the soil-structure interface, resulting in
the structure being spalled or separated from the
soil. Rejoining with the soil may occur later in
time, depending on the decay characteristics of
the incident pu:se and the structure resistance.
étlgant:etshown from the solutions obtained in Eq.

“ddy a .

o = 2 opp e-Nt

for very exrly times. Therefors, from Eq. 3,

mi ~ 2 pcVgaNt - Rpay
and
10 w2 Vg - Rgay t/m. (16)
where M = pel. « The peak displacement occurs in
t.is case at a time, &« 2 Vo/Rmay . and gives
a 20 2
© Rpax ©

which 1s the familiar impulse response of plastic
systems,

- Umax (17)

The expressisn in €q. 8 can be improved some-
what by using the peak velocity of the wal! as
given by Eq. 8, and estimating the time of peak

' velocity as

tmax = I'Rmax/z%ax

piim + a (18)




which gives

Omax o 2-Rmax/9
T aToe (19)

Thus a better estimate of the peak displacement is

upax = L M0? [ 2-Rnax/omax) 2 (20)
2 Rmax 1 + am/p¢

Criteria for the cavitation at the interface
can be established from Eq. 12. The interface
strass can be calcutated from Eq. 3 noting that

g; u ~qe-at -ge-Bt

resulting in the exprassion

. g4 ® R - mVy (ae-at + ge-Bt) (21)
In order to remain in contact with the sotl,
o4 > 0, which requires
;."g..a_x. 2 Vg a (et + B/a e-Bt) (22)

For purposss of devaloping an estimate, note that
gasc/r and 8 ~ a/2.5 so that

Rmax 5 Yot Rmax » Pst 23
"?nJ')"F' or Tm—xapr (23)

Thus to avoid cavitation and minimize the struc-
ture deflaection, the ratio of the resistance to
the incident stress must ba greater than the ratio
of mass of the structure to the mass of the soil
betwasn the structure and the explosion,

Therefors, in the case of very flexibie struc-
tures whers cavitation is the dominant response
mode, the maximum deflection 13 largely independent
of the soi! medium, incraasing somawhat for high
velocity s011s as the tarm R/pc becomes small.

COMPARISON WITH TESTS AND CALCULATIONS

A number of buried structure tests were con-
ducted by the U, S. Army Engineer Waterways
Expariment Station in support of the U. S. Alr
Force Enginssring and Services Center (7)., The
tests, as raported by Baylot, used slabs with
fength to thickness ratios of § and 10, and varied
the wedpon position to sustain different damage
tevels, Calculated wall deflections using the SMI
mode) described in this paper were shown to be
within £30 percent »¢ the observed deflections
(see figure 2). All of the salient features
cbsarved in the tests ware successfully predicted
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Figure 2. Comparison of calculated and observed

rotation for buried wall tests from
Orake, et al, (1).

by the theory; namely, (a) the rapid decay of the
tnterface stress following the initial peak, (b)
peak interface stress that was only slightly
higher than the incident peak stress due to the
finite risetime of the input pulse, (c) in some
cases, separation (1.e0., 04 = 0) at the soil
structure interface, (d) late time interface
stresses that approach the structural resistance,
{e) and, most importantly, the deflactions were
accurately calculated by a simple handbook {deali-
zation of the structure.

In these tests, tha slabs with Yangth to
thickness ratios of 10 were observed to separate
from the sotl shortly after the shock arrival.
Peak rotations at the support calcutated by Eq. 20
{s shown in figure 3 comparad with the observed
rotations. It can be seen that the calculations
compara favorably with the test results for the
charge parallsl to the wall, Oeparture from the
theory can be sxplainad on tha varfation {n the
weapon effects due to wespon orientation. Lowar
deformations ware observed for weapons orientated
in an end-on configuratton and larger for a ver-
tical ortentation.

Another case that of cavitation dominating the
structural response {s clearly shown by a para-
metric study by Weidlinger and Hinman (3). Their
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Figure 3. Comparison of calculated and observed
rotation of burfed wall tests using
aquation 20.

example 18 that of a S3-inch-thick slab with a
span of 42 feet &nd resistarce of R@“ = 45 psi
subjected to a partially coupled (f= .5) weapon at
the ground surface. The weapon yiald was 1014 1bs
of TNT, while the backfill soil was sand, with a
pc = 22 psi/fps, ¢ = 1000 fps and n = 2,75 .

For the problem considered the incident -tress was
about 185 psi, which resulted 1n a maximum com-
puted displacement of 2.9 inches.

X ® 2.4 in,
solution.

Using Eq. 20, we obtain which

agress wall with the more exac

Both SDOF and finite elemant (FE) model solu-
tions were developed in Refereénce 3 for this
structure in ssveral soil types, as shown in
figure 4. From tha bounds developsd tn Eq. 23,

Rmax > 0,315
Omax

in order to pravent the siab from ssparating from
the soi1. In the baseline case, RTax’°ma .
45/105 « 0.24 , so this clearly faiis the gtst.

As the soil {s varied, the maximum particle veloc-
1ty 4t a given rangs 13 nearly constant while

the maximum stress incraases proportional to pc .
Therefore for soils with ¢ > 760 fps , the inci-
dent stress can always cause cavitation, and the
bounding soltution should provide good resuits.

Peak displacemants estimated ¢rom Eq. 20 are

4130 shown in comparison to tha SDOF and FE come

putations in figure 2. Since we are not certain

about the detaits of how the materia) was modeled

in (3) for the variation in ¢ , we provide two
_curves, one for n « 2,75 and n » 2,5, which bound

the computations. The simple, impulse load esti-

mate {s very closs to the FE calcutation for tha n
- » 2,75 curve up to ¢ = 3000 fps. For higher
vatues of c , it appears that the attenuation
coafficient was varied to & value of n « 2.5 at ¢
« 5000 fp!.
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SUMMARY

A SMI model is proposed that accurately models
the interface condition between a strucrure and
soil. During the loading phase, continuity of
both stress and displacement between tha soil and
structure was maintained. Resulting equations of
motion for this system resendle those of a SDOF
system with damping. However, the damping term is
the result of satisfying the stated boundary con-
ditions and is not related in any way to viscous
or frictional damping effects.

It was shown that interface stress is highly
dependent upon the inertial effects and the
deflection of the structural section. For many
important cases, the interface strass approaches
zero within twenty-five transit times through the
structural section and then slowly approaches the
resistance at late time. It was shown that the
maximum structural velocity cannot exceed twice
tne fncident free-fieid particle velocity even for
very low resistance structures. In contrast,
current design methods which apply the free-field
stresses directly as the interface stress violate
the basic displacement boundary condition and
cause the structure element to be accelerated to
velocities far greater than physically possible.

A comparison of theorstical results with
buried wall experiments is excallant, Calculated
wall deflections were within +30 percent of those
observed in tests. Interface streases were
accurately predicted as wall. The theory is
easi{ly solved for any structure and incident
loading by analytical methods or numarically on
desktop or programmable calculators.
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Figure 4. Maximum defisction computed by Eq. 20

compared with SOOF and FE analyzis of
a buried wall, from Weidlinger and
Hinman (3).
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BACKFILL EFFECTS ON STRUCTURAL RESPONSE
by

S. A. Kiger, F. D. Dallriva, and P. G. Hayes
U.S, Aray Engineer Watarways Experiment Station
Vicksburg, Mississippi

ABSTRACT:

Soil-Structure Interaction is an important considerstion in calculating
the rasponse of buried structures to blast effects. Results fros the Shallow-
Buried Structures (SBS) resesrch program, which is sponsored by the Defense
Nuclesr Agency, have shown that typizal buried command and control type
structures can sutvive as such as tenfold greater peak overpressure from &
nuclesr wvespon than vas thought possible. The unexpected hardness of tha
buried structures resulted primarily because the effects of soil-structurs
interaction had been underestimated. Data from the SBS research hava resulted
in significant revisions in vulnerability computational sethods and in our
estimetes of buried structure vulnerability to nuclear weapons,

In attempts to extrapolate the analytical methods developed in the SBS
cesearch program to coampute buried structural rasponse to conventional
vaspons, there is & grest deal of uncertainty because of the localized loading
and vesponse from conventionsal vespons, For exampla, che cutvas shown in _
Figure 1° indicate about the ssae predicted structurel response in o backfili
with lowv seisaic velocity (sbout 1,000 £ps), but shov a considecsble
difference in predicted structursl responsd et higher seismic velocitius.
There sre sany structuves in backfifls with higher seismic velogities,
espacislly in Eucope. ALlso, if back€ill cype does not affect structural

“ Feom lilnash, Eva E., and Weidlinger, P, Proceeding Erom Internacional

Symposium on Interaccion of Non-Nuclsar Humicions vith Structuces, Hannhaim,

West Cecrmany, 1987.
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response, 3 considerable cost savings could be realized in future construction

projects by not requiring a select backfill.

Unfortunately, there are very little data from conventional weapon tests
on buried structures in backfill materials with seismic velocities outside the
range of about 800 vo 1,500 fps., The differences indicated by the curves in
Figure | have recently assumed a greater importancae, since the analytical
aethods from the Army Technical Manual 5-355-1 predict incressing structural
response vilh increasing seismic velocity, and analytical methods in & new
draft Air Force deaign asnual predict structural response to be very neacly
independent of seiamic velocity,

This paper vil)l reviev the applicable theory, evaluate the analycical
asthods depicted by the curves in Figure 1, and compare predictions using
these asthods with ghe limited data base available.
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REINFORCED AND PRECAST CONNECTIONS UNDER CLOSE-IN EXPLOSIONS

T. Krauthammer and M. DeSutter

Depactment of Civil and Mineral Engineering
Universicty of Minnesota, U.S.A.

.

Abatzast

The response of reinfoyoed and precast
connections under the applivacion of close-in
detonation effeats has been studied. Typical
connsction details vers snalyzed by the finite
element mathods, and their parformance under
savera short-duration localited loads was

" gvalusted, Obsarved laficienciez in the behaviox
ware examinad, and subsaquant dasign
sodifications vers shown o correct the response.
The procedure for avaluacing neveral kese- and
tee-joints 1s presenced and discudsad,
Recomsandations are provided for tha desiga of
such concections.

Usually, connsotions are assumed to be
rigid syscems which allows ¢he ad? ining
alavants ¢o devalop their full potential.
However, if the connettions are not
designed adeguately that will not bs the
case, and thas structurss will fail
presaturely.  Exanples of this typs of
behavior ave maiy as dlscussed in
- {Krauthasmer, 1967), whara it wvas shown
- that floor-arcli Jointe exhibited mejor
dimaga. Daspite the fact that thess
- avvuctures vers Tested under a simulated

nuclear eiwvironsant, simiiar wodes of
Pahavicr could axist under localized
detonations. Recent studies on the

wodeiing of concrets bshavior under high
‘rate load effects at the University of
Ninnesota have made it posaible to
accurately analyte connections subjested to
this typs of loading.

&7

The magnitude and tima puise history of the
blaat load wvera determined through

intarpolation of data shown in Coltharp,
et. al.(1985). A 20* wide strip was
superimposed on the proposed pressure grid
at the vorst case lccation. The pressure
wvas then converted to a concentratad load
which will act on the end of a cantilaver
heam. The raesultant peak load was set at
2451 kips. Bassd on the same report, the
risa time to first peak was szat at 0.04
nssc. The duration of positive pressure
was sat at 0.5) masc.

Sanns

Ten connection datalls were 'amlyud for
-ghaiy structaral integrity under blast
losding. )

) els

The analysis vas cospleted with a ginite

“wlement code SAMSON 2 written by Schreyer,

et. al.(1%04). “his code utilizes a
consticative concrate damags model vrittan
by Stevens and Krauthammar (1988) at the
University of MNinnesota. In the
coipression domain the model utilizes a
combination of plasticity and contivum
damage machanics theories with a nonloval

- definition of a scaler dakags variable to

model strain softening. In teiisile regions
a nonassociated flow fule with assmociated
nodigication is ussd. This procedure will
accurately predict strength statss for
tensior and shuar while holding dilational
strains to a winimum and eliminsting the
possibilicy of spontanecus snergy
gensxation. The concrete »as modeled with'
a mesh compored of adratic 8 node
ractangulay and § node triangular slesents.
The mesh element size was refined until a
change in strass of St or less was obsarved
batwesn adjacent eslementa. This mesh vas
theit coapared to a further refined wesh
with 2 stress deviation of 5% or less
recorded at identical points. The steel
rainforcenent was wsodeied using Ddar
elémants connected to the midlina nodes of
the concrats slazents.




The adequacy of this procedure was checked
by modeling reinforced coacrete beams and
comparing the results to those measured
experimentally by Feldman and Siess (1958).

BEAM
MAX, DISPLACEMENT
(exper) (samsonz) c~1
Jj.o" 3.2" H-1
8.4" 7.2% These results are very

good considering the high degree of
nonlinearity and erratic impulsive loading.

The approach used to model beam/column
connection behavior is similar to that used
by Nilsson (1973). The column is rigidly
attached at its base (mid-height between
stories) and the beam is cantilevered
approximately one third of a typical span
length. This method was chosen in order to
predict a worst case scenario (i.e.
beam/slab discontinuity due to openings or
localized failure). A concentrated blast
load similar to that outlined above was
thsa applied to the end of the cantilever,
The details represent a beam/column
confiquration. However, the actual
gsimulation models a wall/slab structure by
analyzing a slice through the section
subjected to worst case loadings. This
approach does not consider 3-dimensional
load distribution in the slab for two
reasons. The blast locad under
consideration is somewhat uniform over the
width of the structure and the

susceptibility to repeated loading is
likely.
Three different ccnnection types with

varying details were chosen by their

parformance in previocus research. These
connections were then tes:ed by the
procedure outlined above for their

structural integrity. Minor alterations in
overall dimensions, area and leccation of
steel reinforcing, and material properties
were made until safe and efficient hehavior
was observed.

The parameters used to determine adequate
connection behavior are as follows.
Deflections should not exceed those
specified in the ACIY Building Code (318-
83), Direct shear should not surpass the
Hawkins shear limit as shown in Murtha and
Holland (1982). Flexural shear and
compressive stress in the coincrete should
not exceed AcCI spacified limits.
Reinforcement stresses should not excesaed
1/3 yield in the connection region and 2/3
yield at the hinge location., The location
of the hinge should occur at a distance d
from the face of the joeint. Following
these criteria will ensure adequate
behavior under repetitive blast loadings.

Below is a brief summary of each connection

and it's reinforcement details. all
connections represent a slice (or
thickness) of 20", reinforcement vyield

strength of 60 ksi, and concrete strength
of 6 ksi as shown in Figure 1.

Monolithic Knee Joint

Five different geometries with varying
reinforcement were tested.

E—2U 1 i s
FEFRCEENT

le s STIRRUPS
(CONFINEHENT & SEAR)

L | SECONOARY REINEORCDN
. D A7 (gL LoTos)

TYPICAL BEAM/COLUMN CROSS-SECTION
Figure 1 (SLAB‘WALL)

The first connection (BL~1A, Figure 2)
incorporates an 18" wide by 20" thick
column and beanm detaill. The beam and
column are reinforced with 1% steal (3 - #9
bars, fy = 60 ksi) on each face. Diagonal
steel (2 - #6 bars) ia placed on the inside
corner of the beam-column interface at a 45
degree angle with 2" of cover. The #9 main
flexural bars are anchored in the joint
with standard 90 degree hooks. Transverss
stirrups are tied around the #8 diagonal
bars and the outer face flexural bars. The
stirrups provide confinement for the joint
core, compressicn resistance for the
outside flexural bars, crack control at the
interior of the joint, and buckling
resistance for the dlagonal steel under a
closing moment. The size and spacing of the
stirrups can be determined by the procedure
proposed by Park and Paulay (197%).

The second connaction (BSL2A, Figure 3)
incorporates a 12" wide by 20* thick column
and baam detail. The beam and column are
reinforced with 1.5% steel (3 - #9 bars, fy
= 60 kal) on each face. Diagonal steel (3
~ #8 bars) is placed 2" from the exterior
face of an 8" diagonal concrete strut
locatad on the inside corner of the heap-
column interface. The #9 main flexural
bars are anchored in the dJoint with
standard 90 degree hooks. Tranavarse

stirrups are tied around the #8 diagonal
bars and the ocuter face flexural bars.




r ) ;W T N The fourth connection (BL-6C) is identical

s — to BL-6A with one exception. The diagonal

bar steel is increased to 3-~#7s which is

85— / P equal to the amount of steel used for the
Fij node 146 main flexural bars.

i The fifth connection (BLS6A) incorporates
i ™ 8 an 18" wide by 20" thick column and beam
detail with sifcon material added in the
g F connection region as shown in Figure 4.
- The material properties used for sifcon
| b with 12% by volume deformed steel wires are
T as follows: modulus of elasticity 1200 ksi;
compressive strength 12 ksi; and a tensile
strength of 1.8 ksi (Homrich and Naaman,
1988) . The geometry and reinforcement usad
in this detail are jdentical to the BL=-6A

kg BL' l A connection.

60 L N
i it Ky 10 Jo
_L .\‘\\ ) . ‘u‘\\‘\ — ” .!-
T\GS\\-; \‘\ ‘/I i_,
Figure 2 Connaction BL-1A 18 } '\!é\ :\“2\ ' /\ NOOE Ma_[ l
+ \.‘h\ .‘k‘—\ 7\ i s}
The third connection (BL-6A, Figure 3) BB *_é S
incorporates an 18" wide by 20" thick v AN A SIFCON
column and beam detail. The beam and B} (X NV REGION
column are reinforced with 0.6% steel (3 - | AV é
#7 bars, fy = 60 ksi) on each face, NI AP )
Diagonal steel (2 - #6 bars) is placed 2" ,
from the exterior face of an 8" diagonal i
concrete strut located on the inside corner
of the bheam-column intarface. The #7 main
tlexural bars are anchored in the joint 2
with standard 90 degree hooks. Transverse .
stirrups are tied around the #6 diagonal . BLSBA
bars and the outer face flexural bears. »
t T Y " 1 —
_— b 25, o i
N CYTes -F /; b Pigura 4 Connection BLS6A
18 4 V4 20 149
L N0, W ! Bracast Knee Joint
b4 Y 8 \-72 : Two types of precast details were tested.
I6 _ The first detall (PL-1D, Figure 8)
incorporates an 18* by 20" thick beam and
82 : golumn, The beam is placed on a corbel
T i vhich protrudes 6% from the face of tha
- column, A 1/2" cotton duck pad {s placed
BL-—b A betweei the bottom of the beam and the tup
of the corbel. A second pad ir placad
betwesn the aond of the beam and Lhe face of
kY) the column. The beanm is ther postensioned
S ) to the column with four #9 threaded rebar
\ ( L A _ as shown in Figure 6. The %9 baxrs are
&0 i placed in 3' lotyg sleeves in the bean and
threaded int. lenton covplara located in

i ' the column. These bars irs then atregsed
E to 33 ksi which will covpress the pad and
insure a uniform seal. %h.s detail (Flgure

. B 6) axhibited the best parformance in a test
Pigure 3  Connactions BSLIA and BL-6A of waven different precast connections
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subjected to severe dynamic loading
(Jayashankar, 1987). In addition a
continuous steel angle with a 3/8" diagonal
strut located at 20" on center is welded to
the face of the corbel and the bottom of
the beam. The design of the corbel should
follow standard practice as set fourth by
the PCI Design Handbook (1985).

- : . -
~ ]
I 4
= & NCOE 1650 P
e B 1
PAD
N— u
0

g 18

v

Pigure § Connection PL=-1D

Figure 6

Postensioning Approach

The sscond detall (PL-23, Pigure 7)
incorporates an 18* by 20 thiock bean and

column. The beam is placed on a corbel
which protrudes 6" Jrom the face of the
column. A 1/2% cotton duck pad is placed

between the hottom of the beam and tha top
of the corbal. A 4" gap betwaen the end of
the beanm and the face of the column will be
grouted solid. The bean is then
postensioned to the column with four ¢9
threaded rebar similar to detail PL~1D.
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Figure 7 Connection PL-2S

Monolithic Tee Joint

Two types of tee joint details were tested,
The first detail (BT-6A, Pigqure 8)
incorporates an 18" wide by 20" thick
column and beam. The beam and column are
reinforced with 0,6% steel (3 ~ #7 bars, fy
= 60 ksi) on each face. Diagonal steel (2
= #6 bars) is placed 2" from the exterior
face of a 4.5" diagonal concrate strut
located on the inaide corner of the bhean-
column interface. The 17 flexural bars
extending from the beam are anchored in the
joint with standard 90 degree hooks. Tha
column reinforcement is continuous through
the joint. :

NIE 24

&
&&_?
4

ﬁ-—-ﬂn—-—-—-—-,ﬂi s
. im H b

0 s i

) v " “i‘
¥ v e w

Figure 8 Connection BT-6A



The second detail (BT-8A, Figure 9) stresses which exceed the allowable in all

incorporates the same beam and column respects., The size of the members in this
dimensions with identical steel detail are not sufficient to resist the
reinforcement as for BT-6A. However, the design load. Detail BL-1A required a large
diagonal strut is increased to 9" and the amount of steel to obtain acceptable
diagonal steel located 2" from the face of deflections and large bar stresses were
the strut is increased to 3-#7 bars. recorded at the center of the connection
(element #64). For these reasons a

diagonal strut such as shown in details

e 3 (BL-6A), (BL-6C), and (BLS6A) should be

T added. Detail BL-6A satisfied all the
above criteria with a relatively low amount
of steel reinforcement (0.6%). Increasing
the amount of diagonal steel from half of
the main flexural steel has little effect
k] on the connections performance (see detail
BL-6C). The connection which performed the

&K
(-
—
]
O
o =g

best out of the five, incorporated "Sifcon"
+ 104 T material in the Jjoint region. Both
2 - deflections and bar stresses in the joint
]| 15 ; 4 . region decreased dramatically.
= —— -
8 o & | N\ A summary of the precast knee joint
b - — connection behavior is shown in Table 2.
< . : Detail PL-1D transfers all compressive
¥ T g g ¥ ' loads through a flexible, reinforced fiber

pad. Deflections are maintained at an
acceptable value, however compressive
stress in the top reinforcement is well
Figure 9  Connection BT-8A into yield which may cause buckling. The
stress in the tensile reinforcement does
not reach yield, however the stress is 20%
higher than allowable. Reducing the amount
of prestress to 10 ksi should alleviate
RESULTS AND DISCUSSION this problen.

A summary of vresults for the five
monolithic knee joint connectiaon details Table 2 Precast Knee Joints
are shown in Table 1. Peak deflections and

stresses are shown for concrete and steel
lhnzntl at cri&ical locations dis ggo WEENT | STAIES LN e | ste28 | pees
detail. Thess values are compared to tne -
allowable and a daetermination is made on Medo 108} Y-dlep lag 0.8 8.8 0.48 [ 0.41
the reliability of the detail. 14 shear ~420 -308 =424 | <308
3 x ~2700 ~1880 <2080 | -1480
) b 30 1000 800 | 44100
Table 1 Monolithic Knee Joints z Ax AL 3
o e 21400 14000 24030 | 23000
aevr | sraxss | avov. } et 10 var 43000 83000 $3000 | 87000
& il alresan S8L3A Be1A BlLetA 540, A " bor 433%0 88000 $2000 18000
weta 149 r’“lp‘l- 0.4 1.03 0.0 9.8 0.40 X 1] . vor 21800 38000 27000 10009
1" Yeatran . 1% 1} a.20 0.4% 8.4 0.8 m Yor 1000 78000 3000 proves
" X | 1700 1 -3000 | q400 | <100 | -tx0 | -1e00 - .
14 anear <038 [ -t1¢0 470 400 400 -
® shsar B L R L | O S I 1+ Details PL-2S and PL-4S ars grouted in
n 2 o e o 0 place with a 6000 psi concrate.
el yar ttoso | stoco | Aicon | Meod | 480 Conprassive stress in the top reinforcement
" L) AN330 ] 32000 | INGG0 | 43000 | A0 | 164 is well within allowable. Tensile stress
1) wae || e2030 [ esos0 | deaco | azeen | amwe | avem in the bottom bars is very near yiald.
o e es0 || ssoan | 1008 | teses | 1emea | 1¢e0e !écducing the amount of prestress in (PL-48)
" ose | teos | 1o | 8 0 10 ksi has lowered the stress to near
:: :" ::: :x ::m prereu Erveew “::: acceptable  values. Stiffening the
it conpressive region of this connection with

grout has greatly increased the tension on
the continuous angle assembly located at

the corbel. The spacing of the stiffeners
?&;m‘;‘)“gw:“gﬂ:“u;‘ b;::h::'i on‘;"l::g on this assembly should be decreased to 10"
on center.

Sl




The results for the monolithic tee joint
are shown in Table 3. Detail BT-6A uses a
4 1/2" diagonal strut. The tensile
reinforcement in the beam is stressed well
into the yield range. Therefore we
increased the strut size to 9" and the area
of the diagonal steel to (0.6%) in detail
BT=8A. This reduced the tensile stresses
in the joint region and relocated the hinge
to an acceptable distance from the joint
interface. Both details have shown high
flexural shear stresses at the interface
and interior of the joint. This is due to
a stiff column flexible beam configuration.
Correct design of shear stirrups at these
regions of concentrated moement and shear is
a nacessity. The reinforcement in the
column was subject to very light stress (20
ksi max.).

Table 3 Monolithic Tee Joints
ELRMENT | STRESS  [ALLOW.
4 pai BT-6A BT-6A
aode 243| X-disp in] 0.8 0.33 0.29
28 shear - ~§20 -850 -840
54 shear -620 -480 -820
48 [t-atrain X 0.3 0.33
101 bar 21800 10000 2300
102 bar 21600 38000 19000
103 bar 43330 88000 2000
104 bar 43230 68000 83000
BV i} 2ar 43000 __sgogq | _61000]
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A NONLOCAL CONTINUUM-DAMAGE PLASTICITY APPROACH FOR RC BEAMS SUBJECTED TO
LOCAL INPULSE

David J. Stevens

Asst. Prof. of Civil Engrg.
Clarkson University
Potsdan, NY 13676

ABSTRACT: In this paper, a rate-independent
constitutive model for plain concrete is proposed
for application to the analysis of {mpulse loaded
structural members. The model combines a continuum
damage approach, using & scalar damage varisbls,
vith a pressure sensitive plasticity model. The
plesticity model incoxporates a nonassociated flow
rule in veglons of low compressive or tensile
hydrostatic pressures and an associated flow ruls.
The concrets modsl is cosbined with a uniaxial
steal model and a layered, large strain, Timoshenko
beam element to parform the analysis of impulse
ll;o;dod. aioply supported, rainforced concrete
eans.

INTRODUCTION AND BACKGROUMD

The analysis of the response of fwpuiss and
blast loadad sztructurss, buried and above ground,
has received a continuous but varying level of
accentfon over the past 40 years, Dus to the
slaost infinite nusber of permutations of a given
structure’'s pavasaters (i.e, geomstry, material
properties, depth of burial, stc,) and antlc{pated
threats, and, dus to the costs of perforaing full.
and saxall-scale tests on such structuras, the
amount of available experimantal data, while broad,
_is  also  scant velative to any particular

combination of structure and {npulse load. Thus,
tha development of analytical/computational taols
axe freguired {n order to: 1) understand the
complex nonlinear bshavior of the structure (and
soil, if buried), 2) parform paramstric studies,
.and 1) develop design guidelines.

One analytical tool {is the Finite Elament
Method, which has buen applied with great success
to geomstricelly «nd materially nonlinear continuus
and  structural  probless. The guometric
nonlinesrities can be wodelled with the well known
kinemacic forwulations of large displacesent
analyses (Lagrangian, Eulerian, Updated
Lagrangien); the macerial nonlinearitles are not as
sasily accounted for, VWhile adequate models extst
“for the uonlinesr behavior of stesl, the
development of an accurate, self-consistent, and
unified codsl for ths nonlinear responss of plain
concrats is still an sceive ares of {ntevest.

I order to achicve a highoquality numarical
solution o a given boundary valus prodblea, an
fmproved, rats independsnr, strain softeulng,

Theodor Krauthammer

Assoc. Prof. of Civil Engrg.
University of Minnesota
Minneapolis, MN 55455

nonlocal Continuum Damage/Plasticity (CDP) model
for plain concrete is presented in this paper and
certain attributes of this model are dsveloped to
facilicate its application in structural slements,
such as beans, plates, and shells,

Given the complex hehavior of concrete, {t is
not ourpriaing thec a large number of distinctly
different constitutive models for concreta have
besn proposed over the years. Here, only the
Continuum Damage Mechanics/Plasticity models and
zodels for strain softening are discussed.

The nonlinear response of concrete is created
through the combination of microcrack growth and
frictional slip. The theory of Continuum Damage
Mechanics agoounts for the phenomena of strangth
and stiffness degradetion dus to microcracking; the
plastic flov and prepeak nonlinearity of concrete
can bs modelled with the theory of Plasticity,
Recently, the two theoriss have heen combined to
form a nusbar of successful epproaches for
modelling plain concrete. One of the firat
act.apts at combining the damage and plasticity
phenomana was made by Bazant and Kim '79, who
uerged a conventional plasticity approach with a
strain basad fracturing theory., lLater, Han and
Chenn '87 combined a asCress based thardening
plasticiey theory for the pre-failure vesporse of
concrete with & astrain basad plastic/fracturing
theory for the response aftsr failurs, Using the
intetnal variable theoxy of thermodynamics, Yazdani
and Schreyer '87 daveloped a Von Hises plasticity
surfaca and a mean pressure sensitive dasage
surface that accommodates the two modas (shear and
tensile) of cracking by taking into sccount the
gurrent stress state at the crack surfecs as
detarnined by the orchogonal projections of the
stress tensor. Also, Simo et al. '37 coupled a
conventional stress based Cap model with a scalar
damage variable that evolves using the rule
suggested by Maraxs ‘82; this approach ylelded
excellent rasults. Lastly, Frantiiskonis and Desai
‘87 cowbined a scalat damsge approach with
plasticity theory and found good agresment betwesn
predictions and test results.

The application of softening, rats Lndepandent
constitutive wmodels in the creatment of initial
boundary valus problams leads to a loss of
hypaxbolicity in the governing equaticns of motion
and co uesh dapendency, localization of strains,
and srronsous pradictions of energy dissipacion in
nuserical ¢alculations; thus, the potentisl for




such negative side effects exists for sach of the
models mentioned in the previous paragraph. As

discussed by Read and Hegemier ‘84, strain
softening in concrete is the direct result of the
formation of discrete internal structure due to
microcracking. Thus, in the softening range,
concrete can no longer be rapresented as a
continuum and somes form of representation of the
internal structure must be included 1in the
constitutive model. In order to overcome this
difficuty in modelling, various methods for
enforcing finite energy dissipation over a discrete
vegion of the body and for removing the mesh
dependency have been proposed; these include: a
composite damage formulation which incorporates a
"damage volume* and distinguishes between tensile
and shear cracking (Willam, Bicanic, and Sture
'84); the Introduction of higher order spatial
derivatives into the strain displacement relations
(Lasry and Belytschke '87); and, the introduction
of the strain gradient into the definition of the
strength or yield function (Schreyer and Chen '86).

One method of particular interest involves the
use of "nonlocal" constitutive laws, in which the
dependent variable at a point is not solely a
function of the state variables at that point but
rather depends on what ocours in the neighborhcod
of that point, Such an approach was formulated for
concrete by Bazant et al. '84, who averaged both
stress and strain over the neighborhood of the
point and used the nonlocal definitions of the
stress and strain directly in the governing
aquations. Recently, Pijaudisr-Cabot and Bazant
*87 applied an avaraging approach to a nonlocal
definition of the damage variable in a Continuua
Damsge Mechanics modsl. With this approach, the
field equations have the standard form and no extra
boundary conditions are needead. Their work is
particularly interesting in that they succeasfully
combined their nonlocal eapproach with a layered
beam element to analyze the response of &
statically loaded beam; they showed that, dus to
Suler’s hypothesis of plane cross aections, the
length for damage averaging can not he less than
the beaa depth. It should be noted that the use of
the beam depth for averaging the damage can be
validated physically by aexanining the hinge
formationa in besms that have besn loaded to
fatlure (Corley *'66): in wmost ocases, the hinge
langth is on the ordst of 85 to 95 percent of the
total depth.

As s wvell known, rotatory inertia and shear
offects significantly alter the response of
structural elements that are loaded over a very
short tias period relacive to the element’'s natural
period, and, ctherefore, & layered, large
displacessnt, large strain, Timoshenko beam elament
is developud. The proposed constitutive wsodel ia
combined with this Tisoshenko bedm elemsnt and a

strain  hardening plasticicy wodel for the
reinforoing steel to successfully analyze tws'
simply supported, f{mpulse loaded, reinforced

concrete beams teuted by Feldmun and Stess °58.

A NONLOCAL CONTINUUN DANACE/PLASTICITY MODEL FOR
PLAIN CONCARTE
The oconcrete wodel devaloped heruin i{s a
coabination of Continuus Damage Hechanics and
Plasticity theories and {t wuses a nonlocal
definition of a scalar dasage variable to modsl
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strain softening, Various researchers have
combined plasticity and continuum damage approaches
to successfully reproduce test results of material
elements; however, without a consistent technique
for stabilizing the strain softening calculations,
they appear doomed to the same shortcoming

discussed above (mesh dependency, unrealistic

energy dissipation, etc.) when applied to realistic
boundary value problems. The nonlocal approach
described in the following successfully
incorporates strain softening effects.

The Continuum Damage Mechanics portion of the
approach developed herein: and discussed by Stevens
and Krauthammer '88 (to appear), is based loosely
on the approach proposed by Frantziskonis and Desai

‘87, in which th2 strength and stiffness
degradation are modeled with a scalar damage
parameter. It can rightfully be argued that a
complete three dimensional treatment of

microcracking effects on the response of concrete
requires a higher order definition of the damage
variable, and, €£irst, second, fourth, s&nd even
aighth order tensors have been proposed. However,
in cases where damage directionality is not a
dominant feature, such as in the plane strain or
plane streas conditions of beams, frames, and
slabs, a scalar parameter is sufficient (Resende
*87).

The determination of how cthe averaging of
dapage is to be performed (in order to develope a
nonlocal damage parameter) and the value of the
characteristic length, 2, (over which the averaging
{3 to be performed) are based on considsrations of
the proposed application of the constitutive model.
As Pijaudisr-Cabot and Bazant '87 show, the use of
the Euler hypothesis in a beam analysis requires
that the averaging length be greater or equal to
the beam depth, Therefore, since this constitutive
model will be implementsd into a Timoshenko bean
elezment, which is based on the Euler principle and,
in which, the shear strain i{s vrepresentad
kinematically by a rotation of the cross section
sioilar to the flexural rocation (as discussed
later), the dazage averaging isx perforaed
uniaxially at each layer of the bsan element, in
the direction parallel to the long axis of the
bean, and the charscteristic length, 1 is taken as
the beaw dapth, This one dimensional averaging
scheme reatricts the possibility of strain
softening through the depth of the beas; thus,
vhile the nonlocal scalar dsamage parameter does
degrade both shear aund normal stresses, & monotonic
loading pacth of puve shear at a cross-swction of
the bes will result in a constitutive response
that 19 olastic/strain hardening plastic in shear,
providing damige has not occurred at the
fncegration points adjacent to the cross section.
This shortcoming might ba ovarcoms through use of
two nonlocal scalar damaga paramaters, rvepresenting
tensile and shear damsge, separately. However, as
the results presentad later show, this uniaxial
dasage averaging cechnijue s suitable for the
beans that vere analyzed.

The next {ssue is the form of the svolution
aquations for che local damage paraseter; (n this
approach, the evalution equations will be
patameterized using the concept of aquivalent
consile strain (Mazevs '82; Ortiz ‘85; Simo and Ju
‘8.

The of the toplcal

tesponss {undasaged)




material {s controlled by the plasticity portion of.

the CDP model, which employs a continuocus, smooth
yisld surface that combines a strain hardening
modified Drucker-Prager failure surface with a
curved cap; this model was daveloped by Schreyer
and Bean ‘87, who refer to it ags a "Prager-Drucker”
cap model to differentiate it from the Drucker-
Prager cap modsl commonly used for modelling soils,

A ical modified Prager-Drucker yield surface
in the JI, P plane is plotted in Figure 1.

Over the majority of the yield surface, the
plastic strain tensor evolves through use of an
associatad flow rule; however, when the model is
specialized from the three dimsnsional state to a
plane strain state (as is typlcally assumed for
analyses of structures that are "long" in the
direction perpendicular to the plane of loading), a
nonaccnciated flow rule provides more reasonable
results in regions of tensile hydrostatic pressures
and low compressive hydrostatic pressures. Under
plane strain conditions, the associated flow rule
generates dilation, which creates, in turm, an
unrealistic confinement stress in the out-of-plane
dirsction; since concretes is a pressure sensitive
material, this out-of-plane compressive stress can
lead to erroneous predictions of shear and tensile
strengths.

In order to obviate this shortcoming, the
concrete model proposed herein uses a nonassociated
flov rule in regions of tensile or lov compreasive
(less than 0.1 £!) hydrostatic pressure to reduce
the dilationsl strain predictions while at the same
time alloving adequate predictions of strangth.

The nonassociated flovw rule {a i{mplemented with
¢ plastic potential that is chosen as another
wodifisd Drucker-Prager surfacu as showm in Figure
2.

Thers ars two shortcomings to the use of a
nonassociated flov rule. First, nonassociated flow
rules laad to asymmetric tangential elastic-plastic
coapliance tensors, vhich, in turn, are difficult

to accommodate cousputationally in the cypical
solution schemes used in Finite Elemsnt
applications. Hovever, since the central

difference technique (s used to {intagrate the
squations of motion in the Finice Elsment approach
discussed later, the tangential cowpliiance is never
axplicitly caloulatsd or Iinverted and this
diffioulty is avoided on the computational level.
Second, and most {mportantly, the sain criticiasm
laveled against the use of nonassociasted tlow rules
{s the potential for spontansous energy gensration.
This unpleasant featurs wvas first discusssd by
11’ lushin '61 (a summary of Il°'lushin’s proof is
presented by Sandler and Rubin '87).

The wodified Prager-Drucker plasticity modsl
has the following advantages: 1) strain havdening
{s predicted for all paths, 2) more ductility is
predicted for paths associated vith large wesn
pressuces, 3) the yteld surface intersscts the
hydrostatic axis ac right angles for both positive
and negetive mean pressures $0 vo spacial algoritha
{s needéd at thase intersection points, and &) the
tlow surface (s continuous &nd has a continuous
derivative everyvhers so a corner algorithm is not
required (Schreyer and Bean '87).  Although the
nusber of raquired material constants {s large, the
valuss may be deduced directly from conventionsl
unifaxtal and triaxial test cesults; also, Schteyer
and Bean ‘87 and Stevens and Krauthammer ‘88
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present representative values for low, medium, and
high strength concretes.

The proposed concrete model (using the local
definition of the damage variable) was evaluated
successfully, on a material 1level, through
comparisons with three sets of concrete test data;
for a full presentation of the results, the readesr
is directed to Stevens and Krauthammer ’88.

TIMOSHENKO BEAM ELEMENT

The kinematic relations for the layered
Timoshenko beam element are based on the usual
assumptions: 1) plane sections originally normal
to the niutral axis remain plane after deformation
but not necessarily normal to the neutral axis and
2) the shear strain is constant over the beam’s
cross section and may be defined as a rotation of
the cross section. Assuming small to moderate
rotations and small axial strains and, using the
definition of the Green-Lagrange strain tensor, the

nonzero, nonlinear, strain displacement relations
may be written as
1
€y = U - £ (8 -y") N A S §
2
1
¢u-;[1+U'(7~0)) eeaas A ¢ 2

where U = U(§;) is the axial displacement of the
neutral axis glong the beam, v = y(§,) is the shear
deformation, 8 is the total rotation of the croas
section, V & V({,) is the transverse displacemant
of the neutral axis along the beam, ¢, are the
local beam coordinates (i «1,2), § m V', and ( )’ =
devivative w.r.t. the independent wvariabls. In
this formulation, the axial diasplacement and the
shear rotation are interpolated with linear shape
functions acting on the nodal variables, and the
transverse displacement {s {nterpolated using the
standard cubic Hermatian polynomials acting on the
total rotations, or A =4, - T, vhers /, and I,
are the flexural and shear rotations, respectively,
ac node { of the beam. The shear rotations are
retained us indepandent dagrees of fresdom and
gontinuity of shear scross elemsnts (s presarved,
In the f{aplementation of the Finite Element
method using central difference r‘me intagratium,
the calculation of the f{nternal ferce vector must
be pecforaed, The {ncernal Pforce vector (s
equivalent, {in a vircual wvork cense, o tha
{ntexrnal element stresses created during the
deformation of the element and it {s defined as

zrm)-I [31T0e] dVol ..iviiiiineninne (D)
Vol

where (Fyyy) fs the (internal force vactov
equivalent to the elamant’'s stress atats, [B}% (s
the thres dimensfional strain displacesant aatrix,
and {o] {s che Cauchy stress tensor (matrix). For
invegration through the depth, the elessnc s
subdivided into 10 layers and thea integration {a
perforasd by a sumnation of the ztresses at sach
laysr; the stresses in the steesl and concrste are
¢alculated vith che msodels discussad above and a
perfect bond is assused betvesn the reinforcemsnt
and coticrete. Ths I{ntegration over the length of




the element is performed using three point Gaussian
integration. Also, the movement of the neutral
axis due to the material nonlinearities is tracked
with an iterative technique developed by Puglisi
and Krauthammer ‘87,

BEAM ANALYSIS AND DISCUSSION

The Timoshenko beam element was combined with
the proposed CDP concrete model and a uniaxial
elastic/strain hardening plastic model for the
reinforcenent steel (see Park and Paulay '75); the
shear contribution of the steel reinforcement is
assumed small compared to the shear force resisted
by the concrete and, thus, the steel response is
nodelled as uniaxial, The resulting approach was
applied to the analysis of simply supported
reinforced concrece beams, which were subjected to
large amplitude, short duration loads at midspan
(Feldaan and Siess '58), Figure 1 presents the
dimensions, cross sectional geomstry and some of
the instrumentation for beams Ul and Cl; Figures 4
and 5 pressnt the linear approximations of the
applied loadings of beams HL and Cl, respectively.
During testing, both beams experisncad considerable
damage and large permanent deflection. The
reaidual midspan displacements ware approximately 3
inches and 2.5 inches in beams Hl and C1,
respectively.

Dus to the symmetry of the beams, loads, and
boundary conditions, only one half of the beam was
modeled, using the coarse and refined meshes shown
in Figura 6, At the right hand node, the
horizontal displacemant, shear vrotation, eund
bending rotation are restrained,

As is typical with most test reports, only the
compressive strangth of the concrete and the yield
scrain and strass of the stesl vers veporcted by
Feldman and Siecss *38, The concrete compressive
screngths of besas NI and Cl vera 3960.0 psi and
$830.0 psi, respectively, so “typlcal” values for
madiua etrength concrete are used in the analysis,
as listed in Tabie 1. Also, typical values for the
reinforaing steel were sssumed, as listed {n Table
2, fThe dansitiss of the concreate and stesl veve
caken as 130 pef and 490 pef, respectively,

The aequations of wmotion wers integrated
temporally with the conditionally stabla cantral
difference technique; the integration time step vas
chosen as half che critical time astep (vhich was
governad by the flexural frequency).

Coaparisons betveen the experimental and
caloulated displscement histories of Gages 3, 4,
and 3 of beam HL are shoun in Figure 7 for coarse
wsesh. Mash-gensitivity was checked by using the
modal with refined mesh and it vas obrorved that
this algerithm ls not sensitive to ths finsness of
the model, As this figure shows, ctnere is yood
sgresmant bstvesn peak displacomant, texidual
displacemsnc and the tims vhen pask displacJments
ogour .

The vresults {n Figure 7 vhen considared
alongwith the mesh-independencs of thie algorithm
and the fact that & significant amount of strain
sofvening has occurred at widspan, shov that the
cosputacional diff{culties normally present with
strain softening scdels have besn allevisted with
the nonloval CHP modsl. In order to verify the
betefits of the nonlocal approsch, beass H1 wvas

36

reanalyzed using the coarse and refined meshes gnd
the CDP model without the damage averaging; the
computed histories of the midspan displacement for
the local and nonlocal, coarse and refined mesh
analyses are plotted in Figure 8. As shown in this
figure, the local strain softening model
overestimates the displacement with the coarse
mesh, and, with the refined mash, the displacement
appears to continua to infinity. An examination of
the output for these local analyses showed that the
damage localized into the element directly next to
the load; for the refined mesh, this element became
a kinematic hinge and hence the increasing
displacement.

Comparisons between the measured reaction at
che left end of the beam and the calculated
reaction using the coarse mesh for beam Hl are
shown in Figure 9. Again, there is very good
agreement with the peak reaction and the time of
peak vreaction, as well as the time when the
reaction force raturns to zero. However, after
approximately 60 msec, the calculated reaction
oscillates with & higher frequency than the
measured reaction; this difference is due to the
fact that the unloading stiffness predicted with
the continuum damage/plasticity model is too larxge
(as discussed in Stevens and Krauthammer '88),
resulting in a stiffer beam with a higher natural
frequency. A correction to the constitutive model
would improve the results for the response after 60
msec; however, the key point is that the peak valus
is correctly predicted as i3 the time &t which the
peak occurs and the time when the rsaction returns
to zevo.

CONCLUSIONS

A nonlocsl Continuum Damage/Plasticity nodel
has been devslopad and implemented for the analyses
of reinforced conoreate beams. In the development
of the model, praviously proposed formulations were
modified and combined into & comprehenslve
constitutive velstionship, This nmodsl has besn
verified for wvarious stress paths and by the
analysis of reinforced concrete beams under impulse
loading,

The results of the analyses of tna tvo lapulse
1oaded beans agres quite vell with the experimental
dats, The analyses predicts the displacessnt,
reaction, and strain histories very closely. The
obasrved sesh independence is particularly pleasing
considering the shortcomings usually associated
vith scrain softening constitutive models.

In conclusion, it appears that the coubination
of the Timoshenko hean elemsnt with the nonlocal
COP model and the uniexial steel mocdel {& capable
of representing the dynamic behavisr of reinforced
contrete beams quite accurataly.
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Abstracts

This paper summarizes the result of a Phase | SBIR re-
search effort with an overal] objective of reviewing and analyzing
stochastic process methodologies for their applicability to protec-
tive structure design {1]. The ressarch focused on the following
tasks: (1) develop an overview of the phases of protective struc-
ture design and identify specific arsas where probability-based
methods aro applicable; (2) identify the steps required for the de-
velopment of reliability-based design methods for protective
structures; and (3) illustrate the application of reliability methods
to the anmysis of an aboveground structure and a buried structure,
The Phase I results indicate that fundamental improvements io the
design of protective structures can be achieved through rescarch
and spplication of modern conceyis of structural rediability. These
{m; include: (1) systematic identification of uncer-
tintios and failure modes; (2) development of reliability-based
dasign factors; and (3) development of an malysis tool for Rirviv-
ablo structires and facilities.

" USES OF PROBABILISTIC METHODS IN PROTECTIVE

DESIGN

: Tha protactive design process involves & number of activi-
_ Uss or phases that interact in various ways over the dasipn life
“cycle of a facility. Five basic phases were identified; (1) thrent
evaluaiion; (2) mission and performance criteris development; (3)
design and snalyals; (4) constsuction: and (3) test and operation.
Thase phases cover the ontiro rings of operations of protective
design, Pollowing is a brief summary from Relerence | of each
phase with tespect to key uncertainties and the potential applica-
tions of probabilistic methods.
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Threat Evaluation Phase

The objective of threat evaluation is to determine the
wartime artack strategy and types of weapons to which the facil-
ity/structure would likely be subjected. Three general types of
uncertainties are associated with threat evaluation: (1) attack
strategies (decision variables such as aimpoints, number of sorties,
and weapon types) that the enemy force might employ oa a facil-
ity; (2) the modeling or prediction errors associated with 8 model
of attack and enemy weapon characteristics; and (3) the random
uncertainties (such as CEPs, fuse performnance, bomb survivabil-
ity) about the mean values of predicted performance, Probabilis-
tic methodologies with direct application to treating and analyzing
theso uncertainties include (1) decision analysis and game theory;
(2) Monte Carlo Simulation; and (3) extreme value theoty.

Mission/Performance Criteris Development Phase

In the mission and pecformance critoria development
phase, the stated mission is translated tnto & set of design require-
maents for each facllity, which can be used 10 dovolop design crite:
ris for individual structures, General design criteria gpecily the
acceptabls structural performance in tegras of limiting damage
relative 1o intemal equipment or porsornel, In addition o the
general design criteria, there are ofien requirements on design

‘performance, Thess requiremonts may be treatasd s constraints

that the design must sasisfy, Cost, survivability, maintainabitity,
reliabillly, and constructability are elements that rmay be expressad
as general criteria oe constraings on the design petformance.
Thess paruneters are essentially dectslon variables that are estatv
lishad during the criteria development phase. These variables
specify the mquirements of the facility, xnd as such, there ls gen-
erally no need to et uncerainties. However, trzertaintics that
tesult from the predicted performance of a design to meet tiess
criteria may be significant and should be treated in the analysis
phase.




Design and Analysis Phase

The design and analysis phase is the central activity of
protective design and the one with the greatest focus of research
activity, It can be subdivided into three elements: design synthe-
sis, system failure mode analysis, and design analysis. Design
synthesis begins with the development of a protective design
concept based on the specified threats and the general design
requirements. Structural form, material, construction method,
location, and externsl protection are attributes that the designer
2an select in the development of the design concept. Re<carch in
this arca deals with basic topics, such as improved materials, as
well as innovative concepts for protective construction and basing
altesnatives. In addition, research tools from optimal design the-
ory and artificial intelligence are relevant.

System failure mode analysis involves the identification of
potential failure modes of each element and developing the struc-
ture and facility failure paths, For quantitative analysis and com-
plex systems, event tree and fault tree methodologies are useful
toals to perform system modeling, ideniify vulnerabilities, and
assess consequences of damage and loss of function. The integra-
tion of event and fault troes provides an analytic approach for
systamatic identification and modeling of the sequence of failure
and the determination of :a critical elements of a comiplex sys-
tem. They provide the bes: available means for identifying and
understanding facility design and operation in a manner that leads
to a quantification of system reliability.

The design analysis phaso follows the development of the
preliminary design concept snd the identification of all relevans
failure modes. The four basic .teps are: (1) obiain information on
weapon characteristics; (2) assess weapon effects; (3) develop
structural loads from specified wospon threals, chanctesistics and
cffects; and (4) analyze structural response. This phase is the
central activity of many atructural analyns/dedgners foe conven-
tional weapon effects,

Reliabillity-based design (RBD) methods provide a ra-
donal method to treal uncertaintios in the desige and analysls
phase. Crcs these methods are developet and documented ina
research phase, tho designer would work with deslgn lastors (such
as load and resistance factors) and ‘s not roquired 1o perform
“probabilistic™ enalysiy. As sunmarized by Biingwoad et al, (2],
the principal sdvanuages of probabilistic tinit stais design are: (1)
more consistent reliability (survivability) is atainad for differcit
dasign situations berause the diffcrent variabilitios of the various
structural strengths and loads a2 treated; (2) the reliability tevel
can be chosen to refloct the eonssquences of damage on structunad
collspse; (3) the designer achisves a better undersiinding of the
fundamental structiral requirements and of tha behavior of the
structure in meeting thesa st uirements; (4) the design process is
simplified by encouraging t » same design philosophy and proce-
dures to be adopted for all materials af construction; (5) better
judgment can be applied W nonroutire situations; and () design
maiuals can be updated in & niors yatlona) manner,
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Many subdisciplines of structural reliability analysis pro-
vide the methods for developing and implementing reliability-
based design. These include second moment methods, stochastic
load combination, stochastic finite elements, and design code
calibration. Common mathematical tools inciude applied statis-
tics, Monte Carlo simulation, error propagation, and experimental
design. Optimization theory has also been applied to structural
design to ident"fy designs t.at cptimize performance (minimum
cost, maximum reliability) for specified cesign criteria.

Coustruction

Permanent protected structures are often constructed in-
place and are therefore subjsct to construction errors and toler-
ances. While research and some data on nonprotected construc-
tion errcrs and uncertainties exist, rescarch has not been per-
formed for protective construction. A general belief is that these
uncertainties are small compared to those resulting from the re-
sponse analysis. It is noted that construction errors associated
with field festification and nonenginecred structural upgrades
should be treated separately.

Test sad Operation

The teat snd operation phase represents the final activity of
the integratod desizn process and stractural life cycls. It can bo
divided into two time periods: peacetime and wartime, In peace-
time, controlled experiments and tests are performed to assess
strucural porfarmmnce. Experiment design concepts sd methods
of statistical inference aro useful prohubilistic methods for these -
applications. In wartime, the strucnares will be subjectid to efe
fects from eneny wespons. Maay sivuctures will be dunaged ©
different degrees. Damage sssessments and analyses of safety

will nead to be performed, both u o field level, and luer, in a

more detsiled engincering analysis. Useful methodsiogles are
sysiem [dentification, eaginsering databuses, and expert sysiems
technology.

BURIED STRUCTURT ANALYSIS EXAMPLE

This example comndres duerministic and probabilistic
anslyses of a bor-shapod siructure buried in sandy clay. The
threal s given avd tie damage probability is to be détermined as a
funclion of scaled standoff (A) for 0.5 < A <30 /1b 'S, The
trructate containg critical shock sensitive communications sguip-
ment, which has & frequency of 10 Hz i the dominant response
mods and is hard mounted to the floor. The struciure is assushad
(o {ail to pesform its mixsion if the equipment is damaged,

Deterministic Analysis Mdhoddo(y
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example is limited to existing design manual type methods, Two
failure modes are evaluated: wall flexual failure and excessive
floor accelerations.

Wall Flexual Failure. The deterministic method for com-
puting the flexual response of the buried wall is the equivalent
single-degreo-of-freedom siructure-medium interaction (SMI)
model {3). The solution of the equation of motion gives the dis-
placoment of the center of the wail. In this spproach, the peak free
field stress is multiplied by an equivalent uniform load factor
given by Kiger [4]). Thia factor accounts for the noauniform na-
tve of the loads dus to conventional explosives and ix a function
of the wall aspect ratio and the distance between the bomb and the
wall

Figure | shows the center defloction of the structure wall
as a function of acaled standoff (A) predictod by the SMI model.
Also shown in the figure is the empirical National Defense Re-
search Committes (NDRC) damago curve for huried reinforced
concrets walls, Note that the NDRC cusve is for walls with length

* o thickness rutios (/) in the range of 5:1 0 1%:1 and face dimen-
sions ratio (wh) of about 3:5. The example problem wall, how-

- ‘ever, has an 1Ad ratio of approximately 2.5:1 and a face dimensions

-~ ratio of approximaiely 0.5:5, Hence, the flexual model used in the

- SMI analysis is cxpocted 10 be conservative in predicting damage
. {or thia very thick well: Based on dumage level as a function of
support rolation (9], the SMT model predicts that wall damage is

huvyforl;4<lsm ndhuhdpmfam{orlm,
Huci%ummmmmddm

: 'qomrarmnduguhk Tils 1a dua to the stenpriss of
the deflection versus range ave, which is prtly o el of the

- Cant aleoeation of peal: fres Beld stress with ringe. The sesposs

- ol twcurve prestats a difticult problses s e enlyst sisce, o a
- detesministio evaluation, [t migyests that ha is abia to predict that
], alnoet unnoticeable, changes by standoft result in large

- changes i prodicead dumige. Since sl tha uncertainties in the

toalight for A > 2.3, moderate for LT < AS2), .
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 FIGURS 1, Desermiaisic Prediction of Wall Deflectiots
Reliabllity-Bussd Analysis
Reliability-based snalysis tavolves the perfiemaancs of a

soquence of supe, including faiture mods agalysis snd quantifics-
ton of uncertkinties, prive to e evaluston. Thaes

. stape see daaceibed b deall in Referencs 1. Oos of the key owt-

puts of tils procadiee s the quastification of perseu.iee wicertais-

~ ties and mmodel prediction acrors lor existing determainistio snalysis -

approache. For exasplo, Table § sunmurices the results of the

* apcaraluy snalysis for G faxund Salure mode, which are bassd

T anilysis ave baen neglacied, thare i 1o untizive procedure
,mwwmummnﬂ@qm _

- In-Stricciere Shock. The (r-spicture shock envirotmient
- is charschrized by esiimating the respinse spectrs of the cauter of
- the stroctiire floor. ‘This responss spectrs is obained from esti-
~makex of the maxiruum Goor scceleration, velocity, and digplace.
" ment, using tw procedires in Reférences 6 and 7. Rar this ex-
,mmxyummmmmmmwm
mmnm

, mmmmwmmwme
" floor is estinmiated by scaling thé peak floor scceleration, velacity,
and displacement by 2.0, 1.5, and 1.2, respectively, a3 recom-
_mended by Kiger {7). Thess factore give the amplifisd motion in
the scoclarstion, veocity, ind displacerment regions of the spectrs,
respectively. The resuliing analysis indicates that for equipment
capacity of 10 g's ((or a short duratioi pulss typical of a conven.
.. onal wespon), equipmen: {allure would be predicied for A < 1.0.
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on both direct data iy sis snd cotsiparisons of model peadictions
uwmw

B Mm&hﬁmﬂmmwwwmw
cortainties heough (e detsrministic structhira] responds modals,
mm«mwmuumhammm

“for cach failure mode (wal! flexure id in-mrociure thock), the

Wall Flexure Damage. Table 2 compires the detenninis-
tic {norninal) and the reliability-dasext prodictions of the deflection
ol the conster of the wall. The dilfevencis in the mean and nocinal
deflections are dus to the 1S percent under bias (see Tadls 1) in
the nominal model and the fict that the wall responss is nonlinesr.
Another important observation in Table 2 is tie large standird

Figure 2 shows predicied damage as a function of scald
range {or the detenministic and probabilistis analysis. Note the so-




Tabls 1. Uncertainty Analysis for Buried Structure Example

Uncertainty Characterization
Uncertainty Type, -
Model end Piraneters | Mean/ C“fﬁ?’ﬁ'“
Nominal of Variation
1. Prediction Error
Wall Flexure Model
Max Deflection 1.1§ 0.25
L/d Cutside Data 1.0 0.15
Limited Data 1.0 0.0§
Groundshock Model
Peak Fres-Field Stress 1.0 0.65
2. Random Uncertainties
Structure
Concrete Density 1.0 0.05
Concrete, B, 1.0 0.10
Concrete, f, 14 0.20
Steel, fy 1.5 0.15
Soil
Unit Weight 1.0 0.05
Seismic Velocity 1.0 030
Free-Field Stress
Stress-Decay, @ 1.0 0.10
Attenuation Coefficient, N | Treated in Mode! Pred. Exror
Yield, W Deterministic
Range, R Deterministic (Par, Variation)
Damags Criteria 1.0 0.20
(Support Rotation)

Table 2. Buried Wall Canter Deflection Statistics

Deflection(in)
Range Probabilistic
(£t1b %) | Deterministic Standard
Nominal) Mean Deviation
1'0 = e -
1.5 7.9 126 207
2.0 36 5.0 7.6
2.5 1.4 22 39
30 0.4 1.0 2.3
“Wall Collapsed

called “cookie-cutter” shape of the deterministic approach. This
sensitivity presents a problem to a designer in light of the obvious
uncertainties associated with the predictions of structural re-
sponse. The probabilistic approach presents a more realistic pic-
ture in terms of a continuous, monotonically decreasing curve of
damage probability versus scaled range.
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FIGURE 2, Comparison of Predisted Wall Response

In-Struciure Shock. The probabilistic analysis of in-
structure shock considered uncevtainty in the free field ground
shock, motion of the structure floor, dynamic nropesties of the
squipment, and response of the equipment [1]. The results are
compared in Tablo 3 to the doterministic analysis. In contrast to
the wall response failure mode, there is very littls differencs in
the nominal and mean values,

The predicted in-structure shock accalerations can be used
to estimats probability of equipment failure. For this example,
the uncertainty in the capacity of the equipment (fragllity) is mod-
cled using a lognormal distribution with 4 mean capacity of 10g's
and a coefficient of variativn of 25 percent. Figure 3 shows the
predicted probability of equipment failure as a function of scaled
range,

Combined Fallure Modes. The structurs mission is com-
promised if either the wall sustains heavy dantage or a critical
piecs of equipment fails by in-structure shock. Thess damags
modes have been combined exactly within the Monte Carlo simu-
lation. Figure 3 shows the results of this combined failure miode
analvsis. The probability of failure for the combined modes i5
equal to or slightly higher than the maximum of either failure
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Table 3, Equipment Response Statistics Due to In-Structure Shock

Deflection(in)
Range Probabilistic ,
({15 ) | Deterministic Mean Standard
(Nominal) Deviation
0.5 14.0 142 119
1.0 9.6 9.7 8.1
1.5 7. | 59
20 53 53 4.5
25 4.1 4.2 3.5
3.0 33 33 28

mechanism. The differenco between the maximum of the individ-
ual modes and the combined curve is not large because only two
failure modes have been considered and these are corrslated.
Also, the wall probability of failure is much larger than the equip-
ment probability of failure (except at the higher scale ranges) so
that wall failure dominates. At a scaled range of 3.0, the two
models have almost equal failure probabilities and the combined

failure probability is approximately double.

FIGQURE 3. Individual and Combined Failure Probabilities

Uncartainsy Rasking. 'The rellability-based analysis indi-
cales large uncertainti - about the predicted mean values, Uncer-
talsity vanking and sensidvity analysis are useful byproducts of a
probabilistic analysis. Far exasiple, the soures of the large uncer-
tainty in the predicted v il deflaction can be quantified by rank
cvaluation, based on pastial ¢ (0 € 9 51). Thes rank snalysis was

performed by applying stepwise regression analysis procedures to
the Monte Carlo simulation outputs. This analysis indicates that
uncertainties in predicting structural wall response are dominated
by the ground shock model uncertainties in prediction of free-
field stress (1* = 0.77). Soil seismic velocity (r* = 0.03) and SMI
flexure response model (©* = 0.02) uncertainties contributed to the
uncertainty, but were much less important. Uncertainties in struc-
tural material properties, strengths, etc., did not significantly con-
tribute to the predicted responise uncertainty.

RELIABILITY-BASED DESIGN FACTORS

Probability-based analyses are not always expedient for
design, particularly when the structural analyst does not have ¢
background in probabilistic methods. For this reason, reliability
based design factors (RBDF) are developed as a research product
for spplication by ths designer, much as safety factoes are used in
traditional design,

The RBDF format is based on the concept of a design
factor, which is the ratio of the required sominal capacity to the
nominal structural response. The use of the tem sominal implies
that the capacity and response are computed using ordinary detes-
ministic analysis procedures, Hence, the designer computes struc-

~ tural response (say, for examyple, wall ductilit; or equipment ac-
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celeration), using standiard methods, compares this to the capacity
{ductility capacity or asccsleration capacity), If the ratio of capac-
ity to responsc does not meet o excoed the required design factor,
then the design is modified to increase the capacity or reduces the
response. The required clesign factor is selected from a table that
gives deaign factors as a function of the —~vival probability. For
example, Table 4 sumunarizes preliminary design Iactors devel-
oped i the Phase I rescarch effort.

Table 4, Uesign Factors for In-Structize Shock and

Butied Wall Deflection
Design Factor
Desired Reliability
Goul (Probabllity  yp. gyrue. Shoek® {Wall Deflection™
of Survival)
0.7% 1.3 49
0.85 . 18 36
0.90 21 4.0
0.95 8 62
* Raquired oquijsment acceleration capacity » design factor 5
predicied aquiprasnt reaponse acceaxation
S*Required wall deflection capacity = design factey 3
prodizied wall deflecton




These preliminary factors for design reliability (survivability)
goals of 0.75, 0.85, 0.90, and 0.95 range from about 1.3 to 3.0 for
in-structure sheek and from 2 to 6 for buried wall response. Note
that the factors are considerably higher for the buried wall design,
quantitatively reflecting ths much greater uncertainty in predicting
wall deflection response. It should be pointed out that, in addition
to design application, the RBDF tables can be used as an analysis
tool. For a given structure and a given threat, the analyst need
only pesform a conventional deterministic analysis and compute
the inherent design factor (ratio of capacity to response). By en-
tering the design factor table with this computed ratio the proba-
bility of survival is obtained.

CONCLUSIONS

The following conclusiotis are based on the results sum-
marized herein and presented in detail in Reference 1:

1. The potential uses of probability-based approaches to
the analysis and design of protective structures have been
jdentified and the advantages illustrated.

2. There is a significant amount of data in maiiy of the
koy arcas that has not been systematically analyzed for un-
cextainties and model errors, Preliminary analysis of some
of these daza and comparisons to design methods indicates
that nominal design are not always conservative; Le., (P, <
0.50) for the cases considered.

3. Fundamental improvements to the anaiysis and design
of Alr Force facilitics can be achieved thyough research
o application of modern concepts of structural reliabil-
ity, Thess improvements would result from:

(a)  dovelopment of areliability-based design method-
ology that would put all protective scructure design
on & consistent, cost-offective, and a balanced
basis, and would bring protective structure design
up-to-date with conventonal design;

()  idenufication of key uncerninies in protective
strucrure analysis and design that would ailow a
prioritization of important research areas;

(¢}  development of a sysiems anelysis tool for struc-
tures and facilities to develop improved concepts
of survivable structures for escalating tueats.
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EXPEDTENT METHODS OF PROTECTION TO MITIGATE STRUGTURAL DAMAGE AND SPALL

D. W. Ryde

U.S. Ammy Engineer Waterways Experiment Station
Vicksburg, Mississippl

ABSTRACT

A series of full-scale tests using general
purposs boaba vas conducted on & hardened reinforced
concrets aboveground structure. Several expedient
mathods of mitigating structural damage due to
airblast and fragment impacts vera tested, and che
vespornse of the walls of the structurs vas
monitored.

Results from these tests indicate that bare
reinforcad concrete walls will be significantly
damagad by the given weapon. On the exterior
surface, several inches of concrete cover will be
dastroyed by fragment impacte, and on the interior
surface, high-velocity spall will occur, This
danage csn be pravented by tha use of any number of
sxpadient methods outlined in this papar. The most
cost-effective mathod appsars to be a zofl baim.

BACKGROUND

The U. §. Alr Force, Europe (USAFE) ia
vesponsible for the design and construstion of
. wilicary facilities vhich mast the NATO sswihardaned
- structyrs requiremancs for protaction against
conventional weapous, NATO vequiremsnts and current
dasign procedures have led to tha use of heavily
gelnforcad 25.%-tnch thick conurete walls to vesist
chase losds, Howvever, tests conducted {n 1980-1982
by ths Qerman Bundesvehr Infrastructure Staff
{Reflerences 1 and 2) indicated that theaes valls vere
typicslly oversreinforced and that more sconomical
dedigne vith less steel reinforcemant would provide
. chs raguirzed protection,

A veties of NATO Semihardened Design Criteris
Full Scale tests ware conducted by the Alr Force
Engluaering and Services Center (AFSSC) and the U.S.
_ Amay Hatetvays Experimsnt Station (WES) during the
summay of 1987 (Refersnce 3). The objective of this
test series vas to determine the oeffects of
Zevetmenty and sand bexms on the response of
refnforcad concrevs walla subjected to ths neacby
datonation of a cased municion,

TEST DESCRIPTION

The full-scaie seriea vas vompossd of several
casts with a nearby detonation of a general purpose
bomd located st varisus positions around the test
atrusture. The bonbs vers placed at the same vange
from the vest structure fot each of the test events
Siscussed in this paper. The test structure vas of
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reinforced concrete construction, approximately S50
fest wide by 60 feet long. All of the tests were
{inatrunented to record airblast pressure loading on
the walls, in-structure acceleration, and wall
deflection versus cime.

Each of the walls discusged in this paper were
25.5-inch think sections with 0,25 percent stesl
rveinforcement, One bare vall wvas tested us a
baseline; additional protective mncasurss tested
included a sand berm, a sacrificial pre-caat panel,
sand-grid revetments, and a portable Altburg
revatueant,

Each of the 25.5-inch walls had 0.25 percent
vertical stsel reinforcement in each face consisting
of Number 5 bars apaced at 5 {nches. MHorizontal
rainforcemant consisted of Nuabexr 3 bars spaced at
4.3 inches. Sinyle-leg stirrups fabricated from
NHuaber 3 bars providad shear reinforcement, The
stirrups vere spaced at 18 inches on each vertical
bar, and staggered at 9 inches off-center every
othar bar. Fach of the walla had a clear span of
about 13 feet-2 inches, aad a concrets cover of
about J itwhes on the sxterior fase and )/4 inch on
tha {nterior facs.

Saveral concepts designed to attanuate the
airblast and oiniuwize spalling vers considered in
tha fall.scale test: (1) a 4-foot-7-{nch sand darm
vith a 2:3 slops; (2) & 6-fnch chick lighrly
rainforced pre-cast panal, anchored to the structure
vith removable bolts at the top and with a suall gep

betwesn pansl and structure; (3) sand-grid
tevetnants; (&) portable Bitburg revetmantas,
1. Sand Bars

Previocus half-scals tests (Refecence &) have
fndicated that the addition of a berm to the
sxterior of the structure will reduce wuidspan
deflections and virtually elisinacs spalling. A
bare of silty send (taken from ths test cite) with
4 slops of 2'3 was placed against one 25.5 inch
vall. The betw excendad only part way up the vall,
since previous tests had indicated that the amost
severe hlast loads and fragaent damege occurred nesr
the greund surfuce. . The bera vas about & faes-?
{inches high.

2. Fra-Cast Panels

The German Bundeswehr Infrastructurs Staff
had previously conducted half-scale tests of 4. and
6-tnch pre-cast panels with favorable results. In
the German tests, the pre-cast penels vate
completely destroyed, but they did protect the main
struccurs valls from fragsant damage and aliminated
spall. The pansl used in the full-scale series vas




6 inches thick.
3. Sand Grids

Sand-grids wers developed at WES as a rapid
means of constructing roadways on beaches for
military vehicles (Referance 5). These sand-grids
have since been tested as revetments for artillery
emplacements with good results (Reference 6).
Sand-grids consist of 8-inch high high-densicy
polyethylens strips connected by ultrasonic or heat
velds. They are manufactured and shipped in
collapsed 4-inch thick sections that expand to 20
feat during comstructiom, Each expanded grid
section is either 4 or 8 feet wide by 20 feet long
and contains a honeycomb arrangement of cells.

4. Bitburg Revatments

The Bitburg portable revetments are modular
reinforced concrete sections intended to protect
items less than & feet tall (sec Figure 1). Each
section was about 6 feet-7 inches wide and 6 feet-7
inches high.

RESULTS

Although each of ths tast svents was uaique, a
few general observations can be made., For all
aboveground tests against unprotected walls, damage
tto the exterior of the structure vas similar. The
aover concrete on the extericr face of the lowar
half of the wall was eroded avay by the fragments,
exposing the reinforcing stael. Spalling on the
{nterior face of the unprotacted walls was limit.d
to the depth of the rainforcement, and vas greatest
in the lower one-third of the vall span, No spall
vas assdclated with tche pre-cast pansls or sand
berm, snd thera wvas very little s7. . desage with
the Bitburg revetments or sand-yrid revetmencs.
Direct comparisons of peak pressure seasurements
sade on the exterior face of ears wall are given in
Table 1, and vall response f  esch avent is given
in Tebls 2. A detalled drsoription of all test
regults follovs,

1. Pre-Cast Panela

The lover half of each of the pansls was
coupletely dastroydd during the test svent, while
the upper halvea ware lefr i(ntactc, but fell to the
ground, The panels preventsd all but a fev
fxagments frow penstrating the wall of the structure
{See Figure 2), ‘'fle average peak pressure behind
the panaly was about 330 psi, cowpared to peak
prassures of 2000.5000 pai at sioilar ranges on an
unprotected wvall., The poak scceleration of che
vall, omssured 5 feet from the floor surface and
opposite the weapon, was about 8900 g’s, end the
peak ssasured deflection vas asbout 1.6 tnchas, The
interior of the test vall sustained sigor cracking,
but had no spall dasage.

2, Bitburg Revetaents

The Bitburg revatmanta vers originally designed
to protect fusl storage tanks and other items luss
thin 6 fest tall from fragasntatfon and ajcblast
effecen. The Bitburg design vas selected for
testing because of {ts ready avallabilivy oun US Atr
Fforce bases and because of lts povtabilicy. The
tevatasnts Vers placed directly agsinst the vall of
the structure, with sbout 8 inches clearance betveen
the vall and the vertical seccion of the revetments.
The revetments directly in front of the threat
veapoli vere almost coampletely destroyed by a
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combination of airblast and fragmentation effacts
(Figure 3), but the wall behind the reavetments was
largely undamaged. As in previous test events,
there was extensive concrete crstering on the
unprotected portion of the wall. The interior of
the test wall sustained minor cracking in addition
to slight spall damage (Figuxe 4).

The peak airblast measurements from this event
{1llustrate the benefit of using revetments to shield
a structure from alirblast: the peak pressure
measured 3 feet, 4 inches from the ground surface
and directly opposite the weapon was about 232 psi,
whils the peak pressure & feet, 7 inches above the
ground surface (just above the top of the
revetments) was about 2270 opsi. The peak
acceleration of the wall, measured 5 feet from the
floor surface and ovposite the weapon, was about 900
g's, and the peak weasured deflection was about 1.4
inches.

3. Sand-Grid Revetments

The sand-grid configuration tested consisted of
twelve layers of 4-foot wide sand-grid sections
(total height about 8 fset), placed with a small
clearance (about 4 inches) between the revetuent and
the structurs. Construction of the revetment is
shown in Figure 5. The sand-grid, as expected, vas
badly danmaged by the teat event (Figure 6), but
alloved no new fragment penetrations into the
structura below about 10 feet, and significantly
attsnuated the peak pressures wmeasurad on the
exterior of the structure vall. The peak airblast
asasurements on the structurs and behind the
revetaent ranged from about 109 psi to ¢97 psi. The
peak airblast measurement on ths wall was abour 2300
psi, occurring Jjust hslow the roof, dirsctly
opposite the veapon. The peak acceleratisn of the
vall, messured 5 feet frou the floor surfece and
appoatite the veapon, vas about 170 g's, and the peak
meagured deflectfon wvas about 0.7 inches. The
incerior of the tost vall sustained oinor cracking
in addicion to alighc spall dasage.

4, Sand Bera

This test event was designed to evaluats the
petformance of a sand berm in actenuacing the demage
to the exterior of the structure. Conatructed froa
4 silty sand taken from the cast site, the berm vas
about 4 feet-.7 i{nches high vich a 2:) slops. The
berm is shown pretesc in Flgure 7.

A postest photogzaph of the berm s shovn in
Flgure 8. The pesk {nterface pressures oeasured at
the fnterface of the berm and structurs ranged frow
74 pail tvo 512 pai directly opposite the veapon. The
peak airblast aeasuremsnts on the vall end sbove the
bern ranged from 326 psi near the voof of che
struoture to 1180 pst directly sbove the top of the
berk. The berm proved to be one of the wore
offectivé maasures evaluated n mitigating
structural demage. Cratering of the exterior face
of the structure vas limited to that portion of the
vall above the berm. This area could easily be
siniaized by (ncreasing the height of ths berm. As
shown {n Figute 8, an added advantage to the use of
soil berus s thelir Lnherent oultiple strike
capabilicy: wmost of tho material of the berm vas
lefr in place. The peak asasured accelesration of
the wall about 5 feet from the floor surface vas
about 1750 g’'s. There vas no spall and only afinor
flexural cracking associsted with this test svenc.




5. Baseline 25.5 inch Wall

This test event was designed to test a baseline
uniprotected 25.5 inch wall., For this test event,
the weapon was kept at the same standoff distance
from the structurs as in previous events,

As expactaed, this test resulted in much more
damage to the exterior of the structurs than any of
the previously mentioned tests (Figure 9). Unlike
any of the previous test events, this event resulted
in a large quantity of high-speed aspall fragments
(Figure 10). The interior of the structure was
littered with spall fragments located anywhere from
iomediately inside the test wall to the other side
of the structure, about 60 feet distant. The peak
pressures measured oucside the structurs and
imnediately opposite the weapon ranged from 400 psi
to over 2800 psi. The peak acceleration of the
wall, measured 5 feet from the floor surface and
opposite the weapon, was about 21000 g’s, and the
prak measured deflec:cion was about 2.5 inches.

SUMMARY

loading on the sxterior face of the structure
froa the detonation of the criteria threat is due to
& combination of airblast and fragmeat impact. For
walls unprotected by berns or revatments, the peak
pressures are highest near the ground surface and
directly opposits the wveapon, and lower on other
portions of the wall. The airblast distribution is
highly transient, concentrated near the bottom of
the vall at early time after detonation and decaying
at a fast rvate to & lover magnituds later {n time,
The grestest density of fragment impacts occurs on
the lower portion of the wall. These impacts
destroy the cover of conorete in this ares, axposing
the exterior reinforcing steal and veaksning the
wall,

For walls with berns and vevetmants, the peak
pressures ave highest on the uppar portion of the
vall (just above the bera or revetment), and are
lL{nulomcLy reduced on the lover portion of the

1 undex the covar of the barm or revetment. Both
averags blast pressure and impulse are
significantly lover for the protected walls, The
berms and revetsments are also very effeccive in
stopping fragmancs.

All expedient methods used {n the full-scale
test to reduce spallacion vers sffective, The use
of herms eliwinaces spall entirely and {s cthe most
cost aeffective solution. The porcable Bitbury
vevatmants vork well (for a single hiv only). and
are portable and easily veplaced. The saund grid {a
an expedisnt means of protection for single hits.
The polyethylens grid can be compressed for easy
storage prior to ft's use.

Since the primacy damage mechanism for the bare
valls was wspallation, {(ncoceasing the stesl
reinforcement from 0.25 percent s ineffaceive,
unless addicional shear reinforcessnt is added and
vebar spacing i3 ainimtzed. Walls protected by a
berm or revetassnt performsd the best dus mostly to
tha fact that the bers or rvevetment reduces the
load. They cespond In a flexural wode with vary
little deflection and only alnor structursl darege.
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Table 1.

Peak Pressure Comparisons

Distance up Wall

Peak Pressure Measurement, psi

Bageline* | Pre-Cast | Bitburg |Sand-Grid |Sand Berm
Panels |Revetment |Revetment
0 7035, 385. 714, 125, 512.
2.3 482.
3.4 1720. 370. 232. 150,
6'-7¢ 2565, 359. 2270. 297. >3300.
137.2% 1214, 203. 497. J 2500. 806.
* Composite from several test events.
Table 2. Wall Response Comparisons
Baseline | Pre-Cast | Bitburg [Sand-Grid [Sand Berm
Panels |Revetment |Revetment
Accleration, g's 21000 8900 900 170 1750
Deflection, inches 2.5 1.6 1.4 0.7 >2,

FPigure 2.

Damuge to precast pauvels
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Figure 3.

Damage to Bitburg revatmonte
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Figure 4, Interior of structure following Bitburg Figure 6, Damage to Sand=Grid revetment
revecment test

Figure 7. Protest view of sand berm

Flgure 5. Construction of Sand=Crid revetment

69




. - .
~ <t o 5, T

o “

i %
1
J

Figure 8. Postest view of sand berm Figure 10. Interior dawage to baseline test wall

Figure 9. Damage to basaliue test wall
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PROTECTIVE CONSTRUCTION DESIGN VALIDATION

LT COL ROBERT J. MAJKA AND MR WALTER C. BUCHHOLTZ

HQ AIR PORCE ENGINEERING AND SERVICES CENTER

Alr base facilities that will resist
the effects of a conventional
weapons system are expensive.
Elaments include tons of concrete,
tightly spaced Theavy creinforcing
bars, and costly blast-resistant air
valves which pravent explosive
overpressures from entecing the
shelter through heating or air
conditioning systens.

Recent validation of the North
Atlantic Treaty Organization (NATO)
alrcraft shelter design, conducted
by the Alr ‘Force at Tyndall APFH,
Fla., proved  that less costly
sheltar deaign ocould be Jjust ase
atfactive,

The test goal was to determine the
optimum combination of structucal
teatures needad to peotect personnel
and aquipaent while teducing
consttuction costs.

Background

Headguarters, U.3,  Ale
Bucope (USAFE) s casponsible ot
the desigtt and consteuctlon ot
milltary facllities thiet comply with

NATO protactive stcuctucey
tequicemanty, :
Yeats by the German bDundeuweht

Inftanttuctuce Statt showed that the
typical senlhacdoned taclility was
"~ overcteluforced and that a moce
economical design was approprlate,

Shelterc aco desighad to coesist
. lacge localizod 1loads feor
conventional weapon detogations oa

exterior walls,

fwo considecations not gatistied

in tho German u¢oncopt wetre inteclotr

wvall spail and deflectlion of walle,

Spall ogcurs when blast pcassute

“loading or the impacc of a high
anetygy object (such A% a lacyge

feagment) causd a stcoss wave to

“tetavel cthtougli a wall and ceflect

Focces.,

off the interior wall surface. The
concrete between the ceinforcing
bars and the surface is gpalled at
veloclities high enough to damage
equipnent or critically injure
personnel inside the structure.
Spalling is related to the rate of

deflection. Deflection can also
displace the primary shelter
structure from its foundations.

Test methods were significant
because they were done 1in two
phases. The €irst wutilized scale
model structures. After conflidence

limits were established on concepts
being toested, a tull-scale test was
used. Most eaczlier shelter testing
used costly full-scale shelters
subjected to explosive events. This
cesteicted a multiple trial approach.

Values gained fcom the scale-model
affort wote thean used to design a
full-scale taciiity, Regearch
dollate were saved by incorpocating
these cosults into one f¢full-scale
test.

The (full-scale
opportunity to

tast ofteted an
evaluate gsevatal

ptotective blast valves and doots at
These

the sane time. wore

n

NATO fulkecale bardeand shelies, shown during construction.




previously evaluated only against
blast pressures generated in a
laboratory and not tested against
tragmeant and blast loadings

generated by conventional weapons.

All construction was accomplished
in~-house by the HQ AFESC Operations
sSupport Branch, further saving
money. Support in design,
instrumentation and photography was
received from the Corps of
Engineers, Waterways Experiment
Station (WES), Vicksburg, Miss.

The first scaled test geries
addzessed the deflection problen.
Walls were constructed with vacious

pecrcants of principal stael
reinforcement. Also evaluated to
determine the best shear

reinforcement and resistance to
deflection were the performance of
stirrups (concrete shoes which hold
walls in place) and dowels (larcge
ping which anchor overstructures to
their toundations).

The sgecond scaled ctest
evaluated various ways to
apall.

All tests were conducted at the HQ
R:BSC Pacilities and Pavements Test
s C‘- :

geties
pcevent

Subscale Testing

Half-scale, crelnforced concrete
box structuzes ware used in both
scaled test series. Bach Wwas

designed to model wall, toof and
floor elab sections of a ctyplical
semihardened tacility, Scaled,

cased chacges at a speacified threat
dintance wece usad to winmulate a
coaventional weapon detonation.
Pouctaen scaled tayts wets
conducted la two secles (slx {n
Secies 1 and eight in Seclas 11).
In Seclas 1, vactlous percentages of
the structucal volume occiupled by
peinolipal steel including
hlgh-density, aedium low density,
and two levels of low density wece
usédd {n ‘each tace. {The cutrent
dei#igan cequices one of the
high-density standacds). The ¢€loos
and toot designs were conislatent
with cuccent semihardened design
cequicaonents. Tast sectlions were
placed agalanst an L-shaped treaction
steuctute so that aovenent was
ainlaized (Fiyuce 1). Past testing
indicated that sheac talldce in the
wall waa poasible. Single-ley sheat
sticcups wece used In four rodta,
while dowels wero used in two tests.
The Serios 11 tests evaluated
theea uethods for conteolling spall
(Flguce 2): wvacth berms, inteclocr
sgall plates, aad thlicker walls.

Berms were constructed from silty
sand with slopes of 1:1.5 extending
partially up the walls.

Serles 1 tests provided blast and
fragment pattecns and established
critical heights for the protective
devices. Steel spall membranes were
installed halfway up on the interioc
low-thickness wall. Thicker walls
were also tested. Because of
reinforcement, the thicker wall had
the same flexural capacity as one
with a high-percentage of steel
reinforcement and low thickness.

Pull-Scale Pacility Testing

A full-scale facility (15m wide x
18m long, x 7.5m high) was conmpleted
in April, 1987. A partial penthouse
along the east side (2.7m high by
3.7n wide by 18M long) contained
vatious blast valves.

One set of blast wvalves was
connected to an operational tast
ventilation system.

SIN 1,208 12 8 2, om
CONCRETY BLGCXE

- YY)
B ' [~ Sbe Ondan
; Vo'ﬂ!ﬂﬂ
[ TS FY,
- |
3
1A) GEAN U8} SPALL MATEY {C) THICREA WALLS
Figires 1, top, and 2, bottom.

The blast valves wete placed at
theee locations to tast theltc
pecformance undec diffecaent
conditions (ses Figure 3 or next
page) along the east wvall of the
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penthouse, in a pcotectivs structuce
at the nocth end of the penthouse,
and behind a blast wall along the
west wall of the facility. This was




the lowest location and subjected
the valves to the most critical

environment, including bomb
fragments, dust, soil, and concrete
fragments from the facility
components.

NATO Seubardenad Facilities

Fgure 2. NATO saomibardened faciiities Sulbecale teat.

. L .
"'_'!i.l.l i‘l‘
¥ ]
CTOUAE FORTASE AOVETIENT
fgwe 4 Bitburg postable revetsiant.
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Tha south, east and west walls
were 65 cm thick with high principal
gteel reinforcement at both faces.
Because the north wall was 80 cm
thick with medium principal steel at
both faces, it had the same flexural
capacity as the 65 cm wall.

The five blast doors tested
included two from WES, and one each
from Luwa Ltd. (Switzerland), Temet
USA INC., and the United Kingdom
Public Services Agency, manufactured
by Enerqgy Equipment Co. Four blast
valve designs were tested from Luwa
Cogp., J.P, Sheltec (Sweden), Bately
Valve Co. (England), and Temet USA
lne.

The north half of the facility
also had a bagsement constructed
undecneath it to be taested against
buried weapons. Motion data, using
standard office furniture and
instrumented mannequias, were
recorded principally in the basament
and on the tigat €looc.
In-steucture shock ot accelecation
of the floor was cecorded to
determine aquipment —response and
operability. A backup powsr
generator bolted dircectly to the
tlooz, with a0 shock isloation
squipment, was opezational during
the tlcet two tests. Spall plates
{nelde of the east wall wete welded
te a stesl Crame and anchocad aloag
the celling and tlooc by angle
feon, Anchocs extendesd f€rom the
plates and wete cast Ln place whea
the concrete walls were pouced,

Sevatal othet provactive systens
wace tested to determine thelt
attectiveness in peceventing spall.
Full-helght pracast concrets panels
wers bolted to the south wall, with
J.inth alc gags betwasn the wall and
the panel. Biedury tevetasnts
appeoxigately 2 a high wvects also
testad (see Figuce 4). A sand bdecn
{sea Plgucte 5 on  aext  page)
constructed along the west wall wae
tested for spall protection., as was
a sand grid system along the sgouth
wall, Besserbling a4  corcugated
papet packing catton bottle
protactor, when pulled apart, the
geid matesfal Cocms a honeycomb
patteen. Sand s poured into the
honeycomb openiage uatil they arce
filled, aftec which new sand and
honeycomb layecs ate cvompleted uyntil
the sand geid ie approximately 2 a
high.

Chambec cevetmeats wate also




tested against a differant weapons
threat, because they wece located
facther from the detonation. These
revetments can be tagRked to 3 =n
height and coannected innide with
steel straps and fiiled with sand.
They are made from standard concrete
and are reinforced with steal mesh,
steel fiber or polypropylene fiber.
The mesh and fibers were alsec
combined for rainfercement ia
geveral chambers (Figure §).

Equipment Test Results

The half-scale tests provided
valuable installation data.  *“he
anchors, steel frame and anglé iroa
ingtallation were the keys <td the
successfyl performance,

All blast doors ceceived damage
in dlfterent amounts from the bomb
fragments.

and door frames were weak. Sevaeral
doors were subjected to mulciple
detonations. outet steel sucfaces

wece damaged bdut no doocs wers
pgenetrated completely bv the bomb
tragments, All doows provided
adequata blast protection, although
one door {rane, damaged by
fragments, was breached and lntevies
tacility damage occured.

All blast valves fuactioned
aducguately whan figst tasted,
. Lecation of the valves was ccitical
bscause dust, soll ard cGonctets
ttagments affected their opetatioen.
1 Y44 1 topeatsad Lasting. sevezal
valves (failed to open. The valves
ate notmally iastalled in banks of
several valves each. Overall
pertfocmance of the valves is still
being analyzed.

The ventilatigi systes and poves
genecator fupctioned opropuely ducing
-the tests, with no damage to dystem

¢omponents The spall plates
€tunctionad extcarely well, with
ainfave wall deflaction apd s

spaliing.
Stcuctural Test Resilits
The (facility systess pacfoiked
extrexaly w#iti against gpavitled
weapons thieatls. Thete ate Soek
_additional cornciusions: Blast deoes

must aot b in the waapon
Line-of-sight or seevere fragmeat
dazage @iy rosult. fBlast valves

must be placed Jbove the facility,
ian 3 pcotective enclosuge, ta
aiaimize ot elizinate blast
ptensuce, bomb {(caigment dacaqge, and
danage froa soil og concetete

Locking devices, hingesz.

fragments.

Thick walls with sheer stirrups
and a reduced percent of reinforcing
gteel worked extremely well, with
deflaation low. The unprocected
wall exnectienced apall problsus, but
when protected by precast panels,
Bitburg revetments, sand gqtrid or
sand berm, no spall wasg obsaerved.
The sand berm pgovided ths best
overall protection.

The chamber revetments conmbining
steel mesh aand fiber reinforcement

(steel oL polypropylene) wacre
effective. Although sSectious were
subjocted to six detonations, no
tzagments penetrated the rear
surfaces, demonstrating excallent
ptotection for equipnent or

facilities against (fragment damage.
The - thickest wall provided no
additional pretection over the lass

thick wall, therefore additional
goascruction coets are not
justitieqd. Deflection was minimal

but spall still occured.

N

Figwe 5. Crose uection, dermed waill.
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Linited full-scale testing
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SHOCK ISOLATIGN FCX CONVENTIONAL WEAPONS

S. A, Kiger, J. H. Weathersby, D. W. Hyde

U.S. Army Engineer Waterways Experiment Station
Vicksburg, Mississippi

ABSTRACT

A series of full.scale tests using general
purpose bombs was conducted on a hardened rainforced
concrece abovaground structurse with 4 partial
basement. Weapons were placed in both above- and
below-ground configurations, and the response of
various types of equipment, computers, and
instrumented manmequins were monitored.

Results from these tests indicate that any
equipment not restrained against movement, 1i.e.
simply sitting on the floo: or isolation pads, will
undergs significart rigid body displacements. In
goneral the best isclator performance was obtained
from the cupmount serices neoprene isolators. Results
also indicate that the only real danger of injury
(from shock) to personmnel is from falling eq .ipment,
e.g. bookshelves, cabinets, or light fixtures.

BACKGROUND

Shock iselatirn for equipment in blast-resistant
structures can be a costly and uncertai. procedure
for conventional weapon threats, especially for
aboveground structures with combined airblast and

cagmaut loading. The in-structure shock environment

is known only approximately at best. Methods for
calculat...r in-structure shock for aboveground
structures g.nerally assume plane wave loading on the
struct 're, instead of the highly localized transient
lcads gandratad by conventional weapons, and they
typlcally lgnore frugment loads. Also, there are
almost no data on modern communicatiun and computer
ecuipmenr fragility. This usually leads to an over-
designed and expensive shock-isolation system whose
performance is uncertain.

A series of NATO Semihavdened Design Criteria
Full-Scale tasts was conducted by the Air Force
Enginaering and Sarvices Center (AFESC) and the U.S.
Army Watezways Experiment Stauvlon (WES) during the
susmer of 1987 (Refarence l). During August 1988,
the WES conducted a second series of tests on the
same full-scale structurs (Reference 3). The 1988
tests weres sponsored by the Defanse Nuclear Agency
(DNA) in cooperation with AFESC to further evaluats
in.scructurs shock and sheck i{solation methods,
Equipmeut tested in this scuoud series included a
conputer, sevaral pieces of electronic equipment, a
largs air-handling unit, and a 1,000-kw generator.
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Shock-isolation methods were evaluated by repeating
tests under several different isolation conditions,
ineluding a baseline test with the equipment hard-
mounted.

In the 1987 test series all equipment was bolted
directly to the floor in a hard-mounted
configuration, or simply unattached, as with some
desks and bookshelvas. Data from these tests
indicate relativel; high accelaration levels within
the structure, but the generator and air-handling
equipment remained operational before, during, and
after che teasts. In Figure 1 the shock spectra
generated from a typical accelsration data record
measured near the base of the alir-handling unit is
cempared to a fragility curve for air-handling
squipment from TH5-855-1 (Reference 2). The measured
acceleration levels clearly exceed the allowable
limits indicated by the fragility curve. Since the
air-handling unit continued to operate, the fragility
curve (at least in this case) is conservative. Peak
in-structurs spectra accelerations “rom 1000 g’s for
buried shots to 10,000 g's for aboveground shots were
calculated from the accelerativn data; howsver,
relative displacements associated with these
accelerations were very small (0.0l inch to 0,001
inch). Figure 2 shows a postest view of pra-
positioned mannequins in sitting and standing
positions. Data frum these tests indicate the only
injury to personnel would have been from falling
objects, such as the bookshelf in Figure 2. Data
from the test sevies conducted in 1988 are summarized
below.

TEST DESCRIPTIGN

A series of three experiments using buried
general purpose bombs were conducted on the full
scale semihardened test structure at Tyndall AFB, FL.
The objective of these experimsnts was to determine
the shock attenuating capabilities of four simple
shock {solation systems, Several pleces of equipment
were placed inside the building, and acceleration
measurements made with the equipment both hard-
mounted and shock isolated using various shock
isolacion methods. The equipment varied in weight
from 50 lbs. to 2000 lbs. The equipment layout for
the three experiments is shown in Figure 3.

The gerieral purpose boubs were placad iun the
sape ouried locarion for each test, Each i{tem of
equipnent was harxd-mounted, i{.s. bolted directly to
tha floor, in ac lesct one test, and isolated from
the floor in various configurations for the remaining




tests as shown in Table 1. Horizontal and vertical
acceleration was measured on each item of equipment
and on the floor near the item im every test. The
isolation systems consisted of Cupmount Series
Isolators, 500 Series Isolators, and neoprene pads,
as shown in Figure 4. The neoprene pads were in some
instances simply placed beneath the equipment while
in other instances the pads were secured to the
aquipment and floor slab as shown in Figure 5.

RESULTS

Peak values of acceleration for each item of
equipment for the various mounting configurations are
tabulated Iin Table 2. Comparing hard-mounted and
isolated acceleration values from Table 2 indicates
that the Cupmount Series mounts reduced the peak
accelaration in the X (horizontal) direction by about
50 percent, and reduced the peak acceleration in the
Y (vertical) direction by about 30 percent. The 500
Series mounts increased the average prak acceleration
in the X direction by about 20 perceut while
decreasing the peak acceleration in the Y direction
by about 15 percent. The neoprene pads, when not
attached to the floor slab, decreased the
accaleration in the X direction by about 15 percent,
but increased the acceleration in the Y diresction by
about 5 percent., Also, larger displacements were
seen with the unattached pads than with any other
isolators. For example, Figure 6 shows an
approximate 11 inch rigid body displacement of the
1000-kw generator when it was placed on two layers
(about 1/4 inch thick) of neoprene pads. The
neoprene pads, when attached to the equipment and
floor as shown in Figure 5, perfermed very well.
They reduced the peak acceleration in the X direction
by about 43 percent and reduced the peak acceleration
in the Y diraction by about 34 percent. These
numbers were very similar to those obtained using the
cupmount series mounts, All of the data from the
1988 tests are given in Reference 3.

SUMMARY

Relatively high peak in-structure acceleration
levels (in excess of 1,000 g's) occurred in these
tests. however, relative displacements were very
small and no equipment damage or personnel injuries
wera observed, except due to falling objects. More
data are needed on equipment fragility in this very
high-frequency, high-shock environment. Rigid body
motions of unatrached equipment and furniture can be
& problem. Positive connections to the floor s)ab
should always be vequired, ernd taller items should
be prevented from overturning. Ths commonly used
Cupmount Seriss isolator performed very well, and can
be expected to reduce peak acceleration values by
about 508 compared to a hard-mounted configuration.
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Table 1. Shock isolation configurations

Item Test 1 Test 2 Test 3

1,000 k¥ generator Hard-mounted Cupmount  series Necprene pads
two layers

Air-handling unit Hard-mounted 500 series Qupramt series

TI Silent 700 Neocprene pads 500 series Qupmount series

No. 1

TT Silent 700 Hard-mounted Hard-mounted Hard-mounted

No. 2

Cscilloscope rack 500 series Qupmant series Neoprene pads

No. 1 .

Oscilloscope rack Hard-mounted Hard-mounted Hard-mounted

No

Tektronix 4081 Necprene pads Hard-mounted Cupmount series

No. 1

Tektronix 4081 Neoprens pads Qumount series Hard-mounted

No. 2

Tektronix 4081 Necprene pads Cupmcunt series Hard-mounted

No. 3

Tektronix 4081 Necprene pads Qupmaunt series Hard-mounted

No., 4

Table 2. Summary of peak acceleration data (in g's)

I Haxd-mounted Quumount_geries $00 _series Necorens pads
1000 kW Generator X=32.3 X=16.1 —— X=4.19
Y=40.4 ¥=30.2 — Y=14.1
Alr-handling unit X=9,81 X=2,01 X=2,35 ————
Y=13.2 Y=3.16 Y=2.82 ——
TT Silent 700 Xm28, T* X=17.0 X=21.1 X=22.2
Y=36.8*% Y=24.3 ¥=24.3 Y=79.6
Oscillosoope rack X=5,49% Xu8.32 X=17.2 X=2, 44%%
Y=31,.8% Y=21.1 Y=65.6 Yu14d,9ox
Tektronix 4081 X=9,53 X=2.98 — X=12.8
mo 1 Y'25.9 Y-14o1 - 2.3006
Tektronix 4081 X=7.60 X=4,98 —— X=43.0
No. 2 Y=24.1 Y=15.8 ———— Y=45.9
Tektronix 4081 %=9.87 X=3.05 — Xn7.86
No. 3 Y=24.5 Y=17.,7 —— Y=32.6
Tektronix 4081 X=5.52 X=7.48 ————— X=7.77
No. 4 Y=22.6 Ya21.8 ——— Y=7.49

* Denotes average of several readings.
e Neoprens pads were attached to both the floor and the equipment rack as shown in

Figure 3.
===== This type of mant not usad for the item,
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DYNAMIC RESPONSE OF DEEP FOUNDATIONS

R. Scott Steedman,
Engineering Department, Cambridge University, Cambridge CBZ 1PZ, UK
Conrad W. Felice
Capt., USAF, 485th Civ. Eng. Sq. (USAFE), APO, NY09138-5000, USA

and

EBEdward S. Gaffney
Ktech Corporation, 901 Pennsylvania Ave., NE, Albuquerque, NM 87110, USA

A series of model experiments have been conducted
to investigate the dynamic response of pile
foundations in a blast and shock environment. The
model experiments were conducted at the Cambridge
Gaotechnical Centrifuge facility, Cambridge UK.
Two experiments were carried out on a pair of
single piles and one on a group of six piles at
60g, and a4 fourth axperiment on a pair of single
pliles was conducted at lg for comparison. The
model plles were hollow aluminium alloy tubes,
instrumented with strain gauges in the horizontal
and vertical planes to measure bending and axial
strain. The test bed was a fine grained sand,
saturated with water. The blast load on the
foundation was provided by a 2 gm charge of
pentaerythritol tetranitrate (PETN) placed below
the surface at a depth of one-half of the pile
length and detonated at & distance of
approximately one crater radius, The paper
describes the experimental techniques employed and
presents results from the model tests, The
rasults highlight the differences in plle
response, particularly with depth, betwaen the lg
and the 60g experiments and confirm the importance
of correctly scaling gecstatic stresses,

1.0 INTRODUCTION

Evasluation of the response of foundations to blast
loads is complicated by the fact that soll
properties are sensitive functions of overburden
pressure. In order to properly reproduce this
effect in a model one must eithsr use a full scale
model or increase the rate at which the overburden
stress increasss with depth. Field testing on a
full scale prototype piis foundation is difficult,
generally expensive and in some cases not
feasible. Therefore, a database fzom which to
develop a rational deslgn method cannot readily be
developed using fleld testing alone. The series
of centrifuge experiments zeported in this paper
were undertaken t¢ determine the feasibility of
using subscale models on a centrifuge to collect
valid and reliable data on the blast response of
pile foundations, Discussion of the use of the
geotechnical centrifuge for dynamic modelling and
on the necessary scaling relations for lg and for
centrifuge modeliling may be found in the
literature, Schofield (1981), Schofield and
Steadman (1988).

The objective of these experiments was to show
that the centrifuge is an appropriste means to
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gain an understanding of pile foundation response
under blast loading. The design parameters were
selected to be representative of a typical hollow
reinforced concrete pile in a sand foundation but
not a precise model of a specific prototype. This
approach was selected because the authors believed
that there was more to be learned at thias stage
from a study of a generic problem which identified
phenomena, rather than from models which attempted
to reproduce details of a site specific problem,
Hence the results are more rs=adily extended to
other systems,

The paper describes the design and instrumentation
of the model piles, and aspects of model
construction, Results are presented in terms of
deformations and bending moments as a function of
length for two isolated single piles fixed at
ground level, The cratering and ground motion
data collected are presented in a companion paper,
Gaffney et al, (1989). Results from the initial
experimsnts were reported by Felice et al. (1988).

2.G EXPERIMENTAL PROGRAMME
2.1 Model chargs

four experiments were conducted on single piles
and a line of piles forming a pile group as
described above, The charge was selected to
simulate the detonation of a 1000 lb conventional
munition. At 1/60th scale , 2 gm of explosive was
required (scaling relations are shown in Table 1).
This was accompished by packing 1,6 gm PETN inside
a plastic sphere. The remaining 0.2 gm was made
up by the detonator. The average density of the
PETN powder was 0.9 gm/cm3. The deatonator, a
Reynolds RP-80 exploding bridge wire was placed in
the sphere to initiate the explosion from the
centze. The charge was coated with a thin £iim of
epoxy to protect it against moisture.

2.2 Model piles

The model piles were constructed from 6.35 mm

outer diameter aluminium alloy (dural) tube with
an  inner diameter of 5.0 mm. Prior to
instrumenting, the piles were turned down to an

ocuter diamater of 5.8 mm, Each plle extended 147
mm below its top fixity, The elastic Young's
modulus and density of dural are 69 x 103 MPa and
2.83 gm/cm3, respectively. The manufacturer's
specification set the elastic limit as 255 MPa and




the minimum tensile strength as 310 MPa. These
data give a model bonding stiffness of EI = 1.72
N¥mZ and a fully plastic moment capacity of Mp =
3.625 Nm. From the scaling relations, the
aquivalent prototype pile is seen to be 8.82 m in
length, with a bending stiffness of 1.72 x 604 =
22,3 MMm2, and a plastic moment capacity of 3.625
x 603 = 0.783 MNm. The head of each pile was
fixed into a steel gantry at a range of either 125
mm (7.5 m prototype) or 158 mm (9.5 m prototype),
as shown in Fig. 1.

Selected piles and the ground beam were
instrumented with full bridge strain gauge
¢ircuits to record bending or axial strain., To
protect the gauges and wiring from moisture, they
were ccated with a polyurethane varnish and
covared with a heat shrink plastic tubing,

2.3 Model construction and layout

Fig. 1 shows the containment system used for the
latter two of the four sxperiments, Two circular
tubs were used, one sitting on a rubber mat inside
the other, with an air gap of approximately 24 mm
separating them around the perimeter. This was a
development from the containment used for the
earlier axperiments (RSS.130 and 131, which uaed
only & single tub) following concerns raised over
the level of safoty that a single tub provided.

Breeze block (a porous concrete patio block) was
placed at the base of the model to simulate an
underlying bedrock. The modsl was then
constructed by pouring a uniformm dry sand layer to
a depth of 130 mm (9 m at prototype scale), The
sand used in the model was a Laighton Buzzard
100/200 sand with a nominal grain size of 0,12 mm
and apecific gravity of 2.65. 100/200 denote the
British Standard sieve 3sizes through which the
sand should pass/be retained.

Prior to the sand-pouring the plles, which had
been clamped at the top into a heavy steel gantry,
ware fixed in position by locating the gantry
onte the model chamber. In 2ach case the gantry
spanned across the tub, and was securely bolted to
the stiff rim of the outer tub. For the pilr of
piles experiments, one pile was positioned to be
just inside the crater with the second near the
crater lip, about 90° further round the crater
perimeter., A small clearance axisted between the
pilles and the breezs block beneath to aveid
unpredictable axial bearzing forces in the piles,

Sand was rained from a hopper suspanded above the
tub using a constant height of drop. Pouring was
interrupted to allow the placing of transducers in
the free field (see companion paper for a
description and discussion of the free fleld
instrumentation). The sand was levaelled and the
model saturated by sealing the chamber with a
heavy lid and drawing in. a calculated volume of
water under vacuum. In the second series of
experiments, RSS.140 and 141, COp was flushed
through the chamber prior to the introduction of
water.

81

For all four experiments, the charge was placed at
a depth of 74 mm (half the pile length)
immediately prior to mounting the package on the
centrifuge swinging platform. A short thin walled
brass tube which had been placed in the sand bed
during sand pouring to mark the location of the
charge was axcavated to the correct depth where
the charge was placed at the bottom of the hole.
The brass tube was then backfilled with the
excavated sand and then extracted by gently
vibrating the tube and pulling it upwards. The
water level inside the tube was maintained at a
constant level during the process.

The completed model was then mounted on the
centrifuge and accelerated to 60 g. The F$-10
firing control unit, which had also been mounted
on the centrifuge, was triggered remotely from the
control room.

The procedure for the 1 g experiment was identical
in all respects except that it was detonated on
the laboratory flocor instead of on the centrifuge.
Care was taken to ensure that the model was level
and that the ground water level was exactly at the
ground surface.

Table 2 summarises the model parameters for each
of the model tests.

3.0 RESULTS AND DISCUSSION
3.1 Bending moments

ALl results are plotted in terms of prototype
dimensions. Fig, 2 shows time histories of the
development of bending moment from a typical
isclated single pile in a 60g experimanc. A rapid
build-up of bending moment is followed by a slower
decay, with the duration of plaatic straining
being about 0.6 seconds (10 msec ‘'real time' in
the model). The records, which are from strain
gauge bridges at diffarent depths on the same
plle, show strongly consistent data, and this
enables detalled consideration to be given to the
profile of bending moment with time along the
pile,

In contrast, Fig. 3 shows the equivalent data from
a 1g experiment. Thare i3 a longer period at or
near the peak bending strain at each depth, and a
less rapid build-up to the peak strain. The
magnitudes of peak strain are comparable between
the lg and the 60g model as would be axpected
since in both cases peak atrains are limited by
the plastic moment capacity of the pile.

It is clear from the plots of displacement profile
shown below that all piles developed plastic
hinges and failed, with lazge lateral pcrmanent
displacements. The peak bending strains recorded
by the strain gauges are large and in excess of
the manufacturer's stated elastic range., On a few
ogcasions the local bending strains were so large
{2=3%) that the gauges broke down and the signal
from that circuit was lost. Clearly as strains in
the outer fibres of the dural piles exceed a yield
point the relationship between moment and measured




bending strain is no longer linear. Thus although
peak moments are of great interest, the
developmant of moment as a function of time and
depth may provide more significant clues to the
reponse of the pile from an analytical view-point.
Furthermore, in the design of the model piles
correct scaling of the bending stiffness was
chosen at the expense of the correct yield
characteristics.

Fig. 4 compares the development of bending moment
with time from an isolated single pile in a 60g
experiment to the develcpment of moment in a 1g
experiment.

Time intervals have been chosen to be shortly
after the first significant build-up of strain and
then at equal time intervals of 46.9 msec until
the peak strain was reached, or shertly
thereafter. A ‘best fit' fourth order polynomial
has bean drawn through the peak data of both lg
and 60g experiments.

Oone clear feature of the data is the marked
similarity between the strain distributions at the
early (tl) stage, in contrast to the laterx
build~up towards a peak. At the t2 or t3 stage
the peak moment is zlearly at a shallower depth in
the 60g experiment than in the lg experiment
{which conaistently shows a peak near shot depth).
The 60g model, however, has a distribution biased
upwards, towarzds the ground surface.

This is likely to be due to the increased
stiffness of the sand bed in the 60g experiment in
comparison to the 1g model (a factor of 8§ under
static load conditions). Howaver, this factor may
have been considerably reduced around the time of
the maximum momenta (t2 or t3 in Fig. 4) because
of the large negative pore pressures in the lg
experiment which followed the peak pore pressure
‘wave', In the 60g experiments, the pore pressure
wave lasted longer and decayed considerably more
slowly.

The early time data of bending strains is enlarged
in Fig, S5 together with a polynomial which follows
the generzal trend of the data, At this time in
both the 1lg and the 60g experiments, the pore
prassure Jround the pile was approaching a peak,
with a corresponding reduction in stiffness.

The polynomial in Fig. § was used to deduce the
general tzend of the pressure distribution, by
differentiation. A check was made, by integrating
the polynomial, that the slope at the pile top and
the displacement at the pils bottom were minimised
or zero. It i3 clear that the trend of the
pressure distribution at this time ls as shown in
Filg., 6, in which a high load at the p'le top
decays teo near zero around the central portion of
the pile togethex with some restraint near che
pile bottom,

Preliminary conclusions are that the central
portion of the pile moves with the liquefied soil,
without load or resistance. Near the top of the
pile, the soil is being driven past the stationary
pile head, imposing very substantial loading and
this is the most likely location of the £izst
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plastic hinge.
3.2 Displacements

Fig. 7 shows the profile of displacement with
depth for piles (1) and (2) (range 7.5m and %.5m)
in both a 1lg (141l) and 60g (140) experiment.
Measurements were made using an image analyser at
AFWL.

The initial slopes of the piles are very
consistent, but the increased restraint caused by
the higher overburden stresses at the base of the
60g model limits the outward movement of these
piles. Clearly these displacements are much more
closely linked to the distribution of soil strain
in the sand beds, which i3 discussed in more
detail by Gaffray et al. (1989).

The depth of the central plastic hinge is less in
the 60g than in the 1lg experiments, which is in
agreement with the observations of bending strain
in Fig. 4.

A critical element in the prediction of the range
of damage to piles in the field is the nature and
magnituda of the pore prassure wave. The fast
decay of the pore pressure wave in the 37 model is
likely to be due to the strong dilation front
which followed immediately behind., Although at
high ¢ a dilation front will recover the full
field (or prototype) strength in the soil, at lg
the strength of the sand la small and lazge
strains can take place,

The high ¢ model can correctly scale the pattern
of ground astrain and the character of a pore
pressure wave, whereaa the responsze of a pile in a
lg experiment, c¢lose in to the chaxge, will be
determined by the strengthh of the pile and the
proximity of the charqge.

4.0 Concluaions

4.1 The time histories of bending strain in model
tests have provided valuable data towards the
development of analytical techniques. In
parsiicular, it is clear that a data-base of
soil-structure interaction under blast loading can
be developed using centrifuge modelling.

4.2 In particular, the bulld-up towards a peak
strain is initiated as the wave of pore pressure
arrives at the pile, softening the soil azound the
pile. High locading i3 observed near the pile top
with a minimum of load szound the central section.
The peak strain i{s reached as the pora pressure
wave decays, both radially and with depth. Larger
bending strains are then invoked as the deasper
soll conaolidates more rapidly and provides
restraint against lateral movemant.
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Table 2
sand sand void relative
gxp't piles mass volume ratic density ¢
kg litzes

RSS,130 2 124,98 84.6 0.8 60% 60

R88.131 6(line) 126.5 86.4 0.82 55\ 60

R3S.140 2 109.8 71.47 0.74 T5% 60

RSS.141 b4 111.0 72,97 0.72 82\ 1
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the 60g centrifuge
model test RSS.140
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850mm tub
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