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8NOCK PRESSUNES IN TUDINELS ORIENTED PACE-OM AND SIDE-ON
TO A 10MG DURATION BLADT WAVE

ABSTRACT
The crientation of a tunnel sntrende with respect to the durst point
_ of a bomd plays 4 major part in determinirg the sirsnzth of shoek propagated
) through the tunnel. Dsta from tunnels oriented fase-on and side-on t0 &
blast wvave arc compared to & shook tudbe ~Ith an area change at the diaphrags.
. , The analogy permits data to be ax:i ypolated to high shook strengths.
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INTRODUCTION

This report is intenled to aid the designers of protective construc-
tion in thesr pursuit of information dvaling with the behavior of blast
vaves in tunnels. The paper puts forth an analopy whish will permit one to
predic? ressonably wall, the pressure vhich may be expected at certatin points
in a tunnel system. Bpecifically, it deals vith the maxiaum pressures that

: are developed in tunnels, for tvo orientations - the face-on twuiel and the

? tunnel orientated side-on to the blast wave. The anslogy compares the
oonditions at the tunnel sntrance vith the conditions ssross a pressure-
laden &laphrags in a shook tube. Curves vhish relate the shock pressurss to
the ohamder pressures are pressented along with som. data from tunnel experi.
ments conduoted st MRL. BRL data were obtained up to a shook strength of
S, approximately 100 psi overpressure vhen tke atmospheric pressure is 14,7
psi, but the theoretica) ourves are plotted to & shook strength of %0. It
is felt that the manner in whion the data swypport the analogy at the lower
end of the ourve permii{ reascnable prediction of pressure beyond the shock
strength tested.

This report desls with simulated large explosione where there 1s
virtually no decay during the shook formation time in the tunnel. The shaek
tube data presented were obdtained with a step shock wvave which simulated
this case. Peaked shook vaves would yield data vith presswse valuss less
than those vhioch are presented in this report.

ORIENTATION AND ENTRANCE GROMETRY

The orientation of s tunnel entrance with respect to the hursi point
of a bomd, plays a major part in the determination of the strength of the
shook wvave that is ropagaved through the tumnel. Purther; *he geometry of
the ares in the -i3inity of the entrance influences the whook in the tunnsi.
Yor instanee, for the face-on case, if the tunns' entrance has a large
refleating ares surrounding it, like a tunnel entrance in the face of &
large sheer oliff, a sizeable reflected pressure region would exist vhen
e shock vave was direoted at the oliff, This refleated pressure region




snhances the shook wave that iz propegated in the tunnel. On the other

hand, the entrance of a thin vall pipe would present no reflecting ares 2
and would merely sonfine the shook wave to A one aimensicnal expansion.

In nonfiguration (a) of Figure 1 there is no reflecting ares so vhen the

shook vave is dirsoted at the Jonfiguraiion there is juit & one Aimensionsl

expansion of the vave after it entevrs the pive. In (%, there 1s some

refleoting area and hence a pertisl enhanement of the vava. Case {o) is

the most sevare condition becuuse it permits the most sustaining reflected

pressure reyion.

With a side-on tunnel orientation, {.e., the tunn~1 positioned with ite
axis perpandiaoular to the direotion of blast propagation, the adsence of a
r3®12ating sone will limit the pressure at the entrance to the side-on or
inaident shock pressure. The shook precsure in the tunnel will be less than
the ingident applied shooXx.

One can see nov that tae yressure phenomena at ths entrance of a tunnel
vill vary vith the orientstion of the tunnel and surroundirg area.

THE COMPRESSED OAS BiOCK TUXE

A oompresssd gas shook tube has s compression ohuaber and an expansion
chamber vhich are separated by a breakable disphragm. A presswe differential
is orested across tiue disphrage by putting an cverpressure of gas in the
compression chamber, by evaouating the expansion chamber, or a sc=binstion
of both, A shook wave is forrmed when the dlaphragm 1is ruptured and the
released gas sxits into the expansion chamter. The duration of the zhaak
wave that is genorated is a function of ihe compression ohambder length,the
sompression chamber pressure, and tha distance from the disphrasm %o the
measuring point (Refviesce 1). When the ocompression ohamber area is mush
larger than she expansion ohamber arsa, Zreater shook pressures are developed




in the oxpansior. chumber for s given chsaber pressure. In Figure 2, the
pressure relationships are plotted for both the simple shoek tute and the
tubs with an ares sharge at the diaphraga (Refsrsnces 2, 3, & 4).

8EOCK TURE ANALOGY

Consider now the face-on tunnel vith a large reflection region -ur-
rounding the tuanel entvange: the situatiun at shook impingement time is
analogous to the shouk tube with an area discontinuity at the diaphrags.

The analogy is shown in Pigure ) vhere the stagnated reflected pressure
region r, 18 egquated to the gompression shamber pressure r. end the Alaphraga
liss & sero breaking time. Yor case (a) the driver, or reflected pressurs,

Py 18 & result of the reflestion of P, and hende the nev shook P, osn be
rziated to ’2' This theoretical relationship, sxpressed {n teruns of pressure
retios {s shown in Pigure b along vith some data points from BRL experiments.
The relationship plotteC odonsiders the temperature of the gus in the oom-
pression chaader o0 be tho same tempersture as that in the reficeved shook
P,.

The data points were cbtained by attashing blind flawes to the DAL
ahosk tude and produsiug shots agains® the flanges. The tuarsls with dleso
£a808 attashed to the valls very attached to the flanges., One set of data
vas obtained on the 24" dlameter tudbe w¥ith a 1" pipe ia the Zlacge serving
a3 the tunnel. The ratio of areas is quits large for this aase, Other sets
of data vere obtained on the & x 15" tube with 1" and 2" diemeter pipes.

Note that two daia points are muo.ubh belov the eurve. These points wer.
obtained near the srtrance, in & region vhere the transmitted siouk wves rot
fully developed. In general the data fit the ourve and substantiate the
analogy.

Prom this plot one oan see that the shoo). wave that is transmitted down
the tuunel io stronger than the inoidant wave. For instenss, an ineident
shook strengthi of T produces a nev shook streagth of 16.2. At an atacepheric
prossurs of 1.7 psi this is an overpressure inerease from 88 to 1%, a




refleatly wall o door tn the tunnel will receive 735 psi s opposed to

k25 pst, An extrapoluticn of these data to a P,y of 15 lnctdont st the

tunned ylelds a qu' of 22.2. At an atmospheric pressure of 1.7 this is
-

& pressure increase rom 206 to 512 pal.

BHOCK FUAMATION

It is obviocus that some formation time is required to build the shook
vave from the P, value to Pa'. This tise Ls & funotion of the tunnel dlameter,
the shock pressure, and the ares of the reflecting surfsce. In the preceding
discussion t'ic arca vas cunsldersd to be very large, an "infinite" baffle,
henoce the new shook wave generated wvas the maximum possible for the given value
of {noident pressure. Baffles that arc less than “<ffectively intinite" will
produce ’2' values less than the maxizum shown in *the Figure &,

[XTURY

With very iarge bafrles, the thicknais of the reflsoted pressure region
is suffiolent to establish steady flov i{n the orifice. Ons oan see then that
the time required for & layer of refleoted pressure suffiolently thick to pro-
vide steady flow, must be {nherently related to the orifice dlemster. .

Fros Pigure 5 we oan see Lhat initially the pressure {n the tuinel iz .
that of the applied pressure, hence gages positioned olose to the urifice will
not measurs the rully developed shock pressure. Those alose tu tiie orifice
positions also show a complax vave form that ocomprises both the insident vave
and gome part of the higher pressures from the reflection sone, The distance
required for these two pressures to coslesce snd form the maximum shook i
oconsidered the formation distange. This distance is generally express?d in
tunnel diameters and btased un the BRL Aata to date, {t will be betveen J and
20 tunnel diamaters,

One oan ses nov that ir the bHaffle dlameter {s not large enough to sus-
tain the reflected pressure until the rew shook vave {s fully developed, the
fermation distance will be shurter and the maximum poseible shook as pre-
dioted from FPigure will not bm obtained.




Figure G is & plot of maxizum pressure as 8 function of pipe diameter
for two shook strengths. The sketoh on the figure chovs the physioal arrange-
aant of the experiment. The pressure ratics at O diameters are that of the
inoidant apylied pressures and not the reflested pressures on the daffls,

~ and the maximus pressures as predioted from Figure 4 are shown hy the dashed
lines. The disorete lodation of the gages present the possidbility of missing
the preoise pressure aaximum.

THE SIDE-ON TUNNE’.

When & shoak wave approsclies & tunnel so that the tunnel axis is 90
dagrees to the dirsctiun of propagation of the applied shosk, the shosk in
the tunnel (transmitted shook) is less than ths tnoident spplied shook. The
driving pressure here for the nev 2100k vave is appraximately the inaident
pressure of the appiied vave, but the gas s not etc’iSnay; it is moving
aoross the ground vith a velocity equal Yo the partisle velocity c¢f the applied
shosk. It 1is alsc a hot gas. If we consider this gas veloaity to de sero,
one ocan again revert to the shook tude analogy. The validity of sathematically
bringing the gas veloeity to sero vithout applying & carrssation fraator is
open %0 question. Intuitively one feels that because of the ges velooil;; the
transmitted pressure vill be less, and that s curreetisn fastor would adjuct
the result in that direotiom.

Pigure 7 shews data obtained from tunnels mounted side-on to the shosk
tube and the theoretical relationship for a large area compression ohambder.
Again the gas in the wo.ld-be eompressisn chamber has been corrected ¢ the
temperature of the shook vave ’21'

In Figure 8 the face-on and side-on orir . ations are 2c=garsd 80 tast
one mMAYy observe t'.s dirferense in maximum ). . .sure ad & result of the orien-
tation. The advantage gained by the side-a orientation is obviuus.

TUXNEL SIDE-ON TO A TUNNEL

Another oconsideration with the side-on tunnel is the tuniel thet i»
side-on to another tunnel. Here the initial shook wave is oonfined to a
tunnel vhioh has' the same area as the joining tunnel. It {e felt that because

11




of the restricted air supply tae oonditions wore rearly roseubles the simple
shock tube configuration, Duta from axperimentsc oonlucted with this configue-
ration are plotted in Figure 9 with the relationship for a simple shook tube.

CONFIOURATION ANALYSIS

The three theoretizal ourves which have besn presented can b spplied
to three types of entrance conditions. Pigure 10 shows a tunnel system and
the thres curves plotted in terms of pressurc rather than pressure retic. The
lengths of the tunnels will he suffiocfent to permit the maximum shook to ‘
develop and ve will sssuse no attenustion dus to tunne! vall roughness or the
one dimensional expasision.

FOr 2 very large bomd burst direatly over Turnel A, vhers the pressure at

' ths entranoe before reflection from the ground is 100 psi, the pressure 4cveloped

in Tunnal A will be 160 psi. This shock moving scross the sntrance to 3 tunnel
propagates a nev shook of 75 psi into the tunnel, Curve B is used here becsuse
Tunnel A {# muoh larger than Tunnel B. In Tunnel C tha pressure as iz:ad froa
f.uvve C, the relationship for a 1 ¢a 1 shosk tuhe, is 29 psi.

In an analysis such as this, one must bear in mind that tunnels are nov
infinitely long and that there will be -efleations and rarefastions in the
system. For chort tunnele, refleotion frus dlind endc will ta greatsr than
the pressurs shown here as maximum pressures. In very long tunnels the shoek
vave attenuation may be significant, so that the starting pressure in sesondary
tunnels vill not be vhose dssoridbed in FPigure 10, Experiments present’y i=
prosess at IRL are designed to yleld informstion on this attenustion history
of the blast vavss.

It {s believed ti«t information, presented will de of value to persons
sonoerned with the proteotive cunstsr otic: problem.

Mok

NOBERT 0. CLARK
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END FLANGE CONPISURATION
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