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ABSTRACT 

As part of an investigation into the development of more cost effective explosives storehouses, the Australian 
Department of Defence have conducted a number of trials to confirm the performance of large span circular arch 
explosives storehouses at Woomera. 

The storehouses consisted of a proprietary profiled light gauge steel arch faced with sprayed concrete. The light 
gauge steel shell thus acted as expendable formwork and also contributed to the reinforcement of the arch. The 
resulting structure was covered with earthfill in accordaflce with standard specifications. 

In two previous trials, three 13 m span receptor arch s t r u c m  successfully withstood the blast effects generated 
by the detonation of 75,000 kg TNT. More recently the performance of a new 23 m span arch explosives 
storehouse was examined. The new receptor was located at minimum side to side separation distance from one of 
the 13 m arch structures remaining from the earlier trials. 

The receptor structure survived the blast with only limited damage. Measured blast loads on the receptor, 
although less than the blast load criteria adopted in the design, are considered representative of the blast load 
environment to be expected. Analytical response predictions were found to be broadly in agreement with the 
measured vdue-s. The structure has now been approved for use as an igloo by the Australian Deface Forces. 

1. INTRODUCTION 

In view of the proposed redevelopment of a large proportion of Defence explosives storage facilities, considerable 
attention is being paid to the development of cost effective explosives storehouses (ESH). A number of trials, in 
May 1990 (Ref.l), September 1990 (Ref. 3) and October 1991 (Ref. 3), have been conducted to assist in this 
process. The most recent trial is the subject of this paper. In this trial the behaviour of a large span arch 
explosives storehouse subjected to the effects of a detonation of 75,000 kg TNT at minimum 'side to side' 
separation distance was examined. The principal aim of this trial was to validate the design of the new large span 
arch structures as a hardened receptor structure for Explosives Storehouses spaced at D3D4 distances (Ref. 5). 

The receptor explosives storehouse consisted of an earth covered concrete (shotcrete) arch lined internally with a 
deep rib light gauge sheeting produced by SPANTECH. A typical pian and elevation of the structure appear as 
Figure 1. The unusual double arch form was used to permit a reduction in the building footprint (length)l. The 

1 The smaller arch at the rear can be fitted within the earth traverse generated by the major arch whilst 
maintaining the minimum earth cover at all points. Thus the extra 3 m internal length does not add to the 
total building length. 
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reinforced concrete headwall and endwalls are of conventional construction - the internal SPANTECH sheeting 
acts both as permanent formwork, thereby speeding construction, and also as arch reinforcement. The 
configuration adopted permits the storage of some 380 pallets. 

The arch is constructed using light gauge (1.0 mm G300 steel plate) profiled galvanised sheeting which is then 
covered with a layer of 32 MPa shotcrete and lightly reinforced with steel mesh. The shotcrete thickness varies 
from 250 mm at the centre of the arch to 350 mm at supports. The profiled steel sheeting consists of curved trays 
nominally 300 mm wide with 110 mm ribs which are mechanically interlocked. Once erected the steel arch is 
self supporting. With the aid of propping along the centre of the arch, the arch can support the selfweight of the 
applied shotcrete. The headwall, the intermediate wall between the two arches and the end wall are constructed 
monolithically with the arches and so provide substantial support to them. 

In addition to ensuring that the new receptor was capable of resisting the normal design and construction loads, 
the structure was designed to resist the effects of a 75,000 kg detonation at D3D4 distances. For the side-on 
configuration the following blast loads were adopted for the arch crown. 

Peak Side on Pressure 
Blast Impulse 
Blast Duration 
Blast Wave Velocity 

- - 303 kPa 
= 4272 kPa.ms 

28 ms 
= 640 d s  

pso 
is 
ts - - 

For points either side of the crown, the blast loads on the arch were adjusted to approximately accoutlt for, 

the effect of slope of the earth cover on the reflected pressures experienced. 

the decay of the pressure wave with distance from the source 

Design review of the headwall and doors was based on TM5-1300 (Ref. 5) whereas the arch itself was reviewed 
using a linear elastic finite element package.(Ref. 6). In view of the substantial circumferential compressive 
stresses developed in the arch and the limited capacity of the shell in these circumstances to behave in a ductile 
manner, the review basis adopted was to ensure that the combined axial and flexural loads remained substantially 
within the ultimate load interaction diagram for the section. 

2. TEST CONFIGURATION 

The test configuration adopted for the trial is set out in Figure 2. The donor structure used in the trial was one of 
the existing 13 m arch ESH trialled previously. The donor consisted of a 250 mm reinforced concrete arch with a 
300 mm rear wall. The headwall was of 350 mm reinforced concrete and incorporates 900 x 500 buttresses at the 
door. A sliding steel blast door was centrally located. Earth cover geometry was in Bccordance with ESTC 
Leaflet No. 6, Ref. 4., namely 600 mm cover at the roof with a 1:2 slope back to natural surface. "he fill 
consisted of the soil readily available at the site - a heavy clay. Details of this structure appear in Reference 1. 

Although the use of a 13 m arch as the donor meant that the trial did not exactly represent the blast environment 
that might be expected fiom a 'large span SPANTECH' ESH it was considered that the blast loads were likely to 
be acceptable as a basis for judging the performance of the receptor? 

2 As the internal volume of the donor SPANTECH structure is only 520 m3, the effective charge density, 
assuming 75000 kg HE, is 144 kg/m3. The internal volume of the new receptor structure is 1650 d and 
so, for 75000 kg, the explosive loading density is very much less. The blast loads generated in this trial 
should therefore be more severe than those likely to be generated by a detonation in a 23 m ESH. 
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Receptor R3 
m 51 (May 90 Trial) 

DONOR C I  
( R e c e  tor R2 Z I  
May $0 Trial) m I 

RECEPTOR I 
Lar e Span 
Dou%le Arch ESH. 

Figure 2. ESH Donor/Receptor Trial. Site plan, 

2.1 EXPLOSIVE CHARGE 

The donm charge COfLGisfed of 120 pallets of boxed mines, afiangdd in a rougfily semi-cylindrical configuration as 
shown in Figure 3. The priming charge geometry was deterrlzined to ensure a complete and instrantaneous 
detonation, themby eliminating the risk of 'throw outs' or UneJEPloded nines contaminating the Site. 
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2.2 1 NSTRUM ENTATION 

Explosives Ordnance Division (EOD), of Materials Research Laboratory (h4R.L) was tasked with measuring the 
blast overpressures on and inside the receptor structure as well as the structural accelerations and displacements of 
the receptor building. Additional details regarding the EOD instrumentation is provided in the EOD report (Ref. 
8). 

Waterways Experiment Station (WES) ,  US Department of Army Corps of Engineers supplemented the near field 
instrumentation effort by locating a number of pressure transducers on the new receptor and also on the receptors 
remaiOing from earlier trials. In addition WES provided the instrumentation for the far field pressure 
investigation. Additional details regarding the WES instrumentation is provided in the WES preliminary report 
(Ref. 7). 

2.2.1 Far Field Measurements 

Gauge lines for the far field measurements were set out with respect to the nominal centre of the donor structure 
as displayed in the following figure. Three radial lines were used - l ina at 0" (north), 90" (east) and 180" 
(south). (The 0" line is taken as the direction forward of and perpendicular to the original donor headwall). The 
nearer gauges are located at standard quantity distances and thus the distances relate to the distance from the 
structure walls or footing. 

S-1 34m 
s-2 47 
s-3 102 
s-4 215 
S-5 390 
s-0 590 

S-Line S-7 8 0 0  

Figure 4. Layout of Far Field Pressure Gauges. 

2.2.2 Near Field Instrumentation 

In order to assess the behaviour of the receptor structure under the blast load, instrumentation was located on and 
inside the receptor structures to record the blast pressures applied to the structure and also the response of the 
structure to these loads. 
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A total of 13 pressure gauges - comprising 9 cm the roof, 3 on the headwall and one internal were deployed by 
EOD as ahown in Figures 5 and 6 rmpectively. An additional eight near field pressure gauges were deployed by 
WES. FCRU were located on and adjacent to the 13 m ESN remaining from earlier trials. The other four were 
located on and adjacent to the new receptor 

Figure 5. Plan View of Near Field Pressure Gauga on the Large Span Receptor Roof. 

Figure 6.  Layout of Pnssure Gauges on the Remptor H e .  

. .  
the dia;placement response of the arch from 
with a number of Sangam0 UAC5O tinear 

In view ofthe diflidties in the former trials in dekmmmg 
eccelerometer m r d s ,  the large span Receptor was instnunented 
Variable Displacement Transducer (LVDT). The t r a n s d m  818 m AC captive annahve type with a f 50 mm 
stroke and fittad with a universal joint at each e d  The displacer.utmt transducers were COMected to soffly sprung 
inertiai mrmnts in order to obtain an indidon of the absolute displacement of the atbchmmt point. The 
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transducers were generally arranged in pairs as shown in Figure 7, to measure vertical and horizontal 
displacements on the arch. 

Figure 7. Location of Displacement Transducers. (Main Arch) 

3. TEST RESULTS 

The donor charge was detonated at approximately 9:30 am on 26 October 1991. Based on the instrumental results 
for the far field pressures it is considered that complete detonation was achieved. The detonation resulted in the 
complete demolition of the donor structure - all that remained was the crater (and extensive earth uplift around its 
perimeter). The maximum apparent depth of the crater is approximately 2.0 m with a 'diameter' varying from 
approximately 25 m to 30 m. Although comparable in size to those observed in the former trials the resultant 
crater is very much less extensive than might be expected from standard correlation expressions, eg as in 
CONWEP Ref. 9, for a free field d c e  detonation. 

The large span receptor survived the detonation with only minor damage. The external face of the structure was 
not even blackened by soot from the fireball (notwithstanding its proximity to the donor). An examination of the 
headwall revealed numerous fine cracks along the support provided by the arch and headwall buttress. These 
cracks are considered to be consistent with elastic response rather than permanent deformation. 

Of greatest concern was the behaviour of the major arch. Whilst the major arch showed no signs of significant 
change to its internal profile it was apparent that some significant deformations had been experienced. The 
SPANTECH lining was 'dnunmy' over most of the arch surface - indicating that the sheeting was no longer in 
intimate contact with the concrete. In addition for the footing closest to the blast, significant crimping of the 
lining was experienced at the arch-footing junction. 

The most significant damage experienced was the failure of the main doors to the ESH under rebound. These 
were discovered lying on the ground in front of the headwall after the blast. Although the doors were subjected to 
substantial blast loads and suffered some permanent deformation (approximately 100 mm central), the failure was 
not due to inadequate design but rather due to faulty workmanship in the fixings of the rebound restraints. 

4. INSTRUMENTAL RESULTS 

Two different systems were used as the basis for time zero. EOD used a 'breakwire' wrapped around the 
explosive. WES used the electrical firing signal. As the WES results were triggered off the electrical firing 
signal, rather than the break wire trigger used by EOD a timing correction was required. 
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4.1 PRESSURE MEASUREMENTS 

The WES far field radial pressures are munmansed in Table 1 togetrser with estimates for 811 equivalent free field 
hemispherical detonation. Note that the distancas recorded hem have bean adjusted to yield distances from 
Ground ZCW 6.e. centre of the donor stsucture) to the gauge pint. The results obtained for peak pnssure are 
plotted against the CONWEP estimates in F i p  8. The instnunenbal results appear low at short scaled distances 
and although they rppear to umverge at higher acnled distances it should be noted that they am still only 60 to 
70% of the fraa field vdw. 

soumcr4 * 
s1 sz 
s3 
s4 
s5 
s6 _. 
s7 

275 
535 

108.5 
276.5 
506.5 
756.5 
m.5 

325 
71.7 
182 m 
124a 
21 10 
2247 

517 
237 
883 
21.6 
5 9 5  
5.22 
4.80 

ni. 

n... 
n.a. 
n.a. 
aa. 

aa. 
n.a. 

n.r. - m d t  n.a. not available 

Table 1. Summary of Far Field Pressure M-ts 

presfllre Measummta taken on the new receptor, andalsoon theexisting small span s t o r e h o ~ ~ ~  acesummarised 
in Table 2 for the arch roof and headwall. Rermlls are provided fnr the tinZe of arrival, peak pressure, impulse 
d equiwaleat duration. To provide a frame of rn- for tham values the corresponding eeitimates for a 
hemispherical detanation are included m brackets. The d t s  rrgertad by WES am incOrpornted in this table 
also. Tha results obtnkd in this table nre plotted in the nsxt two w. In view of the small range of scaled 
distrrnces involved a hear plot scale has been d here. 

Plots of t8a pressure -ts and positive phase irnputst diita together wiih CONWEP estimates have been 
plotted Figure9. The c o w  is not strictly approPriate a s h  CONWE9 estimateS am based on a plane 
hemisphere wharees most of the Hlsasured near ffald values are on, or near, tha crests of eruth mounds or on 
slopes eithtr k i n g  to or away from fhe blast. As expected, m view of the significant effect of the details of the 
donor brephq, on tha blast cmvimmm~~, the d t s  show considexable scattat and am significantly below the 
CONWEP line. 
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E NorthernLine + Eastern Line 
A SouthernLme - CONWEP estimate 

Figure 8. Comparison of Measured and Estimated Far Field Pressures. 

Transducer Distance 
from GZ 

(m) 

EOD Results 
HcadwaU3 

BP1 
BP2 
BE3 

Arch Roof 

BP4 
BP5 
BP6 
BP7 
BP8 
BP9 
BPlO 
BPI1 
BP12 

35.2 n.r. (14.3) 
42.3 52.4 (19.8) 
49.4 64.2 (26.3) 

36.3 
42.0 
47.7 
36.0 
41.8 
47.5 
36.3 
42.0 
47.7 

44.2 (15.1) 
51.8 (19.6) 
62.0 (24.7) 
44.9 (14.8) 
52.6 (19.4) 
62.7 (24.5) 
45.9 (15.1) 
53.9 (19.6) 
63.8 (24.7) 

Zi  (tEj n.r. (1965) n.r. (8796) 
436 (1348) 4160 (9790) 
352 (963) 3400 (9059) 19.3 (18.8) 

>932 (1848) 
474 (1368) 

>930 (1879) 
573 (1382) 
258 (1050) 
756 (1848) 
516 (1368) 

240 (1041) 

251 (1041) 

n.r. (9041) 
2200 (9809') 

n.r. (9.8) 

<11.8 (9.5) 
7.7 (14.2) 

16.2 (17.7) 
14.1 (9.8) 
10.2 (14.3) 
16.6 (17.8) 

1;:; (1;::2 

BP13 41.8 n.r. (19.4) ax. (1382) n.r. (9821) n.r. (14.2) 
WES Resulh 

NFPl 
NFF2 

21.5 
41.6 
42.1 
66.9 
61.6 
61.0 
57.0 
62.8 

28.4 (6.23) 
50.3 (19.2) 
50.0 (19.7) 
62.6 (46.3) 
88.9 (39.7) 
60.9 (39.0) 

83.9 n.r* r4*3) 41.2) 

800 (4727) 
323 (1396) 
280 (1362) 
175 (484) 
255 (585) 
279 (598) 
351 (699) 
176 (560) 

6190 (7005) 
2400 (9832) 
4570 (9803) 
4770 (7014) 
4160 (7570) 
2510 638) 

>2750 &08) 
3360 (7438) 

15.5 (2.96) 
14.9 14.1) 
32.6 (114.4) 
54.5 (28.9) 
32.6 (25.9) 
18.0 (25.5) 

>15.7 (23.2) 
38.2 (26.6) 

n.r. = no result 

Table 2. Summary of Near Field Pressure Measurements I 

3 Note that the CONWEP estimates quoted for the headwall are 'side-on' values. 
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Scaled Distance (tnikg"0.33) 
0.4 0.6 a: I 1.2 1.4 1.6 1.1 

Scaled Distance (mkgq .33)  

I Mcasurai Values -CONWEP estimates Measured Values -CoNWEP E s t h i t c s  

Figum 9. Comparison of Near Field M d  and Eslimatdd Peak Ptesnue and Impurse M-mts.  

4.2 STRUCTURE RESPONSE MEASUREMENTS 

4.2.1 Arch Response 

Arch msponse data was obtained principally fmm the displacament transducens, however some supplementary 
accelerometer data was also obtained, OnIy the displacement transducer d t s  am d i s c u s s e d  here. 

Six of the twelve displacement transducers, namely QlaMels 1 to 4 , 6  and 8, were damaged during the blast due 
to the ground Shsck displacements over-ranging the tmm&mrs. Limit stops had been installed to prevent 
excessive displacement however thase had only been partiauy succaasful. 

Notwithstanding the damage sustained, all of tfie transducers fimcrioned &€itctorily until they were over-ranged 
which, gemrally, can be detected as a relatively abrupt discontraru . ' tyinthedisphmenttmce. Thistypically 
occufitd some 150 ms to 200 ms after the defmamn - . Itis coasidefed that up to this point the displacement traces 
provide a I.eliable indication of the absolute mti0n4 of the of the Structure to which the transducer was 
conaectad. 

4 W c h  CoDsistG of motion due to struchue d e f o d u n  and ground motion. 
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As an example Figure 10 compares the horizontal displacements recorded along the centre of the main arch. As 
noted earlier Channel 1 is located adjacent to the arch footing (blast side), Channel 6 is located at mid span, and 
Channel 3 is located at an intermediate point 4 m from Channel 6. The three traces can be seen to exhibit similar 
behaviour in the first 150 ms. Note that Channel 1 initially experiences a motion towards the blast and that the 
characteristics of this motion are reflected in the tram for Channels 3 and 6. 

t 

Figure 10. Displacement (horizontal) traces for Channels 1,3 and 6. 
(Note: Poaitive displacements indicate motion of the attachment point away from blast) 

Arch Deformations 

The arch deformations are estimated by obtaining the displacements of points on the arch relative to the arch 
footihgs thus removing any rigid body rotations due to ground deformation. The following table Summarizes 
estimates of the measured arch deformation for the tbree locations instrumented (three pairs of transducers). Note 
that, as in the figurs, positive horizontal displacements correspond to motion of the attachment point away from 
the blast, positive vertical motions correspond to downwards motion of attachment point. 

Transducer Attitude significant 
Displacement 

Peaks 
(-1 

Time 
at which 
Maxima 

occumd (ma) 

c h 3  Horizontal 
c h 4  vertical 
c h 5  Vertical 
Ch6 Horizontal 
ch 10 Horizontal 
ch 11 vertical 

4-35, 4-43 
+35 
-4.2 
+35 
4- 13 

-7 

80, 100 
85 

100 
106 
94 

100 

Table 3. Large Span Receptor - Arch Displacements. 

5. STRUCTURAL RESPONSE PREDICTIONS 

In order to assess the validity of the structural models adopted for the design of the facility, and thus assess our 
capacity to predict the behaviour of the arch, a number of analyses of the Receptor were performed. A linear 
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elastic finite element d e l . w a  used to examine the behaviour of the stnrcture to the instrumentally determined 
blast overpressures. 

The analysis was p e r f o d  Using the program ALGOWSUPERSAP. A model of the arch, is shown in Figure 
1 1 ,  in which the soil, mudelled using 8 noded brick elements, has been partly m v e d  to reveal the shell 
underneath. 

Although the IMJdel developed is computationally inteawive - entadkg approximately 10 hours p d g  time OII 
a 33 Mhz 486 microwmputer - it must be recognised that the mcodal is nevertheless still limited in its capacity to 
predict tha true reqmnse of the system The results therefomshouldbesemoniy as an approximation to the real 
behaviour. 

Figure 11. Strnctural Model Adopted fix 'SideUn' Caoe. 

6.1 ARCH PROPEFiTlES 
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Load capacity checks were performed using an interaction diagram derived for typical sections. As an adequate 
model for the prediction of the ultimate strength behaviour of reinhrced concrete slabs to a general load (axial 
stresses in both directions, shear stresses, bending in both directions plus twisting) does not exist, it is necessary 
to resort to a uniaxial environment to determine the capacity of the section. Actions in the perpendicular direction 
are thus assumed not to significantly affect the behaviour in the principal direction. Also, in th8 circumferential 
direction, the effective thickness is unaffected by the sense of flexure. 

As the 28 day test results for the shotcrete yielded a mean strength of 39 MPa - a dynamic concrete strength of 45 
MPa and a dynamic elastic modulus of 32000 MPa was used in the analysis. A value of 500 MPa was adopted 
for the dynamic yield strength of the reinforcement - which represents a 20 % increase over the static value. 

It should be noted that points falling outside the zone defined by the interaction diagram do not necessarily imply 
collapse of the arch. A number of supplementary issues must be considered, such as the, 

spatial extent of the overloaded region 
duration for which an element is overloaded 
low axial stresses, high flexural loads 

0 
- 1000 -500 0 500 lo00 

Bending Moment (kN.m) 
t- +Footing 

Figure 12. Interaction Diagram for Arch - circumferential Direction. 
(Positive moments produce tension on bottom face of arch) 

5.2 SOIL PROPERTIES 

Based on a geotechnical investigation, the following soil propeaies were adopted for the earth cover, 

Soil Shear Wave Velocity = 142 mls 
Soil Compression Wave Velocity = 350 mls 
Poisson's Ratio - 
Soil Density - - 1800 kglm3 

0.4 - 
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From these values the elastic and shear moduli were estimated using standard theory. The values adopted in the 
d y s i s  were, 

Soil Elastic Modulus 
Soil Shear Modulus 

102MPa say100MPa - - 
5 36.4 MPa 

In view of the small deflections experienced by the struchm, durinlg the passage of the blast wave, it is considered 
that the use of elastic properties for the soil is reasonable. 

5.3 BLAST LOADS 

The blast loads applied in the analysis were obtained firom a curve fit to the average measured values. The next 
figure, Figurn 13, depicts the variation in peak pressure with distaece assumed in the analysis. Averages of the 
measured values appear on this figure also. The fit to these measpred values is clearly good although extensive 
extrapolation outside this range is involved. ~ 

2500 

2000 

1500 
n 
al 

i; 3 1000 
ci: 

500 

0 
0 10 20 30 40 

Distance from toe of Traverse cm) 
- Load Model + M m d ( A = r a g t ~ )  

Figure 13. Assumed ~ariatiOa of Peals Prassure canpad  with meewued values. 

5.4 DYNAMIC ANALYSIS RESULTS 

Analysis mtailed the direct integmtion of the aptions of motion using 500 time steps of 0.20 ms duration. 
(Total analysis duration = 100 ms). It should be noted that as the analysis is a linear elastic one - the oscillatory 
response beyond the first excursion beconres iecreesingly Unreliabh and should be trested with caution. 

5.4.1 Arch Displacements 

A comparison of the analytical and lneasured rcsganse indicates only agmments. Nevertheless the 
displacement response of the structure mugmarrsexl * hereunder exhiits B numbef of featUtes consistent with the 

5 horder to permit comparison of measureddpredicted msponse a cantran time base is required. The 
analytical predictions are based an an analysis in which the shock f h t  arrival at the crown of the arch 
matches the average measured value - 52.6 ms. 
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measured displacement response. Whilst the maximum deflections predicted are comparable to those measured the 
details of their variation with time is often quite dissimilar. Although a number of the assumptions implicit in the 
analytical model have been tested for their capacity to influence the results it has not been possible in the time 
available to achieve an entirely satisfactory resuit. 

Typical plots of displacement of the arch as a function of time for a point on the arch model 84 and the 
corresponding transducer appear in the next figure. The predicted peak displacements in the vertical and 
horizontal direction are only 26 mm and 38 mm compared with measured values of 43 and 42 mm respectively. 
Nevertheless the displacement traces exhibit some consistent features - for example - the effective period of 
vibration appears comparable. 

In both the vertical and horizontal traces the measured response indicates a later but much more abrupt rise in 
deflection. The predicted vertical displacement exhibits a number of significant harmonics - which are not at all 
reflected in the transducer result. Although not presented here the predicted displacement plots for a point 
somewhat lower down on the arch are in reasonable agreement with the measured values for Channels 3 and 4. 
These discrepancies suggest that the analytical model does not capture the physical behaviour entirely 
satisfactorily. 

Channel 3 (Horizontal Displacement) 

\ 

Channel 4 (Vertical Displacement) 

0 50 la,  Is0 zm 
T i e  (ms) 

+Predicted Displacements 

-Measured Displacements 

0 50 im I50 203 

Time (ms) 

+Predicted Displacements 

-Measured Displacements 

Figure 14. Arch Displacement vs Time - Channel 3 and 4 
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5.4.2 Arch Stresses 

S W  developed within the shell have beea plotted on the interaction chgram described earlier above hr a 
typical elerneat withia the central circumferential slice The htemction diagram, Figure indicates that load 
effects are dominated by flexure rather than axial cosnpression and so some degree of overload is acceptable. 

It is also apparent that at times sigdicaut tension stresses are developed in the shell and at the footing. This is 
the co~fstquence of the lieear elastic analysis adopted for the solution. In firct as tansion loads developad ex& 
the gravity loads uplift of the footing may be expectbd with the cansequent d i e f  of mrch loads. Similarly if in the 
remainder of the arch significant teasion s t ress  were to deveiop thm tension cracking could be expected in the 
conc& with the consapat relief of such loads. The tension stresses &us depicted in this figura are thus 
d d d  ta be iictitiow. 
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The malts obtained for this element, and others not shown hare suggest that the real strrtchrre, in places, 
approached and in some areas exceeded the kwnds of the interaction dirrgram. As the ovemtress generally 
d in pnaa of &vely low coIgpresgiya sbrass, the most I W y  d t  is some COfEcrete crscking and yielding 
of feinfwceman t. Whilst the resuits do not suggest any significant risk of collapse they do suggest that at some 
points dgnificant cracking may have o c c d .  

Inview of the absence of any peragtibepmmmeut deformationin the s m  it is considered that the results 
taxi to Bffon $la side of c m l s e l v b  

~ 

~ 6 Note that d y  blast load inducad stresses: am piotted in this figure. Gravity induced loads reslllt in an 
axial stress of the order of 2 MPa, with d y  minor beading m o ~ t s ,  and dthough these should be 
included in the load check it is appamnt that they will only have a minor efht on the outcome. 
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5.5 COMPARISON OF ANALYTICAL AND INSTRUMENTAL RESULTS 

The discrepancy between the analytical and predicted response, whilst not unexpected, is a cause for a re- 
examination of a number of issues and assumptions. 

(a) Boundary Conditions assumed for the arch 

The analysis adopted rotational springs at the arch footing line. The rotational stiffness was calculated 
using half space theory for the actual footing width and assumed the soil properties determined by test. 
Previous analyses suggest that any reasonable variation in the end fixity conditions should not affect the 
results significantly. 

Linear elastic boundary elements were also used to provide vertical and horizontal restraint to the 
footing. Such springs imply a capacity to resist uplift which in practice cannot occur i.e. tension between 
soil and footing cannot be sustained. 

(b) Parameters assumed for the soil cover to the arch 

Although the soil properties were formally determined, the analysis transformed this data into equivalent 
properties for a linear elastic isotropic medium. Whether a moderately loose soil subjected to severe 
transient loads can be effectively modelled by a hear elastic model is open to question. 

(c) Anisotropy of the Concrete Section 

As noted earlier the SPANTECH sheeting, because of its deep rib, results in a section with quite 
different properties in the longitudinal and transverse direction. Moreover the stifiess in the transverse 
direction is dependent on the sense of flexure induced. If bending actions d t  in transverse tension 
stresses in the bottom face then only a portion of concrete shell is effective. When bending actions result 
in compressive stresses - as the ribs are not in ideal contact some reduction in the effective stiffness can 
be expected. 

(d) Tension in Concrete Shell 

The analysis predicts significaut tension stresses in the model. Tension stresses beyond say, 4 to 8 MPa, 
cannot be resisted by the concrete - with the d t  that some cracking is likely which will thereby reduce 
the tension stresses and also material stiffhess to zero. This effect cannot be modelled by a linear elastic 
analysis and so the analytical model is likely to be stiffer than the real system. 

In summary there are a number of aspects that could lead to a more accurate prediction, however most would 
require a considerably more detailed model and a program with the capacity to handle the non-linear aspects of the 
problem. Such analyses would consume substantially greater computer resources than already expended. 

6. CONCLUSIONS 

As a result of this investigation, the following conclusions  are^ drawn, 

1. The receptor structure withstood the blast environment generated by the detonation of 75,000 kg 
in a 13 m span SPAN'IECH receptor sited at D3 distance with minimal k g e  and is therefore 
considered suitable as an hardened ESH. 
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2. The blast e n v h m t  g-ted in the far fiald suggests that a complete detonation was 
achieved. However the blast loads measured in tfae neat field am &uificantly lower t h ~ ~  might 
be apeded based on the predictions an the UIC. ESTC criteria. They are however comparable to 
the values experienced in the Edry 90 trial. 

The better thao expected performance of the reoaptor structures is considered to be partly due to 
the 'low' blast loads applied and also partly due to the fact that the arch concrete stnngth 
significantly exceeded the specified level. 

Analysis of large span rcccpt~ suggests a l e d  of retipanse broadly in agreement with the 
expmzritaUy cietemnimd values. Although it was o h  difficult to reconcile the predicted 

cikplacanat of the order of 90 mm was veay similar to that deterrmned . fromtheLVDT 
ram&. The predicted respoxm fix theimp0.d loads thus coghnns that the arch would, at 
most, experience anly minor disbresl. 

3. 

4. 

variation of displacemeat with time with the lzmlmrd nsponsa, the predicted peak total 
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