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:'1. EXPUU:'IENTAL DETAILS 

~~ ... ~.~ ...•••.•.... -.~--,-------~-~ 
jDescription of Data Experiment No' capper 1 

IDate; Ei/14i\J1 
Time; 12'01:23 

IRate; 5 MHz 
jStriker Data 
,length; 
!Speed Trap Data 

ilime: 
,Specimen Data 
Ilength; 
jBridge Voltage 

1m 

9.81 

301 

l
'Voltage; 5V 
lima ChannltlO Channltl 1 

. O, OC((((()J -O,OOY.l)6 0,151::672 
I 0,00JX(J 2(I -0.070801 0,1391602 

0 00JX(J40 -0,073242 0.15625 
O,0 ClXlX60 ·OOB7891 O,1782n7 
OCOXOJa) ·0003477 0,1855469 

Diameter: 10 

Trap Gap 82.01 

Diameter: 5,02 

FIGt.:RE 3-IL La}'(lut of the ,wred data 

tJlalerial; Coppe, 

__ ~~~~~~"'cc'"'"-·""·,,,:o·~oo,·," .. ,-__ ~~~~~~_ • 

" ! " . • i 
,,l 

, . 
j.. . 

-
" / 

.. ~~=. !.::;:::;~~J!" '~,~ --0 

FIGURE 3-12. P"'t ,!.owing the noi,., On ,he lin" 
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3. EXPERIUEliTAL DETAILS 

,_ ... ..... .. ""'."' ... -... . " 
• ~ ... 

, 
~ .., _. - , +. 
" 

" ! 
" 

.~~ 
,~ , • I I " - , 

~-, 
, -_c. .- , 

" m " - " - - " 

FIGURE 3-\3. Plo .. sbawing the offeL~ of cross coupling bctv.'CCn ,tI>tion 0 and ,;j.atiull 1 01' Ihe 
momentum of the '.v,lem. 
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stress wave. 

waves 
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''''',,,",,,'I.U''''-' at some 
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stress vs. 

to 

pprmdnlat,eh correct 

"p'''''-'J.1U':;U, it was llec:.:tlISlSH.l:Y to 

stress 

~"'l"lU'l1 curves. 

dU!D€!rsl.on curves, to correct 

Ql~me:rslon curves are 
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an 
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4. 

summary 

ease 

-<P =0 

2 

X= + = 

f3= = -

h= 1'= 

k= a-.9. - 2 , 

<P <P 

is zero, 

= 

is one, 

= 

is as 

1. 

2. is 

3. it is th,pr~,frl1'''' 

1, X can 

X. 

I'JO'IJ.:n.Z1cm. 4.1. zero is "',,,''V.,,,, to 

as most to root. 
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are not as ""lHUlle as 

use as A is Qepeln.Qlmt 

= = 

= f= 

A 

root .... '''' ... ,1':. 

wave. 

ae]pellGEmt on 

as more 

it 

a 

it can 

is 

A non 

a 

can 
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are 

4. 

Olspel;slCln l',,,,r1",,,,,,tin,, is 

f <=> 

states f 

one to 

f(t) <=> 

f(t- <=> 

states a j-nTll'j-u,,, f 

a L;UIIUIJ1CA 

is 

etv= 

it is ne<:eSlS,arv to UAll,L;UI~ 

oec()mes f (t -

IJUIICll~;::; are 

con-
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• Z is U.,,' ~<W,."'''' to move meters. is 

• 

is is 

is 

GISoel('slcm c()rr(!!ction nT"''''''l'ITn is Dr()ken 

riUru.ZSli£ilJ'1£ Card 

is a text 

a COlrIlOres:sion 

was 
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is 

so 

'V~'''U''l''. at a 

Data to Matlab 

MLPutMatrix -

MLGetMatrix -

extract 

is 

correct 

course. 

are: 

HU ~!(l .. !",a.~JIUH statement 

time 

to 

in 

sets are 

are 

user ..... " .... ,,., ..... 

Function • readl, dist, r, v, D, mode, x3, BSF, BSF1, BSF2, 

BPF, BPF1, BPF2, 

same way as one 

user ..... "' •• u'", ..... 

the data 

is not '7P,on.,,1"1 can seen 

YV""'"JI'.''' to a "'1"'1·,",,1"11I"'1n 

to a mean mean 

is to ........... ,'1'> to zero. 



Univ
ers

ity
 of

 

Tow
n

the data 

is is even. 

ment to an even U ...... ""'U' .... 4 to ... .,,'r+n ....... 

transl:ofln occurs 

are is not a power an even 

if two. 

is ,.."ynn,,,.,,t1 

:alculai:zon of 7""",",W''''_~ 

are 

1. = 

2. 

3. is 

vector. 

4. is 

5. is ceIltelrea term 

a 

6. vector 

'I'Yl'FI.'1TfI'1'l'l:I.I1T.I,nn into the T'lT'.l.IUE'!1.Cll domain 

UUlI,J.'"",,;U. IIlaJl!~IlllmCle is so as to IT 
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was to 

term is in 

curves 

are a rn, .... r, .. 

7 

to 

is to 

manner, 

n."no.·".,., .... I', ....... 'Ol't-." ... curves 

term. 

am.'IlLZ;uer ara''IJ-IlIIT and 

Band 

to 

in 

one sets 

110 

correct amount to 

COlrrectlon is 

and Band Pass 

was to see 

was 

process 

is 

is 

to zero 

to 

treqw,mC:les on 

as 

up to a 

a 

ones 
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4. 

Calculation the 

ocJl1hiammE~r-ICh.ree curves are 

a 

dlruDetler to wav'eJeIlgth 

curve is ex1Gracted 

curve is caITied out 

indlividu,al fI:equeIlcil~ is 

the Pochhammer-Chree modes 

PoiRRon'R ratio spE~citied 

VS. 

curve is a curve 

curve a PochJlaInIIler,-Cll1r€!e curve is reJ:,ealted 

oplerator UT.",n...,. to use. 

betweEm mLodl~ are deternlimld 

curve was geltlelrated 

rreCIUeltlcy term to accommoda1Ge 

in 

the to C01"'rect 

a curve is 

curve is miJrrored 

is 

freCIUeltlcy is amount caJ,culated 

is mUllti])lied 

rreCluelncy is mOljifiE~ not 

the frequlenc:y domain to the time domain 

to a test was COIldu,cteKi to see 

asa 

one or more 

is tramsformeld into time dOlDaltn 

is transflerrE~ 

were no imlllgiJnary cc)m]poIJlen1,s 

altelrati.ons to were 

COITec:tioln process was incorrlect. 
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'1 'n:.m.Rfe.r data to Excel sheet 

dis])er~;ion cor:rect;ion program is cOIIlpiete 

can 

it 

not 

to v...,~ ...... stI~es:s-stnlJn curve. 

stressi-strwn curve is discm;se:i. 

is 

elElm,en1tary wave +h,,,nY'u 

ma.the:ma.ticluly pre­

wave equatIOn can to 

= 

fundazneIltallon.gitludinal wave velc)clt.y, u is 

can to 

U= 

were p is v 

to 

stress at inciideIlt blrr/~;pe(:lmEm interlface is 

stress at 

\ 
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4. 

is cross-

a stress state 

two true 

true strain is 

Etrue = 

rate 

men 

one \..lUU"""""JU, .... wave pr()p~lJ'gatlon see 

L!J(J'Uazto,n 4.7 uses two stress waves to 

uses one stress wave 

rate 

VB. 

cnosen so as to 

rate test two were some 1'I"f:1"1'1~11('1" 
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cOlrrection was 

GUneltlSIIOnl'l.l wave Pf()PEIg8,tlOln to 

QT.l·PQQ_~'T.r'''l1n curve. 
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"V~ _______ 3111 Pochhammer-Chree Mode 

. ~ _______ 2nd Pochhammer-Chree Mode 

:::=======~1:"I~~I~h8nl1m4!r'.Chree Mode 

oc-

Select start point 

4-1. Method of detlerrnLinillg the oalnaooun~r-~;nJL4~mod~. 

Plot of the solution of the IIqIIIItIon 01 motion 

100 

~ 

..,; 

i 
50 . . . . . . . 

S-
III 
'IS 

i 0 

\ I 
:E 1"_· 2"'_' 3"_ 

~"-.,so 

0.4 0.8 0.6 

4-2. Plot of the solution of the .,.... .... t-',........ motion ) with I-> ..... i.,""' ... ratio 
and = 2 which the zero croesilllgB can be obtained. 
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Firsllour Pochhammer·ChI'ee modes lor Posllion's milo of 0.26 
1.8,---.---........ ,,--.,....,.---...,---.....----.----.----,----,----, 

1.4 

O.B 

0.8 

0.4 o'---J.......--.J..2--~----'----:'5---:''----:~---:~--:'----:'10. 

diA 

4-3. First oCJUlalllUnelH . .;;nrE~ modes for Poisson's ratio of 0.26 

1.6,----,--.--.....-..--,.,..--,----,---,.---,----.---,..--...... ---, 

1.2 

0.8 

0.8 

0.4 

4-4. and Phase of the o~wammrer··Ctrr~modes 
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I" modo 1 ' ", 

g,a 

0,2 

0,5 U 3 
d.flC 0 

4-5. Phase V .. I,nl'.ltv the modes Shc)Wlinl1 the 
between the modes. 

7000 

aaoo 

aooo 

aaoo 

aooo 

14$00 

J4000 

3300 

3000 

3300 
0 100 200 1100 

4-6. Plot the -_._-",-, when the first and 

are used. 
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Time Domain 

Frequency DomIIin 

4-7. Flow 

Data from dalll 

MoveinlO 

for cIlslpe'rSlon correction program 
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Mlvc do Ture 
DlmIin "'Ih InveIsc 

Fast Fourier 
TI'8I1Sfurm 

Flow aUU!T;B.m for dispel:'Sicln correction program 
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4. DATA PROCESSIKG 

..... _"'._--
',~ ~- - r;;;;:.:;-~===-~::::;:~;::. ::-,::.-=,--~'j. 

-_ . 

• 
• 

I 
I 
l 

• 
~. - -, ... , .. , 

1'lGCRE 4-9. Raw Data from Acquisition Sy'tem 

"'"'d,.. ___ ... ""', ............ 

, 

1 -

F1GURE -1-10. Plot of Ihe magnitude .p~ctmm ",·itl, th~ Cl'" t~rm on lh~ left. 
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4_ DATA PnOCFSSTNG 

" 
•• 

•. , -

" 
;;..--, __ -._oo-•••• C--.'m;;--.. 0 .. 'moo-.~'"-,_~-,_:c-c,d_ 

F_'~'I 

F lG URE 4·11. Plot of the m~gnitude .p<>etrum with the (I" term centered. 

," 

•• 
, _____ '- , , , • __ .c~ __ • __ _ 
_ ," .." _". __ .. -'00 ->00 -= _m , , .. "" "" "" ... ." ", 000 _ 

'-I'"~ 

FIGCRE '1-12. Mapping funetioo to correct fur amplifier drop off. 
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, 
q 

, 

'" f 
• --------- ,------ --­,_,['"'l 

FIGURE 4-13. }hWinl> [uuclioll lo mHeel fur amplifier pl"~"" ,hilt. 

" 

u" 
'.1 '-

, , ... , ................................. 1 

~.., -
" 

" 

i ,-""",_ 
,-~..., 

k _~ _ _ .~ ~ _ _~ , ,~ ~ ~ c. _ _ .00 _ 

F....,.", .... ~ 

FIGURE 4-14. ~b.ppiIlg for Baud SLOp Filter :l00kHz to 200kHz] 
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4_ [)_~TA l'rWCFSSTNG 

~-"'""""'.,. ",,,,-,~"'" '"'" '"'" P"''''--'-> ....... 
-c~-~ 

,@ i 

, 
... ." ." om "" ." "" 

nCCRE 4-15. Mapping flmction fur th~ digperoon wHe<etiuIl uoiIlg the Jir>l four P"d,h ... ,m" 

mer_ChT"" mod,", 

:f --
· I , 
• ... " .. __ .. _ ......... 

• 1 " 
"-" -" ,-. -' 

• , • , , 

• 
, 
, 

• 
, 
r 

• r 
........ ...... 

• , ., --,------ -
FIGURE 4-16. "Iild Steel t._,t dut~ showin.o; th~ inci<knt md rdle<ete<) pulse dispe:rooci tu the 
l.w:/specinwn int~rf~ce and tho trlUlllmitl«i pul.., Ullw,l'er><ld tu tl,~ "l'ocimen,luM interfuct" 
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4. DATA Pl\OCI..SSltl G 
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'0 
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5 

Calibration of the SHPB System 

5.1 Introduction 

For meallingful imerpretatioll of rile marerial testing. it is necessary that the system be 

calibrated. Thi:< inclooes testing of rhc strain gauge amplifiers for g-ain drop-off and phase 

shift, Sf) that any ne<:essary corrections could he marie. The spood (.fap had to be calibrated 

""paratel), as it was then used ill the calibrarion of the bars. The material constants for 

the bar (E and v) have to be determined experimentally"" they are used in determining 

the dynamic calihrat.ion factor. and in rile dispersioll corrocr;on program. After all of the 

alxwc haY<.' h<-'fJn calibrated, the bar:. dynamic calibration factor call be dctcrminoo. This 

Anal dynamic calibra.tion far,tor was required to eon vert th ... ve>lta.ge rea.ding nhl ainerl. frum 

rhe dara. acqllisition 8y8lem, \0 rhe appropriate 8tr~5s l~ycl. 

In this chapter the calibration of the above mentiooed systems and cnnst.ants are dis· 

cussOO. In additi(}n til<.' methods nsed to determine the Young's modnlus and Poisson's 

ratio for the bar are described. 

5.2 Calibration of Strain Gauge Bridge Amplifiers 

The amplifier gain was tested by inpntting a sinwoidal wave ,md n(}ting the ontput m­

sponse of the "train gange bridge amplifier on a digital oscilloscope. The input frequency 

wa.<; adjwtoo from 10Hz to lAIHz to obtain the fnll frequency response of the ampli. 

fiers. The digital oocill(}5Cope olltpm indicates linth the amplitnde of the input a8 well as 

the (}ntput signal and fmm t.his the gain dmp-off was determined. The ph"", difference 

between th~ two signals was also calclilat.ed by the digital osdllo.cope. 

A pInt of the gain drop-off is shown in FitrU'" 5-1 and it. can b~ 5cen t.hat. the amplifier 

gain is lOOOV/V up to a fre<]W'''l<'y of approximately 100kHz as the data sheet indicated 

[48[. The gain then dwps to 60% and 65% at a frequency of &XlkH 2 for amplifiers 1 and 
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5. CA1111IIATlU" (W THE SHPB SYSTEM 

2. The C()rrllCtion function 1.0 restore the 8ignal ba.ck up 1.0 " gain of lOCHJ i" a.lw "hown 

with the corruc"tCd signal for the two amplifiers. FiNU'~ 5·12 shows the phll.,e shift of the 

two amplifier. ,uld the corrected phase to re81.0re the philo'" dilferen0e to zero. From thuse 

Iwo fignres it can bu seen thaI thu gain drop-oH and tho phase shifl arc cnrrllCted qnite 

8ucc~.ssfully by the correction funetion8. thereby improying the ra.ngu of froquencie8 thaI 

can be uocd in the dispersion correction. 

5 3 Calibration of the Data Acquisition Card 

The zero and [.he mll.xinmm value (+5Vj haw t() be 8et for each channel of the data 

acqui8ition card. The card calibration program i" nm ~nd each dJa[lIlcl is ""I individually. 

Firsl, the • ..ero i" set by gronnding the input and adjusting the multi.turn \·ari~ble re.;i8tor 

OIl the card until the displ~yed value is zero. To ""'t the nmximnIIl value, the inpnt nmst 

be e.onneeted to a +5"\1 .npply and Ihen the variable resistor i8 adjusted on the e",:d until 

the display reads +5¥". The vower supply thaI Wall uS<.-ci for [.he strain g~uge bridge was 

usc-ci to scI the ~,,"rd maximum. This wlI.' undertaken be~Al.u8e the bridge reference voltage 

wlI.' imp<mam i\Jld by calibra[.ing the card to the bridge yoltll{,'e the two sy,teIIls had a 

common referunce voltage. "",ote that the card should be rllCalibrilted ever.y 8b: month8, Or 

if it is remowd from the Pc. The ~Al.libration of the ADLINK PCI·9S12 d~ta acqni"ition 

erud is e.o...ered in detail in the n""'rs nmnnal [42[. 

5.4 Calibration of the Speed nap 

The gap between the two SPK-ci Irap ool1llorn wu.s determined by installing the speed trap 

on the b~lTel in re...er8e, as explained below. The speed trap was in8talled in re...er.,;<, 

bocansc the triggering VOints of the illfrared 8e1ll<Or are dependellt from which "ide they 

are Iriggerl-ci. A micrometer depth g~uge wa.'l in""'rted into the barrel until the fir"1 "pl~d 

lrap timillg light Will< ni~'ercd. Tld" wll.' repeated "",veral times to obt~in an ~yemge for 

the deplh. Thu depth gauge W,,", then inserted umil it triggered the "ecood timillg light. 

Again, this wru; rul"'at~-ci sewrll.! times to obt~in ~n awrage for the depth. The differellce 

between the tW() mell.,memenls gave thu distance betw{)Cn the twO senSOrs. TaOle 5.1 shows 



Univ
ers

ity
of 

 C
ap

e T
ow

n

5. CnmnATTON or THE SHPB SVSTh11 

the reslllt~ oftlw calibrat.ioll of the dist.ance bet,ween the t,wo sensors, After the t,est, the 

~peed trRp WIl.' t,urned around 00 that the striker would trig:gcr thc first scn"Or lirst, 

Tablc 5.1 Calibration rre;ult.s of Speed Trap 

Distance to first seIlSOr 'mm' 15,49 15.44 15.50 15.45 15.46 15.47 

Distancc to ""coml ""I~'i(lr [mlll[ %A9 96.49 %.48 00.49 %.48 00.49 

Distance betwccn the ""1J:;Ors [mill] SL02 

StRndard deviation of thc avcra~c di:;lan~c betwccn the sensOr:; ]'7c] 03.0292 

Hy t,Rking three times the standard deviation of thc avcragc di:;\a",x Ld"',-'CIl thc scnsor:; 

and thc "pe,jli~,-l cnOr in the timer, ,he unce,tRinry in the speed reading was determine<! 

wbeO.l% 

5.5 Determination of the Young's modulus and Poisson's ratio for 

the bars 

In the di:<p€"ioll ~orrec;tjon p1'ogram, the Young's modulus and Poisson's rat.io for the 

LRrs have to Le cntcred. O;u;illatioIl" on thc str""'''-~train plot will oeWr if the \'alue; 

for Young'~ modulus Rnd Poisson's ratio arc in~orru;t. Thc""" two con"lants havc to Lc 

determiued expelimcIltaily. Two Illcchods, using the SlIPf-l, for determining the Youug's 

mooulu:; and Poi:o;oll's raiio fO!' the bar, are discussed below, 

5.5.1 Two Strain Gauge Statiolllviethod 

Two ~d" of strain gauges were cemcnted to ca~h Lar with a spadIlg of 500mm betwoou 

thcm amI 750mm from the ends of the bar. Thc bar ,",'as thell ~trudt with a 15()mm striker 

and the signRls from the two ~t.aiiolls were rocorded. A plot of twO typinll reading;; from 

the t'"U ~train gauge station.~ is ~hown in Figure j-.1. Thc reading from the first station 

wll.' then dispersed to thc S~'(;Ollri su,tkm with Rn &'lSumoo "Rlue of Young'~ modulus and 

Poi,.;on's rRtio. The manufacturcr's value for Young's mooulu.~, 21llGPa was uscd as the 

start point. As Young'. rnorlnlus afr€Ct~ the fundamental velocity (CI' = jif) of the pul"", 

it has the mrnt effect on thc pooition of the puL-i€. The PoiilSOn's rat.io has little eff~'(;t on 

(19 
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\h~, posi~ion of the pulse but infiu"nces t he 8hape on the pulS<',. rh~ Young's nlOduh" 

was fi,." adjuscetl until \h~ I,WO pulse., w~r~, ;>osi~ioned on tor (}f each o l h~r and Ihen ~lw 

Poiswn', ral io Wil3 adjusted so that t he first and 5ec(}ud rei,dings were the Same share. 

Fiqu.,~ 5-4 sh(}ws the first re3ding shifted w the sec(}nd readiug, but with n() disp~rsi(}n 

corr<!Ction. From this il ca.n be OOPJl that Ihe ma.in body of ~he ;><Ilses c(}uda.,e, but the 

,hap" is not oorrocl . Thi' shows ,hal Ihe fund"nl~ntiJ velo~i~y ;s \he d(}mina.n~ (a.cwr 

""d the value for Y(}ung'" m(}dul"" wa.:; Cl\Irect. A plot of the cwo rea.dings when Ihe 

dispersion correction is aprlier! 00 the first rea.dinK and shifter! to \he SACOnd rea.rlinK is 

shown in Figm'" 5-5, As Can b" 5e<ou frum thi:l figure, the cmrelati(}n b"twoou I h~ ~",-o "' 

good, indi~ating ,h", Ihe Young" moduh" and passou' . ralio values 3re oo",~c~. This 

mel hod has ,he dr<).wbaek thaI ~h~ cwo rulses ov~rh;>pw! iJJJd <his ma.rle ddermination of 

P(}is,on'" ral io by visual impecti(}u difficult , which led w =Olli in th" determination of 

the valu" for Poi:l3On '" mtio. Ther~ w:)s lit~le differ"nc" in the inla.ge when ""ing a value 

for Poisson', r"tio 01'0.25 or 0.25, 

The two 'train go.ug~ ,tation method also allowed for the I",ting of the calibra.tion of \he 

a.nlplifiers:)s th" nwmentum for the \wo puL<;e:; shouloll:>e the same. Fi.gv.r't 5-3 also shows 

a Iroc. (}f the mom~ntum (}f the pul"e, Tabl~ ,~,2 b~low sh",v,; t he yalue" (}f th~ monl~ntum 

a.nd energy calculation I'm the t.~ pul9)." F\'om Figure 5-3 and Tablf 5.2 it ca.u be Sf€n 

that t.he momentum is conser""d as th~, ~nor b~,tween t.he Iwo st<l.tiom is Duly 0.1).8%. The 

euer&y calculation shows that th"re is energy lost in the b"" "" the pulse moveo d(}wu it, 

rable _~, 2 Ivf(}meutum Md Energy or Tw() Consecuti V~ l'llise 

Momeutum Cha.nnel 0 _ 0.8459 N.s 

Momentum Cha.unel 1 = 0.84()(i N.s 

Errm in :'-!om"nlUtn bHween the two Cho.nn~ls = 0.08% 

Energ:;: Channel 0 == 0,9I)12.J 

Ener"Y 0, Channell - 0,8817 .J 

Error in Energy between dw, two Channels _ 2.21% 
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5. CALl~HATION or TIl': SHPB SY~TE\l 

Thi~ 1.",,1 ",as eoorillel.OO five limu", and the avera.gu ermr in mnmelltum was U.1%. The 

amplificr3 wera then switched Iw.twcun the two stations and the test repeated. The average 

en'or in IIlomentum wa> again "nly U.1%. This inriicale(i that the amplifier had tho sume 

gain, confirming Ihe lUST. dono with thu ~ignalllcncrator. 

5.5.2 One St.rmn Gauge Station 11ethod 

In this IIluthf)d, when eaiihraling I,he bar nne end is 3ln,ck hy "he striker and the other 

end is free. Therefore tho stres" ~t the free end ,,[ the b~r "h"uld be ""ro. If the inddenr. 

puke was di~pe[~l to the free end and the reflected pul"" ,mdispur&.>d to tho free encl, 

then tlw sum of the two ~h(>tlld be zero. Fur this 'Rst "he strain gaugu was placod in thu 

middle ,,[ the bar and 31ruck with a 300rilln ~trikcr. The trace [ruIIl the "ingle strain gauge 

sI,ation i'I shO'\vn in Figun'- 5-6, The incident pnlse in Figu,"" 5·0 is in eifL'Ct 3hiftcd to tlw 

right and dbperAArl, and tha fi"t reflected pnl"", "hifte() t" the left and undhper"KL The 

pI,,! ,,[ the wmmation o[ the two pn]ses at the free end indicm.es if I,he valne for Young's 

modnln3 and Poi;;son'~ ratio are correct. 

The "altle [nc Yonng's modnlu" was fir"t adju3ted um.il the 3ummat.ion trace w,,", alm""t 

zero. The value for Poi",on'~ ratio wfl.'l then adju"ted, After se"era] iterations the 3mn­

mati"n trace w,,", almrul 7AJTO and the final value for Young's modulus w,,", 211GPa ~nd 

/'oi800n'" ratio was 0.26, A plot of the stre"" at the end ()[ the loar using t-; = 21lGP" and 

'"' = 0.26 i, shown in Figure. !5-7. The slight 'J6Cill~tion in the baginning arId tha end of the 

pulw conld no~ be remOV€d by furt.her adjnstment of tha Young's modulu~ amI PrJi"",n'~ 

ratio, These oscillati"n" could IJe Ihe r""ult ()f end effect3 which ~re not corrc'Ctcd for by 

the ~tandard dispar3ion correction technique. t; ()te I,hat II.' hen tha correct valne for Young's 

m,xlulus and Poisron', ratio are tlsed, the incident and reflected pu]se crOO3 on the zero 

line at, I,he rear of the pnlse, 

A plot of the tw" puL'>eS shifted to tha free and of the loa.. i~ slw"'n in Figure 5-8, 

The cnrrect wllue ofY"ung'" nHxlnlus b n"ed [()r thi'l3hift but no di3porsion correctioo 

is implemontcd, thi'l re"uib in large oscillal,ion on the summ~tion plot. In addition, nnte 

that where I,he thrae traces CrO$ at the rear of I,he pnlse, they do not cr= on the ZQW 

mark. 
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5. CALlll!{AnO.~ OF THE SHPB SYSTnr 

The Ilext three figure,," (6-9 - 5-11) "how the effoct on th~ 5tr~" at the end on the bar 

dll~ to the incorr»<:t OOI»<:.lion of YOUIlg'8 modlllll8 alld Poi"""n'" mtio. \Vhenth~ YOllllg" 

mOdlilu" i, d!an~'ed to 213CPa, there i5 only a 1% chang~ ill th~ YOllng', moduill', whil"t 

the Pois;;oll's ratio r<'main8 al 0.26. ThAr~ ar:~ how"ver large ",,~illation" in the sllmmatioll 

pube and the two Plll!;es do not cr055 at zero at the ",ar of th~ pIli", illdk.atillg the 

incor!>'Ct \'alu~ of YOUIlg" modlllu,. Thi, can bf, S""11 ill Hgun' 5-9, Fi!J'-'rt~ 6-10 and 6-11 

are plot" of the "tre"" at the end of the bar with the ~orre'{;t yaille of Young's modllhl8 

(E = 211GP,,) bllt tlw Poi,,<;on'8 ratio has t-n changed 10 0.24 alld 0.30 respectively. 

Note that both Cl1rv~,," have OI,c.i!latioll' but the crossing of the in~ident and reflected pulse 

ar~ almost COl the zero mark, Thi" ''l'\',un "how, that the vallle YOlIllg'" modlllll" has a 

larger effect than th~ Poisson's ratio. 

Thi8 method of plottillg the summation of th~ 8tW'seS at the elld of the bar: prov"Ci 

to be more dfe'{;tive in determillillg th~ value"" of YOllllg'" modulu" and Poi"wn'" ratio 

thnn moving one pnl"" onto another. Several te,tfj were conducted for both Lars and the 

YOllng's mO<iulu5 for th~ lwo bars only diff~red by O,25GI'", 

5.6 Determining the Calibration Factor of the System 

5.u.l Thoorelir~'ll Calibrat.ioll Factor 

The theoretical ~alibrntion factor i" the ~nlc.nlated con'tant that relate"" the logged voltage 

to I.h~ sln'Ss in the bar. This i" determined as follow": The "train rendinp; in the bar was 

clAt~rmin.-d from th~ strain gange factor, "train ~'auge bridp;e volta~'e and the p;ain of the 

amplifier8 [49[ i50i, As th~ bars do not go plastic., the stres>< in the bar could be calculated 

by mUltiplying the strain by Younp;'s modulus (r; = F~). The theoretical calibration factor 

was used a8 tIl<' "tarting point when determining the dynamic calibration factor. 

5.u.2 Dynamic Calibration Factor 

Olle !ll<'thod of <i~termininp; the dynamic calibration factor of the bar was to determine the 

average vaille of strahl in the strain-time puke from the striker in~ident .-docity [7][121, 

A" there arc oodllatioll' on th~ pulse, thi" method require8 the u-ser to be "ubjective when 
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5, CAUUfiaTION OF THE SHPB SYSTDf 

determining the average value (}f the pnlse, This method works if " long ',,'ik~f can l>f' nsed 

fOf calibration as ,ile averll.g~ ~an tlwll be detl'fmillPd mur~ objectively. The gus vent" for 

,he barr~1 "f the cnrr~nt sy5tem wpre only 200mm long. This lim;,", ,ile iengt,h of the striker 

that CUll be USl'<i for ,Ill' ca.iibratioll, ,13 the 8triker W(lLlld 8tiil be nc~derating through the 

8p+",;j trap if j, ",as I,oolong. With this limitaI,ion only a lOOmm long ,Hiker conlrl used 

fOT ,he calibration tc"'>ts. ily nsing Il. lOOmm s,rik~f tlw Ipngth of tlw pn18e in th~ bar ",,13 

""0 shorr, to get an a"cnrat~ e8timal.e of tlw 'tveruge 8train vnlne of ,ill' pntw, lhns making 

this methorl 1.(10 nnreliable, 

An alternative mpthorl WfI.' 1.0 ll"" the energy nnd momentuIIl of the pulse [3]. TIlls 

method is advamageoLls as the vain"", for tile energy and momelltum are detemlined by 

imeoal,ing the ,train-time pube 00 the need to e8timate the nvcrab'" vnlue is ~liIllinated. 

;,(].I!.l Calwlation of the mom,ntum- and mcf'I)Y in a pu.'~c . 

.. t __ "._~~ 3 .... _",,_ ... J 
I'l'ee body dia,o;r"m of a S>'ction in the bm 

The st,ress at, a point in the bar j, a (I) = E~ (t) a.nd from this the lorce in the bar is 

Pit) = AB"cEe (t), From r.iw f(J!ee, the iIIlpul"... C'Ul Iw determined fl.. 

I (5. J) 

Energy CIl.Il then be rletermined fWIIl the force ill the ba.r and the velocity of the partici".; 

of the bar snbj<.'Cted to I,he pulse ,(u(t) = '2). 
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5, C,ILlJJI1ATI():; lW TilE SHI'B SYSTE~j 

Energy (5.2) 

In both thc impul,,-' and l'Ile[gy nleulaliono Ihe change in [.h~ area of Ihe bar was very 

omall and assumed to be constant, 

5.6, iU! M.il",d JOT" determining the dynamic calibratIOn jac!or from II<, ' nnyy and "",mmlu", 

oj the pulse 

The dynami<; ealihmtion f""tor of "he bar was detprmined by as,mming a calibration factor 

and Ihen c-f,iculating thp pnl'rgy and momentnm of the pulse, From enc[gy and mOlIlenlum 

the incklent veloc-ity of the ,triker was then c-IJculated. The initial starting point was 

the theoretieal nlibralion ("'"tor, as the two should not he signifwant,ly diiTe[ent. The 

calihration fll.Ctor was then adjusted until thc calculated incident velocity of the striker 

mtttd",d the measmed velocity. The derh'at.ion ;"'low shows how the incident veloci,y was 

obtained from the enerp;y and momentum "fthe pul"", 

The chttnge in momentlUll in the "riker was equal Ihe momenlUln to the har 

I'll = m(v; -v,) = 1M", (0.3) 

and the c,hange in eTl€rgy in t.he ,triker was equal t.o the energy in the har (a.<;.,mning 

the l"""e, are "mall) 

(5.4) 

With Vi = incident vdocily, t'r '" refiected velocity and m = ma..,; of the s\,r;ker. As the 
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5. CAunnATTON or TnE SHPR SYSTEM 

rdleded velocity ws., n()t mea."Olred. F'I'I1ation :i.,J i. rea]·ra.nged 1.0 make h the .ulljoc! 

and .mbsli"utcu into Equation 5.4 giving: 

BOor J&ar 
t';=--+--

10,,·, 2m 
(5.5) 

The lOOmJll "triker w ... , fired 15 times at uad, bar and the rcoull" are "ho",." in the Table 

:;.Y below. 

Table 5.0 Il-eollit. of dynamic calibration 

• 

ThKlretical Cakulated Calibration ra~\or - 14A1MP~!V 

Average Dynamic Calibralion factor - 15.20MP~!V 

Siandard Deviation On DynumK: Calihration factor ~ O.16!l5MPn/V 

Stallda,'d Deviation as a Pcrwntage of A,-erage D}'Ilami~ Calibra"ion factor = l.115% 

Average Error bel\,.ee11 Dynamic and Tho()[c~i~al Calibration farlor - 5.4,% 

A., call be .,een from t he ab(}vu result., there i.s a 5.47% errOr between t.l", \vm metho(k 

TId. oouid be due toO: 

• !Cner,,), )""t in tho colli.ion of the striker due ~o local pl ... ,ticit y, noioe and heat, 

• Energy lOR; in ~he bar"" tho pnlse travel. down it. 

• I::rror in the gauge fa~tor of t,he strain gauge. 

• F,."x in the gain of the ampliDer. 

• Error in the gauge b(}nding and alignment. 

The calibration t<':<t·. were performed at a "train gaug .. bridge voltage of ±7V and as 

the brid~ Vl\lt".. .. iI; adjustable it wag necessary to ""ale the calibration facto' ar;cordingly 

The ,,<,aling factor was determined by calculating tile t,heorctical calihration factor at tho 

bridg .. volt.ages fGl" ±1 V W ±20V and then the pereen,age change between the calibrati(}n 

voltag .. "nd the bridge voltage was plotted. The dynamic calihration fad.m was then 

ocale'C! according to the percentage chang". This scaling was incorporate'" into the Excd 
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5. CALlllllAnO_~ OF THE SHPB SYSTn! 

sprew:!sh""t to adjust autoITlat.ically the ~Rlihration iRdnr wiwn the bridge voltag~ was 

",djusled. 

5.7 Summary 

In ,his chapter the calibration of \h~ SIIPB "yscem has b~~n dp,.j\ with. This indudNi 

the testing for aIIlplifier gain "-Ild phase 'hifl. Rnd rnrr!'(;,inn co bring ,he mllplifi~r gain 

up to lco:JV/V and phR'p "hift bRd, to zero. A brief d""~ription of thc calibration of tl,~ 

dRta acquisition ~ard and th~ sf>ee<\ ,mp had al.o b""n ghen_ Twn mpthod, for finc tuning 

Young'. moonlu. Rnd Poisson's ratio have bet'll diocub"sed and t1w final ,'alne for Young's 

modulus and Po""on'" raUo were ""t a\ 211Gf'a Rnd Q.2{; respoctively. Th~ dynamic 

eRlibrRtion fRctor Was deU"rIIlinP<i and the me\hod \0 scale \h~ calibr»tion [»ctor to take 

into accounl Ihe Rdju.tablc bridgc voltagc wa,,; givcn. 

As tho sysl-Cm Was fnnctioning COlT~e\ly and calibraled. mal~rial \es,ing; conld be un­

dpr\Rken to valida"" thc ""tup. Tho dWl'tcr whid, follows incorporatGl< thc results of tho 

ma\elial te<co cnndnn~d_ Opl'ration of the pxperimental equipmcnt and I he data PT()C"'"_ 

ing aU woo di.scllS>e-<i. 
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5 CAl.TJlTHTlON OF TilT: SHI'H SYSTEM 
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1 ,," : I ......... . ! ~ I-'~= ..... = ....... =. :::::::: .. :::::::: .. = .... =--
-
- ----- , - , -

FIGL"RE !)-l. Marrin! of amplifier 1 1.-_ 2 showing the corr<'ction for ~ain <lwp-off 

: rr----'--.,·"'-"'- ... ,......-"''''..-·-
.~ ,,'I 

, , 

,--.~ - -
FIGURE 5-2_ 1·lapping of IWlplilier 1 & 2 ,h",,;ing the corroction for phase shifl 
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o. CAlIBR.nJO~ Of l'lif SHPD SYSIDI 

- , 
" 
• , 

" A 
• 

, 
';"', , -, 

! • I 
l • I 
" 

• 

• V 
• , 

- •• • - .. .. 
r ... I,. 

, • 

• , .. 
.. 

- I.! 

- I .• 

.. 

.. 
" 
, 

'" 

• • 
! 

FIGL'RE 5-3. n~adin)!.~ from Strain Gauge ~tation 0 and 1 when the incident lmr ,,= ,t·rod; hy" 
1,JI) mill ,t,iker showing the oo"",,,,,,,,,tion of mOrTl"ntUIn 
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; . 
• 1 

- - •• -Tnot .~ 

FIGURE 5-4. Stratn gauge "tation 0 moved to statiuIl 1 with no dispersion correction (l50mm 
.lriker, E = 211GPa) 
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o. CALIBRATIOr; OF TH~ SHPB SYSTEM 
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TIG'L'RE "-5. Strain gauge station 0 mcf':oci to .t.~tion 1 with di'p.""ion <nrr.ction ( l ~Omm ,trihr , 
E = 211GP" and" ~ O,W) 
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TIGlJ'RE 5---6. Slro", r-adin&, in the blU ,howing two "eflection, u.-' for caJ.ib"&tioll. 
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5. C.UIllRATJQ'! OF 'Til!; SHPB SV,Tr\j 
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FIGURE 5-7. Str= at the {rcc end of the har with di'l",,,ioll COrreL~;()n (E = 211GP", " = 0.26) 
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FIGURE &8 Sw". at the free ~nd of the bar wilh no dispersion corroclion (E = 2llGPa) 
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5_ CALlDRATTW Of Tfj~ SlIPD SYSTHI 
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FIGURE ~-9, Sir""" al Ihe JJ:"" end of the bar "ith diopeT5;on ==Iion (E = 2l3G P", 1/ = 0,26) 
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FIGURE 5-10. St,,,,,. at tile fTee ,,-nd of (he bat wilh dispersion ,""",,dim] (£ _ 211GP", u = 0_24) 
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5, CAU!)ltATJON OJ- 1'H[ SIIPD SYSTEM 
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~'rG UR£. 5-11. Stre"" at tIl<' free end of the bar wilh cl..i.persIDli correction (E = 211G Pa, " = 0.30) 
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Results and Discussion 

G.l Introduction 

To test the SHPB system, three materials were tested and the resnlts comp .. red to COIl8ti­

talive models and published results. In this chapter the [""nits of the tests conducto<l me 

presented "Illl dil<Cussed, together with comments about the operation of the experimen­

tal equipment. This inclndes the operation of the gas gnll s.\,stem, the ali)lnmcm of the 

bars, strain gaug~ bridge amplifiers and tbe cillibration of the system_ FinalJ.\" the data 

pro<:t'.%ing is re"iewoo. 

6.2 Experimental Equipment 

(j,2.1 Operation of the Gas GUll System 

The gas gnn operation "'"'" simple and e""y to use. There were howeyer, 80me problems 

that were encollntered when funning the teSt8. these being: 

• The ba.rrd diameter was 12.7mm which restricted the striker diameter. This lea.d to 

the 8tr""" in the striker being higher than that of the bar and for high striker velocitiffi 

t he striker could go plMtic, Thil< limited the striker speed during the calibration test 

as the calibration method nsed "''''' not valid ",hen the striker went pl""tic, 

• The barrel was too short to cnt long II'" vems, This then limited the length of 

the striker that conld be nsed for calibration tl'S'" to loomm. which rffilllted in 

inaccuracy for one of the calibration methods. 

• The v<Llving and barrel were designed to run at high y(~lociti"". This re8ulted in 80rne 

scatter and poor reproducibility of the 8triker velocity, for the low velocity rlUllle. 
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G 1(P.S1)LTS A'!D DISC:liSSlO'! 

6.2.2 Alignment of the Bars 

The method for ~djustill~ the bar pco<ition w()S simple 1·0 u.'e and "el (see Sulian :).2.2.6l 

The ~lignIIlent of 1.he bJ'I.[" hy eye wa" up to the interpretation of the opemtor. TIns 

resulted in no set method to emure that the system w()S aligner!, bul I.he t..-:lwi'lue u.'ed 

wa" reganler! a.' accepl.able. 

6.2.3 Strain Gauge Bridge Amplifiers 

The strain gauge bridb'" amplifiers worker! well for 8uch a simple circuit. Ooly a small 

"mount of nois~ in the "ignal could he attributed to the amplifier •. This noise could be 

further reduced if the cir~uit w"-' mouo,erI on a printed circuit board ami not on verll,­

hoard. The zero ~ettillg of I.he Mrai 0 gauge hrid~e w"-' a~hieved by mlj usting the IIllllti-tunl 

.. ariable r""isl.or I.h"t was mounted on the vem- board. This adjustment proved to he finicky 

'" a smilll So,:re,,; driver had 1·0 be inserted into a hole on the side of the aIIlplifier box. 

H~ving the g~ill set "I 1DOOV!V and adjusting the bridge volta~e for both amplifier~ 

together, had limit~tions. Pigv.~ 6-1 shows" I)'pical incident pulse and the consequent 

l.nlllsmi1:1.ed pulse for the different materi~ls t",ted using s~~h an in~ident pulse. The le,'el 

of the transmitted pul'e is dependent on the type of material heing t",too ~nd the size 

of the spocimen. If large strains were n".,,}ed in the specimell, for a gi"eIl sl-riker lengl.h. 

the specimen diameter had to be smullc'ompared to l.h"l of 1.he b"r. "" I.he .'I.r..,., in the 

bars W,,", limi1.er! to 100M I'll. This resultoo in the IIla~,nitude of the tran.mitted pulse 

being low. ]7''Om Fig"re 6-1 it can be """n that if the bridge ,'oltage wa.~ 8'"- 00 I.hal. the 

incident pulse would u.'e I.he full rage of the dah acquisition c~rd, then I.he 1.ransmitted 

pube would only l1-'e a fr"-Ction of the full mn~e. 

6.2.4 Dllt<l AcquisitioIl System 

The ADL]}lK PCI-9S12 data acqui>ition card w"-' capable of ~~ptarillg more data th"n 

was necessary fll'- the ,esl." I.hat were conducted. For the norma] test, the card wa.~..,t 011 

llJMH z and the number of 8fUllpl"" set to 15000 per dlannei. At I.h~' setting the card w()S 

operating at half it's IlI>l.XimuIll ~ample rate and only at ~ smaJj fmction of the sample 

capacity (1-1ax .'''mple i~ 64 M bytes [42:J. 
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The Vi"""i Ha"ic llser interface prrwed to b., mme th~Il adequate for ~apturing the 

'ignal. It was simple to use and requir~d little time to train an operator. The lr>gging nf ,,11 

the ~dditional d~ta, 8ud! M the 8p,'<:im~Jl dimension8 aud time of the speed trap, together 

with the signal v"lt"ge reading, m""k filing the test dat" simple "nd effe<:thll M ~ll the 

iniormatioIl wtll; maiIlt"inoo on one TXT me and Ilot on lo<>s<' p~per_ 

6,2.5 Calibratiun uf thil Syslmu 

The mnmentllm ami energy method used for calibration of the ,ystem proVl'd to be re­

]:>l'atable 'with a .t~ndard deviation of 1.115%. From this methoo, the dynami~ ~alibratinn 

factor was determined to be 15.20MPajV which only difl'eroo from the theoretical cali­

brati"n factm by 5%, 

The c~librat,ion between [,he two 'train gaugl' "tatioIls ~ould be ~hocked dtil-ing testing 

of m"te,ial sp''<:imeIl8 M the m()!IleIltum 8hnu]d be r,nnservoo. If there w,.s a devi~lion 

bet,ween the two 'tations momentum. thi" ",:,mld indi;;ate ~n error and the 8y8tem needed 

tn be r,heci<oo. For each te,t the momentum ,,-as checked and a [,ypical tem, resul t for 

"', ~nIle~l.,n mild steel IEm, is .,hnwn in Fi,QU!-' 6-2_ ,Fnr this Ie.,t t,he error bet,w"en I.he 

momemum nf [,he inr.id~Jlt ~nd the .,um nf t,he "bsolut-" v"lue nf Ihe rell('C,led ~Ild I.he 

tran,mitted puke WM O.l'/c, This wM typi~,\l for this c,\libr"li"n test, 

An addi[,ional featm€ of the ~alibr"-tion spreoosheet w"-'< t he ~alr.ul ~tiOIl of the energy f()l" 

the throo pulses r,~ptured, Figure (j.J shows [,he energy trace of the afore mentioned mild 

sted material telt, From [,his t,he energy ahmrb.,n by the specimen couki be determined 

and an estimate fm the m~ximllm lemper"lnre rise could be determim'li. The temperature 

rise was cal~ulated M hllo"'8: 

• From the dimeIlsinIls "nd den.,;I)', the mass of the of the s]x'<:imen WM determined 

[kg] . 

• The energy in the tran.mitted and r"fI"cted pulses was 8ubtrar,too fmm the f.uergy 

in the incident puls", Thi, gave the maximum energy that the sperjmen could h""", 

aGoorl>ed :J] 
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6. RESIILTS A.\'D DISCI1SSIOt; 

• By dividing the ellergy ~bsO!.bed:J by the specimen by specific h~.at. [kJ!ky,°C] 

and r,he m"-'<S [kgl r,he change in temperatllre of the specimen was del€rmined . 

• By measmillg the temp"mtllre of the specimen before the test, r,he final t.emperature 

could be del€rmined by adding the change ill ~mp"!ature to the melUmring tbe 

temperature, 

6.3 Data Processing 

6.3.1 Compari~on i>etWrvll n~ults thl\( were ~orrocted for di~per~ioll ,md those 

wit,hout ~orrecti()!'l 

T[) illustrate the effect that dispersi[)1l conection had on r,he thr"" puls€f; (incident" re­

flected alld t rallsmitted) and finally on the strffis-strmll curve, ~Il allne~led mild ~teel test 

was processed with mK! without dispersion correct.ion. When dispersion oorrectioll was 

implememer! the firs~ four Pochh~IIlIner-Chr"" m[)d"" were used. Figv.11:' (j·4 shows a plot, 

()f t.he incident, reneder! and tr1l.!",mit ted pul"" shilkd to the bar ~1)€Cimen interface wi;h 

and without dispersion correcti[)1l killg implemented. From H.gure 6·4 it can be s""n 

th~t the ill,;ident and refiecl€d pulses are affected sigll;fica.llt ly by the dispersioll but the 

~ranr;mitted pulse tv a le,,;er u.,gr"", This is a resnlt of ~he larger quantiry [)f higher fre­

quenL1' components present in the incideut and refle~kd pul""s. Th""e higher frequency 

componenh are strongly affw,er! by dispersioll, The spe~imell doe; Ilot ~1l0'\>{ the higher 

frequency compo"e"ts to be transferred to the transmitter bar, w; they are pln.,tirully 

damped by r,he specimen, alK! thus t he transmitter! plllr;e d<>eJ n[)t suffer from dispe:rsion 

w; mllch. 

From the ser, of correc~er! pulse; the stress-strain curve w'" det.ermined.Figu..r.., 6-5 oj 

presents ~ plm of the stref;s·strain cllr,es W'llemu.d for the thr"" pulses that were not 

oorrected fm dkpen;ion. The CllrVe generated from th~ ill~ident and rMiecli'd pulse h'" 

very large fficillations. The curve could not be used even if it ",ere a""rage(\ ,.., the curve 

"mldd not represent the true shape. The ClIrve genemted from the transmitted Plt!"., does 

have ilicillations in the beginning but th_ ".,t,le down tow~r<J.s the end of t he ~u"",. The 
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6. RESl:LTS AND DISCl:SS10.\ 

oscillations at t.he beginning of the pnl"c are too lar~'e to smooth out by averaging as tlris 

would then alter the magnitude of the fiI"t peak which "hould he present. 

Fiy"'t 6-5 Ii) sliOW!! t he "tress-strain curve when dispersion correction was implement.ed. 

From Fig",'/'. 6-5 Ii) it. can be seen that the "treM-"lrain Curve ~'enerated from the incident 

and reflected pulses have large oscillations. This curve does deviate in (he beginning from 

(hp strffis_strain curve gGllerated from the transmitu.'(\ pulse, hut then "ettled down. If a 

longer "triker were used, the stress-strain eurve generated from the incident and reflected 

pulse could be averaged and Mould follow the curve from the transmilted pulse. These 

oocillations could also he reduced if the incident pulse was "pulse shaped" [7][51: (see 

Soction 6'.:1.2). This is achieved by placing a thin piece of material, copper "him, at Ihe 

end of the incident bar 10 absorb the higher frequency eomponents, by increasing the rise 

time of the ineident pulse. The st.ress-strain curve gellPrated from the transmilled pulse 

hl>.' onl,' minor oscillations. By smoothing Ihe pulse these can be removed without altering 

the overall shape of thp curve. 

To show the elfeet of data proeessing with and without di"persion corredion. i,he stress­

strain curves generated by using the transmitted pulse ,,-ere overlapped. From Figure 6-5 

0) it Can he seen that the two curves follow very similar lines, but t here are differences 

especially at the beginning of the curve. The differences being, 

• The rise of the corr""i,ed "urve is sharper and this moves the peak of the yield point. 

• The maximum value of the peak is also I"",-er on the eonected curve. 

• After the first. peak there are ~cillatio!lS on the uneoneeted Curve but these die out 

towards the end of t he curve. 

6.3.2 Pulse Shaping 

At the end of the testing phase of thp project, additional te"ts were undertaken to show 

the effeet" of pulse shaping on the incident pulse and the st ress-strain eUrve. Figure 6-6' u. 

shows the incident, refieeted and transmitted pulse dispeIsed to the bar spedmen interface 

of an as worked copper specimen. As call be seen the three pulse" ~l"",-little a.;cillation. The 
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6. RESULTS .un D1SCI;SSJO" 

curve of the sum of Itle incident illld refleded pulses ~)llows (,h"t of the transmitted pulr;c 

reB.,onably well after 30U init;al se~tlinl( dowu period. Fi!l~-rt' 6-6 b. shows the str"",,"strain 

curve S'enerated from the thr~" pul"~"S and it can be S<lC'Il that the oscillations ""eviously 

pnsem on the "Two w""e" cnrve are coru;idembly reduc~'<l. Ttle two stre,,"-strain cmves 

couverge more rapidly, CQIIlpared wi~h Ih<.68 la.cJ.dnl( pulse shaping and ~he strain rate 

e.xhibi(,s only small oocilia~ions after the load up perioo. The conwrgeuce time of the two 

str"-">--strai n cnrves WB.' investigated by Wu aml Gar ham [51]. They showed thM the iuert;" 

of the specimell r,twugly 30ffected the t ime for the two curves to COIlver~e. By reduciug the 

length to diameter ratio the two cUrves converged fa:;ter but there was a limit B., fric tional 

a.lfects are illcreru;ed. 

6.3.3 The uoe of Higher Modes for Disperoion Correo:.-"tion 

The higher Poctlhammer-Chree modes were incorpol"ft~ed to improw the shape of the pulse 

and thus impr<we the shape of the stress-.train curve. To (,est thi", "-u incident pulse WB.' 

dispersed t o the bar specimen interface u"iIll: only the nrst mode and then subsequelltly 

using the first fom mode.>. Fiyure. 6-7 show's that t here i8 little difierellce between the two 

and cmJy by zooming in on "- :>eCtiOIl of the »uL-.e can th~ differeuce be seeu. The rearon for 

this "mall difference "'rui illvestigated further by lookiIll: a.t ho'" much energy e"-Ch mode 

cont"ined. The pulse in Fig",", 6-7 wa:; ~ransformed, with the FFT, iuto the frequency 

domaiu. The narma.lized m"gnitude spectrum Wrui t hell plotted, The energy contained in 

each frequency WB.' then progressively added up and plotted. Note the plot of the enel'gy 

tflkes ttle zer()(,h term aud then adds twice the energy iu the following frequeuey t erms. 

This is done to take into account the uegath~ frequency compouents. In additiou to thi" 

the fir"t and first four Podiliammer-Chree mode.> are plotted. 

[.l'om Figure 6-8 iC .;au be r;ceu that the mal(nitude spectrum dies ou~ r30pidly aud 

-by 100kHz i~ is almost zero. Fwm the plot of the energy it Cilll ~ seell ttle the first 

mode cou~ain:i 94.8% of the ene"1O' and the hil(her modes only 5.2%. This sllm\'" that 

the fir"t mode dominates the dispen;ion correction wtlim is in ,,-greemc'Ilt with published 

invu;ti~"tiolc< [21]i28][30][3i. If t.he incident I'ul-.e was "pulse shaped" there would be 

hardly illly energy conta.iIled in the bj~h modes. 
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6. R~SULTS ASU DI.'C1JS.'lOS 

jf explo,ives were l]sff! to load [·he bar, the rise time "uuld be very short. This "uuld 

kad to a largl'!" amount of higher frequency componeni.' b~jng gen~rated. In thi' ca,~. 

use of thl' higher Pocltharnmcr-Chre<' modes would be requiret; to corrt"Ct ~)f cli,pl~'sion 

for this [.yjW o[ loaning [33]. In addition \0 Uti>. as the diamctcr of thl' bars increa.."" [.he 

freq'lency a" which one rnone switched to the nex[. decrea.,,,,. as 'hown in Fi!)"'~ 6'·9. 

5.3.4 C,orrecLion for Gain Drop-off and Phase Shift. 

The dfo,;ts of cOIw:.;ting for gain drop-off and phase ,hift Vowe tested by overlapping two 

plll,,,,,, one corre(:tf<l and th~ oi.h~f not. Th~ ~rre('t c01lld only be ,een by zooming into 

a ,oction on the plot. This can be explained by looking at the arnOl]nt of energy in the 

pulse t.hat. is being affockd by thc gain drop-off and phasc ,hift. The gain drop-off starts 

at lOOkII z and th~re is little phase shift up to 100kHz (,"" 8",/",n :"i. 2). From Fi!!wre 6·8 

it can iw ",-"n than 9'2% of Uw energy in tlw p'IIs.> i, contained between UH z and 100kHz. 

This mMll[. that "he gain drop-off and phasl' shift only a.ife(,;t 8% of thc cnergy of the pllhe 

and th'l:; may b<> fegard",; fl., a small effect. 

Note that [.lw gain drop_off and phase ,hift corroct.ion only takes into 1l.CC\l1lnt th~ f"" 

sponse of th~ aIllplifi~f and not that ofth~ >,rain gal]g~. Uffia [52] no[ .... 1 that fOf ffequfficie~ 

up to I()OkH z thl're i, littlc dfl"t on thl' perfonnanr;c of the strain ~augc. The kstin~ of 

th~ rf'cSp<)m~ o[ [.h~ ~train gauge Wfl.. beyond the ,cope of thi' project. 

6.3.5 Effect. of Sample Frequency on the Dispersion Correction 

The cut off frl'qul'ncy used was I31J{JkII z. This meant [.hat the minimum samrle frequency 

accorning to the Nyqui,t Sillnpling th"'Jry b l.GUIIz [29]. This i, not the only fa.ctor that 

had to be considered when >cle.;ting tlw ,aml'l~ ff"'lll~ncy. \\'h~n performing a time shift. 

[.he tilTl!' by which thl' pulse must be mov<"U mllst b~ divisible' by the sampling time. i.~. 

on~ can only move a data point to the loc,,-tion of anotlwr data poiw .. If thb r~quirl'ment h 

nO[. m~t [.h~r~ will b~ an error in the shapc of thc plllse after Uw tim~ shift. Thc maximum 

distortion in thc pube occurs when the time step of thl' shift lanel> midw,,-y between "­

,ample time. 

For disper>ion corrl'<:[.ion [.he tim~ of the time shift is not a fixl'd numbcr u.s it ;, depen-
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6. l\F.WL'rS A'<D DISCUSSION 

dtnt on phase velocity, which is frequtncy dependent. This means that it is not possible to 

"tep to the ~orra't location as the time interval will not always be divi8ible. by the sampling­

time. To (e.dnce the errOl rl''''lting- from the. incorrect time step. the ,ample fre.qnency is 

incre."""d. Test> were conduded to <!Sse"" the required sample frtquenc-y and at 5:'vI H 2 it 

wa.> not po;;sible to see the error ~au.se<l by the incorred time step. hom this th€ sample 

frequency d 10,,1 II 2 W:J..:j sdected to take into account any other fadors. 

6.'1 !vlaterial Tests 

6.4.1 Compression Test Results for Material 'lb;ted on the SHPB 

All dynamk compression testing was underta.'<en using a 01Ommx300mm long striker. 

The stre," level for the in~idtnt pul';€ was kept as do~ to a given level (S5MPa) for tht 

lar6'eS1 strain rate for €",,;h material. The stress levp.l was then redu""d by reducing the 

dtpth that the strihr wilS pu,hed into th€ burrel, thns reducing the impact velocity. 

Three materi",)" were te:lted to €valnate. the pp.rformao"" the SHPB. TheS€ were. copper 

in the. as r€C€ived and the annealed condition, mild steel (E:\lA) in th€ as recdved and 

the annealed ~()ndition and aluminum (6oo1-T6) in the as reocivl'd condition. Pigure 6-

10 shows selected te8t re.sult« for th€ all the dynamic oompre.s<ion tests condncted. Note 

that for the result, ,hown in Fi!!ure G-to ooly the. str~-strain nrrve obtained from the. 

transmitted pulJ€ w"" used. The 'one wave' curve was use.d as it givel a representation of 

the .tress state for the specime.n [51][531. The ddail graph" for e.ach material can be. found 

in Appmdix B. 

From Pi!!""" 6-10 it can be see.n that thp.re i8 a large differen~e in the ,t;ref<8-,train 

behavior betw€€n material" in the a>l re<:eiwd ~omparN to thooe annealed condition. This 

indicate, that the mattrial8 now 8trl""'; i, higher in the a" received condition, which wa.> 

e.xpected. By k€€ping the. "tre,s l€vel constant for the la.r:ge8t strain rail' for efl.Ch material. 

it ~an be seen that the softer material8trained more in the annealN condition than in the 

a.> worked condition. All three. of the material" "howl'd "light 8train rate sensitivity, with 

the annealed mild st""l being the. mo,t "eru;itive. Thi, could be. seen in tht large. in~rea.:,;e 

of the upper =d lower yield point a" the strain rate increa'ied. 
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6. RESULTS AKD DlSC1;SSTO'i 

u.1,2 Qilasi-Static Tensile Test R.e;;ult~ 

Quasi-static tensile tes t. were ~onducted on t.he three materiels "",mrding 1.0 BS-18, with 

six telSts per material being eom!uctM. Typical results for ea.::h material are shuwn III 

Fi'f"'"' 6'_11. The detuiled ~ruph< for eadl material ~an be found in AP1"'tlfiil' B. From 

Figure 6-11 it can be seer, that the three matcrials havc thc Smne gcneral shape as t,he 

~('St results for the high strain rate tests. however the stress levels are lower in the tensile 

test, whidl wa.' e.xp",-,t,ed. 

6.4.3 Compari<;on between the Test Dil.ul ant! the .Iolmsoll-Cook /l'lOOel for 

Copper 

The high strair, rate tests au. ~oppcr tc"St were ~ompar,.-l to Johnson-Cook cons t itutive 

model [2], This model was sel",-,ted as there were published consti t utiyc COwtillltl< muihble 

and the p;eneratiOl', of cunstants for other model, was Ocyond I.hc sQ>pe of this project __ The 

cuIlStitu[.ive eonstants us..d ir, Equation 6,1 were A = >KUfPa, B = 2lrHfPa, n = (j,31, 

C = 0.025 ar,d m = J.(l!-J '" taken from Johnson[2], 

(1 = [A ~ BE"] [I + Cln"'] [l- T"". (6.l) 

Fi.'!",,' 6-12 shows the dynami~ comprelSsion test datll '" wcll '" the quasi-sbti~ tensile 

test data for copper, Also plotted is the Johr,scr,.Cocl< constitutive model for strain ratL", 

or ~08,,-j and 1I60~-1, From Figure 6-12 it ear, b~ _T, that the Johnson-Cook mudel 

deviates substamially at the low strains from the annealed dyr,amk mmpression test data. 

but at. the hip;her strains the two ~ lart to ~on""rge. II can also be se~n that the degroo of 

strahl ral~, s~T,siti\'ity for the dynillni~ compression [·est and t.lw, Johr,son·O",k model ar~, 

quite simibr. Tlw annealinp; conditions could also have rcsulted in the stress level being 

lower. Thc 1lIlncruing utiliooi for sp""imens of ,ize <1>4 x 3Imn long. entniled bcing hcld at 

45(1"('. for 10 minutes, and allowed to <x>ol in the O\'en, From Fi,'fl<!"£ 6-12 it car, be s"",n 

that 1.1", Johr,5(m_Cook modellics Octween thnt of the a8 rEl<'€ived and annealed test results 

indieating that if the specimens had been only partially mId worked the stress level ""uld 

probllbly have r-n higher. 
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The effect of heating; of the spe<:imen during; the tL'>'t W''" inve"tig;ated, This was d(}ne 

to see if a r""" in temper"tur€ muld be ,.he c"u.e of the de\iation between I.he model 

iIIld the dynamic mmpression test. The maximum temperature that the .pecimen C(}uld 

have reached was cakulated by detennining the maximum energy that the 8perimen could 

ha,-e "bwrhed_ From the maximum ener~y, the temperature was determined to r;", from 

room temperature, 20"C, to 30"C. The [<",ult s 01 the raleul"l.jons can be >;een in TabJe 6,1, 

This chan~" in temperature ooulct not h", .... ehanged I.he etre;;., le,'el eubMantjally and was 

subsequently ignored, A];;o "dded t(} the plots are eurves (}I the .J(}hn.on-Cook mood at 

temperature 01 25O"C [or strain rates of 3OS .• - 1 and ll(j{).s-l, They were addc-d to show 

the it would require the temperature rioe to 250"C before any nOI.ireable ch"nge in strc'SS 

leveL 

T"lJie 6.1 Calculation results 1m maximum rise in temperature 

Df>;;crip<-ion Value Unit" 

Energy in incident pulse 4,632 J 

Energ,y in reflected pulse 3.45:, .J 

Energy in tn\llsmitted pu!:,., 0,004 J 

Energy absorbed in "IJL'Cimen 1114 J 

Len~th ofope~imen 2.95 mm 

Diameter of spe<:imen 3.9 mm 

Area of spe<:imen LHM5E-().5 
, 

Jm,,-

Density ~9M kg/"," 

).f tl.S.' 3.155E--04 kg 

Specific heat 3831 Jjk.Q.o(' 

l ... juximum chafJl':e in leHlperatUl'e (1,221 'C 

Labor"i.ory temperature 20,5 "(' 

"'j,,:dmin temperature 01 "pc'Cimen 29.2 'C 

The annealed quasi-stalic and dynamic test duta was (hen compared (0 published r .... 

"ulte_ First dynamic w,t data was compared to publishc-d dynamic k»;t data. at "strain 
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rate of 451., -1, by Zerilli [M[. The points published be Zerilli were plotte'<.l (}VeT the dy-

1w.Illic test data and ar~ ,hown in Fi91J.N; 6-1:/ From Fi!J1i-N; 6-13 is can be _n that the 

puhlished CU1Te sbows do.,., correlation with the te.t data, The next published results 

w~'" gen~;ratOO by F(}lbnsoce [55[, The 'luasi-,latk r<':lwt, were ~ompared und it can Seen 

that the publiohoo "tr"" strain curve h)' Folian.,boo is marginally higher and i" shown in 

Fiy1<1'1' 6'-13. The dynamic test stwss strain curve publiohod by F(}lbmlwe, at a strain rate 

of 18()().-1, was slightl)' lower th~n the test data hut bad a .,imilar trend, Tlw deviation 

between the te.,t data arJ(lthe publislic'<.l data '~'as dC'CIned to be within acceptable limits. 

The deviation C'Ould he til<' mmlt of different annealing conditi()u. as F()liansbee anuealed 

at 6iXl"C in a va~uum fur Ih compared to the presAnt ttolt sp""im~n8 which wer~ anneulro 

at Mirrc fur only 11) minlltf'A 

6.4.4 Compari:;<)TJ between the Test Data with that of rubli~hed H.t"il1lt~ and the 

Cowper-Symond~ Ivlodel for ).Wd StODI 

The mild sted t<':ltS were comp'l.rOO using the C(}wper-Sym(}mis c(}nstitutive mudel. This 

model was sel""ted as there were publbhro ~(}llstitlltive constants available f()r mild slooL 

A pl(}t of the d)'Mmic mmprffisi()l'] test data and the quasi-static tensik test de<te< is ~·iven 

in Fi,q1l'" B-L~, The mild steel d)'namic ttoll with strain ratffi ()f 360,, -1 aTld !H8 .. - 1, ~nd 

the tensile test (,train rate ~ O.OOJ,,-I) were s.calod using various wnstitulive m<lsle<nts 

for [(qua/ion B.2 w a reference .train rate (}f I x 10-4 .. - 1 ~nd then plotted, By S(;a1ing the 

<esl date< to thi.., rderenc,* slrain rate, the mooel could he te.ted as the luwer yield p(}int 

of the qUllSi-stali~ ,uld dynamic ~e>ts sh()uld cor",late. 

~=l+(t)'" c. D 
(6.2) 

!'he first CllS(l considered f(}r d)'namic uni8.Xial tGSts ha'~ng "mali "tmilll< in the neigb-

horhood ()f the yield .truin with cons~ituti"" mHStants of D = ~O,48-1 and q = 5 :1[, The 

~xt CIlSfl utilised corc,tants obta.ined fwm Abramowic,. :381 wi~h constitutive mnotants of 

D = 8.028-1 8Jld q = 3.585. These con"tunlS v,ere determined from more rOC<Jnt dynamic 

unie<."<-ial tensile experimf'nts performed at tJ.tt, Department of 1>.-1echanical ETl~inooring at 

the University ()f LiverpooL Tbe last ~A'>e utilioirl calcwated value:'< from the test data., 
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with thf ~O<l"l.il.u[he ~on"tants OOin,.; determined to be D = 844&-1 alld q = 2.207. 

From Figure 6"14 it ~fl.Il be seen that the first ",t of CoWver-SYIIlOllds curves are far fwm 

the test data indicatin~ that the eXJilstitOltiw cons"ant" do nor, c:orrdar.e well for the mild 

"teel tt'St The s<"'ond and third set of data lie on top of olle another "" the ~oll"titutive 

constants are very similar. For the "ec:ond and third ""t" the upper yield point of the 

s<:aled qu",i-stati~ tell"iie tf"l. lif" bel.w""n the ftCaled dynami~ compression tests. but then 

deviatf" "'-, ie, moves away fwm the yifi(\ point. The lower yield poim" or the qUHBi-"tatie' 

a<ld dynami~ "~aleU [,est r"'lults do onto correlate c..'illctly but are not far off. The deviation 

is not substantial and lies wi"hin an ll,Cc:eptable range, In order to adjust the lower yield 

l)Oim_~ w ~oin~ide the ,"illuc,,; of D = 2COJr' and q = ~ had "0 be Olood. 

There is a large scatter of tf"" data w",-' that has been published, Some of this test data 

was ,.;athered by .Jone" [1] Mid compared t.o ~he Cowper-Symonds r,onstitutive model with 

con"tant" or 1) = 40.4,,-1 alld q = 5, A eXJpy of Jon,,""" ~raph is SiH),,'n in Figure 6-1{j, 

Added to Jonf"'" graph is the data point of the mild ste,.] tested nt a strain rute of !J18s- 1, 

It can be seen tha.t [,hfre i" r,onsiderable ""att,." between the resul ts of the different nuthors 

and that the addc'll data l)Oim falls within the scall.er. Jon"," related this scai.ter to the 

range of differellt mild "tecis teBt.eU, the diITfren~e in grain si"e, "he hul tr~atment. and 

~hf ",,-riel.y of testing machine" and data recording equipment U"f(.\. 

The mild steel test data was then compared to ex I""rimentai data geaerated by Taaimura 

iti{il The data that Tanimura rreoollted wlCl for M annealed mild steel test at struill rates 

of O,OOlr l and 2()ll(ls-1 and a COP} of the "trMol-"train curve is showa ia Figure (;-1(;, 

Selected roints from the Tanimuracurve were then plotted o,,,,r the mild steel test data aad 

is aho",']] in Figw'f 6-1 Z From Figure 6-17·it call be "",n that there i" very good r,orrelation 

betwef'n the qm",i-"tati~ and dynamic t~_,t data, The straill rate of the Taninmra ~urve i" 

hi~her than tha.t of the test data aad this is refie(,;ted in the upper yield point being higher 

than that of the cUn", at a "train rate of ~18s-1. The cOlr", after the lower }ield poin" 

r,orrelated well except for ~he sli,.;ht oscillation of the cOln'e of Taninmra. Th"""" 06Cillations 

r,ould be the mmlt of no dispersion oorroction heing applied to the ~aptureU da.ta froln the 

pressure bars, If the dynamic ~urve of Figure ii-Iii is compared to the Ol!1Correded CUI''' 
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of Fiqu,-,; 6-5 c) i~ i3 eddent that ,he two cU[vcs follov.' the sa.me trend inditating that nO 

dispe[3ion corr""lion was applied, 

6,4.,5 Comparison of Test Data with that of Published Results and the 

COlvpcr-Symonds ",lodel for Aluminum 

The "luIllinum dynamic tompression tests We[c tOmpru-N to the quasi-st,..tit tcn.>ile l.est. 

From Fi,9""" 6-18 it can be 1<CCn that the yield point of the qu3S.i-sbtic tensile l.est and 

dynamic compression test are very dille, with the dynamic compres>;ion 1"",1. being higher. 

Thi3 indic"tes that ,train rute ~n3il;ivity is 10", for ,uuminum as .hown by Lipo;hitz [?,(i] 

and Jones :11_ The quasi-sta,ic tcnsile test th€n deviated from the dynamic compression 

test as the tClliile test gives the engineering stress and the compression l.esl; give the true 

.tre"_ The dynamic compre3.ion lest data was th€n comparN to data obtained from 

!\mn"t-Nu,;scr [fi7] and ill shown on Fi!)1''''' 6-18. DaI;I\ for strains lower than 0.03 could 

not be obtained for Nama.t-Nas""r gmph u,; there wcre large oscillations On thf "tr~--ss_ 

.train Curve indiCi~;ing thac di.pen<ion correcl.ion was not impl€mentfd, Also plo\l;ed was 

data. published by Jone,;[ II. The curve of J one. and Namat- Na.>Se[ luwe higher st ress lfvels 

than that of dynamic compression teSI;!!. The test data cn[\'e5 devial.e by a.n average • .. u.lue 

of ,)lUll! Fa. hom thai. of the data of Joncs ""d Namat- Na.>scr, but this could be due to the 

different "tate of work hardening the specimen8 were subjected to, 

The allllrnnuIll dynamic compres<ion lJ'sts was also compared to result> obtained for 

the Cowper-SymontL constitutive model. The constir.ul.ive con.tant., u.>ed in Eq"a/ion 6.2 

were D '" 12SS000S-1 a.nd q = 4 as taken from Jones [11. Again a.~ in I;he mild steel te"t 

the dynamic comprc,,"ion tesl; with .train rate/; of 224,,-1 and 1176,-1 ""d the quu,;i-"tatic 

tensile te.>t ("train ratc = O.OOlr 1) were scaled using constitutive constant> for Eq"a.tian 

6.£ to a strain ra.te of 1 X 10-18-' and then plotted. From Fig,.re 6-18 it can be ",,€n 

thai. the yield poinl; of the quasi-static test is higher th",,! thai; of the two dynamic te31;S 

indicaiin)l; the the conscitnti,'e COIlSta.nts are no, correct. Jones did note 1;)",1; the two 

consl;itlltiv€ const""I;S were obtained from "" avert'>,,,, of widely .",atterN cxperim€ntal 

data, 
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6. Rl:.SULTS AND DlSm:SSlUN 

In this ciw.pter the operation of ~he ga., gUD system W11> dir;cu.;;:;ed and the .;i:lOrt comings 

of using the exis~ing b'"Tel were listed. The st.rain gauge bridge amplifiers and data a.cqui­

.;ition ~y~tem were di.>c'1l"sc"<.l. The data processing program Will' evaluated. This included 

comparing result~ that were and weIe not conect.ed for di.>per:<ion. and merits for using 

higher modes for di"pCI~ion Gmn;ction. It was ,011n<1 (ha, the oscillation.. of the ,'tw:;,,­

.;tra..in curve were considerably rednced whell disper"ion was co('rocted for. and t.he lir"t 

mode was dominant . The eifoct. on sample freqnency of the di.>pelliion correction weIe dis­

cussed and sample frequency of 1011Hz was ciJ.ooon. Finally. the result., of ~he tests ca.rried 

om were comjXLred ,,~th t he cOllstitut.ive model; and published re"ult". From this it wa., 

:;(-en that there wM good correlation betv.""" publi"hed data and the test data. but. the 

model correb~ion W11> not M good. The selection of the con"tant" nsed ill the model; wa:< 

cri'ical. In addition w t.hi.; the "tate of work hardening on the specimen alten t.he now 

"tIes" considerably. 

Conclusions and recommendation;, fur future work (!Ie given in the nex~ chapter. 
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{j. ltp.~n.TS AND DTSC!.:SSJOS 
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FIGURE ti.-2. 1'101 ,ho",ing [,r,., con~at.;'-'n "f mornenlwn for a mild steel oompre,.,iou test. 
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6_ RESCLTS AND DISCliSSlOt; 

Stress ~S. Strain, and Strain Rate graphs for annealed mild steel 
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FIGURE &-~. Slress ;'s. Strain, and Strain RIl.w ",,,ph. for ~nnoal.,.j mild ,_1. &) without cli,!"'r. 
sion cowxtion_ b) with di'P<"",jon corroction. c) oompatoon of tlle One Wa;'~ ,trcss-stnun curv"" 
with an<! without corr~etiO!l 
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6. R<;SU1TS ASD D1SLTSS10S 
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6. RESCLTS AND IlISCUSSION 

Compression test data for atl materiats tested at different strain 

Mild Sleel (EN1AJ 
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W, 

0.'" 0.011 0.12 '" Strain 

FIGunE 6-10. COlnpI"""iuIl too;t dati> for ..n the mateIi..J.o l"'ted at diff~n"'t otrain T~t~" 
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6. IlESCLTS ANI! DIStUSSj()/1 
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FIGURE 6-12. Comparioon le,l data for Copper 
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7 

Concluding Remarks and 

Recommendations 

7.1 Concluding Remarks 

The system 8., a whole nmclionod well and enabled tlliling of differellt material, at variOl~' 

straill ra.IC!<. Each compollent of the system was calibra.ted ""paralely before the SIIPB 

system was calibrated ru; a unit. The calibration tests cOllducted were repeatable and 

the dynamic calibration factoc only deviated from the theoretical calibration factoc by 

5%, thus reconfirming the ca.libration of the s}'lltem. The method for determilling Young's 

moonills and Pois:;on'" ratio of the bar was very successfuL fI" the Yonng's mooulns could 

be dct.crmined to within IGi'" and the Poisson's ratio 10 withill 0,01. The di:;persion 

ccrrection program used was able to shift the pulse; to the specimen interface and sub­

stall~ially reduce ~he ""dilations on the strcss strain plot_ III additioll to !hi~, the WIC of 

pube shaping further reduced the osclllatiollS_ The inclu~ion of the higher modes only 

improved the shape of the pulse marginally. 

The V"ua! Bru-ic u;;cr illterface for the data acquisition fadlity MIS u:;cr friendly and 

the opera,ion was very similar to that of all oscilloscope_ The control valvin!,: for the gas 

gun and the g8.' gun itself w"" "imple to USe. The U5e of Ezcel 8., a frontenrl ~o Maltab 

worked well as the operator of the "y"tem was Ilot required to know how to Use Mu.tlab to 

u;;c the dil;pcn;ion oorrectioll software. As a result, the time required to traill 80n operator 

W8.' considerably reduced. The zeroing of the strain gauge bridge was nol user friendly 

as it had to be dOlle by trimming a potcIltiometcr by illserting a small screwdriver into a 

holo in the "ide of the amplifier. 

The rl.ata acquisition system was mOre thall adequate to capture the "ignM from the 

slra.iIl gauge amplifier". The amplifier>! gave ~ufficient gaill to the signal to generate a 

stres"-8~rain plot, but the ga.;n MIS not sufficiently flexible to utilise the full resolutioll of 
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7. CO';CU;DING RnlAHl;S AND R<;COM.\l<;';DATIONS 

the dRta Rcquisition ~ystem. As the amplifier gain drop-off and phw<~ shift WM determined 

by usin~ rul 8-bit resolution digitul o:;cillo:;cope t.he accurRCy of the mappin,.; fundion was 

limited. Thi" could he improvi'd hy u"ing the ADLlNK card 10 map the gain drop·orr 

and I-'has~ shift for ead! mllplifier. Amplifier ~f>t'Cific correction fWlctions ~ould th~n be 

g~n~rat.ed I.hu" imprming I.h~ correction of the 5ignal. 

The barrel u,ed for the gas gun w"" nOt id~al ... , I.h~ gas vent." w~r~ too "hort. A" a ret<ult 

of this, the dynamic calibration of the ~y~t~m wuld nOt]:.., performed with u long ~triker. 

This r.,,;ult~d in un inae(;nracy in one of I.h~ calihrRtion methods. In Rddition to thi~ the 

barrel bore w ... , "maller than that of the bar. This resulted in the ~trik~r ,.;uin,.; plast-ic 

at high ~xit velocjt-i.,,;. Con""'lu~nlly. I.h~ ~triker vdocity was limited for the calibration 

method ll5oo. 

As tlw bar~ w~r~ align..:i hy eye t.here w ... , no met.hod of determining t.he aceurRCy of 

the uli";Illllent. Consequently error (;ould r",uit from mbalignment of the twu banjo 

Th~ mat~riul t",t" oonduct.e-d showed thRt the "y"t.em could r~liably produce "I.reflS­

"(rain curve" at different strain mte~. Th~ materiul modeh did nol correlate well with th~ 

'.e~t dat.a but there WRS gGOd correlation with published data. There could be twa main 

reasons for this. Fir~tly the mat.erial te",s conducli'd showed that there i" R IRrge difference 

in th~ str""-' lewl of an "" received ~pecilllen <:oml-'ared to One that was annealed. Thu~. 

th~ mkroetructure and work hardening 5tm.e of Ihe spe<;imen could well ]:.., th~ wurco. 

of the discrepRncy. Semndl~( the value used for the oomtitutive C()n'tant~ in the model 

sigIlificaJltly alt~red th~ pri'dicti'd st"."'" l~vel. As a result the .",l['{;tion of the correct 

vulues iii vital. With the SHPB system and data acquisition facility devdoped in thi~ 

thesi", ",hidl ~ highly aCc\lrate and l~a(h to consi"tfmt and repeatable re"ult", this is now 

po;;.,ihle. Generation uf ~udl cOIl"tituiiYe cun~tan'_" ... , function of th~ ,,"(Irk hardening and 

microet.ructure ~ beyond the ~c0f>t' of the theei". 
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i.2 Reeommendations for Future \Vork 

Althnugh I.h~ SHPH ;;.y;;l.~m -;el.up is rUIlC,tiuning sufficiently well In test mat~riflJ8, I.he 

follo" .. ing IIj[)dificatiow are recommended to improve th~ ,ystem, 

1. The gain or the a,mplifi",';; should r", made adju,table to exploit more fully th~ 

resoh,tion of the data aeXluisition card. This could I><' adliewd by either having a 

j"mp~r o[ t.lw second ,tag~ or t.lw amplifi~r to allow for the ~ain to be ,et. at lOVjV 

or lOOVjV, or in,talling a third "tage in the amplifier ,vi t h a pmgmmmable gain. 

2. The variable reBi8tor u_1 to zero th~ ,traiII gaug~ bridg~ ,,,uk] be mounted externally 

so as to make adjustment simpler. 

~. After modifying the amplifiers, ell.<'.h amplifier I;; to he m"f!I)I'(1 u8ing th~ ADLINK 

mfd. 

4. A 20mm barrd 8hould be ;;our~ed '0 that th~ 'triker and bar are the ,ame diameter. 

The barrel must have sufficiently long g""' vents to allow [or the usc of a j[)ng "triker 

in the c.a.ilbration t""t8. 

5. The valving ;;hould be modified to impro"" th~ repeatability of the striker v~jodty 

at lh~ low sp",n~. 

6. An alignment sysrem shm,jd he dfflignedand installed to insure the accurate ali~n­

nt~nt o[ th~ bar;;. 

A" only limited t",ling was ,,,nduded, additi[)nal material te.;tin~ and inve"ti~ation 

~h[)uld be l"'rformed to d~t~rmine the coau"" of the d~viation between the test dat"- and 

the constitutiv~ m[)d~l. In addition to th~ it~IJ:ltl menti[)ned in Section 7.1, I.he effects of 

work hardening and tempera.tur~ n""u to be con"iliered in d~vel[)ping the 'tress-suain 

behavior of th~ material at high "train rates. From lh~s~ tests th~ ,,,n"tilutive models 

could h~ modified to he more reprffienlati\'~ of the material. During resting the Indd~nt 

pulll~ 8hould he pulse shaped, as t her~ is ll. con8iderahl<> r~duction in th~ oscillfl.tions on 

the stre><B-strain CUn'e in so doing. 
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Appendix A 

Computer Coding 

The commented !>Our"" ~"dc fur the I'wgm.lll8 used for th~ SHPB apparatus are given in 

this s~ti<Jn_ 

A.I Source code for dispersion user defined function 

The following cmling is used to create a user ddinPd fUllCtiull in th~ Micro,ojt Visual 

Ba~ic "ttacllln~nt of End This user-defined fune(ion senus data to Matlab, execut"" t h~ 

d;'pe:rs;un correction program in Matillb, and I.h~n rel.ri~;·~" I.fle CDrrected <:1&1.". Finally, it 

in"",ts the corroctcd data inw th~ EJ:cd w(Jrkshoct. 

D~fin .. lls~r [llncti(ln 

Function !)isp~I"Sioll(dt, ru.dl, dist, E, r, v, D, wod" ,,3, BSF, 

BSF1, BSF2, BPF, BPFt, BPF2, undl~p_r"'_d1ng, con-_",l) 

MLEvalString , 'clu;or" Clears all the variables in the Mal/au worksl'''''~ 

KLE'lalString "cd c: \""'-tlabrll \lIork' , 

Sends the fulluwing: dal.,. 1.(} Mal/ab: 

Sets the path to the pWgr!l.IIl 

f!LPutMatrix "dt" , " 
MLPutMatrix "::<", ruadl 

MLPutMatri::< "zl", dist 

MLPutMatri>: "E", , 
MLPutMatrl>: "r", , 
MLPutMatdx "vl" , " 
MLPutMatrl>: "do", C 

MLPutMatri::< "!OOd~", Ilod_ 

Filtering of the data 

MLPntMatrix "x3", ::<3 

'Band Stop filler 

Time interval between the samples 

DA.I.a to be corrected for dispersion 

Disl.a.tlC~ 1.0 disp~l1w r~ading: 

YOUIlg;'S modulus 

Dellsity of I.h~ Bar 

Pois:lon's ratio 

Bar diamf1;~r 

V.'hidl mode w nsc for th~ oorrO(;tiun 

Cut off Frequency 
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ApPE~'DIX A. CO\IPUTEn CODIN(: 

MLPIltMatrix "bot", 

MLPutMatrix "b"tl" , 

IILPu'tMa:trix "bot2", 

'Band paS8 filler 

'" 
BSFl 

BSF2 

if = 1 a band stop filter is applied to the data 

Lower frequency for lhe band Stop filte[ 

t:pper freqneney for the band stop filter 

if = 1 a band pas" filter i, awlied to the data 

Lower frequency for the band pa.s8 filter 

t:ppm freqaency for the band p= filter 

All the Ilece""ary da[.a i8 now available 1Il the ,Vatla/! work space for lhe di8per8ion 

MLPud!a'trix "bpf" , '" 
MLFutMa:trix "bpfl" , BPFl 

MLPutMatrlx "bpf2", BPF2 

eorroction to be iIllvlemented 

MLEvalS'tring "undi.p_pulseS" 

MLGetMatrix "xrol", uIllli«p _reading 

Call the di'Version correction pwgram 

Ge[. [.he ~eroed bul not correct"'" data 

Get the ,xarecl!ld data M:LGutMa"trix "x", corr_vl 

End Funcdon End of the fUI>::!ion 
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Af'P<:ND1.\ A. CO.\!nT<:H COlJl.~G 

A.2 Source code for di5per~ion correction program 

The program accepts the data for Excd and pcrlorIllS the following functions on it: 

I. Zer0e8 the< d~ta. 

2. Adj'lst., the number of the data points SO tlmt there' i8 ~n ode! numb<cr of poillts. 

3. Correets uf ttw amplifier amplitude drop-off ami phase ,hift. 

4 Applies a band pas, filter alld "aIld stop filter if needed 

5 Maps the di.'persion corre;;tion curveS for the first four vibration mod"". 

6. P"rforlll" the dispel':"ion oorr .. chon. 

7. Retums the corrected data to Excd 

, • 
The following dat~ is 8l11-'1-'lied b.y Excel' 

Young', modulus 

c • 

~, • 

00 • 

, . 
" • 

" • 

" • 

bsi -

bs:f1 • 

bs:f2 • 

bpi -

bpl1 

bpf2 • 

Dellsit!" 

Poisson'. ratio 

Bar diameter 

SigIlal Data 

Time st~p between sample, 

ellt olf frequency 

DL'tan<:e that ,igIlal i, to b<c muved 

if = 1 a band .'top filter i, applied to the d~ta 

Lower frequen<:y for the band "top filter 

1:pper frequency for the b~nd stop filter 

if = 1 a balld Pfl.",S filter is appli''<l to the data 

LmH'r freqll"!Icy fol' the band pas, filter 

Upper fr~quency for the haud pass filter 

/>,·!o", the reading to the zero level by t~king (he first ao point, and finding' the' uffset 

x-x. '; 

ll7 
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ApPECillTX A. COMPUTEtl CODlt;(: 

X k X - graph_off". t1: 

Make N an even number 

tMt_Z k T"-,,,Oength(x) ,2); %Find remainder 

if tuLZ k~ 0: %tcst for udd or even number of points 

II ~ 1ength(x), 

.1". 
N _ l . ngth(z) - 1; 

'0' 
Adjust signal tu new length 

x - z(i:N); 

t O:dt,(N)*dt; 

Ctl.lculate new rerioci, angular velocity and frequenq for new length 

I - t(N); o/cset the time period of the new length 

"' . 2~pi/!; o/ocalculate the fimdamental angular frequen~y fur the FIT di-

VISIOns 

"0 -tiz(II!2) !ix(N/2) ; 

= • nc.ol/o; %setup a vect.or for the 8llgHlar frequency 

CO ~qrt (E!r); 

" • "n.!(2*pi) ; %SCtup a yedor for the frequency for coITection of the amps 

Move into the frequency domain using the Fast Fonrier Transform 

y - fft(x); 

y~1 _ fft~hift(y); 

Correct for amp drop-off 

Define amplifier characteristics 

xl - 100000; 

x2 - 1000000; 

yl - 1; 

y2 - 1.5; 

Set upper ~utolf point 

if x3<zl 

xl • x3; 

%Center around O'h term 
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AP1'Et\l}]X A. CQMPUTEn CODI~G 

""' 
Cwclilate the slove of the correction line 

'" - (y2 

c1 ~ y2 

yl)/(x2 - xl); 

Genera.te the function tha.t i. lISed to vnll-np the amplifier drop-off 

corr ~ oneB(1,length(vn»; 

corrl - corr .• (ft <- xl " ft >- -xl), 

corr2 ~ corr.*(if .* I!! + cl ),*(if>xl" ft<x3); 

corr3 - corr.'(U .* -'" + c1 ).*(ff<-"l "ff>-x3); 

COlT - cord + corr2 + corr3; 

Mnltiply (,he .';~a.l by the eorrec(,ion function. 

y~2 - y~1.*corr, 

Correct fur f>hasc shift 

slopu - 3.7786u-6; % From trend line of Vh""" shift 

Generate the function that is u&'d to correct for the amplifier phase shift 

phasu_corr - ones(l,l~ngth(~»; 

ph .. so_corrl - phase_corr. * (if . * ~lop.) .• (ft > _ 0); 

ph .. ~._corr2 _ pha~._corr"(ff .* ~lop~ ).'(ff < 0); 

phase_corr - phase_cord + phase_corr2 

!vluJtiply the signal by the c()rrecti()n function 

yB - ys2.*exp(ph .. se_corr*i); 

Band Stop filter 

Tc.o;t if Band Stop filter i<; to be noled 

it bBf -- 1; 

Gcnerate a 0-1 Vl"<CWr to mt ont the reqnirl'li frcqnen~il''' 

band~top - on~~ (l,l ~ngth(wn»; 

bandstopl - bandstop .• «ft >- -b~f2) t (ft <- -b~f1»; 

bands"top2 - b .... dstop.*«ff <- bd2) :: (ff >- bdl», 

bandstop - (bandstopl + band~top2); 

bandstop - (bandstop --0); 

l>.lnltiply the data by the 0-1 w~etor 

n9 
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ys -ys . * bandstop 

." 
Band Pa" Filter 

AffL~DlX A. C011Yl:n:11 CODl.~G 

Test if Bruld Pass Filter is to be used 

if bpi __ 1; 

Generate a 0-1 "",ctor to pMS the required frequencies 

b~dpa~~ _ one~(l,length(wn)); 

bandpass 1 - bandp" ... *«H >- -bpf2) t (H <- -bpf1)); 

bandpas~2 - bandpas •. *«(H <- bpf2) &: (ft >- bpfl)); 

bandpaM _ bandpa"~l + bandpass2; 

Multiply the data by the 0·1 voc-\or 

ys -ys . ¥ bandpau ; 

", 
Generate the velocity used for di:<persion 

it tnode __ 1 

load P_C_lIlodel.tnat 

d_la - d_l".'; 

n - l:l~ngth(d_l&); 

fo - lIT; 

f - fo _*n; 

%nse only mode one for dispersion ~orrL'Ction 

%load the data. for the fir51 disper5ion curves 

Interpolate to extroct the ~UIye for the particular Poisson's ratio 

Cn_Co_at_v_Model - interp2(d_la,v,C~Co.',d_la,vl,'cubic'); 

Calculate the velocity by (Cn/Co)*Co 

Cn_p _C_",odel _ Cn_Co_at_v_lDOdel • CO; 

1a_l - d_1&./do; 

Cakulate the frequency f = Cn/la for the generated curves 

f~_C_",odul - Cn_P_C_wodl1.-1,,_1; 

Interpolate to obtain Phase velocity for all the freqnencies for the input data 

en - interpl (CP _C_model ,Cn_P _C_modd ,t, 'cubic'); 

el.eif ",odl -- 2 %use only mode one aud two for dispersiou corroc(ion 
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load P_C_nodel,mat 

d_la ~ d_la,'; 

n _ l:langth(d_la); 

to - lIT; 

ApPE\'DIX A. COMPUTEH COlllliG 

%1000 thc data for thc fir.t dispersion curves 

% load jump poim from mode 1 w modc 2 

lnt~;rpolate to extr>\(;t lhe vallie [or the particular Poison'8 ratio 

DLCo_jump_l_2 - interpl (v ,DCCo_l_2, vi, 'cubic'); 

Calculate the jllmp point from mode 1 to mode 2 

f_jump_!_2 - Df_Co_j~~p_!_2_*CO/do; 

Interpo]at€ 10 obtain Phase velocilY for all the frequencics for the input data 

Cn_Co_at_ v_node! - int~rp2(d_la, v, Cn_Co.' ,d_l .. , 111, ' cubic') : 

Calculate the velocily by (Cn/Co)*Co 

Cn_P_C_nodel - Cn_Co_aLv_model .* CO; 

load P _C_node2 .nat 

d_la - d_la.'; 

%IOll.d the d"ta for the second dispcrsion curve.< 

Interpolate to obtain Phase velocity for "II thc frequencies for the input d"ta 

Cn_Co_ .. t_v _l>.od~2 _ intarp2(d_la, v, Cn.Co. ' ,d_la, vi,' cubic'); 

Calc1l1ate the velocity by (Cn/C",j*C", 

Cn]_C_II'.ode2 _ Cn_Co_at_\r_mod.2 .* CO; 

la_l - d_l l. ./do; %Caknlate lila 

Calculate the frcqucney [= Cn/la for the fir", mode 

t]_C_model - CILP_C_llodG1-*la_l; 

Cll.kulatc the frequcney f = Cnjla for the second mode 

LP_C_II'.oda2 _ Cn_P.C_llode2.*la_l; 

Interpolate [.() obtain Phase velocity for all the frequencics foc the input data wilh 

refer€nc€ (0 the fir.,t mode 

Cn_lI'.od~1 _ inUrpl (1.P .C_llodel, Cn] _C_model ,f,' cubic') ; 

Cn_mode2 _ inurpl Ct_P _C-",ode2, Cn] _C_modu2 ,f, 'cubic'); 

Cut of!' the higher Phase velocity for th" first mode and the lower Phase velocity for the 

"""ond mode 
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~lsdf lIod~ E_ 3 

load P~C_nodal'""'t 

d~la - d_la.'; 

Il - 1: length Cd_lal ; 

fo - lIT; 

f-fo.~n; 

Aff<;"l}JX A. COMPUTEn COJlJNG 

%U8() the first thrC<' modes for dispersion correetioll 

%loo.d the data for the first ili'pen;ion curves 

% load jump point from mode 1 to mr><.i<l 2 

Int.erpolate to extr8Ct the value [or the particular Poisson's ratio 

DLCo_jump.l.2 - int~rpl Cv ,Df_Co_L2, vi, 'cubic' l; 

Calculate t.he jump point from mode 1 to mode 2 

Ljump.l.2 - DLGo.jump.L2"CO(do; 

Interpolate to obtain Pb""e velocity for all the frequencies [or tbe input data 

Cn_C03t~v~llod~1 - int~rp2(d_la,v,Cn_Co.' ,d_h.,vl, 'cubic'); 

Calculate the velocity by (Cn/Col'Co 

Cn.P~C_lIoda l _ Cn_Co_aLv~nodd .~ CO; 

loud P _ C _mode2.mat %loo.d the datu for the """x'I1d dispen;ion ~urv"" 

d_la - d_la.'; 

Interpolate to obtrun Ph""e velocity for ali the frequencie8 for the input data 

Cn_Co_at_v_mod~2 = inturp2(d_la, v, Cn_Co. ' , Lla, v!, 'cubic'); 

CuicuJute the velocity by (Cn/Col'Co 

CILP_C-",od~2 ~ Cn_Co_ .. t3_OlOda2 .~ CO; 

load P_C-",od~3 .... t 

d_la - d_l ... '; 

load DeCo 2 3.m .. t 

%load the data for the third di'l>Ulliioll curyes 

%jump poim from mode 2 to modc 3 

Interpolate to extract the yaluc for thc particular PoiS5Oll'" rutio 

DLCo.jump.2_3 - interp! (v ,DLCo_2.3, vi, 'cubic'); 

Cak:ulate tbe jump point frem mode 2 to mode 3 

Ljump.2.3 _ D!.Co.jump.2_3.*CO!do; 

Interpolate to obtain Phase velocity for all the frequcncies for the input data 
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ArrE'iDiX A. Co~'pI:TIm CODlN!: 

C,,-Co_"t_v_,"od~3 ~ 1nterp2 Cd_la , v ,Cn_Co. ' ,d_la, vi, 'cubic'); 

Calculate the velocity iJy (CIljO:»*O:> 

Cn_P_CJ:lode3 ~ Cn_Co_"t_v_,"od~3 .* CO; 

1,,_1 ~ d_la./do; %Calculute ljlu 

Calculate the f"equeIlCl"" ([ ~ Cn!la) [or Ihe first. t.h,.ee modes 

t P C ,"odd ~ Cn] _C_mode1. *1a... l ; 

fY_CJ:lode2 _ CnY_C_mod~ 2.Ha....l: 

CP_C_llode3 - Cn P C lIlOd. 3 ' 10._1 

InterpolRte 10 obtain Phase ydocity for all the frequellcies fo,. t.he iIlPUI. dula wilh 

refereuce t.(l Ihe lin;!. mode 

Cn_,"od~l - interpl (f_P _CJ:lod. l ,Cn_P _C_J:lodel,1, 'cubic') : 

Cn_J:lode2 _ 1nt~rpl (CP _C_llode2,Cn] _C_llode2, t, ' cubic') ; 

Cn_llode3 - interpl (CP _CJ:IOd. 3,CnY _C_,"ode3 ,1, ' cubic') ; 

Geuerut .... Ihe Phase Velocjty curve using the first thrc," modes. 

Cn _ CIL",ode l .• (t < t_jump_l_2) + Cn_,"ode2.*«1 >- 1_j\llIlp_l_2)& 

(1 < t_jllICp_2_3») + Cn.):lode3 .*(f >- LjUJnp_2_3J: 

elseH "'00. --4 
l oad P _C_model. <nat' 

d_1o. - d_1 .. '; 

n ~ 1:length(d_la); 

fo - liT; 

1 ~ 10 .*n; 

load DeCo 1 2. nat 

rouse I.he first four modes for dispersion correction 

%load the dut", for Ihe lir"t. dispersion r,ll"'es 

%jump point from mode 1 to mode 2 

Interpolate to extrad the vallle fo,. Ihe pRrlir,ulRr Poisson's ratio 

DLCo_jump_l_2 - int erpl (v ,DLCo_L2, vl, 'cubic'); 

Cakulale the jump point from mode 1 to mode 2 

Cjump_L2 - Dt_Co_jump_l_2.*CO/do; 

Interpolate t.(l oiJlain Phase velocity for all the frequencies [or t.he inpul. dal.ll. 

Cn_Co_at_v _model _ 1nt~rp2(d_la, v ,Cn_Co. ' ,d_h., vl,' cubic') ; 

Calr,ulate the velocity by (CnjCo)*Co 
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load P C rlod~2 ...... t 

d_1a - d_la,'; 

Al'l'.L\DJX A. COMl'lIT EIl COnIXG 

%ioad the data. for the secolld dispClIsion cnrve,<; 

Imerpoia\e \0 obt,ain Phas" velocity for ant,he fr?quenciei< for the illput data 

Cn_Co_at_ v _mode2 .. lnterp2 (d_1a, 'I , Cn_Co. ' ,d_1a, vi, 'cubic' ) ; 

Ca.kulate the velocity by (CnjCo)*Co 

Cn_P_C_D>Od.2 .. Cn_Co_at;_v_mode2 .* CO; 

load P _C_rlode3 mat 

d_la .. d_1a.'; 

load DLCo_2_3.mat 

%load the data for the third dis~rsioll CUrvCll 

%jump poillt from mod~ 2 to mooe 3 

Illterpolate to extmet the va.lue for the part~"ul"" P()isson's ratio 

DCCo_jump_2_3 .. interpl ('I ,DCCo_2_3, '11, 'cubic'); 

Cakuiate t.he jump p()int fr()m mod~ 2 to modo 3 

Ljump_2_3 .. DLCo_jump_2_3.*CO/do; 

Interpolate to obta.in Plmse velocity for aJl the frequencies for the illput data 

C~Co_at_v JOOde3 .. interp2(d_la, v ,Cn_Go. ' ,d_lo., vi,' cubic'); 

Calculat~ the velocity by (Cn/Col-Co 

Cn_P_C_mode3 .. Cn_Co_at_v_lOOde3 ,. CO; 

load P C modu4 m .. t; 

d_1a - <1_1a.'; 

10a<1 DLCo_33.mat; 

9iloa.d the dMa for the fourth dispersion curves 

%jump poillt from modM to mod04 

In(?rp()l!l.w t() extract the valu~ for th~ particular Poison's ratio 

Dt_Co_jump_3_4 - interp1(v,Dt_Co_3_4,'11,'cubic'); 

Cakulat? the jump point fr()!11 mod~ 3 to mode 4 

LjUllp_33 .. DLCo_jump_3_4.*CO/do; 

InterpoiMe to obtain Ph""" vel()dty for all t.h? fmquencif'S f()r (he input data 

Cn_Co_aLv _lIodo4 .. inhrp2(d_lo., v ,Cn_Co. ' ,d_Ia, vI, 'cubic'); 

C"kulate the velocity by (Cn/Col*Co 

Cn_P_C_lIodo4" Cn_Co_ .. Cv_mode4 • CO; 

1a_1 " d_la./do; %Cakulate 1/1a 

Calculate th~ froquency (f = CIl/la) for the firnt four mooes 
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ApPE:;mx A. COMPUTER CODlNG 

f] _C_mode l Cn_P _C_tnOde l. *h._l; 

f_P_C_node2 - Cn_P_C_node2.*1~1; 

CP_C_node3 - Cn_P_C_node3.~la_l; 

LP_C_nJod. 4 - Cn P C node4 .• h._l; 

Intcrpolat~ to obtain Phase velocity for all the frequenci", for the inpm. data with 

reference to .he nr8t mocl~ 

Cn..model 

Cn_nJodQ2 

Cn_node3 

Cn_node4 

• 

• 

• 

• 

interpl (LP _C_lIlodQl, Cn_P _C_rlodd ,f, 'cubic') ; 

lnterpl(f_P_C_mode2,Cn_P_C_node2,t,'cubic'); 

i nterp1 (LP _C_lOOde3 ,Cn_P _C_rlode3,f,' cubic'); 

interpl(f_P_C_node4,Cn_P_C_node4,t,'cubic'); 

Generate the Phase Velocity Curve u"ing' .he Hr"t three mOO"", 

en - Cn_model..(f < CjUlllp_l_2) + Cn_lOOde2.~((f >- Ljurnp_L2)t 

(f < LjUlllp_2_3» + Cn_nod.3.*«f >- CjUl:lp_2_3)t(f < Cjurnp_3_4» 

+ Cn_node4,*(f >- f_jUlllp_3_4); 

,., 
Copy the las! value of the phase velOCIty of t he P C Curve to the frequencle~ not covered 

bv the Curve" 

CnZ - zeros(1,N); 

Cnz C1 , hngth. (Cn» _ Cn; 

Cnz (length.(Cn)+l: length(CnZ» - Cn(length(Cn»; 

en _ CnZ; 

eno) - CO; %Set t he first speed reading t o fundamental waYe "I)CCU 

Cne _ z-ro,, (l ,11), %Generate a vector of zeros the "ame kngth as the data 

Cne (fb: (N/2) +1 ,N) - Cn (1: (iiI (Rf2) ) ) ; 

Copy tiw P _ C CurW to tbe negaliw frequeneies 

nn - 2; 

for 11 - (fiI(N/2»,-l'l 

CCl(ii) - Cn(nn); 

nn _ nn+1; 

"., 
Cnc(1:f l I(N!2»- Cel; 
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ApPEXDIX A. COMPIJHn CODIXG 

Ca.lCllhl.~ th~ ojfs~1 for I.he dispersion corrpction used in the l.imp shifl 

offset ~ exp(-IlII,*(zl.!Cnc)*i); %Caleulate the offscl 

.'I-Iultiply the data by I.he offsel 1.0 corrocl for dispprsion 

yc ~ oHsat .• ys; ';C,Oif'*t ph""'" angle 

U'* the Invn~ F""I FourieI Transfc.:m (0 gel hack inl.O th~ tilll<' dom~in 

Shift the data so that it is not centered around the Ol.h ttml but- I.he Dth term is on the 

Ip[L 

ye11 ~fftshift(yc); 

x2 ~ ifft(ycll); 

Extract thp real part of the data, The imaginary part- is zero but must be remowd 

xro -rn.l(x2); 

Transform the data inl(l a tXllumn voctor (0 be sent 1.0 Excel. 

xrol-xro," 

x - x," 
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ApPEKDIX A. CO~jPU'l'.!:R COlll~n 

A.3 Source code for data acquisition card 

The following wue it,; wed to control the ADLI:'fK uata a<;qui,ition mrd, For details ()f 

I.he function;; used that wntrol the card;;(", the FUncti(}n Reference "-1o.l1ulLl [431. 

Ddinu Variabl. ~ 

Dilll Card)!1,l!I.bOIr A~ Int. g. r 

'l\'umeric card TD [hal c(}rresponds (0 (he card iniliali~oo 

Dilll voltage_raag~ A$ Intugur 

Di .. dna_size As Long 

Din ~M1pl._rate A~ Si ngle 

Dim dt A$ Doubl . 

'Iaput rlUlge (}f the ~aru 

"memmy size for slLmple 

Din channels_used As Integer 'i" the time interval between sampl"" 

Dim trigger _IDOd& A~ In"teger 

Dilll triggur_sourc& A~ Integ&r 

Dilll triggucpolarity h InUgn 

Din clock_Eourcu A ~ Int. ge r 

Din trigger_l~vd As Inhg~r 

Din po~t_count A~ In"teger 

Dim aqu1nd_dat,,_bufhr(lOOOOOO) A~ Integer 

Dim A D Etatus A ~ Bytu 

oonverti(}Jl is complete 

'slatu8 of the A tc D ronvertion, if true (1) then the 

Dilll A_D_count A~ Long 'number of A to D convened during the sample 

Dim compu"t ud_voltagu (l000000) As Double 

Dim voltage_ou"t() As Doubl~ 

Dilll n1,l!l.b,n·_oC~aJlIple~ A~ Long 

Dilll counLn1,l!l. As Long 

Set l,he value (}f the prut trigger wunt, 

This sub function enters a value into the pot;t trigger count text box dependent on the 

nUUlber of samples ;;elected, 

Privah Sub cboDataSiu_clickO 
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Arrl"w!x A. C(l~JrllTl'n COllJV: 

If cboDOltaSiu,T"xt < 4000 Th~n 'it data ~iu i~ < 4000 

txtPostCount.Tuxt s cboDataSiz~_T"xt-500 

Ehu 'if data s i:z;" is > 4000 

txtPo~-CCcUll-C. Text ~ cboDataSizu. Tuxt - 2000 '1'00\ trigger ~ount = data size-2()(JO 

End If 

End Sub 

Draw the lrigger level on the screen when a new tri~er level i, >elected. 

Private Sub cboTrigLvLClickO 

picScr.un.Cl ~ 'Cleur the .~l"L'''1l rii"playing lh~ r~""ivoo data 

DrayTr1gLvl trigg~r_l .. v .. l 

End Sub 

'c"n th~ functioll to draw the t rigger level ill. 

Draw llll tile rial" on on ~ scrw.n when the sho11' all data i, dicked. 

Pr1vatu Sub chkAllDOlta_ClickO 

ShoyDa-Ca channels_llsud 

If ch}J.llDa-ca. Value - 1 Then 

hsbDat .. En .. bhd - FOl l "" 

El~e 

h~bD .. til. En<lbl" d _ True 

End If 

End Sub 

Show or remo"" the d"ta tr""" on the ,necn depelluant 011 which dmllIlCl the u;;cr 

wishes to di.;pby. 

Priva-cu Sub chkChn_Click(Ind.,.; A~ Integer) 

ShoyData channels_us~d 

End Sub 

St!l.rt th~ cominu[)us SCilll. 

Privata Sub cmdCSS-cart_Click() 
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ArrfNDlX A. COMrtTTErt COD]'-:G 

tmrCStartTiIl.er.Enabled - True 

End Sub 

Stop thc mnt;lluo,," ""an. 

Private Sub cndCSStop_Click() 

tmrCStartTirl~r. En"bl~d • Fa1s~ 

End Sub 

]teie"-,,, tlw ~ar when the EXIT hutton is prffi~. 

Priv"t~ Sub cmdE~it_Click() 

If card_ID >- 0 then Relea"8_Card (card..ID) tffit to ",e if the card has twen 

regi<terad and if';() release it 

"" 
End Sub 

Calls dlC 8av~ sHb rOL,tine when the "aw bntton is prf'S~. 

Private Sub c",dS,,-ve_ClickO 

Call mnuSave_Click 

End Sub 

\Vhen the' ,tart button iii 1'11-"'"_'<1 the SI.art 8ub roul.inc h< ~al.led. Th,' "ub routim' illi­

tia]i>:f'S I.he card, ~aptures the data. COllverts the binary number into a voltagc and then 

call" th~ display slOb roHtine. 

Privatu Sub crldStart_Cl1ckO 

Gcm'ral variahlc u';('(\ during I.hc aC(l\lhi[.ion 

", 
0111 rusult As Long 

Dill result1 As Long 

Dill re~ult2 As Long 

h~bDat".V"lue - 0 

Ckar the huff,'r 

'" 



Univ
ers

ity
of 

 C
ap

e T
ow

n

Fer i - 0 Te 1000000 

"quind_dat,,_buff~r(i) - 0 

computed_voltagQ(i) • 0 

Ne"t i 

Clear the ,ave location and print "Nol Sav",r in t.ll~ 'ave sl.at"ls. 

IblSaveLecation. Capt i on - "" 
IblS"veStatus .Caption • " Not S"vQd" 

Rq;i%mtion of Card 

If card_ID < 0 Th~n ' ~ffil to see if the card h"" been registered before 

cmdStart .Enabled _ Fal$Q 'disabi..,; th~ start button so that it can not be pressed 

until th~ ""mrle has been taken 

card_ID _ RQgister _Card(PCI_9812, CardNUI!lber) 'Regi,ter. t1w card I.Yr~ and the 

card nnmber 

Teot to sec if the card r~gistration was "Icc"ssfni, if not th ~ d;'r\a,Y th~ me;sa,.;e 

'"Register Card Failed" in a nm;sag<o box, 

It care!._ID < 0 Then 

to!$gBc>: "Register Card Failee!." 

End If 

End If 

Configuration of Card 

All the data that is necessary for the configuration of the "ard i>; ,et by ddining vari"b]", 

th:,1. thaI. are taken from t he "'tting' "elected by the u""r. 

trigger_ttoe!.e - CInt(cboTrigl:!ode.ListIndQx) 

trigger _source CInt(choTrigSrc.ListIndQx) ~ 8 

triggu_polarity _ Clnt(cboTrigPol.Listlndax) * 64 

clock_$ourcQ _ CLng(cboClkSrc.ListIne!.ex) * 256 

trigger_laval - CInt(cboTrigLvl.Li$tIndex) 

post_count· CInt(txtPO$tCount.Text) 

128 ~ OV 

resnlt _ AI_9812_Coniig(Card)/\lI!;der, trigger.rlode , trigger_source, 

triggu_polarity, P9812.AD2_GLPCI Or c1ock_$ource, 

trigg~r_l~v~l, post_count) 
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Al'l'E.\DJX A. COMI'J:n:n CODTXG 

Soan the AiD conYersion 

Set th" IlUI!lbcr of cha!lllcL< usee!. Zero i, the first cllallIlel. 

channds_used ~ Clnt(cboChn.T .. "t) -- 1 

&ot8 the "iolt<l.ge range of the ca.rd to ±')V. This tells the program what oolder pad' haw 

been 11.>l-.1. 

voltage_""lllge - AD_B_53 

Set the D"·1A memory size to the Illlmber of ,ample" p"r channel multiplied by number 

of channel, m;ed 

dna_size - Cl..ng(cboDa1;aSize.T~xt) * CLng(cboChn.T~"t) 

Set the 8a.mpl~ rat~ to the yalne ",Iected by rhe user 

sample_rah - CSng(cboRat ... T~rt) • 1000000 

dt ~ 1 I sampl~_re-ce 

A D "t<l.tl1l' ~ 0 . reset the statm to run 

Start the cOIltiIlUOU" ""mpliIl~ 

r .. sult _ AI_GontScanChannels(CardNunber. channels_us~d, 

voltage_range, aquir~d_d~t~_buff~r(O), dm~_siz .. , s=p1 .. _rat .. , 

ASYNCH_OP) 

T",t ror end of conver5ion 

While A_D_st~tus - ° 
result - AI_AsyncChecl«CardNUIIlb .. r, A_D_ sta.tus, A_D_countl 

.' .. nd 

Stop A to D COIlwrsiou. This commalld must he ~ivl'n for the data to be """igncd to 

the acquisitioll bllfier. 

result - ALAsyncGl~,,~(C,,~dNUlI1be~, A_D_coun-cJ 

COllvert thc Signal ,tared in t.he Buffer to R yolt.Rg~ 

result _ AI_ContVSca.h (C,,~dNUlI1b .. r, vOltage_range, aquired._d.a-ca_buff erC 0 1 , 

computed_vol tagQ (0), LD30unt) 

Split data. into army of ""paratc cJl<l.lmel, 

Din samp_n.l As Long 

'valiahlc to count t.hrough th~ ._amples in wmputed voltage 

nlUlber_of_samplus • CLng(cboDat"Size.Text) - 1 
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ApPENDIX ,.I" CO_\ll'UT,U\ CODlN(: 

:;;eDiOl \'01 t"le _ out (:::...c"oor _ of _ 'arLp1es. channel 0_ used) 

For r ~ 0 To ~"-"'IbH_of_oarr.ples 

For s 0 To chann~l, u,ed 

volt1llo_ou,(r, s) = co<c.:pu'ed3oltage(sar.p3alj 

samp_'", l - s",,,p-",,,l + 1 

fiex, s 

fu"",t the ::'''T,.I,RT i)ll1.1.on ",,;1 r~n l.~ke Ih~ nexl, ""IIlple if l're,",-,<l 

croStar, _ E:-.ablod • Tru~ 

enable the dLeck box ",', Ih"l the '"er ~un select which chunnel is to "" vie"",d. 

chkCk(O) .b"b1ed 

ch-,:Chn (,) ,En"b1ed 

chkShn (2) ,En"b1ed 

chkShn(3),En"b1ed 

7rue 

Elodf chanr.els_usd = 1 Tha,. 

chkShn(O). E"abl~d True 

chkShn(l).E"abl~d True 

chkChn(2) .E.~ llbl~d • Fllhe 

ch-,:Ck(3) .E.~llblod • F"he 

El~e 

chkCh:::(O) _E.,abl . d 0 T,-ue 

chkChn(1) . E..,abled 0 True 

chkCbn(2) .E.,abled 0 True 

chkChn(3) . E.,abled • T,-ue 

M' H 

En~bie the srrelll Lar 

If ;::·.:.<too,,_o:'_~ample~ :> 1000 Then 

h~bJ"t ll b .. blod - True 

hsbData,Ma" g n'-"'IbecoLs ... "ples - 1000 

<::lse 
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Al'l'UW1X A. CO~TPUTF!l CODlNG 

habDat ... Enabled - Falae 

hsbD"-h.M"-x - 1000 

End It 

h~bData Valu. - 0 'oot the scroll bar the home pooition 

Set the Ched: boxes to be on. 

chkChn(O).V"-lue - 1 

ch1<Chn(l). Value 1 

chkChn(2). '>'"-Iue E 1 

chkChn(3). Value 1 

Enable the View All ,heck box 

chkAllD .. ta.En .. bled - True 

Sel the stat"s of the View All dleck hox to false 

chkAllD .. t ... Value ~ 0 

Ca..Il the Show dat" s"b-romine 

Sho"Dat" chann.I~_u~.d 

End Sub 

When data h"" been ~aptllre<l it is di"pl~}"L-d with the x-axis as time and the y-axis 

as the amplitl1<le of the signal in Y()lt8. The maxinlllm and minimum <llnplitudc is fixed ~t 

±.W. The default x-a.";, will SIlO"" WOO data p()ints. If the Show All ,heck hox is selected 

then all the data will be shov.'n. 

Privat. Sub Sho"D .. ta(ByVal chann.I~_u~.d A~ Int.gn) 

Sel variables Ilsed in the show data sub-rom.irre 

DiD> ~ " Long, ", 
0;. , " C,", 

''" " " Double 

''" " " Double 

''" ~ " Double 

Clear the display s~",en 

picScreen.Cl~ 

Long 'width and height of lhc di"pl~y window 

'y initial wlue 

'y final value 

'dllUlge in the step ,ize 

Set the width and the height of d;,;pl~y ,necn 
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ApPP.NIlTX A, CO~jPUT!;lt COlW\G 

,, ~ picScrun.Scahllidth 

b - picScraen.ScaleHeight 

Tffit if the Show All check box has been selected, if ir h"" then auju"t the step width, 

It chkAIlData, Value - 1 Then 

dx - p1cScn~n.Sca16I1idth / numb6r_oL$ampl~s 

E1~e 

~ . , 
End If 

Cyde though the channel, used 

For s - 0 To ch;mnuh_u$act 

Set the start poillt of the display 

)'1.5 - voltage_out((O + CLng(hsbData,Value)), ~) 

xi - 0 

xt - dx 

Teilt to 8Ile if :he dew channel is Self'Cle<:L if not skip the draw data section 

If chkChn(~) .Value - 1 Then 

Jf the Show All nata is selected then draw all rhe data points 

If chkAllDato..Valua - 1 Thftn 

For i - 1 To number_o1_samples - 1 

y1 • 5 - vo1t~._out(1, s) 

p1oScrMn.Line (xi, yi)-(xt. yf.). 5hpLineColor (5). BackColor 

x1 - xf 

xt >::f + d:!: 

Y1 - yt 

Next 1 

El,e only draw 1(0) [loint, and take into account the pooithln of the horiwntal scroll 

bar. 

Eln 

For 1 - 1 + CLng(hsbData.Valu. ) To CLng(hsbData.Valu.) + 999 

'number_oLsampleo; - 1 

yt - 5 - voltag,,_out(i, ~) 
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picScreen.Line (xi, yi)-(xf, yf), shpLin~Color(B).B~ckColor 

xi • xi 

xf - xt+dx 

yi - yf 

Nut i 

End If 

End If 

N~xt ~ 

Call1.he Draw Trig;ger level ~llt>-J"Olll.ine 

DravTrigLvl tr1gg~r_level 

End Sub 

\Yhen the draw trigger level slllrroutine is called a horizontal line is drawn "t the valll€ 

S€t in th€ drop down select box. 

Priv .. t~ Sub DravTrigLvlCByVal trigger_level As Integer) 

Dim .. As Long, h As Long 

Din Y As Double 

... picScrM n. Sca.lellidth 

h • picScre~n.Scal .. H.dght 

trigger_level - CInt(cboTrigLvl.ListInd.x) 

Y • h * (255 - trigger_l~v~ l) / 255 

p l cScreen.Lin .. (0, Y)-( .. , Y), &:H9()909() 

End Sub 

When the Visual B",i~ program of the data acquisition 8y8tem is started, the {ollowin); 

valu,," are loadod into the ",",k-.:~ boxe" 8J.\(1 default values are set. 

Privat~ Sub Form..LoadO 

CardNWtlbH - 0 

card_ID • -1 

. There i" only one l'ard and i~'s number iB 0 

'Sets the card ID so '" to test tha.t the l'ard Register i, set l'orredly 

Set the number of samples per channel that can h<l seled:ed. 

cboDat.Si:i:~ .AddIt~", "1000" 
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:\PPDID1X:\. Con'l"u:u CUmNG 

cboO.taSiz •. Addltom "1200" 

cboDuaSi: •. Addltu, "2000" 

cboDataSize. Addlt~ .. ' '4000' , 

cboOataSlu . Addlt~'" "8000" 

cboOataS l::.~ .Addlt ... "10000" 

cboOataSiz~. Addlt~'" "12000" 

cboOataSlu. A<I<lIt.., " IS00{)' , 

c!>oD,at.Siz •. Ad<lIt e n ., 24000' , 

DefAUh selertion is 1000 s .. m(>J~ jler .. h;\IIl1eJ 

cboO.taSin.LbtIDdu - 0 

S$r the nnmber of .. .hanoo] to he ur.e<i 

cboChn.AelelItom "1" 

cboClln AdelIt..." "2" 

cboChn.AeldIte", " 4" 

Default selection i. channel one. 

cboChn. LlstIndn: - 0 

S~'t tlac tYI'C ... f t,iggc, m"de. 

cboTTigHode.Addlt.e1t "Soit-Trigger" 

cboTr igKodt'.AddIt .... "Po:o.t-TTigg~r" 

cboTrlgMod".Addl ten "Pr ..... TTlggu" 

cboTrigl!oel •. AddIten "Delay-TT1gger " 

cboTrigl'lod •. AddIten "Middle-Trigger" 

Dcfaul\ ~l""tlun i~ )'!iddl~. Trigger 

cboTrlgl'lode. L15tIndex _ 4 

Set the twa of tri~er souroc. 

eb-oTrl&Sn: .Addlten "Chann.l-o" 

cboTT IgSr e . Addlten ,. ChlLllDel-l ' , 

cboTr igSrc . Addlt ... "ChlLllDel-2" 

cboTrlgSrc. Addlten "I:h.anne!- 3" 

cboTr IgSe e . Addlte" "Digi t &l ' , 

Dclnult ~k·di<Jn i~ ChaJlnel"() 
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A I'I't::<IJIX A. COW'IITbR Cnml'G 

eboTngSre.Lu.tlndn - 0 

Sl't the tH'" of UiggCI polwily 

eboTrlgPol . AddIt~,. "Po~i tl 'Ie' , 

eboTr igPol. AddItem "Neg .. ti'l&" 

Oif.ul~ euluct ion i~ Po~it 1'1e 

eboTrigPol.LIBtlndex - 0 

Generate th~ IJ\lmfw.rs thllt elln be IUlkcll'\l for (lIe trigger lew!. 

for i ' " -t.024 To 0.992 Step 0.008 

eboTrigLvl .lddl t<!ll FixU" • 50001 I 1000 

Next 

Default lI<.·k:e~io" ~. O\' 

eboTrlgLvl.Li~tlnd"x - 128 

Set 1he type of cl()(";j,. ""urce. 

eboClkSre . AddIteli "Internal" 

eboClkSr~.AddItn. "E.xt S1n" 

eboClllSrc . AddIt eli "E.xt Sq_u" 

~flWh ,,,,If!<;tion is Internal 

ebocnSre.Ltstlndex - 0 

Sct the ~lUllple rate 

~boRatl. Add.ltell "0.5" 

eboR.tu. Addlhll "1" 

<;boRa~u. AddIt~,. "2" 

<;boRate .AddIUID "5" 

<;boRate. AddItell "10" 

cboRatu .AddIU,. "20" 

])crOll!! so;lCCljOIl is 1O\1H •. 

eboRate.LIstlDdex - 4 

'128.0V 

C1ellr t h<! Sa,"" ~"t.atU!l. 

l b LSav.Location.Caption" "" 

I bLS.'1eSt ll.tW!.c..ption - "Not $ll.v&d·· 

DIMbl~ Ih~ hm;wntal ..:r01l bar. 

131 
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AI'I'E'iDlX A. COMPCTlm CODING 

hsbData .Enabled - False 

Disable the dJallllel ,.,leet d'OCk box"" 

chkChn(O) .En .. bl~d -h.hu 

chkChn(1) . Enabled -False 

chkChn(2).Enabled -False 

chkChn(3).Enabled -FalM 

Di.'able tbe "how all duta ehe4 box"", 

chkAllDilt:l,Enabled - Fahe 

End Sub 

''''hcll the horiWfi[,al.'~roll bal' (HSI::l) is ~hangoo tb~ n~w pmition of the dat" i8 shown. 

Tbis is Rehieved by loading th~ new yalue of the lISB imo th~ olTse., for rii.'pl"ying the 

d,,(a 

PriYatu Sub hsbData_Change () 'wh~n the HSI::l i.. ~bangoo 

ShoIJData channels.used 'Rc-uraw thc dma 

End Sub 

Rde""c ~he eud wh~n the EXIT bUl\On on the rirop down m~nu is presser!. 

Private Sub mnuExit_ClickO 

If c=d.ID >_ 0 Then Release.Card (card_In) 

been rel',isterc-u und if 80 release i~ 

End 'e,.,it the program 

End Sub 

, kst to ,ec if the card hall 

When the save button i, pre,scu Or th~ File_Saw menu is selected ~ru. sayed riata 

8ub-routine is called, The suve mb-routine ~".lls up u (h~ Windows .'tfl.Jlrlarrl SAVE AS 

coummnrl rii"log hox. The commalld dialog box in filterc-d so as ollly t o allow TXT file:> 

to be used, The s,we 8ub-routin~ "avl'S the time anri flll the riata that ,",'as cmererl 011 the 

sheet alonl', with thc uuw. 

Private Sub mnuSav~_C1ick() 

Dim ti" ... of.sampl~ As Double 
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.rapS - Chr$(13) /.: ChrS(10) 

Call the SAVE AS command dialQK box 

CommonOialogl. Sho<JSav. 

:xt filter to TXT file type 

CornrwnDlalogl.Fil"ter - "Tex"t tiles (_.TXT)!_.TXT" 

If a fil~ name hM boon entered then open a TXT file. If no fil~ nam~ has t-n ell[.ercd 

!lwn di,play a lllt""a~e bux th~ indkat"'< tha[. [.he da[.a h", not boell ,avcd 

If GOllllonDialogl. FileN"<UI. <> "" Th. n 

Open COOlIlonDialogl. FileName For Ou"tpu"t As 11'1 

Prill[. th~ dffiCription of data to th~ text fil~ 

'open the TXT file 

Print 11'1, "O. scription of Oat .. " /.: Chr(9); txtLabO~scription.Tut 

Print Oa"te and Tillie to th. hx"t fih 

Print #1, "Da"t~:" /.: Chr(9); Da"te$ 

Print #1, "Tillie:" &: Chr(9); Tilll~ $ 

Print sample rate to the text file 

Print n, ' 'Ra"te: " I.: Chr(9); BalIple_rate t Chr (9) /.: "MHz" 

Print StrikM Data w th~ t~X[· file 

Print U, "Striku D .. t .. ' , 

Print U, "L.ngth:" "Chr(9); txtSr1hrL.ngth.Text /.: Chr(9) 

II Chr(9) l "Diameter:" l Chr(9) l txtStrikerDian~"tH.Te:a: 

Print speed trap data to the text file 

Print 11'1, "Speed Trap Da"ta" 

Print ;11'1, "Tine:" t Chr(9); txtTrapTille.Text,l: Chr(9),I: Chr(9) 

" "Trap C;ap" "Chr(9) ~ txtTrapGap.Tut 

Print Spl'Cirn~n Da[.~ to [.he [·~xt fil~ 

Print 11'1, "Specill~nt Oata" 

Print 11'1, "Length:" t Chr(9)~ txtSp.cL~ngth.Te"t" Ghr(9) II Chr(9) 

" "rHametGr:" " Chr(9) II t"tSp<lcDianeter.Tu"t II Chr(9) II Ch:r(9) t 

"Material, " I.: Chr(9); "txtSpecMat. Text 

Prill[. Rrirlg~ i-"olta.g~ to [.he UD,t fil~ 
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ApPE:\DIX A. COMPUTER CODING 

Print #1, "Bridge Volto.g~ " 

Print #1, "Voltag_," /.l Chr(9); txtBVolt.T.xt /.l Chr(9) t "V" 

Print lwadings for i.hp voltagffi to I,hp ""xl flip 

It channe12_u2Gd • 0 ThGn 

Print #1, "Till_":: Chr(9) t "Channel 0" 

El~el1 channG12_used • 1 Th. n 

Print #1, " Tille" :: Chr(9) t "Channel 0" .t Chr(9); "Channel 1" 

n" 
Print '1, "Tille " I.: Chr(9) t "Channel 0" t Chr(9); "Channd 1" l 

Chr(9) t "Cha.nnel 2".t Chr(9) I.: "Channel 3" 

End It 

Prillt the dala volt~g,," 10 the t crt file 

For i% • 0 To number_o1_~ample~ 

11 Cha.nneh_IlMd • 0 Then 

Print #1, tine_o1_sMJple t Chr(9) .t voltage_out(i%, 0) 'I: Chr(9) :: 

aquired_dua._buH er (i %) 

ElEGIf chann.l . _us . d - 1 Th.n 

Pr1nt 11'1, tine _oCsample I: Chr(9) /.l volto.g _ _ out(i%, 0) I: Chr(9); 

vol tag __ out (11., 1) 

El2G 

Print 11, tine _at_sample I: Chr(9) t voltag~_out(i%, 0) /.l Chr(9); 

voltage_out(iY" 1) .t Chr(9) t volto.gG_out(ii:, 2) :: Chr(9) t 

voltage_out (ii:, 3) 

End If 

ti", __ oL~ample • til1e_o1_ ~ample + dt 

NG>::t 1 

Ad'llowledg~ that th~ fil e h& b""n saved and I,he flip l()CaI,ioll OIl the form 

lblSavGLocatton. Caption - COlIlI'KmDialogl. Fih N .... e 

lblSaveStatus. Caption· "SavGd" 

n .. 
MagBo>:: > > No t Saved" 

''0 
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End It 

Close .1 'clos~ th~ TXT fil~ 

End Sub 

IVhen the coutinuOu8 <CfUl i8 ",1""(00 a tim", i, used to take samples. 

Privat~ Sub tmrCStartTi. er_Timer() 

Call cmdStarLClick 

tmrCSta:rtTiller, Enabled· True 

End Sub 

;Call t.h~ Start sub-routiu~ 

'Re,et the timer 
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Appendix B 

Test Results 

B.l Compression test results for material tested on the SHPB 

B.LI Mild Steel 
"'''''''"''- ..... '''" '<1 _ ... _ ........ '_ 1_'.' ~h', ... '~ ,_.»>.,. ---

,. . ., -• -• ,. 
! , 
'c 

I -, 
i 

"' 
.i 

, , eo, 

SHPB ~oml-'r=ioll tc5t for as received mild steel (E!'<lA) at different ~lrain rale; 

(spocimen size 1>4 x 3, "triker lCIlgt h 300mm) 
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ApPDDIX D. TEST RESl:U'S 

,,--....., "*' '"""') ... "' _..-. ............ 
no . _______ . __ 

--
! . ., 
I", 

,I -
,. 1/ 
, ., 

" 

'- - ~ ''' ..... ' .. -,-=='-------, 

I 

'" ,. -

,. - -
'" 

, 

i 
.,',.,---""---- •. ,!, 

SHPH cmnpression t""t for lUlllealt'd mild st""l (E-K1A) at different strain rates 

("pocimen size <1>4 x 3, striker length ::J(JOmm) 

13.1.2 Aluminium 

---

, 
'. I 

""""" .. OOOOJ) ... "'0 ....... ...,_. '-- '.'" ~"'.' . """ ' .. ".""" ..... 
, 

, . ----::,' ---•.•• ~--,.! .. 
•• 

SHPH compressir}ll rest for annealed mild ,teei (EN1A) >l.t dilf~rent "tr>l.in mte>; 

(spocimell size"'5 x 2.5, .triker ien~th 300mm) 
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8.1.3 Copper 

-
-
-

Al'I'E:'DlX D, TEST RESCLTS 

,"'~_~~.'ol_"~. '_ 1_""""" ~.",_ .. __ 

'" " 

,", 
"" 

'" ,. 

SHPD oolllpression te"t [or anJ)ealffl copper al different strain rates (specimen size <I>4 x 

3, striker length :j.(JOlllmj 

" 
""L 
_e 

i 
" 

( 
I. 

m 

-
" 
, , .. " 

L ,,, 

""--"''''-' ''''--,C,",-- .. -

,. • 
J 

' " 

SHPB compressi(}n te,1 [or as rf'C>'ivi'd copper at different straill mtL">' (sp-.cimen siz~ % 

x 3, striker length 300mm) 

'" 
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ApPENIlTX H_ TE~T l\rSrLTS 

B.2 Quasi-static tensile test resul ts 

8.2.1 \1ild Steel 

'. 

,. 

~ 

~ 

~ 

1-
l~ 

" 

• 
• 
, 

, 

, 

, 

, 

, 

, 

, ,. --_._-- ._,.-.. , "" •• " 
Quasi-statk tensile test rpomlt, for mild steel as roc;>;ved 

, o. ,--0;.-,,';-- •• .. , . -
Qllasi-statk t.ensile t·est 1"",,,,113 for !l.nnH!l.led mild stooL 

,. 
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ApPENDIX B. TEST RESCLTS 

13.2.2 AIIHJLinillm 

~ , 

I,. 
j ,. 

0', ----~'".,_----c,c,-----,., .. ~----., ', ----~,!., 

Quasi-static tensile test results for >\luminnm 

8.2.3 Copp€r 

i -, 
<Ii ". 

'. 
o ,, ----~,c."----c.,,'---.,_:.--.-

Quasi-",,-tic tensile test result.s for copper 8." received 
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ApPENDIX D. TESI RESLILTS 

-

" 

·,'------..c,------ " " .. .. .. 
Quasi-statk tensile test results for annea..led copper 

14; 
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Appendix C 

Gas gun Operation Procedure 

G 1 General Safety Instructions 

• Do not opeml.e the gas gun alone and wit.hout permission. 

• \Vear earpJub'1< or WIlle other meam of aural prot~,"lion_ 

• 1hke Sure that there aIe adequate Larricr~ 10 prevCIlt projectile recoil when pcr­

formin!; uallis\k \est.'_ 

G.2 Preliminary Checks 

Before ~harging the gas gun cylin<lpu make sure [If the following; 

1. There is no prC8Sum:l air ill the primary or trigger cylinder. If there is, foilow the 

depres,wrising s,-,!llence of the instructions. 

2. The gas bottle \"d)ve and the prcs.>urc regulator valve" arc dosed. 

3. The trigger circllit is ~",'itched off. 

4. There is no proje<::tile in the barrel. 

C.3 Cylinder Charging 

Carry out the following procedure when pr~.;;.;mri"ing the cy1inder~: 

L Open th~ gas bottle vaJve and elwck that the prima.ry regulator valve registcrs Ihc 

bottle preilsure. 

2. Pressun", the tril!.b'er cylinder. NB: The trigger cylinder must always be at a. higher 

pressure tha.n the primary ~'Ylindcr. 
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ApPENDIX C. G.~s G1.1N OPERnION PrWCED1.1RE 

3. Pressurise the primary cylindp;r. Set the primal}' cylindp;r to the desired teel p,.."imre 

by adjllstillg' the prim"ry regulator val"". If the de!<ired test pressnre is Iov.'p;r than 

lhe prei;imre in [.he primary eylinder [.hen dose [.he primary ]'egulatO! val"" and open 

the bleed of "ill", to drop the pre!<sure ill the prim"ry cylinder. 

4. Conduet a tffit fire by follov.'ing lhe firing sequen"e but without a projectile. 

CA Firing Sequence 

Cany ant the following' pr<Xooure when firing projectiles' 

1. Chc'Ck that the trigger ci]Ulii. ie ewi[.ehed off 

2. Chock tlmt the primary cylinder pre!<!<ure is eon""l. 

:1. Load the projectile. 

4. Switch OIl the trigge] circllit. 

5. Stand 1·0 the rea·r of the gun, well dear of the muzzle. 

fj. Lift the !<a[ety !<wikh and, while keeping i[. IIp, pm38 the trigg'er button to fire the 

ga.. gun 

7. Switch all the [.rigger eireuil. 

Note: 

• The ~ylinders do not have to be depressuriscd aft.cI e"ch firing . 

• If at any time the pressure reg'ulator dials do not register a pre8:311re when the ,'al,'e, 

are open, depreseurise [.he gas Knn ami have them checked. 

C.5 Depressurising Sequence 

Carry ont!lle following pl"OCedllre when depre88nring' the cylinders; 

1. Cia"" the gas boule valve. 
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APfE.\DIX C, GAS Gl.~ Of ERA lION PlI.0C<;l)UlI.J; 

2, Open the bl~d off wIve to depresslUise the priIIlill}' ~}'liw:ler pressure. 

3, ('",nduet .. teet fire by following "he firing sequence but without a projectile, llIltil 

the pressl.lru regulator dial> (}£l the tri)'J;er cylinder indieate a pn'ssure of zero. 

-1. Close the PrL'SSlIIC regl.llutor villvillg, 

3. S"'~t~h off the trigger circuit, 
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Appendix D 

Drawings 

Drawing Number D<J~cription 

GASGU-" -lXXI- IX! GA FOR SIlPB TEST RIG 

GASGUN-001-Ol GA FOR GUN SUPPORTS 

GASGU:\-OOl-02 GuN SUPPORT 

GASGU:\-OO1-l13 MAIN DED 

GASGUN·OOl-l14 L£G PARTS 

GASGU:\-OOj-O<~ GUSSETS 

GASGU:\-OOJ-lXi FOOT PLATES 

GASGU.'>-OOl-07 TANK SUPPORT 

GASGUN-002-01 Gil. FOR DAR SUPPORTS 

GASGUN-002-02 UPPER CLA1W 

GASGUN-oo"2-03 L.()\V£n Sl)PPOrn 

GASGUN-oo"NJ4 \jPPEn S\jPPORr 

GASCUN.OO"2-0,5 LOWER CLAlvIP 

GASGtT.'>-C(12-(){j DAR SUPPORT BUSH 

GASGUN-lX)3-01 Gil. FOR DARREL SUPPORTS 

GASGUN-003-02 UPPER CLAldP 

GASGUN-(j03-03 SUPPOlU BLOCK 

G ASGUN-1}IJ4-111 STnIKERS AND DARS 

GASGUN-CJ05·ll1 $P£ED SENSOR H()(jSING 
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