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Abstract

It is of growing interest to innovate the
military context, but also in civil applic:
concrete structures surbgxadareadh tdonempatcturio
mostly directed to nor mal concrete and nun
mat erials develop and the area of applicat
structures, it is ofreisetagrcestt ot @al spamacltud
buil ding materials, especially steel fibre
Theur pofset hi swagroojmak e ummar y of ongoing r
strengthening of conaorpeatcet d torawdd tnugr easn ds u ki jse ¢
analyse and summarise existing knowl edge.

This resewamedaesr ajaan@tt § si s. The stcwoe nmad sfti ccc
dat abases have been searched for publicati:
I n the report, t hel maast etrheal r e epponese afs dv
compositions are discussed, compared and e
The resul theshcouwsr etntatr etsearch qgquestions on
|l oading involve the materi al respobpghbhe of 0
strength and fiblte teentgpeedmeonnsyetbe co
ei theop ks misiotn Hwai gbt & edtop

Key worhdg:h strength <concrete, fibre reinf
concrete structures, strengthening
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Pref ace

The work presented in this repcotifFP risda 1 db een
av fo°rst2arkning av olygugsn afdiem a nntoetd ibnyp utl lIs¢ a
FortificatRiobhms DaAadhé maay.us represented the Sw
Hi s fruitful comments and recommemheati ons
project results.

The project group consisted of: Professor
Mari o Plos, Assistant Professor Rasmus Rem
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1 | ntroducti on

1.1 Background

I't is of growing i rutrerl e sdte stigni rofo vetrd itfh e ¢
military context, but also in civil appl i c:
concrete structures subjected to I mpact e
mostly directed thameon mall ocdmudn etse dHodvever
mat erials develop and the area of applicat
structures, it is of interest to expand th
buil ding mat dreied!| §,i bexpeciialfloy ced concrete

1.2 Purpose and aim

This projectto pdua poaseumwmary of ongoing rese

concrete structures subjected to impact | o
summaexiseting knowledge.waA tscecpndpoye o &
Il nvestigation that should | ead to recomme
structures subjected to impact | oading.
The foll owiergeseeue satsi dorass i w8 f osrulctosl Iweictthi nrge gr
to the topic:
A General questions:
A What are the current research question
A What types of | oads are used in the re
A What is the current practice of design
A Whatypes of concusdc &g raipdluirest iaocres ?
A Which tshterndmg techniques are researchec
A How is the strengthening done?
A Examples, etc.
A Material questions:
A what i s the difference bet ween high
concrete?
A Material characteristics that are i m
A What typesi ovets@ddogas ar e
A What typesrefghhgboncr?ete are investig
A What i's the materi al response of fibr
i mpul se | oading?
A What is the material response of high

| oadi ng?

1.3 Met hod

Thi s resejapecth has beanaldpsies .asThae mewoa mos

dat abases of scientific publications have |
was chosen to be the &éflaulatndofontltye tdhat ah:
abstract hakhedbaeocoséeémang to the foll owing
5F0F6FaS|¢l3al{SIHNOK GSN¥Y b2d 27F

F2dzy R
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OYVIAYSSNIc¢cAGE|(Lat! / ¢ ' b5 [ hiHYy

/ hb/ w9 ¢9
OYVIAYSSNIECAGE|{I h/Y !' b5 21 +9 |n

'b5 / hb/ w9¢9
2 Sow2FWadeAdt|AYLI OG !'b5 €21 Rn

' b5 AGNBYy3IAGKSYA
2 Sow2Fywad! 6aG|AYLI OG ! b5 5t 202R p n

l b5 AGNBYy3IAGKSYA
Then, the publications have been searched
i ndicator s: leorcsa,t inoant uorfe roefs esatrucdhy , type of
work developed a second set of terms was ad
and strain rate.
From these indicat emxg t davearcira fplte bwea si mwdrii ctat teonr
orrdet o see patterns in the data, this scri,
used 1| nanoarlalyeste ¢ @ambi ne t he data of the varie
1.4 Li mitations
A The focouns rwassear ch of fibre reinforced

concrete.
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2 Generarlvioaew of research
2.

Overview with regard to natur

1
n this section the research on fibre rei
u
9

I

subjeotempul se | oadingpans trRat ewed. r@dhieewi
1928 14e. fTohl | owisn dghWlaveedi oatdrto coll ect and a
Year of publication, Researcher | ocation,
These nanaltyked in different sets to give a
| mabllasmTda b2l et he overview of | ocation of res:¢

year and nature of study.

Noteworthy is that North Ameri ca, USA and
number of . puTbhloiucgaht,i othnhrse nat ure of study of
di fferent. Canada has focused on experi men
studies. The publicati-omasn acden sipd eraedd .out o0

I n Asi a, Chi na, I madh apn aodndraeptaen swb jrectead
Except for Japan the countries do both t hec
among al l the countries China is the sec
experimental researchasWmbbBtregaedti g miace,

I n Europe, former republic of Czechosl ovak
the area of numerical l nvestigatsitoundsi.e dT he
tis@an.

I n Australia, tméer @udleée cawoonathecl uedceg b
numer i cal studies.

Tablel: Overview of research on concrete subjected to impulse loading with regard to

location.

Australia Brasil Canada China Czechoslovakii England Germany
Sum 9 1 7 14 2 2 1
India Iraq Israel Italy Japan Korea Malaysia
Sum 1 1 1 1 4 1 2
Saudi Singapore Sweden Switzerland Turkey UK USA

Arabia
Sum 1 2 1 1 1 4 6

CHALMERS vi | and EnvironmRe2pO@Iat Engi Beering



Table2: Overview of research on concrete subjected to impulse loadthgegard to
nature of study and location.

experiment numerical analytical material model

Australia 4 3

Brasil 1

Canada 7

China 6 7

Czechoslovakia 1 2

England 2

Germany 1

India 1 1

Israel 1

Italy

Japan 3 2

Korea 1

Malayisa 3 1 1

Switzerland 1

Saudi Arabia 1

Singapore 1

Sweden 1

Turkey 1

UK 5 5

USA 1 1 1

To conclude:
T Research is ongoing in nearly al/l regi ol
T There is no clear difference with regar

specific countries do specific eassearch
experi ment al research.

22 Overview with regard to type
| ocati on.

| Mmab3l et he t ypienvoefs tcrognectreedienvesti gati ons i s

to | ocation. e cfomlclrewien dh atvyepebseen i dent i f
pl ain concrete of standard strength, bar

concrete, pl astic fibre (maistaflldneed eicohaor e
concrete and htiegh strength concre

Bar reinforced concrete iIis always wused as
espedinalelxyperi ment al i nvestigations, and th
concrete types studied. Canada drFooers trheesear
ot her countries, it is difficult to esti ma:

4 CHALMERS Vil and EnvironmRepWat Engi ne



Table3: Overview of research on concrete subjected to impulse loading with regard to
type of concrete studies and location.

Geomaterial
Steel fibre fibre Glass fibre  Carbon fibre
Reinforced reinforced Plastic fibre reinforced High strength reinforced reinforced

Plain Concreteoncrete concrete reinforcement concrete concrete concrete concrete SUM
Australia 2 1
Brasil
Canada 2
China
Czechoslovakia
England
Israel
India 1
Iraq
Italy
Malaysia
Saudi Arabia 1
Singapore
Sweden
SWITZERLAND
Turkey
Japan 1
UK 3
USA 2 4 2 1]
SUM 8 10 41 10 1 3 1

(o]
=
=

[y

3 2 1]
1 1 1

=
D

PN
=
i

P NP OO
\S]

PR R R R RNR e
© W W Wk PP WNB BB BN

To conclude:

1 Canada rnessaarnanly on nearly all types of ¢

23 Overview with regard to type
study, -apdnt i me

| ®Fi gre nvestigations of type ofsmgpamcared e W
presented. &ls|l cvegnpabwee sstkiegna h @ dstphaen teixnmtee pt f o
high strengwasceonoecdieeer ebhatbtzhOelyl80adas and

9
8 m high strength concrete
7

m geomaterial fibre reinforced
6 concrete
5 m plastic fibre reinforcement
4 m Steel fibre reinforced concrete
3

m Reinforced concrete
2
1 - I I . I I . I I m Plain Concrete
SRR AR RRET

19781982198519871993199820042008201020122014

Figure 1. Overview ofnumber of published studies concrete subjected to impulse
loading withregard to type of concrete and tirgpan.
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| Fi g&r e he nature of the-sptandy swiptrhe sreeng a&rdd

ot her areas i1t i s noteworthy to mention th
rare, uef tten fd nanci al i ssues. aTmaiedpposite
experiments are stinltomhptaestodinesaofieotbat
It also obvious that materi al model |l i ng an
i ndicates toaatvatedighthbmome studies of t|
9

8

7

6

5 m material model

analytical
4 y
3 ® numerical
m experiment

2

1_

O_

WO A AN MO OO M O 00 d N0 O 4N M

I~ 00 0 00 0 00 W W O O O O O O O O « o o o
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™ NN NN NN NN NN

Figure 2: Overview ofnumber of published studies concrete subjected to impulse
loading with regard to nature of study and thsan.

To conclude:

T Al most al l t yprecs!| uvodhe dt b ed s iturelg astpleaen t | me
i nvestigated
T Modelling and analytical investigations

| Ri g3rdg he strain rates

used in the invest.i
on strain fRaped®d/bso.ve 107
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Figure 3: Overview of the strain rates used in the investigations. The reported results
cover the entire area from low strain rates to very high strain rates.
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3 | mpul se | oading

31Sources of explosion | oad

A shawlk wesulting from an expl os-bivastdetona
shock wave, or simply blast wave. There ar.
bl ast wave; these can be divided in weapon:
Weapane divided in nuclear weapons and con\
are not of interest in this work and no f u

Conventional weapons 2aAaCR®c¢ an nlge tdi Kirdard hiam

a) Small arms andogiercarndfets cannon p

by Direct and indirect fire weapon project.|

c) Grenades

d Bombs

e) Rockets and Missiles
Examples of small arms and aircraft cannon
guns opiarmong (AP) projectiles. iDiersect an
bel ong to various types of artillery weapol
high explosive (HE). The weapon effects cai
as well. Grenadesti aereeetdypboal chandl so be |

Grneades cause fragmentation that can severe
| aunched grenades c&d®mf@menenhcateteappBomksmat
in HE bombs, fire and incendiary bombs, S p
cluster bombs.

Te HE bombs can be f-putpese d¢@PEeedLCHMHht gen
fragmentation (FRAG) ,arammomo rp ipeirecricragn g( SAAPP)) ,a
explosive (FAE).

The explosive vary from different weapons,;
peak pressure and i mpulse. To establish a I
rated according to equivalent TNT values.
fr-aier equivalent weights based dabbétast pr ¢
31

8 CHALMERS Vil and EnvironmRepWat Engi ne



Tablle

BAverag-adrfegaival ent

wei ght s

based

Ol

i mpul se, fitedm2ConWep (
OELX 24A @S 91ljdzA @I £ Sy 91ljdzA @I £ Sy
LINEB & & dzNJX AY Lz &8s
' bCh nXyH nXyH
| 2YLR2 afod A2 MZ g MZAT
| 2YLI2&aAGA2 MZ MM nxdoy
[ 2YLR2 amiA 2 MZOT MZ M
| @0t 262t o MZ MM MZndg
I . ™ MXZMT MXMC
| .10 MZMN nzaotT
| T MZO0OYy MZMp
aAyz2ft LL T MZHN MZ MM
h Olrtk v p MZncC MZnc
t9¢h MZHT MZHT
t Sydz2tAGS MZnH MZ AN
MZO0OYy MZMN
¢SINEP® TpK MZNT MZNT
¢ S NBnik2otn MZnc MZnc
CpKoOp M2 cC M2 cC
¢b9oc. MZo0C MZ M
¢b¢ MZ N MZ AN
CNAG2Y L § MJET nzdgc
a RDX/ TNT
b HMX/ TNT
c TETRYL/ TNT
Terrorist | oad can be pipe bombs; bombs wi

smal | trucks, wWat getrauctlks, o 0rijiRkokansson
Ot her sources of explosion | oads are civil
cani ster, industries with explosive materi
factory.

32Bl ast waves

To undéeresthaermdavti our of concrete structures
nature and physics of explosions and the fc¢
a bomb must be understood. When the bl ast
propaglatesgh the <concrete. An explosion i
chemical change in the explosive material;
of stored potenti al energy into mechanical
powerfusesolbmgberg and Karevi k (1987). The
t wo ways, as a deflagration or as a detona
burns at a speed below the sonic speed, wh
CHALMERS vi | and EnvironmRe2pO@Iat Engi Aeering



occur st hfaansttere sonic speed. I'n military si
Ccommon; for exampl e, i f a TNT charge expl
detonati on.

The bl ast environment di ffers according toc
airbuwreant the bl ast wave hits the ground sur
coalesces with the incident WwWawgel efT®remi ng
point at which t hiei ntchitdeewasbpckefl eotedmweatve
fronsg termed the triple point.

Incident wave

Reflected wave
Detonation

point ,_ Path of triple point

/Mach front

JC g

Lo ~—Shelter

(Ground surface

Figure 31  Blast environment from an airburst, based on Krauthammer (2000).

When there is a surfactasbansaneobhel yefflemt
surface, which generates a -rsehfolcekc tveav ewa vteh |
showrFi igm23. At a short di stance from the b
approxi mated by a plane wave.

_— Ground reflected wav:
Detonation
point
Assumed plane
wave front
o '|—Shelter
\ i (Ground surface

Figure 32  Surface burst blast environment, based on Krauthammer (2000).

The piteissaurtei story of a blast wave can be
showkRi gud e The il | ustzraatiioomn oifs aan eixgd alsii on.
time history is divided into positive and
maxi mum ovEB#rpPesssres, instantaneously and t
presBurwitth tTihnee ,posiiti ve tmpubhsea under th
of thestpmesswree. For the negativePophase,

- Ps, has much | ower amplitude than the maxi
negati vie phlkasnaich | bngbe pbantttatoone. The

I i's the area bel ow t htei nmee gcautrivvee. pThhaes ep oosfi
i's more interesting in studies of blast wa\

10 CHALMERS Vil and EnvironmRepWat Engi ne



high amplitudeaondi i he ooecenesauren of the

P

A
PO + Ps+ i

Po
PO - Ps- i

Figure 33  Pressuretime history from a blast.

The foll owing exponent i#talmef dirFre gen®; pprfeBarssets t
noted by Friaddamdiemgl(a®®3BYl,son (

woz%+zﬂ-§mw“ (3.1)

wheR(@Et9g the overtmamel¢§ s heepasiti me durati on)
pressure to returrP.t Byt sel #EihasghewWi ¢ heevc®
varioustipmesbBusteories can beP# eRdempiemald. Th
mainly on the distance from the charge and
the peak pressur e, the positive i,mptuhes e an
conslcaamt be calcul ated, manditshemyt canphbes Db

Equatd .pln i ¢ of t en simplifiedi methuanvet;ri aaea
Bul ¢1®mp 7

PO=R+P (- ) (32)
Tle i mpul se can be calcul ated Ry }it2he fol |l ow
it =prad iz(l- e”)9 (3.3)
ca a =
A scaling parameter is introduce@dl199%7)yst nc
With theZpar ametpeorssi bl e to calcul ate the
conventional or nuclear, as |l ong as the eq
r
wherme the distdacenWiroomnhdanequi val ent wei gl
peak pressure, the positive duration time ;

Z, and thkhHa mer ensFswpro@cgm nBnbe descri bed:

CHALMERS vi | and EnvironmRe2pO@at Engilnleeri ng



P.'(2)

e (35)

i+
—(Z
w
The peak pressure for undi29fldchedbai cablcas$:
as:

R"=10[ k Pa] (3.6)
wher e

y=2,6113 1,6901Cx +0,0080497%x° +0,33674x° - 0,0051622Zx* (37)

- 0,080923%° - 0,0047851%° +0,0079303%x ' +0,0007684%x°
and with

a =-0,21436+1,3503bg(Z) (3.8)
equation is valid for the interval

0,0531< Z <40 (3.9)
Zaccording@t)et equation
The positive impulse for und2@tluched bai r
calcul ated as:

. AWL3

iy =10 1000[ k Pas] 31D
wher e

y=23883 0,44375x +0,1688Xx° +0,034814%° - 0,010438x* (3.1}

and with

a =2,3472+3,24300bg(2) (312
equation is valid for the interval

0,0531< Z < 0,792 (31 B
Zaccording 3t)et equation (
For the interval

0,792<Z <40 (31 %
the following expression is used:

y =15520- 0,404632 - 0,014272X%° +0,009123 %"
- 0,0006750%x* - 0,008008&%"° +0,003148Zx° +0,0015204%’ 315%
- 0,0007470%%°

and with

12 CHALMERS Vil and EnvironmRepWat Engi ne



a =- 17531+ 2,3063bg(Z) (31p
Zaccording 3t)et equation (

The positive duration time, valid for undi ¢
secBi)8ms well, axkblrcdamgbe oc aFlKcRul(at ed as:
t* =10 AVY3[ ms ] (31Y
wher e
y =-0,6866+0,16495% +012779%x* +0,0029143%° + 0,001879&%* (31 B
+0,01734%x° +0,002697x° - 0,0036198%" - 0,001009%%°
and with
a =2,2637+51159%0g(Z) (319
equation is valid for the interval
0147<Z <0888 (32D
Zaccording 3t)egt equation (
For the interval
0,888<Z < 2,28 321
the foll owing expression i s used:
y =0,23031- 0,29794(x +0,30633%° +0,01834X%° - 0,017396x"* (32}
- 0,0010632Z%° + 0,0056208%° + 0,0001682Zx " - 0,0006860Z%°
and with
a =- 1,3336+9,2996(0g(Z) (32 B
Zaccording 3t)et equation (
For the interval
288<7Z <40 32 %
the following expression is used:
y =0,62104+0,096703 - 0,008013%° +0,0048271x° (32 5
+0,0018759%“ - 0,0024674%° - 0,0008411Z° +0,0006193%%’
and with
a =- 31301+ 31525(og(Z) (32 B

Zaccording 3t)et equation (

3.3BIl ast wave reflections
When a bl ast wave strilkeels tao siutrsf adcier ewchtiicohn i

a reflection of t he Dbl ast wave |is generat
oblique. There are two types of oblique re
reflection depends ok tdhteremgthent angl e al

CHALMERS vi | and EnvironmRe2pO@at Engiln3eeri ng



3.31 Nor mal refl ection

A nor mal reflection takes place when the bl
as shbwgud eT8Be medium (nor mal Ilkbafioar e htalse a
i ncident Usphasxske svatvler ough t he medium; after
i ncredyseButbher more, the B By(Ppurseusaslulrye rienfcerre
to atmospheric overpresgsiutrdeayn d tthhee tseommpiecr asty
ri sextfor(wine apprd&@/matied yundi sturbed air).

When the blast wave hits a rigid surface,

consequence, the particl es taa tthoees e ufruratchee If
the surface: this relative velocity is equ
the original particle velocity. This has t
through the ai U: Hbwewetaliesiceodals hbekns have
the reflected shock does not have the sam
i ncreBsetsemper adaurd gdmsiecs smweed i s

For shock waves it i's common to describe t
defined as the actual velocity (of the sho
speed of the undisturbed nmediassm.a Foerl oecx a&mp
Ma c h LMmbetrh,rough air tManmhemad ha velcodieny
occurred, Fagussbo®&n 1in

Incident shock ¢ My Reflected shoc ai M,

Py: PO+P5+, dy, Cy Py: P0+P5+, dy, Cy
\Lup AUr

| I

VU. q\Up

PX = PO! de CX) UX = Ci Pr :pO + Pr+7 dl’a Cr

VAN AN AN AN A A AN AN A A A A 4N 4N 4

Figure 34  Normal reflection in airfom a rigid wall, based on Baker (1973).

The properties of the reflected bl ast wav e

coefficient, defined as the ratio of refl e

i ncident blast wawve. ahtidanl bgashownthhats

ratio of 1,4, thiesredtect didnnBcoef Bakern(
P-P _8M°+4

L == X = X . 3.2
P-PB MJZ+5 (32¥

From equation (3.27) it ciamg bvee tsteeeln ttc aadn & ¢
i . e. at sonic speed, the reflection coeffi
doubled in the reflected bl asNkrwaes, AHet
refl ection coeffi ci entapapppireossadhed deciag htg.a sHc
gas constant rati o of 1, 4. In a real bl asH
constant, and thedepefdeci entseéeé s JphansssoEk
reflection coefficieat rises with increasi|

The refl ected pressur e f200rl lac abnl abset awapvreo xai cn

14 CHALMERS Vil and EnvironmRepWat Engi ne



being estimated as:

)
P*o 2R 24P +7R @ (32 B

TERT+7R 2

Al ternatively, the peak pr esskiR20 Iflocrana r ef
be calcul ated as:

P"=10[ k Pa] (32 9
wher e

y =3,2295- 2,2140(x +0,035119%2 +0,6576(x

+0,01418%x* - 0,24308x° - 0,015870x° (339)

+0,0492742 " +0,00227642° - 0,0039713%°

and with

a =-0,21436+1,35030og(2) 331
equation is valid for the interval

0,0531< Z <40 (332
Zaccording 3t)et equation (
The positive i mpul se for a2 O0rlelfclaenc tbeed caail rc ub |
as:

|r*:1oyc'¥ﬂ3[ kPas] (33 B

1000

wher e

y =2,5588- 0,90312% +010177x” - 0,024214%° (33 %
and with

a =-0,20400+1,37880og(Z) (335
equati ohoti st val i dt er val

0,0531<Z <40 (335p

Zaccording 3t)et equation (

332 Regul ar reflection

In a regular reflection, tMiwi tbh asnb avmaylee ha
and refleceiofnfhetakes$ | Mpitéae dans hlemslg |sehtoonfn i n

Figux eT®he angle of reflection is not wusual
air conditions in front of t he Pxaai dent S |
tempediatBeli nd the incident shock (-Region

air shock, Ppaindh tepméies e raei r conditions fr
shock (RegionPand hawekeprad us er e
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Reflected Shock M, ® Incident Shock ¢ My

® p d

A A AN AV an o e

VR AR AN AN dndrand

Figure 35  Oblique reflection, based on Baker (1973).
333 Mach stem formati on

There is a critical angl e, related to the
oblique reflection. AccordinommeBaKdamlB7(7)9-
showed that the incident shock and the ref
front . Thi s t hird shock front, ter med t h
approxi mately parallel Foguthe ar ohred shrwrctka
ri ses. The point at which the three shock
Mach front and the path d&fi gtukee t3r.i pl e poi ni
Reflected Shock Incident Shock

Triple point

Mach sten

Figure 36  Mach stem formation, based on Baker (1973). The arrows indicate the
directions of the shock waves.
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4 Level of focus and type of

It i s interesting to derive the | evel of
I nvestigationSahkklali t witsh.selEnomhat there i
bet ween studies on materi al | eveAmoanngd st ud
thset ructphes| (dlypes/ pvad 8 esse Jac€modst c o mmo n .
't is also notabfeomhatutdhesiofetbst mmbeesbe
more and more plates at a first, but | ater
Tabel 1. Distribution of the level of focus and the type of structures that the studies
include.

Year| Beam Block| Bariiers| Slabs/Wallg Plate| Material level

1981 1

1982 1

1983 1

1985 1

1986 1

1987 1

1989 1

1993 1 1

1996 1

1998 1 1

2001 1

2004 1 1

2007 2 1

2008 1 1

2009 1 1 2

2010 2 1 1 1

2011 4 1

2012 6

2013 3 1

SUM| 6 1 1 11 6 19
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5 Met hodol ogi es for assessi
concrete

In this chapter, different structural asses:s
presented. First, a wmevtdopodbpagygatihan icmnsih
presented and secondly, a methodology that
A common methodol ogy -$or daiestr e hpomyamami cmas
SpiHiotpki nson pressure bar,  nadamedsaféesrtBerts
pul se propagation in a specimen and by usi:
St rsetsrsain can be evaluated. There are sever
same f orThael |s pteycpiense.n i se mpd sa coefd tbweda wseterna it ghhet
t hhenci dent bar abnadktt hdet eamdsmifssiheni nci dent
away from the speci men, typically at t he

propagates through t he bvary Bteda Baarcd dtemde svae e
nci despl wavei nto wiwensmbl Feacheeetsthav slp®e C |
hrough the specimen and into the transmitt
he other wave, cal lledcttende avedy efcterd twhae es
ravels back ddwn gtédaefii qitcn el eviot dbudpfse raernet s e
resented: one for medium strain rates and

-OFP_|I—P—'

-

A AT

non-contact
displacement transducers

\\% '/E 7777777777777,
\\\\f;,/ 777

|
1
|
i
1 \
l
i
i
i

’(i\tﬁ ; calibrated oriﬁcez% fast
A\ l -

~ \\g : electro-magnetic

NN
NN

N\

p N ;
% ;l-jl N gas water‘ Al valve
= \ ‘\’\S as % 777707
N g ey S
Ny /’////4

strain-gauges  specimen =

Figure 4: (Caverzan et al. 2012)sed aHydro-pneumatic machin® investigate the
material response at medium strain rates.
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1. hydraulic jack

2. pre-tensioned bar
3. blocking device

4. input bar

5. input strain-gauge
6. specimen

7. output bar

8. output strain-gauge

Figure5: (Caverzan et al. 2012jsed a Modified Hopkinson bar in order to investigate
the material response at high strain rates.

I n order to assess the impact response of
wei ghutp .Felgbaredi gor & wo exampl es are present ¢
test descends from testing the temperature

failure change fTrheemtdcewdt iulsee st ca bhraintntelre .t h at
speci fion hdeaieglstpeci men, normally a beam. An
the specimen is used to assess the dynamic
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<}— Hammer

=}-— Tup & Load Cell

150 mm

Concrete Beam

_7’, 152.4 mm v 152.4 mm y

A

Figure 6: Impact test on concrete beam used\Wang et al. 1996)

20 CHALMERS Vil and EnvironmRepWat Engi ne



600
1572 7272 114 114 72 72 7215

7 |Hl édro -ﬁelght f6§
5 f5: 14 . steel
§ apw plywéod rollers
50] LER
fad UHPFRC
plate
LCZ\ /KLC1 ;
/l’Od
steel I | T |
roller
[mm]

P20 200 77777 TTTTTT7777TT77T777777777777777777

f1 to f7: potentiometers, LC1, LC2: load cells, Bla4, apy: accelerometer

Figure 7: (Habel & Gauvreau 2008)sed this setip for dropweight tests on fibre
reinforced beams.
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6 Mat eandl st rruectpwrnale

6.1 ngh strength concrend ifspule)] e ¢
I ading

Within t

h | ast two decades,sthendelietopmee
has great

t

c

y i ncreasesdt relnlgtbveronchet woi lsd.n
fshore concreteasetbuctdregsan

applied f
d el ement s, et c. Concrete is a
r
g

e

I

0O o
prefabricate
omposite struct-beeel whsch onxaumesof ceme
oi ds, and aggregates (Newi rbhegéf apndimzes9
hat dtunleu smoof el asticity of the aggregate a
he difference between them, strongly infl
n HSC, there is a smaller difference bet w
eemt paste and that of the aggregates. The
trength concrete results sinrdrgtsh cecam&r & toe
nstance, this resuddask isttrreeises mehavil oumre ace
meased compressive strength. However, <cl o
argerrnmackrso are created; the subsequent fa

n HSC the cracks regularly pass through t
t mawhen the cracks are fo d to go around

rce
more and more brittle as the compressive s

—_—— o —+—~+< 0

The cl assical empirical experiments on f at
| oadntroll ed hteedtad i Jesfei sé¢ rengt h of a mater
The fatigue strength of a materi al i's defi

can sustain for a given number of <cycl es.
concrete dnajy@BEBe H®BUBNACI cormACit2 )2 e HODW= v(er ,
similar i nvesti gastiroenmsg tahr ec osnccarrectee .o nT hhiisg hl &

mentioned in CEB/FIP Bulletins 197 and 22
researchZicauvuec.Thak. cdbBB8VUusions of these rep
The CEB/ertliBh Blu9d7 concludes that the fatigue
strengt h, whil e CEB/FIP Bulletin 228 says
conservative. I'n additi 6K ma&t Kt mailbBoppt he
observed increased fatigue crack(@EBpagat.
FI'P 2M0&)i gh strengtdhn ctome r eft fee €«to manfe ntt he mo
which is more pronounced, on the fatigue
speci men s howedsias t{aRgdtekro vl ecp dlPOEL )t Bi s concl
l nvestigations on the me c(hMawunci hsands2 6i 6nBv)obl evse d
crack growth observed with high solution
fatigue propamgadchkiomg ( CEBiwREVYZ2EON&E) udes t hat |
controlling structur al mechani smst afan he f:
acceptable conclusiono.
6.2 Fi ber reinforced C 0 n c raentde s ul
fatigue | oading
By dispersing fibers in concrete it is pos
response. The fibers I|l-cdmadks hendpepmzlk®ipiment
transfer | arge stresses in the softening re
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http://www.concrete.org/COMMITTEES/committeehome.asp?committee_code=0000215-00

has been investigated at t he Department o]
(Hanjarwho20di6gdg spéesttof both nor mal concr e
concrete. I((nGrtzhyeb olwistke r a%t RiMesk v al K9d&@Mjedy er 1 9 ¢
(Lee & Baral |2 0nab)tei cgpndoncl usi ons of which
and if there exists an upper | imit of fibe
The mechanisms involved in fatigue of fi be
related to the drusali retfrfeducet.haltnttrhoed ufcii mea
i ncreases the pore deswgiatc)ksamwhitchusotuhe ibr
point for fatigue crack propagati on. On tF
cracked zones whilcen rleesapdo nsoe.a Hmwoweev edru,c ttihes
more investigations.

6.3 High strength comlcastt el csaudijreqg t

There is only lIimited information about the
to i mpul.seTHiosadiegardspbonsé anducther alesper
mat elreivaellp.a pTemos f r om tthudn &vev ibeevednad sleid teent deloe
this rEelipoatse¢dlat 2naldle) a numerica&l ndowalkegsi s
highrength concWaetge ewavlalbs pa&mMdi@) med Spl it F
t eseh friebirnef o rscterde nhgitghh concr et e.

With the rapiompeveropgpmemthobfogy and numer.i
accurate resuftemcauombei.e rlpne oabddddi Itliionng as e
t hat involve bl ast |l oading are expensive,
approach to study the r es peothsteo olfl @hisitg hl csadi
et alperfodimed a numeri c afl eiarsfsersdande mhgitght s

concrete walls of a sizeThé @ondS8Im @t dc @an ¢ hé
assumed to have a c¢omplrheesys iuvseeedsrésncelsigd he Ib h e
mod el of the fulappfodyebludaked. tWet heslpios s e
the distance between a reference point on
the mass of the explosives. Thi hesddlaisng ¢
wavebds front; where a smal ll &i g@8um®bhea masi ncl
result of theiThetfuidggurheatspht oavese nlteet dwamalt i on
i ncr eassehso ond. t widtvaed si mat er esting to notice th;
Z=1.5, the wall reflects the wave, i . e.

di spl acement. According to the paper, this
response thatedan obd heocEmipreiebhunaht alypeesult
simul at eab eveanl Ir ehpao r toend yiTfo & @ kti neessee r esul t s h
been included in this report.
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ANALYSIS OF SFRHSC WALL

0
50 L, Node
500 eere—p————_| NO, 3179
’E L Z=V__,.—-"_
~ 400
i i
300
,35“ : / PR IR
& 200 e = 1 == -
/ .-
I L '-
» 100 /‘ 7 — 51.5
0 L e
=100 : : : ' :
0 2 4 6 8 10
Time(ms)

Figure 8: The displacement of theferencepoint on the analysed Wdor different
scaled distances between the explosion and the wall. Z=0.5 is supposed
to simulate a blast shock wave.

Athough a s tshrouscttruurcet unraayl el asttied tt ,yd daus i magt
readdeinformation aboiudurt hef mehama tedrl iadle.h 20
have tried t o contribueef oaromi nlygi sa nu nedxepresrt|
i nvestigation by the meBmes todstaedSpclointcridd
compressive strength between 80 and 90MPa.
4*10"+1 anTdhedy* 1Dt"wdRi.ed t he f r aecntsur ec omectrteere
matri X lamRid g 9,11 & ehres tsrtariens sr esponse 1S presen

ranging around 1I0t" +i2s acnlde ax.t ft*dlia0i” #t2zhep i g e s
strength concr atbhg ei ¥ ebmiftotricee darcd htehmeetfest yp
no significdamntt hda tf & terr eegimed sweoeinis etrlee r ei nf or ¢
concrete tywaden KHoxvweay epesgk tr e s ull tetslh a tt IS T
hi gher | oadams gt oiltréamiclt i | e materi al behavi o

24 CHALMERS Vil and EnvironmRepWat Engi ne



240 240
(a) ~+-HSC @104 5+1 {b) ~+HSC @143 5+
200 -2-SF-HSC @ 1058°1 200 4 £-SF.HSC @ 154 51
-+-PE-HSC@ 9981 -2-PE-HSC @ 15281
E 160 -o-HY-HSC @ 80 s°1 E 160 1 -o-HY-HSC @140 51
= z
o 120 E 120
s -
5 o % 80
40 40
0 - - 0 . - ’
0 0.02 0.04 0.06 o 0.02 0.04 0.08
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240
(C) i ~—HSC @173 31 (d)
o-SE-HSC @ 184 8°1 =-SRHSC@ 27551
e 1 % ~+PEHSC @ 294 51
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T 160 -o-HY-HSC @170 51 = 160
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s £ 120
o 120 1 =
8 H
= g
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0 0.02 0.04 0.6 0 0.02 0.04 0.08 0.08

Figure 9: Resultsfrom (Wang et al. 2012pf experiments on higstrength concrete
(HSC), steefibre reinforced higkstrength concrete, polyeflene-fibre
reinforced highstrength concrete, ara50/50 combination of steel and
polyethylendibre reinforced higkstrength concret.

64 Fi ber reinforced bbaw®otaat engs ubj

(Daniebi 2682p comprehensive review of diff
concselhjeect ed t.o Bdsaesnt iladddyi,ngt hey ar e: st
synthetic fifbéessand natur al

There are numerous investigation perfor med
bl ast | oading ranging from material test t
anal ysis of structural (lLesgdnsd .armd lmat «€roiu
2010; Wang et al. 2008; Fang & Zhang 2013;
Hai do et al . 2010; Lok et al . 2004, Wang e
2012b; Gomaorz 189 8Nla;a Xu et al . 2012a; Wang, L
et al . 2010; Tabatabaei et al . 2013; Oht su
Fogl ar & Kovar 2013; Gal & Kryvoruk 2011 ;
Yamaguchi et al .et20dll.,;, JM@dnhey ) ofJ .t hWus,e paper
reviewed more carefully and the reviews ar
641 Numeri cal assessment

( Wang, J. WwasetnakregDeéed)in studying the
hitting a plate structure of 60mm. The str
98B 05 MPa compressi aomucrteugies twaarsc e ea md otrices ds t

of different ratio. The projectiFeghre the
10 the contour plots of the analysis is sh
hi gheunamof steel fibers results in a high
penetration of the projectile.
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SFRCTARGET CONTAINING L/ID=20 FIBERS

Time =

29.994

Contours of Pressure
min=-0.00397583, at elem# 790 3.133e-03
max=0.00313322, at elem# 421 2.422¢-03

Fringe Levels

1.711e-03 1

1.001e-03 _

2.896e-04 _
-4.213e-04 _
Bl -1.132e-03

H 1.843e-03 _
& 2.554e-03
-3.265e-03|
-3.976e-03

(a) SFRC with+=20 fibres

SFRC TARGET CONTAINING L/D=60 FIBERS

Time =

Contours of Pressure
min=-0.0110267, at elem# 513
max=0.0129512, at elem# 538 1.055e-02

29.997

Fringe Levels
1.295e-02

8.156e-03 °
5.758e-03 _
3.360e-03 _
9.623e-04 _
-1.436e-03 _

H 3.833e-03 _

§ -6.231e-03
= 8.629¢-03
1.103e-02

(b) SFRC with +=60 fibres

Figure 10: The contour plots show modelling results fr@iiang, J. Wu, et al. 2010)
on steeffibre reinforced concrete. Two different ratios of stiéebrs
were analysed: L/D=20 and 50 fibers.

6.42 SplHotpki hanon

(Caverzan

eer fadr.med0 1e2X)per i ment al research

Hopki nsoni nweers.t iTgheg i on ai med at -1st uldy*iOn g f
t

1.5*10"+2
behaviour.

and 3.0*10~r+2 1/ s) and the tes
Theetesitefdorsdedl aonec d&tadkcit h ®dh s a

equal tohelye2d58% wo di fferent-prneuwsmatmacc hmancehsi:r
(HPM) was wused for the intermediate strain
was used for the high strain rates. Comp a
highlighted sevé@dhrealaverlagygandf atslpecssress v

di spl acement curves andpdmiarcd udies mln®ac @me vte
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i Fi gLiTehe main evidence found for the incre
theopemhce iIs the increaselirngtbiCetenigs h anc
worth observing the increasing initial st
Il ncrease Iis much more evilbeh0 oB8I®A2t he st
The initial pl ateau seen in the same Figur ¢
fibers
B % : : ?

25
T £ 20
é %15-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
COD[mm]

Figure 11: This figures presents experimental results (modified Hopkinson bar) from
(Caverzan et al. 2012)f steelfibre reinforced concrete. The diagrams
show: A, theaverage of the stress versusak opening displacement
curves; Bfracture energy versus crack opening displacem@éntietail
of the peak zoné-or different strain rates: SO=quasi static strain rate,
S1=1071, S2=10"+0, S3=1.5*10"+2, and S4=3.0*10"+2.

6.43 Dr owei ght I mpact system

(Xu et @plrf?20m2b) experi menwal 180vestiagdt ire@
| oacde | | s,-s pae eilld eggh cianime a aveir gipt i mpdbe syste
nvestigati onfsi birnec Ituydoeeds swevenr adli f ferent sha
ynthetic fibres, undul ated, cold rolled,
teel fibretsi sdested dbyp.edA ivmoltumweassedct inoml of

ompressi veMBdiwendi hfefeB8Bb strain rates wa:

O ~FTO LW n —

nd the stress wawes pred p a graetsitsd)re ddifasfipdl astrc e mgern
velocity responses of specimens, which are
of the specitmehoadidrg.weldwasgo nugadeor dire
surement s.
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Pere rasel sthrown .deTnoen srtgsavlet st hat t he n
proposed in this study proxi daes béau
r bonding to concrete material, t her
y absorption cap@Qritilye (dtolegrh pnrearsg matfh
r t he

(
S
€
d
ence between pl ain mspeci men and

Figure 12 Dynamic increase factor for different fiber types presente@Xin & al.

2012hb)

(Mindess eoetudledl1®Bé&)fracture toughness of
concrete, andf cromed ewieth fibrill-apeadfpol yp
si ngdege not ched beams, of di mensi ons 140
dynami cgloliynwti meddi ng, using an instrumente
The beams were | oadedpubenghtbret tdhéfempat
found that the fracture toughness values u
those obtained in static tests. There were
under I mp&cglBeskdmewggy absorbed up to the p
fracture energy, as a Twoctthiomgoft hatmmamre di
are the unchanged ablsmadbelasnkeegry bedohed,p
smal |l , 1l lbugi gsntiif i cant i ncreasel ocafd abosrorthled
pol ypropylene fiber reinforced speci men. \
energy for thsestspegtmecootrietaeh
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