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Scaling high strain-rate phenomena in concrete structures remains challenging due to the nonlinear and strain-rate-
dependent behavior of concrete, which prevents full similitude between scaled models and prototypes. This study
proposes an analytical framework termed the Finite similitude Method for scaling concrete structures subjected to high-
rate impact loading. The formulation is derived from the integral forms of the conservation laws of mass, momentum,
and energy, while explicitly incorporating strain-rate-dependent material behavior. Scaling factors are established for
both purely dimensional and combined dimensional-material scaling, enabling extrapolation from scaled models to
full-scale structures. To assess the method’s accuracy, numerical simulations were conducted for rigid spherical
projectile penetration at one-fifth and one-tenth scales, and rigid ogive-nosed projectile penetration at 1.15 and 1.67
scales, impacting concrete targets with varying compressive strengths. Simulations were performed using Autodyn,
and concrete behavior was modeled with the RHT constitutive model. Results show that increasing the scaling factor
leads to larger deviations in peak force, absorbed energy, crater diameter and depth, and residual velocity. Maximum
deviations reached 8% in dimensional scaling and 24% in dimensional-material scaling for spherical projectiles, and
13.2% and 21.1%, respectively, for ogive-nosed projectiles. The findings confirm that the proposed method provides
reliable accuracy within limited scaling ranges and offers a practical tool for designing scaled impact experiments in
concrete structures.
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Table 1 Johnson-Cook behavioral model coefficients for projectiles [16]

Parameters amount Parameters amount
RO (gr/cm3) 7.8 Sfmax 1.0E-6
G(GPa) 9.24 Tr(K0) 300
A(GPa) 2.0 EPSO 1.0E+4
B(GPa) 4.62 EPSfmin 0.1
C 4.62 CP 4.77E+6
n 21.6 PC -9.0
m 2.236 Spall 3.0
IT 0.0 D4 0
D1 0.4 D5 0
D2 0 Cc2/P 0
D3 0 EROD 0

5] i Baw (gl RHT Jso Ao ¥ (Jgas
Table 2 RHT model coefficients for concrete target [16]

Parameters amount Parameters amount
RO(gr/cm3) 2.32 EOT 1.0E-6
G(GPa) 9.24 EC 3.0E+22
EPSF 2.0 ET 3.0E+22
BO 4.62 CB -
B1 4.62 tB -
T1(GPa) 21.6 PTF 1.0E-3
A 2.236 G*C 1.0E0
N 0.481 G*T 1.0E0
FC(MPa) 37.7 X1 0.5
F*S 0.447 D1 4.0E-2
F*T 0.0907 D2 1.0E0
Qo0 0.68 EPM 1.0E-2
B 0.0105 AF 0.5
T2(KPa) 0 NF 1.0E0
EOC 3E-8 y 4.62
A1(GPa) 21.6 PEL(MPa) 25.1
A2(GPa) 131 NP 3
A3(GPa) 290 a 1.19

D38l 53 Gy Sum g 4y 5l (ales ¥ S
Fig. 2 View of the projectile and concrete target in the software
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Table 3 Relations related to the inversion of the parameters under

consideration in dimensional and dimensional/material scaling [10]

Hole diameter
and depth

Residual - Energy
velocity Rreiectiiclorce absorption

Dimensional/ h,;=8xh, V, s

I B p?
Material Gps =BXds =h'xBxVy = Pz X Fs = —— X Eq

P x h? af.h?

955 4y S5is (galel(galel 5 okl (giluwpwlide Cilye Flgaz
lide L;LEU»LLM BERGSIBN o

Table 4 Dimensional and Dimensional/Material Scaling Factors of
Penetration of Rigid Spherical Projectile in Concrete at Different Scales

214—0

0.001

12,5 0.001

2.135Kg-Rigid, V=100m/s, D=80mm

t= :lDOm m, D=500mm, 35MPa Concrete (RHT Model)

’K 0.428Kg-Rigid, V=100m/s, D=16mm

t=20mm, D=100mm, 35MPa Concrete [RHT Model)
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Gl Sae s o

Fig. 3 Scaling of original and scaled models 1 Penetration of a rigid
spherical projectile into a concrete target
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Table 5 Dimensional and Dimensional/Material Scaling Factors of
Penetration of Rigid Conical Head Projectile in Concrete Target
Concrete  Projectile  Projectile

Model Type Mass Velocity h af B
(MPa) (gr) (m/s)
- 35 25.2 300 1 1 1
1 35 219 300 1.15 0.66 1.15
2 35 15.4 300 1.67 0.22 1.67
3 48 219 320 1.24 0.61 1.15
4 48 15.4 330 1.83 0.2 1.67
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D=150mm, L=300mm, 35MPa Concrete (RHT Model}

- ol

L=36mm, D=7.5mm, m=25.2gr, V=300m/s
BETA=1.67

D=89.8mm, L=179.6mm, 48MPa Concrete (RHT Model)

L=21.6mm, =4.5mm, m=15.4gr, V=330m/s
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Fig.5 Original and scaled models of 4 cone-headed projectile penetration
in a concrete target
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Fig. 4 Geometrical characteristics of rigid conical projectiles at three
scales

Volume 27, Issue 01, January 2027



oaBinle)T loosls bl 1 abaly oyl el alideo 25,5
TR0 (Siuan cpd il 5 esd gl Sl gilie
G Keal I ol beesls ol 45 39250 (SuiSTy .aiblise
L 4z bl o etims Sad ame dse sloShs 5 o
el ghil s Gulel bl 51 S0 jsSie daly 4SS
33250 cushd eie 3950 sladdy (Y-0-Y id) (5lwomlibe
OBy 53 s Galidl Glol Jelse 51 S plsieds Slgige o 55
29d GEE galel okl (5lwmliiie

sladse 2o slayhly lhd sops cwl S5 Lls
9 o3 dmle Lol Jao 53 blise joslie 4 i oaidpulido
ol 01935 (aduiie (= Jaor slad b Jyaz

el b &S e plid (galsl (g3lepuliio 51 Juol> 2lis
@ ilepraSan 5l g Bl slayiohly juslie puwais (ol
ol b tayls @250 oo 4 o (53940 Sly=il Slal uliie
39y Silwplidio caps il b Shadl ool plise Jl>
0 bgsye oadosmlive W] i . am3 e 3L |y i3]
Goe 9 5h3 dlax 1 ombg0 ol lame @ duly layiel)ly
15 4 sl o] Sl olyadi Aig, Julad sl condsloul oyis
4l 53 (IS &5 @355 0y dd 4 3Sz5S slawliiie
O 53 oygeder S bl odge il 330 g B9
2 S 3 g 3l Glel Jae alde JolS jobay
el i sl Syo padl p 058 (sl (gilemlide
Gl 5l gle LS &5 @ o Saelins eeglie (Sl
Lostitune o5’ (layiolls 53 ohag s aliue ool 33,850 JolS il
(S 393 A bayo ool Ghyiad g (Subss sl8 b
o 45 il oxilosdls ey b almyolyls o Julio 45 .31
ol Iy (51eS Syl it @itucns (55531 IS 4jlge &)
2 el Gilopulide o cul ol Kilo jol ool aie3e
4 o (5 ficamlio 38ee jomoaisiyl G slagwly Haoie
OGS psba yls cwsd @ dlwly sl gladuly
Blad Cozlz 3 slal (55lupulide Gy 45 el o 51 ST
INsEp Hed B wds jl SeoS ulidie Gy 53 9320
S8y Ghspe @il (gilugeliiie cupd (Rl b oS rewl
3o b (b8l czse GE5S 55 4 of cuwlus 5 oo
63l 9 Saelizs slayiehly glojea Bl wigps p aidly o
313 35T 5885 (g3lupsliie buls) azwgs 5

1840 (55 ¢V gylad Y o593

oo g ikl sgls  AA

Effectiv Plastic Strain
19000409,
asoseas |
1000001 8
1000021
500001 _
5000001 _

il 9 aBialesl slagis; 3 oy cow] jl aled & JS&

Fig. 6 A view of concrete damage in laboratory and simulation methods

398 galeligalal 5 alayl (gilogmlsio (giludnd guls Y-V
i Ban 53 o (5955 4l

2GR Bae 53 (5955 alin G5l @iz slaylsged (V) S
9 V¥ eadpulido gladae g Glel Jso sl lly e
4l 2 3ls ©rs2e o 9 G54 iz Glise a0 lis €
9 lle—(55xl Ciz slaylagel yj colne dulxo @b
el osd Zlpinl (alaale—(s 970 (595

0z Moyl disdi o (layiel)ly (5 5luuliie 51 Jeol> y3lie
Yo ) esdwliie gladse pd diday oy 5 ¥ i
2l ol 03035 dunlio Lol Jio @li b o(1) Jyi Gillas
slaguly gl BT 3929 Siloy j55he Jgaz 53 oabadl)l
Jio 53 jblise yslie 5 cadywliie gladae oxiigjlugwsSse
Silipelide I ol Baae sadosalive Gl cul Lol
bild 4 ot Saelins ,li8) (Swly 9 (1S £y @l
Coxd G331 L 4 am3e gl gl aizean Ll (513550
Gl byl Glapien 53 S Gl (gilepslids
Bre (silupmlie slocosgixe Sl o wbie Gl
el Y (235 &5 b lanpd slrosasy Jud=i ) salsl

o1 wlidie gla o olaicas ¥ g ) gla s «(T) Jga bl p
oadpwlde ladse lgieds & 5 ¥ gladae g (s3ladl
R3S 9 (B=5) i Sy slagwlidio 53 iy (glo/ g3l
L2y 93 5% )3 &5 a3 0 it il - ileads inye (B=10)
aoly slayiahly slbs pline (silopwbde oy il
e g 5l iz dindag o 0b> dpden yhS Jold
Jgdz 5 cadsddlyl glesls Gillao .3yls Lalisl gy esileusl
2 dlelgslal giloplite (g 5 s Sl plie ()
Byo (siloumlito by, 3l yiius (s 9o slayiolly oled
4315 cand (V1) dhaily 4 lgise |y g9050 ol sl (g3lsyl
slagy ;s oty Sl (5 4 Saaliod (B cawd Kby

Urte SyilSo udige sole doliole



A4

100
\\ [ ] Scale-Model
95 3 —— Reversed 0.2 Scale-Modell
\ Reversed 0.1 Scale-Model2

= + Reversed 0.2 Scale-Model3
= = = Reversed 0.1 Scale-Model4

Projectile Remain Velocity (m/s)
%
B

-

Time (ms)

Gldso lmle 4 cawd (970 a5 Glasldgas dunlio A JSO
Glol Jao b F g VoY ) osds (3bogmlsio

Fig. 8 Comparison of axial force versus displacement diagrams of scaled
models 1, 2, 3, and 4 with the original model
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Table 7 Comparison of maximum force and energy absorption, maximum

force and hole diameter and depth in scaling models 1, 2, 3 and 4 with the
original model

Energy R Maximum hole Maximum hole
Model N Force )
Absorption (J) (KN) Depth (mm) Diameter (mm)
RMS Value RMS Value RMS Value RMS Value
- - 1270 - 950 - 50 - 10.2
1 +9.6 1405 +7.9 1050 +3.5 51.8 +8.9 11.2
2 +13.2 1460 +129 1090 +84 546 -7.8 9.3
3 +15.1 1495 +16.7 1160 +12.6 57.2 +9.7 11.3
4 +17.3 1535 +21.1 1240 +15.7 59.3 -88 9.4
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Fig. 7 Comparison of energy absorption versus displacement diagrams of
scaled models 1, 2, 3, and 4 with the original model
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Table 6 Comparison of residual velocity, energy absorption, maximum

force and maximum hole diameter in scaling models 1, 2, 3 and 4 with
the original model

Residual Energy Maximum Maximum
Model velocity  Absorption Force hole Diameter
(m/s) 0 (KN) (mm)
RMS Value RMS Value RMS Value RMS Value

- 58.8 - 5900 - 5100 - 92

1 -1 584 +1.3 5973 +1.2 5160 +6.1 98

2 -3.6 56.7 +3.7 6120 +5.7 5390 +8 100

3 -7.8 54.2 +7 6310 +19.2 6080 +16 108

4 -105 52.6 +12.1 6710 +24 6324 +164 110
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