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COMPARISON OF LINEAR AND NONLINEAR DYNAMIC
METHODS OF FEMA356 FOR STEEL MOMENT FRAMESIN
NEAR AND FAR FIELD OF FAULTS

Davood ABDOLLAHZADEH?, Mohsen GERAMI2Mohammad MASTALI®

Abstract: Recently studies showed that near-fault ground motion records exhibit a distinctive long-period, pulse-
like time histories, with very high peak velocities. These features in vicinity of active faults caused much of the
damages in structures. In this study linear static, linear dynamic and nonlinear dynamic method of FEMA356
have been studied to evaluate special steel moment frame structures under effects of near-fault ground motions.
Results showed that linear methods predict demand to capacity ratio of structural elements 47.9% fewer than
results presented by nonlinear dynamic procedure for 10 performance level but linear methods present 109.38%

and 144.41%overestimate resultsin life safety (LS) and collapse prevent (CP) performance level respectively.

Keywords: Seismic evaluation, Pulse-like motions, Seismic rehabilitation, near and far field earthquakes

1. INTRODUCTION

Regarding recent progresses in earthquake engigeedsearchers found different effects of near
and far fault earthquakes. After the earthquake®arkfield, California (1966) and Pacoima, San
Fernando (1971), the pulse-like motions of neattfaas discussed by Bolt (1975) [1]. First time,
Studying on structures behavior in near fieldsanfits was done by Anderson and Bertero (1987) [1]
by analyzing of structures behavior under pulse gkound motions after Imperial Valley earthquake
(1979) [1]. Although the effects of near fault watistinguished but the importance of it was not
understood in the design of civil engineering dtiees until destructive earthquakes such as Landers
California (1992), Northridge (1994), Kobe, Japd895), Chichi, Taiwan (1999) happened [2, 3].
Recent studies in near fault regions showed thatdia directivity effects in near field of fault uses
high-period pulse-like motions in near field of fadhese pulse-like motions impose high demands of
ductility and deflection on structures [7-12]. lean field of faults, the effect of horizontal commgnt

that is normal to fault line is more severe thaa torizontal component that is parallel to thetfaul

'DavoodAbdollahzadeh, Lecturer, Azad University ofardis, Pardis, Tehran, Iran, e-mail:

davood.abdollahzadeh@gmail.com
2 Mohsen Gerami, Associated professor, Semnan WsityeSemnan, Iran, e-mail: mgerami@semnan.ac.ir

Mohammad Mastali, PhD Student, University of Minho, Guimaraes, Portugal, e-mail:

Muhammad.mastali@gmail.com



Nano and Macro Mechanics 2013 Faculty of Civil Engineering, ©Th Pragu, 2013, 18 September

line[6, 7]. Also vertical vibration should be estited in lear field of fault, if it is important fc
performance of structures [7].Considering thateleme a lot of cities located in near field of faand
it is current to use of linear methods by engin¢éedesign and seismic evaluation of structurethis
study linear static procedure (LSP) and linear dyingprocedure (LDP) of FEMA356 in near and
field of fault have been studied. ereforeperformance level results of structural membersiabt by
linear methods and thepmpared with nonlinear damic procedure results by far fault and near 1

earthquake records.
2. STRUCTURAL MODELSAND ASSUMPTIONS

2.1. STRUCTURAL SAMMPLES

In this study 5 structural samp that they designed by Iranian Seismic code were used to
seismic evaluatianFigure 1 sho's structural models and their details in this sttTo design and
element performance identification, it was assuthatithe steel materials are ST37 that its yieldf
is 235.44 MPa and its elasticity module is 2x105aViso Poisson ratio assumv=0.3. Table 1
shows gravity loads that they have applied to tmat designing. Figure 2 has been used to pl
hinge modeling of girders and columns based on FB&&Yrovisions for nonlinear dynamic analy
The computer program RAMPERFOF-3DS was usetb seismic evaluation of the structu

Section " Sc. B t H s [ ] B ) — B2 B2 B2 smoaris
No. Section Namg Types  (em) ({em) (em) ({cm) - . y c3__|ca_ |ca__ [c3
B1  2PL150X12PL276XE  Girder 15 12 30 08 T ‘—| Ba| B4| B4 sronvie
B2 2PLASOX1SPLITOXE  Girder 15 15 3 0.8 | 5 c4 lca c3 c4
B3 2PL200X15PL270XB  Girder 20 1.5 30 08 Hilt |__B4| "B4| B4 storrn
B4 2PL200X20PLZ6ONE  Girder 20 2 0 08 | 1IF c4_ lcs_ lcs_ lca
BS  2PL200X20PL310X10  Girder 20 2 35 1 48— | B4 | " B4| " B4 | sronviz
B6  2PL200X20PL3GOX10  Girder 20 2 40 1 | cs lcs  les  los
B7  2PL250X20PL310X10 Girder 25 F] 35 1 1 B5| " B5 | BS | srory s
B8 2PL2S0X20PLIGONI0 Girder 25 2 40 1 Column Section FPRs M e
c1 BOX150X150X10  Column 15 1 15 1 B2 B2 B2 C5 g |C6 g (OB g [C5
c2 BOX200X200X12  Column 20 12 20 1.2 P P Py -c‘;"‘" - P " -----c’:"“' L]
g: :g%:m:; g::,m“: g ": :: 125 Stories Height= 320cm "B4 | B4 " B4 | sronvs | B6  BE | BE| sroave
cs BOX250X250X20  Column 25 2 25 2 Spans lenght= 500cm c3_ lc3_ |ca_ [c3 ce__lc7 __le7__|ce
cs BOX250X250X25  Column 25 25 25 25 # g _B4| B4| B4 sonvs | B6B6| B6 | sronvs
c7 BOX300X300X25  Column 30 25 30 25§ ca _lca_ lca_ lca ce__|c7__ler __|cs

c8 BOX300X300X30 Column 30 B2 B2 B2 srorvr BS B5 B5 | stomy 7 BE,  BE| BE | sronrr

3
= BOX350X350. c 35 2 3 1 | | |
gl? :g:g:x:gﬁ:g EE::: ;: 2:.!5 gg 2:.!5 s B4 = B4 :53 B4 EC“SD.". b BS 28 BS c8 BS cu:um; o8 B8 i B8 :'C? B8 ic;?g;mr(
1 X umn | | | | !
B2 B2 B2 sovs | 84”84 8a Gons (85 %85 % 85 Sonvs | 88 % 88 * B8 o
EC! BA c3 B4 c3 B4 2?0&!4 C4 8s C4 8s ?54 BS E(i;imr‘ C5 BY {+] 87 CB B 1';'?0“. Cc7 Bﬂ_ics 88 ECS m_:(&:’mv"
Bl Bl B1 gromys ca 84| 8a “8a (S, [“485%% 85 % es ?E:unr: %57 %87 (67 %%y 188 % 88 %% B8 Sy
©1 g3 % g3 |% g3 f'i:mn ?c‘BJ S % pa (St [““8s5|%8s [°5 g5 s %87 %87 87 % | B8 % %e :cmu e s
%2 83 % 83 % B3 [Sromes |1 84O B4 [Z B Sromes [ 05 [% 85 |° 85 Soers [ 87T 07| B | Sones [ 88 %% "8 (S
c2 c3 c3 cz iCl C5 C5 C4 c5 C& iCG |C5 CE& c7 cT C6 cs icu c11  C8
SMRF-3 SMRF-5 SMRF-7 SMRF-10 SMRF-15
Fig 1.Sructural modelsin details
Tab 1. Girders dead and live loads (N/m) Q 2 @
Q 1 1,2,3
Load Type SMRF3__SMRF5__SMRF7__SMRFI0 _SMRFI5 _
Girders Ductile Brittle
Dead long 24525 24525 24505 24525 24525 Elements Elements
Girders
Lolos, 9810 9810 9810 9810 9810 a
Roof Dead
e 171675 171675 204375 204375 220725 03 ; -
RoofLive a5 7as75 73575 73575 73575 ; :
Load ' ' ' ' ' Fig 2. Force versus deformationcurves
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2.2. EARTHQUAKES
Based on FEMA356 section (1.6), structures mustvaduated for earthquakwith 10% chances

to occur in 50 years of building life.For seismi@kiation of structures 10 nfault (NF) records an
10 farfault (FF) records have selecteAll records hadfrequency contents; response spectr
effective duration and soil type same as assumptimstruction siteAccelerogrars recoded in soil
type D based on soil classification in FEMA356 fegions. To study structural samples by lir
methods, the 280@esign spectru, Near Fault (NF) and Famklt (FF) response spec were used by
linear method&igure 3 shows two samples of ground motion recdrdsn Ch-Chi, Taiwan
earthquake (1999). The neawft andthe far fault response specthtained from earthquake reco

showed in Table.Zhe 2800 design spectrum, NF and FF responsersg areshown in Figure 4.

Tab 2. Earthquake records

No. Place of Event Date  Station Distance from No.  Place of Event Date Station Distance from
Fault (km) Fault (km)

1 Chi-Chi, Taiwan 1999 CHY065 83.43 11 Denali, Alaska 2002 PumpStation #1 2.74

2 Chi-Chi, Taiwan 1999 TAP095 109.01 12 Bam,Iran 2003 Bam 15>R

3 Loma Prieta 1989 CDMG 5822: 72.2 13 Chi-Chi, Taiwan 1999 CHY101 9.96

4 Loma Prieta 1989 CDMG 5847. 74.26 14 Chi-Chi, Taiwan 1999 TCUO06¢ 0.32

5 Kobe, Japan 1995 HIK 95.72 15 Imperial Valley 1979 CDMG 515¢ 1.35

6 Loma Prieta 1989 CDMG 5822: 58.65 16 Northridge 1994 DWP 7 5.35

7 Manjil, Iran 1990 Qazvin 49.97 17 Silakhor ,Iran 2006 ChalanChoolan 15>R

8 Northridge 1994 CDMG 1312. 82.32 18 Kocaeli, Turkey 1999 Yarimce 4.83

9 Tabas, Iran 1978  Ferdows 91.14 19 Zanijiran,Iran 1994 meymani 15>R

10 Kocaeli, Turkey 1999 Bursa Tofa 60.43 20 Kobe, Japan 1995 Takator 1.47
= 1- 5 17 .
2 Significant Duration: 15.865s ‘3 Significant Duration: 12.475s 5 NF (Mean+Stdv)
505 - S 051 s 1| ) = FF (Mean+Stdv)
g0 § 0 ‘g’ 4 — — - St2800 Design Spectrum
& 05 - 3 =]
2 0.5 g 0.5 g 3
2 400 Z 200 8
£ £ N g,
2 T > a T T T o
g g g £
3-100 3 -200 § 1
E 50 1 E 500 4 /\

- 2 0
§5° %0 B W,
=" | £ 0 1 2 3 4
= a2 . Period (s)
s 100 / Time (s) 9 500 - Time (s)

0 25 50 75 100 0 10 20 30 40 50 60 70 80 .
. , Fig 4. Near fault, Far fault and
Far Field of Fault Near Field of Fault Standard No.2800 Design
Fig 3. Two samples of earthquake time histories spectrum (¢=5%).

All records are proportionate with site and thedak ground acceleration (PGA) scaled to 0.
based on seismic hazard map of Tehran in standas2880. Based on the source [10] in this sti
the near fault records should have specificatidneaprds that they are recorded in less than 19k
active faults. Hence earthquake records have ¢ characteristics such as AH of NF records haw
forward directivity effects (there are one or twage like motion in velocity time history of recaid
2-Earthquake records were from earthquakes with M@>E-form two horizontal components
earthaqiake, one of them that had forward directivity sfiemtions clearly and had more effect
period 1 second in acceleration response spectmasrselected. In Figure,it is observed that the ne

fault (NF) spectrum has more amounts after perfddl ¢sthan the FF spectrum.
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3. COMPARISON OF SEISMIC EVALUATION METHODS

In this section based on FEMA356 provisions thdgoerance levels othe structural members
have determined under effect of earthquake redbatsare shown in Tab2. The structural analys
were done based on FEMA3%® identify the demand to capacity ratio (DCR) of structurahednt
in three performance levels of Immediate operatior),(Life Safety (LS) and collapse prevent (.
In continue results dinear static (LSP), linear dyndc (LDP) and nonlinear dynamic analysis (NL
methods have been compar&igures 5 to 16 show average results of demandpadity ratio o

structural members obtained by linear and nonlinegthods in near and far field of faL

3.1. CONSIDERATION OFMODELSIN IO PERFORMANCE LEVEL

Based on Figures 5 to 8tudy of structural members performance levels/arage showed in I
performance level linear methods present DCRsconservatively. These methods pre
performance levels of structural elemevery low in 10 level as average result of all dakdained by
LSP are 28.55% for girders, 45.74% for columns 386% for whole of structure fewer than
nonlinear dynamic method. Also LDP present perfarcealevels 51.42% for girders, 62%
columnsand 57.44% for whole of structure fewer than thePNID 10 performance levi It is
considered that i$tructural members remain in elastic limit of metethen results of linear metho

are the same forlinear andnlinear dynamic methss in 1O performance level.

—— 15 . - 15 e — 15 T

15 T T T i
. NDP-NF . NDP-FF ! NDP-NF . NDP-FF
14 Near | ——LSP-2800 14 Far | ——LSP-2800 141 Near |, LSP-2800 14 Far \ ——LsP-2800
13 {Fault - " Sphr 134 Fault: {| — -LSP-FF 131 Fault i, — -LSP-NF 134 Fault - — -Lspfr
=12 4 [ [— LDP-2800 | =12 A L el LDP-2800 = [ op280 | =124 0 Lo LDP-2800
512 ! 512 | - - LDP-FF 512 i 512 - - LDP-FF
2114 e 2114 T 211 il = LDPNF 11 !
w w
=10 A H , — 10 A " , =10 4 H I =10 4
= | ' = ] ] £ . | ] £ . |
59 ! 59 H 59 ! 59
% 8 :v A l % 8 | f -3 '; / £ 84
4 - , (] - (] -
gr v/ g7’ { g’ iV g7
g 61 yd S 6 1 S 6 1 g 6
[ P ‘/ [ ) \ frs '/ fre
54 . 5 - 5 . 5 -
4 A/ 4 \WV4 44 A/ 44
3 ! ‘ 3 ' : 3 L : 3 : ‘ :
0 1 2 3 0 1 2 3 0 1 2 3 0o 05 1 15 2
Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio
Fig 5. Comparison of linear methods with Fig 6. Comparison of linear methods with
nonlinear dynamic method in 10 performance nonlinear dynamic method in 10 performance
level for outside girders level for inside girder
» = | » P NDP-FF 15 15w NDP-FF
14 4 _ESDF?_'QI\:;EO 14 4 V) ——LSP-2800 14 4 NDP-NF 144 0 — LSP-2800
13 |  _SPnE 13 A — —Lsp-FF 13 | — LsP-2800 1340 — —LSP-FF
=124 L, - LDP-2800 =12 ‘Vioomeee- LDP-2800 = —— =LSP-NF =12 1 T [, LDP-2800
g '] DR g '] W oo LDP-FF g e |kl me——- LDP-2800 s <] i | == LDP-FF
S11 S11 o\l 211 A - - - LDP-NF S114 fi
w w \ w L i
=10 4 =10 4 i \ =10 A z101 [}
.'E,g, ?E,g, |'= .'5,9, NearFa .'5,9, E
8 g CE-E } S g | ult g !
o 71 o 7 M o 7 J o 7 J
Eol Eol 4 £6/ §oq |l
£ £ vV OON £ £ Far
&5 NearF| * 5{Far |} 5 5 \ Foult
4 ault 44 Fault | L\ / 41 41 1\ aul
3 ‘ ‘ 3 \ . 3 ‘ — 3 \ ;
0 2 4 6 0 1 2 3 0 5 10 0 5 10
Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio

Fig 7. Comparison of linear methods with
nonlinear dynamic method in 1O performance
level for perimeter columns

Fig 8. Comparison of linear methods with
nonlinear dynamic method in 10 performance
level for interior columns
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3.2. CONSIDERATION OFMODELSIN LSPERFORMANCE LEVEL

According to Figures 9 to 12, consideration of agerresult of LS performance level for whole
structures showed LSP results for girders are rine the DCRs resulted by NDP. Also performe
levels presented by LDP for girders are a littiede thin NDP results in average. Consideratiot
columns DCRs showed that in average, the lineahaaist present performance level of meml
more than the nonlinear dynamic procedure. Solithedr static procedure predicts DCRs 43.1%
girders, 235.33% focolumns and 152.94% for whole of structure moren tR®P. Consideration ¢
Linear dynamic method showed this method presar-conservative results for girders than nonlir
method about 2.7% in LS performance level. Als@g firiocedure has more consdive results than
nonlinear dynamic method for columfor the whole of structureabout 117.23% and 65.83% in

performance level respectively.

15 15—
IR | \ NDP-FF j | | I NDP-FF
14 ! NDP-NF 14 14 NDP-NF 14 ! N
: | —igae | e A o SR Nt SRR IR Rt =
521 iy e [pP2800 | 512 4 oo LBe-za0e 5121 L - LDP-2800 | 512 | ToTooiBe R
511 — - - LDP-NF u_°_11 21 — . — LDP-NF 21 4
10 10 peald Tioq b
5o 59 59 CER
e e 28 2e1
L] 7 o 7 Q7 o 7 4 i
E 6 E 6 E 6 - E e |
5 -5 &5 NearF | * 5 ) Far
4 4 4 4 ault 41 M/ Fault
3t 3 3 e o R
0 05 1 15 0 05 1 1.5 0 0.5 1 15 0 05 1 15
Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio
Fig 9. Comparison of linear methods with Fig 10. Comparison of linear methods with
nonlinear dynamic method in LS performance nonlinear dynamic method in LS performance
level for outside girders level for inside girders
15 15 1 — 15 T 15 +—
14 14 L IDP_F 14 NDP-NF 14 i DP-FF
13 13 | ——LSP-2800 13 - tgg-ﬁ?o 13 - o _—_tgg:ggoo
512 12 i T B 5k00 512 1 A 5121 - LDP-2800
211 211 ' - - LDP-H o11 - LDP-NF 211 4 oo LDRFF
o o ' 1o | $10 1 sl
5o 59 W / 594 59 '
2o £e i £ 238 [
o o H o 7 o 7 | 1
e £o L \ ol X3 ¢
w5 NearF | * 5 i Far w5 NearF | %51 N\ Far
4 4 S\ /| Fault 4 ault 4 \ | Fault
3 - — J SRS A I 2 3 | 3 ‘ |
0 15 0 05 1 1.5 0 1 15 0 05 1 15
Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio Demand/Capacity Ratio
Fig 11. Comparison of linear methods with Fig 12. Comparison of linear methods with
nonlinear dynamic method in LS performance nonlinear dynamic method in LS performance
level for perimeter columns level for interior columns

3.3. CONSIDERATION OFMODELSIN CPPERFORMANCE LEVEL

Consideration of structural members DCRs in CPqguatéince leve in Figures 13 to 1illustrated
that the linear methods present more conservagiselts than nonlinear dynamic mettin average.
So that LSP predicts performance level of stru¢ members 43.78% for girders, 310.43%
columns and 196.46% for all elements more than NBfrage result of performance level obtai

by linear dynamic method showed this method pregeders DCRs 2.34% fewer than NDP in
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performance level but itesults for columns an whole of structure is 16%3thd 92.36% more thi

nonlinear dynamic procedure on average respeci

15 17— 15
i ;s
oo h — =LSP-NF =12
5 i l ----- LDP-2800 5
& i 211
=10 H =10
- " -~
5o H 50
2o i R
Q7 : Q7
§6 ' e
[ 8
-5 “5
4 ! 4
3 3
0 05 1 15 0 05 1 15

Demand/Capacity Ratio Demand/Capacity Ratio

Fig 13.Comparison of linear methods with
nonlinear dynamic method in CP performance
level for outside girders

15 +— 15 1 T M
H H
14 ! NDP-NF 14 V! NDP-FF
13 | LSP-2800 13 | ——LsP-2800
| == =LSP-NF | | == =LSP-FF
512 [ LDP-2800 12 s LDP-2800
o11 ! —.— LDP-NF o119 ‘i - - LDP-FF
[y 1 [ "
=10 ' I =10 Y /
E ' z {
o 9 ’ o 9 "
° g N @ g i V
T ! ! T H
(] N [
g’ YR g’ i
[] \ 7~ g VA
“s e NearF| 5 ! Far
4 i 4 il /
3 ; 3
0 05 1 15 0 05 1 15
Demand/Capacity Ratio Demand/Capacity Ratio

Fig 15. Comparison of linear methods with
nonlinear dynamic method in CP performance
level for perimeter columns

4. CONCLUSION

15 15
14 4 NDP-NF 14 NDP-FF
13 4 LSP-2800 13 —— LSP-2800
— =LSP-NF — -LSP-FF
5121 =) - (DP-2800 CLE R T —— LDP-2800
211 - . — LDP-NF 211 == LDP-FF
=10 | —10
50 5o
£ 8 £8
[} 4 [}
g’ g’
G 6 6
w5 NearF g Far
4 ault 4 Fault
3 T T 3 T T
0 05 1 15 0 05 1 15
Demand/Capacity Ratio Demand/Capacity Ratio

Fig 14. Comparison of linear methods with
nonlinear dynamic method in CP performance
level for inside girders

] ! T I
14 A N NDP-NF 14 4 " NDP-FF
13 | i | ——LsP-2800 13 4 1] ——LsP-2800
1| = =LSP-NF i} | — —LSP-FF
512 1 [ . LDP-2800 512 1 R LDP-2800
811 | "l - - LDP-NF 211 Wl - LDRFF
w ! ™y 1
=10 4 | =10 1 Yl
59 i 59 i
gey | il 2ei | |
(] 4 ' (] 4
g’ W g’ {
£ 61 Y g8 i
g5 ( NearF | &5 \ Far
4 A ault 4 A \ Fault
\
3 = : 3 ! :
0 05 1 15 0 05 1 15
Demand/Capacity Ratio Demand/Capacity Ratio

Fig 16. Comparison of linear methods with
nonlinear dynamic method in CP performance
level for Interior columns

In this study three methods for seismic evaluatbistructures, Static Linear Procedure (LS

Linear Dynamic Procedure (LDP) and Nonlinear Dyraiiocedure (NDP) have been compare

estimate performance level of steel moment regjstiames in near and far fields of fault. Res

showed that:

1-For sesmic evaluation of moment resisting steel franmeEJ performance level, linear methc

predict demand to capacity ratio of structural edata fewer than results presented by nonli
dynamic procedure related to FEMA356. So that thexrame of DCRsesulted by linear methods ¢

47.9% fewer than nonlinear dynamic metl

2-The linear static procedure predict performancesllesf structural elements more than

nonlinear dynamic procedure conservatively in L8 @ performance levels. But the lir dynamic

method presents DCRs for girders fewer than thdimear dynamic method for girders in LS and
performance level. This method predicts girderdoperance level 2.34% -conservative than tt

nonlinear dynamic procedure. So it is advisablé it is better to use average results of both lii

method" results (linear static and linear dynamiicsseismic evaluation of girders. Finally averad
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structural members DCRs showed linear methods prgseformance level of members 109.38% and

144.41% more than the nonlinear dynamic methocectsgly.

3-Investigation of girders and columns performateeels resulted by linear methods showed
girders DCRs and columns DCRs are not proportidiyalinear methods. As performance levels
resulted by linear static procedure are 43.1% ii@legs and 235.33% for columns more than nonlinear
dynamic procedure. Also it was observed that limeathods present perimeter columns DCRs more
than interior column s DCRs. also perimeter colarCRs to interior column “s DCRs ratio in 10,
LS, and CP performance levelfor the linear statmcedure is 1.68, 2.07 and 2.18 andfor the linear

dynamic procedure is 1.74,1.67 and 1.66.

4-Comparison of results in near and far field efifshowed that to evaluation of structures located
in regions with forward directivity effects, it important to use site specific response spectrurear
fault design spectra provided by codes becausdtgashtained by this study showed average results
of performance levels for structural members are&ld% based on the linear static procedure and
19.35% based on the linear dynamic procedure tklmtethe 2800 design spectrum is fewer than

results obtained for near fault earthquake records.
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PROGRAMMING AND SIMULATION OF THE MACHINING
OF THE WORM GEAR 3D MODEL FOR FEM ANALYSIS

Ing. Cossi Alindé Hugues AHOSSY

Abstract: The manufacturing of the exact geometry of thenwgear toothing is a complicated issue since the
flank surface of the worm gear tooth is a curvedasie explicitly indefinable [5]. The accurate gesiny of the
toothing can be obtained by running the manufaomisimulation application written in Auto Lisp. Hever,
the obtained 3D model shows a flank surface oftdloéh which consists of several small surfacesguiarly
positioned and sized. To facilitate the FEM anayssing this 3D model is necessary to clean thainéd tooth
groove and the flank surfaces. This work deals with machining of the accurate 3D tooth profile ahe

reshaping of the 3D model of the worm gear withoygacting the accuracy of the obtained geometry.

Keywords: Worm, worm gear, gear toothing, machining simulatittank surface.

1. INTRODUCTION

A worm drive (Fig. 1) is a gear arrangement in JWhécworm, which is a gear in the form of a
screw, meshes with a worm gear. The worm and gese © the simplest way to obtain a large speed

reduction with high torque in a compact space.

The worm and gear set is a kinematical and fortzdioa between cylindrical shafts of skew axes
at the location of their shortest secants. Theeanfitheir axes is usually 90°. A worm and geariset
in fact a helical cylindrical gear set where thenber of teeth of the driving gear, called wormpme,

two or three, rarely more. The driven componewgited the worm gear or gear wheel.

Fig. 1 CAD model of the worm gear set

YIng. Cossi Alindé Hugues AHOSSY, Dept. of Designiagd Machine Components, Czech Technical
University, Prague, Czech Republic, CossiAlindeHegAhossy@fs.cvut.cz
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2. OBJECTIVES

In spite of the number of investigations devotedvtym and gear set research and analysis, they
still remain to be developed. We still need to fimgt the best manufacturing approach capable of
predicting the effects of manufacturing method mamggeometry, contact and bending stresses,
stiffness and transmission errors. The geometrth@fworm and gear set is a complicated issue. So
far, none of the CAD systems contain appropriat@stdhat would allow the generation of an
accurately shaped gear toothing by simply insempiregiefined parameters. The aim of this work is to
find out methods suitable for modelling the acoir@D model of gear tooth for the strength analysis
by using the Finite Element Method (FEM) on a peas@omputer.

3. THE WORM TOOTHING DEFINITION

The worm, which has a profile composed of segmentdhe section cut with the plane
perpendicular to the helical generatrix curve atdénter is called general worm. The flank surfafce
the spline is generated by a helical motion ofraigit line skew to the axis of the worm. The exact
profile of the thread groove with straight flankncanly be generated by a turning operation. In the
practice, the ordinary worm is machined by a sidd &ace cutter or a hobbler, so that the tool’s

rotation axis is skew to the worm axis [1].

The described technology means the machining ofwbien thread groove with a conical tool
witch’s axis is skew to the machined worm axis [2je inclination is equal to the climbing angleisit
also common to use the so called shank-type geguesltutter for worms with bigger dimensions.

This cutter is a conical tool with axis perpendiub the axis of the machined worm.

4. THE WORM GEAR TOOTHING DEFINITION

The flank surface of the worm thread groove is lechesurface generated by a helical motion of a
straight line secant to the axis of the worm. Tdogs not apply to worm gear since a simple helical
motion of a straight line cannot define its prafiléhis particularity makes the manufacturing of the
exact geometry of the worm gear difficult. The Kasurface is an arbitrary curved surface (Fig. 2).

Fig. 2 Flank curved surface

10
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4.1 ANALITICAL DEFINITION OF THE GEOMETRY

One of the possible methods of generating the epaafile of the worm gear toothing is the
analytic definition of the toothing. The coordinatethe evolving points and the transition curve ca
be calculated by a repetitive computing of paraimetguations of the evolvement with suitable step
of the generatrix. The result of this analyticaltihoel could be effective but it is very complicatiee

to the amount of mathematical equations to solve.

4.2 DIRECT MODELING IN CAD SYSTEMS

The direct generation of the shape in 3D CAD systeould be the best way to prepare the 3D
models for using in software which will perform tbemputer aided engineering analysis. But 3D
CAD systems work in such a way that they use eléangrcurves and geometry such as segments,
spirals, circle, ellipse, etc. and with the comhiora of operations such as rotation, revolutionespy
extrude, and Boolean operations, they can genarast of shapes. But for the special case of worm
gear, the tooth flank is a curved surface whichnoame exactly defined by any combination of the
listed operations, unless we simplify the teethngetoy and substitute some of its part with known
elementary geometries. But the obtained result matl provide the exact profile of the gear toothing
so this approach doesn’t meet the goal of our imyasons.

4.3 MATHEMATICAL SIMULATION OF THE GEAR MACHINING

The mathematical simulation of the machining istaaopossible method but it needs to determine
all the coordinates of all points defining the todkank shape. This procedure generates the same
difficulties as the above mentioned method andissmitable for obtaining the exact geometry of the

worm gear.

4.4 CUTTING THE WORM GEAR WITH A TOOL IDENTICAL TO THE = WORM

The sought accurate geometry means a shape ofottme gear which can perfectly conjugate with
no misalignment at the contact surface. Such anrate geometry of the worm gear is obtained when
the tool used to cut the gear has the same shape agorm (Fig. 3). The defined technology means

the subtraction of a half thread of the worm frdva gear blank.

Fig. 3 Tool used to cut the groove

11
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By removing the half thread volume of the worm fréme gear blank, the imprint of the worm is
left on the blank and this creates the groove whietiches perfectly with the worm. After removing
two times the thread and creating two adjacent\@sothe remaining part between the grooves
represents one tooth. By removing regularly Z tthee half thread from the gear blank, we obtain a Z
tooth worm gear. To perform the operation, therwais a tool and the gear blank must be correctly

positioned in operating position and both mustdieated by a well-defined motion.

It is also necessary to increase the head dianudtéhe worm as the tool by the functional

clearance Ca (Fig. 4) [2].
Red part= the worm

Gray part= the tool

Functional clearance Ca=2.5mm

Fig. 4 The worm and the tool shape comparison

5. PROGRAMMING OF THE MACHINING SIMULATION

The goal of this work is to generate an accuraten®idlel by simulating the manufacturing by
removing the half part of the worm from the geanld [2]. To achieve this, it is necessary to write
generating program to perform the Boolean operatibsubtracting the tool from the blank. The
possible environments to use are Math Lab or AUSPL

For this work, the Auto LISP was chosen because3ibenodel generated after launching the
program can be directly converted into known fosmatich as STP, SAT, IGES, ... and edited for
other uses. Auto LISP is a dialect of Lisp prograngranguage built specifically for use with thdl fu

version of AutoCAD and its derivatives.

Auto LISP is a small, dynamically scoped, dynanijcalyped LISP dialect with garbage
collection, immutable list structure and settabjenlsols, lacking in such regular LISP features as
macro system, records definition facilities, artdysmctions with variable number of arguments ¢r le
bindings. Auto LISP code can interact with the usgough Auto cad's graphical editor by use of
primitive functions that allow user to pick point$joose objects on screen, input numbers and other

data.

After setting the geometrical characteristics, bodimponents are positioned at the beginning of
the operation so that the tool axis is skew towheel blank axis and is progressively subtractechfr
the blank [4].

12
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The blank rotates around its axis while the tod hatranslation motion. The center to center
distance is set to a = 230.907 mm and that ensiadag the head circle of the worm tangent to the

root diameter of the worm gear. Below, there aeentfain functions in the written program:

“defun prime” define the program file called “prifpe(setqg MODUL 10.0 D2 361.814 ZUBU 36)’
sets the module, the pitch diameter and the nurabegear teeth. ‘( setq BOD1 (list X 0.0 0.0))

defines the start position in local coordinate eyst which is 110 mm from the gear axis (Fig. 5).

X0=110,00

Fig. 5 Relative tool and blank position

As a result after running the program, AutoCAD tegaan imprint on the gear blank which represents
the groove between two teeth (Fig. 6). This gromashes exactly with the worm and will conjugate

d

Fig. 6 Tool's imprint on the blank

perfectly with it in functional position.

6. MODELING OF THE WHOLE 3D GEOMETRY OF THE GEAR WHEEL

To obtain the final 3D model of the worm gear wst jnave to make Z time the circular pattern of
the groove. But as the objective of our investiyati on the worm gear is to prepare an accurate 3D
model for strength analysis purpose by using thitefielement method on a classic personal computer,
we still have an important piece of work to do ba surface of the generated groove before patgprnin

it. As it is shown on Fig. 7, the surface of théadted groove is not smooth.

Fig. 7 Isolated groove surface
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Auto Lisp created the shape of the groove identdéihe worm as it is demanded and realized the
Boolean operation of subtraction of the worm frdma blank without caring about the quality and the
regularity of the surface. The surface is generatedeveral lines and curves arbitrary positiored t
get the demanded shape. When applying a zoom carélas where the surface curves meet cross we
find out that not only the groove surface is mafimoltiple non-regular small surfaces with arbiyrar
curves but we can see that some parts of the sudiae opened. If we generate the whole gear 3D
model with this structure of the groove, it will liapossible to make meshing of the model for
strength analysis using the finite element metfide FEM software will display inconsistence error
messages or in the best case the meshing and ltuatian of such a model will be possible only

with a computer with very high memory.

So we need to reshape the groove surface and itleaarder to obtain a much smoother groove
surface composed of wide elementary surfaces grfeannected in line intersections. The goal of
this correction is to reduce the number of elenmgragarfaces to the minimum and at the same time to
conserve the form and the dimension of the groaviase.

First of all the, the lines defining the elementayfaces were brought out and their connection

and relative position was studied.

The next step is numbering (Fig. 8) of differentteres and the reconstitution of the lateral curved

surfaces with new curves and lines which lie ingame curved surface as the previous curves.

Fig. 8 Flank surface substitution process

The more new surfaces we have, the more the ndacsumatches with the initial one. During this
operation it is not possible to replace the whalgal surface with the new regenerated surfacé wit
100% accuracy. But the errors can be led to thé obdhe groove, where there is a functional

clearance between the worm and the gear accordlithge tgearing definition.

The substitution of the initial groove with a 5 fawes groove is shown on Fig. 9. The yellow part

is the original shape obtained by the manufactusinlation with Auto Lisp, the greyart is the

Corrected tooth flank made by regular surfacesrdfeea geometrical error of 0.001mm on the tooth
flank whereas the groove root shows a 0.2mm. Té@ldam error is acceptable for the flank surface

and the 0.2mm error on the groove is negligible mammg the clearance of Ca=2.2mm

14
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Fig. 9.1 New 5 surfaces groove

Fig. 9.2 Comparison of the 5 surfaces groove withihitial groove

The whole 3D model of a cleaned worm gear is tHaained by subtracting from the wheel blank
a circular pattern made of the groove.

This corrected 3D model is converted by a simpeésas’ to the relevant type of file SAT or IGS
or CATpart and can be used for a strength analysisg the finite element method which are
representations used to perform the computer adgtheering analysis, they are complementary to
the computer aided design which is mainly graphiegresentation of product. The principle of the
FEM leads in meshing (Fig. 10) of the geometry siggg to be calculated. A polygon mesh is often
used and it is a collection of vertices, edges fands that define the shape of a polyhedral olpect

3D computer graphics and solid modeling.

Fig. 10 Polygon mesh applied on the 3D model foMFhalysis

The faces usually consist of triangles, quadritdtenr other simple convex polygons, since this
simplifies rendering. The remodeling of the geanthioflank surfaces allows the meshing of the 3D
model (Fig. 10) and more, this surface reshapinguigable for localization of the contact surface

between the worm and the worm gear for force agptio.
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7. CONCLUSION

The 3D geometry of worm gear generated by runnimg gimulation program of the gear
machining written in Auto Lisp is very accurate.[3his method is, indeed, the most appropriate to
achieve the required accuracy of the gear tootfihg.other methods like the direct generation ef th
toothing of the gear in CAD systems require a sificption of the shape of the gear. The
mathematical definition or the mathematical simolabf the machining are very complicated due to
the amount of mathematical equations to solve hachecessity to determinate all the coordinates of

all the points defining the tooth shape.

However, the 3D model obtained by running the mactufing simulation program in Auto Lisp
presents a rough tooth flank surface (Fig. 7) whicight not be suitable for strength analysis
purposes. The flank surface can be cleaned manoalyutomatically without impact on the shape
accuracy [2]. The local errors on the shape caledbéo the groove surface where there is a funation

clearance (Fig. 4) between the worm and the woran.ge
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EVOLUTION OF THE CEMENT PASTE CREEP
WITH ADDITION OF THE 50 % OF A FLY ASH

Petr BITTNAR?, Pavel PADEVET?

Abstract: The cement paste forms the basis of a concreteosite. This paper is focused on the analysibef t
creep of cement paste with fly ash based on expatahmeasurements. Measurement results of creep-dnd
water saturated pastes are presented. The raticeafent to fly ash of 1:1 was used for the prodactibthe

mixture. Experimental measurements were carriecbaunaterial age of 4 months

Keywords: Cement paste, Fly Ash, Creep, Shrinkage.

1. INTRODUCTION

The coal-fired power plants produce many tonsy##fih in the worldA fly ashis generated as the
secondary product byurningabrowncoal in thelignite power plants. The generated quantity of the
fly ash is between 10 % and 30 % of the originduree of a burned coal. Grain siflg ash from
power plantss betweerl and 100Gnicrons[1]. Density of anash from power plants betweerv50
and 95(kg/n?. From the perspective of chemistry, the dshis inert material; the maicomponent is
SiO, andAl,O; andCaO andSQ,. Conventional fly-ash containg to 80% glassphaseas themain
component. The fly ashis a suitablebuilding material for their inert behavior. One pibdity of

processing of fly ash is its use in concrete arament paste.

2. MATERIAL FOR CREEP TEST AND ITSREALIZATION

The experiments were executed by using the cemamste d2] with addition of a fly ash. The
components of cement paste were: Portland cemelt ICE.5 R (according to European Standard),
fly ash and water [3]. The cylindrical specimengeavprepared from components and concreted into
the plastic cylindrical moulds. The prism specimarese realized into the steel moulds. These are
suitable for preparation the specimens tested mpcession.Water/cement ratio of the prepared
cement paste was 0.4. 40 % water from weight ofl gEdrts was used for cement paste design. The

weight ratio between cement and fly ash was 1:1.

! Ing. Petr Bittnar, Department of Mechanics, Facuif Civil Engineering, Czech Technical University

Prague, petr.bitthar@fsv.cvut.cz
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The specimens were taken out from moulds one day pfoduction. The prepared material for

testing was placed into the water basin.

The specimens were cut shorted on the length 70bmfore testing. A diameter of prepared
cylinders was 10 mm. Six specimens were prepanethéoexperiments. The first two specimens were
determined for a measurement of creep in dryinglitimm. Other two specimens were used for a
measurement of shrinkage. The last two specimems wsed for a measurement of creep in water
saturated condition. The prism specimens were fetdsting the material properties of the cement
paste. From the original length of 100 mm was ecatvo blocks with a length of 50mm. The
compression test was carried out until failure loé tspecimens. The modulus of elasticity was
measured together with the compression test [gurEi2 shows edges of extensometer for measuring

the strain. The specimens were placed in a waten bar five months.

Fig. 1 The test arrangements of creep — detail @isaring units.

The age of the tested specimens was 120 days. €asumement of creep was realized in the lever
mechanisms [5]. The total number of specimens via®fswhich two specimens were tested on
shrinkage only. The applied load on a specimeneaeki the size 697N. This force was unchangeable
during the process of a measurement. In Figureretare shown loading frames. The load is equal to
the distance and size of weight from the centerotdtion of the mechanism. All specimens were
covered in the foil to guarantee condition of tlienidity. The specimens were loaded by plumbs after

their placing in the lever mechanisms.
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Fig. 2 The specimen from a cement paste in the ssipn test.

Test time of creep is selected usually 30 days. Jppecimens that are loaded by plumbs are
unloaded before the end of the test. Measuremesttriikage takes place throughout the test without

load. The ambient temperature during the test istaiaed at 20 °C [6].

In this case, theestswere carried ouat 4 with watersaturatecand4 dried solids Measuringstrain
sensor lengthwas25 mm which corresponds to thelf length ofthe body [7]. The cememaste
with a fly ashis afine-grainedmaterial. For thisreason,it is not necessarjesting ofvoluminous
specimensCross-sectional areas the prismsavere 20x 20 mm The driedspecimensvere placedn
a drying ovenand heated tahe temperature 24 hours before testing in comjpnres$he strainvas

measuredy the grain gaugeand fromadequate strengtihie modulus of elasticityvas calculated

3. RESULTS

The figures 3 and 4 display stress-strain diagrawith 2 moisture situations. The average
compressive strength of dried solids was 58.07 MBYa.the contrary, the average strength of the
saturated cement paste was lower 43.2 MPa. Indastls, it is evident very good agreement between
the results of the working diagrams of individuagtt samples. The working diagrams have a similar
trend also in the descending branches. After regdie ultimate strength, a rapid decrease ingtinen
occurs in both cases. The deformation increaséaglalow loss of strength in the continued part of

working diagrams.
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Fig.4 Stress-strain diagrams for the dried (leftidesaturated (right) cement pastes.

The results of material properties are summarizedable 1. The difference between the two

humidity conditions is shown in Table 1.

Tab. 1 Compression strength, modulus of elast&ity volumetric weight of cement paste with fly ash
in water saturated and dried conditions.

Conditions Dried Saturated
Compression strength (MPa) 58.07 43.20
Standard deviation (MPa) 4.502 3.868
Modulus of elasticity (GPa) 13.654 14.573
Standard deviation (GPa) 1.822 2.598
Volumetric weight (kg/m) 1439 1778

Figures 5 and 6 display results calculated withn&lage one of the specimens. Between

the graphs there are some small differences camgdide differences between the curves of

creep specimens. Principaliyie creepf a cement paste calculatedas the differenceetween the

creep andshrinkage which occurson the body. Basic creep is calculated from thegmf the dried

specimens. Théength of testing was 31 days. In the Figure 6dssible see unloading after

finishing of the test.
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Fig. 5 Basic creep of cement paste with fly aslatemdried specimens.
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Fig. 6 Creep of cement paste with fly ash — wadturated specimens.

4. CONCLUSION

The size of the basic creep for a cement paste imitrons after the period of 20 days. The

increase in deformations is continuous during thifres testing period. Measurement of the creep of

dried specimens was carried out for 18 and 25 days.

The creep of the saturated cement paste has a ewmtyptifferent progress compared with the
dried cement paste. The specimen deformationsndaieging during the first three days after theiait
loading. Then this rapid growth trend slows anddehtion has been slow. Rapid growth of the strain
in the first days reaches of 80 microns for thragsd The deformation reaches the size of 20 microns

in the slower phase of its increasing. This take®at 25 days.

100 ——————

Simulation of basic creep, specimen No.2.
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Fig. 7 Simulation of basic creep for the specimen 2
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In Figure 7, it is compared simulation of a crespleation by the B3 [8] model with measured

data. Coefficients o g, are used for describing the red curve by the mBa8gPB].
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USING OPEN-MP IN OOFEM
Michal BOSANSKY!, Borek PATZAK?

Abstract: We aim to speed-up the computation time of our free finite element code with object oriented architecture
(OOFEM) for solving mechanical, transport and fluid mechanics problems. We use OpenMP, which is an Applica-
tion Program Interface (API) for multi-platform shared-memory parallel programming in C/C++ and Fortran. We
use a set of compiler directives, library routines and environment variables that influence the run-time behaviour of
our program. We show that by parallelizing the task into several subtasks the computation time can be significantly

reduced.

Keywords: OpenMP, finite element code, parallel programming

1. INTRODUCTION

The aim of this work is to speed-up computation time in OOFEM software [1]. OOFEM is free finite
element code with object oriented architecture for solving mechanical, transport and fluid mechanics
problems. It is an efficient and robust tool for FEM (Finite Element Method) computations. We use

OpenMP API [2] to create parallel sections from the sequential OOFEM C++ code.

The OpenMP API was developed to enable portable shared-memory parallel programming. It is
widely used for the parallelization of applications in many disciplines. More specifically, in this work,

the effect of parallelization vector assembly oparations is evaluated.

This paper is organized as follows. We briefly introduce OpenMP API and its constructs in Section 2.

Our results are shown and discussed in Section 3. Finally, we conclude the paper in Section 4.

2. OpenMP

OpenMP is a programming interface that supports multi-platform shared memory multiprocessing
programming in C, C++, and Fortran, on most processor architectures and operating systems. It con-
sists of a set of compiler directives, library routines, and environment variables that influence run-time

behavior.
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Fig. 1 An illustration of multithreading, where the master thread forks off a number of threads which
execute blocks of code in parallel. Adapted from en.wikipedia.

A thread is a runtime entity that is able to independently execute a flow of instructions. If multiple
threads collaborate to execute a program, they will share the resources of the corresponding process. The
individual threads need just a few resources of their own. Threads running simultaneously on multiple
processors or cores may work concurrently to execute a parallel program. Multithreaded program (illus-
tration of which is shown in Fig. 1) can be executed in various ways, some of which permit interactions
between threads. OpenMP supports programming model which is called fork-join. The program starts
as a single thread of execution, just like a sequential program. The initial thread is the thread that exe-
cutes this code. Parallel construct is encountered by a thread while it is executing the program, it creates
a team of threads (fork), becomes the master of the team, and collaborates with the other members of
the team enclosed by the construct to execute the code dynamically. At the end of the construct, only

the original thread, or master of the team, continues, all others terminate (join).

Using OpenMP, enable us to create teams of threads, specify distribution of work among the threads,

declare types of variables (shared and private), synchronize threads and other features.

When creating teams of threads, one has to specify the parallel region by using a parallel directive
before the code that is to be executed in parallel, at the end we use an end parallel directive. Additional
information can be supplied along with the parallel directive. This is mostly used to enable threads
to have private copies of some data for the duration of the parallel region and to initialize that data.
Synchronization implicit barrier is at the end of the parallel region. No thread can process until all other
threads have finished their portion of the work. Then the program execution continues with the threads

that previously existed. One can control the number of threads that execute a parallel region.

3. RESULTS AND DISCUSSION

In this work, the focus is on parallelization of vector assembly operator and its evaluation. Nodal
forces vector is assembled in for-cycle which execution can be made faster by creating a parallel section
by splitting the loop and assign the work to individual threads. Sequential code has been modified using
parallel clauses creating parallel sections in sequential code. Different threads and related variables are

not mutually independent and therefore choice of correct parallel construction is important. Three differ-

24



Nano and Macro Mechanics 2013 Faculty of Civil Engineering, CTU in Prague, 2013, 19" September

ent parallel constructions were used. The first construction (see Algorithm 1) uses two different types of
variables (private and shared). The second construction (see Algorithm 2) utilises thread synchronisation
using critical sections, which is a part of a code that is being executed by a single thread thereby avoid-
ing mistakes which occur when two (or more) different threads access variable that is being computed.
The third construction (see Algorithm 3) (described as low level parallel programming) utilises locks
(sometimes also called semaphores) again ensuring correct synchronisation between threads. Simple

locks which lock and unlock thread only once during its execution were used.

Tab. 1 Vector assembly runtimes using two, four, six and eight threads in different constructs

Number of threads
1 2 4 6 8
Sequential construct 5.14s - - - -
Parallel for-loop construct - 324s | 1.88s | 1.51s | 1.23s
Critical sections - 324s | 1.74s | 1.46s | 1.21 s
Simple locks - 324s | 1.74s | 1.46s | 1.21 s

Tab. 2 Vector assembly speed up times using two, four, six and eight threads in different constructs

Number of threads
2 4 6 8
Parallel for-loop construct | 1.90s | 3.26s | 1.51s | 391 s
Critical sections 1.90s | 340s | 3.68 s | 3.93 s
Simple locks 1.90s | 340s | 3.68s | 3.93 s

The number of parallel threads depends on hardware that is being used for computation. In our
case, we have used eight core processor, meaning maximum of eight threads could run simultaneously
effectively. Vector assembly durations using two, four, six and eight threads are given in Tab. 1 and
speed up times in Tab. 2. It can be observed that time needed for this calculation is reduced significantly
as number of threads gets bigger. Anyway are the gain of the speed up time and number of used threads
not proportional. The more threads are used the less is the gain of the speed up time. This fact is caused
by the maintenance of increased number of threads and and by the using of critical sections and simple
locks. Nevertheless is clear that numerical calculations of mechanic problems can be made significantly

faster using OpenMP platform — when hardware is used more effectively.

Algorithm 1: Parallel Construction - for-loop Construct

omp_set_-num_threads(number_of threads);

# pragma omp parallel for shared(...) private(...)

for number_of_nodal_points do
| assembly of a vector of nodal forces

for number _of_nodal_points do
| operations on the vector of nodal forces
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Algorithm 2: Parallel Construction - Critical Sections

omp_set_-num_threads(number_of threads);
# pragma omp parallel for private(...)

for number_of_nodal_points do
| assembly of a vector of nodal forces
# pragma omp critical

for number_of_nodal_points do
| operations on the vector of nodal forces

Algorithm 3: Parallel Construction - Simple Locks
omp_init_lock(&my_lock);

# pragma omp parallel

{

# pragma omp parallel for

for condition do
omp_set_lock(&my_lock);

# pragma omp parallel for

for condition do

omp_unset_lock(&my_lock);
omp_destroy_lock(&my_lock);

4. CONCLUSION

In the presented work, we use a set of compiler directives, library routines and environment variables
of OpenMP that speed-up the run-time of our OOFEM program. We show that by parallelizing tasks into
several subtasks the computation time can be significantly reduced. In future work, we plan to speed-up
computation time in our OOFEM software even further by parallelizing corresponding sections of the
code using OpenMP.
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BIOMECHANICAL ANALYSIS OF CONSOLIDATION AND
OSSIFICATION PROCESSES OF THE BONE REGENERATE
DURING LONG BONES LENGTHENING BY DISTRACTION

OSTEOGENESIS METHOD

FrantiSek DENK?, Miroslav PETRTYL?, Radek MYSLIVEC?, Ivo MARIK*

Abstract: Elongation of long bones is currently the most often performed by distraction osteogenesis method.
After osteotomy of the diaphysis and bone fragments stabilization by external fixator the formed callus in
interfragmental gap is sequentially stretching during the treatment process of gradual extension. Continuous
optimization of the treatment plan during active elongation and neutral fixation can make a key contribution to
the quality of bone tissue formation and consolidation, the appearance of a full bone, and significantly treatment
time reduction. To optimize the treatment plan parameters the biomechanical study of bone regenerate behavior

was prepared according to various criteria in characteristic stages of its consolidation and ossification.

Keywords: elongation, distraction osteogenesis, biomechanical processes, bone regenerate ossification,
interfragmental tissue

1. INTRODUCTION

Presented study involves the partial results of biomechanical analysis of the genesis, consolidation
and ossification processes of interfragmental tissue according to several criteria in case of long bones
lengthening by distraction osteogenesis method. Extension of the diaphyses in children and

adolescents is achieved by planar osteotomy followed by gradual mutual distraction of the opposite
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vital bone fragments. Controlled stress and strain changes initiated by external effects, which very
effectively regulate the rate of healing and formation of new bone tissue support structures
simultaneously with adequate development of elastic and viscoelastic properties, are very important
for the development of quality interfragmental tissue [1].

Within presented study an evaluation of detailed radiographic analysis of the bone regenerate
development is performed in a group of patients during periods of active elongation and neutral
fixation. Interim results are combined with theoretical numerical simulations of homogeneous and

inhomogeneous volume development of callus in various stages of new bone tissue formation process.

2. RADIOGRAPHIC ANALYSIS OF BONE REGENERATE

Radiographic analysis of the bone regenerate development during the elongation and consolidation
process evaluates a total of 26 tibia and 11 femurs of 14 elongated patients with achondroplasia (the
age range 6-16 years, 10 men and 4 women) and total of 14 tibia and 3 femurs of 12 elongated patients
with unilateral hypoplasia (the age range 2-23 years, 4 men and 8 women) [2].

2.1 EVALUATION OF DATA SET

The average final prolongation in patients with achondroplasia was 72.8 mm on tibia and 78.7 mm
on femur and in patients with unilateral hypoplasia 62.5 mm on tibia and 68.0 mm on femur. A
comprehensive assessment involves determining of the callus geometric criteria CDR (Callus
Diameter Ratio), i.e. the criterion of the mutual proportion of the narrowest part of callus to the
osteotomy level on the tibia or femur in radiographic 2D projection, with regard to the prediction of
the bone regenerate collapse possibility after fixation extraction based on extensive statistical
evaluation of data sets [3]. Cases of the average CDR criteria achieved values of less than 85% mostly
lead to the deformation or collapse of the bone regenerate. In evaluating set the deformation or
collapse of the callus was detected in all cases at 5 tibia and 2 femurs with CDR < 85% in patiens with
achondroplasia (19% of all patients), and at 6 tibia and 2 femurs with CDR < 85% of patients with
unilateral hypoplasia the callus collapse occurred in cases of 5 tibia and 1 femur (total of 35% of
patients). In other cases, with CDR criteria values > 85%, there has been a successful genesis of new

bone tissue without any complications.

2.2 ANALYSIS OF CALLUS DEVELOPMENT DURING TREATMENT

Specific case of successful extension of the left tibia in the patient without achondroplasia (woman,
6 years) with a total treatment time of 200 days was chosen for detailed radiographic analysis of the
running of interfragmental tissue formation and ossification during the active elongation and neutral

fixation period (Fig. 1).
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Radiographic evaluation of the callus development process from the elongation beginning is carried
out by the treatment program analysis with corresponding detailed review of 2D projection images at
different stages of treatment (Fig. 2, 3) [4]. The evaluation includes the monitoring of overall

regenerate shape, detailed morphology and structure at characteristic stages of regeneration.

Fig. 1. 65 mm extension of the left tibia using the llizarov apparatus, left: tibia 3 months after
osteotomy, 1 month after the end of elongation, left limb, A/P and L projection, right: tibia 6 months

after osteotomy, 1 month after extraction of external fixation, both limbs, A/P projection
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Fig. 2. Analysis of the treatment program
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7
i

Fig. 3. Detail of interfragmental tissue formation, from left side: callus after

25 days, 88 days and 200 days from the beginning of treatment

3. NUMERICAL VERIFICATION OF INTERFRAGMENTAL TISSUE FORMATION

Numerical part of biomechanical study of bone callus genesis includes the simulation of new bone
tissue formation in interfragmental space at individual stages of treatment program. The analysis is
prepared in relation with the part of radiographic evaluation of a 65 mm tibia extension particular case
for a detailed 3D analysis of individual characteristic bone tissue formation sub-stages during healing

process, especially in the period of active elongation.

Computational process is executed using a 3D FEM model in ANSYS APDL environment. In this
work, an alternative solution is made by a single iteration step, which corresponds approximately to
the time around 30-th day of treatment process (active elongation period). Distribution of hydrostatic
and deviatoric components of stress fields in the sagittal section under the tensile deformation load of
vital bone fragments (represented by 10 mm value of the mutual movement) is the basis for the

evaluation of volume and internal callus tissue structure temporal changes (Fig. 4).

The secondary objective of the numerical verifications is analysis of the bone regenerate behavior
and redistribution of stress and strain states according to the change of external interfragmental tissue
borders. The study takes into account the initial shape of the callus formed immediately after
osteotomy and without depending on external biomechanical influences, and the shape changes

initiated by biomechanical processes during extension, consolidation and ossification processes.
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Fig. 4. Sagittal section of callus, distribution of principal stress ¢; (MPa),
fragments without (A) and with (B) intramedullar canal, with characteristic
(1) hypertrophic, (2) cylindrical, (3) concave, hypotrophic, (4) central, very

hypotrophic shape of callus

4. CONCLUSION

The results of performed analyzes can be recapitulated into the following interim conclusions,
which will be, in solving of other phases of prediction problem of bone regenerate biomechanical

properties during long bones elongation, the subject of further detailed verifications:

@ The radiographic and numerical analyzes of the development of the bone regenerate external
geometry shows that the shape changes of borders occurs as a result of temporal changes of stress-
strain states and material properties of intefragmental tissue throughout the treatment period. While
immediately after osteotomy the callus can be generally characterized mostly as a hypertrophic, during
the following phases in medial zone the loss of incurred granulated tissue occurs. The relatively rapid
volume reduction is also evident in periosteal localities of callus near the bone shaft fragments.
Simultaneously we can say that the interfragmental tissue can be approximately till 30-th day of
treatment characterized as a homogeneous and isotropic (with elasticity modulus of approximately E =
1,0 MPa), corresponding to the advanced stage of granulation tissue with the beginning of fibrotisation
(phase 1 of the active elongation period). The second phase of active extension period is typical by an
inhomogeneous development of highly oriented fibrous tissue with the early local consolidation
(ossification). In the neutral fixation period the volume re-expansion can conversely occurs, especially
in medial zone of regenerate, as a result of very intensive consolidation and ossification of
interfragmental tissue (due to increase of stress values and decrement of deformations). Within

inhomogeneous development of callus tissue is in volume also apparent the regulation of tissue
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structure organization to genetically predetermined shape of diaphysis, including the restoration of
intramedullary canal. Radiographic evaluation of entire data set also confirmed that the improving of
the bone regenerate geometry occurs in the following approximately 6 months after external fixator
extraction, this phenomenon is called the peripheral lateral drift corticalis.

(2 Decrease of callus tissue toward the longitudinal axis of the diaphysis is characterized as
Hypotrophic drift (HD). Loss of the granulated tissue in the medial zone of callus is a consequence

of the dominant tensile stress effect during extension process (Fig. 5).

phase of active elongation phase of neutral fixation
callus formation term callus consolidation term

compact bone

intramedullar gap

callus volume

level of osteotomy, sym. | 1 |

‘ f
|

hypotropfic drift peripheral drift
periosteal reduction intramedullary canal restoration

Fig. 5. Schematic sagittal section of the proximal half of the callus, the

consequences of hypotrophic and peripheral drift on bone regenerate

direction of intramedullar
canal restoration

main directions of fibrous
tissue growth zone of initial resorption

zone of delayed
ossification

zone of relatively
faster ossification

focal points of high organized _/
fibrous tissue formation initial callus boundary |
tissue orientation ossificated callus boundary

main directions of fibrous zone of punctuated
tissue growth ossification

level bf;teotmy, sy_m.

Fig. 6. Schematic sagittal section of the proximal half of the callus, left:
kinetics of fibrous tissue formation, right: division of the section into the
zones of inhomogeneous ossification

32



Nano and Macro Mechanics 2013 Faculty of Civil Engineering, CTU in Prague, 2013, 19™ September

3 The increase of the ossified tissue volume in the medial zone of callus away from the
longitudinal axis of the diaphysis is called Peripheral drift (PD). Positive hypertrophy of the bone
regenerate takes place only in case of hypotrophic callus during consolidation and ossification
processes (Fig. 5).

4 Depending on the stress-strain states analysis and radiographic classification the proximal half
of the callus can be divided into zones with different development of interfragmental tissue, sites with
dominant production of organized tissue structures and with prediction of their expansion directions
(Fig. 6). During the gradual elongation of the diaphysis, respectively, in the course of the mutual
distraction of bone fragments the characteristic phenotypes of tissue structures, i.e. the sites with
dominant representation of mutually different cell populations and of the various degrees of
intramembranous ossification are formed in the regenerated space of callus. These in-time metabolic
(biochemical) different zones are continuously interconnected. With regard to the production of tissue
phenotypes in different parts of the bone regenerate volume the proximal half (at 4-th up to 6-th week

after osteotomy) can be horizontally divided into three main zones:

= Zone of punctuated ossification (ZPO), mostly represented by the highly organized fibrous
structure. The locality is from the biomechanical point of view characterized by greatest
changes of the strain in axial direction of the diaphysis, especially in the surface layers of the

callus medial zone.

= Zone of delayed ossification (ZDO), i.e. the locality of callus with less advanced
osteogenesis due to the greatest changes of the stress state during the running of consolidation
processes. The zone is in the immediate vicinity of the bone fragment surface of the diaphysis
and is characterized by a vast presence of fibroblast and osteoblast populations, but without

the production of osteoid.

= Zone of relatively faster ossification (ZFO) is locality of the most advanced osteogenesis,
which is caused by comparatively time-stable distribution of stress and strain throughout the
cross-section creating suitable conditions for the acceleration of intramembranous ossification

and osteoid formation.

5) The foregoing evaluation and assessment of the callus development running within the bones
lengthening process forms the basis for preparing the detailed analysis of the bone regenerate behavior
(formation, consolidation and ossification) throughout the treatment period and subsequently for
creating an effective tool for classification and coordinated optimization of treatment program in

connection with the application of new, electronically controlled, extension apparatus [5].
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Fig. 7. Detailed analysis of the bone regenerate development during
treatment period according to various criteria
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EXPERIMENTAL INVESTIGATION OF CONCRETE
SPECIMENS FATIGUE PERFORMANCE UNDER SEVERE
ENVIRONMENT

Jakub GORINGER?, Marek FOGLAR 2

Abstract:Due to the research in concrete materials modeynctete structures could be and are more slender.
For structures subjected to cyclic loadings it medigher stress ranges and thus higher probabdityatigue
failure. These types of structures are often lottateplaces with severe environment (bridges, craiaeks in
chemical plants etc.). The paper presents an exparial research focused on the coupled damageestth

structures. Damage due to cyclic loading interagith damage due to aggressive environment.

Keywords:Concrete, Fatigue, Aggressive environment, Daflest

1. INTRODUCTION

Nowadays concrete is one of the most widely useittibg materials for different kinds of
structures. Along with the improvement of its prdjgss, particularly its strength is possible toigas
slender and light structural elements. These mosgguttures exhibit higher stress concentration and
also in the case of cyclically loaded structureghri stress ranges against the dead loads. Hence
higher vulnerability to fatigue failure can be as&ad. Many common structures are exposed to cyclic
loading e.g. bridges and crane tracks. Both of ghsisuctures are often located in aggressive

environment (de-icing salts for road maintenanbenacal plants).

Fatigue can be defined as a process of permanegtessive changes in the structure of material
subjected to cyclic loading. Fatigue is dividedthg number of cycles during the life-time to low-
cycle fatigue (up to 1,000 cycles), high-cycledag (up to 10,000,000 cycles) and nowadays super-
high cycle fatigue (up to 5xi@ycles). The influence of fatigue on changes itemial structure and
their descriptions have been studied by many astfib8]. Approach set out in [1-3] is based on
usage of experimentally obtained stress-strainrdrag of concrete subjected to cyclic loading. These

approaches are easy to use in common practice rosifople implementation into the FEM
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solvers.Their disadvantage is the inability to cagptthe complex behavior of concrete under cyclic
loading. More sophisticated approaches are basesdmimuum damage mechanics. From this group,
one type is models based on usage of boundingcasfty 5]. The bounding surface models are
defined for example in [10]. The second type of timered approaches [6-9] is damage and damage-

plasticity models.

It is appropriate to mention the analytical modssed on experiments. The influence of changes
in the material caused by cyclic loading on theledgions of concrete samples, or structures was

developed by Holmen [11]. This approach was furtheended by Foglar [12].

The influence of aggressive environment can beddiviinto two types of deterioration mechanism,
mechanical —agents contained in aggressive envenherystallize in the pores of the material and
cause pore pressures and consequently lead torthatfon and propagation of cracks in the material
matrix, chemical — the material is exposed e.@cid solution which reacts with concrete components
and successively weakens composition of the bintlee. phenomenon of chemical deterioration has
been extensively investigated with regard to tHeotfof acid rain on concrete structures in [13-17]
The influence on the properties of concrete foiotar concentrations of acids was investigated & [1
19]. All mentioned researches investigated theuarite of aggressive environment for commonly
used mechanical material properties — compressirength, flexural strength and modulus of
elasticity; in [18] the influence on increase ofgsity was examined. Concrete mix design influence

on resistance to aggressive environment was imatet by Girardi et al. [20].

Based on the mentioned researches it is cleabtithtareas of material damage (fatigue caused by
cyclic loading, deterioration due to the aggresswironment) arewidely explored. However, the

interaction of these two adverse effects has niobgen properly quantified.
2. METHODOLOGY

2.1. AGGRESSIVE ENVIRONMENT AND ITS DEFINITION

Due to the necessity to use approaches given iatds for common practice it is appropriate to
define aggressive environments according to theentirstandards. In Europe, set of EN standards
provides definition of aggressive environment fonerete structures in EN 206-1 [21] as can be seen
in Tab. 1.

Tab. 1 Exposure classes for chemical attack acogrth EN 206-1 [21]

Chemical properties| XAl XA2 XA3
Aggressiveness Weak Medium Strong
pH 55-6.5 45-55 40-45
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In the EN set for design of concrete structuresoisfurther differentiated to which type of acidic
solution the structure is exposed. From the viewpaf conventional chemical aggression the
solutions from EN 206-1 are weak. The value of pB dorresponds to concentration of tans,
which cause the acidity of solution,.s10*mol/dnt. For better understanding it is worth mentioning
that the juice of oranges or apples has a pH ar@®dWith regard to the cementitious materials,
which pH is around 12, the environment prescrilmeIN standards is very aggressive.

In developed experimental program is consideredelation to EN 206-1 with an aggressive
environment consisting of hydrochloric ackdGl) solution of pH 4.0.

2.2. CHEMICAL DETERIORATION OF CONCRETE

Together with the chemical composition of matettia rate of chemical deterioration of concrete is
primarily affected by the concentration of iéns, the pH value as mentioned in the previogtice
and demonstrated experimentally in [13, 19]. As @nndeteriorative reaction which weakens the
composition of binder, the neutralization definedequation (1)can be assumed. The dissolution of
ferrite or aluminate hydrates occurs at lower valoepH and in a lesser extent than the dissoludfon
calcium hydroxideCa(OH)). This assumption will be experimentally verified.

2HCI +Ca(OH), = CaC} + 2 H, C (1)

With the depletion of calcium hydroxide from thencecete surface layers it can be assumed that the
rate of deterioration of the concrete ceases farinearily dependent on the solution pH and thatilit
switch to the diffusion phenomenon that is maimifiuenced by the concrete diffusivity. Scheme of

expected chemical processes is shown in Fig. 1.

Corroded layer ||

Increasing
porosity

!

(Acid)

T

Aggressive environment

2H  Ca” Fe" AlI"
+2H0
2X Pore solution

Fig. 1 Scheme of chemical deterioration procesga$ [

2.3. PROBLEM FORMULATION

Assume that the major effect on the strength ofcibrecrete has a content of calcium hydroxide
(CaO) in the cement, which during the hydration procgissnges to hydration products. When using

the known concrete mix design it is possible teedaine the initial concentration of Egons and
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thus determine the maximum capacity for neutrabratrom the amount of cement and its content of

calcium hydroxide [22].

To determine the kinetics of reaction it is appiaigrto use the rate equation, which in the case of

neutralization according to equation (1) has thiedang form:

dc. .
——2a = 2
dt kCaCH a ( )

wherec, = concentration of calcium in reactiam, = concentration ofi“ions, ke, = rate constant.

With the experimental measurements it is possibledtermine the reaction order+ £ which
classify the reaction and rate constant. In thee,cizat the proposed mechanism is correct and
corresponds to the experimental data set, it isiplesto use the relation established in equa@)riar
further calculations e.g. loss of calcium. Due ételnogeneity of concrete and uncertain input data i
appropriate to determine the kinetics of reactiemag additive properties, for example the change of

pH over time.

Due to the low solution concentrations the caleoatof rate of calcium dissolution using the
change of pH value over time can be subjecteddaibtertainty. In this case it is possible to werif
the calculations with mass spectrometry and detexrtiie concentration of componen@a( Fe, Al

in aggressive solution.

If we return to the assumption that the total amiafnCaO in mixture affects the compressive
strength of concrete it is possible to developrtiationship between time loss 68 ions from the
material matrix due to aggressive environment agatahse of compressive strength. The result of the
chemical deterioration process is primarily frons tiiewpoint the reduction of compressive strength.
By increasing the porosity of the matrix due to teterioration it is possible to expect reduction i
other material properties — modulus of elasticignsile strength, flexural strength, as presented i
[13-19].

For a description of fatigue deterioration the cosspive strength is used in all previously
mentioned approaches for modeling fatigue damagereguisite for coupled deterioration due to
aggressive environment and fatigue caused by cladiding is to combine reduction of compressive
strength of both damage components. The principieteraction of both types of damage can be seen

in Fig. 2.

To develop and verify an approach to describe nteraction of fatigue and material deterioration
authors are currently considering three possibfgagezhes based on fatigue damage behavior. The
first possible approach is an extension of stréssasdiagram of concrete subjected to cyclic logdi
[1-3]. The second approach is based on [4] withsaga of continuum damage mechanics. For

common practice the analytical approach based bnll] appears to be the most usable.
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Fig. 2 Principle of interaction of damage comporsetitie to fatigue and material deteriorat
3. EXPERIMENTAL PROGRAM

3.1. CONCRETE SPECIMENS

For the proposed lonigrm experimental program reinforced concrete specs were designe
The strength class of concrete C2-X0 with low grade of resistance against the infleerof
environment was intentionally chosen to increaseeffect of the agessive environment. Three tyy
of specimens will be made; beams with dimension8aix150x1.300 mm for cyclic loading, thre
beams for each cyclic beam with dimensions ofx100x400 mm for determining the modulus
elasticity, flexural and compressivtrength, and one cube per set with dimensions 6x150x150
mm for preset of modulus of elasticity experimeAll these specimemsets will be stored in dry «

aggressive environment proposed in sectior
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The specimens for cyclic loading were designedvas-einforced (616 grade B500 reinforcing
steel), thus a failure by compressive-zone crussimayld occur and the fatigue failure of concrete c

be assumed.

3.2. LAYOUT OF THE FATIGUE TESTING

The arrangement of the cyclic loading is the fooinp bending with span length 2000 mm and
overhangs of the length of 150 mm. This testingldyhas been chosen for its several advantages
which are discussed later in the section 2.3. Bxparts will be conducted in laboratories of Faculty

of Civil Engineering, CTU in Prague.

3.3. MATERIAL MODEL POINT

Two basic types of testing layout were compared. éx@luation of the crack propagation and
determination of fracture energy or fracture tousgm (material properties that are commonly
investigated in relation to fatigue of materialt)e three-point bending layout with notch is usuall

chosen.

From the perspective of the structural analysisdivey cracks are crucial for acceleration of the
deteriorative effects of the aggressive environméfdterial point in the presented experiment is
therefore a zone subjected to pure bending (decsetpto tension) without the influence of shear.
According to this approach, the four-point bendiagput corresponds to the mentioned assumptions.
The localization zone between the loading forcesxjgosed to pure bending. Due to the absence of
a notch it can be assumed that the concentrationaximal normal stresses occurs at the point of
maximal material deterioration. This correspondgh® behavior of common structures and therefore

it is used in the experimental program. The ab@sxdbed principle is illustrated in Fig. 2.

The purpose of the experimental program is to ereet analytical tool usable for a common

practice, not a sophisticated material model famaaded 2D / 3D-FEM simulations.

common concrete structure scheme testing layout
-
material point 2 \ AV
/ damage zone 7 damage zone
M localization

HM @\IH\ r(!\\ e
N

bending cracks

| | 3
2 - LT

Fig. 4 Four-point bending arrangement and localiaatzone principle
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3.4. DEFLECTION MEASUREMENTS

Two types of deflection measurements will be pented within fatigue testing. The first type —
static deflection measurement which took place damlr of the cyclic loading (circa 18000 load
cycles). The second type - dynamic deflection mesamsant which will be carried out during the

fatigue testing at least once between two stafiecteon measurements.

4. CONCLUSION

This paper described starting long-term experinieptagram focused on interaction between
aggressive environment and cyclic loading. Firstly paper presents review of approaches used to
describe the behavior of fatigue damage due toiccyohding and some experimental programs
focused on material deterioration due to aggressiwéironment, mostly acidic environment. It
continues with the proposition of new approach ¢ésatibe the coupled problem of both types of

deterioration which will be based on forthcomingperimental program.
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POLYNOMIAL CHAOS-BASED QUANTIFICATION OF
UNCERTAINTY IN DESCRIPTION OF GROUNDWATER
FLOW THROUGH RANDOM MATERIALS

Jan HAVELKA', Jan SYKORA?2, Anna KUCEROVA?

Abstract: The prediction of groundwater flow is strongly influenced by the soil permeability generally varying
within the space. Determination of the spatial distribution of the permeability is, however, unfeasible and thus
the relevant uncertainties should be taken into account. One possibility is to describe the soil permeability by
a random field. The present contribution is devoted to propagation of these uncertainties in permeability into
probabilistic description of groundwater flow. The attention is paid the acceleration of the propagation using a

polynomial chaos-based approximation of groundwater flow.

Keywords: uncertainty propagation, stochastic modelling, polynomial regression, stochastic collocation, ground-

water flow

1. INTRODUCTION

This paper is focused on the modeling of uncertainties in material properties and investigates the
influence of such uncertainties on groundwater flow, described by a steady-state diffusion equation. As
a simple example, consider the following (deterministic) elliptic partial differential equation (PDE) for

the hydraulic head u(x):

V- (k(z)Vu(z)) = f(z), =z€D, (1)
u(z) = g(x), x € 0D, (2)

where r(z) is the soil permeability (hydraulic conductivity), f(x) is a given source or sink inside the

region D (D C R?) and g(x) are prescribed flows and hydraulic heads on the boundary dD.
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Consider now a system involving material variability. If the input parameter is defined as a random
field, the system would be governed by a set of stochastic partial differential equations (SPDE) and
the corresponding responses would also be random vectors of nodal displacements, see [1, 2]. Let
us formulate this for the soil permeability x(z). A random model is obtained by defining x(x) for
each z € D as a random variable x(z) : 2 — R on a suitable probability space ({2,.7,P). As a
consequence, k : D x {2 — R is a random field, where any elementary event w € () gives a realization
k(-,w) : D — R of the soil permeability. Alternatively, x(z,w) can be seen as a collection of real-
valued random variables indexed by x € D, see [1, 3, 4]. Introduction of random system parameters

into Egs. (1) and (2) we obtain the stochastic partial differential equation:

-V (/i(x,w)Vu(:v,w)) = f(xaw)v reD, (3)
u(z,w) = g(z,w), x € 9D. (4)

In order to solve this stochastic partial differential equation and obtain the approximate responses of the
system, Monte Carlo (MC) method is usually used. The effort of performing Monte Carlo simulations is
high, and hence alternative techniques have been developed, such as the spectral stochastic finite element

method (SSFEM). The interested reader is referred to [1, 5, 6] for further information.

2. DISCRETIZATION OF RANDOM FIELDS

Assuming the random field x(z,w) to be Gaussian, it is defined by its mean

wi(x) = Elr(z,w)] = /Q/ﬁ(a:,w) P(dw) (5)

and its covariance

Cu(z,2') = E[(k(z,w) — pe(@))(k(z,w) — px(a))]
= /Q(/‘»(%W) — (@) (R(2', w) = p(2)) P(dw) . (6)

In a computational setting, the random field and the numerical model must be discretized. The
most common approach for achieving this is the Karhunen-Loéve expansion (KLE), see [4]. KLE is an
extremely useful tool for the concise representation of the stochastic processes. Based on the spectral
decomposition of covariance function C;(z, z") and the orthogonality of eigenfunctions v;, the random

field k(z,w) can be written as

Q(wi) = /‘H(x) + Z \/a‘gz(w)"vbz(x)a (7)
=0
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where £(w) = (..., &(w),...)T is a set of uncorrelated random variables of zero mean and unit variance.
The spatial KLE functions v;(x) are the eigenfunctions of the Fredholm integral equation with the

covariance function as the integral kernel:

/D Crolr, o )i(2)da’ = sivhs(a) (8)

where g; are positive eigenvalues ordered in a descending order.

Since the covariance is symmetric and positive definite, it can be expanded in the series
oo
Colz, ') = Gti(x)(a’). 9)
i=1

However, computing the eigenfunctions analytically is usually not feasible. Therefore, one dis-
cretizes the covariance spatially according to chosen grid points (usually corresponding to a finite el-
ement mesh). The resulting covariance matrix C,; is again symmetric and positive definite and Eq. (8)
becomes symmetric matrix eigenvalue problem, see [1], where the eigenfunctions v;(z) are replaced
by eigenvectors ;. The eigenvalue problem is usually solved by a Krylov subspace method with a
sparse matrix approximation. For large eigenvalue problems, [7] proposes the efficient low-rank and

data sparse hierarchical matrix techniques.

For practical implementation, the series (7) and (9) are truncated after M terms, yielding the approx-

imations
M
Rw) ~ et Y vebilw)s, (10)
=1
. M
Co ~ > ¥l ;. (11)
=1

Such spatial semi-discretization is optimal in the sense that the mean square error resulting from a

truncation after the M -th term is minimized.

2.1. NUMERICAL STUDY

This section supports through numerical study the proposed methodology. In doing so we consider
geometry together with the initial and loading conditions displayed in Fig. 1. 2-D domain was discretized

by an FE mesh into 1195 nodes and 2228 triangular elements.

It is clear from the preceding text that the implementation of the Karhunen-Log¢ve expansion requires

knowing the covariance function of the process being expanded. We assume the normalized exponential
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covariance kernel described by following formula:
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C, =exp (—
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>, (12)

where [, = 5 [m] and [, = 3 [m] are covariance lengths. In practise, the correlation lengths can be
determined by the image analysis of a given material [8]. Several interesting results have been derived
within the scope of the calculation of KLE. Associated eigenvectors are collected in Figs. 2(a)-(d) and
Figs. 3(a)-(b) shows a comparison of an arbitrary realization of hydraulic field x(z) computed using all

1195 eigenmodes and its approximation 4(x) computed using only the first 100 eigenmodes.
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(d)
Fig. 2 Examples of eigenvectors 1;, (a) i = 1, (b) 1 = 10, (c¢) + = 100, (d) i = 1195

In order to choose an appropriate number of eigenmodes, a relative pointwise error of input fields

averaged over all finite elements and over independent random realizations was computed. A similar
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Fig. 3 The hydraulic conductivity field computed using, (a) only the first 100 eigenmodes, (b) all 1195
eigenmodes

error can be also computed in terms of response fields. These errors as a function of the number of
eigenmodes M involved in the description of input fields are depicted in Fig. 4. It can be seen again
that the error in description of input fields is decreasing slowly, while the error in the response fields

descends much faster due to the smoothing effect of the numerical model.
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Fig. 4 Relative mean point-wise error (%), (a) of the input hydraulic conductivity field and (b) of the
overall responses induced by KLE approximation based on M eigenmodes

3. SURROGATE MODEL

While the KLE can be efficiently applied to reduce the number of random variables, construction
of a surrogate of the computational model can be used for a significant acceleration of each sample
evaluation. Here we employ the stochastic collocation method [9] to construct the surrogate model

based on polynomial chaos expansion (PCE).

According to Eq. (10), all model parameters are described by M independent standard Gaussian RV's
Ew) = (E1(w), ..., Ear(w))T. Hence, the discretised model response w(€(w)) = (..., u;(E(w)),...)T
is a random vector which can be expressed in terms of the same RVs &(w). Since &(w) are independent

standard Gaussian RVs, Wiener’s PCE based on multivariate Hermite polynomials—orthogonal in the
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Gaussian measure—{ H,,(§(w))}ac.7 is the most suitable choice for the approximation @(&€(w)) of the

model response u(&(w)) [10], and it can be written as

w(E(w) = ) uaHa(€(w)), (13)

acJ

where u,, is a vector of PC coefficients and the index set J C N(()N) is a finite set of non-negative integer

sequences with only finitely many non-zero terms, i.e. multi-indices, with cardinality | 7| = R.

3.1. STOCHASTIC COLLOCATION

Stochastic collocation method is based on an explicit expression of the PC coefficients:

thgs = / wi(€) Ha(€) dP(£) (14)

which can be solved numerically using an appropriate integration rule (quadrature) on R"¢. Equation

(14) then becomes

N
Uai = Y ui(€5) Hal€5)wy (15)
j=1

where & stands for an integration node, w; is a corresponding weight and NV is the number of quadrature
points. Here we employ versions of the Smolyak quadrature rule, in particular quadratures with the

Gaussian rules as basis for normal distribution and nested Kronrod-Patterson quadrature rules see [11].

The quality of a PC-based surrogate model depends on the number M of eigenmodes involved in
KLE describing the fields of material properties as well as on the degree of polynomials P used in
the expansion Eq. (13)*. Figure 5 shows the error estimate £(u) computed for different numbers of
eigenmodes M and for the polynomial order P = 2, 3,4. Here, the response fields ©«® are computed
by the FEM based on one realization of the KLE of the parameter fields (further shortly called FE
simulations) and the response fields u’ are obtained by evaluation of the constructed PCE in the same
sample point. The solid lines represent the error induced by PC approximation and the KL approximation

of the parameter fields.

* We assume the full PC expansion, where number of polynomials R is fully determined by the degree of poly-
nomials P and number of eigenmodes M according to the well-known relation R = (M + P)!/(M!P!).
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Fig. 5 Errors in approximation of the the hydraulic head induced by PCE and KLE as a function of
number of eigenmodes, (a) mean, (b) variance.

4. CONCLUSION

This paper presents the stochastic numerical study of groundwater flow in random media under
steady-state conditions. For a sake of simplicity, the random fields representing the heterogenity of

porous media are assumed to be Gaussian.

The surrogate model based on the stochastic collocation and the polynomial chaos expansion is in-

troduced as a promising alternative to the very computationally exhaustive Monte Carlo technique.
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DEFICIENCIES OF THE
MICROPRESTRESS-SOLIDIFICATION THEORY

Petr HAVL ASEK?, Milan JIR ASEK?

Abstract: The microprestress-solidification theory is a widely usedamal model for concrete creep and shrink-
age. It describes these phenomena at the material point éackis capable of capturing the effects of variable
humidity and temperature. However, it turns out that thisdelchas several essential deficiencies, which are

presented and analyzed in this contribution.

Keywords. Creep, shrinkage, concrete, numerical modeling, micrsjpess, solidification

1. INTRODUCTION

The microprestress-solidification theory (MPS) [1], [2hisvidely used material model for concrete
creep and shrinkage. Up till now, the first paper on the MPShie@s cited in Scopus 185and the
second one (extension for temperature effects}.4@espite of its popularity and recognition, this

model suffers from several essential deficiencies whiclpesented in this paper.

2. DESCRIPTION OF THE MATERIAL MODEL

The MPS model does not use the “average cross-sectionabiagipexploited by many other models
for concrete creep and shrinkage (B3/3.1/4, ACI 209, GL260D but instead works at the “material
point” level. This allows for a more accurate and realis#sdription of the stress distribution in the

concrete member.

The complete constitutive model can be represented by t@obical scheme shown in Fig. 1. It
consists of (i) a non-aging elastic spring, representistpimaneous elastic deformation, (ii) a solidifying
Kelvin chain, representing short-term creep, (iii) an ggitashpot representing long-term creep, (iv) a
shrinkage unit, representing volume changes due to dr{i@ unit representing thermal expansion,
and (vi) a unit representing cracking. All these units arenaxted in series, and thus the total strain is

the sum of the individual contributions, while the stressitmitted by all units is the same.

YIng. Petr Havlasek, Department of Mechanics, Faculty oflGngineering, Czech Technical University in
Prague, petr.havlasek@fsv.cvut.cz

2 Prof. Ing. Milan Jirasek, DrSc., Department of Mechani€aculty of Civil Engineering, Czech Technical
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Fig. 1 Rheological scheme of the complete hygro-thermdiardécal model

Further description of the material model can be found in[A).

The material model was implemented into the finite elemeokage OOFEM [3, 4, 5], which was
used to run all numerical computations. All examples hawnlyen as a staggered problem, with the

moisture transport analysis preceding the mechanicaysisal

3. EXPERIMENTS OF BRYANT AND VADHANAVIKKIT (1987)

3.1. EXPERIMENTAL SETUP

Reference [6] presents shrinkage and creep data of prisauad “slab” specimens. Effects of the
specimen size, shape and age at loading on creep and steihkag been examined. All specimens
were made of the same concrete mixture composed from: 396°kof ordinary Portland cement,
183 kg/n? of water (w/c = 0.47), 1667 kg/frof coarse aggregates, and 318 k@mhsand (a/c = 5.09).
The concrete mixture contained no additives. The 28-dayptessive strength determined on 150

300 mm cylinders was 50.1 MPa, and the modulus of elastiéitg &Pa.

The mold was removed after two days and the specimens werediothe controlled environment
room with relative humidityh.,, = 95% , which was dropped té.,, = 60% after 6 days. The
temperature was kept throughout the experiment &€2Creep specimens were loaded by external or

internal bars causing a compressive stress of 7 MPa.

All faces of the companion sealed specimens, 4 faces of thb™specimens, and 2 parallel faces
of the prismatic specimens were sealed with a 0.035 mm tHigkiaum foil. The sealing had failed
after approximately 300 days. This failure had a signifidamtact on sealed specimens (failure is
accompanied by sudden increase in creep rate and shrinbaigenly a partial effect on slab segments
which had by the time of sealing failure already partialliedrout. All sealed specimens had the size of
150x 150x600 mm, drying specimens (prismatic and waltxDx4D with D = 100, 150, 200, 300 or

400 mm.

Experimental results for basic creep are shown in Fig. dnkage in Fig. 3, and creep of drying

specimens in Figs. 4 and 5.
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3.2. NUMERICAL SIMULATIONS

First, it was essential to determine parametgrg, controlling the basic creep. The first estimate
was based on the empirical formulae of the B3 model which lisedlue of the compressive strength
and concrete mixture. However, this prediction overesim#he effect of aging and also gives a too
low viscoelastic compliance (see Fig. 2a). In order to get@eptable agreement with the experimental
data it was necessary to modify parametgrs;s while parameter, controlling long-time creep was
kept at its original value (see Fig. 2b for the improved fiegicted and adjusted values of parameters

q1—q4 are listed in Table 1).

Next, it was necessary to fit 4 parameters of the BaZantNajpisture transport model [7], one

shrinkage parameter, one drying creep parameter, andyfihpkrameters controlling cracking.

It has been found that the exact values of the cracking paeaméensile strength and fracture
energy) do not matter (if they are within a reasonable ramgeacteristic of the given concrete class).
What significantly matters is whether or not cracking is asst— see Fig. 6 for comparison. If cracking
is neglected, the shrinkage deformation grows faster aachies a higher final value. On the other hand
the compliance is higher if cracking is assumed; the reasdhait the compliance is computed as a
difference of the total and shrinkage strains divided bycthmpressive stress. Therefore a smaller value

of the shrinkage strain is subtracted from the total straphthis results in a higher compliance.

Since no information on humidity profiles or water loss werailable, the only option how to deter-
mine parameters of the Bazant-Najjar model was to expleiassumption of the MPS theory postulating
the proportionality of the humidity change and shrinkagaistat the material point level. The approxi-
mate values of parameters can be then obtained inverselitibyg fxperimentally measured shrinkage
curves. A trial-and-error procedure was used to calibtaésd values ankls;, on shrinkage data of a
150 mm thick slab (thick black line in Fig. 3a). The remaingrqy curves show (except the last data
point in 200 mm, 300 mm and 400 mm series) that with these patersithe agreement with the rest
of experimental data is excellent. Still reasonable is theffshrinkage data of prismatic specimens
— see Fig. 3b. The measured value of shrinkage at the age 6f@8® of larger specimens is lower
than modeled. (An approximate value ;0§ can be used in this set of simulations, because shrinkage

development is not sensitive to that value. Paramefeeplaces the produegciqy.)

Finally the remaining parametgr controlling the magnitude of the drying creep was caliltate
give the best possible agreement with the experimental imedents on a 150 mm thick drying slab
(gray long-dashed line in Fig. 4a). It seems that the “finaltre of the drying creep is captured correctly,
even though the drying creep seems to be significantly ddjdlyis delay is in the remaining cases even
more pronounced. However, the time delay of the drying cieept the biggest disadvantage. What is
striking is that the final value of the drying creep is incothg scaled with specimen size. The smaller

the specimen size the smaller is the final value of the drymegm which contradicts experimental
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observations — see Figs. 4a and b. To show this behavior i metail, the basic creep has been
subtracted from the total compliance and the resultingndrgireep and cracking strain are plotted in
Fig. 7. In this figure the red curve corresponds to the smadlescimen size and the blue one to the

biggest.

Creep of partially predried slabs and prisms is shown in%ign the first case (drying slabs, Fig. 5a),
the magnitude of the drying creep seems to be captured dgrrén the latter case (drying prisms,
Fig. 5b) the drying creep is underestimated (approx 1/2 -02tBie correct value). Naturally—in both
cases the more predried the specimen, the smaller the tilang ldetween experimental and numerically

obtained values.

All values of parameters are summarized in Tables 1 and 2.

T e T I S —
100 |+ 100 |

80 | 80 -
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J(t) [10®/MPay
3
T

40 40

20 20 -

1 10 100 1000 10000 1 10 100 1000 10000
age of concrete [day] age of concrete [day]

(@) (b)

Fig. 2 Time development of basic creep for different timelading ¢’ with a) parameters predicted
from concrete composition, b) optimized set of paramettashed line indicates the approximate time
of sealing failure (experimental data from [6])

Tab. 1 Values of parameters — structural analysis

basic creep MPS fracture
¢ 72 3 q4 ps Ksn, ft  Gr
MPa ! MPa ! MPa ! MPa ! | MPa !'day! - MPa N/m

Bryant | 9x107%  75x107°% 28x107® 6.5x10°° 5x107° 0.00195| 2 100
predict. | 18x1076 108x10~® 1.5x10°¢ 6.5x10°¢
Keeton | 14x107% 200x107% 4x107% 8x107° 3x107° 0.0022 | 2 100
cyclich | 9x107%  75x10=% 28x107% 6.5x10°° 5x107° 0.002 2 100
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Fig. 3 Time development of shrinkage strains measured otab¥ @nd b) prismsi, = 8 days; lines
correspond to the results of FE simulations, points are @rpental measurements [6]
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Fig. 4 Compliance of drying a) slabs and b) prisms of varichisknesses,, = 8 days,t’ = 14 days,
lines correspond to the results of FE simulations, poinssexperimental measurements [6]

4. EXPERIMENTS OF KEETON (1965)

4.1. EXPERIMENTAL SETUP

The technical report [8] presents shrinkage and creep dedguned on cylindrical specimens of three

different sizes and stored at different levels of relativenidity.

The specimens were removed from the steel mold after ondhierythe specimens were cured for 7
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Fig. 5 Compliance of drying a) slabs 150 mm thick and b) prid68x 150 mm loaded at different
agest’, for tg = 8 days, lines correspond to the results of FE simulationspisoare experimental

measurements [6]
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Fig. 6 Comparison of results of FE simulations of drying slaith/without cracking: a) shrinkage, b)

compliancety = 8 days,t’ = 14 days

days at 100% relative humidity. The height of each cylindas\8« its diameter. Strain measurements

were made in the central portion of the specimens.

The exact concrete composition is somewhat unclear. Thafeggecement content was 452.4 kg/im

aggregate content 1689.9 kg/rand water content 206.95 kglmwhich corresponds ta/c

~
~

0.46,

but the report specifies this ratio to be 0.32. After 28 daysuing ath.,, = 100%, the compressive
strength was 45.16 MPa and Young’s modulus 27.23 GPa.
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Fig. 7 Drying component of compliance of a) slabs and b) psisth = 8 days,t’ = 14 days, lines
correspond to the results of FE simulations, points are @rpental measurements [6]

Tab. 2 Values of parameters — transport analysis

Bazant - Najjar
Cl (&7s) hC n
m?/day - - -
Bryant | 40x10~% 0.18 0.75 10
Keeton | 60x10°% 0.04 0.8 6
cyclich | 40x107% 0.18 0.75 10

4.2. NUMERICAL SIMULATIONS

A similar procedure as in Section 3.2 was applied also in #se of Keeton’s data. Parameters of the
BaZant-Najjar transport model and the shrinkage coeffidig, were calibrated to match experimental
data measured on 4-in diameter cylinder exposed to dryifg%t relative humidity (middle line in
Fig. 8b). Shrinkage ak.,, = 50% of 3-in (Fig. 8a) and 6-in (Fig. 8c) cylinders is also capture
correctly, but in all cases shrinkage at lower relative Hlityi(he,, = 20%) is overestimated and

shrinkage at higher relative humiditi{., = 75%) is underestimated.

All parameters are summarized in Tables 1 and 2.

5. RESPONSE TO CYCLIC HUMIDITY

In the majority of concrete structures, concrete is subpth changes in relative humidity and tem-
perature. Due to the relatively low moisture diffusivitygily changes in r.h. affect only a very thin
surface layer, while annual cycles can penetrate deepetr.ofNg concrete exposed to ambient con-

ditions, but also laboratory specimens undergo humidity mperature fluctuations, although these
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Fig. 8 Time development of shrinkage strains of concretedgts exposed to different relative humidi-
ties,tg = 8 days,a) D=3in,b) D =4in,c) D =6 in; lines correspond to thestgts of FE simulations,
points are experimental measurements [8]

changes are smaller. Even when the specimen is placed imatelchamber, the r.h. and temperature

inevitably oscillate (e.g. in [9] the relative humidity wag + 4 % and temperaturg3 + 1.7 °C).

For these reasons, the material model describing creepraimitage should give similar results for
constantr.h. and temperature as well as for slightly fluatgécyclic conditions. Sudden changes should
of course lead to an increase in creep rate, but the effectrthfdr cycling should be damped (see e.g.

experimental results in [10] or [11]).

Fig. 9 shows shrinkage and compliance response of 100 mi wa# to cyclic relative humidity

as modeled by the MPS theory. The curing time was 7 days, thel ihumidity was 95; and the
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amplitude 2.5:. Prescribed cyclic humidity with period applied at the boundary was described by
the cosine function (with mean 925. Material parameters are almost idential to those frontiSec
3.2 and are summarized in Tables 1 and 2. In Fig. 9, the curthkeMvi= 0 corresponds to prescribed
humidity starting from 9% linearly decreasing to 927 within 0.25 day and then kept constant. This
figure shows that although the magnitude of the prescridative humidity was very small, the increase
in creep deformation is substantial, reaching almosk it compliance without cycles after one year

of loading.
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Fig. 9 Response to cyclic humidity of period T prescribedattioundary of a wall with thickness 100
mm, ¢y, = 7 days: a) shrinkage, b) compliance

6. CONCLUSIONS

The originally proposed microprestress-solidificatioadty has been found unsuitable for modeling
of drying creep and shrinkage under general conditions. riiam deficiencies are summarized with
decreasing order of importance. A modified version of the MiR®ry, which could at least partially

eliminate these deficiencies, is currently under develaopme

e The modeled drying creep is too delayed behind experiméhtperiments reported in [6], [8],

[12] and many other papers indicate that shrinkage and gligrieep occur simultaneously.

e The drying creep as modeled by the MPS theory conctradietexperiments. Using MPS, the

drying creep of large specimens is several times biggerftrasmall specimens [12].

e Drying creep is strongly influenced even by small fluctuationrelative humidity. Not only the

amplitude, but also the frequency of these fluctuationseratt

e A linear relationship between humidity and shrinkage ratssms to be too simplistic, shrinkage
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at different levels of relative humidity is not capturedreatly, e.g. [8].
e The current model does not take into account swelling, 8]g. [

¢ If the shrinkage development is calibrated on small specsythen the prediction on large mem-

bers tends to be overestimated [6], [12].

e The material model does not provide enough parameterdyachiibrate the shrinkage and drying

creep behavior (only one parameter for each affecting thgnihade).
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PREPARATION AND PROPERTIES OF ALKALI ACTIVATED
FLY ASH FOAM

Petr HLAVACEK!, Vit SMILAUER?

Abstract: This work aims at description of foams based on alkali activated fly ash. The foam is produced from
alkali activated fly ash paste by powder alumina which reacts with the alkalies from the activation solution. Hydro-
gen is released during this reaction and creates a closed-pore structure. The amount of liquid activation solution
and powder alumina has been optimized considering proper pore distribution and prescribed bulk density of the
foam. Compressive strength, flexural strength, thermal conductivity and capacity and residual strength after fire-

resistance test were measured and compared with traditional porous building materials.

Keywords: Alkali activation, fly ash, foam, compressive strength, fire-resistance

1. INTRODUCTION

The main objective of this work is to prepare the alkali activated fly ash foam (AFAF) and determine
its material properties. The mixture composition has been optimized considering pore distribution and
bulk density. The compressive strength, flexural strength, thermal conductivity and capacity and resid-
ual strength after exposure to high temperature were determined and compared with traditional porous

building materials.

Fig. 1 Alkali-activated fly ash foam, samples after fire-resistance test (reference, 500 °C, 800 °C,
1100°C).

The world annual production of fly ashes (FA) is estimated to be 600 million tons [1]. The current
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petr.hlavacek @fsv.cvut.cz
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production of FA in the Czech Republic is about 6 million tons per year [3] (the thermal power plants
release about 80 g of FA per production of 1 MWh of electric power). It is estimated that only 20-
30% of FA is secondarily used, the rest is stored on landfills/lagoons which present due to the risk of
air and ground water pollution the biggest ecological problem in the Czech Republic nowadays. Due
to those facts a suitable utilization of FA is searched. Previous research testified that fly ash can enter
the process of alkali-activation. The long term tests proved the stability of alkali activated fly ash [2].
The alkali-activated fly ash paste can be intermixed with powder alumina. Hydrogen is released during
this reaction and the closed-pore structure is created. Figure 1 shows 20x20x20 mm? AFAF cubes after

fire-resistance test.

2. MATERIALS AND METHODS

The fly ash class F from Opatovice brown coal power station, Czech Republic (Blaine 210 m?/kg)
was used as the source material for alkali activation. The chemical composition is given in the Ta-
ble 1. Powder alumina (Al) from Albo Schlenk Inc., Bojkovice, Czech Republic, product type 76013
(D50 35 pm) was used as the foaming agent.

Tab. I Chemical composition of fly ash (wt %).

Si02 A1203 FCQO?, CaO KQO TiOQ
Fly ash | 51.9 328 6.3 27 212 1.89

Fig. 2 Manufacturing of alkali activated fly ash foam.

The reaction between powder alumina and alkalies is very fast, in our case there is about 15 seconds
for stirring and casting. Due to this fact were the fly ash and powder alumina thoroughly mixed together
in dry state and liquid activation solution was added subsequently. The hand stirring took place directly
in the mold. Any different workflow led to improper pore distribution. The foaming runs for about 1-2

minutes. The forms with foam were left in ambient conditions for two hours and followingly given to
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oven for 12 hours by 80 °C. Figure 2 shows the foam manufacturing.

The compositon of the gel was taken from previous research on the fly ash [4, 5, 6]. The amount of
powder alumina was roughly estimated from known cement-based foam concrete recipes. Fine tuning
of the composition was done iteratively. The final compositions of the mixes is given in the Table 2, the

pore structure corresponding to those compositions is shown in the Picture 3. The composition AFAF 5

Tab. 2 Composition of alkali activated fly ash foam mixes. Mass needed to fill up one mold (approxi-
mately 0.1 liter). Measured bulk density of matured foam in dry state is given in right column.

Foam Mixture | FA liquid/solid NaOH water glass Al | bulk density
[g] [-] [g] [g] 2] [kg/m?]
AFAF 1 50 0.37 2.8 15.7 0.030 751
AFAF 2 50 0.38 2.9 16.1 0.030 778
AFAF 3 50 0.39 3.0 16.5 0.030 772
AFAF 4 50 0.37 2.8 15.7 0.045 700
AFAF 5 50 0.38 29 16.1 0.045 671
AFAF 6 50 0.39 3.0 16.5 0.045 626
AFAF 7 50 0.37 2.8 15.7 0.060 574
AFAF 8 50 0.38 29 16.1 0.060 521
AFAF 9 50 0.39 3.0 16.5 0.060 422

was chosen for all further experiments due to its pore size. The compressive strength was measured on
cubes 20x20x20 mm?, flexural strength on beams 40x40x 160 mm?* which were cutted from larger
pieces of matured foam. Thermal conductivity and capacity was determined on cylindrical specimens
70 mm in diameter and 20 mm thick. The fire resistance (or resistance to high temperatures) was studied
on cubes 20x20x20 mm?>. The mass and volumetric changes after exposure to high temperature were

measured and compressive strength was obtained.

Al / solid
0.06 % 0.09 % 0.12 %

liquid / solid
0.38 0.37

0.39

Fig. 3 Effect of amount of the activation solution and powder alumina to the pore distribution. Pores
fulfilled with acrylic sealant for better contrast of the image.
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3. RESULTS AND DISCUSSION

Figure 3 shows the AFAF pore structure for different mix compositions. The pore structure is very
sensitive to the viscosity of the mix. For example, when the liquid/solid ratio reaches 0.40, the foam
will be unstable due to clustering of the pores. On the other hand for liquid/solid ratio below 0.37 is the

mixture to dense to be foamed by powder alumina.

Table 3 gives the measured bulk density, compressive strength, flexural strength and thermal conduc-
tivity and capacity on AFAF. The reference material for comparison is commercially available traditional

porous material XELLA Ytong P6-650.

Tab. 3 Comparison of measured data on AFAF with reference material Xella Ytong P6-650, data from
Xella Ytong technical documentation [7]. In case of AFAF the value represents an average of at least
four measurements.

Bulk density Compressive Flexural Thermal Thermal

strength strength  conductivity capacity

[kg/m?] [MPa] [MPa] [W/m-K] [J/kg-K]
AFAF 671 6.0 1.0 0.145 1089
Ytong P6-650 650 6.5 <0.5 0.170 1000

Figure 5 shows the change of volume/mass/color of AFAF after fire-resistance test. The mass loss
of 9.3% presents the amount water, which was added to mixture in the alkaline solution. Almost all
water was evaporated already at 800 °C and no mass change occured after heating to 1100 °C. On the
other hand the biggest shrinkage/deformation increment appeared between 800 °C and 1100 °C which
is related to the gel sintering. The compressive strength and elasticity evolution is depicted in Figure 4.
The increase of compressive strength and elasticity for samples loaded by 1100 °C can be explained by

the gel sintering and increase of the bulk density.

18 1600
— 161 1400 A
& —
= ™ & 12001
g 121 =
g @ 10001
g 104 E
@ T 800
2 84 £
2 £ 600
g 61 o
Q. =
g 4 o 400
© L 200
0 T T T T 0 T T T T
80°C 500°C 800°C 1100°C 80°C 500°C 800°C 1100°C
reference reference
sample Temperature sample Temperature

Fig. 4 Compressive strength and elasticity evolution of AFAF samples after fire-resistance test. Average
and standard deviation from three measurements each.
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Relative volume/mass [-]

029 ——— Change of volume
————— Change of mass
0 L 1 L
80°C 500°C 800°C 1100°C

Temperature

Fig. 5 Relative change of mass and volume of fly ash foam after fire-resistance test. Average and standard
deviation from three measurements each.

4. CONCLUSION
The foam based on alkali activated fly ash (AFAF) was produced. The powder alumina was used as
the foaming agent. The effect of amount of liquid activation solution and powder alumina was studied.

The viscosity of the initial mix was found as the crucial factor for the foam stability.

The fire-resistance of the AFAF was testified. Mass loss, volume change, compressive strength and
elasticity was obtained. It was found that almost all mass loss occures below 500 °C. On the other hand
the biggest volume change take place between 800 °C and 1100 °C which is related to sintering of the
gel.

The mechanical and thermal properties of the AFAF were compared with the traditional porous build-
ing material XELLA Ytong P6-650. No significant difference was observed in the mechanical proper-
ties, on the other hand the AFAF shows 15% lower thermal conductivity against Ytong. The main
advantage of the alkali activated fly ash foam to Ytong and other similar materials lies in the absence of

energy-intensive autoclave-treatment during production.

The long term properties of the AFAF and its resistance to aggresive environment will be studied in

future work.
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ON CONSISTENT HYPOELASTIC MODELS

Martin HORAK!'

Abstract: Hypoelasticity is an extension of small strain elasticity to large strains. We show how to derive objective
stress rate from hyperelastic relation. However, hypoelastic law defining by stress rate derived from hyperelasticity
is only an approximation of hyperelastic behaviour. Finally, we show how to construct hypoelastic model which

can be derived from strain energy function.

Keywords: hypoelasticty,work conjugacy, objective rates

1. INTRODUCTION

In this paper we explore hypoelastic material laws. Hypoelasticity is a generalization of linear elas-
ticity. In contrast to hyperelasticity, hypoelasticity doesn’t rely on postulating of strain energy density.
The hypoelastic constitutive law is written in a rate form

$ =D:d (1)
where £ denotes some objective rate, ID is the elastic stiffness tensor, d is the strain rate tensor, and 7
is the Kirchhoff stress. The hypoelasticity has been very widely used for ad-hoc extension of a small
strain plasticity models into large strain regime. Lots of attention was paid to explore how to choose
an appropriate objective stress rate. It was shown in [1] that not every objective rate leads to correct
expression of second order work. Moreover, in [2] it was proved that some rates does not define an
elastic material, i.e. these models dissipate energy within a closed deformation cycle. Here we explore
hypoelastic models derived from hyperelasticity, derive appropriate objective rate and compare them

with rates obtained in [1] from the expression of second order work. Finally we show how to construct

hypoelastic models consistent with hyperelaticity.

" Ing. Martin HORAK, Department of Mechanics, Faculty of Civil Engineerig, Czech Technical University in
Prague, martin.horak @fsv.cvut.cz
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2. STRAIN MEASURES

2.1. LAGRANGIAN STRAIN MEASURES

A family of strain measures derived from the right Cauchy-Green deformation tensor was introduced

in [4], [5]. These generalized strain measures are defined as

%(Cm—z), it m 0

EM™ = (2)
1 .
anC, ifm=20

where I is the second-order unit tensor. In the special cases when m = 0 and m = 0.5 we obtain the
so-called Hencky (logarithmic) and Biot tensor, while for m = 1 we obtain the Green-Lagrange strain

tensor. Recall that the Cauchy-Green deformation tensor is defined as

C=FT'F (3)
and its spectral decomposition is
3
C=> M\N"®N* (4)
a=1

where F' is the deformation gradient, )\, are the eigenvalues of the right Cauchy-Green deformation
tensor, IN? are the corresponding eigenvectors, or so-called Lagrangian triad. Equation (6) can be

rewritten as

( 3
1
o d 1M, ifm#£0
a=1
Em _ (5)
1 3
§ZmAaMa, ifm=0
a=1

where M* = N* @ N?

2.2. EULERIAN STRAIN MEASURES

Similarly to the Lagrangian Seth - Hill strain measures described in previous section one can derived
Eulerian strain measures from the left Cauchy-Green deformation. These generalized strain measures

are defined as

1 . .
5 (0" =), ifm#0
el = (6)
11 b if m =
gn, ifm=20
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The left Cauchy-Green deformation tensor is defined as
b=FFT (7)

and its spectral decomposition is

3
b= Z A @ n? (8)
a=1

where )\, are again the eigenvalues of the left Cauchy-Green deformation tensor, n® are the correspond-

ing eigenvectors, or so-called Eulerian triad. The eigenvectors of C' and b are related by expression
n®=RN"‘ (9)

where R is the rotation tensor obtained from polar decomposition of the deformation gradient. Equation

(6) can be rewritten as

3

1
— > (A7 —1)m*, ifm#0
2m =

e™ = (10)

1< .
§Zln)\ama, ifm=0

a=1

where m® = n% @ n?

2.3. RATE OF DEFORMATION

We start by definition of the spatial velocity gradient

Vo=1= %F—l (11)

Symmetric part of velocity gradient is called spatial rate of deformation

d=[1+1"] (12)

| =

Skew-symmetric part of velocity gradient is called the spin or vorticity tensor

w =

[1—1"] (13)

N | =
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Writing the rate of deformation tensor in Eulerian and Lagrangian triad

3 3
i=1,j=1 i=1,j=1

where we defined rotated rate of the deformation tensor by expression

D =R"dR (15)

The expression between Lagrangian strains and rotated rate of deformation can be expressed as

A" Dij, ifi=j
N D i
ﬂQ)\i/\jDij, ifi#j and X\ #\j

J 7

where no summation is applied over repeated indices.

3. OBJECTIVITY AND OBJECTIVE RATES

The principle of material frame-indifference postulates that all variables for which constitutive rela-
tions are required must be objective tensors. It is well known that Kirchhoff stress tensor is an objective

tensor, i.e. under rigid body rotation @, Kirchhoff stress transforms as

™=Q"-7-Q (17)

However, material time derivative of the Kirchhoff stress tensor is not an objective tensor, i.e. material

time derivative of the Kirchhoff stress tensor does not transform like a second order tensor.
—~  .T . .
T=Q 1Q+Q"TQ+Q"TQ (18)

Therefore introduction of an objective time derivative is necessary. Here we introduce only so-called

corotational rates

f=F+T1 wrwl T (19)

where w is a skew - symmetric tensor. For example the Green - Naghdi rate is obtained for w = RR”

and the Jaumann for w = w

70



Nano and Macro Mechanics 2013 Faculty of Civil Engineering, CTU in Prague, 2013, 19" September

4. HYPOELASTICITY

A hypoelasticity is a generalization of linear elasticity to finite strains by rewriting stress-strain law
in a rate form

2=D:d (20)

where ID is isotropic and constant stiffness tensor and £ is again some objective rate. However, not
all objective rates provides correct expression for the second order work. Due to this fact, a class of

objective rates was proposed in [1]
+(m):+—lT—TlT+(1—%> (rd+dT) (21)

associated with an approximation of the Seth-Hill tensors EM™).

5. HYPERELASTICITY IN A RATE FORM

Hyperelastic constitutive law can derive from strain energy density W

T(m) _

ST (22)
Rate form of hyperelasticity is obtained simply by time differentiating of equation 22
7™ — pim) . ™ (23)
(m) Gl (m) in B - -
where D"/ = ———————— and the stress T"\"" and strain E\""/ are work conjugated pair. Our effort
OEM™oE™

now is to transform equation 23 to spatial description. We start with case m = 1. In this case T is
the Second Piola-Kirchhoff stress and E) is the Green-Lagrangean strain. We utilize the well know
formula

T = 17T (24)

along with the relation

(1)

E" =FTdF (25)

Substituting equations 24 and 25 into equation 23 we arrive at

FlsFT=D:F'dF (26)
After some algebra we obtain
A
TOl = C:d (27)
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where

Cijkl = JFiijanoFFlponop (28)

A . . . . . . .
and 7 = 7 — IT — 7l is so called Oldroyd rate. This result is consistent with the rate consistent with the
second order work expression (21) . Using the same procedure we can derive the consistent objective
rate for logarithmic strain. We start form the rate equation

(0)

7 —pO . & (29)

Where we denoted D(©) = % For isotropic elastic material, stress conjugated to logarithmic strain

can be expressed as

TO = R"+R (30)

and its rate

(0)

T - R'rR+ RT+R+ R'TR (31)

Substituting equations (31) and (16) into (29) leads to

’;)'GN:(C:d (32)

in the equation above Tan is the Green-Naghdi rate of Kirchhoff stress and

Dijr, ifk=1
Cijr = (33)

2D R AN, ik =1

where ﬁijkl = RimRjnRyoRipDijiy and C is the spatial logarithmic stiffness. For isotropic material
Dz’jkl = Djjri

This results differs from consistent rate obtained from equation (21). From equation (33) and (28)
follows that hyperelatic spatial stiffness tensors are not constant nor isotropic even for isotropic elas-

tic material, thus constructing of hypoelastic material models from hypoelastic framework is only an

approximation of a hyperelastic model.

6. HYPOELASTIC MODELS CONSISTENT WITH HYPERELASTICITY

To define work conjugacy for Eulerian tensors is not so simple as for Lagrangean tensors, because
unlike the Lagrangian strains, Eulerian strain e are not objective tensors. The work conjugacy can be

extended to the Eulerian objects by defining conjugacy in terms of objective rates. The Cauchy stress
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tensor o is work-conjugated to a strain tensor e(™ if they fulfill
. <&
W=T:e (34)
. . . . o(m)
where w is rate of work per unit reference volume and © is a objective rate such that e = = d There are

many possibilities how to define strain tensor and its objective rate which are conjugated to Kirchhoff

stress. Here we show two examples:

o m=—1
1/._ .
ey = 2 (F P4 FTE 1) =d—1"e"1 — -1y (35)
PGS + 1Tel=1) 4 eVl =d (36)
e m=1
.(1)_1 g ST\ 1 T Ty (1) (T
é _§<FF +FF)_§(lFF + FFTIT) = d + 1) + eVl (37)
e _ e _ W7 — 4 (38)

Hypoelastic models formulated using the ¢ rate are hyperelastic.
o <
c=D:d=D:e™ (39)
after integration of this equation we arrive at a hyperelastic stress-strain relation
oc=D:e™ (40)
which can be derived from quadratic strain energy density

W = %e("ﬂ :D:e™ (41)

7. CONCLUSION

The hypoelastic constitutive models with stress rates derived from hyperelasticity were investigated
and compared with rates derived from second order work expression. Finally, hypoelastic law consistent
with hyperelasticity were derived. Further research will focus on extension of plasticity into large strain

range using hypoelastic formulation.
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MEMBRANE STRUCTURES - DYNAMIC RELAXATION
Milo§s HUTTNER?, Ji¥i MACA®

Abstract: The purpose of this paper is to describe the basic idea of the analysis of membrane structures and
compare the efficiency of calculation using dynamic relaxation. Nine different methods of dynamic relaxation

are applied to five simple examples. Methods with viscous damping and methods with kinetic damping are used.

Keywords: membrane structure, dynamic relaxation, nonlinear analysis, triangular element

1. INTRODUCTION

The load analysis of membrane structures is geometrically nonlinear problems. Several methods
exist to solve these structures, the most common methods are: dynamic relaxation, force density
method and finite element method. Two different procedures of dynamic relaxation method (DRM)
will be used in this study — methods with viscous damping [1] and with kinetic damping (KD) [2].

1.1. IDEALIZATION

The surface of membrane structure is discretized into a system of joints and triangle membrane
elements. The edges of the triangle form the connection between the joints and they are called links.
The joints can be supported or unsupported. The equilibrium position unsupported nodes loaded of the
nodal load is iteratively searched during load analysis. There are considered large displacements of the

structure and small deformation of elements.

2. MEMBRANE ELEMENT

For a membrane structures the natural stiffness element can be used for calculation of internal
forces. The original formulation of the natural stiffness element is credited to Argyris [3] but the
formulation here follows the work of Barnes [4] and Topping [5]. For the formulation of the natural
stiffness element a triangular element is considered. This element has only in-plane stiffness so the
element formulation is with respect to displacements in the local coordinate directions. Using
equations of equilibrium, it is possible to convert the surface stress within the element into forces

along the sides of the triangle. General application of this element is described for example in [5].

! Ing. Milo% Hiittner, Department of Mechanics, Czech Technical University in Prague - Faculty of Civil

Engineering, Thakurova 7; 166 29, Prague 6 - Dejvice; CZ, e-mail: milos.huttner@fsv.cvut.cz

2 Prof. Ing. Jifi Maca, CSc.: Department of Mechanics, Czech Technical University in Prague - Faculty of Civil

Engineering, Thakurova 7; 166 29, Prague 6 - Dejvice; CZ, e-mail: maca@fsv.cvut.cz
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In this case the idealization of a typical element is as shown in Fig. 1 where the local coordinate
system is conveniently chosen such a way that the x " axis coincides with the first side. The stresses in
the element with respect to x’ a y’ directions, with o, equal to zero, are the standard plane stress

formulation for an isotropic material [6].

Fig. 1 Triangular element

The initial forces T, T, and T3 of sides 1, 2 and 3 are defined for membrane element as:

i | &C-aC  ab —apb, ]
T, U 0 0 Q % o,
T,|=Adl 0 112 0 |o ;—3 _53 o,
0
T, O b, |
L Q Q i , (1)
and
E o 1 o 0 |
oy (1_" ) (1_‘/ ) l Al,
o, |= sz E : 0 a,C, —a,C, G; G Al,
-v*) =) Q, QL Q|
Ty . . E [ab-ab b b, [Ak
L 2(1+V)__ Ql, Ql; Ql, i )

where A is the area of the element, d is the thickness of the membrane, E is the Young’s modulus of
elasticity and v is the Poisson’s ratio. Further I° is the length of the side i of the unloaded element, I; is
the current length of the side i, Al; is the elongation of the side i, a; = cos?6;, b; = sin’6;, ¢; = sin 6; cosé);

and 6, is the inclination of the side i to the local x " axis. And Q = byCs — bsC;.

The direct stiffness Sq, S, and S; of sides 1, 2 and 3 are defined for membrane element as:

5, == ©
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3. DYNAMIC RELAXATION
The theory of this method was first described by Day [1]. This theory was further developed and its
detailed overview can be found in Barnes [4], Topping [5] or Lewis [7]. Practical examples of the

application can be seen in [8, 9, 10].

3.1. PRINCIPLE

The basic unknowns form nodal velocity, which are calculated from nodal displacements. The
discretization from timeline with time step At will be performed. During the step At a linear change of
velocity is assumed. Acceleration during the step At is thus considered to be constant. By substituting
the above assumptions the velocity for joint i in direction j (X, y and z) can be expressed in a new time
point t + At/2 thus:

t
y(EAU2) (At 2) Mij /At_Cij /2 n Rij
ij ij
M; /At+C; /2 Mij/At+Cij/2, @)
where R;i is residual force (i.e. out of balance) at joint i in the direction j and at time t.
Mij is the fictitious mass at joint i in the direction j.
Cj is the viscous damping factor for joint i in the direction j.

vi " is velocity at joint i in the direction j and at time t + At/2 .

Current coordinate x (and similarly for y and z) of the joint i at the time point t + At can then be

expressed as follows:

From the imbalance (between external and internal forces) in node i one can calculate the residual

force for the corresponding node in time t.

Ritj =R _ZTitk
k : (6)

where Pij is the external load at joint i in the direction j.

Ty is the tension force in the direction j of the link k entering into joint i at time t.
The force Ty is possible for each link of membrane to be calculated from
equation (1). Note — if the Z(Tj) <0, so X(Tj) = 0.

It is also possible at each time point to calculate the kinetic energy Uy throughout the structures.
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3.2. SCHEMAS

Nine different schemes DRM will be used in this paper. Schemes A-B are based on the theory of
viscous damping [1]. Schemes C-E are based on the theory of kinetic damping (KD) with a peak in the
middle of the time step [5] and schemes F-H are based on the theory of KD with parabolic

approximation [7].
Scheme A

Discretized mass M is chosen in this schema the same for each node and all directions.

2 A 2
M :%(max S; ):%{max(z‘sjk H
X (7)

where Sy is the direct stiffness in the direction j of the link k entering into joint i and it is possible
for each link of membrane to be calculated from equation (3).
Viscous damping coefficient C for the whole structure is calculated using the theory of critical

damping [5]:

C=maxC, =max(2,/S, M, )=v8
At

(8)
Scheme A*

Fictitious values (M and C) for the whole structure are optimized (based on repeated calculations)

so that the number of iterations is minimized.
Scheme B

Fictitious values M; and C; are calculated for each joint i separately and M;= max(S)At*/2;
Si = maX(SiX’ Siy’ Siz)-

Scheme C

This scheme is based on the theory of KD with a peak in the middle of the time step. The mass for

whole structure is calculated from equation (7).
Scheme D

This scheme is similar to the scheme C, but fictitious values M; and C; are calculated for each joint i
separately and M; = max(Si)AtZ/Z; Si = max(Six, Siy, Siz).

Scheme E
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This scheme is similar to Scheme D but masses M; are recalculated after each restart of the kinetic

energy.
Scheme F, Gand H

These schemes are similar to Scheme C (respectively D and E) but it used the theory of KD with
parabolic approximation.

4. EXAMPLES

The chosen methods are applied to five simple constructions. The initial geometry (no internal
stress) is evident from individual figures. The parameters of membranes are always E = 20 MPa,
d=1mm and v=0.3. The time step is chosen At =1s in all calculations. The calculation is

terminated when the residual forces in all joints are less than 0.003 kN.

41. EXAMPLE1

It is a structure with 6 nodes (of which 2 are unsupported) interconnected with 4 membrane

elements. This structure is shown in Fig. 2. The load P;, = 3 kN acts on both unsupported joints.

Fig. 2 Topology and initial geometry of Example 1

4.2. EXAMPLE 2

It is a structure with 10 nodes (of which 6 are unsupported) interconnected with 8 membrane

elements. This structure is shown in Fig. 3. The load P;, = 1.5 kN acts in all unsupported joints.

Fig. 3 Topology and initial geometry of Example 2

79



Nano and Macro Mechanics 2013 Faculty of Civil Engineering, CTU in Prague, 2013, 19™ September

43. EXAMPLE 3

It is a structure with 8 nodes (of which 4 are unsupported) interconnected with 8 membrane

elements. This structure is shown in Fig. 4. The load P = 1.5 kN.

Fig. 4 Topology and initial geometry of Example 3

44. EXAMPLE 4

It is a structure with 15 nodes (of which 11 are unsupported) interconnected with 16 membrane

elements. This structure is shown in Fig. 5. The load P = 0.75 kN.

Fig. 5 Topology and initial geometry of Example 4

45. EXAMPLES5

It is a structure with 45 nodes (of which 41 are unsupported) interconnected with 64 membrane
elements. This structure is shown in Fig. 6. The load P;, = 0.375 kN for joints 11-17, 20-26, 29-35 and
P, = 0.1875 kN for all other unsupported joints.

Fig. 6 Topology and initial geometry of Example 5
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5. CONCLUSION

Summary of results is shown in Tab 1. (number of iterations) respectively Tab. 2 (time of solution).

Tab. 1 Summary of values - number of iterations

Schema A A* B C D E F G H
Example 1 | 139 26 139 36 36 57 37 37 45
Example 2 | 232 33 239 39 39 55 41 41 68

Example 3 | 435 44 - 50 - 68 40 40 66
Example 4 | 935 72 482 | 104 62 112 | 101 64 101
Example5 | 2878 | 148 | 1825 | 304 - - 362 - -

Tab. 2 Summary of values - time of solution (CPU in seconds)

Schema A A* B C D E F G H
Examplel | 0.39 | 0.10 | 0.37 | 0.11 | 0.10 | 0.21 | 0.12 | 0.13 | 0.15
Example2 | 1.28 | 018 | 1.28 | 0.20 | 0.21 | 0.33 | 0.25 | 0.24 | 0.39

Example3 | 2.30 | 0.23 - 0.42 - 041 | 0.23 | 0.25 | 0.43
Example4 | 932 | 069 | 505 | 1.00 | 0.84 | 1.32 | 1.17 | 0.70 | 1.22
Example 5 | 111.8 | 6.00 | 70.83 | 12.09 - - 15.72 - -

Overall ranking methods, sorted by the number of errors (sum of all examples), the total number of

iterations and the total CPU time, is shown in Tab. 3.

The method A * seems to the most effective. The method is practically unusable (need several
repeated calculated). However, the method A * shows the potential of method A. If the choice of
fictitious parameters occurs to develop, the viscous damping method can be more efficient than the
method with Kkinetic damping. Furthermore, it appears that they are more stable methods that use the

same mass for the whole structure than methods that use different masses for each joint.

Tab. 3 Outline of schemes

Total
A* C F A G H E B D
number
Errors 0 0 0 0 1 1 1 1 2

Iteration | 323 | 533 | 581 | 4619 | 182 | 280 | 292 | 2685 | 137
CPUtime | 7.20 | 13.82 | 1749 | 125.1| 132 | 219 | 2.27 | 7753 | 1.15
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MODELLING OF BLAST WAVE PROPAGATION WITHIN
CONTAINED SPACE OFA RAILWAY STATION BUILDING

RadekHAJEK?

Abstract:This paper is focused mainly on computer modellamgl understanding of blast wave dynamics
in interaction with the solid building. The effeftatmospheric overpressure on human body is distiesd. The
paper includes validation of FEM analysis results domparison to experimental data and empiric value
Pressure wave reflections inside a confined spaeestudied. Multiple arrangements of concrete bersiare
then proposed for faster energy dissipation andotiffe reduction of the damage and injuries causgdhe

explosion.

Keywords.explosion, pressure wave, FEM analysis, barriegaiast the pressure wave spreading

1. INTRODUCTION

Due to the rise of the threat of terrorist attattle research in the area of explosive loads of
structures, especially public buildings, has reegiconsiderable attention in recent years. Buikling
like railway stations, airports, embassies etchbiig be designed to ensure as much safety of eopl

inside as theoretically possible [1].

The primary requirement for any such building iswtithstand the explosion without collapse of
any of its crucial structural parts. Another reguient is to reduce the amount of potentially hatmfu

fragments of interior equipment, e.g. window glsisards, pieces of metal or wood furniture etc.

With the development of computer hardware and sofwit is possible to perform numerical
analysis of explosion itself, its range and morgontantly the behaviour of surrounding air and

objects within range of the explosion [2].

2. EFFECTS OF EXPLOSION

The nature of loading generated by an explosioprigagation of a pressure wave, which is
essentially an area of compressed air, which isemidvom centre of the explosion at significant
speed. The pressure wave velocity normally excéeelspeed of sound [3]. This means that it will

travel even through large spaces within millisesond

Ying.RadekHajek, Department of Concrete and MasoBtyuctures, Faculty of Civil Engineering,

CTU in Prague, radek.hajek@fsv.cvut.cz
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2.1. BLAST LOADING ON STRUCTURES

At the front of a blast wave the area of highlyreéesed atmospheric pressure is formed. The wave
also has enough kinetic energy to carry some delrisee objects along thus causing even more
damage. It can be compared to very strong windingadehind the blast wave, a low pressure area is
formed causing some small objects, e.g. shardstwon back. This effect usually causes little dgena

compared to the initial blast wave and is oftenlectgd.

Underpressure Qverpressure
(=]

Time

Fig. 1 Idealized shape of the air shock widle

2.2. BLAST INJURIES
Propagation velocity and peak overpressure dependshany factors, e.g. size and chemical
composition of the charge or reflections from rigigéments. The pressure wave generated inside a

building is much more devastating than a wave gdadrin the open space explosion.

The human body can withstand relatively massiverpressure. Tab. 1 shows multiple types
of overpressure injuries together with the overgues values for each injury and the probability of

their occurrence among people within range of griomsion.

Tab. 1 Overpressure effects on human [sidy

Peak overpressureAp [kPa] Impact on the human body
16.5 Eardrums damage at 1% affected
19.3 Eardrums damage at 10% affected
34.5 Eardrums damage at 50% affected
43.4 Lungs damage threshold
100.0 Fatal injuries at 1% affected
120.7 Fatal injuries at 10% affected
141.3 Fatal injuries at 50% affected
175.8 Fatal injuries at 90% affected
200.0 Fatal injuries at 99% affected
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3. FEM ANALYSIS

To analyse the propagation of a blast wave withilarge contained space e.g. railway station
building, an elementary computer model was cregbauulation was performed with software suite
for explicit dynamics called LS-DYNA. The use of BlLelements allows generation of two
independent element meshes, one for air and explaaind the other for building model. The method

of interaction between those two meshes is defined.

Some rigid barriers were also added to the modetwoly reflections and channelling of the
pressure wave. The goal was to try to determinentibst favourable position of barriers which
increases the speed of blast wave dissipation.ipfiltalculations with changes in position of the

explosive charge and barriers were conducted.

3.1. GEOMETRY

With focus on typical arrangement of interior ofalway station building (Fig. 2) a simplified
FEM model was developed. The dimensions of the inade50 m x 20 m x 15 m. Boundaries of
modelled area were set to emulate the realisti@bebr of such building. Walls and floor reflect
incoming shock wave and ceiling is set to allow lhast wave to travel through - as equivalent of

fragile glass windows as seen in Fig. 2.

Although an explosion can occur due to any numifereasons, this paper is focused solely at

detonation of a high explosive, which produces presgsure waves travelling at supersonic velocity.

Fig. 2Interior of a typical railway station (Chelgzech Republic)

Because of the nature of terroristic attack, iftigwssible to determine exactly position of the
explosive. On the other hand it can be assumedthizaexplosive will be detonated in the most
crowded areas. With this in mind, series of calioies were performed for variable positions of the

explosive. Even various heights above the floorastamined (Fig. 3).
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Fig. 3Position of explosive charge above the floor

3.2. MATERIAL MODELLING

Because the aim at this stage of research is tolaienthe behaviour of blast wave and its
reflections, material of the building and barrieras simplified. Those structures were modelled with
RIGID elements (no deformation, no damage).Air anglosive are modelled using 3D solid ALE
(Arbitrary Lagrangian-Eulerian) finite elements.Fair a material model 009-NULL in combination
with ideal gas equation of state (1) was defined.

P = (C4 + CSlu)el = (y_ 1)p£ e|pv0 (1)

pvo —
0

whereC, +C, =y-1=04 and initial energy per reference volun®,,is definedfor standard

atmospheric pressuRy =1013kPawith a formul@pvo =RV, /(y—l), wherey, = 10.

To characterize the high explosivethe widely useddaNilkins-Lee equation of state of TNT (2)
was embedded. Parameters of JWL EOS can be wiclehdfin literature [2, 6, 7, 8, 9].

iy R
I0=A[1—%pﬁje "o +B[1—£p£}e o +aEpﬁ 2)
0 2 0 0

Because of wide range of possible values define@taérature it turned out to be difficult to add
concrete values to EOS parameters. Because oft thess decided to perform a verification task that

would determine the most accurate EOS for usetimrduesearch and FEM models.

3.3. RESULTS VERIFICATION
Results obtained from FEM analyses were compareehtpirical equations and to results from
physical experiment conducted in 2010 by Foglar Ko#éi[10]. Experimental results were proven

accurate enough when compared to empirical equsakidy.

Considering the actual arrangement of the expettirftég. 4), according FEM model was created
and the explosion calculated for multiple setsWLIJEOS parameters. As predicted, results of FEM

analysis vary considerably depending on the EO&mpeters.
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Fig. 5 shows comparison of FEM, experimental angbigoal results (peak overpressure). Best
agreement between all three types of results wais\sd with set of parameters named EOS V, which

Fig. 4Blast experiment layout

was declared accurate enough to be used in futliralations.
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Fig. 5Comparison of FEM (continuous), empirical tfe@d) and experimental (dashed) results

4. BLAST BARRIERS OPTIMIZATION

When designing a public building any possible meahgrotection against an accidental load

should be considered. Rigid barriers are proposeediide large open space to multiple sections.

Effects of position and size of barriers were stddi

4.1. BARRIERS ARRANGEMENT

To reduce damage and number of injuries it is esddn reduce range of the explosion, i.e. the
peak overpressure and number of flying fragmentséas behind proposed barriers. Because of close

proximity of epicentre of the explosion, those aréa front of barriers cannot be successfully

protected from both the overpressure and debris.
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As mentioned before, barriers should be arrangeeffertively divide large open space so the
overpressure wave after an explosion is mostlyinedfto only one section. On top of that they also
must allow free passage of people from one sebtbi@mother.

25kg TNT
H 14061
H 14076
H 14091

X*v

Fig. 6Example of afull scale FEM model for barrienstimization

It was proven that proposed arrangement of rigidriérd can effectively reduce the peak
overpressure at the front of blast wave. This issfily caused by disruption of the air flow in area
between barriers. Comparison of free and disruplast wave is shown at Fig. 7.

1.000e-04 _

Fig. 7Contours of atmospheric pressure at t=20 wishput barriers and with barriers)

4.2. DAMAGE REDUCTION EFFICIENCY

To eliminate faults resulting from relatively coarfnite element mesh a small scale FEM model
was created (Fig. 8) to study the blast wave prapag through the barriers in more detail. Some

determinative results are summarized in Tab. 2.

For finer finite element mesh the results were awene optimistic proving reduction of the injury
causing peak overpressure by up to 45%. Accordingab. 1 obtained peak values indicate that in the

area behind blast barriers, the probability ofréoss injury is almost eliminated.
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Tab. 2Peak overpressure obtained from small sc&lel fhodel

Monitored position (Fig. 8)
Model Value A B C D E
1 m wide Overpressure [KPa] 42 .4 20.7 30.2 201 205
barriers Elapsed time [ms] 12.5 17.5 17.Q 23.0 21|10
2 m wide Overpressure [KPa] 35.3 13.§ 20.8 124 1112
barriers Elapsed time [ms] 16.0 22.5 19.( 26.0 24|10
No barriers Overpressure [KPa] 72.6 44.4 49.2 333 35,2
Elapsed time [ms] 12.0 17.0 16.5 21.b 21|10
Position E
EXPLOSIVE
Jf' = 170
- T & 160 |
, 2000 , 2000 ,, 2000 , 2000 |, 2000 , % é 150 1 j
- S 140 - -
j§ ‘g 130 - =1 m wide
RIGID BARRIER A g g_ 120 | tzJarrieljz
? N % o = barrers
B c 100 T T r , no barriers
0 10 20 30 40
% $E Elapsed time [ms]

Fig. 8Layout of small scale FEM model [mm] and g@ressure history

5. CONCLUSIONS

This paper represents an introduction to the mimdelbf blast wave behaviour inside a public
building and possibilities to ensure safety of deagnd stability of the building itself. With thapid
development in computer software and hardwarege lacale numerical analysis can be performed on
available computer equipment. Preliminary resutisasthat it is possible to change the behaviour of
blast wave and reduce its destructive potential. the future research it is crucial to prove the
accuracy of obtained results by comparison witheeixpental data and, if needed, to calibrate the
computer model. Definition of JWL equation of stede TNT explosive requires more attention. Also

more barrier types, positions and dimensions shioelthvestigated.
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EFFICIENT METHODS FOR UNCERTAINTY
QUANTIFICATION

Eliska JANOUCHOVA!, Anna KUCEROVA?, Jan SYKORA?

Abstract: An extensive development of efficient methods for stochastic modelling enabled uncertainty propagation
through complex models. In this contribution, we present a review and comparison of several approaches such
as stochastic Galerkin method, stochastic collocation method or polynomial regression based on Latin Hypercube

Sampling.

Keywords: Stochastic modelling, polynomial chaos expansion, uncertainty propagation, reliability analysis

1. INTRODUCTION

Reliability analysis and modelling of structures in general need to take into account all the relevant
information as well as the uncertainties in the environmental conditions, loading or structural properties.
Thanks to the growth of powerful computing technology, recently developed procedures in the field of
stochastic mechanics have become applicable to realistic engineering systems. Stochastic finite element
methods (SFEM) [1, 2] is a powerful tool extending the classical deterministic finite element method

(FEM) to the stochastic framework involving finite elements whose properties are random [3].

In this contribution we concentrate on SFEM based on polynomial chaos expansion (PCE) used for
approximation of the model response in the stochastic space. Uncertainty in the model output can be then
quantified using Monte Carlo method employed for sampling model parameters and evaluating the PCE
instead of full numerical model. The efficiency of SFEM thus depends on computational requirements
of the PCE construction and its consequent accuracy. There are several methods for construction of
PCE-based approximation of a model response: linear regression [4], stochastic collocation methods
[5, 6] and stochastic Galerkin method [7, 8]. The aim of this paper is to compare these methods in terms

of computational requirements and accuracy on a simple illustrative example of a frame structure.

' Be. Eliska Janouchovd, Department of Mechanics, Faculty of Civil Engineering, Czech Technical University in

Prague, eliska.janouchova@fsv.cvut.cz
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2. MOTIVATION

In order to demonstrate a performance of the methods on an engineering structure, we have chosen

a simple frame presented in [9].The geometry and load distribution of the frame are shown in Fig. 1.

Tab. 1 Material data, geometrical data and loading
and variations.

¢p  HEB100 - P HEB 100 Data Nominal value  Variable Histogram
DD AL Aup B Yield stress fu = 235GPa T Fy235A
& @ 2 R nert e v Y
Moment of inertia I = 449.5 cm I N1-05
Cross-sectional area A1 = 26.04 cm? ot
g Moment of inertia I, = 449.5 cm* I N1-05
o q Cross-sectional area Ay = 26.04 cm?® o2 )
= Moment of inertia Is = 864.4 cm*
Cross-sectional area As = 34.01 cm? I3 N1-05
Elastic section modulus W3 = 144.1 cm®
X Lengths l1=3lc=5l3=4m I, N1-01
4—30m —p 2om , 25m . Dead load Dy =11kN/m  D,i DEAD2
Flg ] Scheme Ofaframe structure. Shon—lasting load Sl = 9 kN/m Sal SHORT1
Long-lasting load Ly =5.5kN/m L,1 LONGI1
Dead load Dy = 3.5kN D,> DEAD2
Short-lasting load So = 2.2kN Ss2  SHORT1
Long-lasting load Lo =1.7TkN Loso LONGI1

Material of the frame is steel with Young’s modulus £ = 210GPa and uncertain yield stress f,
obtained by the product of the nominal value f, , and uncertain variation f, , defined by a prescribed
histogram Fy235A (see Fig. 2). Also the geometrical parameters of particular beams are considered as
uncertain and defined as products of the corresponding nominal values and variations given in [9] and

listed in Tab. 1. Particular histograms are also depicted in Fig. 2.

The prescribed loading are linear combinations of dead load, long-lasting load and short-lasting load
given as ¢ = D1Dy1 + S1S51 + L1Ly1 [KN/m] and F = D9Dyo + S2Ss2 + LaLso [kN], where
particular loads are statistically independent and described by random variables with extreme values and

variations defined by histograms given in Tab. 1 and depicted in Fig. 2.

10 100 100 2 40 5000
5 50 50 100 l 2000
.99 1 0995 1 (975 0.87 0.5 0.5 0 129 157
1 1 1 1 1 1
05 05 0.5 05 0.5 0.5
.99 1 .95 1 /5 087 0.5 0.5 129 157
N1-01 N1-05 DEAD2 LONG1 SHORT1 Fy235A

Fig. 2 Histograms of uncertain parameters and corresponding cumulative density functions.

Since instability of the column in the frame is not caused by buckling pressure in view of the fact
that the axial force in the column does not achieve critical intensity, the column has only one failure

mode. The maximal internal forces will appear in the column at support C and can be computed from
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the displacements of the joint A. The unknown displacements = can be for linear elastic behaviour
considered here computed by the finite element method or displacement method. We start directly with

the latter one from discretised form of equilibrium equations:
Kr=7f, (1)

which — after applying the boundary conditions — is a system of 5 linear equations for unknown dis-

placements 7 = (up, Yp,uUa, WA, PA).

Safety margin M of the column is the difference between the yield stress f, and stress produced by
external load o. Failure F" occurs when o exceeds f,. Probability of failure Pr(F) is then estimated as

the number of failures divided by the total number of executed simulations.

3. POLYNOMIAL CHAOS EXPANSION

In order to accelerate the sampling procedure in uncertainty propagation process, the evaluations of
a numerical model including solutions of Eq. 1 can be replaced by evaluations of a model surrogate.
In particular, we search for an approximation of the response r by polynomial chaos expansion (PCE)
[1, 2]. PCE can be used to approximate the response with respect to probability distribution of the ran-
dom variables. The convergence of the approximation error with the increasing number of polynomial
terms is optimal in case of orthogonal polynomials of a special type corresponding to the probability
distribution of the underlying variables [10]. For example, Hermite polynomials are associated with

the Gaussian distribution, Legendre polynomials with the uniform distribution and so on.

In the considered example all the random variables are listed in Tab. 1. Let us simplify the nota-
tion and denote them as m;, m = (..., m;,...)" = (Io1, In2, Io3, 1o, Do, So1, Lo, Do, Se2, Lga) ™.
Since none of these variables has a continuous probability density function (PDF), but their distribu-
tion is described by histograms, we introduce new standard random variables & = (..., &;,...)T with
a continuous PDF. The variables m; can be then expressed by non-smooth transformation functions ¢,
of variables &; according to the given histogram j and type k of the &; distribution, i.e. m; = t;1(&).

Particular examples of transformation functions will be discussed in Section 4.

Once we have expressed the model variables m as functions of standard variables &, also the model
response becomes a function of these variables. This function can be thus approximated by the PCE of

a type corresponding to the type of & distribution, i.e.
F(&) =) Bathal8), (2)
(6

where 3,, is a vector of PC coefficients 3, ; corresponding to a particular component of system response

;. Yo (&) are multivariate polynomials. The expansion (2) is usually truncated to the limited number of
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terms ng, which is very often related to the number of random variables n¢ and to the maximal degree

(nptne)!

of polynomials n;, according to the relation ng = ! el -
oI

3.1. LINEAR REGRESSION

A very general method of computing PC coefficients in Eq. (2) is a well-known linear regression
[4]. The application is based on the three following steps: (i) preparation of data 2 € R"™*"< which
are obtained as ngq samples of parameter vector &; (ii) evaluation of the model for samples &; resulting
in response samples r; organised into the matrix R € R™*™  where n, is a number of response
components and (iii) computation of PC coefficients 3, organised into the matrix B € R"*"# using

e.g. the ordinary least square method.

In this work samples are obtained by Latin hypercube sampling (LHS) considering the prescribed
probability distribution [11]. Each computation of a response sample r; then includes the evaluation
of the transformations and the evaluation of the model (/). The computation of the PC coefficients B
starts by evaluation of all the polynomial terms ), for all the samples &; and saving them in the matrix
Z € R™X"s_ The ordinary least square method then leads to Z*ZB™ = ZTR™ which is n, independent

systems of ng linear equations.

3.2. STOCHASTIC COLLOCATION

Stochastic collocation method is based on an explicit expression 4; = [ 7i(&)¥a(&) dP(€), which
can be solved numerically using an appropriate integration rule (quadrature) on R™:. The expression
then becomes B, = >4 7i(€7)Va(€;)w;, where €; stands for an integration node and wj is a cor-
responding weight. Here we employ versions of the Smolyak quadrature rule, in particular quadratures

with the Gaussian rules (GQN) and nested Kronrod-Patterson quadrature rules (KPN), see [12].

It is clear that the stochastic collocation method is similar to linear regression, because in both cases
the most computational effort is needed for evaluation of a set of model simulations. The principal
difference can be seen in sample generation, where stochastic collocation method uses a preoptimised

sparse grids while the linear regression is based on stochastic LHS.

3.3. STOCHASTIC GALERKIN METHOD

Stochastic Galerkin method is principally different to the previous ones, which are based on a set
of independent model simulations. Stochastic Galerkin method is an intrusive method, i.e. it requires
reformulation of the governing equations of the model (/). To this purpose, we rewrite Equation (2)
using matrix notation 7(¢) = (I ® 1(&€))3, where I € R"™*"™ is the unity matrix, ® is the Kronecker
product, 1 () is a ng-dimensional vector of polynomials and 3 is a (ng - n,)-dimensional vector of PC
coefficients organised here as 3 = (..., 3;,...)", where 3; consists of PC coefficients corresponding
to i-th response component. Substituting the model response r by its PC approximation 7 and applying

Galerkin conditions, we obtain [ 1(£) @ K(&) @ T (€)dP(€) - B = [(€) ® F(&) dP(€), which is
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a linear system of (ng - ;) equations. The integration can be done numerically or analytically. The ana-
lytical solution is available e.g. when all terms in the stiffness matrix and in the loading vector are
polynomials with respect to £&. In such a case, the method is called fully intrusive. In our particular
example, we can multiply the governing Equation (1) by I3 so as to obtain polynomials in terms of
model parameters m. However, we will not obtain polynomials in terms of & due to non-smooth trans-
formations. Hence, in such a case, a numerical integration leading to semi-intrusive Galerkin method is

inevitable. Here we use again Smolyak integration rule, in particular GQN [12].

4. RESULTS

The goal of the presented work is to compare the described methods for approximating the model
response and accelerating the Monte Carlo (MC) sampling performed for estimation of probability dis-
tribution of safety margin M and probability of structural failure. In this numerical study two variants
of model response are considered, the first one is directly safety margin, in the second case the model

response is displacement vector and safety margin is calculated from its approximation.

Tab. 2 Time requirements and errors in predicting safety margin in case of prescribed histograms for
model parameters m.

Model response: Safety margin Displacement vector
Method|[p| na Time[s] Pr(F)  eum[%]|| na Time[s] Pr(F) eum [%]]
MC [[-] 107 23825 735-10"" — 107 22352 735-1077 —

1] 23 32 7-1077  4.2024|] 19 217 282-10"7 1.3289
LHS ||2] 243 164 1580-1077 2.6572 (/163 896 617-10"7 0.6323
311607 757 15678-1077 2.1177 || 871 2746 1795-1077 0.4434
47789 2702 13842-1077 1.7934 ||3481 11021 1830-10~7 0.3740
1] 23 31 10-1077 4.31121][ 19 250 172-10"7 0.8836
KPN ||2] 243 164 4910-1077 3.1118([ 163 896 947-10"7 0.6350
311607 760 11272-1077 2.9822 || 871 2776 1327-10"7 0.5904
47789 2701 83521077 3.4264 ||3481 8770 11141077 0.6519
1] 23 31 0-1077 3.5143([ 19 214 42-1077 0.7086
GON 2| 265 164  505-1077 9.7539 || 181 703 382-10"" 1.7807
312069 764 71942-1077 6.9817 ||1177 2795 61791077 1.2896
4(12453 2713 322860 - 1077 15.7367||5965 11143 93321077 2.7486
1 — 194 42-1077 0.6911
oM |12 — 868 395-1077 1.7709
3 — 2766 6201-1077 1.2705
4 — 12539 9167-1077 2.7066

We assume £ as standard Gaussian variables and thus we employ Hermite polynomials for model
surrogate. The reference estimation of probability distribution of safety margin M is obtained by
MC sampling with 107 samples. Tab. 2 shows the required computational time and relative errors
in predictions for linear regression, stochastic collocation method and semi-intrusive Galerkin method

for four polynomial degrees p. The relative errors in the prediction of safety margin are obtained as

ey = % S | Mecs—Muc| -100, where Myc stands for the safety margin estimated by the MC

=1 max(Mnc)—min(Muc)

method and Mpcg stands for the safety margin obtained using a chosen surrogate.
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The results show relatively good predictions of safety margin, but the prediction of failure probability
is unsatisfactory for all the examined methods. Significant difference in prediction of M for particular
variants of model response is caused by the different number of random variables involved in the appro-
ximated response. While the displacement vector depends only on ten random variables, safety margin

is influenced also by the uncertain yield stress f;,.

=Normal =Normal =Normal =Normal =Normal =Normal
=Uniform =Uniform =Uniform =Uniform =Uniform =Uniform
S S S g g g
&i &i &i &i &i &i
N1-01 N1-05 DEAD2 LONGI1 SHORT1 Fy235A

Fig. 3 Transformation relations for prescribed histograms.

The reason for these unsatisfactory results is probably highly nonlinear transformation for parameters
with prescribed histograms LONG1 and SHORT1, as shown in Fig. 3. In order to test this assumption,
we have replaced these two prescribed histograms by the new ones more close to normal distribution,

see Fig. 4. New errors in predicting safety margin are listed in Tab. 3.

200 1 -Normal 20 1 -Normal
—Umg)lrm —=Uniform
100 0.5 g 10 0.5 g
0047 0.47 &i 0.14 0.14 &i
LONGInew SHORT Inew

Fig. 4 New histograms of model parameters with corresponding cumulative density functions and trans-
formation relations.

Tab. 3 Time requirements and errors in predicting safety margin in case of new histograms for model
parameters m.

Model response: Safety margin Displacement vector
Method||p| na Time[s] Pr(F) eum [%]|| na Time[s] Pr(F) eum [%]]]
MC [[-] 107 23833 5-107" — 107 22027 5-1077 —

1] 23 32 9-1077 0.2855(] 19 216 5-10"" 0.0320
LHS ||2| 243 165 6-10‘: 0.0798 || 163 743 5~10—: 0.0142
311607 753 3-1077 0.0826|| 871 2787 5-1077 0.0143
47789 2701 15-1077 0.2003|[3481 8762 5-10"7 0.0275
1] 23 31 10-1077 0.2592]] 19 216 5-10"" 0.0202
KPN 2] 243 164 6~1()_: 0.0821(/163 719 5-1077 0.0132
311607 758 1-1077 0.1663| 871 2876 5-1077 0.0241
47789 2786 8-1077 0.1299((3481 9561 5-10"7 0.0220
1] 23 31 10-1077 0.2407]] 19 237 5-10"" 0.0212
GON 20265 164 6-1077 0.1466|| 181 895 5-1077 0.0235
312069 763 1-1077 0.1981||1177 2865 5-10~7 0.0339
4(12453 2714 2-1077 0.2944([5965 9332 5-1077 0.0348
1 — 194 5-1077 0.0502
2 — 871 5-1077 0.0392
GM 3 — 2780 5-1077 0.0537
4 — 12448 5-1077 0.0543
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One can see that the replacement of the two histograms led to a significant improvement of the results
achieved by all the methods. We can also notice that the GQN-based collocation provides the worst
results in the case of response equal to M, in the second case Galerkin method gives the worst prediction.
Behaviour of these two methods is very similar due to numeric integration in Galerkin method based on

GON rule.

In order to investigate the performance of fully intrusive stochastic Galerkin method, we have changed
the prescribed distributions for model parameters once more. This time, we assume all the parameters to
be normally distributed with the original values of mean and standard deviation. In such a case, the trans-
formation becomes the 15* order polynomial and hence, analytical integration is available. The errors in

prediction of safety margin are shown in Tab. 4.

Tab. 4 Time requirements and errors in predicting safety margin in case of normal distribution for
model parameters m.

Model response: Safety margin Displacement vector
Method||p| na Time[s] Pr(F) eam[%] || na Time[s] Pr(F) em[%] |
MC [[-] 107 3819 12-10~~ — 107 3773 12-1077 —
1] 23 32 12-1077 0.1139 19 181 12-1077 0.0249
LES 1|2 243 179 12-1077 0.0021 || 163 704 12-1077 2.50-107%
311607 802 12-10774.17-107°|| 871 2823 12-10773.05-107°
47789 2987 12-10771.35-1075(|3481 9139 12-1077 4.88.107%
1] 23 38 12-107 0.0742 19 181 12-1077 0.0134
KpN |2 243 214 12-1077 0.0013 || 163 746 12-10771.49-10"*
311607 875 12-10773.32-107°|/ 871 2851 12-10772.21-107°
47789 2997 12-1077 1.00-107°%(|3481 9401 121077 4.08-107%
1] 23 31 12-1077 0.0742 19 182 12-1077 0.0134
GON 21 265 212 12-1077 0.0013 |/ 181 697 12-1077 1.49-10"*
312069 848 12-10773.32-107°||1177 2836 12-10772.21-10"°
4112453 2796 12-10779.98-1075([5965 9233 12-10"7 4.08-108
1 — 157 12-1077 0.0135
2 — 644 12-1077 0.0014
GM 3 — 2698 12-1077 0.0013
4 — 8729 12-1077 0.0013

The results proof that the M — £ relation is now linear and thus the 15 order polynomials are sufficient
for an excellent surrogate and the differences among the particular methods are here negligible in terms

of accuracy as well as the time requirements.

5. CONCLUSION

This contribution presents comparison of several numerical methods for construction of a polyno-
mial chaos-based surrogate of a numerical model under the assumption of random model parameters.
The investigated methods are stochastic Galerkin method, stochastic collocation method and polynomial
regression based on Latin Hypercube Sampling. The quality of obtained surrogates in terms of accuracy
and the time requirements are demonstrated within the comparison with the traditional Monte Carlo

method on a simple illustrative example of a frame structure.
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TRUCK IMPACT DAMAGE OF THE BRIDGE PIER
ACCORDING TO THE DIFFERENT TYPES OF
REINFORCEMENT ARRANGEMENT

Pavel JIRICEK!

Abstract: This paper compares possibilities of reinforcement arrangement in bridge piers and its influence on
damage of the pier caused by truck impact. The vehicle impact at the bridge pier is modeled with the use of

ANSYS Autodyn. Nonlinear material model with damage and strain-rate effect is used for concrete.

Keywords: reinforced concrete, RHT concrete model, impact

1. INTRODUCTION

Traffic intensity increase leads to higher risk of traffic accidents. In 2010 and 2011 about 1250
accidents involving bridges and tunnels happened in the Czech Republic. Heavy trucks (above 30t)
hitting the bridge substructure can lead into progressive collapse of the bridge superstructure thus
causing severe fatalities, therefore this loading case should be considered especially at the motorways.

The impact forces described in EN 1991-1-7 (Appendix C) give more accurate values to real
vehicle impact. These forces come up to 2MN and give inaccurate values trough design process.
Reinforcement arrangement significantly affects damage of the pier.

The bridge pier truck impact is considered according to EN 1991-1-7 (vehicle - 30tonnes; 90kph).

Four options of reinforcement arrangement are compared and evaluated within the paper.

2. CONSIDERED IMPACT LOADING

Previous research [1] focused on full scale model of truck impact considering real vehicle geometry
was very time consuming. It has shown similarities between real vehicle impact and approach
prescribed in [2] to obtain impact forces. Due to these circumstances, complex vehicle model was
replaced with simplified object consisting of one block formed with simple linear material model.
Stiffness of substitute material is chosen according to current design standard [2] and its value is
300 kN/m. Unlike the current design standards, the height of the impacting face of the block was

enlarged from 0.5 mto 1.0 m.

! Ing. Pavel IJificek, Faculty of Civil Engineering, Czech Technical University in Prague,

pavel.jiricek@fsv.cvut.cz
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Fig. 1 Schematic diagram of the bridge pier truck impact velocity/time dependence. Black line —
numerical simulation; Red line — EN 1991-1-7 Appendix C [2]

3. ANALYZED BRIDGE PIER

The dimensions of the bridge pier are 1000 x 4800 x 6700 mm (width x length x height), concrete
class C30/37. The deflections at the bottom and at the head of pier are restricted. For illustration see
Fig. 2.

Fig. 2 View of the assessed bridge

The material of the bridge pier was chosen to describe its behavior when subjected to the vehicle

impact; the two main aspects are:
- Damage of the material when subjected to ultimate loading

- Increase of the strength (both tensile and compressive) depending on the speed of loading

(dynamic increase factor)

According to previous research [1] material model of pier remains identical. Due to requirements
listed above, one of RHT (see Fig 3) concrete models, which is the part of ANSYS Autodyn material
library, was used. The material model RHT is developed for evaluation of behavior of quasi — brittle
materials under high velocity loading. There are many existing and published RHT model input data
([31; [4]), the data provided by [5] are used for this modeling.
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Yield strength, ¥
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Fig. 3 RHT model used for concrete; based on Riedel [6]

3.1. REINFORCEMENT TYPES OF THE PIER

For reinforcement bars material model of common structural steel with yield stress 500 MPa was
chosen. Reinforcement is formed by longitudinal bars ¥20/200mm and shear reinforcement (bars @10

each 300mm; Fig 4).
- The pier without reinforcement
- The pier with vertical reinforcement in one layer
- The pier with vertical and shear reinforcement in one layer

- The pier with vertical and shear reinforcement in two layers

4800
SHEAR REINFORCEMENT @10

1000

@20/200mm

@20/200mm

Fig. 4 Vertical and shear reinforcement in two layers (cross-section)

The pier without reinforcement has only comparative purpose, reinforcement in one layer is closer

to surface than the second layer and reinforcement in two layers is arranged according to German

design standards [7].
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4. RESULTS OF THE NUMERICAL MODELING

Reinforcement arrangement significantly affects damage of the pier, see Fig 5. It is obvious that
pier without any reinforcement is damaged the most; only plain concrete deals with the impact of the
vehicle. As mentioned before, it has only comparative purpose, therefore the area of eroded concrete
will be considered as 100% (Fig. 5a).

It is obvious that fully anchored longitudinal bending reinforcement transmits some impact force
and therefore enlarges impact area in the height of the pier. The volume of the eroded concrete is about
85 % compared to the pier without reinforcement (Fig. 5b). It has to be mentioned that this type of

reinforcement is not actually used in real designs (similar to plain concrete).

a — The pier without reinforcement b — The pier with vertical reinforcement

¢ — The pier with vertical and shear d — The pier with longitudinal and shear
reinforcement reinforcement in two layers
Fig. 5 The damage of the pier according to different types of reinforcement arrangement
As seen at Fig. 5c, the damage of the pier is significantly reduced (according to plain concrete).
Shear reinforcement confines concrete within vertical bars and therefore reduces the volume of eroded
concrete. Reduction of the depth of concrete spalling is a positive phenomenon, larger area of cross-
section of the pier is resisting the vertical loading. The volume of the eroded concrete is about 60%

compared to the pier without reinforcement.
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As the last option, the reinforcement according to German design standards [7] was considered.
Main idea of placing reinforcement in two layers is localization of concrete spalling in the area of the
first layer of reinforcement. This assumption was confirmed and damage within the second layer of
vertical bars remains mainly uneroded. The volume of eroded concrete is about 40% compared to the
pier without reinforcement. Further reduction can be achieved by adding PP fibers in the concrete mix
[8]. The effect of fibers on the impact resistance of concrete will be studied in the on-going research.

Last but not least, size of dynamic increase factor (DIF) was evaluated. Through modelling process
the area of uneroded concrete with compressive stress above ultimate concrete strength was observed.
This phenomenon is known as dynamic increase factor and described as increase of the strength (both
tensile and compressive) depending on the speed of loading [9]. As seen at Fig. 6 strain rate depending
on vehicle impact is about 3.6 -/s. This value is determined from linear deceleration (Fig. 1) and from

change of the strain in the impact area.

fdyn/fstat
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/ —tE 50N
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/ /
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[22]
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Fig. 6 Dynamic increase factor according to [9]

Main curves determining the increase of concrete compressive strength are prescribed in [9] by

simple equations:

Foimpn/ Tom =(&c/600)  for &, <30s™ (1)

foumpre/ fon =0.012(£,/,,)""  for &, 2305 2)

where f., is the mean value of compressive strength and reference value &, = 30- 10°st
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5. CONCLUSION

The four types of pier reinforcement were evaluated in this paper. It’s obvious that fully anchored
longitudinal bending reinforcement transmits some impact force and therefore enlarges impact area in
comparison to the plain concrete. The shear reinforcement confines the concrete surrounded by the
longitudinal bars and limits the erosion of concrete. In case of placing reinforcement in two layers, the
main damage and erosion of concrete takes place in the area of the first layer. The concrete behind the
second layer remains mainly uneroded. In general, the increase of reinforcement area in the spot of the

impact enhances the resistance of the pier to impact loading.
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EFFECTS OF CONCRETE COUPLED BEAM ON BEHAVIOR
OF CONCRETE CORE WALL SYSTEM IN STEEL
BUILDINGSIN NEAR AND FAR FAULT

M.A.KAFI, M. MASTALI?Z. ABDOLLAHNEJAD?

Abstract:One of the most important notes in high rise buildings is using a resistance system to stand
againstapplied lateral loads. One of these passive resistance systems is the dual system. Concrete core wall
system in steel buildings is proposed as a dual system which is commonly used against applied lateral loads in
high rise buildings. Core wall system is used as two kinds: (a) open core; (b) semi-open core. In this paper,
effects of concrete coupled beams in open and semi-open core wall systems were investigated in both near and
far fault. In thisdirection, a 15-story steel building with concrete core wall system was analyzed by using ETABS
9.5.V software. Time HistoryAnalysis in near and far fault of Kobe earthquake showed that concrete coupled
beams caused to reduce story rotation in plan and core rotation in height in near and far fault. In addition, these
beams caused to increase of base shear and entered energy to structure, which these criteria had higher valuein
near field in compare to far field.

Keywords: concrete coupled beams, near and far fault, open and semi-open core wall, steel building.

1. INTRODUCTION

Paying attention to the development of cities ardasing of population and limiting of the areas
for making buildings, cause the increase of thagliteof buildings [1]. One of the most important
points in high raised buildings is the resistangdesns of these buildings against lateral loadh sisc
earthquake, wind, etc. Furthermore, building codaggest using Dual systems in high raised
buildings. Concrete core wall system in steel bndd is one of these systems. In this study, timd k
of resistance system has been used as the sectiathmee system in a steel 15- stories building.

Nowadays, the different effects of near and farltf@arthquake on responses of structures are
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obviously considered [2]. In this direction, linedynamic analysis has been used for investigating o
near and far fault effects on concrete core wadteay in steel buildings and all results have been

obtained by using ETABS software.

2. DYNAMIC ANALYSIS

Exist of limitation in Static Analysis methods adévelop of calculator equipment caused to move
of Scientifics in direction of more exact method$iese methods had to be considered plastic
deformation, nonlinear effects of structures anthesa@ynamic characters of structure such as: natural
frequency, effect of oscillation modes and damping[3]. In this direction, some methods such as:
nonlinear statically and dynamically methods (Pwshoand Time History Analysis) have been
suggested by Scientifics [3]. Each of this methad some power and weak points which can improve
and cover problems of Static Analysis, so usingeéhmethods are obligated in special zones for
analyzing of structures [4]. Correct performancd aonlinear analysis of structural systems are the
best way for knowing of dynamic response of stmeguvhich include: yielding mechanism, internal
forces and required deformation [5]. Hence, Timstéty Analysis has been used in this study for

evaluating near and far fault effects on this tgfaestructure.

3. CHARACTERIZATION OF NEAR AND FAR FAULT RECORDES

Differences of near and far fault records are ratphenomenon. Area of 15 kilometers of every
fault is assumed near fault. In the near faulttheprakes dependent to three things: 1) rupture
mechanism; 2) direction of rupture spread; 3) peena displacements due to fault slip. These
parameters cause two effects: 1) rupture direc8dfling step. Rupture directivity include: 1) Weard
directivity; 2) backward directivity [2]. Effectsfdorward directivity cause horizontal oscillatiaf
earth in perpendicular direction of fault, whiclingr horizontal impacts and these impacts, havednigh
amplitudes as compared with impacts of paralleffaaflt. Effects of forward directivity will be
increased with decrease of angle between site auty &nd increase of rupture area of between site
and fault. These pulses cause to increase of tneldsplacement needs in structures, so that
structures have high displacements and responsesainfault. Study of near fault records showed
which characters of these records include: 1) sthandtion; 2) single or multi special pulses witgh

amplitudes and medium up to high period [2&7].

4. CASE STUDY

In this paper, a steel 15 — stories building withaete open and semi-open core wall systems has
been studied by using ETABS software. The structume considered that is located in Tehran and
shear velocity wave of soil and height of eachysteere considered is 275m/s and 3.3m, respectively.

Specifications of material and plan of structureehbeen shown in Tab. 1 and Fig. 1.
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Tab. 1.Material properties

Beam depth 500 mm
Specific gravity of concrete 2403 kg/m3
Poisson’s ratio 0.17

Wall thickness 300 mm

Pressure strength of concrete  fc=24.525 MPa

Yielding resistance of steel fy=392.4 MPa
Elastic modulus of steel E=250 GPa

MODEL 1

MODEL 2

Fig. 1 Plan and three dimension of structure
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Tab. 2 Properties of Models

Second Resistance System First Resistance System
1 Concrete Semi-open core wall system Steel monesgtance frame
2 Concrete open core wall system Steel momentaesis frame

Assumptions of modeling:
1. Effect of PA has been withdrawn.

2. Behavior factor for study case was assumed R=8 [8]
3. Small eccentricity in column and beam joints wathdriawn.

4. Slabs are considered completely rigid. On the otiend, there is no non-planar
deformation.

The frame with 15 stories was analyzed by nearfanéhults record of Kobe earthquake. PGA of
this earthquake in near and far fault are 0.61gGtdg, respectively. The Kobe records in both near
and far faults are indicated in Fig. 2.

1,00E+00 1,00E+00

—— kobe-nf —— kobe-ff
0,00E+OO AWMU’M{“%A\JUWA‘ WA e T 1 0,00E+00 M"Wﬂ' Y T T 1

( 0 20 30 40 50 0 20 40 60 80 100

-1,00E+00 -1,00E+00
a) b)
Fig. 2 Records of Kobe earthquake: a) Near Field; b) Far Field.

5. RESULTS

Fig. 3 is illustrated positive effects of beamsréaluction of maximum displacement in model 1

compare to model 2 amounts to 8.86% in near falithvthis effect is more in three last stories.

20 -
15 -+ - - s
z
5 | — disp-open-nf
= = disp-semi-nf
0 = T T T T 1
0 5 10 15 20 25
Maximum Displacement(cm)

Fig.3 Maximum Displacement of Models 1&2 in Near Field

108



Nano and Macro Mechanics 2013 culg of Civil Engineering, CTUin Prague, 2013 ™September

Fig. 4 is shown the ineffectiveness of these beamdlodel 1 so that these beams caused to
increase of maximum displacements in Model 2 infdait amounts to 57.11 which were observed in
throughout of structure height and it maybe waateel to low PGA value. This study showed that
steel moment resistance absorbs more earthquakgydnedissipate in compare to core wall system if
PGA value is small. Higher weight in Model 1 congdo Model 2 leads to be observed more
earthquake effects in Model 1.Therefore, the maxintisplacements in Model 1 had higher valuein
compare to Model 2. By increasing of PGA value cpatage of absorbing of earthquake energy in
core wall system was increased and this phenomeasralso observed in near field in Fig. 3 in 20%

last of structure height.

16 -
-
14 - ',——’
12 - A\
\)
> 10 e
g 8 - ’__—’
6 v
<
41 N disp-open-
2 1 2---=" ff
0 T T T T 1
0 0,5 1 1,5 2 2,5
Maximum Displacement(cm)

Fig. 4 Maximum displacement of Model 1&2 in Far Field

Figures 5 and 6 were indicated positive effectsbeams in reduction of rotation stories in
throughout of structure height in both fields, Battthese reductions in near and far fault are3480.9
and 27.59%, respectively. In addition, these beeaused to increase of torsional stiffness of these
structures and subsequently caused to increassation stories in Model 2 in compare to Model 1.
The maximum and minimum beam effects on increasingrsional stiffness was observed in 0.33

and 0.47 up to 0.67 structure height in Kobe field earthquake, respectively.

16 - - o rotation-open-nf
14 4 = - — — rotation-semi-nf
12 -
> 10 -
o 8 -
-
w 6 | - - -—
L
4 - S~
-
2 1 -
O __—#T . ; .
0 0,001 0,002 0,003 0,004 0,005 0,006
Rotation of x direction

Fig. 5 Rotation of Soriesin X planin Near Fault
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Fig. 6 Rotation of Soriesin X planin Far Fault

Furthermore, in Figures 7 and 8 have been showsttivio effect of these beams in reduction of
core rotation in structure height, so that theseicgons in near and far fault have reached to artsou
64.96% and 9.58%, respectively. As Fig. 7 has shoova rotation in Model 1 is less than Model 2 in
throughout of structure height in near fault bufan fault, coupled beams in the first Model in3.3
last height of structure have positive effect iduetion of core rotation. Whereas, in 0.33 middle

height of structure concrete coupled beams aréeictefe in reduction of core rotation.

16 -
14 - /
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Fig.7 CoreRotation in StructureHeight in Near Fault
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Fig. 8 Core Rotation in Sructure Height in Far Fault

110



Nano and Macro Mechanics 2013 culg of Civil Engineering, CTUin Prague, 2013 ™September

In Fig.9 is illustrated that coupled beams causeithdrease of base shear value. In far fault, base
shear value in model 1 was higher than Model 2rtownts 66.48% while this amount was measured
51.03% in the near field.

1800 -
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Fig. 9 Base shear valuesin Near and Far Field

Fig.10 is shown entered energy to structure dusingarthquake. In near and far fault, amounts of

entered energy to structure in model 1 was mone thadel 2, to 2.55% and 25.13%, respectively.
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Fig. 10 Values of entered energy to structurein Near and Far Field

6. CONCLUSION

Time History Analysis on concrete coupled beanséel buildings showed that these beams cause
the reduction of maximum displacement in near faulit these beams are ineffective in far fault.
Furthermore, in both fields, these beams causedethgction of rotation stories in plan, core raiati
in height whilethe base shear and entered energy imereased in structure. According toobtained
analytical results in both fields, there is a direglation between PGA value and effect of concrete
coupled beams in decreasing the maximum displadsmestructure height.
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NANOINDETATION AND MECHANICAL PROPERTIES
OF HUMAN TOOTH ROOT DENTIN

Alice KAPKOVA 1, Ale$ JIRA? Ji¥i NEME CEK®

Abstract:Knowledge of the mechanical properties of hard tdemissues is important for

understanding broad spectrum dental proceduresnftbe design to the selection of dental
methods. The behavior of dental tissues has loegdescribed in the literature as well asby
individual authors, and has been especially dedidato all fundamental components of
teeth,butless research has been carried out pengito themicromechanical properties of
dentin and bone cement in the root of the tootls Work deals with the micro-structure and
nanoindentationof tooth root dentintaking into asobthe micromechanical properties of the
wall of the tooth.The detailed knowledge of thepprties of the intraosseous partof the tooth

allows us to optimize the design of current demtgdlants in the next stage.

Keywords: tooth root, dentin, dental cement, nanoindentatimicromechanical properties

1. INTRODUCTION

It is obvious that comprehensive knowledge of thetht at the macro and micro level, its
mechanical properties and the behavior under éifteloading conditions is necessary for the proper
applicationof various dental procedures.An expentaleanalysis of tooth properties was presented,
e.g., in [1-2]where all parts of teeth were studibl@vertheless, the essential part ofthis work is
focused on the tooth crown, and its dental enameldentin (remove ,in her part). For our needs,
aimed at the design of new dental implants, ieisassary to focus on the intraosseous part obtth t
and its root.In recentyears, thanks to new methaus procedures,there has been an increase in
reported values , which are, for the most partemeined by the quality of the different teeth of

individual people.
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Fig. 1 Medial-frontal incision of tooth [3]
1.1. TOOTH STRUCTURE

Human teeth consist of four basic components: ehataatin, cement and pulp. Dentin forms the
largest part of the tooth which covers enamel enctown and cement on the root. Inside the tooth is

pulp. The subject of our work will be solely devabte the root of the tooth.

1.2. DENTINUM

Dentin is a hard connective tissue that forms aomaprt of the tooth and is also the most
mineralized tissue in a human tooth. For this reakoowledge of the mechanical properties is
important for the prognosis of dental caries anddpction of dental implants whose mechanical
properties (remove ,is*) will approach the propestof tooth dentin.
Dentin varies from light yellow in the deciduousndtton to yellow in the permanent dentition and
partlygives color to the tooth, because it shitesugh the translucent enamel.lt is harder tharepon
but is not as hard as enamel, anddue to the orgaaidx and tubulum it is more elastic than the
enamel. Dentin has a lower mineral content thaneth@mel, thus causing higher radiolucency.It
consists mainly of inorganic substances hydroxyspat50% of the volume, organic substances:
collagen | - 30% by volume (fibersup to 50-100 mmdiameter which are randomly oriented in a
plane perpendicular to the direction of the dentinad the balance water - 20% by volume.
[4]Dentinal tubules, which number 12 000-75 00@fe@und on a 1 mfrarea and cause the formation
of the characteristic radial annealing dentin amttboth.The tubules are in the form of an S-Cind: t
first bend convexity is directed to the apex of theth root and is located closer to the pulp, the
second bend convexity is reversed to the crown,iqumtbser to the outer surface of the dentin. The
headroom of the dentinal tubules betweenthe puland the dentin reaches 2-4 micron and
incrementally narrows towards their current branghat thedentino-enamel junction (or dentino-
cementum junction) interface. Between adjacentlagbanastomoses frequently occur[5].

Mechanical properties of human dentin are reviewitkin the last 50 years.The results in this area

are very disparate, so it is often necessary #medyze previous studies and re-examine the stauctu
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of dentin and its mechanical properties. Accordimdjterature,the Young modulus is between 20 and

25 GPa, tensile strengthis stated as 41 MPa andessipe strength is 275 MPa. [4]

Fig. 2 Electron microscopic view of dentinal tulsif&]

1.3. CEMENTUM

Dental cement is a thin, calcified layer, which exss/the dentin of the root.It belongs to the pehdan
apparatus of the tooth, because it is involvedhéanchoringof the tooth in the dental alveol. C&me
has various strengths on different tooth surfades.Btrongest layer is located on the root
apex,especially on the interradicular area (504200 sometimes may exceed up to 600 microns).The
thinnest layer of cement is located in the neck @d-15 um). Cement is gradually created durirgg th
human lifetime.

Physical properties:cementum is light yellow and hamatte surface,and is softer than the dentin.
The permeability varies with the age and type ofi@etum. Cellular cement is permeable, much more
so compared to dentin.

Chemical properties:cementum consists of inorgamiomponents (65%), organic components

(23%) and water (12%). The main inorganic compoigehydroxyapatite.

Fig 3.Acellularcementum: A - dentin, B — Tomes'rgdar layer, C — Primary cementum [1]

2. METHODOLOGY

For the determination of micromechanical properiganoindented premolar tooth, extracted for
orthodontic reasons, was used. The specimen wgsmnedbyvertical assemblage in epoxy resin
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andsectioned with a frontal cut. It was then padsho the required quality of a perfect surface and
evaluated in the device of CSM Instruments.

2.1. DETERMINATION OF ELASTIC MODULUS

Nanoindentation experiments were performed usistrumental hardness TTX / NHT by CSM
Instrumentsprovided by Berkov's element. Indentatibere created in the cement and dentin.
Indentations were made in the form of 4x31 matricesne row and 20x4 and 27x4 in second row.
(Fig. 4.5) The first indentation is near the cermnentfollowed by indentation against the dentin over
the cement-dentin junction, with an offset distaat£6.04 mm between each one.

Fig. 4 Disto-mesial matrix indent - from the ougslge of the tooth to the core

Fig. 5 Vestibulo-oral Indent matrix - from the ouezlge of the tooth to its core
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Indentation took place by controlled forcewith aximaum size of 30 mN, where the loading rate
was 360 mN/min followed by a 10 s pause, duringcWwhihe indenter maintains a constant load
(maximum force of 30 mN) and unloaded again ateedpf 360 mN/min. The depth of injection at
full load is evident from the map and its courseresponds with the process of modulus of elasticity
of the wall thickness of the tooth (Fig. 6)

2.12E0
1,93E0
—1.73E0

1.54ED

1.35ED
firm

1.16ED

iigg}
0

L
I L T ]
[ 11m 4100

T T 1
A7 N0 12300

Fig. 6 The depth of the tooth injection in the walkstibulo-oral matrix (left vestibulo-oral axighe
distance of the core to the outer edge of the tabih right vestibulo-oral axis - the legend depfth

injection, disto-mesial axis - the disto-mesial nalidistance columns indents)

2.2. CYCLIC LOADING

Cyclic loading causes damage to the material waithdoad cycle, so every time it operates with
slightly altered properties. In order to verify wher the tooth dentin is subject to material fagigu
cyclic loading has been carried out in the midufiehe wall dentin. Cyclic loading was carried out

withinfive cycles, and its progress is showngraglycnFig. 7

First load: 10 mN

Unload to: 5 mN

Max load: 50 mN

Loading rate: 120 mN/min
Unloading rate: 120 mN/min

Pause: 10 s

The position in the center of the wall dentin wassen for cyclic measuring because of the gradual
changes in the modulus of elasticity so that theluhe of elasticity of the indentation matrix would
ideally be constant. As seen in Fig. 7,a stableatieh of the dentin of the tooth root from the
perspective of low cycle fatigue is apparent. Addially, no significant difference is measuredhe t

values of modulus of elasticity, E.
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Fig. 7 — Load displacement diagram (disto-mesias

3. CONCLUSION

From the results of the measurements the value ainy's modulus of the tooth root was
found.The lowest values occur at the edge of taotthe area of the cementum and cement-dentin

junction and near the root canal. The highest \watuwe found in the middle of this area.

Young's modulus of elasticity E - section H

10

5 line 4
line 3
line 2
0

modulus of elasticity E [GPa]

line 1
276 27.8 28 28.2 284 286 28.8 28 202 204 206

root canal outer edge of the tooth [mm]

Fig. 8 — Modulus of elasticity for the side thickeat the root of the tooth - the disto-mesial

direction
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Young's modulus of elasticity E - section V
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Fig. 9 — Modulus of elasticity for the side thickaeat the root of the tooth - the vestibulo-oral

direction
The most important conclusions:

» The dentin tubulesare orientedin directionsfroncéiment-dentin borderto the rootcanal(Fig.
5). In this orientation tubules are extended in direction of the pulp. The transition of
tubules in the tangential direction of the rootalas caused by the two rooted tooth.

* In the vestibulo-oral direction a changeoccurshi tnodulus of elasticity E of the wall of the
tooth;at the edge of the cement the dentin achiave®dulus of elasticity of 13 GPa, in the
middle of the dentin wall 23 GPa is achieved, antha interface between the dentin and root

canal 14 GPa is achieved.

* In the disto-mesial directionthe development of ¢hestic modulus develops analogously to
the vestibulo-oral direction. The value of the miogdwf elasticity in the dentin at the edge of
the cement is 14 GPa, in the middle of the denting 24 GPa, and at the interface of the
dentin and root canal it is 13 GPa.

Tab.1. Modulus of elasticity vestibulo-oral andtdisnesial direction

cement-dentin junction | middle dentin | dentin near the root canal

vestibulo-oral 13 GPa 23 GPa 14 GPa
disto-mesial 14 GPa 24 GPa 13 GPa
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NON-DESTRUCTIVE ASSESSMENT OF TIMBER
STRUCTURES

Pavel KLAPALEK !, Lenka MELZEROVA ?

Abstract:The purpose of this paper is to summarize andrdesthe currently used non-destructive assessment
methods of a timber structures used in modern @wijineering.The principle of each method is skortl
introduced and the reader is familiarized withtonkcessary for the assessment and output paramat@risled

by the method.

Keywords:Non-destructive tests, Modulus of Elasticity, Ognddumidity, Timber

INTRODUCTION

The use of the non-destructive methods for assegsofidimber quality has numerous benefits,
mainly when used on site atthe currently standingctires where it is not possibleto remove pafrts o
the structure and test the material in laboratarpriderto determine theexact values of the desired

properties.

For the assessment of the timber properties m@ortant to be familiarized with the commonly
used methods in order to decide which one is tistdese in variousconditions. The topic of timber
quality assessment becomes more and more impovidgmthe rise of popularity of timber structures.
For instance, the reconstructions of old attics reo@adays extensively accomplished and the non-

destructive methods are the only way how to detegrtiie properties of the original timber.

There is a bunch of different methods that candssluhowever, the each of them is different in its
principle and suitable for a different applicatiofrhe non-destructive testing of the timber can be
effectively used for measurement of mechanical phgsical properties such as density, strength,
humidity, modulus of elasticity etc. Moreover, eveetermine location of the defects (knots etc.)
canbe determined and locate places where the badfp@mber ends and healthy part begins.There
are few cheap and fast methods, where the resalavailable immediately on site, but also ones tha

are expensive and time consuming where the resedds to be processed by the software.
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LIST OF NON-DESTRUCTIVE METHODS

2.1. VISUAL METHOD

Visual methodis a basic way to assess the qudiityntrer. Kind, approximate age and location of
organic or inorganic defects can be relatively lgadetermined by a naked eye (Figure 1). Most
importantly the method is used for determinationhef following steps for further and more complex

assessment. On the other hand there is a needofite basic knowledge of the timber and its

properties.This method should be used prior toratiethods of the assessment and testing.

.,

Fig. 1Defects recognizable by visual method (hitgl{housephotos.com)

2.2. ELECTRICAL METHOD

One of the most common and affordable ways to agkegimber quality is to exploit the electrical
method. It uses the basic physical phenomenoneatredal conductivity. Using calibrated handheld
devices the humidity can be measured and evenrtsemce of the rotting can be detected(Figure
2).When the device is attached to the timber, duatal resistance between two electrodes is
measured, and whenthe temperature and kind oftigaésd timber is known, the method can yield
quite accurate values.The devices can be purctiasagrice in range of tens to hundreds of Euros.

Fig. 2 Representative types of humidity métets://www.elbez.cz)

2.3. METHOD OF ULTRASONIC WAVES

Method of ultrasonic waves is most commonly usedifigestigation of timber quality in civil
engineering.ltexploits sound sensors to measurspteading of ultrasonic waves through the material
(Figure 3). It can be used to determine the tinreperties such as density, modulus of elasticity,
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strength and localize the position of abnormaliflewots, cracks or other damage). The device ctensis
of two sensors and a measuring device thatdetesntime speed of waves spreading between the
sensors.With higher humidity of timber the speedrel@ses, while in case of a crack or any other
defect the speed rises.For more detailed invesgligéte timber specimen must be measured at several
locations. The measurement can be accomplishedrgitirallel to fibers or perpendicular to fibers
with sensors ofdifferent frequencies for a différelimensions of the timber. The first way of
measurement is good for obtaining approximate pteggeof the timber and to gain overview of the
element. The second way of measurement is goagetting detailedoverview of the properties and to
localize any defect.The price of the device isange of hundreds to thousands of Euros.

Fig. 3 Different types of devices needed for ingasbn by ultrasonic wavésttp://tico.com)

2.4. RADIATION METHOD

Radiation method is demanding but suitable forohisal timber structures. The method uses
ionizing radiation and allows to "look" into theeatent. It is divided into the radiometry and
radiography. The great advantage of this methdd ison-destructive nature, but it isvery importent
take certain safety measures to reduce hazardsiassbwith exposure to radiation. The price of the

device is in range of tens to few hundreds of taads of Euros.

The radiometry utilizes the phenomenon of the ppssd gamma radiation through a shielding

material (Figure 4). It leads to the absorption scattering and these data are then evaluated.

Fig. 4The principle of the method and the devicdtfe radiometry(http://balkanplumbing.com)
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The radiography then usesrys to create a negative image on thea)X{ilm or at radioscopy tr

X-rays passes through the magnetos and creates a digital image (Figure 5).

d
++

Fig. 4 The principle of the method athe device for the radiograptiittp://ndt-ed.org/)

2.5. METHOD OF SPIKE

Method of spikeis not totally non-destructive, but the damage ai investigate specimen
minimal and it doesn't affect iteechanical propertieThese areneasured using a mechanical de
that fires a spike witltalibratedstrength and measure the depth of penetratitnthe sample. The
most ideal measurement is radial where the meastwters shoulcvary up to 10%. If measure
tangentially the pincan be firedinto hard annual rings and thus the measured s can vary
significantly. The maximum penetration depth of the spik 40 mm. With this measurem: the
density can be determidas well asthe strength and theodulus of elasticity.The most commaol
used device for this test is called Pilo (Figure 5) The price of the device is around a few hund

of Euros.

Fig. 5 The principle of the methcof spike and necessaryequipmentd://www.gsxIslks.co,
http://www.krsis.dk)

2.6. METHOD OF RESISTIVE MICRO DRILLING

Method of resistive micro drillir allows for the detection afiternal defects by using deep drilli
resistance micro drilquipped bresistograph (Figure 6Jhe results of the measuremare displayed

by a diagram showinghe dependence between fresistanceof the drill and its penetrati.This

124



Nano and Macro Mechanics 2013 culg of Civil Engineering, CTUin Prague, 2013 ™September

method is time consuming and is more suitable ftwcal analysis of properties. The price of the

device is around a few hundreds of Euros.

I

(\ )
X

Fig. 6 The principle of the method of resistivenmidrilling and necessary equipment
(http://www.bam.de/)

2.7. METHOD OF RESISTIVE MICRO DRILLING

In this method, using specially adapted drill, ttemples with a diameter of 4.8 mm and a
minimum length of 20mmare taken from a specimegufé 7). Those samples are then tested in the
laboratory to determine the mechanical properst®iigth, modulus of elasticity, moisture). By the
naked eye you can easily determine the preseneerof, depth of penetration of the impregnation

substances and others. The price of the devia®imd a few hundreds of Euros.

Fig. 7Specially adapted drill for extraction of spi@s (http://inspectapedia.com/)

2.8. PULSE METHOD

Pulse method is a dynamic method which is basethemsurement of natural frequencies of the
element with a set consisting of impacthammer @ljivsensors and computer that records the
response of the element (Figure 8). Using the itf@ewmer the specimen is excited and
themeasurement station subsequently records tligatie force and the response of anelement. The
result is a response model consisting of frequarsponse functions(FRF) of the tested specimen. The
natural frequencies are then evaluated from FRIgsumed to determine the dynamic modulus of

elasticity. The price of the set is in range of heals to thousands of Euros.

125



Nano and Macro Mechanics 2013 culg of Civil Engineering, CTUin Prague, 2013 ™September

Fig. 8: Theimpacthammer and the sensor during teasarement using the pulse method

CONCLUSION

There are many ways how to non-destructively evaltize properties of timber and their choice
depends on an expert, according to output dataedeedid an available equipment. Long-term
experience is very important and helpful, but thsib knowledge of the available methods can help

with the decision.
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FRACTURE PROPERTIES OF FRC WITH DIFFERENT
FIBER TYPE AND CONTENT

Martin KOVA R, Marek FOGLAR 2

Abstract: The paper presents results of a study focused on the mechanical properties of fiber reinforced concrete
with different fiber type and content. Original experiments are compared to results available from the literature.
Conclusions on the dependence of the fracture energy on the fiber type and content are drawn. The paper
presents analytical approach to optimized force-deflection diagram of FRC beams with various fiber type and

content.

Keywords: Fiber reinforced concrete, fracture energy, dynamic increase factor, force-deflection diagram

1. INTRODUCTION

Fiber reinforced concrete (FRC) is because of gshmanical properties much more suitable for the
use in structures subjected to higher strain ratgs,blast or impact loading [1]. The value otftae
energy is the decisive material characteristicsaksessment of the damage of concrete structures by
loadings with higher strain rates. This paper surnmea the results of the tests focused on fracture
energy of fiber reinforced concrete of differemeagth classes, different fiber types and fiberteots

subjected to different loading rates.

2. FRACTURE PROPERTIES OF FRC

2.1. METHODS OF ASSESSING THE FRACTURE ENERGY OF FRC

The fracture characteristics of FRC are usuallietten beams subjected to three-point bending or
on specimens subjected to uniaxial tension. Theevaf the fracture energy is equal to the areamunde

the force-deflection diagram @)

w
W = [F.dJ )
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where W is the area of under the force-deflection diagiamd B.H [m] are the cross-sectional
dimensions of the crack of the specimErnN] is the force which loads the specimen ard] is the
deflection the force is causing in the middle of #pan of the specimen. The area under the force-
deflection diagram is taken for a limited defleati®hen the loading of the specimen continues until

the collapse, the value B.H is equal to the ardhetoncrete specimen.

The tests described in this paper were not perfdraceording to the RILEM recommendations but
according to the recommendations published intf#,Czech national recommendation on testing of
FRC. The specimens are beams, 150x150x700mm watkgan of 600mm. No notch is used for the
definition of the position of the macro-crack. Té@ecimen is loaded by four-point bending and the
forces divide the span into thirds. The benefitto§ test arrangement is the constant value of the
bending moment in the middle third of the speciraed elimination of the effect of the shear force.
At the specimens without the notch, the macro-crardpagates at the weakest cross-section, i.e. the
cross-section with the smallest fiber content, Whi subjected to the biggest bending moment. The

scatter of the results is bigger in comparisormeotésts on notched specimens.

All other technical arrangements are similar togkperiments described in [3].

2.2. RESULTS OF THE EXPERIMENTS

The experiments were performed on two differergrggth classes of concrete and varying fiber
type and content. The strength classes of conerete chosen C30/37 and C55/67. For both types of
concrete, two different materials of fibers withotwlifferent fiber contents were tested. The poly-
propylene (PP) 54mm long fibers were used in dasafie.5 and 9 kg/M(0.5% and 1%), the steel

fibers were used in dosages of 40 and 80 k¢Dn%% and 1%). In total, 8 mix options were used.

Every material option was tested at three speedidefdfrmation to verify the dynamic increase
factor and the influence of the loading rate on ftlagture energy. The speeds of deformation were

chosen 0.2 mm/min (approximately static loading)nEmin and 6 mm/min.
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Tab. 1 Comparison of the fracture properties of the tested FRC

Speed of C30/37, PPp= 0.5% C30/37, PPp=1.0%
deformatio Crack opening Fracture energy Crack opening Fracture energy
no Fcis  Ocis FeLs dcLs
[mm/min] [kN] [mm] [N/m] [kN] [mm] [N/m]
0.2 30.6 0.09 2615 29.9 0.10 5007
2.0 31.6 0.09 2451 36.1 0.09 7405
6.0 - - - 36.9 0.12 6610
Speed of C30/37, FEp=0.5% C30/37, FEp=1.0%
deformatio Crack opening Fracture energy Crack opening Fracture energy
nv Fcis  Ocis Fcis  Ocis
[mm/min] [kN]  [mm] [N/m] [kN] [mm] [N/m]
0.2 28.0 0.152 6628 354 0.153 11467
2.0 30.5 0.130 6351 37.7 0.129 11453
6.0 31.8 0.128 6119 43.5 0.179 11667
Speed of C55/67, PPp=0.5% C55/67, PPp=1.0%
deformatio Crack opening Fracture energy Crack opening Fracture energy
nov Fcis  Oos FoLs OcLs
[mm/min] [kN]  [mm] [N/m] [kN] [mm] [N/m]
0.2 32.0 0.084 2100 34.4 0.117 6129
2.0 40.0 0.100 3440 37.9 0.097 8807
6.0 43.8 0.107 - 42.7 0.116 7452
Speed of C55/67, FEp= 0.5% C55/67, FEp=1.0%

deformatio Crack opening Fracture energy Crack opening Fracture energy

nv Fcus  OcLs

Fcis  OcLs
[mm/min] [kKN]  [mm] [N/m] [kN] [mm] [N/m]
0.2 372 0.121 4559 37.6 0.099 7634
2.0 40.0 0.116 4899 47.8 0.120 7571

6.0 41.8 0.113 4612 49.0 0.126 1227
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2.3. ANALYTICAL APPROACH TO THE DESCRIPTION OF THE FORCE -DEFLECTION
DIAGRAM

The force-deflection diagrams of fiber concrete bandivided into two groups according to the

material of the fibers: PP or steel fibers. Eachheke groups has its own characteristic shapkeof t
force-deflection diagram.
The typical force-deflection diagrams with emphadizharacteristic points are plotted in Fig. 1

and 2.

ELASTIC BEHAVIOR
LINEAR PLASTIC BEHAVIOR
PARABOLIC
=
X LINEAR
w
O
a4
(@]
e
2,0 4,0
DEFLECTION & [mm]
Fig. 1 Typical force-deflection diagram of a PP FRC
L " j2.1FE — ELASTIC BEHAVIOR
A ‘-"1FI§T-7;:’_ LINEAR PLASTIC BEHAVIOR
| "y /7/'\:
Z B _— HYPERBOLIC
— Pt | TNEAR
o \ el e
ot P 1 /g
e < 31FE 7/
2 g . e
——
P3.2FE T
0,1 2,0 4,0

DEFLECTION & [mm]

Fig. 2 Typical force-deflection diagram of a FE FRC

The behavior of FRC in bending can be charactereedinear elastic before the macro-crack
appears. After the macro-crack appears, unlikehatplain concrete, the specimen performs with

residual tensile resistance.

The slope of the elastic part of the force-deftattdiagram is given mainly by the modulus of

elasticity of concrete which is not much influendsdthe volume or material of the fibers.

The value of the force at the appearance of theav@ack depends again mainly on the tensile
strength of concrete. The influence or the fibexsuos at FE fibers of higher volumes. The firstggha

of the force-deflection diagram can be defined as:
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Mer =0.1F¢y ©)
_ Mcr H _O.chr H
fom = e 1 - O2Far o1 (4
l BH
2
BH
For = fogm —— )
cr ctm 0.6

Where:

M — is the critical bending moment at the appeararidhe macro-crack.. — the force at the
appearance of the macro-craff,— is the mean value of the tensile strength of n¢l — is the

moment of inertia of the cross-secti@andd are the dimensions of the cross-section.

Higher strength classes of concrete have highesiléestrength and higher modulus of elasticity.

The first macro-crack usually appeared at the dedfie of 0.1mm.
The first point of the force-deflection diagram dadefined as (the point 1PP + 1FE):

1PP + 1FE = [0.1mm; F] (6)
The position of the first point gives the slopétlud first part of the force-deflection diagram:
F = 10F; 0 (7)

The force-deflection diagrams of FE FRC bifurgateaading to the value of the tensile stiffening.

The decreasing part of the force-deflection diagrash FE FRC can be characterised by a
hyperbola.

The force-deflection diagrams of PP FRC behave diffarent way, the decrease of the tensile
strength is much more significant, the point 2PRe FE FRC with fiber volume less than 0.5%

behave similarly.

The decrease is dependent on the fiber contenhefdeflection of approximately 2mm, the
material stiffens again, the point 3PP. This effeears off at the deflection of 4mm, point 4PP (and

3FE). Since this point, the decreasing part ofthee-deflection diagram can be considered linear.
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30,0 —ANALYTICAL APPROACH

250 \\ —(C55/67_1% PP
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Fig. 3 Comparison of the analytical and real force-deflection diagramfor PP FRC

CONCLUSION

The experiments showed great influence of the ftgpe and content on the fracture energy of

FRC. The fracture energy rises with the increagilvgr content.

The increase of the speed of deformation to 2mmiaimsed an increase of the fracture energy.
Yet, the further increase of the speed of deforomatio 6 mm/min did not cause further increase ef th

fracture energy.

An analytical approach to the description of theéedeflection diagram was introduced.
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DETERMINATION OF MICROMECHNICAL PROPERTIES
OF WOOD CELL USING NANOINDENTATION

Vlastimil KRALIK !, Vaclav NEZERKA?, Zdengk PROSEK?

Abstract: The paper deals with the determination of nanud anicrostructural, and micromechanical properties
of timber. This was done by means of optical amettedn microscopy, atomic force microscopy (AFMY an
nanoindentation. These methods can define the patsamof individual phases within a composite, Whie
important for development of micromechanical madé&lsese can be used for design and optimization of
materials, such as various wood-based products. Sudy provides information about the micromechalhnic

properties of a early and late spruce cells.

Keywords: timber, mechanical properties, atomic force micopsg nanoindentation, spruce cells

1. INTRODUCTION

Timber is one of the most popular building matariahd it has been extensively used since the
ancient times. Celtic people successfully builatigely lightweight structures made of timber befor
the 4" century BC. Nowadays its popularity is still inasing even in developed countries, because it
is renewable material and its production is ecenflly. Timber is used in civil engineering for lead
bearing structures, such as floor beams, as wetbrathe auxiliary structures and claddings, and

sometimes it is even used as a fire protection.

From the micromechanical point of view timber, coad in general, is composed of three basic
components: 1. celulose (35-55 %), 2. hemicelul®Se35 %), and finally 3. lignin (15-30 %) [1, 2].
For the purposes of construction industry the tingyeduced from coniferous trees is most poputar, i
particular from spruce. It can be split withoutuiotes, reaches quite high elastic deformationag h
relatively low bulk density and it can be easilygl. Therefore, it is often used for the productbn

wood-based composite products and glued-laminagachb, known as glulams.
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Mechanical properties of wood at macro-level aosely connected to the properties of wood cells
at micro-level. The cell structure of wood is relaly complicated, there are several cell types thrgl
diversity is mainly caused by the different growatid development of cells in spring (earlywood) and
summer (latewood). The structure of latewood issderbecause the cells are thick-walled around a
cavity called lumen, and it has strengthening fiamctwhile the earlywood forms a weaker layer
within the annual ring and its main purpose isrémsport the nutrients through big lumens. The size
of cells and their walls is very limited and thenef the evaluation of mechanical properties can be
done only on the micro level, for instance by meafnsanoindentation.

2. EXPERIMENTAL METHODS

The investigated sample was extracted from a glldeaam composed of spruce lamellas [1]. An
internal structure of the wooden cells for sprimgl aummer growing season was monitored using
AFM. It is shown in Fig. 1a and 1b. It is clearligible that the earlywood cell is thin-walled, hayi
the wall thickness between 2 andu® and being equipped by a large lumen. The latewmiidis
thick-walled and its thickness ranging between @ aam [1, 4].

Nanoindentation tests were performed using a Hysifrribolab system® at the Faculty of Civil
Engineering, CTU in Prague. Intrinsic elastic pmips of individual cells were evaluated by
statistical nanoindentation [2] at this level. Tgreperties of lumen were tested only on the eartyvo
cells since the lumen of latewood cells was usuddlgnaged as documented on the cross-sections in
Fig 1a and 1b, and only the cell walls were inde e the latewood cells.

oy 1 0z [un

g
g
g
g
E

VY
Fig. 1a AFM image of a spring wood cells Fig. 1b AFM image of a summer wood cells
65 x 65um, cross section of cells 65 x 65um, cross section of cells

SN

8 (]
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Several indents were made on both types of wood#s at different locations of the previously
polished surface of the investigated specimensdata load controlled test for an individual indent
consisted of three segments: loading, holdingeptak and unloading. Loading and unloading of this
trapezoidal loading function lasted for 5 secomuis the holding part lasted for 8 seconds. Maximum

applied load was the same in both cases, equad@qM. The grid of indents (4 x 5) at a single
position, located by in-site imaging, is shown ig.R2. The indents are located in distancegn® to

avoid their mutual influence.

 —— Ll 1544.3 400 — Cell wall J !
‘ == Lumen s ','
! ‘ 1 300 /
\ < 200
7721 - ',"
' 100
0
’, 4
00 0 100 200 300 400
[nm]

Image Scan Size: 50,000 pm

Fig. 3 Typical loading diagram of cell wall and

Fig. 2 Matrix of indents of summer cell
lumen of spring wood

wall scanned with Hysitron Tribolab®,
50 x50um

3. RESULTS AND DISCUSSION
The output of our measurements is the set of fdisplacement nanoindentation curves. These

curves describe the response of the material orhamécal loading — the relationship between the

loading force and penetration depth. The averagetpstion depth was established as 222 nm for
latewood cells and 270 nm for earlywood cells. @lierage penetration depth in the region of lumen

was 324 nm. These values are sufficient with rasfmethe surface roughness, but not too large to

avoid interaction between phases.

Tab. 1 Average values of micromechanical paramdtera/ood cells

Type of N Elastic
Position st. dev Hardness st. dev
wood modulus
[GPa] [GPa] [GPa] [GPa]
_ Cell wall 10.2 0.9 0.18 0.02
Spring
Lumen 3.1 0.1 0.13 0.01
Summer Cell wall 12.9 1.3 0.25 0.03
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Typical nanoindentation load-penetration curvesasgnting spring wood cell wall and lumen are
shown in Fig. 3. Elastic modulus and hardness watuated for individual indents using standard
Oliver and Pharr methodology [3]. The average wlaied standard deviations at individual positions
of the measurements are summarized in Tab. 1. Bastht is in good agreement with the range of

experimental values reported for spruce wood g.@>indl et al. [2].

4. CONCLUSIONS

The microstructure of the wood sample was studigdABM and it revealed different cell
structures of the earlywood and latewood. Mechamigaperties of individual cells were assessed by
means of nanoindentation. Elastic parameters d@figgpnd summer cell walls were obtained by means
of statistical nanoindentation. The elastic modwfisatewood cell wall was established as 12.9 GPa,

which is 26 % higher than the earlywood cell wadidulus, equal to 10.2 GPa.

The mechanical properties of lumen were measurgdamnthe earlywood cells since the lumen of
latewood cells was usually damaged during samppapation. The elastic modulus of lumen was
established as 3.1 GPa. The obtained results argaod agreement with the data of other reseacher
reported in open literature. Further research, dedumainly on the effect of humidity on the wood

structure and mechanical properties will be dore mear future.
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NUMERICAL SIMULATION OF CRACK PROPAGATION
BASED ON LINEAR ELASTIC FRACTURE MECHANICS

Karel MIKES *

Abstract: In linear fracture mechanics, it is common to ke local Irwin criterion or the equivalent global
Griffith criterion for decision whether the crack propagating or not. In both cases, a quantityezhthe stress
intensity factor can be used. In this paper, fowetmds are compared to calculate the stress intgrfiactor
numerically; namely by using the stress values,stiape of a crack, nodal reactions and the globedrgetic
method. The most accurate global energetic methagéd to simulate the crack propagation in opemiagle.

In mixed mode, this method is compared with thguieatly used maximum circumferential stress coteri

Keywords: crack propagation,stress intensity factor, maximstrain energy release rate criterion, maximum
circumferential stress criterion

1. INTRODUCTION

The description of crack propagation is one ofrtist important parts in linear fracture mechanic.

The main questions are: Which loading value w#l tnack propagation begin for and which direction
will the crack propagate in?

The aim of this paper is to find asuitable way howealculate the stress intensity factor, which can

be used to simulate the crack propagation in modendl then propose and test some criterion in
mixed mode.

2. STRESS INTENSITY FACTOR CONCEPT

The stress intensity factor is aquantityused iedmnfracture mechanic to describe an asymptotic
stress field near the root of the crack. The vabfehe stress field reach infinity and declinesima

square root of the distance from the crack tip.&bgmptotic stress field in a state of plane stigss
described in [1].

0x(r,0) = \/mcos > sinzsin— — sin- (2 — cos 5 C0S— ) (2)
o,(r,0) = cos— sin-sin— Sin—=cos = cos—-
Y V2mnr 2 22 V2mnr 22 2

KarelMike$,Faculty of Civil Engineering, Czech TeatalUniversity in Prague, karelmikegmail.com
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T r, = SIN—COS—COS— COS— — SIn—SIn—
xy \2TTTr 2 2 2 21T 2 2 2

wherek; andKj; are the stress intensity factors in mode | andislthe distance from the crack tip

andé in a angle in polar coordinates.

3. CRACK PROPAGATION IN MODE | (OPENING MODE)

In mode |, the crack is only opened. Thereforewe assume that the crack will propagate in an

original direction and we have to decide only wieetihat the crack is propagating or not.

3.1. LOCAL IRWIN CRITERION

This concept was introduced by Irwin [2] in 1957eTdtress intensity factor is used to decide about
crack propagation.The propagation will begin if tridue of the stress intensity faci$reaches the

critical value.

The rules for crack propagation according to tlealdrwin criterion:

Ki <K.= no crack propagation (4)
Ki=K.= crack is propagating )
Ki>K.= non-permissible situation (6)

whereX; is thestress intensity factor in mode | dfids a material property which is called fracture

toughnesfNm=3/2].

3.2. GLOBAL GRIFFITH CRITERION

This criterion was introduced by Griffith [3] in 20. The propagation will begin if asufficient

amount of energy is released during the propagation

The rules for crack propagation according to thiealGriffith criterion:

G(u,a) < Gr= no crack propagation (7)
G(u,a) =G = crack is propagating (8)
Gw,a)> G = non-permissible situation 9)

whereg; is a material property which is called fracturemgyNm™1],

G(u, a)is a strain energy release rate which is defined as

10W, (w,
gu0) = — P

wherél, (u, a) is a energy of elastic deformation as a functibtihe displacement and the length

(10)

of the cracka. tis a thickness of a beam.

Both criterions are equivalent and in mode | (state of plane stress), we can write
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2
G(u,a) = K?I (11)

Now it is equivalent to use the stress intensitgdaor the strain energy release rate.

3.3. SIMULATION IN OPENING MODE

The four methods were used to calculate the sinésssity factor or the strain energy release rate
in opening mode; namely by using the stress valiles shape of a crack, nodal reactions and the
global energetic method. The first three method® lzalocal character and manipulate with the values
near theroot of the crack. The fourth method stutlie change of the energy of a whole beam and
calculates the strain energy release rate withgusmoriginal definition(10). All these four methods
were applied to the three-point bending test webrgetry according to Fig.1.

1
F[ I
\\!//

/ s / i
/ /

e

Fig.1Geometry of the three-point bending test

The comparing of the results with using the différgype of the finite elementsis shown in afollogin
table.

Tab. 1 Error with using the different methods alnel different finite elements:

Type of finite elements|: A A A

Used method: Linear Quadratic Modified quadratic
Values of stress > 30% 10 — 30% 10 — 30%
Shape of a crack <10 % 2% 1%
Node reaction 5-10% <5% <5%
Energetic method 5% 2% 0.5 %

The global energetic method with using the modifgeg@dratic elements is the most accurate but
also the most time-consuming method. If we appdythiethod with following geometry: high

h =0.5m, length. = 2 m, thicknesg = 0.2 m, initial length of a craak, = 0.05 m, elastic modulus
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E = 20 GPa, Poisson ratw = 0.2 and fracture toughne&s = 4MNm~3/2, we obtain the Force-

displacement diagram, see in Fig.2.

180 T T T T T
F [kN] a(): 50 mm
160 -
140 -
120 ay=100 mm
100 = a,=150mm
BO - B
@y=200 mm
60 ay= 250 mm 7
a0 | @p= 300 mm 4
20 aoy=350 mm A
ay=450 mm
ao= 400 mm . 0 (o= 480 mm
0 : .
0 0.5 1 1.5 2 25 u[mm] 3

Fig.2Force-displacement diagram of the three-pbiending test

4. CRACK PROPAGATION IN MIXED MODE

In opening mode in a plane there is a combinatfoainoopening and a shear. The direction of the

crack propagation has to be determined by anotiterion.

4.1. MAXIMUM CIRCUMFERENTIAL STRESS CRITERION (MCSC)
This criterion determines crack propagation in thection with the maximal circumferential
stress. It is a simple idea, but there aresevesgisvhhow to calculate the values of circumferential

stress which is defined as
0g(r,0) = o), cos? 0 + g, sin® § — 27, sin 6 cos § (12)

With using (1)-(3) we obtained:

K, 6 6
cos3 = — 3 —=—cos?=sin— (13)

K;
og(r,0) =
o(r.6) \2mr 2 \2nr 22

The first wayhow to find the maximum circumferehtsress (MCSC1) isto use the values of the
stress field in a number of Gauss point near thekctip and fit a ratidy; /Ky with using (1)-(3). Then
the maximum circumferential stress is representedngled that can be found by solving following

equation
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sin @ + %(3cos€—1)=0 (14)
withthe following conditions
6 € (—m,m) (15)
K;>0 (16)
KHsing <0 17)

Anotherway how tofind the maximum circumferentisess (MCSC?2) is to substitute the values of the
stress field into the original definitiqi2). Smooth with a polynomial function and find theximaum

of this function.

Both ways give almost the same results, see i3 Fig.

4.2. MAXIMUM STRAIN ENERGY RELEASE RATE CRITERION (MSERR C)

This criterion determines the crack propagatiorth@ direction with the maximal strain energy
release rate which is defined (©0). This maximum can be found by execution of a nundfehe
crack extensions in the different directions. Theahculate the strain energy release rate in each

direction, smooth with a polynomial function anddithe maximum.

The application of this method leads to the différerack paths than with using the previous

criterion MCSC,see in Fig.3.

0.5 Fy ' 2 - ' ]
0.4 - T ] i
. MCSC1 T

037 ... mcscz Iy il
0.2 F|  coeerenns MSERRC r@ _
0.1F \ |
0 -k i

] | | A I

Fig.3Comparing of the different criterion in therdle-point bending test

4.3. COMPARATIVE EXAMPLE

Another example is taken over from [4]. It is ataagular panel with two holes and two initial
cracks submitted to a vertical tensile. In thisreghe both criterions lead to almost the same crack

paths and results are similar to the results fréfngdee in Fig.4 and 5.
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Fig.4Comparing of the different criterion in a viegl tensile test
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Fig.5Comparing of the different criterion in a viedl tensile test fron¥]

5. CONCLUSION

With using the global energetic method, we obtaived; good results in mode 1. In the three-
pointbending test in mixed mode, criterion basedhis method leads to the different crack path then
the criterions using the circumferential stresst Bath criterions give the similar resultsin other

examples in mixed mode.
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UNIFORM DESIGNS OF EXPERIMENTS FOR ASYMPTOTIC
SAMPLING

Eva MYSAKOVA!, Matéj LEPS?

Abstract: The Design of Experiments creates an essential part of meta-modeling. The goal is to gain maximal
information about the system with a minimal number of evaluations. For instance, to estimate a probability of
failure or similarly reliability index by Monte Carlo-based algorithms, several consecutive Design of Experiments
must be made to investigate properties of the failure domain. These designs are not same but are usually more or
less overlapping. Therefore, at each step the goal is to create a new design in the different domain as uniform as

possible but prevent duplicities among the new and the previous design.

Keywords: design of experiment, Latin Hypercube Sampling, space-filling, asymptotic sampling, maximin

1. INTRODUCTION

The Design of Experiments (DoE) creates an essential part of any meta-modeling [1], experimenta-
tion [2], sensitivity [3] or reliability analyses [4]. Our work is aimed at algorithms, where several DoEs
are created sequentially in overlapping domains. In other words, bounds of variables are changing dur-
ing the evolution of the algorithm. Then the goal is to create a new design in the extended domain as
uniform as possible but prevent duplicities among the new and the original design. Moreover, the usage

of already evaluated points is preferred.

The changing of variables’ bounds figures for example in reliability analysis method called asymp-
totic sampling, see e.g. [5]. Several Monte Carlo samplings are run with different standard deviations
o > 1 and then the required safety index /3 or probability of failure P; for o = 1 is estimated by an
extrapolation. Therefore, the method enabling the usage of already evaluated points in differently dis-
tributed designs is required. In this paper we propose such a method that still ensures Latin Hypercube

Sampling (LHS) property at each step of the algorithm.

' Bec. Eva Mysdkov4, Faculty of Civil Engineering, Czech Technical University in Prague,
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Fig. I Transformation of the design. The design points are transformed between individual distributions
by their CDFs. Legend: Black dash line = CDF of Original distribution - normal, 1=0, o1=1; Black
line = CDF of New distribution - normal, p11=0, 01=2; Red points = LHS design; Green points = design
with Original distribution transformed from [0,1] LHS; Blue points = design transformed back to [0,1]
by CDF of New distribution.

2. PROPOSED METHOD

In this paper we assume a simple case with two different distributions. In all examples these are
normal (Gaussian) distributions with mean p; = po = 0 and standard deviations 01 = 1 and o9 = 2.
The next parameter we chose is the number of points in the design with the second (new) distribution -

in this paper the new design has twice more points than the original design.

The problem is following: at first the initial uniformly distributed LHS design is created. This design
is transformed by cumulative distribution function (CDF) of the first (original) distribution C'D F into
the original design (certainly, the original design can by generated directly without the transformation
from uniform initial design). We assume that these design points are evaluated (therefore it is desirable
to use them again in the next steps). This design is then transformed back to [0, 1]-space by C DF;, and

here the actual problem starts. The described transformations are shown in Figure 1.

The goal is to create a new uniformly distributed LHS design in [0, 1]-space with 2-np points, where

o o o o o o o0 ©o
| | | | I | | | |
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Value

Fig. 2 Control of LHS restrictions in 1D. Legend: Blue points = design transformed back to [0,1] by
CDF of New distribution; Yellow points = a “torso” (used blue points) of new LHS design.
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Fig. 3 Control of LHS restrictions in 2D. Legend: Blue points = design transformed back to [0,1] by
CDF of New distribution; Yellow points = a “torso” (used blue points) of new LHS design.
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Fig. 4 Size of the “torsos” for original designs with 100 points. Statistics from 100 runs.

np is the number of points in the original design. Moreover, this design should contain as many already
used points (blue points in illustrating Figures) as possible. Therefore, the following step is to control
the LHS restrictions and create a “torso” of the new LHS design as shown in Figures 2, 3, 5c and 5d.
The [0, 1]-space (each axis of multidimensional space, respectively) is divided into 2-np intervals and
the intervals containing more than one point are denoted as violating the LHS rules. The “torso” of the
new LHS design is created by blue points so that we randomly choose a point and exclude points that
share the same interval with chosen point. This is repeated until all the blue points are used in “torso”
or excluded. It is obvious that different “torsos” can be created depending on the order of choosing (and
excluding) the blue points. The sizes of “torsos” (number of non-colliding blue points) created from the

same blue point set of 100 points are shown in Figure 4.

After the “torso” of the new LHS design is created it is necessary to complete it, i.e. to fill the
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unsampled columns and rows. We simply create LHS design with (2-np — nt) points, where nt is size
of the “torso” (number of it’s points). This auxiliary design is then distributed into vacant intervals of

generated new LHS design as shown in Figure Se.

1 1 1
AN ® (V] ? ° N *
= . = Lo =< R
S 1 91 % 1
Xl Xl X1

(a) An initial LHS design for transfor- (b) Design transformed back to [0,1] by (c) Control of LHS restrictions.
mation by CDF of Original distribution. CDF of New distribution.
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(d) Creation of a “torso” - basis of new (e) New LHS - adding points on posi- (f) Optimized new LHS design - usage

LHS design. Points violating the LHS tions not occupied by points of a “torso”. of random_Cmin_exchange method

restrictions are not used. on added points. Points of a “torso” stay
in their positions.

Fig. 5 An illustration of proposed method in 2D. Legend: Red points = LHS design; Blue points = design
transformed back to [0,1] by CDF of New distribution; Yellow points = a “torso” of new LHS design
(used blue points); Black points = points added to the vacant positions to completing new LHS design;
Cyan points = new optimized LHS design.
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Fig. 6 The whole process in 1D. Legend: Red points = LHS design,; Green points = design with Original
distribution transformed from [0,1] LHS; Blue points = design transformed back to [0,1] by CDF of
New distribution; Yellow points = a “torso” of new LHS design (used blue points); Cyan points = new
LHS design; Magenta points = design with New distribution transformed from new [0,1] LHS; White
points = points from Original distribution used in design with New distribution, Cross point = point not
used in New distribution (violating LHS restrictions).

Fig. 7 The whole process in 2D. Legend: Red points = LHS design; Green points = design with Original
distribution transformed from [0,1] LHS; Blue points = design transformed back to [0,1] by CDF of
New distribution; Yellow points = a “torso” of new LHS design (used blue points); Cyan points = new
LHS design; Magenta points = design with New distribution transformed from new [0,1] LHS; White
points = points from Original distribution used in design with New distribution.
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Fig. 8 The random selection of subset of the “torso”. The EMM values correspond to the designs after
optimization. Statistics from 100 runs.

Here the new LHS design is made. It satisfies the LHS restrictions but it does not guarantee sufficient
space-filling properties. Therefore the random_Cmin_exchange method described in [6] and inspired
by [7, 8] is used. The positions of added points are exchanged in order to destroy the close pairs of points.

Note that points of the “torso” are held in their positions, only the added points can move.

Now the optimized new LHS design is done. The whole process is depicted in Figure 5. This
design satisfies the LHS restrictions and contains the majority of already evaluated points. Moreover the
design is optimized in terms of space-filling properties. It is ready to be transformed by the C'D F5 into
the design with the second distribution as shown in Figures 6 and 7 (transformation between cyan and

magenta points).

2.1. USAGE OF REMOVAL

It is obvious that usage of the whole created “torso” can limit the quality of new LHS designs.
With too many points held in their positions the optimization by exchanging is not performing well
enough. Figure 8 shows that random selection of the subset is not effective. At this point the usage of
removal_NEW method [6] seems appropriate. This method removes selected number of points from
the set. In each step one of the points in pair with actual minimal cross distance is removed. We tried
two ways. In the first the points are removed from the “torso” - the more points are removed the more
points have to be added to completing the new LHS design and the more points have the possibility of
moving during the optimization. In the second way points are removed even before the creation of the
“torso”. Results (the Euclidian maximin distance (EMM)) of both ways for case of 100 — 200 points in
5D are shown in Figure 9. The EM M value is improving with decreasing number of preserved points

(and therefore with increasing number of movable added points).
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Fig. 9 Usage of removal _NEW method in 5D example. Points are removed from the “torso” (top) or
before creation of the “torso” (bottom). The EMM values correspond to the designs after optimization.

Statistics from 100 runs.

3. CONCLUSIONS

In this paper we present a method for creation of the designs of experiments for the cases when

the bounds of variables are changed. It seems to be particularly suitable for asymptotic sampling in

reliability analysis. The prime goal of the method is to create the design of experiments with new

distribution such that the already evaluated points from old distribution can be used.
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OPTIMUM OF TEN BAR TRUSS

Josef NOSEK!, Adéla POSPISILOVA?

Abstract: Structural-sizing optimization needs an enormous computational power. Our contribution shows
possibilities of using volunteer computing for structural-sizing optimization. We use middleware BOINC (Berkley
Open Infrastructure for Networks Computing). BOINC middleware was developed during the SETI@home project.
Our project called CONVERTOR has more than 1000 hosts from 30 countries.

Keywords: volunteer computing, BOINC, optimization, structural, CONVECTOR

1. INTRODUCTION

Ask yourself why use volunteer computing? Because there are over 1 billion of computers in the
world? This number of computers can supply more power than any other type of computing. For
example the SETI@home project [1] connected more than three millions hosts (computers) and more
than million users (users can have more computers) [2]. Volunteer computing (also called public

resource computing) allows realizing low-cost high-performance computing project.

This paper present how to use BOINC for structural size optimization, most application of volunteer
computing are based on software called BOINC [3]. The BOINC is an open source middleware based
on client — server technology. The BOINC project is based at the U.C. Berkley Space Sciences

Laboratory and has been funded by the National Science Foundation since its start in 2002.

2. DIFFERENCES BETWEEN VOLUNTEER COMPUTING AND GRID COMPUTING

Volunteer computing and Grid computing share the goal of better utilizing existing computing
resources. However, there are few differences. Grid computing involves organizationally-owned
resources: supercomputers, clusters, PCs owned and maintained by university or other organizations.
All these re-sources are managed by professional employees (IT specialists). Devices are connected to
high-bandwidth network links, and dedicated. There are relationships between organizations. Each of

them can use or provide the resources. In contrast, volunteer computing involves an asymmetric
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josef.nosek@fsv.cvut.cz
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relationship between volunteers and projects. A usual project is a small or medium size academic
research group with a limited computer power as well as limited budget. Most volunteers are individuals
who owns (or uses) Windows (the vast majority), Linux or Mac PC. VVolunteers are not computer experts
and participate on the project when they are interested in and receive reward like credit, badge or
screensaver. For example, representation of operating system in CONVECTOR project is in table 1.
A project has no control over volunteers, cannot make deterministically prediction and cannot exclude

malicious behavior.

Tab. 1 Operating system of volunteer computers

Operating system % in sample
Windows XP 38.15
Windows 7 39.39
Windows 8 5.52
Other Windows system 16.39
Linux 0.55

3. PROJECT “CONVECTOR”
Our project called CONVECTOR have joined more than 350 volunteers and 1200 hosts from 37

countries around the world, see Fig. 1.

Fig. 1 Connected computers from the world?

3 Figure is from the server boincstat.com
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4. HOW TO BECOME A VOLUNTEER?

It is really simple. Just download and install small application (called client) and connect it to the
selected project. Everything else does the client itself. Of course you can always control when the
computation is allowed and how much resources can be used. If you like to try it, visit our web page
convector.fsv.cvut.cz. You can do team with your friends or join to any existing team. If you have any

problem or question, there exists forum where lot of people likely help you.

5. WHY WE NEED VOLUNTEER COMPUTING?

Actually we calculate the global optimum of the classical 10 bar truss optimization benchmark [4]
by an enhanced enumeration method. The ten bar truss has been considered previously by many
researchers and is shown in Fig. 2. In this example, truss members are individual variables. The cross-
sectional areas, here design variables, are selected from the following available set of catalog values:
1.62, 1.80, 1.99, 2.13, 2.38, 2.62, 2.63, 2.88, 2.93, 3.09, 3.13, 3.38, 3.48, 3.55, 3.63, 3.84, 3.87, 3.88,
4.18,4.22,4.49, 4.59, 4.80, 4.87,5.12,5.74, 7.22, 7.97, 11.50, 13.50, 13.90. 14.20, 15.50, 16.00, 16.90,
18.80, 19.90, 22.00, 22.90, 26.50, 30.00, 33.50 [in?]. This optimization task is defined with 42°10
possible combinations. If one takes 0.01 seconds, we need approximately 1042 seconds. For your idea
it is 10734 years. This is a lot of time. Hence we use the enumeration enhanced with branch and bound
principles [5]. In real we spend 148 176 CPU hours for solving this task. If we use one core computer it
takes almost 17 years. But for out project it works for only two weeks. Now we know global optimum

of this construction. It’s useful for testing optimization method.

360 in 360 in
. I I
?:“:xq 1 3 2 .
5 3] 360 in
T 9
;; 3 4
YP YP

Fig. 2 The ten bar truss

153



Nano and Macro Mechanics 2013 Faculty of Civil Engineering, CTU in Prague, 2013, 19" September

6. CONCLUSION

Main goal of our project is get cheap and reliable “computing power” for solving challenging tasks.
We launched project three months ago. We have solved the ten bar truss construction and we are ready
for more difficult construction. Now we prepare application for 25- bar truss. We had learned a lot about
volunteer computing and BOINC middleware, during last few months. We learned technical issues and
social behavior of volunteer. Now we are ready to offer free computing power to other researchers and
help them. We would like to improve communication with volunteer and offer him new badge as

acknowledgment.
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MATERIAL PROPERTIES OF THE CEMENT PASTE WITH
FLUIDIZED FLY ASH

Tereza OTCOVSKA', Pavel PADEVET?
Abstract: The properties of cement pastes are influenced by admixtures which can is possible add to the fresh

paste. The material properties of classical fly ash are relatively good known. The fluidized fly ash is a second
type of the fly ash from coal combustion. The fluidized fly ash added to cement paste change properties of the
final product. The material properties of cement paste mixed with fluidized fly ash. The properties in saturated
and dried condition are compared.

Keywords: Cement paste, Fluidized Fly Ash, Srength in compression, Tensile strength in bending, Saturated
specimen.

1. INTRODUCTION

The use of fly ash in the construction industratsimportant factor in the decision to process this
waste material. A significant contribution of thly fash has been demonstrated on the resulting
concrete properties in many cases [1]. Concrevaésof the most widely used building materials and
the processing of fly ash in it has a great impurt@he fly ash, which is produced mainly by buin
coal, it is possible divided into two basic groupsway of acquisition - desulphurization. The first
group contains classical fly ash, which has vemofable properties for concrete. It is possible to
achieve the favorable properties suitable for cetecrand also for the final concrete structure by

adding fly ash into the fresh concrete.

The second type of fly ash is the fluidized fly a§he fly ash is obtained from coal combustion in
furnaces at temperatures between 1200 - 1400 °Efiliérs with active lime are used to capturing fl
ash. This method of obtaining is the agent of ckanghe chemical composition of the fly ash. The
fly ash has a suitable grain size, shape and steictf the grains are different from the classfbal
ash. The essential feature is a higher contenOgfaid CaO. Higher concentrations of sulfur and lime

have an adverse effect on the final propertieb®fconcrete.
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The determining material properties and their lterga verification can make a difference of view
on this waste material and find the possibilitypobcessing. Attention is focused to the featuras th
affect the resistance of the material.

2. CEMENT PASTE WITH FLUIDIZED FLY ASH AND ITS PREPARA TION

The preparation of cement paste with fluidizeddbh is different from the preparation of cement
paste with classical fly ash. The grains of fly asé more porous, causing a greater need for mixing
water in the preparation of the cement paste. Tiwadght ratios between the cement and fly ash were
used for the experiments. The first ratio was 70&040 the second and the third 50:50. The first
number in relations is weight's content of cemerut the second one is weight's content of the fty as
in the mixture of the paste. 30 % of cement wasaogl by fly ash in the first case, in the lattase
50 % compensation of the weight cement was by dly. &he water/cement ratio (w/c), which was
related to the 100 % of the amount of cement, le@s bbeft 0.4. The consistency of the cement paste
with increasing amounts of fly ash in cement pass significantly stiffer compared to cement paste

with only 30 % fly ash replacement.

Fig. 1 The fracture surface after tensile bending test.

The specimens were divided for all three types ofture into two groups: fully saturated with
water and dried specimens. The preparation of #terated specimens was in their placing in the
water bath and left there until testing. The specismmwere placed in the water after 3 days from
manufacturing. The dried specimens were also kethe water bath after their production, but two
days before testing the water were removed, twoshigdt in a laboratory environment, and then until

the testing, dried in a temperature box at 105 °C.
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The cement pastes were made for determining th@m@ssion strength, tensile strength in bending
and for fracture energy. The form of prism was uledll three types of tests. Cross-sectional area
was 20 x 20 mm (width and height) as it is possiblsee on Fig.1. Length of specimens for bending
tests was 100 mm. The specimens designed to testaimpressive strength were made from the
original by dividing their length into the two sarparts. It was created a specimen with the leafyth
50 mm. The compression test was realized on tl@idsswith length 50 mm, 5 specimens were used
for testing the tensile strength in bending withgéh 100 mm. The same elements shape was used for
testing the fracture energy with notch. The nundfespecimens in this set was 4. Size of the natch i
specimens for testing was chosen between 1/3 tth&/Beight of the body. The notch was created in
the middle of the specimen span. The distance bats for bending test was 80 mm. The bending

test has been realized in three-point bending test.

3. RESULTS OF TEST OF CEMENT PASTES

Specimens were tested at the age of one month fn@duction. The cement paste with the
classical fly ash has a high degree of maturatetwéen 1 and 3 months of age. he focus was placed

on the standard phase comparison, as in the casmofete, during the first month.

Tab. 1 The material properties of cement pastes with the fluidized fly ash.

Relation between Compression | Tensile strength| Tensile strength
components Conditions strength in bending in bending - notcf

(cement/fly ash) (MPa) (MPa) (MPa)

70/30 Dried 41.84 1.40 -

70/30 Saturated 30.08 3.95 -

60/40 Dried 29.17 2.63 2.79

60/40 Saturated 33.00 3.50 1.76

50/50 Dried 26.13 1.45 4.55

50/50 Saturated 26.94 5.09 4.25

The table 1 can be divided into two areas, the afepecimens saturated with water and the area
of dried specimens. The compressive strength deeseaith an increasing content of the fly ash in
both cases. The compressive strengths are venyirhitje case of low ash content and approach to the
values of the strength of a cement paste withaoaitflhash. The difference between the strength of
saturated and dried specimens remains for theleestsength in bending, too. The tensile strength i
bending of the saturated specimens is higher tharstrength of the dried elements. This trend is
opposite to the case of compressive strength. Ppaeimens with notch show increase in the tensile

strength in bending for the ratio of component$8Ggainst the 40 % content of the fly ash.

4. CONCLUSION

The change in the quantity of the fly ash in theneet paste causes a significant change in its

material properties. The effect of saturation matds manifested also significantly. The effect of
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increasing the tensile bending with increasinga$h content in the cement paste is opposite to the

values of the compressive strength.

ACKNOWLEDGEMENT

This work has been supported by a project of thmula of Civil Engineering, Czech Technical
University in Prague (SGS project No. 12/1117/OHK111).

REFERENCES
[1] PADEVET, P. and LOVICHOVA, R. The Material Properties @ment Paste with Fly Ash

Exposed to High TemperatureBroceedings of 8th International Conference on Continuum
Mechanics, pp. 31-35. Rhodes, July 2013 ISBN 978-960-474-B13

158



Nano and Macro Mechanics 2013 culg of Civil Engineering, CTUin Prague, 2013 ™September

INPUT PARAMETERS FOR MICROMECHANICAL
MODELING OF WOODTISSUES

Zdengk PROSEK?, Jakub ANTOS? Zuzana RACOVA?, Vlastimil KRALIK
Vaclav NEZERKA®

Abstract:Micromechanical modeling became very popular ia Idst few decades because it often provides very
accurate estimate of composites properties forrg l@v computational cost. However, it requireséestion of
a suitable homogenization scheme supplied by irdtom about individual phases, such as their voltrime
fraction and mechanical properties. The purposthis paper is to suggest the simple micromechameadel of
soft wood tissues provided the knowledge abouattengement individual cells within the microstru and

properties of the individual phases obtained by mseaf nanoindentation.

Keywords:micromechanical properties, wood cell, microsturet, nanoindentation, homogenization scheme

1. INTRODUCTION

Timber, or structural wood, is one of the most papibuilding materials. It can be used for
loadbearing structures but also for auxiliary swtes or cladding. Moreover, there are plenty of
wood-based products or glued laminated timber &ghilbeams on the market so that timber can be
used almost for any desired application in civigjieeering in low-rise structures. Wood is natural
composite material, which is composed basically tfee components; these are cellulose,
hemicellulose and lignin. Wooden cells are arranigeparallel and therefore wood is considered as
orthotropic material and its properties are usugliyestigated in three perpendicular directionse Th

mechanical properties in individual directions,. iperpendicular, tangential and longitudinal, often
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differ a lot. The mechanical properties ofwood eesely related to its microstructure, whichis wréq

for each species, and the difference is most appaegween coniferous and deciduous trees [1]. The
aim of this paper is to summarize the homogeninadivategies and micromechanical modeling used
for wood tissues and to indicate how to exploit ttega from the microscopy and experimental
investigations, in particular AFM images and nadeimtation. The micromechanical modeling could
be used in design of complicated joins with mulahloading and to avoid exaggerated partial safety
factors leading to uneconomical design of modenbéinstructures. Our study was focused on spruce

wood, which is most often exploited in constructindustry, only in direction parallel to stem [2].

3. MICROSTRUCTURE OF WOOD AND MICROMECHANICAL PROPERTI ES

Full scale modeling of wood is very complex becaosgrowth irregularities, cracks and knots.
Moreover, there is a huge difference between ptmseof individual tissues and this leads to
complicated failure mechanisms [3]. The hygrosdypat the material introducesother issues such as
creep, shrinkage and swelling or degradation duprésence of water or increased humidity. This
leads to multi-level modeling of the hierarchicalcrostructure, which has been tackled e.g. by
Hofstetter et al. [3] or Qing and Mischnaevsky[#he cell walls are composed of several layers with
different properties and the proper micromechangzieme has been suggested by Quing and
Mischneavsky[4]. A few authors consider the praperpf cell walls constant which simplifies both,
micromechanical properties and measurement of thetermal properties on nano-scale by
nanoindentation. The cell walls are composed ofr fbasic components — lignin, cellulose,
hemicellulose and water. The microscale modelinfpésised on homogenization of hexagonal cells
(tracheid3 that build up honeycomb structure with typicaimdnsions 20-40 um [3] in case of
softwood. The regular periodic arrangement caltsutilization of unit cell where the representative

unit cell is subjected to macroscopic loading.

3. MICROSCOPY AND NANOINDENTAION MEASUREMENTS

The statistical representation of the microstriet@rrangement can be obtained from the
microscopy images (see Fig.1) and the results abindentation (Tab. 1) find their use as input
parameters describing the mechanical propertiemdifidual phases, i.e. cell walls of early- and
latewood and the weaker lumen.On the macrolevetticeostructure of wood can be seen by a naked
eye, since individual layers within annual ringatlg- and latewood, differ not only in morphologly o
cells and their mechanical properties, but alsaafor (Fig. 1). The earlywoodhas lighter color,
because the tracheids have bigger size lumeneaedtii the thickness of cell walls and therefore its
density is lower. Moreover, it has been found by measurements that the stiffness of earlywood
(10.2 GPa) cell walls is lower compared to darkwatod (12.9 GPa). The purpose of the earlywood
tissue is to reinforce the tree trunk while thepmse of the weaker earlywood cells is to supply the

tree with water and nutrients.
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Fig. 1 Cross-section through the sample of sprieff) (microscope image of wood section (right): 1
parenchyma cells, 2 — latewoodtracheid, 3 — earlyavtvacheid.

At the micro level the structure of the tracheids be clearly recognized (Fig. 2). There are gjearl
visible auxiliary cells, called parenchyma cellshieh are specialized for supply of nutrients.
According to our measurements using the image aesalyhe earlywoodtracheids had their walls
approximately 2 to 3 um thick and lumen forms aangjart of the cells. The latewood tracheids in
our investigative sample have significantly thiclels, approximately 3 to 7 um. At lower levelg th
microscope images clearly show distinct phaseshef dells (Fig. 3) [4].The micromechanical
properties of individual phases, i.e. lumen andwalls of early- and latewood were investigated by
means of nanaoindentation and the results are stim@dan Tab. 1 [5].

Fig. 2AFM images of tracheids: latewood cells Jleftd detail of earlywood cell (right) with distinc
phases: a) middle lamella, b) cell wall, c) lumen

Tab. 1 Average values of nanoindentation results

Type of Position Elastic st. dev Hardness st. dev
wood modulus
[GPa] [GPa] [GPa] [GPa]
Spring Cell wall 10.2 0.9 0.18 0.02
Lumen 3.1 0.1 0.13 0.01
Summer Cell wall 12.9 1.3 0.25 0.03

The results indicate that wood is anisotropic dsd amhomogeneous material from the mechanical

point of view and its homogenization calls for thait cell approach. This approach has been
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successfully used by Hofstetter at al. [3] who heat at relatively good agreement with the

experimentally obtained data.

Numerical homogenization of the honeycomb structwaes successfully used by Qing and

Mishnaevsky[4].

4. CONCLUSION

The article suggested a homogenization approadiéomicromechanical modeling of wood in the
direction parallel to stem, based on experienceotber authors in available literature and own
measurements using AFM and nanoindentation. ltstuut that the periodic microstructure of the
early- and latewood tissues calls for utilizatiohumit cell approach at the micro-level. Another
alternative is the utilization of numerical homogmtion which could be used for the homogenization

of timber at higher level where the presence oitinalefects and knots cannot be omitted.
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INFLUENCE OF COMPOSITION ON TENSILE AND
FRACTURE PROPERTIES OF LIME-BASED MORTAR

Michal PRINOSIL?, Petr KABEL E?

Abstract: Properties of lime-based mortar can be controlledthe composition of the mixture. The influencing
factors are for example the ratio of types of fillgth different grain size distribution, the rataf the filler and
the binder and the water ratio. Three-point bendtegt was performed on several sets of notchedspas
with different compositions to calculate fractureeegy. Using numerical simulations and data frone th
experiments, Young's modulus of elasticity, tensifength and cohesive traction-separation relatiorre

evaluated.

Keywords: Mixture composition, three-point bending tesachure energy, tensile strength.

1. INTRODUCTION

Lime-based mortars were widely used for construastiof historical buildings. The development of
cement technology reduced application of lime, bigher strength and chemical and transport
properties of cement-based mortars lead to incabifiigtwith original masonry and lower durability.
For this reason, it is necessary to recover thgotten technology of lime. In our research, we are
developing a new high performance mortar reinforegth short fibers, which should be able to
accommodate high tensile strains caused by temyerand moisture induced volume changes,

imposed deformations due to foundation movementgatural and artificial seismicity, etc.

As part of the project, it is necessary to deshysn composition of the lime-based matrix, which
could be subsequently reinforced with fibers. Teuga the functionality of the fiber reinforcement,
the matrix must be as homogeneous as possibleefbnerwe use only fine grained aggregates. The
aim of this study is to identify the effects of th@xture composition on the fracture and tensile
characteristics of lime-based matrix. We are esfiganterested in the effect of the water ratioe t
ratio between binder and filler and the ratio betweseveral types of filler. Fracture energy was
evaluated using three-point bending test with nedclspecimens. Tensile strength and cohesive

traction-separation relation were evaluated froendkperimental results using numerical simulations.
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2. MATERIALS

As the filler, two types of fine silica sand frontt@et a.s. labeled ST2dg. = 0.090 mm) and
STJ25 (max = 0.315 mm) were used. Hydrated air lime powde®@from Certovy schody was used
as the binder (matrix L). In one set (marked 13b.T1) one quarter of weight of lime was replaced b

high reactive metakaolin Mefisto LO5 frofilUZ a.s. Nové Straseci (matrix LM).

Water ratio was calculated as the proportion ofrtiass of water to mass of dry components (filler

and binder):

w= Myater (1)

Finally from these components 13 mixtures withetiéint composition were prepared. The volume
proportions of individual components and wateroratie listed in Tab. 1. The mixture marked 14 was
prepared and tested in 2012 [1]. The workabilityfreEh mixture was determined using flow table
according ta”SN EN 1015-3 [2].

Tab. 1 Mixture composition

Set Binder:Filler ST2:STJ25 Matrix w [-] Flow [mm]

01 1:2 2:1 L 0.25 -

02 1:2.5 2:1 L 0.25 -

03 1:2 2:1 L 0.26 143.5
04 1:2 2:1 L 0.28 157.0
05 1:2 2:1 L 0.30 181.5
06 1:2 11 L 0.22 131.0
07 1:2 11 L 0.24 142.0
08 1:2 1:1 L 0.26 171.0
09 1:2 0:1 L 0.24 122.5
10 1:2 0:1 L 0.26 134.0
11 1:2 0:1 L 0.28 161.5
12 1:1.04 2:1 L 0.30 133.0
13 1:1.04 2:1 LM 0.30 135.5
14 1:3 2:1 L 0.25 152.0

3. TESTING SET-UP
From each mixture a set of prism beams with size488160 mm according t0SN EN 1015-11

[3] was prepared. They were removed from the meltbsd day and placed in high humidity (over
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85%) for 7 days. After that they were stored inolabory conditions for approximately 200 days in
order to reach full carbonation and stabilizatibmaterial characteristics [4]. Afterwards beamseave
divided into smaller specimens with dimensions «/8 mm and in the middle a thin notch
reaching 35% of height of the specimen was cutdw. All dimensions were measured for further
calculations. Reduction of specimen’s size was ehada order to achieve a less brittle post-peak
response and to better capture the complete Isglladement diagram. Every set contained 10

specimens.

Three-point bending test was performed by meanthefMTS Alliance RT/30 machine with
controlled displacement of crosshead. The supan svas 60 mm. During the test the applied force
P and crosshead displacementere continuously recorded. Moreover, the higloltg®n pictures of

specimens above notch were captured by digital amigh macro lens for control measurement.

From measured data the initial idle branch was r&daising software FitData [5] and the tail of
load-displacement curve was linearly extrapolatedalP, = 0 N with corresponding displacemept

The workW; of external force P was calculated as:
w, = [Pdu @)
0

and the fracture ener@¥ in ligament was calculated:

W W,
= o T 3)
f Aig b(a _ao)

G

whereAq is cross-sectional area of ligamemts width of specimera is height of specimen arad
is depth of notch. In comparison to the RILEM recoemdation [6] the effect of self-weight of
specimen was neglected. Typical load-displacemeaagraims (set 10) are shown in Figure 1.

Calculated fracture ener@ of all sets is shown in Figure 2.
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Fig. 1 Load-displacement diagrams from three-pbiending test with notched specimens (set 10)
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Fig. 2 Calculated fracture energy; G

4. NUMERICAL SIMULATIONS

Young's modulus of elasticitf,, tensile strength; and bilinear shape of cohesive law were
determined using methodology described in [1]. Thedel of every set of specimens with
corresponding geometry and boundary conditionsoreated in software Atena [7]. Young's modulus
of elasticityE,, was evaluated based on comparison between ieiéiatic branch of load-displacement

diagram from calculation with estimated modulusOL®1Pa) and average from experimental data.

Identification of tensile strength and assumed bilinear shape of cohesive tractiparaton law,

described by three parametésspY, pX (Figure 3), could not be done directly from expental data.
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Therefore, a kind of inverse analysis was used.e@évnumerical simulations with various
combinations of these parameters were performedtedombination, which resulted in the best fit
of the calculated load-displacement curve to theesrmentally measured response, was chosen. As
the criterion, square root of the sum of squaresoomalized coordinates of peak of load-displacgmen
diagram Pna Umay @and normalized work of external lod necessary to attain the displacement
2XUmax (to reduce inaccuracies of extrapolation) was u$eeé parameter combinations for individual
simulations were determined as follows. For eactarpater, a “reasonable” range was selected
(Tab. 2). The bounds were constant for all pararsgtexcept for the maximum value of tensile
strength, which was varied so that the averageevafuracture energy of cohesive law corresponded
to the value from experiment. Rectangular staasttistribution was assumed for all parameters and
their values used in the individual simulations eveletermined by the Latin Hypercube Sampling
(LHS) method in software FREET [8]. The same peatioh matrix, which determines distribution of
parameters into individual simulations, was useadfbsets. No correlation among the parameters was

assumed.

Fig. 3 Assumed bilinear shape of cohesive tractieparation law

Tab. 2 The limits of rectangular distributions ahdom parameters. Superscripindicates set 13

with metakaolin.

f [MPa] 8[mm]  pX[] pY []
Minimum 0.2 (0.59 0.0001 1 0.8
Maximum  0.50+0.85 (1%  0.0003 2 2

5. RESULTSAND DISCUSSION

Figure 4 shows the dependence of material charsiotsron the water ratio with respect to the
ratio of individual types of filler (the binderi@r ratio is in case same and is equal to 1:2yuréich
shows dependence on binder:filler ratio with respedhe water ratio (ratio of individual types of

filler is same) and figure 6 shows dependence dmixrtgpe (lime, lime-metakaolin).
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We can see that calculated fracture endbgjrom experiments decreases with increasing water
ratio (except for water ratio 0.24 for ST2:STJ28:%), decreases with increasing ratio betweerrfille
and binder and is significantly higher for lime-@edolin matrix than for pure lime matrix. In thesea
of Young’'s modulus of elasticitl,, and tensile strengtiithe tendencies seem to be similar, but they
are not so clear. The results are consistent Wwembtion that a larger amount of water leads gbén
porosity of the hardened mortar, which leads tedaction of tensile strength and Young’s modulus of
elasticity (effective values, calculated over géarvolume of material). On the other hand, it ban
expected that a larger amount of binder in the anddads to higher parameters, because individual

grains of filler are more strongly bonded together.
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Fig. 5 The dependence of the material charactessbn the binder:filler ratio
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Fig. 6 The dependence of the material charactessbn matrix type (L — lime, LM - lime-metakaolin)

6. CONCLUSION

The results of this study show the dependencensiléeand fracture characteristics of lime mortar
on composition of the mixture. According to theules we can conclude that larger amount of water
and filler in the mixture leads to lower fractureeegy, Young's modulus of elasticity and tensile
strength. Replacement of a part of lime by metakalglads to noticeable improvement of these

parameters.

It should be noted that evaluated tensile streagthcohesive law are approximate and correspond
to the simulation with the best conformity with teeperimental data. The accuracy depends on the
number of simulations for each set (in our caseas 20). To reduce the scatter of the inaccuracy we
used the same permutation matrix for all sets. TigEcuracy should be reduced also by higher

number of simulations, however this method wouédlleo greater time requirements.
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LOCALIZATION ANALYSIS OF A DISCRETE ELEMENT
PERIODIC CELL

Jan STRANSKY?, Milan JIR ASEK?

Abstract: In this contribution, a strain localization measure for diste element (DEM) cell with periodic bound-
ary conditions is introduced. This measure is further coragawith different localization criteria, namely the
second order work criterion and localization (acoustia)ser criterion. The very simple cases of uniaxial tension

and shear are investigated.

Keywords: Localization, DEM, Periodic boundary conditions, Secondkn work, Localization tensor

1. INTRODUCTION

Consider an elastic homogeneous material subjected to ¢pemeous deformation defined by defor-
mation gradienF. According to the Cauchy-Born hypothesis [1], new positid of each material

point X would be determined by relation

x“P =F.X. 1)

Indeed, in the elastic range, the deformed configurationoofdied (or cohesive) particle models
more or less corresponds to this hypothesis. However, libgtastic range, the inelastic processes
(such as damage) in bonds occur. Firstly throughout thegiericell, but as the deformation grows,
the deformation increments might grow only in one (usualyrow) band. Such scenario is called
(inelastic) strain localization [2] and is observed in nnizle and structures subjected to extreme loading
conditions, often prior to their failure or collapse. Thesehof localization might serve as an indicator
of upcoming instabilities. In this contribution, the loization in a discrete element periodic cell is

investigated from different points of view.

In variety of contexts (e.g. material parameters calibratir multiscale simulations), periodic cells

are used [3]. Such periodic cell representgmcal material micro-structure under locally homogeneous

*Ing. Jan Stransky, Faculty of Civil Engineering, CzechHrcal University in Prague, jan.stransky@fsv.cvut.cz

2 Prof. Ing. Milan Jirasek, DrSc., Faculty of Civil Engingeg, Czech Technical University in Prague,
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deformation. In the surrounding, such cell can be virtualthpied, including kinematic information
about in-cell displacements and deformation gradiemf the cell itself, resulting in the deformation

homogenity.

In the situations mentioned above, the periodic boundamgitions are usually preferable over kine-
matic or static boundary conditions, minimizing negativaibdary effects. However, in the case of
strain localization, the periodicity enforces the direntof localization, what might be non-physical.
The localized inelastic strain (typically a crack) mighithermore break the assumption of microstruc-
tural representativity of the periodic cell's content. 3fact is another reason why the strain localization

is addressed.

Firstly, the investigated problem is described in the secH, the new localization measure together
with different localization criteria are introduced in thection 3 and simulation description and results

are given in the sections 4 and 5, respectively.

2. PROBLEM DESCRIPTION

For this study, we chose a very simple model setting — randensel [4] periodic assembly of
spherical particles with uniform radiug (see Fig. 1) and lattice-like constitutive contact moded. (i
bonds can only transmit normal forces). The contact lawastetdamage with exponential softening

in tension and elastic (with constant modulus regardlegsag@) in compression, see figure 1. To

ON

Fig. 1 Constitutive contact law (left) and periodic pargchssembly (right)

guarantee linear elastic behavior around undeformed amatign, cohesive bonds are created not only
between particles in touch, but also between pairs of pestiavhose center distanekis less than
defined value

d < 21@,7). 2)

I, is so called interaction ratio and plays a role of anothetenigtparameter. The specific values of
model parameters used in our tests are listed in Tab. 1. Tdl@emn quasi-static and solved by the

discrete element method (DEM).
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Tab. 1 Values of used parameters

Parametel| £ [GPa] | ey [—] | €[] | rp[m] | I,
Value 25 1-107%* | 5-107%] 005 | 1.5

3. LOCALIZATION IN PERIODIC DEM CELL

3.1. LOCALIZATION MEASURE

To quantify the strain localization in fixed cubic periodgsambly, we start with relatively intuitive
definition of the localization measure;, as the sum of norms of differences between actual posttion

and ideal — in the sense of Cauchy-Born hypothesis (1) —ipost“? of particles

mL:Z|xp—x§B|. (3)
p

|v| = /v - v denotes Euclidean vector norm.

1 ,“s -~ 1
RS

Fig. 2 Localization measure:, for different positions of periodic cell

However, result of (3) depends on the position of periodit cEhis fact is illustrated in Fig. 2.
In grey color are real particles, rectangles represenpgiericells (dashed one the periodic image),
dashed circles periodic images of real particles and firktyed circles (in second line) represents ideal
position of particles. The first line is undeformed confidiaa, the other lines represent strained cell
for different cell position.

Itis clearly visible, that the sum of distances betweenaand ideal positions is higher in the first
case than in the second and the third one. In fact, becauke fdrm ofmn;, and the extreme simplicity,
its minimum (as a function of the shift) is closed intervatlahe second and third third line are examples

of such minimum, while the first line shows non-minimal (altigh natural first choice) shift of the cell.
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Therefore we define such shifof the cell to minimize the measure;,:

mL:Z‘(Xp‘i‘S)_F'(X"‘S)’:Z’Xp—XgB-i-(I—F)-S)] — min. 4)
3 P

Vectors is solved iteratively by standard Newton optimization

Sn+1 = Sn — H_l(sn) -g(sn) )

with g(s) andH(s) being gradient vector and Hessian second order tensogatsgly, of the measure

mr,:
mr (s 2m S
o)) = L, pa(s) - e ©

3.2. SECOND ORDER WORK CRITERION

The second order worll, is related to the second order time derivative of kineticrgyme More
specifically, negative second order work would lead to tleeease of kinetic energy (what is typical
case of bifurcation, e.g. loss of stability or crack progagg, thusiW, < 0 is widely considered as a

bifurcation condition. See e.g. [5] for more details.

The second order work of a periodic cell takes (continuowusdiscrete) form

Wgz/&d:ést:ZcSIb-éfb. 7)
v b

3.3. ACOUSTIC TENSOR CRITERION

Another localization criterion is based on tangent sti§gensor and localization tensor. The fourth

order tangent stiffness tensor is defined as

oo
D=—-—". 8
5% (8)
The criterion assumes that localization starts when therabant of the localization tensor
Q=n-D-n 9)

vanishes, i.edet Q = 0. n is (apriori unknown) unit vector perpendicular to the diiea of localized

zone. See e.g. [2] for more details.
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4. SIMULATIONS

The concepts described in previous sections were testedsorete element numerical simulations

using open source software YADE [6].

Although YADE (and DEM in general) solves explicitly the dymic equation of motion, it is possi-
ble to run quasi-static simulations. To achieve this, thaistrate of the periodic cell was “small” and,
more importantly, after certain number of steps the sinmutatvas calmed to quasi-static case. By this
term we mean a loop, in which until quasi-static conditiors\itdfilled, certain number (20 in our tests)
of iteration were run normally and then linear and anguldwaity of all particles were set to zero. The
condition to break the loop and consider the state as qtet#i-svas that the relative unbalanced force
r = |f.] / f» < e, ratio of mean unbalanced for{&,| (average norm of forces acting on particles) and
mean bond normal forcg,, is less than defined limit (¢ = 1 - 105 in our tests). Numerical damping

was introduced to help remove kinetic energy from the system

For the tangent stiffness and the second order work, additmomputation of the stresses for strains
outside predefined loading path is needed. The stress isftihherevaluated in separate simulations
not to devalue the original one. In all cases, the originalugation is saved, then predefined strain is
applied, simulation is calmed to quasi-static case (in #mesway as in the previous paragraphs), stress

is evaluated using standard Love-Weber formula [7]
_ dLef (10)
g = Vv b b b

and original simulation is reloaded.

The tangent stiffness tensor (8) was estimated using theatelifference scheme

O'ij(gkl + 5) — O'ij(gkl — 5)

Dijri(e) ~ o%; (11)
The second order work (7) was computed simply as
Wy(e,Ae) = Ao : Ae = [o(e + Ae) — o (e)] : Ae (12)
with
Ae=0m®n, m|=|n/=1 (13)

for different directions ofn andn.

For both tangent stiffness (11) and second order work (h8)yalues = 10~° was applied.
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5. RESULTS

5.1. UNIAXIAL TENSION

Fig. 3 Different stages of bond strains (uniaxial tension)

In the case of uniaxial tension of periodic cell, we expeetdrack to develop perpendicularly to the
loading direction. The numerical results meet this expemnia Different stages of bond tensile strains

are shown in Fig. 3 and corresponding stress strain diagnahtoaalization measure in Fig. 4.

4r 1 0.12
i
3 e 101
31 . ‘;;:“““
AR\
_ { 0.08
T 25 | ~
= ““‘ stress_—straln — [
» 2+ e localization sssssssss 4 0.06 —
8 e "“‘ asymptote? ........... =
*: 15 B “."‘ ‘o’
® $ 4 0.04
1t
1 0.02
05 S
d
0 LTl i I I I L L L 0

0 005 01 015 0.2 025 03 035 04 045 05 055
strain [10'3]

Fig. 4 Stress strain diagram and localization measure faauial tension

The red point denotes the state, where the second order vanikhes, while the green point the
point with non-positive determinant of localization tens&or both criteria, the predicted bifurcation
direction was approximately the loading direction. Howewecause of evaluation in discrete points
during loading path, more than one direction fulfilled botfteria. More detailed analysis will be

needed to identify exactly the point of criteria fulfillment

Qualitatively, the localization tensor criterion seemssktmw better identification of the strain lo-
calization onset than the second order work criterion, tvisicnply identifies the peak of stress-strain
diagram. The localization tensor analysis also takes mess tcomputational effort — only 12 stress
computations for stiffness tensor estimation and then leingmsor calculations in comparison to much

more (to sufficiently cover the stress-strain space) st@sgputations for the second oder work criterion.
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5.2. SHEAR

Periodic cell enforces the localization band to be partdi¢he cell’s faces, or to cross from one cor-
ner to the other. The latter case was expected in the shetin¢p@prescribed one shear strain component
while prescribing zero stress for all other degrees of foeed Again, the simulation results meet our
expectations. In analogy to the uniaxial tension case,abersl order criterion (red dot) identifies the
peak of the stress strain diagram, while localization tensterion seems to identify the onset of strain
localization. Both criteria also predict the direction of&lization approximately with the expected one
(inclined 45 degrees) and more detailed analysis will baleddo find exactly the points of criteria

fulfillment.

35 ¢ . o018

3r w1016

1 0.14

‘© s {012
2 “ﬂ ] _
= 2r P Stress-strain =1 01 =
7 _“"‘ “““‘ |Ocal|zat|0n EnmEEEEEE '—_"
8 15 r ‘,“' asymptote? ........... 4 0.08 £

- P 1 0.06

1 0.04

O ‘\IIIIIIIFIIIII“' A . | | I ) I O
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strain [10'3]

Fig. 6 Stress strain diagram and localization measure faragh

6. CONCLUSION

A new localization measure for discrete element periodils @gas introduced in this contribution.
Its disadvantage might be that it is not dimensionless. Fimensimulation results it seems that for
continuing strain increase, the measure has an asymptaiteh might help in the normalization process,
e.g. the values of normalized measure would be between 0 éhtbi perfectly fulfiled Cauchy-Born

hypothesis and 1 for fully localized — i.e. split — state).
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Two bifurcation criteria (second order work and localieatiensor) were investigated. For studied
cases (uniaxial tension and shear), the second order wibeki@n tends to identify the peak of stress-
strain diagram as a bifurcation point, while the localiaattensor criterion seems to better identify the
strain localization onset. The evaluation of the secone@owbrk criterion is computationally much

more expensive than the localization tensor criterion.

Future work on this topic may focus on more detailed analgkigresented localization measure
(aforementioned normalization and identification of thgnagtote, different loading scenarios, non-
cubic periodic cells, different sizes of periodic celldfalient and non-uniformly sized particle shapes
etc.), analysis on rotated periodic cells or more detaiteadyais of bifurcation criteria around peak load

and localization onset.
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MODAL ANALYSIS AND FORCED VIBRATIONS OF
A FOOTBRIDGE DUE TO RUNNING PEDESTRIANS

Vladimir SANA !, Michal POLAK ?

Abstract: This paper is focused on modeling of forced vibra of the footbridge across theOpatovickastreet.
Next there are presented the results froma dynamétysis such as determining effects of two peid@strwho
have been running synchronizedacross the pedesbiisdge. Both of the results are compared with the

experiment, which have been carried out.

Keywords:modal analysis, human — bridge interaction, bioayrical human body, forced vibrations

1. SOLVED STRUCTURE

The footbridge across theOpatovickastreet is planethe Prague near the underground station
Haje. The static model of a load bearing structsithe simply supported beam with the span 25.1m.
Width of the bridge deck is 6 m.The cross secta tomposite structure with a reinforced concrete

deck and 6 steel girders.

)
|
I

B 3000

—2x20 mm mastic asphalt
—10 mm water insulation |
] —25 - 60 mm slope concrete
—120 mm reinforced concrete deck

] ] ]
i s |
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Fig.1 Cross section of the bridge structure
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2. THEORETICAL MODAL ANALYSIS

The purpose of a theoretical modal analysis isrd@t®tion the basic dynamical characteristics of
the structure. It means that we obtained natueduencies and natural modes of vibrations. The

system of the second order simultaneous differeedjaations in matrix form could by written as:
[M]{v +[K]{w} ={0} (1)

wherd M]is the mass matrix anfiK]is the stiffness matrix of the structupe} {w} {w} are
vectors of acceleration, velocity and displacemétdarameters for a numerical solution: bending
stiffnessEl =3.83(1L0 Nm, continuous mass per unit lenggh="5.3% m, the span of the structure

L =25.1m. The bending stiffness is used for the dynamiaalysis of a beam model, solved

according taMATLABcode.

pZ=0Dp

Fig.2The first natural mode of vibration

»PZ=0>

Fig.3The second natural mode of vibration

The natural frequencies were evaluated in ADINAwafe (developed by Dr. K. J. Bathe), where

the spacecomputational model of structure was etdeBlihe space computational model was created
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due to determination of the bending and torsioraliral shapes and frequencies of vibration. A
MATLAB code, which is able to compute only bending fregies and bending modes ofa vibration,
was written for comparing the model. It computeséhparameters in addiction to decomposition to

the natural modes of vibrations.

Tab. 1 Summary of natural frequencies

Analysis/frequency f(l) [Hz] f(z) [Hz] f(3) [Hz] f(4) [Hz]
Numerical
_ 2.466 5.131 9.735 13.180
analysis (ADINA)
Beam model
2.137 - 8.560 -
MATLABcode
Experiment [6] 2.75 5.09 9.28 12.38

3. FORCED AND DAMPED VIBRATIONS

Forced vibrations of structures are described lmprsg order simultaneous system of equations,

which are expressed in matrix form
[M]{v +[Cl{wi} +[K]{w} ={F}, )

wherd M]is the mass matrix[C]is the damping matrix anfiK]is the stiffness matrix of the

structure{w} {w} {w} are vectors of acceleration, velocity and disptezet and{F} is the loading
vector of the forces acting in a time domain.

Note, that damping, which is considered in thisgrajs estimated as Rayleigh damping, where
damping matrix is expressed as linear combinatfanass and stiffness matrid€ = a[M] + B[ K] .

In according to assumption, that the first natumalde of vibration is damped least, we are able to

determine coefficients of linear combination

3
a=&w ==, ®3)
T
whereé, is the damping ratio of the first mode of vibratiand «j is the first circular natural

frequency. The other way, how to model a structaanping is to consider hysteretic damping
instead of Rayleigh damping. It means that a dagfwrce is proportional to an elastic force and it

in the phase with the velocity of a system. Fos thay of damping we have to use a complex analysis.
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Solution of the system of equations (2) is caroet by theNewmark]s integration method. This
approach is suitable for the second order difféaepfjuation with constant coefficients.If we cheos
suitable parameters of Newmark’s method it wilkle unconditionally stable method.

Structural parameters for numerical solution ofcéat, damped vibrations: bending stiffness
El =3.830LG Nm, continuous mass per unit length=5.3¢ m, span of the structuré = 25.1m,

logarithmic damping decrement (find out from exp®mt) 4 =0.088. For expressing thedamping

ratio we could use a relation

E: —_— (4)

Coefficients of linear combination for Rayleighnalaing are expressed from relations (3) and their

values areg =0.1851and S =0.0011. For low damped structures should be equatioexXgjessed as

J

217

3.1. MOVING FORCE OF A CONSTANT MAGNITUDE

The first of models, presented in this paper, tecdbe forced vibrations caused by pedestrians, is
the force with constant magnitude in time domaimjcl is moving across the footbridge with a
constant velocity. It is assumed, that the graaitetl force of a pedestrian is increased by a dycam

increment, which express
1
F=mpg+?(m,/ th) )

Expressioni(mp\/Zgh) is derived from assumption that human body duviadking is acting as
r

a mass point, which is falling free down to thekdéghe velocity at the impact i =./2gh(sum of
kinetic and potential energy is constantduring mapact) quantity of motion than should be written as
p=m./2gh. m is a body weightg the gravityacceleratiory, contact tim¢n numerical example it

is assumed, that foot is in contact with a struetwturing running, 0.25 sh height of a free impact.
The contact time depends on the velocity of walkijogging or running. Time behavior of the

function, describing the acting force, is the peidal rectangular impulse, which is acting for time
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Fig.4 Acceleratiol of the structure in theenter of the span (moving for

3.2. HARMONICALLY CHANGING FORCE IN TIME

Harmonically changing force in a time domain iscgld in the center the span of the footbridg
(the most effective spot for influencethe vertical motion)Structure is modeled a system with one

degree of freedom. Equation f@harmonically changing force is

Fy = am,gsin( 27§ (6)

a,is the coefficient of Fourierseries in [1], [2].

3.3. SIMPLE BIODYNAMICAL MODELS

m,
kpl Cp2

m, m,,
K, c, kp2 Cp2
77 7z

Fig. 5 Biodynamical models athuman body, at the lefiSDOF system, at the rig- MDOF system[7]

Biodynamical models were applied on the SDOF (sindégree of freedom) system, wh
represents the structure ofamtbridge. Harmonic force (6jvas applied in the contact point betwee

model of the human body and the structure, thegdfus is the 1odel of a passive pedestri
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The equations of motion for the SDOF biodynamicatei of a human body and the SDOF model
of the footbridge

I C e e

The equations of motion for the 2 — DOF model diteman body and the SDOF model of the

footbridge
m, 0 0 W G1 — G 0 W iﬁl - Ksl 0
0 m,, 0|y W+ —G Gt G — G Wt - K)l lﬂ)i" lﬂ)z - |$2 = (8)
0 0 m W 0 _%2 %2"' Gl LW 0 - lﬁz l§2+ (t

These characteristics of biodynamical body modet (person) are used, stiffness coefficients:

k, =28.5kN/m, k , =62kN/m and k,, = 80kN/m. Coefficients of viscous damping, =0.95

kNs/m, c,, = 14.6kNs/m andc,, = 0.93kNs/m.Biodynamical parameters are presented e[d@] in

2 2
azw(xltjfal [rmés

15 20 25 30
t[s]

Fig. 6Acceleration of the structure in the centétle span (Biodynamical model SDOF)
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2 2
azw(xlt)fal [rmés?]

0.5 '
D 10 15 20 25 a0

Fig. 7Acceleration of the structure in the centéthe span (Biodynamical model MDOF)

Tab. 2 Summary of evaluated accelerations

Acceleration . . .
- Moving Harmonic Experiment
[ms“] SDOF MDOF
_ force force [6]
/analysis
Max 0.46 0.413 0.362 0.48 0.38
Min -0.48 -0.239 -0.354 -0.475 -0.55

The experiment was primary aimed at detection oftfe¢bridge acceleration due to walking and
running pedestrians. Loading models, which weresictamed during the experiment: synchronous
walking, synchronous running, common service amtaism.Values in Tab. 2 were measured for

loading by two pedestrians, who were running symebus with pacing frequendy = 2.72 Hz

Secondary, there were found out natural frequerafiggration.

4. CONCLUSION
In this paper, there were presentedresults frormtheerical dynamic analysis of the footbridge

across Opatovickastreet, whichwas compared witbitperiment aimed to the modal analysis and
forced vibrations. Next, possibilities in modelio§ the human — structureinteraction provided by a

moving force of a constant magnitude, increasedhleydynamic increment, harmonic force, which
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acts in the center of the span and two biodynamizalels,were discussed. The biodynamical models
were placed in the center of the span and an éxtitborce wasrealized in the contact point between

the human leg and the structure. This purpose legiti® model of passive pedestrian.

Numerical results were evaluated for running pet@es with pacing frequency of iy 2.72 Hz
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HETEROGENEOUS MATERIAL MODELING VIA DYNAMIC
PACKING OF STOCHASTIC WANG TILES

David SEDLBAUER?

Abstract: In this contribution we would like to present algorithm for creation of Wang tiles that are uded
heterogeneous cell composing. An artificially fodhmeedium composed of two phases, solid disc pestial the
matrix is considered. For clarity, set of eight Watiles is taken into account. Every single tilesef will be
created via dynamic algorithm simultaneously. Tigorithm includes both disc collisions with eacher and
collisions of discs with ostensible boundaries fiogntile edges.Naturally there is need to fulfibundary
conditions of all tiles that come out from tilliregssence and from including basic stochastic requems.

Special emphasis will be given to avoid overlappgoggether with required higher volume fraction.

Keywords:stochastic Wang tiling, dynamic model, hard disadume fraction

1. INTRODUCTION

There are several approaches to the modeling adfrdggneous materials[1],[2]. One of the
frequently used is a concept of periodic unit ¢elIUC)[3], [4]. This concept is based on main cdntra
cell surrounded by its nine images that guaranéemgic boundary conditions, Fig 1.With these cells

a final medium model is composed.

Fig. 1 PUC concept (dynamic modification) and lsipnimage of PUC

However, despite the fact that each cell provedsdrae or similar statistic information, the final

model shows a periodicity. This phenomenon is agahe required heterogeneity. That is why Wang

Ying. David Sedlbauer, Department of Mechanics, Facwf Civil Engineering, CTU in Prague,

david.sedlbauer@fsv.cvut.cz
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tiling method for heterogeneous material modeliag been utilized.Principle of this method is to

stack final material with a small set of tiles wille same features, see the following sectior (3],

For tile generation different approaches can bel.use2quently, optimization algorithms are used
with an objective function represented by stattidescriptor describing an important mechanical
material property. Most of these properties depmmthe distribution of solid particles in the c&ine
of the problems that appear during above mentidiedjeneration is undesirable overlapping. This
phenomenon is usually solved using penalty funsti®ut these penalties could not wholly guarantee

tiles without discs overlapping.

To avoid above problems, the dynamic model fostdeneration will be introduced and tested on

sets with higher volume fraction.

2. WANG TILING

Arrangement of the plane with Wang tiles enablegsreate non-periodic bigger structures with
a small set of tiles. Every single tile need notomtain all the information about structure, Hu t
whole set have to. In 2D tiles are usually squaviés edges marked by certain characters (colors,
letters etc.). Tiles are jointed with edges to emswmpatibility and continuity of all edges. Theites

must not be mirrored or rotated.

In the title of the article there is stochastic Watting. If we want to talk about stochastic tdint
is necessary to ensure that during the stockinge tisealways a choice of at least two variants, two
different tiles. When considering, as the number of codes on horizontal edgesnaad the number
of codes on vertical edges, a full set consists,0f n? various tiles. For feasibility of tiling it is
sufficient that the set of tiles contains one fibe each combination of the top horizontal and left
vertical edges with different encodings. With thendition of above mention randomness, the

minimum number of tiles i&-n,-n[7].

In the presented work two different edges of boéhttigal and horizontal borders are used.

According to above expression, our set of Wang tiél consist of eight elements.

ro1. r_\
[ R N
A
L,
W—I _ETE
I

Fig. 2Wang tile set W8/2-2 with codes/fy,0} and example of an aperiodic valid tiling [8]
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3. DYNAMIC ALGORITHM

Considering the nature of practical problems oktmjeneous materials we assume that we were
assigned the required volume fractignand geometric parameters (radii) of solid parsicleA tile
size should be defined early in the process. Kndgéeof the tile size, required volume fraction and
given disc dimensions enable us to define the tatedber of discs in the whole tile set. After thet
can establish various volume fractions in everglsittile. Based on these tiles’ volume fractions we
can divide a total number of discs and put its @eninto tiles. We will have to pay attention te th
dependence of peripheral discs and we must alwlagskcwhether it is possible to stack discs with

given radii into the set of tiles in compliance lwgiven volume fraction [9].

Due to the compatibility conditions at the begirmnof the algorithm each single one tile of set is
divided into four marginal parts (bounds) and oaset@l part. Width of the border area is dependent
on particle radiusFig 3.Therefore, at the end of process all disésrigeng to the marginal regions do
not interfere in the central area. If we divideledte, so called dead space for marginal discsgdw

occurs in corners which will affect the movementi@ps and maximal possible number of discs

within a tile.
&
()
2>
B border o
P
< Oo@
A | —
)| (5]
k= central 2
L -_=
<
5 border
r " r r

Fig. 3 Divided tile into border and central areas

Next, the number of time steps, during which wharecess took place, has to be established. Then
a given number of disc centers are semi-randomigwth into the basic medium — matrix. At the
beginning of the process (time step 0) disc raaliehzero size. Over time, the radii increase cotigta
according to the final disc radii and the numbetim steps. Next randomness elements in algorithm

are initial velocity vectors of each disc (disc tegg).

3.1. COLLISIONS

Dynamic phenomenon that occurs during the procsssollision. This significantly affects
parameters defining particles motion. These coltisiare of two types, reflection from the tile esige
and rebounds of discs. To ensure proper movemealving boundary conditions of Wang tiles, it is

necessary to determine when these phenomena occur.
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The earliest time of reflection depends on theentrdisc position and a velocity vector of each

particle.This could be expressed with following atipn:
Ate = min{—dx; i /vx;; dX; 10 /VX 5 = AYi10/ VY5 AYiup/VYi}, (2

wherélt, is the earliest time of reflection since the poes event or time stegy; i, dXije, dYijo»
dyiup are distances of disc centre to the borders ofoppiate area (marginal, center). Velocities of

thei-th disc in x and y directions are labeled witt} andvy; respectively.

The earliest time of second type of collision, disbounds, can be determined as a time from
certain moment until disc centers will be on thstatice of their radii. We can define this time with

next formulas:

(xj —x)* + (yj —yi)* = (rj + 1)? 3
x;=xf+vxf-at, yi=yl+vytat, r=rt+dr-at, (4)(5)(6)
Xj =xf +vx{‘Ate, y;=yf+vyf-Ate, rp=rf +dr-at,, (7) (8) (9)

where;, y;, x;, y; arecollision disc coordinates, yf, xf, yfdisc coordinatewx{, vyf, vxf, vy/
disc velocities at timEri,rj,rit, rfare collision discs radii and at timeespectively. Increasing of disc

radii over the time is represents variatdleandA t. is time elapsed since timeNext collision time is

in this case designated as minimum of real posive¢s of equation 3.

4. TESTING

For the first tests that should confirm the abilitygenerate Wang tiles with presented dynamic
algorithm we set gradually volume fraction of whekt from 0.6 to 0.8. Another premise is that there

will be only one disc in marginal area. For 8 ties receive 4 complete discs within tiles, Fig. 4.

b D

Fig. 4 Tiles with one border disc
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We will also take into account that in central are all tiles there will be the same number of
discs. If we want to make effective Wang tiling,istdesirable to have a set of tiles with a small
number of discs. Considering above mentioned faetset input parameters as follows: a radius of
each tile has 25 and the size of a tile is 200syjpitxels). Number of discs in central tile arelsudd

be set using equation 10, i.e.

Vf'hz

T2

0,5=n, (10)
wheré/; is volume fractionh is the size of one tilg, is the final radius of each disc angis the
number of discs in the central area. It is obvithat the above formula does not guarantee the numbe
of discs as an integer. In this case we roundeshdiniber up to reach the required volume fractibn. |
would also be possible to recalculate tile sizastbget task more difficult for generation it watill

be constant.The number of time steps during whicking discs are growing was set to 50.

Main task of testing is to try dynamic algorithn fgeneration of tiles with referred parameters.

Results can be found in the table below.

Tab. 1 Results of dynamic algorithm for Wang tijeseration

vol. frac. | no. of cen. discs| retries SUCCESS o Tl overanag
0.5 30 =0 : f
0.6 30 5 ° 0
0.7 20 . : 4
1] - =
500 (B4 88
_\\(7,-‘;\_/}/ ‘ /7_//!*_ );:7<
//—\C )‘ ‘/\'j \'\ _:{\7/\_,_‘\_7)‘
N . =
N N PRV
DaasiP )
_\\/\k,.( N <) j' 7
g 2 @=0)
s z L

Fig. 5 successfully generated Wang tiles for volinaetion 0.5

5. CONCLUSION

In this papera dynamic algorithm for Wang tile ti@a was presented. Wang tiling is used to
represent heterogeneous materials. This work deils material consisting of solid discs within
a matrix. Compared to PUC principles Wang tilingma&hates undesirable periodicity artifacts.
Creation of these tiles is not simple task, esplgaiawe want to have medium with higher volume
fraction without overlapping of solid discs. Thiancbe removed with dynamical phenomena such as
elastic collisions of discs to each other and digitk borders during movement to final position and

growing to final disc radii defined by user.
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The results of testing this algorithm with one niaad)disc and gradually 10, 12, 14 discs within
central area of tiles seem promising. Not in abesaalgorithm successfully achieved the desired
properties of tiles. The setting of input parametweas sufficient for medium with 0.5 and partially
with 0.6 volume fraction. The worst results wer@wsh withthe test with 0.7 volume fraction. The
algorithm was unable to stack tiles with discs lseaof computational complexity and numerical

accuracy of the program due to some overlap appears

In future work it is necessary to entertain anahgetup of the algorithm, especially the ratidtod
tile size and the number of discs and the numbé&maf steps. A special issue is the eliminatiothef

dead space within tiles to allow freer disc moveinen
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MECHANICAL PROPERTIES OF MIXTURES WITH
CRUSHED SLEEPERS STIFFENED BY SYNTHETIC FIBRES

Karel SEPS, Martin LIDMILA 2

Abstract: The paper deals with utilisation of crushed caterfrom railway sleepers in a mixture stiffened by
synthetic fibres. The main focus of investigatisletermination of mechanical-physical propertisthe
composite related to hardening and compositionhef mixtures. The compressive strength was choséneas

representative mechanical characteristic.

Keywords: crushed concrete, synthetic fibres, compressiength

1. INTRODUCTION

Recycling of construction waste is one of priost@® common European development. In general
the priority belongs to the category sustainableebigpment within the project Europe 2020 [1].
Positive consequences of recycling are found irersgvevels. Recycling tributes to a decrease of
consumption of prime non-renewable resources awdedse of the amount of waste material that

requires dumping.

The main idea presented in the article is utilawf the crushed concrete from railway sleepers
that is stiffened by synthetic fibres. The cruslkedcrete is used un-sorted in wide size ranges 0/16
and 0/1. The size grade 0/16 serves as a filler;sibe grade 0/1 is engaged as a binder. Latent
hydraulic properties of fine grounded concrete lerirem sleepers are described in [2]. The mixture
based on recycled crushed concrete and synthétiesfican be used as a stiffening layer with

properties of improved soil or for stabilisationsimuctural layers of railway sleeper subsoil.

Basic mechanical-physical properties were deterchiiog the mixture, as compressive strength,
bulk density and moisture of hardened mixture. Pridgs were determined for mixes with different

composition after seven days maturing.

! Ing. Karel Seps, Faculty of Civil Engineering, CTiUPrague, karel.seps@fsv.cvut.cz

2 Ing. Martin Lidmila, Ph.D., Faculty of Civil Engirering, CTU in Prague, martin.lidmila@fsv.cvut.cz
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1.1. PRODUCTION OF CRUSHED CONCRETE

The crushed concrete was made from railway sleeppes PB 2 and SB 8. The sleepers were
obtained from cancelled precast plant factory gjdivat took place near the recycling basis of itma f
Envistone. The sleepers were crushed in jaw crustetso Nordberg LT 105. Reinforcement and
fasteners were removed by crushing shears AtlagdCBB 2100 with span 795 mm before placing
the sleeper on the feeding hopper with raft sgmivachine. After separation of reinforcement a s®ar
loose material remained without great portion otaheomponents. The loose material was crushed
by jaw crusher Metso Nordberg LT 105 with electrgmegtic separator to take out the remaining metal
parts and by belt conveyor poured in sorting maeowerscreen 600 to sort out parts bigger than
sieve size 32 [3]. 3000 kg of concrete crush waslpeed. With respect to anticipated dimensions

of test specimens for laboratory testing a sizelg@@16 was used for elaboration of specimens.

1.2. PRODUCTION OF BINDER FROM CHRUSHED CONCRETE

Based on results of previous research [2] a hysigheas adopted that crushed concrete from
sleepers with grain size 0-125 can be used as binder. For that purpose congest€rushed to size
grade 0/1. Sieve grade analysis determined thainuibis sample is 10 — 15% of size grade 0/0,125.
In this procedure binder indicated as BR 0/1 wabailated.

2. PROPERTIES OF MIXTURES

To verify strength of the recycled concrete witimd@r and synthetic reinforcement four mixes
were prepared. Wide size grade 0/16 was used imiaks. The synthetic fibores were BeneSteel
produced from special blend of polypropylene anlygtbylene (fibres are called polymeric steel [4]).
Fibres of two length were used (55 mm a 27,5 mnthénamount 0.5% of volume. The binders were
different in each mixture: blended cement CEM IMBS-LL) 32,5R with dosage 130 and 260 kd/m
was used (specimens identified R3 and R4), binaen fcrushed concrete BR 0/1 with dosage 260
kg/m® (specimens identified R2) and mixture without lEindspecimens identified R1). Water was
dosed to reach consistency that can be compactsthbyping. Particular component of mixtures are
summarized in Tab. 1. The mixture was prepared labaratory mixer with forced circulation (type
FILAMOS M 80). Than the mixture was compacted itirder moulds (diameter 150 mm and height
120 mm). Compacting was provided by Proctor lalmoyamachine using methods of standard Proctor
compaction test (Fig. 1). The cylinder moulds weué in laboratory and the surface was moistened.
After seven days maturing the specimens were detedudnd a compression test was performed.

Than samples for determination of moisture in medumixture were gathered.
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Tab. 1 Composition of mixtures

Mixture concrons 0716 (55T2b7rissmm) Binder Water

(kg/m] (kg/m] [kg/m?] [kg/m?]

R1 1650 2.73+1.82 - 79
R2 1650 2.73+1.82 260(BR 0/1) 113
R3 1650 2.73+1.82 130(CEM 1) 93
R4 1650 2.73+1.82 260(CEM 1I) 113

Fig. 1 Mixing, production and testing of specimen

2.1. TEST RESULTS

Three specimens were made from each mixture. Aeen days of maturing specimens were
demoulded, measured and weighted. Than compresssts were performed. Deformation
of specimens related to load was monitored dufigdompression tests. An example of the load —
deformation curve is in Fig. 2. Compression testlts of particular specimens are listed in Tab. 2.
Average compression strengths were determineddoh enixture recipe. Two samples were taken
from each specimen after compression test and aneisf matured mixture was determined; average
values are in Fig. 4. Bulk density was calculatednf dimensions and weights of particular specimens.

Average bulk densities are summarized in a chagt &j.
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Record of compressive strength test

25 T~

/ N

. / L —R2/1
. / / AN —R2/2
5 // R2/3

0 5 10 15 20 25
Vertical deformation [mm]

Force [kN]

Fig. 2 Load-deformatin diagram for specimens froixtone R2

Tab. 2 Compressive strength of tested specimesis7aftays of hardening

Specimen R1/1 R1/2 R1/3 R2/1 R2/2 R2/3

Compressive strength  [MPa] 0.90 1.03 0.50 1.620.92 1.20

Average strength [MPa 0.81 1.22

Specimen R3/1 R3/2 R3/3 R4/1 R4/2 R4{3

Compressive strength  [MPa] 6.21 5.75 401 8418.74 6.81

Average strength [MPa 5.33 9.91

L2 prememme e

strength [MPa]

Average compressive

Mixture BR1 WMR2 WR3 MWR4

Fig. 3 Comparison of average compressive strenfjthixtures
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Fig. 4 Average moisture of tested specimens
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Fig. 5 Average value of specific weight of mixtures

3. CONCLUSION

The paper is concerned the first set of tests wherebasic mechanical physical properties were
determined only. In the next stage of investigatisplitting strength will be determined and flexura
strength if appropriate; a full-scale laboratorydabwill be elaborated where dynamic effects on the

composite from crushed concrete and syntheticditi#l be measured.

ACKNOWLEDGEMENT

The experimental work was supported by project TRR0168 Centre for Effective and Sustainable
Transport Infrastructure (CESTI) and SGS13/120/ORK111.

197



Nano and Macro Mechanics 2013 Rgafl Civil Engineering, CTU in Prague, 2013™September

REFERENCES

[1] EVROPA 2020[cited 2013-07-08]. Available from:
http://ec.europa.eu/europe2020/europe-2020-in-shelltpriorities/sustainable-
growth/index_cs.htm.

[2] SABLATURA, J. Experimentalni ageni recyklatu z betonovych pra@ze konstrukni vrste
praZcového podloZPraha 2012. Diplomova pragévUT v Praze, Fakulta stavebni.

[3] ZOBAL, O., PADEVET, P., LIDMILA, M. and TESAREK, P. Moznosti recykla betonu. In:
Beton&ské dny 2010Praha:Ceska beton&ka spolenost CSSI, 2010, dil 1, pp. 491-494.
ISBN 978-80-87158-28-9.

[4] BeneSteel 59cited 2013-07-08]. Available from: http://wwwlskement.cz/benestcz.htm.

198



Nano and Macro Mechanics 2013 Rgafl Civil Engineering, CTU in Prague, 2013™September

ORTHOTROPY IN FEM

Karel SOBRA!

Abstract: An overview of wood behavior is shown in thiscdetas well as simplifying of a wood material for
manual calculations and approaches which are suliétafior FEM calculations. Inhomogeneous structure of
wood brings many specific problems which need tadmsidered. Homogenization of wood is suitable for

design engineers but not sufficient for researctvadd at micro level.

Keywords: wood, orthotropic behavior, wood material models

1. INTRODUCTION

Wood is one of the oldest building materials. Itswased mainly for the roofing in the Middle
Ages. Later it began to use in floor constructiOne of the oldest, well preserved wood construstion
are gothic trusses. Unfortunately nowadays, noaaynof trusses are saved because of many fires and
other impacts (sponges, pests ...).Gothic trussesalareooden carpentry joints that means that
bending elements are also made of wood. In theqgo@rdrusses there can be the iron bending

elements.

During the ages historical constructions degradesase of this they need to be reconstructed.
During the reconstructions, which are in the CzBapublic under supervision of Monument Care
Department of Ministry of Culture, originality ofeanents has to be protected as much as possible. In
case of this, in historical trusses, damaged elemearot changed as whole, but only the damaged par
of an element is cut off and substituted by a neatemal. For this type of reconstruction

contemporary joints are used. The most of contearggoints are wooden joints [1].

2. MATERIAL

Wood is one of the oldest building materials, asnt@ed above. It has many kinds of utilization.
Wood can be used for construction of structureooit§ parts as floor slabs, roofing etc. It carubed

as floor covering, too.

Material behavior was studied on wooden beams ¥ ibathe past [2]. Unfortunately, wood is a

material, which has specific problems. Impropribghavior is eliminated by modifying of wood.

! Ing. Karel Sobra, Department of Mechanics, FacoftyCivil Engineering, Czech Technical University i

Prague, Thakurova 7; 166 29, Prague 6 — Dejvice;e@ail: karel.sobra@fsv.cvut.cz

199



Nano and Macro Mechanics 2013 Rgafl Civil Engineering, CTU in Prague, 2013™September

Composition of wood has been modified by chemicalsomposite materials are developed as other
type of modification.

Wood is an organic material. That means that itspmsition is hugely dependent on external
environment. During its growth, already, size (thmans quality) of wood cells, from which wood is
composed, is influenced by moisture, temperatwesisne intensity, pollution and many more.
Considering different conditions during a year, @alrings are evolved in wood composition. Annual
rings are difference between springwood (darkeersatFig. 1) and summerwood (brighter). It can
be said that wood is hugely inhomogeneous matesial a fibrous structure thanks to annual rings
effect and many defects in a wood structure.
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Fig. 1 Microstructure of a pine wood (Pinus Pondsap

2.1. ORTHOTROPIC BEHAVIOR

In spite of wood is an anisotropic material, durthg calculation three axes symmetfyg( 2) is
used, so wood can be considered as an orthotragtieria. An axis, which has big importance, is an
axis parallel with wood fibers — the longitudinadisa(L direction). Wood has another two axes of
symmetry, radial and tangential. Wood elementscarestructed with the main axis parallel with the
longitudinal axis, because wood has the best ptiegaalong the longitudinal axis.

Grain direction

L —

=

Longnumnalh“n\¢/

Tangential

Fig. 2 Wood directions labeling
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As mentioned above, wood is an orthotropic matevidlose strain — stress diagram is shown at
Fig. 3. At the diagram it is possible to see three parté.the limit of proportionality ¢,) wood
assigns the linear behavior. This is area of Hota#svalidity with influence of orthotrop{?2). Wood
starts to behave nonlinearly after the limit of gwdionality. Development of micro cracks is inghi
area till macro crack is located and developed. 8V&tdl has some bearing capacity in the nonlinear
area. Strength limite{) is a point, where the bearing capacity is extelsind a material starts to

collapse.

O,

/N

strength limit / O,

limit of proportionality O, /

|

|

|

|

|

‘ . .
| viscoelastic
: area

|

|

|

|

|

linear | developing of )
elasticity microcracks failure area

Fig. 3 Strain — stress diagram

It is necessary to get twelve material characiesigb describe a general orthotropic material —
three moduli of elasticity, three moduli of elaitidn shear and six Poisson’s ratios. Using thredh
axis symmetry and the relationship of deformatiaergy (1), only nine material characteristics are

sufficient.
-Leo? )
2

Equation(2) describes situation, where a wood element is uludeling oriented according to an
axis of wood (L, T, R). In(2) E is modulus of elasticity(s is modulus of elasticity in sheat,is
Poisson’s ratiog andy are strainsg andz are stresse4, is a plain parallel with grairR is a plain
perpendicular to grain in the radial direction ahds a plain corresponding with the tangential

direction.
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2.2. HOMOGENIZATION OF WOOD

It is possible to see annual rings or rather ciowadf wood layers in the TR plain (plain between
axes T and R) &fig. 2. During the manual calculation annual rings are aumsidered, that means
certain homogenization of wood is made. This kihdh@mogenization is suitable only at some areas
of a material, where the curvature of a materiadasso important, curvature can be ignored (ateas
4 and 5 aFig. 4). In manual calculation it is necessary to homaggewood, because the influence of
annual rings, primary cracks (for example dryingc&s) and knots is not possible to consider, becaus

calculations would be too much complicated.

/é/\?\\i

] ~

] '((m\\ﬂ'

Fig. 4 Areas for homogenization of wood

Some kind of homogenization offers wood itself ardthree axes symmetry. There is certain
relationship between the same mechanical propdytiEsgs to the axes. The properties in one or two
perpendicular directions are much higher than ptagsein remaining ones. For example strength in

the grain direction (parallel with grain) is mucighrer than strength in directions perpendiculatht
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grain. At the basis of this, lower properties can donsidered as similar. Values of compressive

strength for a pine spruce are showi(3) Values shown iig3) — (5) are from [3]

F. :F.riF.;=34,1:34:4,6- 10:1: 3)
E :E;:E =15:3,1:0,5 30:6: (4)
G : G : Gy =573:474:53 10,8:8,9 (5)

Formulas(3) — (5) are useful for homogenization, too. It is compkchto determine all twelve
material characteristics. Symmetry reduces necgssanber of mechanical characteristics to nine.
Properties only in one direction are often deteat@nin practice and formulas shown above help to

recalculate properties in remaining ones. In eguati) — (5) F. is compressive strength.

This type of homogenization is useful for numericabdeling too. If it is possible to use an
orthotropic material model in any kind of the FEM\w&r, still there is necessity to full stiffnessimx
or compliance matrix with adequate number of meahrcharacteristics (often only few of them are

known).

3. MATERIAL STUDIES

Nowadays, there is aim to describe wood materiahash as possible. In case of this there are
studies which can describe wood using modern caatipul technigue and many complicated
material models. For example in [4] there are shasimulations of grain behavior in knots
surrounding using the fluid analysis. Setting amdelopment of cracks in the areas (for example
diminished by drying crack) is the same as in ardasre sharp skew angle (higher concentration of

stress) is solved using these models. Such areastdae described using the homogenized material.

Authors of [5] describe, that there are many apghiea how to create material model of wood.
Microstructure of wood can be modeled at a cell f@soscale) level using cellular models, at a
microscale (cell walls) level using laminate andtmoale models. Another approach describes wood
using fracture mechanics-based models or using Imodéich combine micromechanical and

continuum mechanical-lattice models. Constitutivedied of wood is described in [6].

3.1. MICROMECHANICAL MODELS

The difference between the mechanical propertidsrafitudinal and other two directions can be
explained by the cell shape in the cross-sectiamepl Cells of wood are hexagonal, but condition
during the growth of cells causes their irregwarion the mesoscale wood is a cellular solid.
Mechanical and physical properties of cellular dolare dependent on the cell material and cell

shapes. Idealization of the shape of the hexadwraycomb cell is shown Bkig. 5.
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Fig. 5 Honeycomb shape of wood cells

Relative density of honeycomb cells is importamtrfocromechanical models. The relative density
of cells is calculated as a ratio between densitfebe cellular structurg and the solid cell wallgs
(6). Mechanical properties of cells can be solvedgisine classical beam theory, where the cell walls
are considered as beams.

p _t 2R+ T (6)

p, R2(T+ Rsing) cod

Cell walls can be considered as a kind of multitagemposite accordinérig. 6 in multiscale
models. Number of layers, angle of microfibers afifferent composition of layers influences
behavior of wood cells. For example a lower anglmiarofibril induces a lower axial shrinkage and a

higher angle induces a higher shrinkage.

14
Fig. 6 Composition of cell wall using multilayer@pach

Despite the numerical difficulty of micromechanioabdels it was established relationship between
parameters of the wood microstructure and the nméchlabehavior of wood, including the influence

of moisture.
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3.2.  WOOD FAILURE

In [5] it is noted that the wood cells close to fn&cture surface can absorb a great amount of
energy before breaking. The fracture toughnessamfdws closely related to the structure in L3 layer
in Fig 6. Spiral structure of fibrils in this layer inducadifferent form of buckling failure in tension,
which causes a high energy absorption during fracflwisting angle of 15° between fibers in spiral

structure provides optimal trade between stifframgstoughness.

The material is described using the typical beaemehts connected with the spring elements in
lattice models. For example the structure of a riatean be described by blocks of an infinity ikt
structure where the horizontal elements are magl® fsream elements and the spring elements are
used for diagonal elements. In lattice models tmaabe and crack growth are represented as breaking
of beams or other elements in a material struct@omtribution of broken elements to the stiffness
matrix is removed during the calculation. The tatstructure with different properties can be used

each direction.

3.3. CONSTITUTIVE MODEL

Many studies describe nonlinearity of wood, somgra@aches was shown above. But homogenized
orthotropy of wood can be described using the dotise model as well. For formulas describing the
constitutive model some assumptions are made: vimad idealized 3D, homogeneous, orthotropic
material. Wood is a homogeneous continuum and taereno growth defects in the wood, and the

grain is oriented straight and parallel to the langs of an element.

Many types of material behavior provide a congtitutmodel. Bilinear, elastoplastic and more

behaviors can be described only be changing sanaenpterg7).

£ =(aE,, + ﬂEO)[UU—yj ™

n-1

WhereE, is the current modulus of elasticity, ; is the modulus of elasticity in the previous step
andE is the initial modulus of elasticity, is the yield stress angl., is the yield stress in the previous
step, constant parameter,ss andy are defined by user at the beginning of calcutatiormula(7) is
suitable for a bilinear model, whern= 0 andy = 0. This approach is most suitable for nonlineam

codes. It can be used for both 2D and 3D problems.

4. CONCLUSION

Wood is one of the oldest engineering materials. d fibrous, porous, inhomogeneous, anisotropic
material. Its properties are influenced by manytdexcand exhibit a very wide range of variability

during the time, moisture, temperature and loaditng. orthotropic behavior of wood is shortly
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presented herein as well as approaches which aldeufor calculation or homogenization of a wood

structure.

There are many ways how to describe behavior ofdw8ome of them are very sophisticated and
thanks to this, time intensive for calculation. §hipe of material models is not appropriate faigie
engineers. On the other hand these models are saege®r academic studies and provide better
understanding of wood as a material or wooden etesnehich helps to extend knowledge of design
engineers and improve design approaches of wool@emeats or constructions. The second type of
models, homogenized one, is much simple but ignaties of conditions, which influence behavior of

wood.

For design engineers it is not necessary to hatelei® data from complex analyses of wooden
element, because design approaches consider maaglvdntageous conditions in few design

parameters.

Unfortunately, the material model made accordinggicstill does not work properly. Due to this,

implementation to the FEM solver developed at tepdtment is delayed.
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DEPENDENCE OF THE MECHANICAL PROPERTIES
OF CEMENT-BASED COMPOSITES ON PVA CONTENT

Jaroslav TOPIC?, Pavel TESAREK?, Tomas PLACHY?, Vaclav NEZERKA*

Abstract: The aim of the article is to present the resatson-destructive testing of cement-based comgosit
with the addition of polyvinyl alcohol (PVA). Theneposite was enriched by PVA in form of polymeutsm in
various concentrations. Individual samples diffenedhe PVA content and the tested parameters angpared
with a reference sample without any PVA additidrie main purpose of our work was to determine taternal

parameters of PVA enriched cement-based compasitesno- and macro-level.

Keywords: composite, cement, polyvinyl alcohol, non-degivectesting

1. INTRODUCTION

Due to extensive use of concrete in civil engimegerihere is a tendency for a perpetual
improvement of the material. This is accomplisheadnty by means of additives and admixtures with
the positive impact on the final product, in partir on its utility properties. Among others, pobra
are very popular. First attempts to modify the cetecusing polymers date back to 1950. Nowadays,
polymers are very commonly used admixture to cdaave Portland cement. Most often, the polymers
are added into fresh concrete in form of polymdutsmn during mixing. Typical representative is

PVA, which has been exploited and its influenceestigated in the presented paper.

It has been reported that the additions of PVA haymositive influence on concrete in terms of
freeze resistance, capillary absorption and fraetaechanical properties [1]. According to other few
studies also the compressive strength of PVA erdsarsamples was also increased. On the other
hand, the Young’s modulus is reduced with the P\Wittons and the workability of the fresh

concrete is poorer.
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The properties of hardened composite are stromfliyeinced by the amount of the added PVA into
the mix and the main goal of this paper is to defam optimum amount of PVA in the cement-based

composites for their best performance while keefinegdrawbacks at a satisfactory level.

2. MATERIALS AND SAMPLES

The samples were made of Portland cement CEM | g@d8uced in Radotin. PVA was added into
the fresh paste in form of water solution in conaion of 16 % (brand name Sloviol) having the

molar mass equal to 67 g/mol.

There were prepared five sets of samples, eachsepied by three prismatic specimens having the
standard dimensions 40 x 40 x 160 mm and five 50mgim cylindrical specimens with the diameter
30 mm. The reference set, denoted “A”, was compasdg of cement and water, without any
additions of PVA. Samples denoted “B” to “E” comiad PVA in different amount, see Tab. 1.

The needed amount of cement, water and PVA solwtias determined before the production of
samples, the water and PVA solution were mixedhérequired ratio in order to satisfy the water to
cement ratio equal to 0.35 and PVA to cement ratjaal to 1.4, 2.8, 4.0, and 5.6. Cement was
continuously added into the PVA solution dilutedtbg mixing water during stirring of the fresh mast
in order to produce a homogeneous mix. The prepsaetgbles were placed into casts, from which the
specimens were removed after 2 days of hardeningsé€tjuently, the specimens were placed into
water having the temperature of 20°C to ensureséimee conditions during hardening. After 28 days
of curing the specimens were removed from watee kn a laboratory at the temperature of 22°C

and relative humidity 50 %.

Tab. 1 Composition of tested cement-PVA samples

Set c . w/c =0.35 — BVA
€ emen
’ Water [g] S%I\J/tf?g]o [wt. % of cement]
A 1000 350 0 00
B 1000 263 88 14
C 1000 175 175 28
D 1000 100 250 4.0
E 1000 0 350 56

3. EXPERIMENTAL METHODS AND RESULTS

Shrinkage of the material was monitored duringfits 7 days of curing. Furthermore, the weight
development and dynamic Youngg)(and shearG) moduli were also monitored and these values
were evaluated on the wet samples during the #8stdays of curing. Last measurements were

performed 35 days from the production of the samalal it was accomplished on dry samples.
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Dynamic Young's and shear moduli were determinddgughe impulse method on the prismatic
specimens (40 x 40 x 160 mm). The basic principléhe method is excitation of the investigated
specimen by a measured force and measurement ofpgbeimen response. When the natural
frequencies are evaluated the elastic moduli cargadbeulated. The moduli can be evaluated from
higher natural frequencies and using different lolauy conditions or impact location. The
measurement was accomplished by Briuel & Kjaer @ewype 3560-B-120. The bulk density of the
PVA augmented specimens was, as expected, lowepared to the reference sample. It is obvious
from Fig. 1 that the density is reduced by the talis of PVA. Quite significant reduction can be
observed even on the paste containing the lowestuamof PVA. Quite interestingly, another
significant reduction appeared between the setsaffol “E”.

2500.0

2000.0 4+

1500.0 4

2078
1868
2068

1000.0 4

1799

1831

1764
1616

Density of samples [kg/m3]
1675

500.0 +—

0.0

28 days (wet samples) 35 days (dry samples)
@A (ref) BB (1.4 wt.% PVA) OC (2.8 wt.% PVA) 0D (4.0 wt.% PVA) OE (5.6 wt.% PVA)

Fig. 1: Bulk density of the tested samples
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28 days (wet samples) 35 days (dry samples)
‘ DA (ref.) BB (1.4 wt.% PVA) OC (2.8 wt.% PVA) 0D (4.0 wt.% PVA) D E (5.6 wt.% PVA)

Fig. 2: Dependence of the dynamic Young's modutuB\bA content

It is obvious from Fig. 2 that the stiffness (dynardoung’s modulus) decreases with the additions
of PVA, the content equal only to 1.4 % of massticbuated to the reduction by 25 %. There is a Imea
relationship between the content of PVA and thénstss of cement paste for the sets “B” to “D”,
however, as in case of bulk density, there is nsayrificant drop between the sets “D” and “E”. The
development of shear modulus follows the same &réh). 3).
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Fig. 3: Dependence of the shear modulus on PVAecbnt

4. CONCLUSION

The results of our measurement indicate that tesgmce of PVA significantly influences the
properties of cement pastes and it is valid evenaftittle concentrations (1.4 wt. %). It is mainly
caused by an increase of pore size and conteninwiite hardened paste with the amount of PVA
added. Significant difference, observed betweemtestD” and “E”, was caused by poor workability
of the fresh paste and complicated casting. Itmadgossible to completely remove cavities (bubbles
from the fresh mortar, when the PVA concentratisceeded 5.6 %. Therefore, it is not suitable to add

more than 4 % as an additive into cement-based asites.
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CHANGES OF THE DYNAMIC MODULUS
OF ELASTICITY IN DEPENDENCE ON THE NUMBER
OF THE FREEZE-THAW CYCLES

Richard TOUPEK?!, Tomas PLACHY?, Michal POLAK 3, Pavel TESAREK*

Abstract: The paper presents the determination of the madof elasticity on gypsum samples using the non-
destructive impulse excitation method. The greanathge of non-destructive testing, compared tdrdetive,

is that still the same sample is tested and it we$ various negative effects. The paper presdmds t
development of modulus of elasticity on gypsum kmgrcording to the number of freeze-thaw cydes.
cyclic loading, the samples were saturated withewatt 20 °C and tested in 8-hour cycles. Sample® we
removed from the water bath and placed in a freedét a temperature lower than -20 °C and after @ifs
they were placed again in the water bath for a perof eight hours. The difference from 'dry' frossistance
was that the samples of hardened plaster were exptus"wet" frost resistance, i.e. to the extrewesd| of the

samples with the external climatic conditions.

Keywords: Gypsum, modulus of elasticity, impulse excitatiwethod, freeze-thaw cycles

1. INTRODUCTION

The resistance to the external climatic conditicnene of the most important properties of the
building materials, which are used for building elmpes. The porous building materials, which will
be used in an exterior, have to be frost resistasp. resistant to freeze-thaw cycles. Severdiesu
[1, 2] of the gypsum use in exteriors were don@athrand also some research teams studied materials,
which are available in the Czech Republic. Theyedeined e.g. the frost resistance experimentally
according to the methodology for plasters, becausé methodology for gypsum does not exist [3],

and the resistance to the external climatic comufitifor samples freely stored in exterior [4].
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2. LOADING OF THE SPECIMENS
For the purpose of these tests, the grey gypsumiupeal by the company Gypstrend (CZ) was

chosen. The specimens were made with the watergypatio 0.71. The dimensions of the specimens
were 40 x 40 x 160 mm. The tests started at theohitfee specimens 28 days. The wet variant of the
freeze-thaw cycles was used for the determinatfathed sample resistance. Before starting the tests,
the samples were placed to the water bath of thedeature 20 °C. The samples were in the bath for
four hours till the full water saturation. The gattion was verified by weighting of the sampleg th
weight of the samples stopped changing after 4shdihe freeze-thaw cycle is composed from two
phases, during the first one the water saturategleawas placed to the freezer with the temperature
minus 20 °C at minimum and it was in the freezei8fdours. After 8 hours, the sample was put to the

water bath of the temperature 20 °C for anothes 8

3. IMPULSE EXCITATION METHOD

The Impulse Excitation Method (IEM) was chosen &edmine the dynamic Young’'s modulus
because of its non-destructive character. The sampk supported in the fundamental longitudinal
nodal position in the middle of its span. The aeadlion transducer was placed at the center of one
end surface of the sample. The opposite end sudhtiee sample was struck perpendicular to the
surface by the impact hammer. The waveforms of ékeitation force and the acceleration were
recorded and transformed using the Fast Fouriensfoam (FFT) to the frequency domain. The
Frequency Response Function (FRF) was evaluaten fih@se signals using the vibration analyzer
and the program PULSE 14.0. The test was repeatedrore times for each sample and the averaged
function FRF was saved. From an averaged FRF utihgainental resonant frequency was determined
for each sample. The mass and dimensions of thplsamere measured, the FRF was evaluated and

the dynamic Young's modulus; was determined using the relation

_ 4Imf?
bt (1)

EdI

where: Ey is the dynamic modulus of elasticity [Pd],is the fundamental longitudinal resonant
frequency [Hz]b is the width of the sample [m]js the height of the sample [nh]is the length of the

sample [m]mis the mass of the sample [kg].

4. RESULTS

The main goal of this experiment was the deterrionadf changes of the modulus of elasticity in
dependence on the number of freeze-thaw cycleg tissnimpulse excitation method. Therefore, the
values of modulus of elasticity of gypsum samptaliree different conditions were measured at firs

(Table 1): samples with natural moisture contemttewsaturated samples, frozen samples.
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Tab. 1 Experimental results — modulus of elastiia] at the beginning of testing

Samples/ Dry samples Water Frozen water
conditions with natural saturated saturated
moisture content sample sample
1 5.31 3.53 9.71
2 5.41 3.61 9.60
3 5.32 3.50 9.32
4 5.05 3.34 8.94
5 5.19 3.40 8.65
6 5.20 3.35 9.59

Dynamic Young's modulus of the dry samples

5.00 eee——
= .,-_-f‘—____ — F —
4.00 —O—Sample No]_\s-(‘ :.:"“d_
E —fll—Sample No.2
U 3.00 (—
= —#—Sample Na.3
°T]
200 | |==F=Sample No.4
=== Sample No.5
1.00 Sample No.6
0.00
0 5 10 15 20 25

Number of the freeze-thaw cycles

Fig. 2 Dynamic modulus of elasticity of the gypsamples with natural water content.

The reason, why to determine these characteristias,the thorough survey of samples behavior
before starting the measurement, resp. after theffeeze phase of the freeze-thaw cycle. Espgcial
we are interested in the influence of water contteihe monitored characteristics in the form qtid
and also ice. There can be seen in Tab. 1 thatnadgnaodulus of elasticity of the frozen samples is
approximately two times higher than for the dry plem. The values of the dynamic modulus of
elasticity of the dry samples and the water satdregamples correspond well with our previous
measurements [5]. The changes of the modulus sti@ty of the gypsum samples are shown in
Fig. 1. The character of these changes is veryiairfor all six samples. The modulus of elasticity
decreased about 13 % after the 25 freeze-thaw yTlee values of modulus of elasticity for water

saturated samples decreased only about 8 %.

5. CONCLUSION

From the obtained experimental data it results tftar 25 freeze-thaw cycles no significant
changes — decrease of moduli of elasticity — haxiwed on gypsum samples. The decrease is only
about 13 %. The gypsum durability in extreme caoodg was verified by this experiment and not only

during wet freezing and thawing but also duringiryy This is the worst combination of conditions
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which has the significant influence on mechaniaalpprties deterioration of the building materials.
The decrease of stiffness 13 % is probably caugethé solubility of gypsum in water [4] during

cyclic drying and soaking. In analogous experimgois only with freeze-thaw cycling without drying

and soaking phases, on different kind of gypsure, glgpsum mechanical properties have not
decreased, the compression strength was detersiniéavas destructive testing [3]. The disadvantage
of these destructive experiments was that the nmechlaproperties were determined on different
samples. During our experiments, this influence elasinated but the comparison with destructive

testing will be done in our future research.
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REAL CROWD BEHAVIOR ON THE GRANDSTANDS
Ing. Bc. Martin Verner!

Abstract: The aim of this paper is to approach the issuadaifve sports crowd on grandstands. Active crowd
raises vibration on the grandstands. Design repneseone of the ways to describe this crowd and then
determines the time required for the synchronizatithis article serves as a basis for the desigexperiments

on real sports grandstands.

Keywords: single-storey grandstand, multi-storey grandstasyhchronize of crowds, sense of rhythm

1. INTRODUCTION

Sports stadiums have long been not only serveponts games. Currently, the trend is to use
their maximum capacity for other activities. The snaommon unsportsmanlike activities include
organizing music concerts. Architects are tryingrmake the most of sporting or musical spectators
had a clear view of the course / stage while evart® to place as close as possible. Stadiumsean b
divided by many criteria. Stadiums can be dividetb istadiums with single-storey grandstand and

multi-storey grandstand.

2. TYPES OF GRANDSTANDS

When, the stadium has only one floor, the spedadtothe most remote places had very poor
visibility on the field. The largest single-storend concurrently the largest stadium, is in théedh
States. His name is Michigan Stadium. Its capastyl09,901 viewers (maximum visit was in
November 2011 114,804 viewers). The downside it ghactators in the last series look at the field
from a distance of approximately 100 m. With thetaince the acoustics of the stadium is exacerbated,
so it is bad usable for music concerts. The biggestlem of the single-storey stadiums are thewrfl
area that these stadiums are marginalizing to efigiee residential agglomerations with more space
than in urban centres- [1].

So that the spectators would be as close as pedsilbhe playing surface and also the largest
possible number of spectators would come at thedgtand, the stadiums are built with the multi-
storey grandstand. These stadiums occupy much enfedbr area than the single-storey stadiums;

therefore they are the appropriate type in denpejyulated places. The world largest multi-storey

! Departments of Mechanical, Faculty of Civil Enginieg, Czech Technical University,

martin.verner@fsv.cvut.cz
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stadium is located in North Korea. It is called Brodo May Day stadium and has a capacity of
150,000 spectators. Architects are trying thatsfamds situated above have no support coming from
the stands below. Supporting the above raised gtands would build from the bottom of the

grandstands, and they would worsen the view ofsgiectators on the bottom of the stands. It is the
attempt to compress the overall height of the 8axiands. These two efforts lead to the fact thuetm

of the grandstands are from the static point olwAesubtle cantilever beam. Subtle cantilever beams
have lower natural frequency of oscillation thaa tbwer grandstands, which are supported at both

ends of the stands. [1]

2.1 REGISTERED EXAMPLES OF GRANDSTAND VIBRATION

The first registered case in which fans vibraterandstand by moving is from 1900. The case
became in the Scottish city of Glasgow. It was ethgt the stadium of Glasgow Rangers, who had a
wooden grandstand with a capacity of 80,000 spawtatlt was a single-storey stadium. The
international football match was played between téwms of Scotland and England. In thé" 50
minute, the English had a chance to score a gt&.spectators stood up from the seats to see better
and then sat down again. The spectators move célusedbration of the grandstand which ultimately

led to its collapse. During the accident twentyfs@ople died and over five hundred were injured-[2]

In 2010, the spectators felt vibration in Nurembesgrmany. It was played the Bundesliga match
between teams 1 FC Nuremberg - Borussia DortmunetsGfans began to support their team by
rhythmic jumping in the grandstand. This jumpingi®ad vibration of the structure. Vibrations of the
grandstand were not so intense to collapse thalgtamd but caused panic of the fans who were under

the grandstand-[3].

In 1999, the Millennium Stadium in Cardiff in Waless officially opened. At the opening, the
stadium had the largest cantilever grandstandfiéenworld. The stadium is used for the needs of
Welsh rugby and football national team, sometiniés used for the music concerts. During the first
musical concert spectators felt the vibrations ltd grandstands. These vibrations cannot cause
collapse of the grandstands but they have a badtefh the human body. It could easily happen that
the vibrations cause panic on the grandstand ldoateler the vibrating grandstand. Therefore, the
owner of the stadium decided to reinforce the gstamitlis by using 52 supporting pillars. These
columns are collapsible and are used only duriegtiganization of musical productions because they

worsen visibility at the bottom of the grandstand also reduce the capacity of the stadium itsglf-[
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Fig. 2 Installed supports at the Millennium Staditm€Cardiff [2]

3. CAUSESOF VIBRATION

The last 20 years we have seen a change in behafigpectators during a sporting match. The
spectators are not only sitting in their seats paskively watching the match but they are active in
cheering on of their team. For example in the CZRepublic since the World Championships in ice
hockey, 2004, fans have invited each other to jaggiround the all stadium by shouting: "Who does
not jump is not Bohemia". This jumping usually doest last long and on the grandstand causes

minimal vibrations.

So that the spectators cause vibrations of grandstahey must be numerous and they must be
synchronous. If the bigger group of spectatorststarmping, everybody jumps with different
frequencies, these frequencies cancel each otheanougrandstand is vibrated at least but when the
group is synchronized it represents the greatektfar grandstand. Generally, the steel constractio

vibrates easier than concrete ones.

4. SYNCHRONIZATION OF ACROWD

As it was already mentioned, the greatest risktiier grandstand construction is a synchronized
crowd. The question is how to describe this crowd & determine the probability of its occurrence.
The best the probability of synchronization crowesctibes by using conditional probabilities.
Condition represents an occurrence of the elenhabhiakes easier of crowd synchronization.

4.1 CONDITIONSTO ACCELERATE SYNCHRONIZATION

Alone crowd needs a long time to synchronize. Exammclude walking people. Two walkers go
longer behind or next to each other, so after stime they harmonize their steps and then walk with
the same frequency of steps. On the grandstanthongzation is faster when the crowd has got a
management. Music concerts, during which drum$kmged, are the best for crowd management. The
drummer adds rhythm to the whole stadium, accordmgctive spectators who copy it to be
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synchronized. During a sports match there is amafupeople with drum and they are between the

active spectators. Drummer gives a fairly accupat@melling rhythm that others follow.

Another way to synchronize the spectators is tembrace. A certain group of people grabbing
around his shoulders and they start to jump. Bplgrag around their shoulders they perceive rhythm
of group faster than if they are jumping alone.sTémbrace is most common at concerts, and mostly
there is no risk, because the spectators embragdynmn slower songs where they do not jump.
Frequent embrace is also at sporting matches, wbpee of lines of spectators embraces and
eventually jumps up and down or left and right.sTjimping is very intense and can cause vibrations

of grandstand.

Probability of occurrence a drummer at concertbisut 99%. The probability that at sports match
will be present man with a drum varies accordingh® sport match. For example, at some sports
matches the drummers are prohibited. At footbaltcimes the presence of drummer is with the

probability of about 85%. It is my long-term monitw of sporting matches in the country.

4.2 PREREQUISITESTO SYNCHRONIZE OF CROWDS

The parameters that describe the ability of thevdrdo be synchronized are very difficult to
determine. The most important parameter is therahatation of the composition of the spectators. For
monitoring the ability to synchronize of crowds weed to know the four basic parameters: group
size, the ratio of male / female, age structure ethdic composition of the group. Input parameters
will be acquired on the basis of long-term monitgriof the behaviour of sports fans in the
grandstands. These four parameters serve as aftwasistermining the fifth parameter which is the
musical talents of individual in the jumping’s cdsy If an individual has an ear for music he
synchronizes better with the frequency of drumniman an individual who has a no ear for music. If
the whole crowd is musically gifted, synchronizatiof the crowd realizes almost immediately. This
parameter cannot be detected by just watchingart lse obtained by examination of individual
subjects (medical examination) or based on a pilityaturve, which shows how they are represented
in the population of individuals with a musical egor example, a young black woman has a better ear

for music than white-old man.

5. CALCULATION

There will be data obtained by monitoring from #teendance of sport matches. After every sport
match there will be done individual data processirtpr each measurement there is required: the
group size and the maximum time required for theckyonization. After the calculation, the resulting
values are recorded in the histogram, wherein thézéntal axis shows the time required for
synchronization and the vertical axis indicates dize of the group. The calculation parameters are

listed in section 4.2. Based on the monitored patars, probability distribution of ear for musicdan
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the probability distribution describing the maximumight of the jump will be added to specific
person. Sense of rhythm will be described by tiha ts required to synchronize the different groups
of people. These parameters help us to generatendomly parameter for a specific person.
Subsequently, by using linear regression it willdstéimated the average spectator from group. This
viewer will serve as a reference for synchronizabbother spectators.

The actual stabilization is carried out on therfola (1)

u(t) = Uer— U * exp-(60/t) (1)

5.1 CALCULATION PROCEDURE

Input parameters — Tab.1.

Tab. 1 Example- input parameters

Size group 4 person
number of
1. person 2. person 3. person 4. persgn
person
sex female male male male
nationally paleface paleface paleface paleface
age 32 25 24 45

Subsequently, the data (Tab. 1) is assigned tor@ngprobability of density distribution of ear for
music and probability distribution that specifidge tmaximum height of the jump. It generates a

particular parameter for a given person. Exampleistribution functions-Fig. 2.
- o IEm
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Tab. 2 Example - Assigning data

Size group 4 person
number of
1. person 2. person 3. person 4. person
person
sex female male male male
nationally paleface paleface paleface paleface
age 32 25 24 45
time to
_ 29.40s 24.21s 23.87s 33.78s
synchronize
jump height 0.254m 0.354m 0.357m 0.311m

The result is that the group is synchronized bychyonizing the last person in the group.

Specifically, in our case the group is synchroniaftdr 33.78s and jump height will be 0.354 m.

6. CONCLUSION

The aim is to introduce the model, especiallyritsuit parameters that most accurately to describe
the crowd on the grandstand. The idea of this migl¢hat a group synchronizes after sometime
around the reference person. The synchronizatidessribed by equation (1). Input data are obtained

from experiments and long-term observation.
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DEVELOPMENT OF HYDRATION HEAT AND MODEL
MIXTURES WITH FLY ASH

Ondiej ZOBAL', Zdenék BITTNAR?, Vit SMILAUER®

Abstract: Higher level of fly ash used into cement/concrete is still, from many aspects, a topical issue in
construction industry. Tens of years ago, significant part of cement into concrete mixtures for massive
constructions started to be substituted for fly ash already. The reason was that this substitution significantly
decreases the values of the hydration heat. This paper deals with experimental verification of the hydration heat
development in cement pastes with various fly ashes and various degrees of cement substitution. Subsequently a
model was created based on the experiments. The model allows working with different input parameters and
predicting of behaviour of constructions (materials), with regard to the hydration heat development, thus
technological design can be optimised.

Keywords: hydration heat, fly ash, cement, simulation

1. INTRODUCTION

Substitution of clinker for fly ash for decrease of the hydration heat has been applied for many
years, mainly in massive constructions. Examples are the Hungry Horse Dam completed in the USA in
1948, where up to 35% of Portland cement was substituted for fly ash [1], or construction of the Orlik
Dam in the Czech Republic in 1956 to 1961, where almost 30 % of cement was substituted. Executed
analysis of concrete from the body of the Orlik Dam shows that concrete of very high quality is being
concerned [2]. However, use of quantity of fly ash as a substitution for clinker brings some problems
too, particularly delay of the beginning of setting and slow increase of initial strength or higher
carbonation and also high variability of fly ash [3] are concerned. This paper describes measurements
of the hydration heat with the aim to find out reactivity of fly ashes with subsequent calibration of

models for concrete embedment of massive constructions.
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2. MEASURING HYDRATION HEAT

Composition of cement pastes for the experiment was as follows. Substitute of cement for fly ash
was 25 and 55 % of the weight. The water cement ratio of all pastes was constant and its value was
0.5. The water cement ratio was chosen as a compromise between working properties of individual
mixtures. The sample No. 1 is a standard mortar recipe; the reference sample of a pure cement paste is
No. 2. The used cement: CEM | 42.5R Mokra. Tab. 1 summarizes measured values of the hydration
heat for 3, 7, 18 days of hydration. The most significant effect of fly ashes on reaction kinetics occurs
within 72 hours.

Tab. 1 Values of the hydration heat for various mixtures of cement and fly ash at 3, 7 and 18 days.

Mixture Qs [I/binder] | Q7 [I/binder] | Qumax(zs) [I/Tbinder]
1-CEM 142.5 R Mok (30) + sand (15) 230 204 334
2 - CEM 142.5 R Mok (30) 258 322 357
3-CEM 1425 R Mok (22.5) + EPC (7.5) 263 330 381
4-CEM 1425R Mok (22.5) + EME ET (7.5) 261 330 376
5-CEM 1425 R Mok (22.5) + ETu 3. section (7.5) 286 361 407
6 - CEM 142.5 R Mok (13.5) + EPc (16.5) 204 365 433
7-CEM 1425 R Mok (13.5) + EME ET (16.5) 287 360 421
8-CEM 1425R Mok (13.5) + ETu 3. section (16.5) 315 408 490

3. CALIBRATION OF THE AFINNE MODEL

Affine model provides thermal flow for any type of binder including the admixtures of fly ash. The
model used is a four-parameter model with B1, B2, aco, 1 parameters according to equations (1) and
(2), where Qnpot is the potential hydration heat of the binder in J/g and o is the degree of hydration

(reaction).

- B _a 1 0Q da - E(1 1
e
a a, Qo Ot Ot R (T, T 1), @

©

Fig. 1 shows the calibrated curve of the affine model with experimental data on a pure paste.

500.09 B,=1.2667 h'!, B,=8.0e-6, n=7.4, DoH_=0.85
400.0
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CEM | 42.5R Mokra-affinity
CEM | 42.5R Mokra-calorimeter
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Fig. 1 The development of hydration heat during isothermal 20 ° C cement CEM | 42.5R Mokra (blue

- calorimeter; red - model)
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4. SIMULATION

Based on the calibrated affine model, 60 simulations of temperature development during concrete
embedment of the items of various thicknesses were carried out. The quantity of substituted cement
was 25 and 55 % and the value of water cement ratio was 0.5. We considered these four variables:

of clinker substitution,

Quantity of the binder 300 and 400 kg/m® of concrete,
Binder with Qu. 500, 383, 254 J/g. These values successively comply with CEM 1, 25% and 55%

Thickness of concrete items 0.5; 1.0; 1.5; 2 and 4 meters,

Concrete embedment in summer or winter. Initial temperature of concrete in summer 20°C, in

winter 10°C. Ambient air temperature in summer 25°C, winter 5°C.

The results of the simulations are mentioned in Tables 2 and 3; maximum temperatures reached are

concerned in particular. The temperature of concrete of 94.6°C (400 kg/mg, CEM I, 4 m, summer) is

reached in the least favourable combination.

Tab. 2 Summary of values

Thickness of
concrete items

maximal temperature [°C] - summer

cement in mixture - 300 kg/m®

cement in mixture - 400 kg/m®

Qpot [J/g binder]

Qpot [J/g binder]

254 383 500 254 383 500
05m 34.633 42.021 49.682 39.358 50.434 62.370
1.0m 37.577 47.466 57.694 43.905 58.690 74.402
15m 39.638 51.075 62.791 46.969 63.921 81.590
20m 41.192 53.677 66.331 49.208 67.544 86.271
40m 44.921 59.466 73.619 54.323 74.943 94.639

Tab. 3 Summary of values

Thickness of
concrete items

maximal temperature [°C] - winter

cement in mixture - 300 kg/m®

cement in mixture - 400 kg/m®

Qpot [J/g binder]

Qpot [J/g binder]

254 383 500 254 383 500
05m 15.548 21.210 27.209 19.160 27.801 37.438
1.0m 21.163 29.628 38.589 26.558 39.472 53.685
15m 24.642 34.902 45.656 31.192 46.708 63.426
20m 27.071 38.583 50.526 34.433 51.685 69.894
4.0m 32.388 46.488 60.540 41.462 61.870 81.935

Fig. 2 shows the temperature field at maximum temperature of concrete with CEM 1. Thickness of
the unit of 1 m, cement content of 400 kg/m?®, substitution of 0 and 55% of cement for fly ash and
summer season are considered. On the left, there is the mixture only with CEM | and on the right,

there is the mixture with 55% of clinker substituted for fly ash. Maximum temperatures are 74.7 and

43.9°C.

223




Nano and Macro Mechanics 2013Faculty of Civil Engineering, CTUin Prague, 2013, 19" September

Temperature (C)

4QIIIIIII50 IIII¢\0IIIHH7O
o 5r T
30 75

Fig. 2: The temperature of the element with a thickness of 1 m during concreting in the summer after
41.1 hours - left concrete with CEM 1, the right to pay 55% of clinker ash.

5. CONCLUSION

Calorimetry proved relatively insignificant “filler effect” of increased reaction space for
heterogeneous nucleation. This allowed simplification of simulations with the temperature
development of concrete construction. In the least favourable combination, the temperature of concrete
of 94.6°C (400 kg/m®, CEM |, 4 m, summer) is reached. Such high temperatures are hazardous for
delayed formation of ettringite. The time of reaching maximum temperatures varies between 29-217
hours. We can roughly state that the temperature increase by a half occurs in case of 50 % substitution
of clinker for fly ash. The simulations mentioned show that resulting temperatures can be significantly
influenced using substitution of clinker for fly ash. These measurements and simulations should help
support our long-term aim, which is more application of fly ash in construction industry, particularly
as an active component into cement and concrete, which is prevented by mistrust of professionals as

well as legislation in the Czech Republic.
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WANG TILE SETS AND SCHUR COMPLEMENT IN
EVALUATION OF MICROSTRUCTURAL FIELDS

Luka$ ZRUBEK!, Jaroslav KRUIS2, Jan NOVAK?, Anna KUCEROVA*

Abstract: This contribution addresses the method of Wang tilings used to reproduce fluctuating stresses, strains
and displacements in random materials subject to uniform strain excitation. Using small sets of Wang tiles allows
to avoid an abrupt evaluation of fluctuating fields in large macro-scopic domain and synthesize them by means
of stochastic tiling algorithm instead. Assuming each tile discretized by the same regular finite element mesh, all

admissible micro-scale problems can be obtained effectively by the Schur complement method.

Keywords: microstructure, Wang tilings, stress field synthesis, Schur complement method

1. INTRODUCTION

In this paper we draw our attention in high performance analysis of micro-scopic fluctuation fields in
random particulate composites subject to uniform strain excitation that can be used as microstructure-
sensitive enrichment functions in Partition of Unity [1] and Hybrid Finite Element methods [2, 3]. The
proposed technique rests on the method of Wang tilings, used to synthesize random, statistically con-
sistent, microstructural patterns of open planar domains. A synthesized domain is composed of tiles,
statistical volume elements [4] that are gathered in sets. All distinct tiles together must involve a com-
plete morphological information of the target texture. If so, the set corresponds to representative volume

element.

In addition, and contrary to a purely microstructural information synthesized to date [5], the sought

enrichment fields are nonlocal. In other words, the neighbours in a certain distance from each individual
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tile are responsible for the fields inside the tile, and must be therefore taken into account. It yields, thou-
sands of micro-scale problems, square tilings of optional neighbourhood extent m x m (Tabs. 2 & 3),
with imposed periodic boundary conditions have to be solved. Recently, structured discretizations aris-
ing from raster image representations of microstructures have been resolved by Moulinec-Suquet Fast
Fourier Transform based algorithm [6]. However, strongly heterogeneous materials with a significant
contrast in material parameters of individual phases, e.g. high porosity foams or fibre reinforced plastics,
have caused serious convergence difficulty, thereby, turning our attention to conventional finite element

method (FEM).

2. WANG TILES, SETS AND TILINGS

The method of Wang tilings, introduced by Hao Wang [7], can be viewed as a planar domino game
or a jigsaw puzzle. This study proceeds from the recent observation [5] that the Wang tile sets represent
a generalization to the periodic unit cell concept (PUC), common in multiscale simulations. However,
contrary to the PUC framework, the appealing feature of tilings consist of the ability to reproduce non-

periodic microstructural patterns. A brief specification of Wang tilings follows.

A single Wang tile can be referred to as a piece of square four-sided domino (tetromino). Tiles are not
allowed to rotate when brought together with other pieces through congruent edges (green, red, yellow
triangular sub-regions in figure Fig. 1(b)). This means, that two tiles with identical sequence of edges,
mutually rotated by k7 /4 are considered as different, Fig. 1(b, ¢). In practical applications, the triangular
edge regions are concentrated to edges (Fig. 1(d)) denoted either by colors [8], alphabetical codes [5] or

enumerated by integers [9, 10].

9 v
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Fig. 1 a) Ancient domino piece, b) Wang tile with three different codes on four edges, c) another Wang
tile obtained by rotating tile (b) by 7 /4 clockwise, d) tile (b) with edge regions concentrated to edges.

A collection of unique tiles that enable to cover up open planar domains aperiodically is called tile
set, Fig. 2(a). It is referred to as Wnt /n{ — n§, where W stands for “Wang” initial, n! is the number
of tiles in the set and n{ denotes the number of edge codes in ¢th spatial direction. The number of edge
codes n° in the 7th spatial direction can be chosen arbitrarily, however, the number of tiles nt, Tab. 1,

must satisfy,

nt:nNW\/ncs, (1)
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where n® is the number of tiles in the so called complete set
2
n® = (n{n$)=, (2)

and n™W € {2,...,/n%} stands for the optional number of tiles with an identical arrangement of
northwestern (NW) edge codes (a, v adjacent to shaded tile ¢ = 5 in Fig. 2(a)). The complete set of n“*

tiles is obtained by permuting the chosen codes c;, see [5, 11] for further details.

T T A Y A N A
LJLJL@
e
L
et
Loy

(a) (b)

Fig. 2 a) Wang tile set W8/2-2, b) example of valid tiling.

A tiling is the assembly of multiple copies of tiles from the set, Fig. 2(b). If there are no missing tiles
in the tiling lattice and a morphological information across congruent edges is compatible everywhere
we say the tiling is valid (so called ground state, see [10]). Since, invalid tilings are meaningless from

the viewpoint of microstructure synthesis, the abbreviation tiling is used instead of the valid tiling [5].

Tab. 1 Number of tiles in Wang tile sets with respect to ng,n“® and nNW,
n¢
—i— 0 | VW | nt | Tile set
2 2 16 2 8 W38/2-2
3 3 81 2 18 | W18/3-3
4 4 | 256 2 32 | W32/4-4
5 5 | 625 2 50 | W50/5-5

When tiling a domain, we use stochastic Cohen-Shade-Hiller-Deussen (CSHD) algorithm [12]. The
tiles are successively placed one by one, so that the edge codes of newly placed tiles must comply with
those of their neighbours placed previously. The index of a new tile to be placed is selected randomly but
to keep the procedure random, there must be always at least two of such tiles associated with each north-
western edge-code combination. Aperiodicity of resulting tilings is thus guaranteed when assuming that

the random generator never returns a periodic sequence of numbers (see [12] for further details).
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3. TILES WITH STRESS FLUCTUATION PATTERNS

Contrary to the synthesis of purely microstructural data, as reported e.g. in [5], the subject of this
contribution is more difficult as it aims at synthesis of non-local field patterns. In what follows, we
limit our exposition to stress fluctuations o due to the uniform strain excitation E. Regarding the
non-local character of stresses, we do not last with the same number of tiles as it is normally used for
microstructural data, see eg. [13]. The distribution of all components a;-kj in each tile depends, at least,

on their distribution in adjacent tiles.

To simplify the exposition, let us assume the highlighted tiles ¢ = 1 in Fig. 3(a). The stresses in
each of the tiles are the functions of the interior microstructure and stress distribution in eight tiles

placed around. It yields that, despite the fact that all tiles “one” have identical microstructure, the

*

differences will be further pronounced by decreasing the ratio of the tile edge dimension ¢, Fig. 2(a),

components will differ for distinct combinations of surrounding tiles. It is also obvious that those

and characteristic microstructural length(s) given by disk diameters and/or typical distances among the

disks in Fig. 4(b).
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Fig. 3 Tiling map with highlighted neighbours of the first tile from W8/2 — 2, a) nearest, adjacent
neighbours, b) first and second layer of neighbour tiles.

In order to eliminate the traction jumps in a synthesized enrichment function, larger neighbourhoods
should be considered, see Fig. 3. A particular number of distinct stress pattern patches in all tiles
1,...,nt, with respect to the particular extent of neighbours m x m is given by disjunctive colligation

of admissible patches in each tile, see Tab. 2,

nﬁ,‘b’g‘% =nt. (2nf)2(m_1) . (nNW)(m_1)2. (3)
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Tab. 2 Number of tilings to be solved in order to obtain all possible combinations of stress patterns for

tilest €1,...,nk.

No. of all possible tilings O,;,, xr, for increasing extent m x m
Ix1 [ 3x3 | 5x5 | 7x7 | 9x9 [ 11x1l
W8/2-2 | 8.0-10° | 3.3-10* [ 3.4-10'° [ 9.2.10" | 6.3-10% | 1.1-10%
W18/3-3 | 1.8-10' | 3.7-10° | 2.0-10"% | 2.7-10%' | 9.4-10% | 8.3-10%
W32/4-4 [ 3.2-101 [ 2.1-10% | 3.5-103 | 1.5-10% | 1.7-10% | 4.7-10%
W50/5-5 | 5.0-10" [ 8.0-10° | 3.3-10™ | 3.4-10%* | 9.2-10%0 | 6.3 - 10°"

Tile set

4. DESIGNING TILE SET MORPHOLOGY

As mentioned above, to create open domain tilings of self-equilibrated stress fluctuations (balanced
traction fluctuations in the tiling lattice), it is necessary to store a number of copies of each tile t €
{1,...,nt}. This is given by all possible combinations of tiles that can arise around each tile ¢, when
preserving the edge matching rules, Tabs. 2 & 3. An example of the genesis of two distinct copies of tile

t = 1, embedded in the smallest neighbourhood m = 3, is represented by the flowcharts in Fig. 4.

- AEE - B

=

- AEE - B

EEE
(d)

(e)

(a) ()

Fig. 4 Stress patch flowchart, a) map of two distinct tilings O xm = O3x3, b) microstructure of tilings
Osxs, c) stress fluctuations o}, in Osy3, d) Osx3 decomposition, e) distinct stress fluctuation patterns
(patches) in tile t = 1 as functions of different neighbourhoods.

Having all the O, xn, at hand, we solve nffjﬁ‘% of periodic boundary value problems where Oy, xm
are the subject to uniform strain loadcases as in classical homogenization framework. In two dimensions,
we set the loading strain vector component successively to one, while the remaining two equal to zero.
Despite the domain O,,x,, is not periodic on external boundary, the periodic boundary conditions are
acceptable considering the very local character of stress fluctuations and their negligible action to the
solution in the central tile [14]. For example, instead of eight tiles (recall that n! = 8 for W8/2 — 2)

necessary to reconstruct either microstructural or stress patterns according to the methodology reported

in [11], this number increases to 32, 768 when using the proposed strategy, see the first row of Tab. 3.
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Tab. 3 No. of combinations of tiles with respect to neighbours placed in cardinal-i and ordinal-ij
directions and for m = 3.

Tile set Cardinal ¢-th and ordinal ¢j-th directions No. combinations
nt\N\S\E\W\NW\NE\SW\SE nSg0
W8/R2-2 | 8 | 4] 4| 4] 4 2 2 2 2 32,768
WI18/3-3 18| 6 | 6 | 6 | 6 2 2 2 2 373,248
W32/4-4 1321 8 | 8 | 8| 8 2 2 2 2 2,097,152
W50/5-5 | 50 | 10 | 10 | 10 | 10 2 2 2 2 8,000, 000

5. EVALUATION OF STRESS FLUCTUATION PATTERNS IN TILES

5.1. MOULINEC-SUQUET FFT BASED SOLVER

The above mentioned periodic boundary conditions allow us to use the solution to elastic fields by
means of the fast Fourier transform (FFT) based Moulinec-Suquet solver [6]. It is characterised by a
well-known Lippman-Schwinger type integral equation. The periodic kernel of the integral formulation
admits a compact closed-form expression in the Fourier space, so that its action to sought stresses can be
effectively evaluated by FFT algorithms [15]. Although the computational overhead of this numerical
strategy is imperceptible, it has several demerits as Gibbs effects, problems with infinite contrast of

phases to cite a few.

5.2. SCHUR COMPLEMENT METHOD

Assuming now the situation when each tile is discretized by the finite element method. It has to be
emphasized that all tiles of the same type are discretized by identical finite element mesh. Optionally,
each pixel is a single element. A conventional approach of solving the full system would be thus ex-
tremely demanding. In order to speed up the computation, the Schur complement method can be used.
For each type of tile, the Schur complement is evaluated. It means, all DOFs defined inside the tile
are eliminated out to the edges, therefore, the tile is represented by its boundary DOFs only. Now, the
tile resembles a generalized finite element or a subdomain in the domain decomposition methods. For
simplicity, we illustrate the complexity on the following example. Let each tile be covered by an FE dis-
cretization of 200 x 200 finite elements, i.e. £ = 200 px, yielding approximately 40, 000 nodes per tile.
However, the Schur complement method reduces the nodes to boundaries, resulting the total number of
nodes to 800. The smallest admissible tiling 033 is composed of 9 tiles and contains 360 x 10° nodes,
which must be solved by conventional approach. Contrary, the Schur complement method requires

approximately 5 x 103 nodes.

The Schur complement method, also known as the substructuring method [16, 17], is based on a
special ordering of DOFs. The DOFs defined in the internal nodes are ordered at first and the DOFs

defined on the boundary are ordered as last. With respect to this ordering of unknowns, the system of
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equations defined on a single tile can be written in the form

Kii Ky di \ [ fi (4)
Ky Ky dy To

where d; stands for the vector of internal unknowns, and d; represents its external (boundary) coun-
terpart. By analogy, f, and f;, respectively, are associated with the part of the right hand side vector
connected to tile interior and edges. Symbols K ;;, K;;, Ky;, Ky, are the appropriate matrices. If the
matrix K ;; is non-singular, it further follows from Eq. 4, that the vector d; can be recast as

di = K;'(fi — Kipdy), (5)

2

and the original system of equations, Eq. 4, reduces to
(K — KuK; Kip)dy = f, — KniK;;' f. (6)

Notice, that the above system of equations contains only the unknowns defined in the boundary nodes.

The Schur complement matrix K, — Kp; K ;Z.lK i 18 the stiffness matrix of a tile and it resembles
the stiffness matrix of a generalized element. In other words, for the tiling with 9 tiles, the problem of

the mechanical field synthesis is assembled similarly to a problem with 9 finite elements.

5.3. PARALLELIZATION

Specific properties of the Wang tilings lead to implementation in parallel environment which results

in substantial speedup with respect to other methods.

The beginning of the proces is devoted to the elimination of the internal DOFs on tiles. It means,
the Schur complement matrices K, — Kp; K i_ilK i are evaluated for each tile 1,...,nf. Only small
number of processors is used in this step, preferably the same number as number of tiles in set (e.g. 8
for set W8/2 — 2). After the all Schur complements are computed, all of them are sent to remaining
cluster processors which will be used for the evaluation of mechanical fields in central tiles of m x m
tilings. While relatively small number of processors is used for the Schur complements (e.g. eight), the
number of processors allocated for the following step is assumed to be much larger, e.g. hundreds or
thousands. Implementation of this broadcast is crucial. It will be studied whether computation of the

Schur complements on all processors is not faster then the broadcasting.

Second step of the computation will be devoted to the calculation of the mechanical fields. As
mentioned above, the number of all tilings is known in advance. Each processor is assumed to be

loaded by nﬁ,‘;;“}’n /ncpu tasks, where ncpy denotes the number of processors. Regarding the Schur
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complements of 1,...,n' are known, this step is performed only by means of the appropriate Schur

complement matrices and the boundary solutions.

6. INITIAL OUTCOMES

So far very simple numerical experiments have been executed to compare computational time needed
by the FFT based solver and the Schur complement method. In the performed tests we changed a few

variables to get an overview of how their variation affect the computational time.

The first of the variables is the ratio of elastic moduli of composite phases. Its influence on the
time required for the calculation is shown in the Fig. 5(a), where capital ’S’ is for the Schur complement
method and capital ’F’ denotes the FFT based solver. Lowercase ’s’ or 'b’ stands for small (26px) or large
(78px) tiles and numbers 4, 6 or 8 correspond to required accuracy 104, 1076 or 1078, respectively.
Increasing the ratio increases slightly the computational overhead of the Schur complement method
over the FFT method. The presented results confirm that the high contrast in material stiffnesses leads to
enormous computational time needed by FFT based solvers and the Schur complement method becomes

faster.

The second variable we change during the experiments is the required accuracy of results. The
dependence of time on the required accuracy is shown in Fig. 5(b), where the key is almost the same as
in Fig. 5(a) but here the numbers 2, 10, 100 and 1000 indicate the ratio of elastic modulus of phases.
One can notice that computational time is almost not affected by required accuracy in the case of the

Schur complement method, while it is significantly increased for the FFT based method.

The third altered variable is the size of solved domains, i.e. the discretization density of employed
tiles. We used only two sizes, namely small tiles with the edge lenght of 26px and large tiles with
¢ = 78px. As it turned out, the solved domain size significantly affects the time required to solve the
Schur complements on individual tiles, because the number of DOF’s of tiles increases quadratically.
Nevertheless, Schur complements need to be solved only once at a preprocessing phase and further

calculations are affected only with a linear increase of DOF’s on the tile boundary.

7. CONCLUSIONS

The results show that by using the Schur complement method we can count with high or even infinite
elastic stiffness ratios (in the case of porous materials), which is not possible using the FFT based solver.
Furthermore, we are able to achieve high accuracy of calculations in a reasonable time compared to well

posed FFT solutions.
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