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Behavior of post-tensioned slabs with openings

post-tensioned; slabs; openings; RAM CONCEPT V6.0; ANSYS V19.0;

Summary:

This research is to study the behavior of post-tensioned slabs after applying openings at
different locations of slab, in mid-span, at end of span and corner of slab. At these
locations; different opening dimensions will be applied with different aspect ratios. All
of the previously mentioned parameters will be applied on different slab types; simple
slab, continuous slab with equal spans and continuous slab with unequal spans. ANSYS
V19.0 FE model was verified against an experimental post-tensioned slab, then against
FE RAM CONCEPT V6.0 model. The verified RAM CONCEPT V6.0 model was used
afterwards in the parametric study and the results were based on these models are
elaborated in this research. Based on the results, these parameters have significant
effect on adding PT strands into a post-tensioned slab in order for stresses to stay within
the allowable limit of the ACI-318 code.



mailto:ahmadfakhr@hotmail.com

Disclaimer

I hereby declare that this thesis is my own original work and that no part of it has
been submitted for a degree qualification at any other university or institute.

| further declare that | have appropriately acknowledged all sources used and have
cited them in the references section.

Name: Ahmed Fakhr Mohamed Mohamed Ghozy Date: ....[.../[....

Signature:



Dedication

Dedicated for everyone that supported me thoroughly.



Acknowledgments

| want to express my deep gratitude for my advisor Prof. Dr. Hany Abdalla for
advising me into doing a research about important topic concerning prestressing.
Adding to that, his guidance, continuous support and follow ups to finish within given
time.

I would like also to show my appreciation to fellow colleagues and engineers, who
saved no effort to help me with their knowledge and experience, and wish them all the
best.

Needless to say, my parents and brothers are my strongest emotional support
through the process of acquiring my degree and in all difficult phases of life.



Table of Contents

DISCIAIMET ...ttt bbbt b e et st benbe st benneas [
[ =Te [oF>1 £ o] o OSSR RPRURURRPRS I
ACKNOWIBAGMENTS ...ttt bbbt ii
TabIE OF CONTENTS ..ot e st enne e 1\
LIST OF TADIES ...t Vi
I TS o) T [0 TSSO vii
ADSTFACT ...t et bbb nes Xi
CHAPTER 1 : INTRODUCTION ....occiiiiiiiiiieiesie et 1
1.1. BaCKGroUNd .......ccveiviei e 1
1.2. Research ODJECTIVE ........coviiiiic e 1
1.3. THESIS CONTENT ...veeei et nnees 1
CHAPTER 2 : LITERATURE REVIEW .....cooiiii et 2
2.1. INEFOTUCTION ...t nneas 2
2.2. Opening effect on simply supported slab.............cccccevviiiineiciieen, 2
2.3. Opening effect on flat slab ..o, 3
2.4. OFNEE ISSUBS ...ttt ettt 4
2.5. Different Codes provisions for design of openings in slabs ............... 8
2.6. Prestressing PrinCiples ........coooeiiieiiiiiiseee e 11
2.7. ACI 318-14 prestressing ProVISIONS. .........ccueveierierrenereseseeeeeeeen, 12
CHAPTER 3 :NUMERICAL MODEL ......ccoeiiiiiie ittt 13
3.1. INEFOTUCTION ... e 13
3.2. Finite element Model..........ccooviieiiie e 13
3.2.1. SOLIDBS [1] . veveiteereeiieiieie ettt 13
3.2.2. SOLIDAS [1] ettt 13
3.2.3. LINKLBO [L] cveveiveeieeiieiieieieie ettt 14
3.3. Numerical model verification against experiment...............cccccoe.... 15
3.4. RAM CONCEPT V6B [2]...ceeieieie ettt 19
CHAPTER 4 : PARAMETRIC STUDY ..ottt 21
4.1. INEFOTUCTION ... 21
4.2. Studied ParamMEeLErS......cc.oieree e 21
4.2.1. Simple slab (20MXL0M)...cciiiiiieiiece e 24
42.1.1. SIS ettt 24
421.1.1. (C (0 1H o I TSP PPRR 25
421.1.2. GIOUP Tl 32
4.2.1.2. D] i [T od 1 o] o PSSR 40



4.2.1.2.1. GIOUP Lt 40
421.2.2. GrOUP Tl e 43
4.2.1.3. DisCuSSION OF FESUIES ......c.veiviiiiiiiiece e, 46
4.2.2. Continuous slab with equal spans (30mMmx30mM) .........ccccvvvvrverieinenne, 48
4.2.2.1. SIS ettt 48
42211 GIOUP Lo 52
4.2.2.1.2. GrOUP Tl o7
4.2.2.2. DETIECHION. ...cviiicicee e 63
422.2.1. GIOUP et 63
42222 GIOUP Tl 66
4.2.2.3. DiscuSSION OF FESUIES ......c.veiviiiiiiicicee e, 69
4.2.3. Continuous spans with unequal slab (24mx24m) ........cccccocevenenn, 71
4.2.3.1. ST ettt et 71
4.23.1.1 GIOUP s 73
4.2.3.1.2. GIOUP Tl 81
4.2.3.1.3. Comparison of different strands distribution for critical cases. 88
4.2.3.1.4. Different panels with corner opening (3X3m)..........cccccveevvennenn. 90
4.2.3.2. DEIECHION. ...cviiieiicce e 92
423.2.1. GIOUP ittt 92
4.2.3.2.2. GIOUP Tl 95
4.2.3.3. DiscusSioN OF reSUILS .....cvveveiiecieee e 98
CHAPTER 5 : CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE
RESEARCHES. ... titiiiiiiiiiiiiiiiiiiiiieiatiieiatitesastsesasatsesnsaim 103
5.1. CONCIUSIONS ...ttt ae e nneas 103
5.1.1. SIMPIE SIAD tYPE....cvieiecee e 103
5.1.2. Continuous slab with equal spans type........c.ccccvvevvivieieere s, 103
5.1.3. Continuous slab with unequal spans type........c.cccccvevvevveveiienenn, 104
5.2. Recommendations for Future Researches..........ccccocvveevvnvneniennnn, 104
CHAPTER 6 : REFERENCES ..ottt 105



List of Tables

Table 3.1: Data for defining ANSYS V19.0 (1) finite element model............ccccocenee. 18
Table 4.1: Main two groups of openings dimenSioNS...........cccccverviierieerecie e 24
Table 4.2: Summary of slab behavior of middle-middle strip (zone 1-opening) ........... 48
Table 4.3: Summary of slab behavior of middle-column strip (zone 2- opening) ......... 49
Table 4.4: Summary of slab behavior of column-column strip (zone 3-opening) ......... 50
Table 4.5: Main two groups of openings dimension ...........ccccocvveiviieiiere e, 51
Table 4.6: Summary of slab behavior of middle-middle strip (zone 1-opening) .......... 70
Table 4.7: Summary of slab behavior of middle-column strip (zone 2-opening) .......... 70
Table 4.8: Summary of slab behavior of column-column strip (zone 3-opening) ......... 71
Table 4.9: Main two groups of openings dimension ...........ccccccvereiieieere e, 72

Table 4.10: Summary of slab behavior of middle-middle strip (zone 1-opening)......... 99
Table 4.11: Summary of slab behavior of middle-column strip (zone 2-opening) ......100
Table 4.12: Summary of slab behavior of column-column strip (zone 3- opening) ....101
Table 4.12: Summary of slab behavior of column-column strip (zone 3- opening)

(CONTINUET) ...ttt bbbt 102

Vi



List of Figures

Figure 2.1: Simply supported slab with 0pening (7) ......ccoovvveieieieieieserere e 3
Figure 2.2: Opening cases in flat S1ab (9)......cccovveiieie i 4
Figure 2.3: One reinforced concrete and two post tensioned flat plates with different

LT a0 o] a0 TN (1) ISR 6
Figure 2.4: VVoided post-tensioned flat s1ab (17) .......cccovviiiiiiiiiei e 7
Figure 2.5: Opening in flat slabs According to ACI-318-14 (3) and CAN3-A23.3 (18).8
Figure 2.6: Openings in flat slabs according to British Code BS8110 (19)........cccceevnee. 9
Figure 2.7: Opening in flat slabs According to ECP 203-2018 (21) .......ccceevevvvvivenenne. 10
Figure 2.8: Concrete stress distribution from eccentric prestress force and superimposed
Lo T 1T 24 OSSR 11
Figure 3.1: Node location, Geometry and coordinate system of SOLID65 (1) ............. 14
Figure 3.2: Node location, Geometry and coordinate system of SOLID45 (1) ............. 14
Figure 3.3: Node location, Geometry and coordinate system of LINK180 (1).............. 15
Figure 3.4: SECHION VIEW (L1) ...eccuiiieiecie et 15
FIgure 3.5: P1aN VIBW (L11) ....ooueiiiiiieiiieeieiee et 16
Figure 3.6: Boundary conditions at supports and applied force locations ..................... 16
Figure 3.7: Numerical model geometry, load spreaders and SUPPOItS ..........ccccveverennen. 17
Figure 3.8: P. Desayi and S.Krishnan stress-strain relationship (23)........cccccceeevvenenne. 17
Figure 3.9: Strands stress-strain relationShip..........c.cooviiiiiiiieiee e, 18
Figure 3.10: Load-deflection relationship of specimen (TB1) experiment VS ANSY'S
V19.0 (1) program FE MOEl .........ccooiiiiiiiiiii e 19
Figure 3.11: Load-deflection relationship of RAM CONCEPT V6 program VS ANSYS
V19.0 (1) program FE MOGEl .........ccooiiiiiiiiii e 20
Figure 4.1: SIMPIE SIaD.........ooiiie e e 22
Figure 4.2: Continuous slab with equal SPans ..., 22
Figure 4.3: Continuous slab with unequal SPans...........ccceovveieiie v 23
Figure 4.4: OPening POSITIONS .......ccueiuiriiiieieienie ittt 23
Figure 4.5: Simple slab (L10MX10M) .....ccooiiiiiiiiie e 24
Figure 4.6: Tendons arrangement of control model ..., 25
Figure 4.7: Bottom stress of group I at mid-span..........ccccccvveveieie e 26
Figure 4.8: Additional strands arrangement for case 10-MS-2...........cccocvvvvvniiinniennn, 26
Figure 4.9: Additional strands arrangement for case 10-MS-3.........c.ccccevvevveieveeenenne, 27
Figure 4.10: Top stress of group I at mid-Span ...........ccocevevieiiienencseseeeeeee, 27
Figure 4.11: Bottom stress of group I at end of Span ..........ccccceeeevveiiiicci e 28
Figure 4.12: Additional strands arrangement for case 10-ES-1 .........cccccviriiniiinnnnn 28
Figure 4.13: Additional strands arrangement for case 10-ES-2 ........c.ccccevvevvevieivenenne. 29
Figure 4.14: Additional strands arrangement for case 10-ES-3..........cccocviiiiiiiiniennn, 30
Figure 4.15: Top stress of group 1 at end of SPan .........cccevveiiieiiciii e 30
Figure 4.16: Bottom stress of group | at corner of slab..........ccccccoveiiiiiiiiiiiccee, 31
Figure 4.17: Additional strands arrangement for case 10-CS-3.........ccccevvevieivievieenn, 31
Figure 4.18: Top stress of group | at corner of slab ............ccovveiiiiiiiiic 32
Figure 4.19: Bottom stress of group Il at mid-span (X-dir.) .....cccceveviiiviieiie e, 32
Figure 4.20: Bottom stress of group Il at mid-span (Y-dir.) .....cccocevreninininnicienenn, 33
Figure 4.21: Additional strands arrangement for case 10-MS-31 ........c...ccccevvevvevieennn. 33
Figure 4.22: Additional strands arrangement for case 10-MS-32.........ccccoovvvivcicinnnnn, 34
Figure 4.23: Top stress of group Il at mid-Span ..........ccccevveiiieiii i 34

vii



Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:
Figure 4.34:
Figure 4.35:
Figure 4.36:
Figure 4.37:
Figure 4.38:
Figure 4.39:
Figure 4.40:
Figure 4.41:
Figure 4.42:
Figure 4.43:
Figure 4.44:
Figure 4.45:
Figure 4.46:
Figure 4.47:
Figure 4.48:
Figure 4.49:
Figure 4.50:
Figure 4.51:
Figure 4.52:
Figure 4.53:
Figure 4.54:
Figure 4.55:
Figure 4.56:
Figure 4.57:
Figure 4.58:
Figure 4.59:
Figure 4.60:
Figure 4.61:
Figure 4.62:
Figure 4.63:
Figure 4.64:
Figure 4.65:
Figure 4.66:
Figure 4.67:
Figure 4.68:
Figure 4.69:
Figure 4.70:
Figure 4.71:
Figure 4.72:
Figure 4.73:

Bottom stress of group 11 at end of Span ... 35
Additional strands arrangement for case 10-ES-31........c.ccccovevvvieivenenne. 35
Additional strands arrangement for case 10-ES-32 ..........cccovevvviniienienn. 36
Top stress of group I at end of Span.........cccccvvvevieeiiiie e, 37
Bottom stress of group Il at corner of slab ..., 37
Top stress of group Il at corner of slab.........ccocovvvveiiiic i, 38
Additional strands arrangement for case 10-CS-31......c.cccvvvvrviinivnnennnn 38
Additional strands arrangement for case 10-CS-32........ccccceevevvvievivennenne. 39
Summary of DOtEOM SEIESS ......ccvevviiiiie e 39
SUMMArY OF TOP SIIESS....cvviiveeiecie e 40
Short term deflection of group I at mid-Span...........cccccoeevenineniiiiieieienn, 41
Long term deflection of group I at mid-span..........cccceeevveieeveiiene e, 41
Short term deflection of group I at end of Span ...........ccccccvvvviiiicicienn, 42
Long term deflection of group I at end of span ..........cccccevveieiiciiccenen, 42
Short term deflection of group I at corner of slab..........c.ccocvvniiiiiienn, 43
Long term deflection of group | at corner of slab............ccccooeveiieiienenen, 43
Short term deflection of group 11 at Mid-Span ..........c.ccocevvririniiiieicienn, 44
Long term deflection of group Il at mid-span...........ccccceevveveeieiicieccieenen, 44
Short term deflection of group 11 at end of Span..........c.ccocevvveviieicien, 45
Long term deflection of group Il at end of span ............cccceeveveiieiiiienen, 45
Short term deflection of group 11 at corner of slab ..., 46
Long term deflection of group Il at corner of slab...........c..cccooeiieininnen, 46
Three categories of 0penings 10CatIoN ..........cccovvieieiencies e 47
continuous slab with equal spans (30MX30M) .......ccccccvevveieiiieveeie s, 51
Tendons arrangement of control model .............ccooeiiiiiinniiinee 52
Bottom stress of group | at mid-Span..........cccccveveeeeiievc i 52
Top stress of group | at MId-SPaN ..o 53
Bottom stress of group I at end of Span ..........ccccceeeeivcicicce e 53
Additional strands arrangement for case 30-ES-2 ........ccccccevvvevviininennenn 54
Additional strands arrangement for case 30-ES-3..........ccccevveveiieiiennenn 54
Top stress of group | at end of SPaN ... 55
Bottom stress of group | at corner of slab..........cccccovveiiiciiciice 55
Top stress of group | at corner of slab ... 56
Additional strands arrangement for case 30-CS-3........ccccccevveveivievieennenn, 56
Bottom stress of group Il at mid-SPpan...........ceeeeeiereneiencneseseeeeee, 57
Top stress of group 11 at Mid-SPan .........ccccceeveeieieeii i 57
Bottom stress of group 11 at end of Span ........ccceccvvevvevenieneere e 58
Top stress of group Il at end of Span...........cccceevveviiiiiic i, 58
Additional strands arrangement for case 30-ES-31 ........cccccevvevvvieivennnne 59
Additional strands arrangement for case 30-ES-32 .........cccccovevviievivenennn 59
Bottom stress of group 11 at corner of span..........ccccocvevevienceeie e 60
Top stress of group Il at corner of Span .........ccccceveeevie e 60
Additional strands arrangement for case 30-CS-31.......cccccevvvevviinivernnnnn 61
Additional strands arrangement for case 30-CS-32.......cccccccevveviieevieeinnen, 61
Summary of DOTEOM SEIESS ......ccveiviiiiiir e 62
SUMMArY OF tOP SEIESS....cvviiieeciie et 62
Short term deflection of group I at mid-Span...........cccceveevvrinininniieieienn, 63
Long term deflection of group | at mid-span.........cccccceeveevieeiieiie e, 63
Short term deflection of group I at end of Span ...........cccccvvvviniicieieien, 64
Long term deflection of group I at end of Span .........cccccceevveeiiieiiecieecinen, 64

viii



Figure 4.74:
Figure 4.75:
Figure 4.76:
Figure 4.77:
Figure 4.78:
Figure 4.79:
Figure 4.80:
Figure 4.81:
Figure 4.82:
Figure 4.83:
Figure 4.84:
Figure 4.85:
Figure 4.86:
Figure 4.87:
Figure 4.88:
Figure 4.89:
Figure 4.90:
Figure 4.91:
Figure 4.92:
Figure 4.93:
Figure 4.94:
Figure 4.95:
Figure 4.96:
Figure 4.97:
Figure 4.98:
Figure 4.99:
Figure 4.100:
Figure 4.101:
Figure 4.102:
Figure 4.103:
Figure 4.104:
Figure 4.105:
Figure 4.106:
Figure 4.107:
Figure 4.108:
Figure 4.1009:
Figure 4.110:
Figure 4.111:
Figure 4.112:
Figure 4.113:
Figure 4.114:
Figure 4.115:
Figure 4.116:
Figure 4.117:
Figure 4.118:
Figure 4.119:
Figure 4.120:
Figure 4.121.:
Figure 4.122:
Figure 4.123:

Short term deflection of group I at corner of slab...........cccccoviiiiiiiiennenn, 65

Long term deflection of group | at corner of slab ..o, 65
Short term deflection of group 11 at mMid-Span ..........c.ccccevvvrininiiiiieicien, 66
Long term deflection of group Il at mid-span...........cccccevveeveeveiiesiciiennnn, 66
Short term deflection of group 11 at end of span..........c.ccccvveviriiicicien, 67
Long term deflection of group Il at end of span ...........ccccceeeveveiiciieienen, 67
Short term deflection of group 11 at corner of slab ..., 68

Long term deflection of group Il at corner of slab...........cccccooeiieininenen, 68

Three categories of 0penings 10CatIoN ..........cocovvveieiencis e 69
Continuous slab with equal spans (24mMmxX24mM) .........ccccevvereiieesieeresieennenn, 72
Tendons arrangement of control model ..o, 73

Bottom stress of group I at mid-Span..........cccccveveieeiieie i 74

Top stress of group I at MIid-SPaNn .........cccovveiiiirieeni e 74
Bottom stress (x-direction) of group | at end of span...........cccccoeevvvennne. 75
Bottom stress (y-direction) of group | at end of span...........ccccceeevvveeenne. 75
Top stress (x-direction) of group I at end of span............ccccceeveieeiecnenen, 76
Top stress (y-direction) of group I at end of span..........ccccevvvvvrieenveiennnn, 76
Additional strands arrangement for case 24-ES-1 ........ccccccevvevviieivennenn, 77
Additional strands arrangement for case 24-ES-2 ........cccccccevvevviinivennnnnn 78
Additional strands arrangement for case 24-ES-3..........ccccevvevviieivennen, 78
Bottom stress of group | at corner of slab........cccooovviveviiiiiciic e 79
Top stress of group 1 at corner of slab .........cccooovevveiiiic i, 79
Additional strands arrangement for case 24-CS-1........ccccccevvvevvvieivenennn 80
Additional strands arrangement for case 24-CS-2........ccccccevvvevviveivennennn, 80
Additional strands arrangement for case 24-CS-3........ccccccevvverveieieeninnn 81
Bottom stress of group Il at mid-Span...........cccceeeveeiiciciieceece e 82
Top stress of group 11 at Mid-SPan ........cccceevierenieiieenese e 82
Additional strands arrangement for case 24-MS-31.............cccoovevveieennenn, 83
Bottom stress of group 11 at end-SPan..........ccccevverevieieere e 83
Top stress of group Il at end of Span..........cccccveveeveiicce s, 84
Additional strands arrangement for case 24-ES-31 .........ccccccevivevvieennenn. 84
Additional strands arrangement for case 24-ES-32 .........cccccccevvevieiiennenn, 85
Bottom stress of group Il at corner of slab .........ccoccoveviviiiciiec, 86
Top stress (x-direction) of group Il at corner of span............cccccveeveennen, 86
Top stress (y-direction) of group Il at corner of span..........cccoceeeeeeenenn. 87
Additional strands arrangement for case 24-CS-31.........ccccccevvevieiriennenn, 87
Additional strands arrangement for case 24-CS-32........cccccccevivevvseennnnn, 88
New approach additional strands distribution for case 24-ES-3.............. 89
New approach additional strands distribution for case 24-CS-3 ............. 90
Additional strands arrangement for corner opening in edge panel........... 91
Summary of bottom stress of group I .......cccooeveiiiencieneeee, 91
Summary of top stress of group l.......ccocvevieiii i 92
Short term deflection of group I at mid-Span...........ccoccveerirenieneeicrienen, 92
Long term deflection of group I at mid-span........ccccccevvvevieiieeiec e, 93
Short term deflection of group I at end of Span ...........ccccocvvvvviinieiennn, 93
Long term deflection of group I at end of span ...........cccceevvevieeiecinenne, 94
Short term deflection of group I at corner of slab.........cc.ccocvviiiiennen, 94
Long term deflection of group I at corner of slab ..o 95
Short term deflection of group 11 at Mid-SPan ..........ccccoeevvveneviinienienen, 95
Long term deflection of group Il at mid-span..........cccceevevveiieeiieineenne, 96



Figure 4.124: Short term deflection of group Il at end of span..........cccccvvevininiienienne 96

Figure 4.125: Long term deflection of group Il at end of span..........ccccceevvevviieivenenne. 97
Figure 4.126: Short term deflection of group Il at corner of slab ..., 97
Figure 4.127: Long term deflection of group Il at corner of slab..........c.ccccoeveivivennne. 98
Figure 4.128: Three categories of openings 10Cation ............cccevereiiiniiinii i, 98



Abstract

A finite element analysis was performed to study the effect of openings on the
behavior of post-tensioned slabs. The parameters considered include opening
dimensions, aspect ratios and location. Three models were analyzed; simply-supported
slab, continuous slab with equal spans, and continuous slab with unequal spans. The
increase in stress due to the different opening application was compared to the
allowable limits given by the ACI-318 code. In case theses stresses exceed such limits,
prestressting strands were applied at the vicinity of the openings to keep the slab
stresses within the allowable limits. Based on the results of this study, it is concluded
that the governing factors of adding strands are opening location, opening size and type
of slab. Furthermore, number of strands added after openings are applied depends also
on the number of strands cut due to the opening.
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