GRimnMeC

Composite Mechanics Group

O
R N

Selected topics on
advanced
composites In
engineering
structures

Prof. Anastasios P. Vassilopoulos
Dr. Angelo Savio Calabrese



Course structure/philosophy

* A mix of lectures and individual work (research work) and structural
design

* A research-oriented project

In brief:

* Few lectures (Introduction to composites, failure and fracture, fatigue
and fatigue design, Joining techniques, strengthening)

* Hard individual work © to present a project at the final workshop



What is this course
about?




Are they new?

« Composites are used since the ancient times

* Mesopotamia (glued wood strips at dif. Angles to create plywood)
* Mongolian arcs

« Japanese swords

* Achilles buckler
°* More...
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The Mongolian arcs

« Mongol Bow is a composite bow made of wood, tendons, and horn
held together by a glue made from fish bladder, with the compressed
parts made of corn,

http://www.viahistoria.com/SilverHorde/main.html?MongolArchery.html



http://www.viahistoria.com/SilverHorde/main.html?MongolArchery.html

The Mongolian arcs

Wood and
COoW

tendons Corn cow tendons




Birth of
high-entropy alloys

Light

Mew super alloys S

Stone Bronze Iran Age of Age of Age of Age of molecular
age age age steel polymers silicon engineering

- i [ il Il 1 i il | i i [ i
Goikd  Copper ' ; ; ; : . : | :

T ooz [Wetas ]! S T A SN B
: i4 iR I VR : | | Olassy metals | ") : |

CVVIG e ' . CIaSt im‘:q Z Al—lrthlium alloys ﬂ'ﬁ*:fe?ﬂnﬂwm %:l-nw:

elastomers i . : : i ; i ; B
Wood. 5 : - ' : : | D"E'"f*ms‘” E'HH';E > control and |
Shins ﬁ:ﬁ;ﬁ i Microalloyed stesls processing |
Fbors Glués | ' : :

Composites
Straw-brick

Relative importance

g .
Fant
Pottery
| Glass
: ,  Cemeant | .

, cement

Ceramics and ; : Refractones .
‘ giasses I f T ‘Portland |
1 i i v Fused

i silica

alloys

FE.

‘Super alloys

Titanium
Firconium
&l

P

PMMA| Acrylics |

=
Elﬂrnenls

“Pyro-  1ough en?irlmﬂ i

: High-temperature

Polymers and
elastomers

Ceramics and
glasses

i
1 I

10,000 8c 5000ec O 100015001800 1500

1940 1960 1980

Date

coramics CEramics
I I

1990

ALO,. SNy, PSZ etc) |

2000 2010 2020



FRP Materials



et Applications



Applications

10



Civil 705
Course plan
s2s.

Week Date  Title
1 10.09.2025 Introduction (APV/AC)

17.09.2025 Individual work — project selection
| 3 24.00.2025 Failure criteria - Project validation (APV)

4 01.10.2025 Individual work

- 08.10.2025 Fracture mechanics concepts (APV)
15.10.2025 Individual work

7 22.10.2025 Individual work

8| 29.10.2025 Joining technologies (AC)

05.11.2025 Individual work

12.11.2025 Strengthening of existing structures (AC)
19.11.2025 Individual work

26.11.2025 Fatigue of composites (APV)

- 03.12.2025 Individual work

- 10.12.2025 Repair of fatigue damaged structures (AC)

-- January 2026: Oral exam/workshop @ EPFL

APV: Anastasios P. Vassilopoulos
AC: Angelo Calabrese

13:00-14:00

13:00-15:00+1hPV

13:00-16:00

13:00-16:00

13:00-16:00

13:00-16:00

13:00-16:00
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Sheet1

		1		0.0174532925		0.0174524064

		5		0.0872664626		0.0871557427

		9		0.1570796327		0.156434465

		13		0.2268928028		0.2249510543

		17		0.2967059728		0.2923717047

		21		0.3665191429		0.3583679495

		25		0.436332313		0.4226182617

		29		0.5061454831		0.4848096202

		33		0.5759586532		0.544639035

		37		0.6457718232		0.6018150232

		41		0.7155849933		0.656059029

		45		0.7853981634		0.7071067812

		49		0.8552113335		0.7547095802

		53		0.9250245036		0.79863551

		57		0.9948376736		0.8386705679

		61		1.0646508437		0.8746197071

		65		1.1344640138		0.906307787

		69		1.2042771839		0.9335804265

		73		1.274090354		0.956304756

		77		1.343903524		0.9743700648

		81		1.4137166941		0.9876883406

		85		1.4835298642		0.9961946981

		89		1.5533430343		0.9998476952

		93		1.6231562044		0.9986295348

		97		1.6929693744		0.9925461516

		101		1.7627825445		0.9816271834

		105		1.8325957146		0.9659258263

		109		1.9024088847		0.9455185756

		113		1.9722220548		0.9205048535

		117		2.0420352248		0.8910065242

		121		2.1118483949		0.8571673007

		125		2.181661565		0.8191520443

		129		2.2514747351		0.7771459615

		133		2.3212879052		0.7313537016

		137		2.3911010752		0.6819983601

		141		2.4609142453		0.629320391

		145		2.5307274154		0.5735764364

		149		2.6005405855		0.5150380749

		153		2.6703537556		0.4539904997

		157		2.7401669256		0.3907311285

		161		2.8099800957		0.3255681545

		165		2.8797932658		0.2588190451

		169		2.9496064359		0.1908089954

		173		3.019419606		0.1218693434

		177		3.089232776		0.0523359562

		181		3.1590459461		-0.0174524064

		185		3.2288591162		-0.0871557427

		189		3.2986722863		-0.156434465

		193		3.3684854563		-0.2249510543

		197		3.4382986264		-0.2923717047

		201		3.5081117965		-0.3583679495

		205		3.5779249666		-0.4226182617

		209		3.6477381367		-0.4848096202

		213		3.7175513067		-0.544639035

		217		3.7873644768		-0.6018150232

		221		3.8571776469		-0.656059029

		225		3.926990817		-0.7071067812

		229		3.9968039871		-0.7547095802

		233		4.0666171571		-0.79863551

		237		4.1364303272		-0.8386705679

		241		4.2062434973		-0.8746197071

		245		4.2760566674		-0.906307787

		249		4.3458698375		-0.9335804265

		253		4.4156830075		-0.956304756

		257		4.4854961776		-0.9743700648

		261		4.5553093477		-0.9876883406

		265		4.6251225178		-0.9961946981

		269		4.6949356879		-0.9998476952

		273		4.7647488579		-0.9986295348

		277		4.834562028		-0.9925461516

		281		4.9043751981		-0.9816271834

		285		4.9741883682		-0.9659258263

		289		5.0440015383		-0.9455185756

		293		5.1138147083		-0.9205048535

		297		5.1836278784		-0.8910065242

		301		5.2534410485		-0.8571673007

		305		5.3232542186		-0.8191520443

		309		5.3930673887		-0.7771459615

		313		5.4628805587		-0.7313537016

		317		5.5326937288		-0.6819983601

		321		5.6025068989		-0.629320391

		325		5.672320069		-0.5735764364

		329		5.7421332391		-0.5150380749

		333		5.8119464091		-0.4539904997

		337		5.8817595792		-0.3907311285

		341		5.9515727493		-0.3255681545

		345		6.0213859194		-0.2588190451

		349		6.0911990895		-0.1908089954

		353		6.1610122595		-0.1218693434

		357		6.2308254296		-0.0523359562

		361		6.3006385997		0.0174524064

		365		6.3704517698		0.0871557427

		369		6.4402649399		0.156434465

		373		6.5100781099		0.2249510543

		377		6.57989128		0.2923717047

		381		6.6497044501		0.3583679495

		385		6.7195176202		0.4226182617

		389		6.7893307903		0.4848096202

		393		6.8591439603		0.544639035

		397		6.9289571304		0.6018150232

		401		6.9987703005		0.656059029

		405		7.0685834706		0.7071067812

		409		7.1383966407		0.7547095802

		413		7.2082098107		0.79863551

		417		7.2780229808		0.8386705679

		421		7.3478361509		0.8746197071

		425		7.417649321		0.906307787

		429		7.4874624911		0.9335804265

		433		7.5572756611		0.956304756

		437		7.6270888312		0.9743700648

		441		7.6969020013		0.9876883406

		445		7.7667151714		0.9961946981

		449		7.8365283415		0.9998476952

		453		7.9063415115		0.9986295348

		457		7.9761546816		0.9925461516

		461		8.0459678517		0.9816271834

		465		8.1157810218		0.9659258263

		469		8.1855941919		0.9455185756

		473		8.2554073619		0.9205048535

		477		8.325220532		0.8910065242

		481		8.3950337021		0.8571673007

		485		8.4648468722		0.8191520443

		489		8.5346600423		0.7771459615

		493		8.6044732123		0.7313537016

		497		8.6742863824		0.6819983601

		501		8.7440995525		0.629320391

		505		8.8139127226		0.5735764364

		509		8.8837258927		0.5150380749

		513		8.9535390627		0.4539904997

		517		9.0233522328		0.3907311285

		521		9.0931654029		0.3255681545

		525		9.162978573		0.2588190451

		529		9.2327917431		0.1908089954

		533		9.3026049131		0.1218693434

		537		9.3724180832		0.0523359562

		541		9.4422312533		-0.0174524064

		545		9.5120444234		-0.0871557427

		549		9.5818575934		-0.156434465

		553		9.6516707635		-0.2249510543

		557		9.7214839336		-0.2923717047

		561		9.7912971037		-0.3583679495

		565		9.8611102738		-0.4226182617

		569		9.9309234438		-0.4848096202

		573		10.0007366139		-0.544639035

		577		10.070549784		-0.6018150232

		581		10.1403629541		-0.656059029

		585		10.2101761242		-0.7071067812

		589		10.2799892942		-0.7547095802

		593		10.3498024643		-0.79863551

		597		10.4196156344		-0.8386705679

		601		10.4894288045		-0.8746197071

		605		10.5592419746		-0.906307787

		609		10.6290551446		-0.9335804265

		613		10.6988683147		-0.956304756

		617		10.7686814848		-0.9743700648

		621		10.8384946549		-0.9876883406

		625		10.908307825		-0.9961946981

		629		10.978120995		-0.9998476952

		633		11.0479341651		-0.9986295348

		637		11.1177473352		-0.9925461516

		641		11.1875605053		-0.9816271834

		645		11.2573736754		-0.9659258263

		649		11.3271868454		-0.9455185756

		653		11.3970000155		-0.9205048535

		657		11.4668131856		-0.8910065242

		661		11.5366263557		-0.8571673007

		665		11.6064395258		-0.8191520443

		669		11.6762526958		-0.7771459615

		673		11.7460658659		-0.7313537016

		677		11.815879036		-0.6819983601

		681		11.8856922061		-0.629320391

		685		11.9555053762		-0.5735764364

		689		12.0253185462		-0.5150380749

		693		12.0951317163		-0.4539904997

		697		12.1649448864		-0.3907311285
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*M. Shahverdi, A. P. Vassilopoulos, T. Keller “A total fatigue life model for the prediction of the R-ratio effects on fatigue crack growth of adhesively-bonded pultruded GFRP DCB joints” Composites A, 2012;43(10)%]783-1790



Simple mode to mixed-mode prediction

Mode Il
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Thick adhesive joints

Piano hinges

Grooved DCB specimen
with pattern

Stamped ruler

e) f=2Hz,R=0.5 :
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T b h :
,'“j.'-".."’ S -
International Journal of Fatigue 188 (2024) 108508 o L . 0
= G ]
‘Contents lists available at ScienceDirect
International Journal of Fatigue
]‘ 1 SEVIER journal homepage: www.elsevier.comlacatelijfatigue -
m
Void content and displacement ratio effects on fatigue crack growth in thick &% -

adhesively bonded composite joints under constant amplitude loading

Jialiang Fan®, Keiyu lkeda ", Anastasios P. Vassilopoulos ‘, Veronique Michaud

19



Fracture mechanics — supported by imaging methods

* It was in early 1900s when Ewin and Humfrey* used the optical microscope to pursue the study of
fatigue/fracture mechanisms

* In the 1950s the scanning electron microscope
* Today DIC/ x-ray tomography

DIC
38.0kN

Eyy [%]

-0.35

-0.71

SEM: Fiber kinking due to compression DIC measurement of strain fields

Tomography: Architecture of, and crack in an adhesively bonded joint

*). A. Ewin, J. C. W. Humfrey. “The fracture of metals under repeated alternations of stress” Philosophical transactions of the royal society A. Mathematical, physical and engineering sciences, 01 Jan 1903
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X-ray digital tomography
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Fatigue in (composite)

Cyclic stress

----- Commercial aircraft

E ----- Bridges, ships

----- Helicopters

Wind turbine
blades (30 years)
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Fatigue cycles to failure
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Review of fatigue of bulk structural adhesives and thick adhesive joints

INTERNATIONAL MATERIALS REVIEWS
2021, VOL. 66, NO. 5, 313-338
https: /fdoi.org/10.1080/09 506608. 20201845110

FULL CRITICAL REVIEW

Peiyuan Zuo® and Anastasios P. Vassilopoulos (ol

structures
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Applications of COMPOSITES
on existing structures



Externally bonded reinforcements (FRP EBR):
scope and motivation
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Externally bonded reinforcements (FRP EBR):
scope and motivation
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Externally bonded reinforcements (FRP EBR):
scope and motivation
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Externally bonded reinforcements (FRP EBR):
scope and motivation
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Externally bonded reinforcements (FRP EBR):
scope and motivation

Fix damage,
restore original.
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Why bond matters:
relevance of interface behavior to structural performance
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Design teaser:

FRP strengthening of RC structures (standards-based overview)

Main current Design Standards

American Concrete Institute (ACI) — US

ACI 440.2R-23, Guide for the Design and
Construction of Externally Bonded Fiber-
Reinforced Polymer ( FRP{ Systems for
Strengthening Concrete Structures

fib (fédération internationale du béton)

fib Bulletin 90 (2019), Externally applied FRP
reinforcement for concrete structures

CNR — Consiglio Nazionale delle Ricerche —

CNR-DT 200 R2/2025, Guidelines for the
Design, Execution and Inspection of Structural
Strengthening Interventions Using Fiber-
Reinforced Composites
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Experimental assessment of bond capacity:
typical setup & key observations
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Experimental assessment of bond capacity:
typical setup & key observations

Axial strain £(x) [-]

Axial strain £(x) [-]
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Analysis of bond:
cohesive/fracture-mechanics perspective
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Analysis of bond:
cohesive/fracture-mechanics perspective
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Analysis of bond:
cohesive/fracture-mechanics perspective
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Analysis of bond:

cohesive/fracture-mechanics perspective
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Analysis of bond:
cohesive/fracture-mechanics perspective
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