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Background




I (oI (elVIs[e M Engineering status

O Modern concrete, benefited from the wide use of chemical admixtures and
Industrial waste residues, can reduce the consumption of resources, and
meanwhile meet the performance requirements of modern civil engineering

with improved durability and other properties
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I (oI (elVIs[e M Engineering status

O The fineness increase and significant mineral composition changes of
cement result in arapid and concentrated heat release at early-age hydration
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S I(elli[eMl Engineering status

O The flowability of concrete increases, resulting from a decrease in coarse
aggregate content and an increase in binders and fine aggregate content,
leading to typical increase in shrinkage
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I (oI (elVIs[e M Engineering status

O The increment of concrete strength also leads to the increase of autogenous
shrinkage at the early ages, and also decrement of the toughness

Autogenous shrinkage

Ratio of tensile strength to
compressive strength

120 150

Concrete strength grade Compressive strength/MPa

B The value of autogenous shrinkage doubles, and shrinkage at early ages (28d for ordinary
concrete, 60d for mass concrete) accounts for more than 90% of the total shrinkage

B The tensile-compressive strength ratio of C30 is about 1/10-1/12, and that of C60 is about 1/16



I (oI (elVIs[e M Engineering status

O Shrinkage stress is much higher in modern structures with long spans, large
volumes and strong constraints
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I (oI (elVIs[e M Engineering status

O Large shrinkage and strong constrains lead to prominent shrinkage cracking
problems in modern concrete structures

m Bridge deck: Over 50% are cracking quickly after construction (data from P. K. Mehta and R. W.
Burrows)

m Cast-in-place sideway wall: over 90% are cracking (data from an investigation report by Special
Committee of Jiangsu Urban Rail Transit Construction)

Shrinkage-induced cracks account for more than 80% of cracking in concrete |



FTd ColfelilslolM Impact of cracks on service performance

O Through cracks of concrete will lead to a sharp increase of permeability,
causing leakage and other problems, which seriously affect the service
performance of the structure

Uncracked concrete _ Cracked concrete
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Modern concrete with strength grade The permeability coefficient of the
= C30 fully meets the requirements of 0.1mm-width through crack is 108
self waterproofing times of that in the matrix

Cracking is the dominant factor for leakage in modern concrete structures
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ST ool Is[e M Impact of cracks on concrete durability

O Cracks accelerate the transmission of aggressive medium and will shorten
service life of structures

m Stage I —Reducing the effective thickness of cover depth
m Stage II—Accelerating the transmission of attack ions, air and water within the concrete structure
m Stage MI—Shortening depassivation and corrosion time of reinforcement, reducing the service life of

structures
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Seriously affecting the safety of structures
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SO ]IS Ig[o Ml Existing problems

O Due to the characteristics of multiple influencing factors, complex structural
constraints, and long duration

Multiple types of @ Greatly affected Complex
shrinkage by environment structures |

‘wPlastic shrinkage | 'wAmbienttemp. | ®Longspans

mAuto.shrinkage | » bient humidity | mLarge volumes
'mDrying shrinkage Lo

'wThermal shrinkagei ilCuring technology i-Strong constraints

__________________________________________________________________________

Plastic stage — Hardening stage — Performance stable stage

Lasting for days or even months

Shrinkage cracking remains a challenging task that has long plagued in
engineering without any effective solution
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Research ideas

Three major bottleneck issues of shrinkage cracking

Materials-Structure-Environment

e ————

Fundamentally mitigating the shrinkage cracking of concrete
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9 Multi-field coupling prediction
model

14



YOBICEEC N Rue sl Plastic stage

O A non-contact laser displacement testing system was invented to achieve phased
and whole process shrinkage measurement starting from concrete casting
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Strength grade

Proportion >30% >50% >60%

Test results

The proportion of 1 d autogenous shrinkage to that of 28 d

Significantly reduces the error of shrinkage prediction model
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YOBICEEC N Rue sl Plastic stage

O A capillary pressure testing system was invented to quantify the relationship
between capillary pressure and shrinkage / tensile strength. Cracking risk
prediction model before hardening was then proposed
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First realize the characterization of shrinkage driving force
during the stage with high humidity
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VOB Rl RueEI® Hardening stage

O A formula was derived for calculation the activation energy of the hydration
reaction of cementitious system containing SCM, in which hydration degree was
adopted as the key parameter to describe the evolution of concrete properties,
and the complex interaction between materials and temperature & RH.
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Shrinkage under actual varied temperature and humidity can be calculated
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VOLEIE RO Rues N Hardening stage

O A quantitative determination method for “time-zero” of shrinkage was
proposed based on capillary pressure, and early-age elastic modulus and
creep were modeled based on hydration degree
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The early-age shrinkage stress can be accurately calculated
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VOLEIE RO Rues N Hardening stage

O A multi-field (hydro—thermo-hygro—constraint, HTHC) coupling model was
Introduced for shrinkage cracking of concrete during hardening stage
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The shrinkage cracking risk of structural concrete can be calculated
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3 New technologies for shrinkage
crack mitigation

20



General iIdeas

O Functional materials for shrinkage control in whole process

Plastic stage Hardening stage Age

@ O m——

Plastic shrinkage Thermal shrinkage Autogenous shrinkage|@Drying shrinkage

[ Shrinkage-reducing |
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Q : Temperature Calcium and magnesium

~3 (\Water evaporation A . polycarboxylate
= rise inhibitor oxide-based 2

= retardant (ER) (TRI) expansive agent (CMA) superplasticizer
) A J J A (SR-PCA)

reducing plastic Reducing thermal EFuéléitfgaeliszgr:]r;ksﬁﬁﬁgngeunnso?é'roni Reducing drying
shrinkage by 50% | shrinkage by 15%: . J g shrinkage by 20%
: . isothermal and sealed condition

Efficiently reducing the thermal, autogenous, and drying shrinkages
of concrete at different stages, “suit the remedy to the case’



NEVACH ]Il Evaporation retardants (ER)

O Evaporation retardant that forms self-assembled monolayers on the surface
of concrete, along with intelligent curing technology was invented to control
the plastic shrinkage stress below the cracking threshold
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Eliminating plastic shrinkage cracks before hardening
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NEREH alollele)A4 Temperature rise inhibitor (TRI)

O Hydration rate regulation by TRl — Mechanism

at acceleration stage

The slower the heat release rate,

the lower the temperature rise

Heat release rate/(w/q)

Rapid stage
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o
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Regulation
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Age/d
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Temperature /TC

| = REF

Effectl
Effect2

Same total hydration heat
Different heat release process

T T T T T T T T T T T 1
0 50 100 150 200 250 300
Time/h

By reducing the hydration rate at acceleration stage without changing the total
heat release, the temperature rise of concrete can be significantly reduced
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NEREH alollele)A4 Temperature rise inhibitor (TRI)

O Hydration rate regulation by TRI — Effect
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Different from set retarder, addition of TRI could decrease the peak of cement hydration heat flow by
more than 50% without changing the total heat generated, and reduce the temperature rise of concrete
structure by more than 6°C

Providing key materials for reducing thermal shrinkage of concrete
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NEWTACEH el lo]e)/A¢] Full-stage shrinkage compensation (FSC)

O Expansion process regulation — Technical ideas

CaO stores expansion
energy at temperature
rise stage: 200-300.e

CaO + H,0 =Ca(OH),

MgO compensates

Composite Expansion agent
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Using multiple combination of expansive components with different relativities
to compensate the shrinkage of concrete at different stages



NEWACTfellele)Ae] Full-stage shrinkage compensation (FSC)

O Expansion process regulation — CaO expansive agent

Time/d
_ 0 e 100 T
200 60 90 120 I
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Autogenous deformation Drying shrinkage Hydration degree of CaO

m Large expansive capacity, low hydration sensitivity to humidity
m Effectively mitigating autogenous shrinkage and significantly reducing dry shrinkage
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\EIWAGTalalellefo)VAS] Full-stage shrinkage compensation (FSC)

O Expansion process regulation — MgO expansive agent

— e —

| Stabilization
period

Expansion / %

Induction
. period 1.

Expansion history of MgO
expansive agent (MEA)

Expansion of cement pastes containing 5% MEA under water curing at 40°C
(Statistical data of test results)

Reaction time

(reactivity values)/s 58 75 100 150 190 250
Induction period/d 0 2 5 7 12 21
Stabilization time/d 56 84 87 90 110 120

Ultimate expansion/% | 0.12 0.22 0.27 0.33 0.37 0.55

MgO expansive agent (MEA) with different relativities show different expansion

behavior
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NEWACfellele)A] Dual-regulation technology

O Dual-regulation technology of hydration rate and expansion process can
reduce temperature peak by 9°C and compensate shrinkage by more than
300pu¢g, thereby reducing the cracking risk below threshold
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T T Y T
0 1 2




NEWATH el Shrinkage-reducing PCA (SR-PCA)

O Shrinkage-reducing polycarboxylate superplasticizer significantly reduces
the surface tension and Na* concentration of pore solution, thereby reducing
shrinkage stress caused by drying

50 59.0mN/m g 800 4
g 50, \\ 51.2mN/m W= ‘g-,_\.eoo-
[ Surface tension ] Na* concentration 53, ] \ Y2 Fo £ 5
SEIN N YeY N#Y| Ei.
2= N 1 N g N g N g g7
- = = \ 220] NAY NS AN 8 2 soo
=] N = c 3 ]
Reduced by 20%} { Reduced by 50% 8301 8 N ‘*é's £\ 85 / This technology
. 5 o i T T T T T T T T
d U:) 0 \ m N < \ < 0 2 4 6 8 10 12 14 16
N El.la:llt&r:femem PCA+SRA(0 4%) SR-PCA(0.4%) Age (day)
: Pore solution gt 8B P
Shrinkage stress , & ] Age (day)
3 m Reducing the 28d-drying
20 C0oSsd = -1001 -
AP = N o . o shrinkage of concrete by more
-150 1 i
r g 9y than 20%
'S 200 _ _
2 o) m Shrinkage-reducing effect
. . . S ol increased by 1.4 times
The decrease in humidity leads to an increase 5 0 % y ot
: : : 250 compared to similar technology
in drying and autogenous shrinkage

Providing new materials for long-term drying shrinkage reducing



NSRRI glelle]le)YA&S] Thermal-insulation and moisture-retention curing technology (TMC)

O Traditional facade curing techniques

Problems Status Consequence

* Fast construction speed = | Curing facilities cannot be rotated
* Premature demolding = Concrete temperature is still at peak or high level
* Poor curing =» Large cooling rate and severe surface water loss

« Tight schedule
e Lack of technical means

Traditional techniques

m  Hanging film or geotextile

m Laying pipes at the top of
the wall to spray water

;“ _.‘:“ Tl SANES ..' A‘
Vertical parallel distributed Random surface
thermal cracks cracks due to drying
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NERCEH el lo]e)Y&s] Thermal-insulation and moisture-retention curing technology, (TMC)

O Self adhesive curing cloth for facade thermal-insulation and moisture-retention

Flexible geotextile m=) Moisture-retention SR Rinse with
. . Moist_ure-
Sl:\;:)%%%eercri)é%ﬁtlc :> Thermal-insulation | Thermal- “ ¢ retenton water
insulation
PE film I:> Waterprooﬁng Protection \]:ylaterproofing ‘
film |
PVC film ==) Protection Adhesion
: = recover
PU materials m=) Self-adhered o’ y
I 55°C/dtol2°cid o
N 0.8 - - E— m  Adjustable and controllable surface heat
45- "M“‘“‘\_ﬁ ~~~~~~~~~~~~~~~~~~~~~~ | o dissipation coefficient of the structure:
g T 3 100~400kJ/(m?2-d-°C)
340 TS g _
] Tl gos 1 m Adjustable temperature drop rate, capable
2% B apiyA of achieving 2.0 °C/d
£ ] REF £ 0.24 e 1 .
8304 T™C 5 m Keeping the concrete surface long-term
' 0.0l . . . . wetness
»7 - j - 7 - ! 0 5 10 15 20 25 30 _ _ _ _
. Aged . Ageld _ . m Further reducing shrinkage cracking risk
Thermal insulation effect Shrinkage cracking risk by more than 10%
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Typical applications
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o QNN ERERNE General approach

O A simulation software and design system was developed to calculate the
cracking resistance of concrete structures based on the prediction model

O Then, targeted crack resistance strategies can be designed to mitigate the
shrinkage stress in whole process

Typical conditions Identification of/cracking risk points

Large area Structure | | Environ. ||| Materials Construction
concrete parameter | [temp. & RH| |properties “

Mass —— , —
structures Hydration simulation ®
¥ o , —
Strongly Temp. & RH simulation Parameter = Reduction of stress 2
constrained ¥ 0 2,
Deformation and stress = o
Structures JEEsEs Smulanion o o
1Stress | > ¥ (go 0 o
H icriteria’ . . . famad
H'gcgr?gr%?gth e Cracking risk index = Time §
¥ —h =
No - Q
E < ~
Prefabricated 0.7
com onents L Yes
Control indexes

Design method for high crack resistance concrete Full-stage shrinkage stress control

To control the cracking risk index s threshold 0.7, and the non-cracking
probability > 95% 33




SN ECHEENEESE Design method

O Design process

Inputting parameters Cement hydration heat (Q.)

-
Hydration and heat B Strength grade/composition of Cement type il

release raw materials
2 wib -1, P-II 430 465
P.O 365 420

Step 1

€

Q=Q.-P. +k,-461-P, +k,-210-P.,

Sic|o24A Temperature field

®)

g ~_L0s1w/b L h5.p 1030.p, <1 _ N N _
0.194-+w/b Adjustment coefficient for the addition of admixtures
S Shrinkage | Dosage | 0| 10% | 20% | 30% | 40% | 50%
& Outputs SL(k) O 09 07 06 05 05
Mechanical B Maximum heat release of cementitious
Step 4 oroperties materials FA() O 05 045 042 04 035

B Maximum adiabatic temperature rise

S

Values taken based on strength during the design phase,

Step 5 Creep T N WQ when no concrete mix proportions
a, max max
~ cr R
Step 6 Shrinkage stress )
P and cracking risk Tamax (°C) 45 50 55
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Applications

O The achievements have been applied to over 100 major projects, realizing no visible

cracks in underground spaces, tunnels, long structures and mass concrete, etc.

Type Typical projects
Shanghai Metro Line 14, Xuzhou Metro Line 2, Qingdao Metro;

Undse;?crg:nd Wuhan Pipe Corridor, Suzhou Binhu Underground Space,
P Suzhou Qidi Building
Taihu Tunnel, Xuanwu Lake Tunnel, West Lake Tunnel, Dushu
Tunnels

Lake Tunnel, Jiuhuashan Tunnel, Gansu Ganjiangtou Tunnel

Hydropower | Xiangjiaba Hydropower Station, Pubugou Hydropower Station,
engineering | Jinping Hydropower Station, Gongboxia Hydropower Station

Bridge tower of Shanghai-Suzhou-Nantong Yangtze River

en Birnlggrem Bridge, Main Tower of Pingtang Grand Bridge, Liujing Yujiang
g 9 CEST Arch Bridge, etc.
: Lanzhou-Urumqi High-speed Railway, Zhengzhou-Xuzhou
Railway High-speed Railway, Shenyang - Dandong Passenger
engineering 9n-sb Y yang g g

Dedicated Line, etc.

Application effect

Mitigating the shrinkage cracking of compound
or superimposed sidewall concrete

Solving the shrinkage cracking problem of
super-long or mass concrete

Mitigating shrinkage-induced void in diversion
tunnel concrete, or cracking in the panel

Solving the shrinkage cracking or shrinkage-
induced void of high strength mass concrete

Eliminating plastic cracking in extreme dry
environments, reducing the shrinkage and void
of filling layer in CRTS Il slab ballastless track

Promoting the crack control of concrete from passive repair to active prevention
3
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Application case 1

Large area concrete—Lanzhou-Urumgi High-speed Railway

O Extremely dry environment

Relative humidity {IP< /N

Wind speed

Land surface [{EFSEE |
R sc |

_____________________

l.‘.rv :

~ WD U RO T R
Low humidity, strong wind and high
land surface temperature in summer

Water evaporation
Early-age

rate of concrete is Curing

extremely fast

Transversal shrinkage (10)
o B R R D

s /o
% , * Dy y f P
- oy L - . rman, mi g 1
.

astic/cracking

-

:

?
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i ¥k
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20 a0 &0 BO 100 120 140 160

Time (min)

Plastic cracking
and crusting of
early-age
concrete were
avoided

Crusting, peeling and plastic cracking were avoided under extremely dry

environment



AVYSICLUBIRERERS S per-long mass concrete—Taihu Tunnel

O Super-long mass concrete with high temperature rise, large shrinkage, and
strong constraints

Third casting

. Crack resistance

A
Step-by-step casting

Second
casting

- design based,on [¥ Cracking risk < 0.7
- the calculation'of’ |v'Base slab: HPC+ insulation curing
- 800+ conditions |, gigewall, top slab: HPC+TRI&CMA+TMC

Sidewall
50 { Base slab

Casting time
interval:

N
o
1

BE o)
w
o

LA al]

No visible cracks were
observed, ... no water
leakage in the tunnel

6 Mrdls it

(12021 4F 8 F3 10 H & 2021 %F 11 A R 2 B TR A
BEIHOE TR N . BTHT. BT, () 4R A FRestt, LASHE LEEmaim
ST T SN MM, MRk R T RS, RSE - S,
VTR AE, BT, TEHVELHA, M TERAER.

) FETHTEGE NI IR B B B {4 RS RE R ML AR

DA, RSN,

The longest and widest 0 5 10 15 20
cofferdam tunnel S (a] (d)

A benchmark project for'shrinkage crack control and leakage prevention of

cast-in-place concrete tunnels




AV LUINRW:EERC]  Strong Constraint—Underground station in Shanghai Metro Line 14

O Strong constraint superimposed sidewall structures, serious cracking and

leakage problems

19# 20# 21# 221 23# East end head well
22.4m 18.7m 20.4m 30.2m 23.9m 21.8m

)I:(

induced jo_int?
method

Original
technology ||

. FCRC
(no leakage)

7]eakadé

No Iea"kage

1i|eakége

induced joint method| . T T T
(6 leakage) 8 leakage No leakage

(data sources: monitoring report from Shanghai Tunnel Engineering Co., Ltd)

_ Under the same
External Hydration rate and

constraint expansion process e conditions......
ey FCRC is the
optimal solution

[lem wbeiydeig
[lem-buiul

Dual-regulation e
technology S

Preventing cracking in super long and strong constraint wall to ensure
the same service life of waterproofing and structure -



AVRUCLUIURCERIES  High strength concrete—Changzhou-Taizhou Yangtze River Bridge

O Diamond shaped cable tower, mass concrete, high strength

{ Strength: C60, max thickness: 3.5m, max girth: 42m

[ Strong constraint: casted old concrete segment with strength > 60MPa
and modulus >35GPa

Demolding at 3-5d, windy, difficulty in curing

Operation area ~;,l5 Concrete
: | pouring

for formwork

Operationarea| | 8 ‘|

for climbing

J Concrete
curing

'“"“’Q":

L&

three-story tower construction

No visible cracks in beams and pillars of cable tower

Span: 1208 m, height of main tower: 350 m

TRI+CMA
Rheological modified
Cooling water pipe)

Cracking

External insulation risk < 0.7

% gl Center of the bottom part Center of the middle part

go7 \

n=0.7

£ Outer surface of the middle part

Age (d)

0 50 100 150 200 250 300 350 400 450 500 550

Inversion results of the shrinkage cracking risk

of concrete in beams and pillars

39



VAU UIUNRIRE] e ast concrete—immersed tunnel of Hong Kong-Zhuhai-Macao Bridge

O The world's largest precast concrete immersed tube

—— Center
2] . Surface y TRI+SR-PCA
°91 % prs

Cracking risk

0 3 6 9 12 15

High shrinkage cracking risk

——

e |
No visible cracks and leakage were found in the immersed tunnel,
meeting the design requirements of 120 years service life

0.6 = n=0.7
0.34
00 WQQ (day) Molding temperature <26°C

1.0

0.84

—=— Center

—— Surface n=0.7

0.6

0.4+

Cracking risk

0.2+

0.0

AN/./J:;ay)

0

3 6 9 12 15

Control the cracking risk 0.7

AR KM A

Shrinkage-reducing

... |PCE & Temperature
- |rise inhibition

technology ...help to

x

=~ prevent the cracking

in the immersed
tunnels
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RN Ul NRCHN R diation-shielding mass concrete—Proton center of Shandong Cancer Hospital

O Heavy weight aggregates (magnetite) was applied for concrete with high
requirements for crack resistance and radiation shielding

y

Length: > 60m, thick : 2.0~3.5m, density: 3.8t/m?3 ] , : : :
_—eNY R m, denstity ! Design & prepare high anti-cracking

" Higher thermal expansion coefficient (>14ue/°C) and Dual-regulation heavy concrete to ensure no cracking
_shrinkage (increased by 20%) of heavy concrete technology

(reliability probability > 95%)

 High temperature rise and temperature difference,
_cooling water pipe cannot be used, cracking risk > 1.5

40 - Anti-cracking concrete

400 -

300 -

w
o
T

Anti-cracking

concrete /

REF _

Temperature rise reduced .| thermal shrinkag
by 7.6°C decrease 45%

0 2 s 6 5 0 1 o 2 s 6 8 0 12

1 Age/d Age/d .
Proton medical center of Preparation of low temperature rise and high crack No cracking
Shandong Cancer Hospital

resistance concrete by dual-regulation technology

Strain/ps

200 -

Temperature/°C

N
o
T

100 r

No cracks were found, ensuring radiation shielding effect
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Cost analysis

O Life Cycle Cost Analysis

Design stage

A A (17 = bR
Stage | ﬁh‘ge!: Stage 3: Operational Service Life ) F Ive _fo I d I aw
I1e‘|gm: ( rmmlclmu.: Tnlrﬂnn T1'-|c12;rn
Mamtenance Mamtena Mamtenance M M
Planning Construction ey Paromanc During construction, save $1

stage coSage When steel corrosion is found,
taking measures costs an

Desian Prolonged Realised ©» eXtra $5

servicelife | servicelife,  servicelife | ]
m  When concrete cracking,
additional maintenance costs

Condition

Re=birth Certificats
Re-birth Certificate

Birth Certificate

Demolition £ Operation & $25
stage i 11 : : '
g aging stage — m When serious damage,
Evaluate the costs of projects ™G sesenen e gggglonal maintenance costs

throughout the entire life cycle

m Cost of crack resistant functional materials: 40-60 yuan/m3
m Cost of construction measures: casting temperature control costs about 3 yuan/°C, insulation, etc

Crack resistant concrete improves durability, which can reduce
comprehensive costs of construction and maintenance
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Conclusions
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Conclusions

O By adopting full-stage cracking risk control method (FCRC), the crack
resistance performance of concrete can be designed, the mitigation strategies

can be implemented, and the crack resistance effect can be detected

O Concrete crack resistance should be specially designed, the multi-field
(hydro-thermo-hygro-constraint, HTHC) coupling model is a scientific method

that can be used for crack resistance design of modern concrete

O High performance concrete is the foundation, and new materials technologies
such as water evaporation retardant(ER), temperature rise inhibition (TRI), full-
stage shrinkage compensation(FSC) and shrinkage-reducting PCA(SR-PCA)

are effective ways to mitigate cracking
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Conclusions

O Precise construction measures such as casting temperature control, thermal-
Insulation and moisture-retention etc., are also very important to realize the
shrinkage crack control

O Avoiding harmful cracks not only benefits the present, but also benefits the
future.
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Congratulations on the complete success of
ACI-Singapore Chapter 2024 Annual Seminar for Concrete Technologies!

Thank you!

XUBNE Jiaping Liu  101011659@seu.edu.cn, 13805180390
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