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Steel and Macro-Synthetic Self-Compacting Fiber Reforced Concrete,
Experimental Study on the Long-Term Deformations

“Questo studio sperimentale che sono qui a descviwuole sensibilizzare il patrimonio
di tecnici nazionale e non su come il calcestrun4talia sia un materiale da costruzione
sempre in costante e continuo sviluppo.

Il suo uso applicativo in innumerevoli campi e gBtto rende da sempre il principale
elemento strutturale designato a svolgere funziesnpre piu specifiche a seconda
dell’'ambiente circostante in cui viene utilizzato.

Nonostante sia uno dei primi materiali adoperato diagli antichi, esso e in grado di
adattarsi sempre piu alle varie caratteristiche hieste, associandogli cosi una
polivalenza quasi assoluta per quanto concerneaenmli da costruzione classici.

L'utilizzo e I'aggiunta di fibre alla mistura bas#assica € un campo in cui necessitano
molti altri studi, in ragione del quale questa tesin vuole essere un punto d'arrivo ma
bensi un punto di partenza per successive analggirattutto per cio che riguarda la
resistenza a lungo termine, conoscendo infattimitlitemporali di cui tale materiale e
caratterizzato.

Ho quindi analizzato i principali parametri dettatdalla normativa vigente per
visualizzare al meglio i vantaggi e gli svantaggi dalcestruzzi con I'aggiunta di fibre,
sia d’acciaio che polimeriche.

E stata poi analizzata e riassunta, nella parteandella trattazione, la normativa
americana riguardante i criteri di progetto dei caktruzzi fibro rinforzati, in quanto
negli Stati Uniti sono molto spesso utilizzati fier strutturali.

Quest’ultima fase vuole essere uno sprono ed usa par la nostra normativa vigente,
che non tiene ancora conto in maniera soddisfacerdettagliatamente esaustiva di uno
degli aspetti strutturali forse piu necessari, amo d’'oggi, dell'uso dei calcestruzzi, e
cioé la durabilita di cio che progettiamo.

Ringrazio quindi il Prof. Ing. Claudio Mazzotti ddng. Nicola Buratti per avermi
consentito di lavorare a questo progetto di riceroalto interessante ed innovativo, che
mi ha reso partecipe di un’analisi evolutiva, e ane ha dato un’ulteriore stimolo nel
comprendere che fare il progettista significa anelsoprattutto saper valutare le sempre
differenti condizioni in cui si opera e di consege& rapportarsi adoperando scelte
ponderate sui materiali da costruzione da utilizzar

Ringrazio infine la Dott.ssa Ing. Maria Carlotta dgjini, la Dott.ssa Elena Incerti e la
futura Dott.ssa Carolina Incerti, oltre alla famigle gli amici tutti, per tutto quello che
sono stati, sono e saranno sempre per me.”

Andrea Incerti
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“No man stands so tall as when he stoops to helghdd...”

“Non c’é uomo piu alto di colui che si inginocchiar aiutare un bambino”

A. Lincoln
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Steel and Macro-Synthetic Self-Compacting Fiber Reforced Concrete,
Experimental Study on the Long-Term Deformations

1.Introduction

This study wants to analyze the behavior of the@hpacting fibre reinforced concrete
made with different types of mixture of water, gghwcement and fibers called B, S, M1,
and M2.

In particular, | have analyzed three samples ofdaalized beam 0.3 x 0.12 x 2.00 m,
which represent an hypothetical ground slab, gigistmatic samplers 0.15 x 0.15 x 0.6 m
and fourteen cylindrical samplers h = 0.2-0.3 m @nd 0.1-0.15 m.

In general, all the samplers are made and prepaitbda different mixture of gravel,
water, cement and fibers. The testing phase isedagut in a controlled climatic area

both relative humidity 60%, and temperature 20°€raaintained constants.

Therefore, | analyzed the principal and most imgrarteffects of creep, shrinkage,
flexural deflection and crack-opening displacemeomparing, in function of the

different mixture, the results.

The study is subdivided in:

- Self-Compacting and Fibro Reinforced Concrete;

- Overview of Experimental Test and Material Pro@ssi
- Tests Instruments;

- Cracking and Rupture Analysis of Prismatic Samples;
- Cracking Analysis of Beam Samples;

- Shrinkage and Creep Test of Cylindrical Samples;
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Traction Analysis;
Design Analysis;
Final Considerations;
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2.Self-Compacting and Fiber
Reinforced Concrete

2.1 Fiber Reinforced Concrete, FRC

2.1.1 Generalities
The fiber reinforced concrete is a type of concrebeture blended with a quantitative of
fibers. The fibers are made with steel, polymersrganic materials like carbon or glass,

organic materials such as wood.
Therefore, is possible to insert a steel armort popre stressed.

Adding the fibers, the concrete can resists untédain level of traction stresses, while
you know that the traction resistance of normalccete is about zero, depending on the
percentage fibers, as well as mechanical and geimaletharacteristics, the matrix of the

concrete, the adherence among the fibers and ttrexma

Until the first cracking phase, the matrix of thancrete reacts with the initial properties,
but from this level to the end of element life, lesistance will decrease quickly and at
this point the fibers are very important, becausenvgoing into action, they can help to

resist the structural element.
The relation that improves this behavior is:

fiber’s volume

Ve =
f sampler’s volume

All'in all the concepts of FRC properties, you ntitat the fibers improve the post-crack

behavior of the concrete:
21
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Prevent the propagation of the crack;

Increasing the fracture energy;

Increasing the ductility;

P % P e x
-« > “— 4
e

5 0

(a) ()

A
o

Figure 1: Traction diagrams of FRC: low % (0.2-2) offibers (a) and high % (2-8) of fibers (b);

The main applications of this type of concreteiare

- Bearing panels;

- Ground slabs;

- Coatings for tunnels;

- Beams;

- Structural connections;

- Roof elements;

- Structure designed to absorb shock and fatigue;

- Precast elements;

2.1.2 The Materials

The matrix of FRC elements is composed by concfate.a better workability with the
fibers and in operation phase, the granulometryhef aggregates must be design, for
example, increasing the fine elements like saraajretc.

Therefore, the fibers adopted in the FRC can beenvddsteel, polymeric, carbon, glass
and natural materials. In each case, the codessenat the length must be smaller than
60 millimeters.
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= Steel Fibers

These kinds of fibers have a length,flom 6 mm to 70 mm and with &;,drom 0.15
mm e 1.20 mm. They are classified in base of gi@duction processes, shape and types
of material:

- Considering the production:
Drawn wire (type A);
Sheet (type B);
Others (type C);
- Considering the shape:
Rectilinear,;
Shaped (hooked, rolled, etc...);
- Considering the material:
Steel with low carbon content €G,20, type 1);
Steel with high carbon content (C>0,20, type 2);
Stainless steel (type 3);

In function of the mechanical characteristics oé tiibers, we can distinguish three
categories: R1, R2, and R3.

Alternating
Equivalent Traction Resistance [N/mnf] B(?rrgtng
Diameter = = =
[mm]
1) 2) 1) 2) 1) 2) All Class
Rm RPO,I Rm RPO.I Rm RPO.I Rm RPO.I Rm RPO,I Rm RPO.I
0,15d<0,50 400 320 480 400 800 720 1080 900 1700 1360 2040 1700 Without

0,5(d<0,80 350 280 450 350 800 640 1040 800 1550 1240 2015 1550 Cracks
0,80<di<1,20 300 240 390 300 700 560 910 700 1400 1120 1820 1400

1)for Rectilinear Fibers 2)For Shaped Fibers

Figure 2: Steel Fibers Parameters

As you can see in the tabIR, and Ry.represent the traction resistance of the maximum
load and the proportional deviation resistance aiitextension equal to 0.2% of the base
length of the extensometer.
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= Polymeric and Carbon Fibers

Polymeric and carbon fibers are commercially awdélgoolymer of acrylic fibers, aramid,
nylon, polyester, polyethylene, polypropylene aadoon fiber. These kinds can be used
to increase:

- Short term plastic properties;

- Durability and resistance on freeze-thaw cycles;
- Impact resistance;

- Abrasion resistance,;

- Post-cracking resistance of the matrix;

- Fire resistance;

Well, the fibers can be distinguished in micro-flyewhere the length is mm or macro-
fibers with a length until 80 mm.

Diameter  Density Traction Elastic Ultimate Temperatu Fusion Water
Type [10°mm]  [g/mm]] resistanc modulus  Deformation re onstart temperatu Absorbing
9 e [MPa] [MPa] [%] [°C] re [°C] [% in peso]
- 12,7 + 1,16 + 269+100 13790+ N ) - "
Acrilic 104,14 118 0 19306 7,5+50 221+235 1,0+2,5
Aramide | 11,94 1,44 2930 62055 4,4 Alta 482 4,3
Aramide Il 10,16 1,44 2344 117215 2,5 Alta 482 1,2
Carboni . 2482 + o :
PAN HM 7,62 1,6+1,7 3034 379914 0,6+0,7 Alta 400 Nil
Carboni . 3447 + " i
PAN HT 8,89 1,6+1,7 3999 230293 1,0+1,5 Alta 400 Nil
Carboni 9,91 + . . 27580 + . "
pitch GP 12,95 1,6+1,7 483+793 34475 2,0:2,4 Alta 400 3+7
Carboni 8,89 + 1,80 + 1517 + 151690 + B .
pitch HT 17,78 2,15 3103 482650 05+1.1 Alta 500 Nil
Nylon 22,86 1,14 965 5171 20 - 200+221 2,8+5,0
1,34 + 227 + .
Polyester 19,81 1.39 1103 17237 12+150 593 257 0,4
polyethylen 25,4 + 0,92 = . o - i
e 1016 0.96 76 + 586 4999 3+80 134 Nil
0,90 + 138 + 3447 + .
Polypropyl. - 0901 689 4826 15 593 165 Nil
Polyvinilalc. 14+ 600 1,30 g= Ay 610 - - 4

1600 40000
Figure 3: Polymeric and Carbon Fibers Parameters

2.1.3 The Mechanical Behavior

The physical and mechanical properties of the aangrate are determined by the doses
and by the singular elements parameters. In ang tteessminimum dosage for structural
elements must be greater than 0.3% of the volume.

The rheological properties of the FRC depend omitbikability of the matrix and on the
nature of the fibers, including also their geometry

Applying the fibers with typical doses the workatlyildecreases, in particular when the
shape of the fibers are complex. One method to orgthis parameter is increase the
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fine fraction or decrease the maximum diameterhef aggregate and by selecting and
dosing fluidizing additives.

Moreover the distribution of the fibers must be lg®neous in the conglomerate in
order to avoid accumulations.

= Compression Behavior

The fibers in general decrease the fragility of nh&trix but they don’t influence much
the compression behavior.

The constitutive law of the FRC and its compressigsistance can be assimilates with
the normal concrete without fibers. In this studif @all it “B”.

= Tensile Behavior

The fibers improve the tensile behavior of the matrhen the section of the element is
cracked. As you can see in the chart, for low austef fiber (< 2% of the volume) the
behavior is degraded, while for high contents (>&%he volume) the traction resistance
is greater because there is a hardening behaviertadthe multi-cracking phenomena.

g A
A
me A ———— "~
M
f Ft
>
&

Figure 4: Differents Traction Behavior
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2.2 Self-Compacting Concrete, SCC

2.2.1 Generalities

Normally the concrete contains air that must beiced by constipation. This operation is
made by vibrators and can be either inside orimdtbnglomerate.

The vibration is necessary to reduce the negafieets of bleeding(when the water go
out) and the shrinkage of the ultimate layers,druexcessive operation would determine
the segregation of the aggregates and the condegeéuaction of the mechanical
properties of the concrete.

The SCC, one of the most interesting new technetogn the building materials for
structural purposes, constitutes a new conglomevhtze the processes of vibration and
constipation aren’t necessary. The main use oftjfie of concrete is in tunnels, where
considering the difficult conditions of the menvadrk, it represents the ideal solution to
avoid the vibration in prohibitive conditions.

The SCC is developed in Japan at the beginnin@@® where the technicians applied
additives into the mix:

- New synthetic polymer that can reduce water costantl increase resistance;

- Viscosity modification agents VMA to increase cabedor fresh concrete;

- Silicon fume, constituted by particle of few nmtth&rease the quality;

- Shrinkage reducing admixtures SRA for decreasing thhrinkage
deformations;

The SCC has some particulars rheological charatitesj physics and mechanicals, and it
has high stability and small tendency to the segjreg even the conditions aren’t
optimal.

Thanks to its innovative characteristics, the S@G@ flows in all voids, avoiding the
obstacles like the reinforcements. Where is possibé blocking flow, the designed
volume of the SCC conglomerate must be greatertti@ordinary volume usually used.

From the rheological point of view, the conglomerad constituted by two different
phases:

- Transportation Flow;
- Transported Material,

Therefore, the real possibility to make a SCC with fluidity is associated to the needs
of increase the fine material volume that constguie transportation flow, in favor of
the minor aggregate volume that must be transptnete first.

Other parameters that SCC must have are:
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- Low water/cement ratio;
- High resistance to segregation;

It must be able to conserve a uniform distributmfnthe ingredients (water, cement,
aggregates, and additives) in the different phases.

2.2.2 Composition of SCC

Studying the composition of the SCC was noticed there are many differences from
the original concrete mixture:

- Higher quantity of material < 15@m;
- Lower quantity of material <25 mm,;

Presence of additives for fluidifying and viscosintrol;

2.2.3 Advantages on Disadvantages of SCC

Advantages:

- Greater quality of the concrete;

- Better homogeneity of the product;

- Higher performances;

- Better conditions of the men at work due to theeabe of vibrators(Sound
intensity is decrease until 1/10);

- Reduced operating time;

Disadvantages:
- More expensive;

One interesting method to reduce the costs isitisatt a normal concrete layers between
SCC layers, called “sandwich panel”, where in dagkr there are different properties.

This type of product can be vibrated to increasehiaracteristics.

Using the sandwich concept you can reduce the aegkout loss in terms of SCC
properties and advantages.
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3.0verview of the Experimental Test
and Material Properties

3.1 Introduction

The objective of this study is analyzing the viss@lhenomena of different samples with

different mixture of concrete. In particular we bamade:

) Crack test;
Beam “B” 300x120x2000 Plain SCC /
Creep test;

Crack test;
Beam “M2” 300x120x2000 FRSCC M
Creep test;

H = 300;
Cylinder “B @15” b = 150: Plain SCC Shrinkage test; /

H = 300;
Cylinder “M1 @15” b = 150- FRSCC Shrinkage test; M

H = 300;
Cylinder “M2 @15” D = 150: FRSCC Shrinkage test; M

2
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Prismatic “M1_P1”  150x150x600 FRSCC Crack test; M
Prismatic “M1_P2” 150x150x600 FRSCC Crack test; M
Prismatic “M1_P3”  150x150x600 FRSCC Crack test; M
Prismatic “M2_P1” 150x150x600 FRSCC Crack test; M
Prismatic “M2_P2”  150x150x600 FRSCC Crack test; M
Prismatic “M2_P3” 150x150x600 FRSCC Crack test; M
Prismatic “S_P1” 150x150x600 FRSCC Crack test; S
Prismatic “S_P2” 150x150x600 FRSCC Crack test; S

Figure 5: Overview of experimental study

3.2 Fibers Types

3.2.1 MapeFibre ST42, called “M”

ST42 are structural polymer fibers with a length4@ mm respectively, developed to
improve the performance characteristic of converdiaconcrete, pre-fabricated concrete
and shot-concrete.

Represent a valid alternative to steel fibers wheed to distribute loads, limit crack
phenomena and to produce high-ductility concrete.

- Length of Fiber: 42 mm;

- Equivalent Diameter: 0.9 mm;

- Density: 1 g/cr

- Number of Fibers in 1 kg: >50,000;

- Melting Point: 150-160°C;

- Water Absorption: <0.01%;

- Resistance to alkalis, acids or salts: high;
- Tensile Strength: 700 MPa;

- Young Modulus: 2.1 GPa;

Figure 6: Polymeric fiber Mapei st42
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3.2.2 Wirand ® Fibre FF3, called “S”

It's a cold drawn wire of steel for the structucahcrete reinforcement.
- Length: 50 mm,;
- Diameter: 0.75 mm;

- Number of fibers for 1 kg: 5700;
- Tensile strength: > 1100 MPa;

‘ _

Figure 7: Wirend Fibre FF3, Maccaferri

3.3 Mixture Characteristics

This paragraph lists and describes all parameteas dharacterized and identified the
matrix of the fibro reinforced concrete used.

3.3.1 Aggregates

The granulometric analysis is made by series &estg.

After the vibrating operations, it is measuredweight and the percentage of material in
each screen, the progressive percentage of theiahaed the cumulative sum.

Then, the granulometric curve of the aggregate i igraphically represented with the
progressive percentage in function of the scregiaeter.

The choice of the aggregate is very important tdaioba sufficiently workable
conglomerate, compactable and at the same timebldurti there are many big size
aggregates, the water content could be lower, Hmutmorkability will become lower and
there could be the segregation. Vice versa if tle@eemany small size aggregates, the
water content will be higher but the properties! Wwécome insufficient. For minimizing
the air content in the mixture, usually are usefledint aggregates with different
measures.
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From the literature, the theory curve called “Fulteirve” it is a better compromise

between resistance, workability and density. Treotétical properties are impossible to
achieve, for each screen is imposed tolerance rangewith it, are found two new

boundaries curves of the granulometric zone. Thdure is acceptable if it is inside of
this zone.

The characteristic equation of the Fuller curve is:

_100. |4
p= D

- pisthe percentage of volume that cross the sgreen
- dis the diameter of the screen;
- D is the maximum diameter of the aggregate;

Where:

3.3.2 Water demand of the aggregate
The below expression indicates the demand of thendar the aggregate:

m —m
AA% =2 S.100
mS

Where:

- MsaiS the mass of the aggregate filled of water;
- mgis the mass of the dry aggregate;

The knowledge of the water demand is a fundamemat@meter for the computing of the
mixture dosage. The total water content necessaryhe conglomerate is equal to the
sum of sufficient water for the hydration of thegegpate plus the presumed quantity for
the absorbing phase.

There are three types of aggregate:

- Dry, after cooking at 110°C;

- Humid;

- Wet, after washing or raining on it;

- Wet with dry boundary layer, after short drying;

3.3.3 Water/Cement Ratio

The water of the conglomerate is important for layidn and fluidity. In theory, for the
first topic the ratio of w/c is about 0.25 but gl$éor obtaining a best result, this ratio is
increased until 0.4.
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The w/c ratio is an important parameter becausendtifies the workability of the
concrete and the mechanical/viscosity properties.

Decreasing the water content, at first time you datermine a better mechanical
resistance but then, because the workability go@sdand does not guaranty the correct
adhesion between mortar and aggregate, this imiiaément decreases. Vice versa high
water content increases the workability of the domgrate but also increases the
segregation or the viscos deformations and redibeesiechanical resistance.

The fluage phenomena are conduced only with centleaitefore the cement content and
the w/c content are strategic: low content of cena@n low w/c reduce the viscos effects.

Then the best approach is using specified additiias the workability without
compromise the wi/c ratio.

3.3.4 Workability, classes and slump test

The workability is an index of the properties iretmterval time that passes from the
production to the compaction of the mixture.

The connected properties are:

- Stability, capacity to maintain the uniform distrtton under external loads;
- Mobility, propensity of the concrete to go to adlipt;
- Compactability, capacity to avoid the internal air;

The workability depends on:

- w/c content;
- temperature;
- time history;
- additives used;
- cement quality;

In function of the workability, valued by the costgincy, the mixtures are divided into 4
classes. The best method to do this is the Abrame:c

Figure 8: Abram Cone Test
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This cone is made on steel, perfectly planned é@ysgened in the upper part, with a high
about 30 + 2 cm and base diameter about 20 + ZTtm.diameter of the upper part is
about 10 + 2 cm. the cone must be placed on ome gleaned surface.

The mixture, selected in order to represent thecypal properties type, is placed in the
cone in 3 different compacted layers with the saimekness. When the cone is full, the
upper surface must be flat and after that the égerremoved. At this time the mixture
collapses by a quantity inverse proportional todbesistency.

The slump of the conglomerate respect to the alghape is assumed as the measure of
the consistency.

a) True slump b) Shear slump c) Collapse slump

Figure 9: Slump Types

Showing the figure above, there are three diffebetiaviors:

- uniform slump, that indicates normal result;

- asymmetric slump, that indicates less cohesioh@tbnglomerate;

- generalized slump, that indicates wet mixture oktumre with low cement
content;

Regarding the code UNI EN 206 — 2006 and UNI 1120@4, there are individuated 5
classes of consistency:

- S1: slump from 10 to 40 mm, humid consistency;
- S2: slump from 50 to 90 mm, plastic consistency;
- S3: slum from 100 to 150 mm, semi-fluid consistency
- S4: slump from 160 to 210 mm, fluid consistency;
- S5: slump from 220 to other mm, super-fluid cormsisy;
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Figure 10: Slump Test Measure

3.3.5 Volumetric Mass

Generally this measure is expressed in Rgand it's obtained by using a steel cylinder
and a balance. The cylinder, supported by oneamtltable, is filled with concrete. After
that, the volumetric mass is identified by theaatveight of the system minus weight of
the cylinder over the volume.

3.4 Instruments for the Packaging

In this paragraph are listed the principal instraoteghat are used for the packaging of the
samples:

- Balance: used for weighing the aggregates and #tervof the mixture and
then, in the last passage, for computing the vetummass;

- Mixer: for obtain the complete mixing of the compois;

- Digital Thermometer: used for measuring the tenipeea

- Cone: for measuring the slump;

- Formwork: covered by disarming for avoiding theaaliment of the concrete
at the sides;

- Vibrators: for standardize the mixture;

3.5 Standard Packaging Operations

The sequence is the same for all the samples teahade and includes all the passages
of the process to produce them, from the mixturdéocuring.

- Weigh the aggregates;
- Insert the aggregates in the mixer,
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- Weigh the total water;

- Insert 2 of the necessary water content;

- Start the mixer;

- Weigh the total quantity of cement;

- Insert the cement, water and additives continuegmixing;
- Complete the mix;

- Measuring the slump;

- Measuring the temperature;

- Measuring the volumetric mass;

- Insert the fibers;

- Insert the mixture into the formwork with vibratioperations;
- Regulation of the upper surface of the samples;

- Bring and keep the beam into controlled room;

3.5.1 Particular Operation for SCC

In addition to the other characteristics explainmedhe paragraph 3.3 it is necessary to
impose some relative details for the SC concretealrse it's very fluid and it's
Impossible to verify the behavior with the slumpttdue to their low consistency.

There are other tests for these types of concrete:

- Slump flow;
- Jring;
-V funnel;

= Slump flow

This test is made with the same instruments ofntirenal slump test but measuring the
expansion instead of the height and computing ithe travel to obtain an expansion of
500 mm that must be lower than 12 seconds.

Figure 11: Slump Flow Test
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= Jring

It's a test finalized to determine the capacitythed SCC when passing through obstacles
constituted by the reinforcement normally placesida on the concrete element. The

concrete is posed into the Abram’s cone and indette one ring sustained by steel bars.

When the cone is uplifted, the concrete startexgansion and crosses the bars. The
diameter of the ring is lower than 300 mm the helgier than 100 mm and the diameter

of the bars must be 10 mm. The bar length is 100amdits spacing within one another

is 48 £ 2 mm. The property of the SCC is evaludigdhe difference between the free

expansion and the ring constrained expansion: theraneasured two diameters and is
computed their average value. This value must werdhan 50 mm.

Figure 12: J Ring Test

= \/ Funnel

This test is used to determine the time that theciede needs to come out from one V
steel funnel. The time represents a deformabihitiek that must be included between 4 to
12 seconds. Then, another test measures the tierebahinutes the concrete has stopped
inside the funnel. This second time measure mudhiggeer or lower than the first of
about 3 seconds.
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3.6 Fresh Test Results

In 9" November 2011, at “Lombarda Calcestruzzi” nearahlilthe conglomerates are
made. In particular, the main characteristics efttiree types of concrete are:

3.6.1 B Type

- Slump Flow I: 83 cm in the first phase;

- Slum Flow II: 75 cm with a viscosity additive abdu6%;
- V-Tunnel Test: 4.28 s;

- Volumetric Mass: 2310 kg/fn

- Incorporated Air: 2.4%;

- Fiber Type: /

- Fiber Dosage: / kg/fn

3.6.2 M1 Type

- Slump Flow: 80 cm;

- Additive: 1 I/n;

- V-Tunnel Test: 3.82 s;

- Volumetric Mass: 2355 kg/fn
- Incorporated Air: 1.2%;

- Fiber Type: M;

- Fiber Dosage: 4 kg/fn

3.6.3 M2 Type

- Slump Flow: 65 cm;

- Additive: 0.5 I/n;

- V-Tunnel Test: /

- Volumetric Mass: 2302 kg/fn
- Incorporated Air: 1.9%;

- Fiber Type: M

- Fiber Dosage: 7 kg/fn

3.6.4 S Type

We haven't done fresh test for this type.

- Fiber Type: S;
- Fiber Dosage: 25 kgfin
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4 Tests Instruments

4.1 Omega Transducers

4.1.1 Generalities

The transducer used in the test is called “omegahfits shape. This kind of instrument

measures the relative distance between two paimag 60 mm). We adopted it to control

the cracking phase for all the samples, the widtlthe cracks of the beam and the
viscosity of the compressed cylinders. The fixingei@tion consists into pasting two

threaded bases with special glue called “X60”. Tistrument is composed by 4 strain

gauges full bridge connected positioned in the @frdhe support, and the optimal

positioning is over the crack in a normal directidine omega measures a curvature
variation, the strain gauge receives a signal ims$eof potential difference, and from an

amplifier we send it to software that converts gignal into a displacement variation.

Figure 14: Omega Transducer Application
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4.1.2 Calibration Procedure

The calibration of the instrument consists intoigisyclic know displacements and
measuring the potential difference. Then, we irdkied the data for building the graph
that represents the proportionality between thesequantities:

25—
2

T - 1.5

| Chart Area
s

c
2 !
a -10 10
g
-2.5
Displacement [mm)]
Figure 15: Omega 7 Calibration
Gain o Calibration L Constant
Q Factor PC Amplifier Voltage Excitation - Test Type
7 8.06  Yashi 2190 2V 2.5V 0.24045 Short
Term
5 8.02  Yashi 2120 2V 2.5V 0.22367 =l
Term
Big 6.02 Yashi 2120 2V 2.5V 0.63209 .Srgfr:]t
6 795  vashi 2120 2V 2.5V 0.23766 ?2:’;:
Gain o o Constant
Q Factor PC Amplifier Excitation - Test Type
. 1520 (ch. 0.003997*10"
8 1812 Yashi n.6) 2.5V 6+0.4754 Long Term
* 7AN
1 1756 Yashi 15§(,)5)(Ch' 2.5V 0'0018689 e Long Term
* N
9 1704 Yashi 15ﬁ07)(0h' 2.5V 0'001262 10 Long Term
* VAN
6 1924 Yashi 15§%)(Ch' 2.5V 0'001%67 e Long Term
* VAN
5 2184 Yashi 15§%)(Ch' 2.5V 0'0017692 10 Long Term
* VAN
7 1848  Yashi 15ﬁ%)(°h' 2.5V 0'001%31 10" Long Term

Figure 16: Q Constants

During the test the constant factort®8 was modified to avoid an error of the cable.
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4.2 LVDT Transducers

4.2.1 Generalities

The LVDT, Linear Variable Differential Transformas, an instrument that measures the
displacement of one fixed point. It's based ondleetromagnetic induction and depends
only on alternating electric quantities.

Gaging Sensor slide
secondary coils  P23MNG  rohe
_——
B [ e e /
magnetic__| B
core [ = 7] J

7 .
primary coil spring

Figure 17: LVDT Section

The fixing operation consists into putting the prab a vertical direction with direct
contact on steel base in the exact point that wat waalyze. When the sample is loaded
the LVDT measures the displacements in time witlelastic spring.

The probe displacement is transformed in an eta&dtpotential variation and analyzed by

the software. The circuit is constituted by oneg@pal and two secondary coils and their

axis coincide with the core axis. The potentiakten between the ends of the secondary
circuit is null at the initial time. If the core isoved, the voltage changes and this
guantity represent the displacement of the prighe

Vs1

Vs

A
VSZ

- A
V)

Figure 18: Electromagnetic circuit of LVDT
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Figure 19: LVDT Application

4.2.2 Calibration Procedure

Before using these instruments we have to do thleraaon, just like we have done for
the omega.

When we have obtained the constants, we can usedtraments. In order to find the
value of the slope of the line, we apply a seriesyolic displacements and read the exact
guantity of movements.

Figure 21: LVDT constants
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4.3 Strain Gauges

4.3.1 Generalities

A strain gauge is an instrument to measure thd guréace deformation of one body.

Its functioning is based on the piezo-resistivedfflt is a transducer, which transforms a
guantity like deformation in an electrical signal.

All the common strain gauges are made with stegh & special element of (84% Cu,
12% Mn, 4% Ni) or (60% Cu, 40% Ni), with a knownreetrical resistance and the
diameter (da 0.01 a 0.03mm). They can be longen sanm up to 15 cm, depending on
the material that are applied. Generally, if we wapply them on a steel element the
length must be shorter while for concrete elememstroe higher.

| Backing length |
length

Backing
vAdth

Figure 22: Strain Gauge components

The choice of the type of the strain gauge dependse precision of the measure that we
want to find because the deformation measured &é$oan mean value along the backing
length.

The fixing operations are the same of the omeghM®T transducer, therefore is used
the “X60” as usual glue.

The common value of the resistance varies fromt@2ID0A2, but it usually depends on
the production.

TYPE  PL-60-11
|LoT No. P203711

Figure 23: Strain gauge pack

From the measure of the deformation is possibfentbsome other physical quantities as
tension, force, displacement, acceleration.
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The electrical resistance of the conductor cabtebsaexpressed as:

R L
Cable — P A
Where:
- Rcaneis the resistance;
- pisthe electrical resistivity;
- L is the cable length;
- Ais the cable section;
4.3.2 Calibration Phase
. o . Gauge
Strain MAX [eps] MIN [eps] Excitation Resistance Factor Constant
Gauge I\ [€] [2.00]
E 13 0.0005 -0.002 2.50 1.20 2.11 1E+6
E 14 0.0005 -0.002 2.50 1.20 2.11 1E+6
E 11 0.0005 -0.002 2.50 1.20 2.11 1E+6
E 12 0.0005 -0.002 2.50 1.20 2.11 1E+6
E9 0.0005 -0.002 2.50 1.20 2.11 1E+6
E 10 0.0005 -0.002 2.50 1.20 2.11 1E+6
E8 0.0005 -0.002 2.50 1.20 2.11 1E+6
E7 0.0005 -0.002 2.50 1.20 2.11 1E+6
E2 0.0005 -0.002 2.50 1.20 2.11 1E+6
E1l 0.0005 -0.002 2.50 1.20 2.11 1E+6
E3 0.0005 -0.002 2.50 1.20 2.11 1E+6
E4 0.0005 -0.002 2.50 1.20 2.11 1E+6
ES5 0.0005 -0.002 2.50 1.20 2.11 1E+6
E6 0.0005 -0.002 2.50 1.20 2.11 1E+6
E 23 0.01 -0.01 2.50 1.20 2.11 1E+6
E 24 0.01 -0.01 2.50 1.20 2.11 1E+6
E 21 0.01 -0.01 2.50 1.20 2.11 1E+6
E 22 0.01 -0.01 2.50 1.20 2.11 1E+6
E 27 0.01 -0.01 2.50 1.20 2.11 1E+6
E 28 0.01 -0.01 2.50 1.20 2.11 1E+6
E 26 0.01 -0.01 2.50 1.20 2.11 1E+6
E 25 0.01 -0.01 2.50 1.20 2.11 1E+6
E17/18 0.01 -0.01 2.50 1.20 2.11 1E+6
E15/16 0.01 -0.01 2.50 1.20 2.11 1E+6
E19/20 0.01 -0.01 2.50 1.20 2.11 1E+6

Figure 24: Strain gauges constants

4.3.3 Attaching Phase

- Preparation of the surface;

- Drawing the references lines on the sample;
- Bonding the strain gauge;

- Application of the transparent film;

- Connection of the cables;

- Connection to the system;
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Figure 25: X60 and its components

Figure 26: Cleaning the surface

Figure 27: Drawing the references lines
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Figure 29: Application of film
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Figure 30: Removing the film

Figure 31: Cleaning the boundary

Figure 32: Repeating the operations for all the sapies
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Figure 34: Weld the connections
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Figure 35: Connect the cable to the base

Figure 36: Attach the cables for all the samples

Figure 37: Connect all cables into system
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4.4 Load Cells

The TCLP-NB Tension/Compression Universal Load @elh load cell widely used in
applications such as measuring crane and jack |demsause it offers excellent

consistency.

Excitation Resistance CELEE
Cell MAX [eps]  MIN [eps] V] Q] Factor Constant
[2.00]
1 0.0005 -0.0005 5.00 350 2.00 496500
2 0.0005 -0.0005 5.00 350 2.00 496500
Figure 38: Load cell constants
For cracking procedure we have used the TCLP-50KNB.
= TCLP- | TCLP- | TCLP- | TCLP- | TCLP- | TCLP- | TCLP- | TCLP- | TCLP- | TCLP- | TCLP-
ype 10KNB | 20KNB | 30KNB | 50KNB | 100KNB | 200KNB | 300KNB | 500KNB | 1MNB | 1.5MNB | 2MNB
Capacity 10kN 20kN 30kN 50kN | 100kN | 200kN | 300kN [ 500N 1MN 1.5MN 2MN
Rated Output 1mMV/V (2000X10~¢ strain) +0.5%
Non-linearity 0.1%RO 0.3%RO
Hysteresis 0.1%RO 0.3%RO
Temperature effect on zero 0.01%RO/C
Temperature effect on span 0.005%/C
Compensated femperaure range —10~+60C
Temperature range —20~+70C
Over load 200%
Input/output resistance 350Q+1%
Recommended exciing vollage Less than 10V
Allowable exciting voltage 20V
Zero balance 5%RO
Weight 15kg | 15kg | 2kg | 2kg [ 25kg | skg | 8kg | 15kg | sokg | 8skg [ 110kg

Figure 39: Load cell properties

Figure 40: Load cell for cracking phase

For the viscous test we have used:
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Figure 41: Load cell for viscous test

4.5 Instruments Table
Sample Instrument Test type Test Conditions
Beam “B” Q8; Creep test; Climatic conditions
LVDT 10-4/10-5; controlled
Beam “M1” Q1 Creep test; Climatic conditions
LVDT 10-1/10-3; controlled
Beam “M2" Q09; Creep test; Climatic conditions
LVDT 10-2/10-6; controlled
Cylinder “B @10” E 13/14; SR RS Climatic conditions
E 17/18; Creep test; controlled
Cylinder “B @15” E 3/4: Shrinkage test; Climatic conditions
' controlled
E 9/10; Shrinkage test; o .
Cylinder “M1 @10” E 25/26/27/28: 9 Climatic conditions
Cell 1/2: ’ Creep test; controlled
Cylinder “M1 @15” E 7/8: Shrinkage test; Climatic conditions
' controlled
E 11/12; Shrinkage test; . . -
Cylinder “M2 @10” E 21/22/23/24- 9 Climatic conditions
Cell 1/2- ! Creep test; controlled
Cylinder “M2 @15” E1/2: Shrinkage test; Climatic conditions
' controlled
Cylinder “S @15” E 5/6: Shrinkage test; Climatic conditions
' controlled
Prismatic “M1_P1” Q 5/6/7; Crack test; Ambient conditions
Prismatic “M1_P2" Q 5/6/7; Crack test; Ambient conditions
Prismatic “M1_P3” Q 5/6/7; Crack test; Ambient conditions
Prismatic “M2_P1" Q 5/6/7; Crack test; Ambient conditions
Prismatic “M2_P2" Q5/6/7; Crack test; Ambient conditions
Prismatic “M2_P3" Q 5/6/7; Crack test; Ambient conditions
Prismatic “S_P1” Q 5/6/7; Crack test; Ambient conditions
Prismatic “S_P2” Q 5/6/7; Crack test; Ambient conditions

Figure 42: Instruments test table
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Well, in the table below you can see for each samylich instrument are used during all
test.

In particular you can observe the climatic comatisi for every test type.

4.6 Acquisition System

The various instruments descripted above are coedéo the system for analyzing the
long term data during the tests.

The measure acquisitions of Omega, LVDT and St@anges are made with software
called “LabView” to monitoring in time the quanés. The signals are amplified from
two amplifiers called “2120” and “1520/1521/154Gicaconnected to PC.

4.6.1 SCXI System

It is one chassis, of National Instruments, thatnemt all the modulus to a plug-in
scheme for the data acquisition (DAQ). This systeprogrammed by the same software
LabView. One singular modulus can observe up thahoels.

4.6.2 LabView Software

The programming language used in this softwareifferdnt from others because it is
graphic. The definition of the data and the aldwnitis made by graphical objects,
connected by a wire. This language is defined asfldaw and can be treated in
multithreading mode.

The extension of the output file is .dat and camised by some software like Excel.

Figure 43: Software interface

4.6.3 Excel File

The output file can be imported in Excel to maketad&laborations and their
representations.
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5.Cracking and Rupture Analysis of
Prismatic Samples

5.1 Generalities

In this paragraph there are showed the resultsdf@uming the rupture of the prismatic
samples. The dimensions of the sample are 150 x B850 mm. Three samples are made
for the M1 mixture, three samples for the M2 and samples for the S. The samples are
loaded according to the center, at 500 mm of digtamaccording to the code DS/EN
11039. This method can be used only if the lendtth® fibers is less than 60 mm. The
width of the cut must be less than 5 mm while teiglt of the samples 125 mm.

5.2 Test Principle

The tensional behavior for the fiber reinforced @ete is evaluated in terms of residual
traction resistance due to flexure, determined kgnsion-CMOD curve applying
concentrated loads on the mid-span of a simply aueg scheme.

Figure 44: Rupture scheme test
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5.3 Test Preparation

A wet sawing is used for cutting the sample, asgarusee in the picture.

Figure 45: Wet sawing

Before testing we have to draw on the samples ¢ferance lines, to put and load the
prisms in the exact position. After that, we apfilg transducer Omega in three points:
over, on the left and on the right of the cut. Thédme machine is verified in all

components and the sample is put in the centersitiqgro

The speed limits of the load increment are that:

{ 0.05 mm/ min of CMOD < 0.1 mm
0.1 < 0.2 mm/ min of CMOD > 4 mm

Figure 46: Test preparing
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5.4 Hand Calculation

5.4.1 Maximum Bending Moment

From the theoretical scheme the maximum bending embis:

M = Fxh
2
Where:
- Fis the concentrated load;
- his 150 mm;
5.4.2 Tension

The tension is computed by the ratio between thememd and the resistance modulus:

Where:

- bis the base of the sample = 150 mm;
- his the height of the sample = 150 mm;

5.4.3 Effective Height

Because the cut is not exactly the same in allssadlesamples, we have done the mean
value:

Figure 47: Cut measuring
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Sample Hcut sx [mm]  Hcut dx [mm] HCFntqm]e an H eff [mm]
M1 P1 47.42 45.02 46.22 103.78
M1 P2 45.05 43.73 44.38 105.62
M1 P3 45.53 48.25 46.89 103.11
M2_P1 48.34 45.18 46.76 103.24
M2_P2 44.53 44.62 44.58 105.42
M2_P3 46.80 47.07 46.94 103.06
S P1 45.32 44.67 44.99 105.01
S P2 45.01 45.03 45.02 104.98
5.4.4 Effective Resistance Modulus

Sample W [mm”3]

M1 P1 269257.21

M1 P2 278916.02

M1 P3 265791.80

M2_P1 266462.44

M2_P2 277860.77

M2_P3 265559.86

S P1 275651.25

S P2 275520.01

5.5 Tests Results & Diagrams

In this paragraph we have represented the behavfcai samples referred to the code
limits of crack opening.

The force is expressed in Kg, the Crack Openingnm and the Nominal Tension in
MPa.

Clipboard 1
L14805

Editing

TR HHE D

Figure 48: Excel cracking computations file
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Figure 49: Force-CMOD for M1
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Figure 50: Force-CTOD for M1
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Figure 51: Tension-CMOD for M1
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Figure 52: Tension CTOD for M1
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Figure 53: Force-CMOD for M2
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Figure 54: Force-CTOD for M2
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Figure 55: Tension-CMOD for M2
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Figure 56: Tension-CTOD for M2
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Figure 57: Force-CMOD for S
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Figure 58: Force-CTOD for S
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Figure 59: Tension-CMOD for S
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Figure 60: Tension-CTOD for S
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Figure 61: Force-CMOD for all samples
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Figure 62: Force-CTOD for all samples
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Figure 63: Tension-CMOD for all samples
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Figure 64: Tension-CTOD for all samples
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= Pictures of M1P1 sample test
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» Picture of M1P2 sample test
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= Picture of M1P3 sample test
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» Pictures of M2P1 sample test
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= Pictures of M2P2 sample test
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» Pictures of M2P3 sample test
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= Pictures of SP1 sample test

= Pictures of SP2 sample test
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= Rupture samples

At the end of the test phase the samples are brtakevaluate in a better mode the
behavior of the fibers and their influence inside toncrete.
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5.6 Fibers Distribution Analysis

After the rupture of all the samples we have codiitew many fibers there was in a
cracked face and in particular we have subdividetivb zones these surfaces in order to
analyze the fiber distribution and their influermsethe resistance.

In the table below you can see all the results.

Samples Fibers Upper Part Fibers Middle Part Total Fibers
M1_P1 34 26 60
M1_P2 34 18 52
M1 P3 29 27 56
M2_P1 81 41 122
M2_P2 80 55 135
M2_P3 59 45 104

S P1 37 17 54
S P2 45 35 80

Figure 65: Fibers counting table

In the chart below are represent all types of paisersamples in function of the Nominal
Tension evaluated during the cracking test at theg&in points:

- 1 mm of CTOD;

- 2 mm of CTOD;

- 3 mm of CTOD;

¢ CTOD=1mm A CTOD=2mm ® CTOD=3mm
=~ Linear (CTOD = 1 mm) —— Linear (CTOD = 2 mm) = Linear (CTOD = 3mm)
35 'l
M1_P3 M1 _P1
i = M2_P2
3 19 ﬂ
e M1_P2 A
g e — —
Z ©
. , o —
e 2
: . s
215 ﬁ Mp_P1
£
o
7 1 {
M2_P3
05
0
0 20 40 60 80 100 120 140 160

Number of Fibers in the Cracked Section

Figure 66: Influence of the number of fibers in M1M2
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Figure 67: influence of the total number of fiber h M1
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Figure 68: Influence of the total number of fiber n M2
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Figure 69: Influence of fiber in middle zone of M1
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Figure 70: Influence of fiber in middle zone of M2
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Figure 71: Influence of the total number of fiber n S
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6.Cracking Analysis of Beam Samples

6.1 Generalities
In this paragraph we have exposed and have exgldime most relevant phases and

results of the cracking analysis of the beams.3d@ms are subdivided in 3 types:

- M1 with 4 kg/mc of fibers;
- M2 with 7 kg/mc of fibers;
- B with steel reinforcement without fibers;

Before the cracking procedure the beams are chéliw the rupture in a precise point of
them.

The cut is made with a width of 10 mm then thestasice section is 300 x 110 in mm.

The static scheme used is simply supported withrB80span.

Figure 73: Cutting operation
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(3) trasdutiore

Figure 74: Static scheme for beam analysis

6.2 Speed Limits

The speed limits of the load increment are:

{ 0.05 mm/ min of CMOD < 0.1 mm
0.1 < 0.2 mm/ minof CMOD < 4 mm

Therefore, because we want a cyclic loading behatih@ secondary phase is repeated
two times.

Figure 75: Beam cracking test
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6.3 Hand Calculation

6.3.1 Maximum Bending Moment

From the theoretical scheme the maximum bending embis:

M = F*1
4
Where:
- Fis the concentrated load;
- |is 800 mm;
6.3.2 Tension

The tension is computed by the ratio between thememd and the resistance modulus:

Where:

- b is the base of the sample = 300 mm;
- his the height of the sample = 110 mm,;
- W is the resistance modulus = 605000 inm

6.4 Tests Results & Diagrams

In this paragraph we have represented the behawfcaf samples referred to the code
limits of crack opening. The force is expresse#dnthe Crack Opening in mm and the
Nominal Tension in MPa.
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Figure 78: Tension-CMOD for B beam
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Figure 79: Force-CMOD for M1 beam
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Figure 80: Tension-CMOD for M1 beam
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Figure 82: Tension-CMOD for M2 beam
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Figure 83: Force-CMOD for all beams
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Figure 84: Tension-CMOD for all beams
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6.5 Beams VS Prismatic Samples
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Figure 85: Tension-CMOD for M1 beams and prismatic amples
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Figure 86: Tension-CMOD for M2 beams and prismatic amples
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In this table you can find:

- First column: the 3 beam types;
- Second column: no cracked section at the begirmgag
- Third column: cracks obtained;
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/.Shrinkage and Creep Analysis of
Cylindrical and Beam Samples

7.1 Generalities

A loaded element total deformatienat time t is equal to the sum of instantaneous
deformatioreo, viscos deformation, and shrinkage deformatiags

E=¢€y+ &gt &
In the chart below there are represented all edbrmation different components with
constant tensional state applied at tigie t

déformation €

o t——
= TEO — instantanée
o = = T
1 €.y — retrait
| '
T T
0 to t temps 1
contrainte ¢
(1 /)70 M OEREEO
L, -
0 to temps t

Figure 87: Different deformation components

91



International Master Thesis in Civil Engineering, Andrea Incerti
Shrinkage and Creep Analysis of Cylindrical and Bem Samples

7.2 Shrinkage Types

The shrinkage is the variation of the volume of tdomcrete due to chemical-physical
reactions without loading. The principal variatimmnthe water evaporation during the
curing phase. However it's possible to define %e/pf shrinkage of concrete:

= Plastic Shrinkage

Called fresh shrinkage, is due to the free surfeater evaporation when the material is
still plastic. This type of variation causes a &ag zone on the surface and a decreasing
in the durability property value.

= Thermal Shrinkage

This type of shrinkage is due to the chemical ieastinside the material at the initial
time. The material expansion due to the heat deesean time while the reaction
decreases progressively. The consecutive contracfidthe material due to the cooling
phase is the thermal shrinkage.

= Autogenous Shrinkage

The autogenous shrinkage is due to the internaémensumption at the hydration time
of the material. This thing leads to a volume renncand its value increase whiles the
water content decrease. After 28 days this shriakmgws up 60-90%.

» Drying Shrinkage

Drying shrinkage is due to capillary water poregaparation and it isn’'t isotropic. The
phenomenon is much slower and can take severak yaaing that the material is
subjected to a volume reduction.

= Carbonation Shrinkage

When the calcium hydroxide Ca(OHpacts with the carbon dioxide @@e product is
the calcium carbonate Ca@Orhis type of shrinkage starts from the externafase to
the internal zone of the material.

All these types of shrinkage are related to the esgnpart but the concrete mixture
contains also the aggregates. These elements amaeitested by the shrinkage
phenomena and constrain the volume reduction. Thbather the aggregates content is
high the concrete deformation is lower.

For reducing the surface cracks is also importamercthe material, and in particular the
external surface, with humid cloth and maintain et for a time period directly
connected to the traction resistance value.
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If the wet phase continues about 7 days after éginlning point, the concrete achieves %
of its long term traction resistance.

7.3 Creep

The viscous deformation represents the materiatgdain addition to the elastic phase,
when the material is loaded permanently. The cisegetermined by various complex
mechanisms like sliding layers, free water expulsmicro-cracks of the ties etc.

The viscous deformation depends on ambient parasiéie the relative humidity and on
geometrical parameters like the surface-volumerati

» Relative Humidity

The creep is greater when the relative humiditglasver. If the load is applied after the
curing phase the humidity influence is about zero.

= Applied Load Influence

Many test show that exist a directly proportionvien the creep and the load applied.
Its know that the concrete deformation starts foad greater than 40-60% of its
compression resistaneg.. Over this proportion the creep velocity increésster than
the load and we obtain the critical point whenréie is 80-90% o6&’ .

= Age Influence

If the concrete is young the mechanical resistaacewer, then, the creep effects is
higher at this time.

= Resistance Influence
The creep value decrease when the resistance imahease during the loading phase.

= Aggregates Influence

The normal aggregate hasn’t a creep deformati@m the aggregates restraint the creep
effects.

=  Dimensions Influence

The creep value decrease when the dimensions afotherete element increase because
it strictly depends on the external surface. If theing phase is without humidity
exchanges the dimension influence is about zero.

= Temperature Influence

The creep effect increase until 50°C after thatsgo down.
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= Cycle Load Influence

The creep value increases after a cycle load agiit Pay attention at this point
because generally the experimental studies have lleme with permanent load
application and the cycle effects are underestithate

7.4 Viscous Deformations Computation

When a concrete element shows viscous phenomena ighioaded under permanent
load, it's assumed that the shrinkage and the chee@ an addictive effect and in
particular the creep can be computed by the diffszdetween total deformation and the
shrinkage of a similar element in the same conastiout not loaded.

a b

UR < 95% UR = 95100%
0e=0 n‘c=co:mo>0

Figure 88: Contraction of shrinkage, creep, elastiphase and total.

Now we want to examine the iteration between craep shrinkage using 3 different
cases:

- Element without load, low relative humidity valdese shrinkage.
- Element with load, UR 95-100% and then withoutrskaige, free basic creep.
- Element with load, low UR value, free shrinkage areep.
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In the last case the deformation is:
Er > &+ .+ S

The difference among ther of the last case and the sum of two first casexaied
“drying creep valueq”.

The total deformation begins:
Er =&+ S+te.+ &

This means that, under load compression with urei@t ambient, the evaporation is
greater than the case without load, called “squmgeeifect”.

In particular the total creep is obtained by the s drying effect plus the pure effect:
Ecce =&t &4
Then we can talk about:
Er =&+ S+ €.

When we do creep test in unsaturated ambient wieiaeathe total deformations of the
samples and, subtracting the shrinkage and théicetieformations, we obtain the total
creep valuec..

Experimentally can be note that, with permanent loampression, these deformations
evolve in time and for-boo can be assume value 3-4 times greater than ttentaseous
deformations.

For a generic concrete element at the time t:

Ecc(t) = &ise(to) + €cc(t, to)

i) =
Ecc(tty) = ag(z(;) - @ (t,to)

The termsb(t,ty) is called viscous coefficient and is obtained by:

Scc(tr tO)
Uc(to)

Ec,28

D (t, ty) =

When t = § the viscous deformations is 0 ai(t ,tp) = O.
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We obtain:
1 Ec(to)
t,ty) = t 1 P (¢t
gc(t, ty) = a.(to) Ec(to)[ + Evo (t, to)
Putting:
E.(ty) 1 1 d (t,ty)
J(t, ty) = |1+ D (t,ty) = +
0 E; g 0 E.(ty) E:(to) E¢ s

We can write:

c(t,to) = a.(to) J (¢, to)

The function J(td) is called “viscosity function” and its dimensi@equal to the inverse
of elastic modulus.

The elastic range decreases in time because ttecetaodulus increases in time.
The creep value is greater if the concrete is Idadehe first time.

The creep function is a monotonic function but tteveloping velocity of creep is a
decreasing function therefore we obtain that threemitigates in time.

J J(tt)

J(t.ts)
~
|
|
Ew
|
l
b ——— —— 4 E
t ty 1 % le temps t

Figure 89: Creep function behavior with different ime loading

In conclusion, introducing the specific viscousatafation at timegtlike:

€ce (t» tO)
Oc (tO)

€ist (tO) Ecc (t, tO) —
Oc (to) Oc (tO) Ec (tO)

c (t' tO) =

J(t to) = + C (¢, t)
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And considering:

J(tty) = 1 +<1>(t,t0)
' E.(to) Ec g
We obtain:
D (t,tg)
C(t ty) = 5
c,28

7.5 Shrinkage and Creep Tests of Cylindrical Samples

7.5.1 Shrinkage Test

In this paragraph are explained the shrinkage tesul cylindrical sample of 100 and 150
mm of diameters.

In particular we have considered:

- Mixture B without fiber;

- Mixture M1 with synthetic fibers;
- Mixture M2 with synthetic fibers;
- Mixture S with steel fibers;

Figure 90: Cylindrical samples

The cylindrical samples are tested in two diffeneays:
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- Shrinkage test;
- Creep test;

These kinds of studies can are more important tuate and analyze the long term
deformations of concrete structures and their wvisqmoperties.

During the preparation phase of the mixtures, & glathem is used to realize cylindrical
samples of various measures. After that we havesuned all geometrical parameters of
them to avoid any problems.

For measuring the quantities it was necessary applhe cylinder two strain gauges in
opposite position.

The presence of two vertical strain gauges defmesean value of the deformations,
avoiding eventual errors.

1 canale
(2 estensimetri verticali)

Figure 92: Shrinkage test of cylindrical samples
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Figure 93: Mixture B and sample 100 mm of diameter
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Figure 94: Mixture B and sample 150 mm of diameter
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Figure 95: Mixture M1 and sample 100 mm of diameter
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Figure 96: Mixture M1 and sample 150 mm of diameter
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Figure 97: Mixture M2 and sample 100 mm of diameter
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Figure 98: Mixture M2 and sample 150 mm of diameter
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Figure 99: Mixture S and sample 150 mm of diameter
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Figure 100: Generical shrinkage comparison
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7.5.2 Creep Test

For testing the creep effects of the cylinder weehased a particular instrument that
compresses the samples in a vertical direction avitbnstant pressure.

This instrument is put in a controlled climatic loeith a relative humidity of 60% and
20° C of temperature.

This instrument has very thickness plate and elésrgecause the system must be rigid to
guarantee the undeform ability during the test.rQkie top plate there is a piston which
loads the plate with a hydraulic oil system.

Under the top plate we have put a load cell withi yan read the value of the load
applied. Sometimes is necessary control the predsuel of the piston and stabilize the
value of the load using an elementary pump system.

Through this system the load can follow the defdroms remaining constant in time.

After this, we have positioned the cylinder in atwal position and we put in contrast the
piston.

Figure 101: Creep test of cylindrical samples
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Figure 102: Acquisition data system

In order to define the value of the load appliedioa piston we have measured the mean
cubic compression resistance:

Lombarda Calcestruzzi [B], Mechanical Compression Rsistance UNI EN 12390-3

Da Date Weight after Rcl Weight after Rc2 Rcm
y 1 day [g] [N/mm?] 2 days [g] [N/mm?] [N/mm?]

7 16/11/2011 7813 31.6 7829 30.6 31.1

28 07/12/2011 7853 38.7 7865 40.9 39.8

Lombarda Calcestruzzi [M1], Mechanical CompressiorResistance UNI EN 12390-3

Da Date Weight after Rcl Weight after Rc2 Rcm
y 1 day [g] [N/mm?] 2 days [g] [N/mm?] [N/mm?]

7 16/11/2011 7863 31.3 7875 32.4 31.9

28 07/12/2011 7828 42.6 7842 41.8 42.2

Lombarda Calcestruzzi [M2], Mechanical CompressiorResistance UNI EN 12390-3

Da Date Weight after Rcl Weight after Rc2 Rcm
y 1 day [g] [N/mm?] 2 days [g] [N/mm?] [N/mm?]

7 16/11/2011 7850 29.1 7828 30.5 29.8

28 07/12/2011 7803 38.2 7809 39.2 38.7

Figure 103: Mean cubic compression resistance
Rexm = 40.23 N/mm?
Then, multiplying for a coefficient we have obtaine
for = 0,83 * Regm = 0,83 -40.23 = 33.39 N/mm?

Knowing that the samples area is:

2

= 7853.98 mm?

Area =
rea 4

F, = Area - f,,, = 262273.20 N

At the end, for computing the creep load, we hadrced the force of a quantity about
75%:
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Fereep = 0,25 F, = 6556831 N — 6557 Kg

This reduction derives from the viscosity theorytlod concrete which considers that its
behavior is linear for tensional state under 40-45%he rupture tension, where we can
have nonlinear behaviors.
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Figure 104: Creep test comparison for cylindrical amples
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Figure 105: relative creep test comparison for cyidrical samples
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Figure 106: Creep test for samples B
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Figure 107: relative creep test for samples B
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Figure 108: Creep test for samples M1
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Figure 109: Relative creep test for samples M1
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Figure 110: Creep test for samples M2
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Figure 111: Relative creep test for samples M2
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Figure 112: Creep test for sample S
= Re lative Pure Creep
14

¢ = [(€(t) - €(t0)] / E(t0)

G /
08 /,
06 /
04
0.2

0

0 10 20 30 40 50 60 70 80 90 100
Time [Day]

Figure 113: Relative creep test for sample S
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7.6 Viscous Test of Beam Samples

7.6.1 Generalities

The viscous test of the beam samples is done tsmgteel supports with 75 cm of span
and various weights. Each support is constitutedelyforced steel plate where we can
apply the loads. At first the beam is loaded byaes of weight until the critical load

computed before considering the compression resistaf the concrete with and without
fibers.
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Figure 115: Beam test plan
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Figure 116: Lateral view of beam test

The first phase coincides with the drawing procedarobtain a correct positioning of the
supports and instruments.

In particular, the distance between the supportst inet 180 cm.
For the instruments application, looks the specifiapter.

The static scheme used for this test is the folowi
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Figure 117: Static scheme
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Figure 118: Instruments for viscous beam testing
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Figure 119: Viscous beam test

= Load Computation

In this part the analytical procedure for the dmieation of the critical load are reported.
The computation is obtained by the maximum opeuniisglacements in function of the
force values during the reloading phase in thekinggprocedure of the samples.

The principal characteristics of the samples acsvshin the table below.

Sample SF_35 MS 4.8
Length [cm] 80 80
Creep Length [cm] 52.5 52.5
Base [cm] 30 30
Heigth [cm] 11 11
Inertia moLnentum _bh® 3328 _bh® 3328
[em’] =17 = == =
Resistance modulus W= bh? _— W= bh? _—
[em’] ~ 6 ~ 6~

Figure 120: Beam characteristics

For evaluating the viscous phenomena of the samples controlled mode we have
established that the creep moment is equal tordeking moment reduced of 50%.

M = M%%-0.5
This thing is finalized to avoid an instability ptemenon.
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Then, from the creep moment, we have obtainedritieat load:

s CNOCA_B e cmod_M1 e cmod_M2

w
n

w

N

Nominal Tension [MPa]
N
(%))

=
n

05
o
0 01 0.2
Crack Mouth Opening Displacement [mm)]
Figure 121: Critical load
Sample B M1 M2
Nominal Tension
(MPa] 2.89 2.39 2.61
Creep Moment 1748450 1445950 1500400
[N*mm]
Critical Load [kg] 167 138 149

Figure 122: Critical loads for beam test

7.6.2 Loading Phase

The loading procedure of the beam test is doneclimatic cell where the samples stayed
for all their life.

At the beginning the samples are loaded by thevgeiljht of the plates, then we have
applied the others loads for each side in thisrorde
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Figure 123: Beam loads

Figure 124: Loading phase examples

The loading phase results are listed below anditiqular you can see:

- CMOD variation during loading phase;

- Mid-Span variation during loading phase;
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Figure 125: CMOD B during loading phase
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Figure 126: CMOD M1 during loading phase
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Figure 127: CMOD M2 during loading phase
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Figure 128: LVDT B during loading phase
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Figure 129: LVDT M1 during loading phase
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Figure 130: LVDT M2 during loading phase
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7.6.3 Loading Phase Comparison

In this part you can observe the loading phasewehaf the beam samples. These three
graphs explain the reload procedure in terms of ©\M@d Mid-Span Deflection.

The last chart shows what the relation is betwesechanical reloading, that we’ve done

during the cracking analysis, and the manual rehgathat we have done during the

viscous test. However the chart is in function leé hominal tension because the static
scheme applied is different and we must do a cosgain a right mode.

As you can see before:

- W = 605000 mnj
- Fisthe applied force in Kg;
- L=525mm;

—8-loadng PhaseB  —e—Loading PhaseM1  —#—Loading Phase M2
180
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Figure 131: LVDT-Force comparison during loading phae
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Figure 132: CMOD-Force comparison during loading plase
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Figure 133: Loading comparison among viscous and cecéting test
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7.6.4 Absolute Viscous Deformations

In this paragraph you can find the data of the beamples from the starting point of the
test.
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Figure 134: Absolute CMOD and Mid-Span Deflection ariation of B
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Figure 135: Absolute CMOD and Mid-Span Deflection ariation of M1
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Figure 136: Absolute CMOD and Mid-Span Deflection ariation of M2
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Figure 137: Absolute CMOD comparison
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Figure 138: Absolute Mid-Span Deflection comparison




Steel and Macro-Synthetic Self-Compacting Fiber Reforced Concrete,
Experimental Study on the Long-Term Deformations

7.6.5 Relative Viscous Deformations

In this paragraph are shown data obtained duriniat period of the tests. In particular
you can find the relative data of the CMOD and LVT all samples in relation of their

specific starting points. In this mode you can obsehe exact deformations after the
cracking and loading phase respectively.
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Figure 139: Relative CMOD and Mid-Span Deflection wariation of B
125



International Master Thesis in Civil Engineering, Andrea Incerti
Shrinkage and Creep Analysis of Cylindrical and Bemn Samples

= CMODR_M1

Time [Day]

25
°
=
8
g ; "—'M
e -/
8 /
g 15
=
Q
3
S 1
n
[=]
[=]
=
Yos
o
g
<
w
«
0
0 10 20 30 40 50 60 70 80 90 100
Time [Day]
w—— L\VDTR M1
25
g
Z 2 _F'
; g /
=] e
g ; 15 >
ag™ L
z z
5
a8
$2 1 /
W
2=
=2z
¥
w
& § 05
2
0
0 10 20 30 40 50 60 70 80 90 100

126

Figure 140: Relative CMOD and Mid-Span Deflection ariation of M1
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Figure 141: Relative CMOD and Mid-Span Deflection ariation of M2
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Figure 142: Relative CMOD comparison
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Figure 143: Relative Mid-Span Deflection comparison
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7.6.6 Comparison with Old Test

In this paragraph you can analyze the behaviomuofsamples and other samples made in
the past and analyzed in the same condition o$.téstthat case the researcher used a

steel fiber called FF1 variously mixed in the caterconglomerates.

Sample Concrete Type Fiber Type Fiber Dosage
R SCC / /
25a FRSCC Maccaferri FF1 35 Kg/n?
M FRSCC Mix /
25b FRSCC Maccaferri FF1 25 Kg/nt
35a FRSCC Maccaferri FF1 35 Kg/n?
35b FRSCC Maccaferri FF1 35 Kg/n?
B SCC / /
M1 FRSCC Mapei ST42 4 Kg/nr
M2 FRSCC Mapei ST42 7 Kg/nt’
Figure 144: Old test samples comparison
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Figure 145: CMOD compared with old tests
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Figure 147: Relative CMOD compared with old tests
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Figure 148: Relative Mid-Span Deflection compared ith old tests
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8.Uniaxial Tensile Test

8.1 Introduction

In this paragraph we want to discuss the experiah@asults of the uniaxial tensile tests
which are made on particular samples of the vanoxsures analyzed before in the other
tests.

First of all we have done a particular shape ofséumples cut in the middle line of them
and connected with a steel plate at the top arideabottom parts in order to apply the
traction load.

The study is subdivided in two parts:

- Cracking analysis;
- Viscous analysis;

As you will see in the chapter, we will not abledo these because our load device isn't
well designed for this end and so, because theemsyshust be rigid than the other
elements, we haven’t had a good results.

8.2 Samples and Test Device

In the figure below you can see our traction samapl@ its preparation procedure.

Figure 149: Traction test samples
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We have also had designed the system plate coansctdor guarantee the maximum
stiffness of the test, overestimating the thickredsal elements.

After that we have applied to the samples omegasthacers to measure the cracking
guantities and we have connected them to the sadtimaorder to control the velocity and
the CMOD values.

Figure 150: Traction test

8.3 Test Results

As you can evaluate the results from the chartvbel@ couldn’t increase the traction

tension with crack control because the our deviasnit rigid and at certain point of all

tests the samples were shocked by another exfencal due to the elastic behavior of the
device.
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Figure 151: Traction test results
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Figure 152: Traction test failure
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Figure 153: Traction crack failure.
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9.Design Analysis

9.1 Introduction

Stresses in slabs-on-ground result from appliedd@and volume changes of the soil and
concrete. The magnitude of these stresses depenfistors such as the degree of slab
continuity, subgrade strength and uniformity, camsion method, construction quality,
and magnitude and position of the loads.

In most cases, the effects of these factors arkia@eal by making simplified analysis
assumptions with respect to material propertiessaestructure interaction.

Two important definitions are listed below:

- Curling or warping out-of-plane deformation of the corners, edgex] a
surface of a pavement, slab, or wall panel fronoiiginal shape.

- Slab-on-groundslab, supported by ground, whose main purpose ssipport
the applied loads by bearing on the ground.

9.1.1 Classical Design Theories
Design methods for slabs-on-ground are based ooriéise originally developed for
airport and highway pavements.

Westergaard developed one of the first rigorousribe of structural behavior of rigid

pavement (1923, 1925, and 1926). This theory censid homogeneous, isotropic, and
elastic slab resting on an ideal subgrade thattgxat all points, a vertical reactive
pressure proportional to slab deflection; now itedaWinkler subgrade (1867).

The subgrade acts as a linear spring with a prigmadity constantk with units of
pressure [KPa] per unit deformation [m]. The umits commonly abbreviated as KN/m

This constant is defined as the modulus of subgraaletion.

Corrections were required only for the Westergaaother formula to account for the
effects of slab curling and loss of contact wita fubgrade.
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While choosing the modulus of subgrade reaction egential for good agreement with
respect to stresses, there remained ambiguity enntlethods used to determine the
correction coefficient.

In the 1930s, experimental information showed thatbehavior of many subgrades may
be close to that of an elastic and isotropic sdlido characteristic constants, the modulus
of soil deformation and Poisson’s ratio, are tyflycased to evaluate the deformation
response of such solids. Based on the concepkedduhgrade as an elastic and isotropic
solid, and assuming that the slab is of infinitéeak but of finite thickness, Burmister
proposed the layered-solid theory of structuraldvédr for rigid pavements (1943). He
suggested basing the design on a criterion ofddniteformation under load.

Design procedures for rigid pavements based orthibisry are not sufficiently developed
for use in engineering practice. The lack of analegsolutions for slabs of finite extent,
for example, edge and corner cases, is a partidefariency.

Other approaches based on the assumption of aldstic slab of infinite extent resting
on an elastic, isotropic solid have been developé&e. preceding theories are limited to
behavior in the linear range where deflectionspaogportional to applied loads. Losberg
(1978) later proposed a strength theory based enyigld-line concept for ground-

supported slabs, but the use of ultimate strengthsfab-on-ground design is not
common.

All existing design theories are grouped accordmgnodels that simulate slab and the
subgrade behavior. Three models used for slab sisaye:

- Elastic-isotropic solid;
- Thin elastic slab;
- Thin elastic-plastic slab;

Two models used for subgrade are:

- Elastic-isotropic solid;
- Winkler subgrade;

The Winkler subgrade models the soil as lineamgprso that the reaction is proportional
to the slab deflection.

Existing design theories are based on various caaibns of these models.

The elastic-isotropic model provides close predictor the response of real soils, but the
Winkler model is widely used for design and a numbkinvestigators have reported
good agreement between observed responses to tikewWhbased predictions.
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9.1.2 Finite Element Method

The classical differential equation of a thin dtaglate resting on an elastic subgrade is
often used to represent the slab-on-ground.

Solving the governing equations by conventional hods is feasible for simplified
models where slab and subgrade are assumed totieuous and homogeneous.

In reality, a slab-on-ground usually contains diggwiities, such as joints and cracks, and
the subgrade support may not be uniform. Thususieeof this approach is limited.

The finite-element method can be used to analyabssbn-ground, particularly those
with discontinuities. Various models have been pegal to represent the slab (Spears and
Panarese 1983). Typically, these models use comnmsaof elements, such as elastic
blocks, rigid blocks, and torsion bars, to reprédbe slab. The subgrade is typically
modeled by linear springs (Winkler subgrade) plaseder the nodal joints.

However the finite-element method offers good ptéknfor complex problems,
graphical solutions and simplified design equatitrave been traditionally used for
design. The evolution of modern computer softwaas made modeling with finite
elements more feasible in the design office setting

9.1.3 Construction Documents

Listed below is the minimum information that shollld addressed in the construction
documents prepared by the designer:

- Slab-on-ground design criteria;

- Base and sub-base materials, preparation requitsmeand vapor
retarder/barrier, when required;

- Concrete thickness;

- Concrete compressive strength, or flexural stremgtboth;

- Concrete mixture proportion requirements, ultimdtg shrinkage strain, or
both;

- Joint locations and details;

- Reinforcement (type, size, and location), when ireqi

- Surface treatment, when required;

- Surface finish;

- Tolerances (base, sub-base, slab thickness, amdfititness and levelness);

- Concrete curing;

- Joint filling material and installation;

- Special embedment;

- Testing requirements;

- Preconstruction meeting, quality assurance, antitgeantrol;
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9.2 Slab-On-Ground Design Criteria

The design criteria should include some of theofeihg:

- Geotechnical soil properties used for the diffeteating types;

- Uniform storage loading;

- Lift-truck and vehicle loadings;

- Rack loadings;

- Line loads;

- Equipment loads;

- When the slab is used to resist wind or seismiadation uplift forces;

- When the slab is used as a horizontal diaphragmarekist horizontal forces
or both due to tilt-walls, masonry walls, tops etaining walls, and metal
building system columns;

9.2.1 Floor Flatness and Levelness Tolerance

When using slabs in offices, areas of pedestriaffidy wide aisle warehousing, and
manufacturing, where the movement is intended taabpelom in any direction, then a
random traffic tolerance system, such as FF/FLukhbe designated.

In defined traffic areas such as narrow aisle aiy vearrow aisle warehousing and
manufacturing, where vehicle paths are restraingdrdi, wire, laser, or telemetry
guidance systems, a tolerance system such as Bhouid be implemented.

Rack height, ft (m) Longitudinal~ F-min Transverse' F-min
0to25(0t07.6) 50 60
26t030(791t09.1) 55 65
3110359410 10.7) 60 70
36t040(11to 12.2) 65 75
41t045(12510 13.7) 70 80
46050 (14to 15.2) 75 85
51to65(15.5t0 19.8) 90 100
661090 (20.1 t0 27.4) 100 125

+
Longitudinal value between the front and rear axle.
"Transverse value between loaded wheel tracks.

Figure 154: Example of Designed Traffic Value

9.3 Slab Types

The term “slab-on-ground” is preferred but “slabgrade” is often used. Slab-on-ground
includes interior slabs subject to loadings. Theselude industrial, commercial,

residential, and related applications. Although migclude parking lot and roadway
pavements.
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Some of the more important expectations that shbeldiscussed for the prospective slab

type are:

Cracking potential;

Crack widths for slabs designed with reinforcenterimit crack widths;

Use of doweled joints versus aggregate interlock;

Possible future repairs including joint deteriovati

Joint maintenance requirements and the owner'somegplity for this
maintenance;

Floor flatness and levelness requirements to needwner’s needs;
Changes to the flatness and levelness over tinpecesdly in low-humidity
environments;

Advantages and disadvantages of slab placementthgtiwatertight roofing
system in place versus placing the slab in the open

Level of moisture vapor resistance required;

Advantages and disadvantages of using the builfow slab for tilt-wall
constructions form and temporary bracing;

9.3.1 Basic Design for Slab-On-Ground

There are four basic design choices for slab-omsgtaonstruction:

Unreinforced concrete slabs;

Slabs reinforced to limit crack widths due to skage and temperature
restraint and applied loads. These slabs consist of

Non prestressedteel bar, wire reinforcement, or fiber reinforcenell with
closely spaced joints;

Continuously reinforced, free-of-sawcut, contractoints;

Slabs reinforced to prevent cracking due to shgekand temperature restraint
and applied loads. These slabs consist of:

Shrinkage-compensating concrete;

Post-tensioned,;

Structural slabs designed in accordance with AGt 31

Plain concrete;

Reinforced concrete;

=  Unreinforced Concrete Slabs

The thickness is determined as a concrete slaboutitteinforcement; however, it may
have joints strengthened with steel dowels. Itasighed to remain uncracked between
joints when loaded and restraint to concrete volumehanges.

Unreinforced concrete slabs do not contain macrahgyic fibers, wire reinforcement,
steel fibers, plain or deformed bars, post-tensignior any other type of steel
reinforcement.
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Type | or Il Portland cement is normally used.

Drying shrinkage effects and uniform subgrade supmo slab cracking are critical to the
performance of unreinforced concrete slabs.

=  Slabs Reinforced for Crack-Width Control

Thickness design can be the same as for unreimfocoacrete slabs, and they are
designed to remain uncracked when loaded. For sabstructed with Portland cement,
shrinkage crack widths (when cracking occurs) betwgoints are controlled by a
nominal quantity of distributed reinforcement.

Slabs reinforcement can consist of bars, welded w@inforcement sheets, steel fibers, or
macro synthetic fibers.

Bar and wire reinforcement should be stiff enouglbé accurately located in the upper
1/3 of the slab. Bars or welded wire reinforcememet used to provide flexural strength at
a cracked section. In this case, and for slabasffficient thickness to carry the applied
loads as an unreinforced slab, the reinforcemeaquired for flexural strength should be
sized by reinforced concrete theory. Using the waghwith high steel reinforcement
stresses, however, may lead to unacceptable criaithsy

Building codes do not support the use of fiber figitement to provide flexural strength
in cracked sections for vertical or lateral foré@sn other portions of a structure.

Other than post-tensioning or the reinforcementairshrinkage-compensating slab,
reinforcement does not prevent concrete cracking.

Typically, the most economical way to increase di@k strength is to increase the slab
thickness.

= Slabs Reinforced to Prevent Cracking

Post-tensioned slabs and shrinkage-compensatilg slee typically designed not to
crack, but some incidental minor cracking may oc€ar shrinkage-compensating slabs,
the slab is designed unreinforced, and the reiefoemt is designed to pre-stress the
expanding slab to offset the stresses caused tshtivekage and temperature restraint.

For post-tensioned slabs, the reinforcement iscalfyy designed to compensate for
shrinkage and temperature restraint stress andieddphds.

Shrinkage-compensating concrete slabs are prodeitieer with a separate component
admixture or with special expansive cement. Thiscoete does shrink, but first expands
to an amount intended to be slightly greater thamiying shrinkage. To limit the initial
slab expansion and to pre-stress the concretdpreament is distributed in the upper 1/3
of the slab. Such reinforcement should be rigid positively positioned.
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The slab should be isolated from fixed portionsthe structure, such as columns and

perimeter foundations, with a compressible matéhiai allows the initial slab expansion.

= Structural Slabs

Structural plain and reinforced slabs that transeitical loads or lateral forces from
other portions of the structure to the soil shdadddesigned in accordance with codes.

Using the methods with high steel reinforcemenesses, however, may lead to

unacceptable crack widths.

9.3.2 General Comparison of Slab Types

To assist with selecting the most appropriate sfpb for the particular project, the table
below provides general advantages and disadvantagtse slab types discussed before.

Slab Type

Advantages

Disadvantages

Unreinforced Concrete.

Simple to construct.
Generally is less expensive to install
than slabs designed by other method:

Requires relatively closely spaced
sawcut contraction joints.
More opportunity for slab curl and join
deterioration.

Large number of joints to maintain.

Positive load transfer may be required
joints.
Flatness and levelness may decreas|
over time.

Reinforced with deformed bars or
welded-wire reinforcement sheets for
crack-width control.

Reinforcement is used to limits crack
width.

May be more expensive than an
unreinforced slab.

Reinforcement can actually increase tf

number of random cracks, particularly
wider joint spacings.

More opportunity for slab curl and join

deterioration.
Positive load transfer may be required
joints.

Continuously reinforced with
deformed bars or welded-wire
reinforcement mats.

Sawcut contract joints can be eliminate
where sufficient reinforcement is used
Eliminates sawcut contraction joint
maintenance.

Curling is reduced when high amount:
of reinforcement are used.

Less changes in flatness and levelnes

with time.

Requires relatively high amounts (at
least 0.5%) of continuous reinforceme
placed near the top of the slab to
eliminate joints.
Typically produces numerous, closely
spaced, fine cracks (approximately 0.9
1.8 m) throughout slab.

nt

to

Shrinkage-compensating concrete.

Allows construction joint spacings of 1.
to 46 m.
Sawcut contraction joints are normally
not required.

Reduces joint maintenance cost due t
increased spacing of the joints reducir
the total amount of joints.
Negligible curl at the joints.
Increases surface durability and abrasi
resistance.

Requires reinforcement to develop
shrinkage compensation.

Window of finishability is reduced.

Allowance should be made for concret
to expand before drying shrinkage

begins.

Construction sequencing of adjacent s

panels should be considered, or joint:
should be detailed for expansion.

Contractor should have experience wi

this type of concrete.

@

Post-tensioned.

Construction spacings 30 to 150 m.
Most shrinkage and flexural cracks ca
be avoided.

More demanding installation.
Contractor should have experience wi

[adl=2

post-tensioning or employ a consultar]
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Eliminates sawcut contraction joints an with post-tensioning experience.

their Inspection essential to ensure prope
maintenance. placement and stressing of tendons||

Negligible slab curl when tendons are Uneconomical for small areas.
draped near joint ends. Need to detail floor penetrations and

Improved long-term flatness and perimeter for slab movement.
levelness. Impact of cutting tendons should be
Decreased slab thickness or increase  evaluated for post-construction slab

flexural strength. penetrations.

Resilient when overloaded.
Advantages in poor soil conditions.

May require adjustments to standard

concrete mixing, placement, and
finishing procedures.
Fibers may be exposed on the surface| of
slab.

Floors subjected to wet conditions mal

not be suitable for steel fiber becausg
fibers close to the surface and in
water-permeable cracks will rust.

Increased resistance to impact and
fatigue loadings when compared to sla
Steel fiber-reinforced concrete. reinforced with bars or mesh.
Simple to construct.

Helps reduce plastic shrinkage crackin

Simple to construct. Micro synthetic fibers do not help in

L ) Macro synthetic fibers provide increase  controlling drying shrinkage cracks.
Synthetlé:: f|ber-:e|nforced resistance to impact and fatigue  Joint spacing for micro synthetic fiber

oncrete. loadings, similar to steel fibers. reinforced slabs is the same as
Synthetic fibers do not corrode. unreinforced slabs.
Slabs can carry structural loads such i
mezzanines. Slab h i hairli
Structural slabs reinforced for Reduces o eliminates sawcut = i reinforcement stresses are|
Building code requirements. contraction joints where sufficient IFrel

reinforcement is used. sufficiently low.

Figure 155: Table of Slab Types Comparison

9.3.3 Construction Variables

Design and construction of slabs-on-ground involvath technical and human factors.

Technical factors include loadings, soil-supposteyns, joint types and spacings, design
method, slab type, concrete mixture, developmentaintenance procedures, and the
construction process.

Human factors include the workers’ abilities, feadb to evaluate the construction
process, and conformance with proper maintenarmeegdures for cracking, curling, and
shrinkage.

These and other factors should be considered wesigrdng a slab (Westergaard 1926).

9.3.4 Conclusion

No single slab design method is recommended fapgdlications.

Rather, from the number of identifiable constructiconcepts and design methods, a
combination should be selected based on the reqaires of the specific application.
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9.4 Loads

9.4.1 Introduction

This paragraph describes loadings, the variablas dbntrol load effects, and provides
guidance for factors of safety for concrete slabsgmund.

Concrete slabs are typically subjected to some aumatibns of the following loads and
effects:

- Vehicle wheel loads;

- Concentrated loads;

- Distributed loads;

- Line and strip loads;

- Unusual loads;

- Construction loads;

- Environmental effects;

Slabs should be designed for the most critical doatlon of these loadings, considering
variables that produce the maximum stress.

T
ITYPE OF LOAD

CONCENTRATED LOADS ’

DISTRIBUTED LOADS
POSTS OF STORAGE RACKS

WITH T ()
GSFOTEs | scfiiins

VEHICLE WHEELS _ || oSTORAGE AREAS
SOLID PNEUMATIC SPECIAL
TIRES TIRES TIRES !
%ECIAL LOAD§
0.9 ~rolls or coils
l l! to T-ft.dia.

T T T 1
| CONTROLLING DESIGN CONSIDERATIONS

~ NEGATIVE MOMENT IN
UNLOADED AREA

~CONCRETE BEARING =JOINT FAULTING

=PUNCHING SHEAR | ~SETTLEMENT

— . ——

|
|
- —~ FLEXURA:

I 1 1 ‘ 1 - 1 1 N —
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SQUARE INCHES SQUARE FEET
LOAD CONTACT AREA
(for sach tire, post, or single loaded area)

Figure 156: Controlling Design Consideration for Vaious Types of Slab-On-Ground (1 ir? = 645.2 mn3; 1 ft? =
0.0929 M)

Because a number of factors, such as slab thickoessrete strength, subgrade stiffness,

and loading are relevant, cases where several rdesigsiderations that may control

should be investigated carefully. Other potenttd conditions, such as loadings that

change during the life of the structure and thasmentered during construction should

also be considered.

For example, material-handling systems today makpraved use of the building’s
volume. Stacked pallets, once considered uniforaddp may now be stored in narrow
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aisle pallet racks that produce concentrated lo&tlse. environmental exposure of the
slab-on-ground is also a concern.

These effects include subgrade volume changeskshnd swell soils), buildings with
equipment to reduce humidity, and temperature obsndhermal effects may be
minimized by constructing the slab after the buitgis enclosed, but many slabs are
placed before building enclosure. Therefore, coittvtn sequence is important in
determining whether transient environmental facsétrsuld be considered in the design.

Finally, thermal effects due to in-service condisshould be considered.

9.4.2 Load Types

= Vehicular Loads

Most vehicular traffic on industrial floors consisof lift trucks and distribution trucks
with payload capacities as high as 310 kN. Thega/land much of a truck’s weight are
generally carried by the wheels of the loaded &xdhe standard (counterbalanced) lift
truck. Vehicle variables affecting the thickneskestgon and design of slabs-on-ground
include:

- Maximum axle load,;

- Distance between loaded wheels;
- Tire contact area,

- Load repetitions during service life;

The axle load, wheel spacing, and contact areduaictions of the lift truck or vehicle
specifications.

The number of load repetitions, which may be useldelp establish a factor of safety, is
a function of the facility’s usage. Knowledge o&tbrepetitions and traffic patterns helps
the designer to quantify fatigue. Consider whethese values are predictable or constant
during the slab’s service life. Often, the slabdesigned for an unlimited number of
repetitions.

The contact area between tire and slab is usdteianalysis for lift truck with pneumatic

or composition tires (Wray 1986). The contact asea single tire can be approximated
by dividing the tire load by the tire pressure (Rad 1976). This calculation is somewhat
conservative because the effect of tension initeemall is not included.

An important consideration for the serviceabilifyacslab subject to vehicular loads is the
design of construction and sawcut contraction gidbints should be stiff enough and
have sufficient shear transferability to limit @féntial movement such that the joint filler
can perform properly and resists edge spalling\aehile travels across the joint.
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=  Concentrated Loads

Warehousing improvements in efficiency and storagasities have trended toward
increased rack post loads. These changes includewe aisles, higher pallet or material
stacking, and using automated stacking equipmaaitetPstorage racks may be higher
than 24 m and may produce concentrated post loa#i80KN or more. For the higher
rack loads, racks that cover a large plan areacfwaifects deeper soil layers), and racks
with long-term loading, consider the effect of thag-term soil settlement in the design
of the slab. Cracking can also be caused by easdtaliation of rack systems that may
restrain the slab’s shrinkage and thermal moveraedtprevent joint activation.

The racks may restrain the slab with the rack sydteacing or by the increase in base
friction from additional storage loads.

The concentrated load variables that affect slalgronnd design include:

- Maximum or representative post load;

- Duration of load;

- Spacings between posts and aisle width;

- Location of the concentrated load relative to $tabt location and the amount
of shear transfer across the slab joint;

- Area of contact between post base plate and slab.

Material-handling systems are major parts of thédmg layout and should be well
defined early in the project. Rack data can beinbthfrom the manufacturer. It is not
uncommon to specify a larger base plate than isalby supplied to reduce the flexural
stress caused by the concentrated load.

The base plate should be sized to distribute the feearly uniformly over the plate area.

= Distributed Loads

In many industrial buildings, materials are stodaéctly on the slab-on-ground.
Flexural stresses in the slab are usually lesstti@se produced by concentrated loads.

The design should prevent negative moment crackdinat crack widths for the
reinforced slabs in the aisles and prevent exces®ttlement. For higher load intensities,
distributed loads that cover a large plan area ¢wlaiffect deeper soil layers) and long-
term uniform loads, consider the effect of the atéintial soil settlement in the slab
design.

The effect of a lift truck operating in aisles beem uniformly loaded areas is not
normally combined with the uniform load into oneadiing case, as the moments
produced generally offset one another. The indaidiases are always considered in the
design.
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For distributed loads, the variables affectingdisign of slabs-on-ground are:

- Maximum load intensity;

- Load duration;

- Width and length of loaded area,;

- Aisle width;

- Presence of a joint located in and parallel toislea

= Line and Strip Loads

A line or strip load is a uniform load distributeder a relatively narrow area.

Consider a load to be a line or strip load whemitdth is less than 1/3 of the radius of
relative slab stiffness.

When the width approximates this limit, review thlab for stresses produced by line
loading and uniform load. When the results are wittb% of one another, consider the
load as uniform.

Partition loads, bearing walls, and roll storage examples of this load type.

For higher load intensities and long-term loadiogpsider the effect of differential soil
settlement in the design of the slab.

The variables for line and strip loads are similarthose for distributed loadings and
include:

- Maximum load intensity;

- Load duration;

- Width, length of loaded area, and when the linstop loads intersect;

- Aisle width;

- Presence of a joint in and parallel to an aisle;

- Presence of parallel joints on each side of ae;aisl

- The amount of shear transfer across the slab joulich is especially
important when the line load crosses perpendicidaa joint or is directly
adjacent and parallel to a joint.

=  Unusual Loads

Loading conditions that do not conform to the poegly discussed load types may also
occur. They may differ in the following manner:

- Configuration of loaded area;
- Load distributed to more than one axle;
- More than two or four wheels per axle;
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= Construction Loads

During the building construction, various equipmégmes may be located on the newly
placed slab-on-ground. The most common construtbiads are:

- Pickup trucks;

- Scissor lifts;

- Concrete trucks;

- Dump trucks;

- Hoisting equipment and cranes used for steel erecti
- Tilt wall erection and bracing loads;

- Setting equipment;

In addition, the slab may be subjected to load$ siscscaffolding and material pallets.
Because these loads can exceed design limits,igatécthe construction load case,
particularly relative to early-age concrete stréngtlso, consider limiting construction
loads near the free edges or slab corners. Theatlorg load variables for construction
loads are the same as for vehicle loads, concedtltaads, and uniform loads.

9.4.3 Environmental Factors

Overall slab design should consider flexural seesproduced by thermal changes,
reduction in humidity, expansive soils, and moistcnanges in the slab, which will affect
curling due to the different shrinkage rates betwie top and bottom of the slab. These
effects are of particular importance for exterilabs and for slabs constructed before the
building is enclosed. Curling caused by these chamgoduces flexural stresses due to
the slab lifting off the subgrade. Generally, tlestraint stresses can be ignored in short
slabs because a smooth, planar subgrade doesgmificaintly restrain the short slab
movement due to uniform thermal expansion, contracor drying shrinkage. When the
joint spacing recommendations given in the figuetoty are followed, then these stresses
will be sufficiently low.
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9.4.4 Safety Factors

Unique serviceability requirements distinguish slaln-ground from other structural
elements. Some of these serviceability requiremeans

Minimize cracking and curling;

Increase surface durability;

Optimize joint locations and joint types for joistability, which is the
differential deflection of the adjacent slab pansliges as wheel loads cross
the joint;

Maximize long-term flatness and levelness;

Because building codes primarily provide guidanzertevent catastrophic failures that
affect public safety, the factors of safety fonsegability, inherent in building codes, are
not directly addressed as are those for strength.

The designer selects the factor of safety to mimémihe likelihood of serviceability
failure. Some items the designer should considselecting the factor of safety are:

Consequences of serviceability failure, includingstl productivity, lost
beneficial use, and the costs for repairing areasn active facility. For
example, minimizing cracking and limiting crack wid for facilities such as
pharmaceutical and food processing;

Concrete mixture proportion and its shrinkage ottarsstics (test and
minimize shrinkage to reduce linear drying shrirkkagd curling);
Humidity-controlled environment that increases dinelrying shrinkage and
slab curling;

Subgrade smoothness and planeness to minimizairesturing linear drying
shrinkage;

Spacing and joint types;

Geotechnical investigation to determine the shakod deep properties of the
soil;

Number of load repetitions and traffic patternsaitow consideration of
fatigue cracking;

Impact effects;

Storage racks installed at an early stage, whicdtrai@ linear drying
shrinkage;

Compounding factors of safety that may produce waerlp conservative
design.

Inclusion of cumulative factors of safety in the dutus of subgrade reaction, applied
loads, compressive or flexural strength of the cete; or number of load repetitions, may
produce a very conservative and, consequently,rekye construction.

The factor of safety is normally accounted for omiythe allowable flexural stress in the
concrete slab.
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Commonly used factors |  Occasionally used

Load type of safety factors of safety
Moving wheel loads 1.7t02.0 1.4 to 2.0 and greater
Concentrated (rack and Higher under special

i : 1.7t02.0 5 ) i
post) loads circumstances
Uniform loads 1.7t02.0 1.4 is lower limit

) 1S e v
Line and strip loads 147 20 15 conservajiye

upper limit
Construction loads 1.41t02.0 —

Figure 158: Load type safety factor

This table shows some commonly used factors oftysdfm various types of slab
loadings. Most range from 1.7 to 2.0, but some ilgadonditions use factors as low as
1.4. A moving vehicle subjects the slab-on-groumthe effect of fatigue.

Fatigue strength is expressed as the percentatiee ftatic tensile strength that can be
supported for a given number of load repetitions.

As the ratio of the actual flexural stress to thedmus of rupture decreases, the slab can
with stand more load repetitions before failurer Bivess ratios less than 0.45, concrete
can be subjected to unlimited load repetitions.

The table below shows various load repetitionsafoange of stress ratios. The factor of
safety is the inverse of the stress ratio.

Allowable load Allowable load
Stress ratio repetitions Stress ratio repetitions

<0.45 Unlimited 0.73 832
0.45 62,790,761 0.74 630
0.46 14,335,236 0.75 477
047 5,202,474 0.76 361
0.48 2,402,754 0.77 274
0.49 1,286,914 0.78 207
0.50 762043 0.79 157
0.51 485,184 0.80 119
052 326334 0.81 90
0.53 229,127 0.82 68
0.54 166,533 0.83 52
0.55 124,523 0.84 39
0.56 94,065 0.85 30
0.57 71,229 0.86 22
0.58 53,937 0.87 17
0.59 40,842 0.88 13
0.60 30927 0.89 10
0.61 23419 0.90 7
0.62 17,733 0.91 6
0.63 13428 0.92 4
0.64 10,168 0.93 3
0.65 7700 0.94 2
0.66 5830 0.95 2
0.67 415 0.96 1
0.68 3343 0.97 1
0.69 2532 0.98 1
0.70 1917 0.99 1
0.71 1452 1.00 0
0.72 1099 >1.00 0

Figure 159: Stress ratio versus allowable repetitizs
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9.5 Joints

9.5.1 Generalities

Joints are used in slab-on-ground constructiomia the frequency and width of random
cracks caused by concrete volume changes.

Generally, when limiting the number of joints orcieasing the joint spacing can be
accomplished without increasing the number of ramdoacks, floor maintenance will be
reduced.

Every effort should be made to avoid connecting stad to any other element of the
structure. Restraint from any source, whether makeror external, will increase the
potential for random cracking.

Three types of joints are commonly used in concktes-on-ground and are discussed in
detail in this paragraph:

- Isolation joints;
- Sawecut contraction joints;
- Construction joints;
The Committee
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Figure 160: Appropriate locations for joints
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Joints in topping slabs should be located directigr joints in the base slab and, when
the topping is bonded, no additional joints areunesyl.

The bonded topping slab should be designed foshhakage restraint due to the bond to
the existing slab, and the bond should be sufftdiemesist the upward tension force due
to curling. For a thin, unreinforced, unbonded iagpslab, consider additional joints

between the existing joints in the bottom slab étpminimize the curling stress in the

topping slab.

The topping slab can have high curling stressestaltiee bottom slab being a hard base
for the topping slab. Also, any cracks in the bakd that are not stable should be
repaired to ensure they will not reflect througtoithe topping slab.

9.5.2 Isolation Joints

Isolation joints should be used wherever complededom of vertical and horizontal
movement is required between the floor and adjgitinilding elements. Isolation joints
should be used at junctions with walls (not reaugjriateral restraint from the slab),
columns, equipment foundations, footings, or otpeints of restraint such as drains,
manholes, sumps, and stairways.

Isolation joints are formed by inserting prefornjeaht filler between the floor and the
adjacent element. Where the isolation joint wiktrain shrinkage, flexible closed cell
foam plank should be used with a thickness thabractodates the anticipated shrinkage
movement.

The joint material should extend the full depthsbghtly below the bottom of the slab to
ensure complete separation and not protrude altlow&here the joint filler will be
objectionably visible, or where there are wet ctiods or hygienic or dust control
requirements, the top of the preformed filler carrémoved and the joint caulked with an
elastomeric sealant.

Listed as follows are three methods of producimnglatively uniform joint sealant depth:

- Use a saw to score both sides of the preformedr fdt the depth to be
removed. Insert the scored filler in the properatamn. After the concrete
hardens, use a screwdriver or similar tool to reenibne top section.

- Cut a strip of wood equal to the desired depthhef jpint sealant. Nail the
wood strip to the preformed filler and install tlassembly in the proper
location. Remove the wood strip after the conchei® hardened.

- Use premolded joint filler with a removable top foam.

See the figure below for typical isolation joint®and columns.
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Figure 161: Isolation joint details

Then, the last figure above shows an isolationt jairan equipment foundation.

9.5.3 Construction Joints

Construction joints are placed in a slab to defireeextent of the individual placements,
generally in conformity with a predetermined jodesign.

For specialty floors such as defined traffic slabgplannedjoints can have a significant
effect on the long-term floor flatness and levetnetien not detailed appropriately.

In areas not subjected to wheel traffic or wheredgntial curling movement is not a
concern, duttjoint or keyedjoint may be adequate. In areas subjected to wHdgdffic,
heavy loads, or both, joints with load transferides are recommended.
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Figure 162: Typical doweled joints

A keyedjoint is not recommended for load transfer in arsabjected to wheel traffic
because the male and female key components logactamhen the joint opens due to
drying shrinkage. This can eventually cause a lweak of the concrete joint edges and
failure of the top side portion of the key.

Construction joints are commonly formed usimgikheads These bulkheads should be
placed to ensure specified concrete slab thickaedslevation at the slab edge. Provide
the necessary support to keep the bulkheads dtrargle, and rigid during the entire
placing and finishing operations. When positivedldsansfer is required, provisions
should be made along the bulkhead to ensure pedigeiment of the load-transfer device
during placing and finishing operations.

Proper alignment can be achieved by rigidly attaglalignment devices to the bulkhead
or by accurately slotting or drilling the bulkhetadaccept a load-transfer device.

These methods should allow the load-transfer deaidee installed at the joint face while
maintaining proper alignment during placing andshing operations. The load-transfer
devices should be parallel to the top surface, edlolr, and perpendicular to the joint
face. Depending on the method used, the load-gamsvice can be inserted before or
after the bulkhead is removed. When incorporatiigneent or installation devices into
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the bulkhead, which remain in the slab, the dewgiteuld be manufactured with a thin
rigid material that is a tight fit with the loadatrsfer device to minimize vertical
deflection due to load. Load-transfer devices ireati contact with the concrete will be
the most effective load-transfer mechanism for iimig vertical joint deflection.

All construction joints should be internally vibedt at frequent intervals to properly
consolidate the concrete at the joint and aroured Ittad-transfer devices. Vibratory
screeds, laserguided screeds, and hand-roddingni¢eels do not provide sufficient
internal vibration around the load-transfer devices

9.5.4 Sawcut Contraction Joints

Sawcut contraction joints are used to limit randont;of-joint floor slab cracking.

Joints are usually located on column lines, witkerimediate joints located at equal spaces
between column lines.

Consider the following when selecting spacing a¥@at contraction joints:

- Slab design method;

- Slab thickness;

- Type, amount, and location of reinforcement;

- Shrinkage potential of the concrete, including cetmgpe and quantity;
aggregate type, size, gradation, quantity, and itgualvater-cementitious
material ratio; type of admixtures; and concretegderature;

- Base friction;

- Floor slab restraints;

- Layout of foundations, racks, pits, equipment paasiches, and similar floor
discontinuities;

- Environmental factors such as temperature, wind,ramidity.

Establishing slab joint spacing, thickness, andhfoecement requirements is the
responsibility of the designer. The specified josgtacing will be a principal factor
dictating both the amount and the character of sandracking to be experienced, so
joint spacing should always be carefully selected.

For unreinforced slabs-on-ground and for slabsfeesed only for limiting crack widths,
other than continuously reinforced with more thas0 of steel by cross-sectional area.

The spacings are based on shrinkage values fomspes that have been moist-cured 7
days and then placed in air storage. Use the apptepprism size for the concrete
mixture being placed.

Sawecut contraction joints should be continuous sgirdersectingjoints, not staggered or
offset. The aspect ratio of slab panels that ameinforced, reinforced only for crack-
width control, or made with shrinkage-compensatingcrete should be a maximum of
1.5 to 1; however, a ratio of 1 to 1 is preferred.and T-shaped panels should be
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avoided. Floors around loading docks have a tendencrack due to their configuration
and restraints.
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Figure 163: Joint details at loading dock

The figure above shows two options that minimizbstracking at reentrant corners of
loading docks. In Option 1, the loading dock pitivigplaced integral with the slab and,
therefore, most of the shrinkage movement is fotodtie construction joint shown in the
figure. To minimize the opening width of this canstion joint, place the joint at 1/2 of

the typical slab joint spacing. In Option 2, creatslip surface at the top of the pit wall
that will help equalize the shrinkage movement aoheside of the slab panel so the
typical slab joint spacing can be used. By usimgrstruction joint as shown in Option 2,
there is less likelihood of cracking at the dodkqairners.

Plastic or metal inserts are not recommended featorg a contraction joint in any
exposed floor surface subject to wheel traffic.

Contraction joints in industrial and commercialdis are usually formed by sawing a
continuous slot in the slab to form a weakenedglksm a crack will form below as you
can see in the next figure.
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Figure 164: Sawcut contraction joint

When using load-transfer assemblies at sawcut acidn joints, the concrete around
these assemblies should be internally vibrateds Pnoperly consolidates the concrete
around the load-transfer assembilies.

9.5.5 Load-Transfer Mechanism

Use load-transfer devices at construction and aeotitm joints when positive load
transfer is required, unless a sufficient amourpast-tensioning force is provided across
the construction joint to transfer the shear.
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Figure 165: Typical doweled joint
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Load-transfer devices force concrete on both safea joint to deflect approximately
equally when subjected to a load. This can helpgmedamage to an exposed edge when
subjecting the joint to wheel traffic.

For dowels to be effective, they should be smoaligned, and supported so they remain
parallel in both the horizontal and vertical plarsghgring the placing and finishing
operation. Plate dowels are now commonly used mstroction and contraction joints.

Manufacturers offer various plate dowel geometded associated installation devices.
Plate dowels can minimize shrinkage restraint bggua tapered shape, formed void, or
by having compressible material on the verticabfawith a thin bond breaker on the top
and bottom dowel surfaces.
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Figure 166: Indicating and movements for doweled atstruction joint

When a formed void on the vertical sides is coms$éd by a stay-in-place device, then
that stay-in-place device should be of a rigid makeand fit tightly with the dowel
surface to minimize vertical deflection at the join
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Dowel baskets should be used to maintain alignneérdowels in sawcut contraction
joints, and alignment installation devices showddused in construction joints.

Lightly oil full length of dowel or use other
methods to ensure dowel is not bonded

to concrete but allows a tight fit for
immediate load transfer.

Half slab Dowel basket
thickness assembly

to center

of dowel

Dowel wrap

Two rectangular plate

dowels

Compressible material

full length of dowel

between plate's vertical

foces Rectangular plate

dowel

Compressible material to
2/3 length of dowel on
both vertical faces

Topered plate

(typical)

Figure 167: Dowel basket

In corrosive environments, the designer should id@nscorrosion protection for the

dowels. Plate and square dowel systems that miailmozizontal restraint as shown in the
figure showed before can be placed close to thersattion of joints, but no closer than
150 mm. Other dowels should be placed no closer 3@ mm from the intersection of

any joints because the maximum movement causediontal dry shrinkage occurs at
this point, and the corner of the slab may consetiyierack.
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Dowel dimensions, in. (mm) Dowel spacing center-to center,’ in. (mm)
Construction joint Contraction joint
Slab depth, - - - - Plate F
in. (mm) Round* | Square | Round* | Square™ | dowel Round* Square® | Plate dowel
S5to6 3/4x10 | 3/4x10 | 3/4x 13 | 3/4x 13 M/R* 12 14 18
(130 to 150) | (19 t0 250) | (19 x 250) | (19 x 330) | (19 x 330) (300) (360) (460)
7to8 1x13 Ix13 1x 16 1x16 M/R? 12 14 18
(180 to 200) | (25 x 330) | (25 x 330) | (25 x 410) | (25 x 410)| M/ (300) (360) (460)
9to 11 1-1/4x 15| 1-1/4 x 15| 1-1/4 x 18 | 1-14 x 18 # 12 12 18
(230 to 280) | (32 x 380) | (32 x 380) | (32 x 460) | (32 x 460)| M/R (300) (300) (460)

Figure 168: Dowel size and spacing

This table provides recommended dowel sizes andrgp#or round and square shapes.
A less effective load-transfer mechanism than thasediscussed is aggregate interlock.

Aggregate interlock depends on the irregular faicéhe cracked concrete at joints for
load transfer.

Not all joints activate uniformly. This result imrme joint opening widths that are larger
than might normally be anticipated. These wide tpiare often called thedbminant
joints.” The dominant joint behavior is made wolsethe ever-increasing use of vapor
retarders/barriers placed below the floor slab,cwhieduces base friction and makes the
dominant joints more noticeable and problematic.

A more reliable and definable method to evaluate ghrformance of a joint having a
load-transfer mechanism, a joint using aggregaglock, or a crack that has developed,
is by measuring the joint or crack stability. Tloén} or crack stability is the differential
deflection of the adjacent slab panel or crack sdgeen a service load crosses the joint
or crack.

Joint or crack stability can be easily measureds tommonly done by using a leveled
straightedge and gauge for example, a tri-squacgabrindicator to measure the vertical
distance from the upper straightedge to slab sard@0 mm spacing 150 mm each side of
the joint to determine the amount of vertical moeem under the bottom of the
straightedge as it occurs or by using a device aithinclinometer having 300 mm
contact point spacing located 150 mm on each ditdleegoint that gives a visual readout
of the vertical movement as it occurs.

Joint or crack stability measurements below 0.25 fmmjoints or cracks subjected to lift
truck wheel traffic with small hard wheels will ragood service life. For lift truck traffic
with large, cushioned rubber wheels, a joint orcckrstability measurement of 0.51 mm
should have good service life. These joint stgbNi@lues assume the joint is properly
filled full depth with semi-rigid joint filler andhat the joint filler is properly maintained.

For joint or crack stability values above 1.5 mhe joint or crack would be considered
unstable, have a much reduced service life, and ket should be repaired.
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Another load-transfer mechanism is enhanced agggagterlock. Enhanced aggregate
interlock depends on a combination of the effectaosmall amount of deformed
reinforcement continued through the joint and thegular face of the cracked concrete at
joints for load transfer. The continuation of a #marcentage of deformed reinforcement
(0.1% of the slab cross-sectional area) throughcstwontraction joints in combination
with joint spacings, has been used successfullsdnye designers to provide load-transfer
capability without using dowels.

A slab design that uses this small amount of deéormneinforcement to enhance
aggregate interlock at the joints should conforrthfollowing:

- Space joints from table showed before;

- Place the reinforcement above mid-depth but lonughahat the sawcut will
not cut the reinforcement;

- Place a construction or sawcut contraction joirthwai load-transfer device at a
maximum of 38 m. This forces activation at thesatfpowhen the other joints
with the deformed reinforcement do not activate;

- Use an early-entry saw to cut all sawcut contragiints;

- The slab should be a uniform thickness.

9.6 Design of Unreinforced Concrete Slabs

9.6.1 Introduction

The thickness of unreinforced concrete slabs isrdehed using an allowable concrete
flexural tensile stress.

Although the effects of any welded wire reinforcemeplain or deformed bars, post
tensioning, fibers, or any other type of reinforegmare not considered, joints may be
reinforced for load transfer across the joint.

Slabs are normally designed to remain un-crackedtdwapplied loads with a factor of
safety of 1.4 to 2.0 relative to the modulus oftane.

It is important to note that, slabs-on-ground aveaonsidered structural members unless
they are used to transmit vertical or horizontaldl® from other elements of the building’s
structure.

Consequently, cracking, joint instability, and swd character problems are considered
slab serviceability issues and not relevant togiweeral integrity of the building structure.

Concrete floor slabs employing portland cementargigss of slump, will begin to
experience a reduction in volume as soon as theylaced. This continues as long as
water, heat, or both, are released into the sudiogs. Because the drying and cooling
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rates at the top and bottom of the slab are dismijthe shrinkage will vary with the
depth.

This distorts the as-cast shape and reduces voluResistance to this distortion
introduces internal concrete stresses that, whegliemed, may cause cracks.

Controlling the effects of drying shrinkage is ical to the performance of unreinforced
concrete slabs.

Two principal objectives of unreinforced slab-omgnd design are to avoid the
formation of random, out-of-joint cracks and to ntain adequate joint stability.

The slab’s anticipated live loading governs itckhiess and cross-joint shear transfer
requirements, whereas shrinkage considerationatdittte maximum joint spacing.

Current design and construction procedures aredbgsen limiting cracking and curling,
due to restrained shrinkage, to acceptable lelbatspot eliminating them.

In jointed, unreinforced slabs-on-ground, the desigends to cause shrinkage cracks to
occur beneath sawcut contraction joints.

In industrial construction, this can result in acfl slab that is susceptible to relative
movement of the joint edges and joint maintenan@dlpms when exposed to wheel
traffic. When the designer cannot be sure of pasitong-term shear transfer at the joints
through aggregate interlock, then positive loadgfar devices should be used at all
joints subject to wheel traffic.

9.6.2 Thickness Design Methods

When the slab is loaded uniformly over its entimeaaand supported by uniform
subgrade, stresses will be due solely to restraumddmetric changes; however, most
slabs are subjected to non-uniform loading.

In warehouses, the necessity for maintaining céesles for access to stored materials
results in alternating loaded and unloaded areask Rost and lift truck wheel loads
present a more complex loading pattern.

Three separate cases, differentiated on the ba#ig ¢tocation of the load with respect to
the edge of the slab, might be considered (Wirttat. 4964). These cases are provided to
illustrate the effect of load location, particuladt free corners or edges.

Most of the generally used structural design megtaidcussed do not provide for loading
at free edges and corners. The designer shoultutgreonsider such loading.
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= Wheel load close to corner of large slab

With a load applied at the corner of a slab, thicalt stress in the concrete is tension at
the top surface of the slab. An approximate sotussumes a point load acting at the
corner of the slab.

"\Load =P i;Lik

Figure 169: Corner load

At short distances from the corner, the upwardtrea®f the soil has little effect, and the
slab is considered to act as a cantilever. At gadcex from the corner, the bending
moment isPx; it is assumed to be uniformly distributed acrtss slab section width at
right angles to the bisector of the corner angte. &90-degree corner, the section width
is 2%, and the bending moment per unit width of slab is:

Px _ P
2x 2

Whenh is the thickness of the slab, the tensile strefiseatop surface is:

P

c_M_3 _3P

7S h?  h2
6

This equation provides reasonably close resultg ionthe immediate vicinity of the slab
corner, and only when the load is applied over allsoontact area.

In an analysis that considers the reaction of tiigsade, and that considers the load to be
applied over a contact area of radajsWestergaard derives the expression for critical
tension at the top of the slab, occurring at aadis¢ 2(a_)"0.5 from the corner of the

slab:
3P avZ\°
S L

Where:

- ftis concrete tensile stress, Pa;
- ais the radius of load contact area, m;
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- Pisthe load on the slab-on-ground, N;
- his the slab thickness, m;
- Lis the radius of relative stiffness, m, equal to:

4 Eh3

L= Ta=ox

Where:

- Eis elastic modulus of concrete, Pa;
- vis Poisson’s ratio for concrete, approximatelys0.
- kis modulus of subgrade reaction, N/m

The value ofL reflects the relative stiffness of the slab andghlkegrade. It will be large
for a stiff slab on a soft base, and small foreaifile slab on a stiff base.

= Wheel load considerable distance from edges of slab

When the load is applied some distance from the®dd the slab at approximately four
times the relative stiffnessl(} the critical stress in the concrete will be émgion at the
bottom surface. This tension is greatest direatigen the center of the loaded area.

= Wheel load at edge of slab, but removed considezal$tance from corner

When the load is applied at a point along an eddgleeoslab, the critical tensile stress is at
the bottom of the concrete, directly under the ldathe flexural tensile stresg éxceeds
the allowable concrete flexural tensile stresss ihecessary to increase slab thickness,
increase concrete flexural strength, or providenfeecement. Such reinforcement is
usually designed to provide for all the tensionicated by the analysis of the assumed
homogeneous, elastic slab.

= Loads distributed over partial areas

In addition to concentrated loads, uniform loadstridbuted over partial areas of slabs
may produce the critical design condition.

Again, in warehouses, heavy loads alternate wehrchisles. With such a loading pattern,
cracking is likely to occur along the centerlinetlod aisles.

In an analysis based on such loading, Rice (198ryed an expression for the critical
negative moment in the slaf:that occurs at the center of the aisle:

w
_ —Aafg;
M, = 2 e "*%[sin(1a)]

Where:

- Mc=slab moment at the center of the aisle, m-N/m;
166



Steel and Macro-Synthetic Self-Compacting Fiber Reforced Concrete,
Experimental Study on the Long-Term Deformations

- A= (K4AENN1/4),mz;

- E = elastic modulus of concrete, Pa;

- | =moment of inertia, m

- a= half-aisle width, m;

- k= modulus of subgrade reaction, N/m
- w=uniform load, N/m;

- e=base of natural logarithms.

Recognizing that the aisle width cannot always teelisted exactly, Rice suggests that a
“critical aisle width” be used. This width is suak to maximize the above for bending
moment (Westergaard 1926). Generally accepted rithgk design methods for

unreinforced slabs-on-ground are the:

-  PCA method;
- WRI method;
- COE method:;

Each of these methods, seek to avoid live loaddedwcracks through the provision of
adequate slab cross section by using an adequzte faf safety against rupture. The
PCA and WRI methods only address live loads impasedhe slab’s interior, whereas
the COE method only considers live loads imposetherslab’s edges or joints. All three
methods assume that the slab remains in full contétb the ground at all locations.
Curl-induced stresses are not considered.

9.6.3 Portland Cement Association Design Method
The PCA method is based on Pickett’s analysis (Ri286).

The variables used are flexural strength, workimngss, wheel contact area, spacing, and
the subgrade modulus. Assumed values are Poissants (0.15) and the concrete
modulus of elasticity (28,000 MPa). The PCA meti®fbr interior loadings only; that is,
loadings are not adjacent to free edges.

=  Wheel loads

Slabs-on-ground are subjected to various typesssand magnitudes of wheel loads. Lift
truck loading is a common example of wheel loads.

=  Concentrated loads

Concentrated loads can be more severe than wlesd.|®esign for concentrated loads is
the same as for wheel loads. Consider also theimpityx of rack posts to joints.
Generally, flexure controls the concrete slab thess.
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=  Uniform loads

Uniform loads do not stress the concrete slab gllyias concentrated loads. The two
main design objectives are to prevent top crackshenunloaded aisles and to avoid
excessive settlement due to consolidation of tHege. Top cracks are caused by
tension in the top of the slab and depend largalglab thickness, load placement, and
short- and long-term subgrade deflections.

= Construction loads

The PCA method does not directly address constmuckbading. If, however, such
loading can be determined as equivalent wheel |oadiscentrated loads, or uniform
loads, the same charts and tables can be used.

9.6.4 Wire Reinforcement Institute Design Method

The WRI design charts, for interior loadings onéye based on a discrete element
computer model. The slab is represented by rigid,larsion bars for plate twisting, and

elastic joints for plate bending. Variables ard Stiffness factors, modulus of elasticity,

subgrade modulus, and trial slab thickness; dianatequivalent loaded area; distance
between wheels; flexural strength; and workingsstre

=  Wheel loads

The WRI thickness selection method starts with ssumption of slab thickness so that
the stiffness of slab relative to the subgradesigignined. The moment in the slab caused
by the wheel loads and the slab’s required thickraes then determined.

=  Concentrated loads

The WRI charts do not address concentrated loadsctlyi. Because it is possible,
however, to determine a wheel load that represamtequivalent concentrated loading,
the charts can be used.

=  Uniform loads

The WRI provides other charts for design of slaickiiess where the loading is
uniformly distributed on either side of an aisle.

=  Construction loads

Construction loads such as equipment, cranes, e@ntrucks, and pickup trucks may
affect slab thickness design. As with the PCA desigiethod, these are not directly
addressed by WRI. Thickness design, however, mapased on an equivalent load
expressed in terms of wheel loads or uniform loads.

168



Steel and Macro-Synthetic Self-Compacting Fiber Reforced Concrete,
Experimental Study on the Long-Term Deformations

9.6.5 The COE Design Method

The COE design charts are intended for wheel ahel laadings applied at an edge or
joint only. The variables inherent in the axle gguafation are built into the design index
category. Concentrated loads, uniform loads, caostn loads, and line and strip loads
are not addressed.

The COE method is based on Westergaard’s formuladge stresses in a concrete slab-
on-ground. The edge effect is reduced by a joartdfer coefficient of 0.75 to account for
load transfer across the joint. Variables are cstecflexural strength, subgrade modulus,
and the design index category.

The design index is used to simplify and standardlesign for the lighter-weight lift
trucks, generally having less than 110 kN axle lo&de traffic volumes and daily
operations of various sizes of lift truck for eaclesign index are considered
representative of normal warehouse activity and lawdt into the design method.
Assumed values are an impact factor of 25%, comareidulus of elasticity of 28,000
MPa, Poisson'’s ratio of 0.20, the wheel contach aaed the wheel spacings.

The latter two values are fixed internally for eautiex category.

Additional design charts for pavements with pragdcand unprotected corners have been
developed by the COE for pavements, although thay be applied to slabs-on-ground
in general.

9.6.6 Shear Transfer at Joints

A principal concern governing the spacing of sawcohtraction joints is edge curl
(Walker and Holland 1999). Effective shear transfienoth construction and intermediate

sawcut contraction joints is required to avoid adied free edge. Also, curl and shrinkage
can reduce joint stability by disengaging aggregatezliock or keyed joints, allowing the
free edges to deflect independently under whefidra

Excessive curling and shrinking can also reducejoiv@ stability of doweled joints.
Positive load-transfer devices, such as dowelsuldhbe used for joints subjected to
wheel traffic where the joint is expected to opesrenthan 0.6 to 0.9 mm.

The PCA (2001) provides considerations for theatiffeness of shear transfer at joints.

= Steel dowels

Steel dowels are the most effective means to peogftective load transfer and to ensure
adjacent curled joint edges deflect together.

When dowels are installed across a joint, the slddees abutting the joint may still curl
and deflect when loaded, but they do so in unison.
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When the wheel reaches the joint, no significafdtingee vertical displacement between
the panels is encountered, and the impact loadssatpon the edges are greatly reduced.

9.6.7 Maximum Joint Spacing

Assuming the subgrade is relatively free from abrlmnges in elevation, such as that
caused by uncorrected wheel rutting, the tensitsses created in the shrinking panel by
subgrade frictional restraint are relatively minior comparison to curling-induced
stresses.

These higher curling stresses are likely the ppiglctause of shrinkage cracking in most
unreinforced concrete floor slabs (Walker and Hull4999).

9.7 FRC Design

This chapter presents synthetic and steel fibefosied concrete, FRC, material
properties and design methods for FRC slabs-onnglolihe performance of FRC slabs-
on-ground depends on the mixture proportions ahdnalture constituents, including

fiber type and quantity.

9.7.1 Steel Fiber Reinforcement

Steel fibers are used to reinforce concrete slabground to provide increased strain
strength, impact resistance, flexural toughnedsgua endurance, crack-width control,
and tensile strength. Steel fibers are smooth doraed. Deformations provide
mechanical anchorage in the concrete. The matmxi lamd anchorage allows steel fibers
to bridge cracks that develop in the hardened staderedistribute the accumulated stress
caused by applied loads and shrinkage stressesempth of steel fibers used for slab-
on-ground applications can range from 19 to 64 mm.

Steel fibers for concrete reinforcement are shtisgrete lengths of steel having an aspect
ratio, or ratio of length-to-diameter, from about ® 100, with several types of cross
sections. They are sufficiently small to be randodispersed in an unhardened concrete
mixture using common mixing procedures.

Steel fibers are made of low-carbon, high-carborstainless steel.
Carbon steel fibers are either uncoated or galeahiz

High-carbon fibers are typically used with concret&tures of 55 MPa compressive
strength and higher.

Stainless steel fibers may be used when the cenarditbe exposed to extremely high
temperatures.
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Steel fiber bond to the matrix is enhanced by meiclah anchorage, surface area,
alloying, surface roughness, or a combination ef¢h

=  Random Crack Control

Steel fibers are commonly used for random cracktrobnAs in the case with
conventional reinforcement, the fibers do not pn¢waacking, but serve to hold cracks
tight such that the slab performs as intended dutsservice life. The degree of random
crack control by the fibers is directly relatedhe fiber type and quantity.

= Crack Width Opening

As with conventional reinforcement, steel fibersvatumes of 0.25 to 0.5% (20 to 39
kg/n¥) can increase the number of cracks and thus, eeciack widths. Using steel FRC
with conventional, deformed, or smooth continuaiaforcement has synergistic effects,
and can be designed to share the applied tensdedavith the continuous reinforcement,
thereby adding to crack-width control. The degréecrack width control is directly
related to the fiber type and quantity.

» Flexural Toughness

Flexural toughness of steel FRC is determined syng beams or panels in a laboratory.
It is generally accepted that the presence of dileels in quantities less than 0.5% by
volume, as expected in most slabs-on-ground, doeaffect the concrete’s modulus of
rupture. Toughness is a measure of the post crgakiergy-absorbing strength of steel
FRC, and is defined as the area under the test beardeflection curve. Use residual
strength factor&e,z and average residual strength (ARS), in slab-omsgladesign. These
factors represent an average value of load-carrgtngngth of the test beam over a
deflection interval. The ARS is reported in MPa aedresents a portion of the modulus
of rupture. Re,33 is reported as a percentage of the modulus of repflihe residual
strength factoRe,3 represents the post-crack characteristics of §tR€l. The degree of
flexural toughness is directly related to the migtuproportion and all mixture
constituents, including fiber type and quantity.

* |mpact Resistance

The impact resistance of steel FRC is three tarh@g greater than plain concrete when
subjected to explosive charges, dropped weightd, g&ymamic flexural, tensile, and

compressive loads (Williamson 1965; Robins and €@a&aldod 1978; Suaris and Shah
1981). The degree of impact resistance is dirgethted to the mixture proportion and all
mixture constituents, including fiber type and ofitsin

» Flexural Fatigue Resistance

The flexural fatigue resistance at two million @glfor plain concrete is approximately
50% of the static rupture modulus. This is the $&si the well-known factor of safety of
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2.0 shown in the PCA design document (Spears andrEse 1983). Steel FRC mixtures
have shown fatigue strengths of 65 to 90% of tA#icstupture modulus at two million
cycles when non reversed loading is used (Ramalaishand Josifek 1987,
Ramakrishnan et al. 1987). The fatigue strenggtightly less when full reversal of loads
is used (Batson et al. 1972). The degree of fatigsistance relates directly to the
mixture proportions and all mixture constituentgluding fiber type and quantity.

=  Shear Resistance

Steel FRC can provide higher punching shear stiheagtl anchor bolt pullout strength
compared with plain concrete (Concrete Society 208B8ear strength is directly related
to the mixture proportion and all mixture constiitge including fiber type and quantity.

= Freezing and Thawing Resistance

Steel fibers do not inherently increase freezind-drawing resistance of concrete.

= Durability in Corrosive Environments

Plain carbon steel fibers are protected from cavroby the alkaline environment of the
cementitious matrix and their electrical disconiiywulLaboratory and field testing of
intact steel FRC shows that in the long term, theosion of steel fiber exposed at the
surface is limited to a concrete depth of 2.5 mabdratory and field testing of cracked
steel FRC in an environment containing chloridecates that fibers passing across the
crack can corrode similarly to conventional reicBment but without causing spalling
(Hoff 1987). Previous studies show that crack wadibss than 0.1 mm do not allow
corrosion of steel fibers passing the crack (Manseé Williamson 1977). Studies that are
more recent show that crack widths up to 0.5 mmehay adverse effect on corrosion of
steel fibers (Lambrechts et al. 2003). When craglder than 0.5 mm are limited in
depth, the consequences of this localized corrasiay not be structurally significant.

9.7.2 Synthetic Fiber Reinforcement

Synthetic fibers are used to reinforce concreteinggjgplastic shrinkage and drying
shrinkage stresses. Fine micro monofilament (diaredess than 0.30 mm) or fibrillated
synthetic fibers are typically added at low voluag&lition (LVA) rates of 0.1% or less of
concrete volume for plastic shrinkage crack contkd&cro-synthetic fibers (diameters
equal or greater than 0.30 mm) are typically adatekigh volume addition (HVA) rates
of 0.25 to 1% by volume for drying shrinkage cracktrol. The length of fibers used for
slab-on-ground applications can range between 53 tom.

Micro-synthetic fibers are normally used in the garof 0.05 volume percent to 0.20
volume percent. These volume percentages equabed#bto 1.8 kg/m Some micro-

synthetic fibers can increase the fracture toughrmdésconcrete slabs-on-ground in the
hardened state. Use macro-synthetic fibers indghge of 0.20 to 1.0% by volume, which
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equates to 1.8 to 8.9 kgimMacro-synthetic fibers provide increased postkiray
residual strength to slabs-on-ground.

Adding micro-synthetic fibers at quantity rates ¥ by volume or less does not
significantly alter the ultimate compressive, flexly and tensile strength of concrete.
Adding macro-synthetic fibers at quantities betw@&t® to 1.0% by volume significantly
increases the flexural toughness of concrete.

» Design Principles

The design principles for micro-synthetic FRC atee tsame as those used for
unreinforced concreteincluding using the joint spacing recommendatioMacro-
synthetic fibers provide increased post-crackingjdueal strength to concrete slabs-on-
ground. The same design principles for steel FRCbeaused for macro-synthetic FRC.

= Joints Detalls

Construction and sawcut contraction joint detaitlsl @pacing for micro-synthetic FRC
are the same as those used for unreinforced cendfeicro-synthetic fibers at quantities
between 0.2 to 1% by volume increase the post-orgclesidual strength of the concrete.
This material behavior permits longer sawcut canioa joint spacing; however, load
transfer stability may be reduced at sawn contacjoints and should be considered
carefully at the longer joint spacing.

9.7.3 Thickness Design Methods

Five methods available for determining the thiclenes steel FRC slabs-on-ground are
described in this section:

- The PCA, WRI, and COE thickness design methods;
- Elastic method;

- Yield line method;

- Nonlinear finite modeling;

- Combined steel FRC and bar reinforcement.

These design methods depend on steel FRC attamingnimum level of residual
strength. In addition, the table below providesgased performance levels for various
floor loading conditions. These values represemompilation of performance values
obtained from trade literature.
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Fiber Application
concentration, | (typical residual
lb/yd3 (kg/m3) strength factors) Anticipated type of traffic
Rl Commercial and light industrial
(E))\\//:rr ,}8) lcz;r':l?g;?%z;;k&géd;h with foot traffic or?nfrequent lift
& = ¢ trucks with pneumatic tires
331050 |Light dynamic Industrial vehicular traffic with
= < o G 2 s
5 . o pneumatic wheels or moderately
(20to 30) |loading (30 to 50%) <oftsolid wheels
40 to 60 Medium dynamic Heavy-duty industrial traffic with
(24 t0 36) |loading (40 to 60%) |hard wheels or heavy wheel loads
Severe dynamic
60 to 125 |loading, extending Industrial and heavy-duty
(36 to 74) | joint spacing design |industrial traffic
(60% or higher)

Figure 170: Comparative design table

= PCA/WRI/COE Method

The PCA/WRI/COE methods described before may alaied to the design of steel
FRC slabs-on-ground. With this approach, use siteed reinforcement for serviceability
design issues such as temperature and shrinkagle @patrol, enhanced joint stability,
and impact and fatigue resistance. Consult fibenufacturers for specific designs or
steel fiber quantities.

= Elastic Method

The thickness of slabs-on-ground with steel fitersuld be selected to prevent cracking
due to external loading as discussed before wéldtiowing modifications: Account for
steel fibers by setting the allowable stress etu#he equivalent flexural strength of the
composite steel FRC:

fo= Re,3/100 x f
where:

- fois allowable flexural tensile stress, MPa;
- fris the modulus of rupture of concrete, MPa;
- Rezais the residual strength factor determined usingelSF4, %.

For example, using aeR= 55 and modulus of rupture = 570 MPa, the allowdi@nding
stress is = 55/100 x modulus of rupture = 0.55 x 570 psi 4 81Pa.

Compare this with an unreinforced slab that haalkmwable flexural strength of 0.50 x
570 MPa = 285 MPa.

* Yield Line Method
Yield line analysis accounts for the redistributad@mmoments and formation of plastic
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hinges in the slab. These plastic hinge regiongldevat points of maximum moment and
cause a shift in the elastic moment diagram. Uspiagtic hinges permits the use of the
full moment strength of the slab and an accuraterdenation of its ultimate load
strength. Because the formation of plastic hingegedds on toughness, the minimum
Re,3 residual strength should be greater than 30%. €belts of tests (Beckett 1995) led
to the adoption of yield-line design methods basedhe work of Meyerhof (1962) and
Losberg (1961).

The work of Meyerhof (1962) presents three separases, differentiated on the basis of
load location with respect to the edges of the,skdbich may be considered.

Central load on large slab

2a

For this case, express the value afad

Re31 (frxbxh?
M0=Mn+Mp=[1+ 2y

100 6

Edge load

3a
PO == 3.5[1 + T]MO

For this case, express the value afdd

Re3] (frxbxh?
M0=Mn+Mp=[1+1OOX 3

Corner load

In the previous formulas:

- a=radius of circle with area equal to that of post base plate, mm,;
- b =unit width (1 mm);

- fr=concrete modulus of rupture, MPa;

- h = slab thickness, mm;
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- L =radius of relative stiffness, mm,;

- Mn= negative moment strength of the slab, tensigamslab surface, N-mm,;

- Mp = positive moment strength of the slab, tensiohaitom slab surface, N-
mm;

- Po=ultimate load strength of the slab, N;

- Reas=residual strength factor determined by JSCE $#-4,

The term f1 + Re,3/100] is an enhancement factor that accounts ®tdbhghness of steel
FRC slabs-on-ground.

»= Nonlinear Finite Element Computer Modeling

Proprietary finite-element modeling techniques banused to model nonlinear material
behavior. Such designs may include linear shrinkagding, and applied loads and are
typically iterative. Once final stresses are deteen, calculate a residual strength factor
Re3to determine the steel fiber quantity.

=  Steel Fibers Combined with Bar Reinforcement

Serviceability requirements often control over sty considerations in fluid-tight slabs-
on-ground. Equations presented estimate the rextuitireinforcing bar stress due to the
presence of steel fibers.

9.7.4 Joint Details

Three joint types commonly used are isolation girdawcut contraction joints, and
construction joints. Isolation and constructiomjeifor SFRC floors should be designed
as discussed before.

Steel fibers may offer additional shear load transhrough fiber-enhanced aggregate
interlock compared with unreinforced concrete whigre joint opening width remains
small enough to not impair the bond between coaceetd fiber. The performance of
fibers at sawn contraction joints depends on dladkmhess, contraction joint spacing, joint
opening width, sawcut depth, and mixture constisi@ncluding fiber type and quantity.

As mentioned, sawcut contraction joints are usuaktated on column lines, and locate
intermediate joints at predetermined spacings.dditen to the amount of steel fibers
added to the mixture, when selecting sawcut comdragoint spacing. Sawcut contraction
joint spacings for steel FRC slabs-on-ground witlargities less than 0.25% by volume
(20 kg/m) should follow the same guidelines as those fainptoncrete or slabs with
minimum conventional reinforcement. Joint spacimggeater than those shown in the
joint’s paragraph require higher quantities of kféger reinforcement to ensure proper
crack control and shear load transfer across the gaints. When increased sawcut
contraction joint spacings are required, considblended aggregate gradation
optimization, water-reducing admixtures, adequateng, a choker run base material,
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and a slip membrane. For case studies, refer teh@hai et al. (2000) and Destree
(2000).

9.8 Design Example

9.8.1 Introduction

These examples show the design of a slab-on-groanthining steel FRC. This design

procedure is iterative and involves assumption allad thickness, determination of a

residual strength factor, and determination ofrédeesonableness of the residual strength
factor. Select an appropriate fiber type and qtymtite to meet the residual strength

factor.

- a=radius of circle with area equal to that of base plate, mm;

- E = elastic modulus of concrete, MPa;

- fc = concrete cylinder compressive strength, MPa;

- fr=concrete modulus of rupture, MPa;

- h = slab thickness, mm;

-k =modulus of subgrade reaction, N/mm

- L =radius of effective stiffness, mm;

- Mn = negative bending moment strength of the stabsion at top slab
surface, N-mm;

- Mp = positive bending moment strength of the skaimsion at bottom slab
surface, N-mm;

- Pur=ultimate load strength of the slab, kip x 4.448BFE203 = N;

- Reas=residual strength factor (JSCE SF4);

- S =slab section modulus, mimm;

- v =Poisson’s ratio for concrete (approximately 0,15)

9.8.2 Assumption and Design Criteria

- Slab thickness h = 150 mm;

- Concrete compressive strength (cylindeg 27.5 MPa;
- Concrete rupture modulus£3.79 MPa,;

- Concrete elastic modulus E = 25,000 MPa;

- Poisson’s ratio = 0.15;

- Modulus of subgrade reaction, k = 0.027 Nffnm

- Storage rack load = 67 KN;

- Base plate =10 x 15 cm;

9.8.3 Calculations for Concentrated Load

The radius of relative stiffness is given by:
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_l Exh? r'“_l 3600000 x 63°

0.25
S — = 28.5n.
12(1 — v2k 12(1— 0.152)1ool n

The section modulus of the slab is:

_ h? 6in.3
S=1linx|[—|=

6 in.

The equivalent contact radius of the concentrabed s the radius of a circle with area
equal to the base plate.

a= (base plate area/3.22) (24/3.14}°=2.8 in.

A concentrated load applied a considerable distaweay from slab edges should not
exceed the ultimate load strength of the slab:

2a
Pge=6(1+ (T) x(Mp + M,)
Where:

- Mp =1fix Re3/100 x S;
- Mn=fxS

Combining Mp and Mn:
Mp + Mn =fx S x (1 + R3/100)
Select a factor of safety of 1.5 for this example:
Mp + Mn =fx S x (1 + R3100)/1.5
Solving:
15 =6 (1 + 2 x 2.8/28.5) x (Mp + Mn)/1.5
The minimum required bending moment strength ofsthb for the applied load is:
3.13 in.-k/in. = Mp + Mn
The stresses due to shrinkage and curling cantisastial.

For the purpose of this example, select 200 pss Fanslates into an additional moment
of 1.2 in.-k/in. (6.0 ire/in. x 200 psi) to account for shrinkage and cuylgtresses. This
stress varies depending on the factor of safety athe@r issues, including mixture
proportion, joint spacing, and drying environment.

3.13 in.-kfin. + 1.2 in.-k/in. =k S x (1 + R&/100)

- Res 2 [(4.33 x 1000/550/6.0) — 1.0]100:
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- Res 2 31;

Residual load factors for various fiber types andriities are available from steel fiber
manufacturers’ literature. Use laboratory testiog duality control to verify residual
strength factors on a project basis. The quantitgteel fibers to provide the residual
strength factor shown in this example ranges frdint@® 30 kg/m, depending on the
properties (length, aspect ratio, tensile streraytia, anchorage) of the fiber.

9.8.4 Calculations for Post Load

Assuming 20% of the load is transferred acrosgdim (Meyerhof 1962), the load for a
concentrated load applied adjacent to a sawcutactian joint should not exceed

0.80 x Rit=3.5(1 + (3a/L)) x (Mp + Mn)/1.5
Solving:
0.80 x 15 = 3.5(1 + 3 x 2.8/28.5) x (Mp + Mn)/1.5
The minimum required bending moment strength ofstab for the applied load is:
3.97 in.-k/in. = Mp + Mn.

As in the previous example, use an additional mdaneérl.2 in.-k/in. to account for
shrinkage. No curling stress exists at the edge.

3.97 in.-k/in. + 1.2 in.-k/in. =& S x (1 + R;3/100)

- Res 2 [(5.17 x 1000/550/6.0) — 1.0] x 100;
- Re3 257

The quantity of steel fibers to provide the reslditeength factor shown in this example
ranges from 25 to 35 kgfndepending on the mixture proportion and all migtu
constituents, including fiber type and quantity.
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10.Final Considerations

The present study was conducted in order to anaheédifferent behavior of a new type
of concrete that contains a certain amount of §ber

Many types of test were done to evaluate differpatameters like CMOD/CTOD
variations, Mid-Span Deflection, but also shrinkagyeep and tensile strength.

These studies were done in about 100 days, bsatimgles will be analyzed until 2013.

This, in accordance with the title of the reseanshgoing to check the long term
deformations in a better mode.

From the results, the main topics that were evatliate:

- Steel and Macro-synthetic fibers increase the itactesistance of the
concrete in both prism and beam samples;

- The cyclic loading resistance is higher than thsistance of common
concrete;

- The amount of fibers is a very important paramdtes:higher the quantity of
fibers, the better the properties of the concrete;

- Shrinkage doesn’t directly depend on the preseh&iears, whereas the creep
coefficient does, but these results should be ahangng time;

- Regarding the uniaxial tensile test, it is necgssaruse another frame with
velocity control in order to avoid the elastic respe.

Thus, the knowledge of the behavior of this typeaicrete after more days can increase
very much the use of this structural material, bseahe unique disadvantage of it it's the
higher cost than the common concrete.

At the end, | will hope that some other researchelisstudy the influence of the fibers in
other environmental condition, with other devicesl nhow the fibers work with the
concrete because, in my case, it's was a reakyasting and innovative experience.
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