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RESEARCH AND DESIGN ASSISTED BY TESTING AIMS OF IN-SITU TESTING

AIMS OF IN-SITU TESTING
1. CONTROL TESTING CARRIED OUT BY THE
- CONTRACTOR
OR
- CONCRETE PRODUCER

TO INDICATE ADJUSTMENTS NECESSARY TO ENSURE AN ACCEPTABLE SUPPLIED
MATERIAL. e

Py ';‘\ MINISTERUL DEZVOLTARII REGIONALE §1 TURISMULUI
/\" INSPECTORATUL DE STAT IN CONSTRUCTII

AUTORIZATIE

LABORATOR DE GRADUL [

- BULLETINS
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RESEARCH AND DESIGN ASSISTED BY TESTING AIMS OF IN-SITU TESTING

AIMS OF IN-SITU TESTING

2. COMPLIANCE TESTING IS PERFORMED BY
OR PERFORMED FOR

- THE ENGINEER ACCORDING TO AN AGREED PLAN

- TO JUDGE COMPLIANCE WITH THE SPECIFICATION

- BULLETINS / REPORTS

=
7
bt - .
i B i e e
e =
b/ 2 | Brrreed] | ﬂ==llf=|lf=ﬁ|
: T
Det. GFC2 [l | I
Det Freen || Ty I Ll' + |l
Det FFEW1 - ’
| L
L] . —

DeL GFET )| Det FFEWE D"'FF?‘W et GFC3 Dt FFEWS i
A S e | Y L Y
SOttty U‘-r% s R ik

u ' ' ' " " ' ' '

Tamas NAGY-GYORGY, Assoc. Prof. ©




RESEARCH AND DESIGN ASSISTED BY TESTING AIMS OF IN-SITU TESTING

AIMS OF IN-SITU TESTING

3. SECONDARY TESTING IS CARRIED OUT ON
- HARDENED CONCRETE IN THE STRUCTURE
- EXTRACTED FROM THE STRUCTURE.
THIS MAY BE REQUIRED WHEN:
- there is doubt about the reliability of control and compliance results
- they are unavailable results

- the results are inappropriate

- the structure is old, damaged or deteriorating

All testing which is not planned before construction will be in this category, although
long-term monitoring is also included.

(Bungey, 2006)
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RESEARCH AND DESIGN ASSISTED BY TESTING NEED FOR TESTING IN/OF STRUCTURES

NEED FOR TESTING IN/OF STRUCTURES

- PROPOSED CHANGE OF USAGE OR EXTENSION OF A STRUCTURE

A 12 B @
E. . Factory = store e o
Store = factory a5 &
Residential building—> banc -— &
Structural extensions: horizontal or vertical p. 3 % * &)

- ACCEPTABILITY OF A STRUCTURE FOR PURCHASE OR INSURANCE

‘BOOK OF THE CONSTRUCTION’
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NEED FOR TESTING IN/OF STRUCTURES

- MEMBERS KNOWN OR SUSPECTED TO CONTAIN MATERIAL WHICH DOES NOT
MEET SPECIFICATIONS, OR WITH DESIGN/EXECUTION FAULTS
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BRICK TYPE ACC/EFFICIENT ?

PROJECT CONF%ORI\/IIT‘Y ?

UNEVENNESS ?
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RESEARCH AND DESIGN ASSISTED BY TESTING NEED FOR TESTING IN/OF STRUCTURES

NEED FOR TESTING IN/OF STRUCTURES

- ASSESSMENT OF THE QUALITY OR INTEGRITY OF APPLIED
REPAIRS/STRENGTHENING

- MONITORING OF STRENGTH DEVELOPMENT IN RELATION TO CURING,
PRESTRESSING OR LOAD APPLICATION

- MONITORING LONG-TERM CHANGES IN MATERIALS PROPERTIES AND
STRUCTURAL PERFORMANCE

- ASSESSMENT OF CAUSE AND EXTENT OF DETERIORATION AS A PRELIMINARY TO
THE DESIGN OF REPAIR OR REMEDIAL SCHEMES

(Bungey, 2006)
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RESEARCH AND DESIGN ASSISTED BY TESTING DETERIORATION PROCESS

DETERIORATION PROCESS IN GENERALLY

Deterioration process

Performance at time A

_______I

The lowest acceptable I
performance _I

Need of intervention

Performance

)

I Remaining life

| » Time
Ty
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RESEARCH AND DESIGN ASSISTED BY TESTING DETERIORATION PROCESS

DETERIORATION PROCESS IN GENERALLY

Deterioration processes

Need of intervention
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RESEARCH AND DESIGN ASSISTED BY TESTING DETERIORATION PROCESS

DETERIORATION PROCESS IN GENERALLY — IMPORTANCE OF A PROPER INTERVENTION

Strengthening/
4 Deterioration Retrofitting

processes

/

Performance at time A

]

The right

Inappropriate method

Y
)
c
: I
§ The lowest acceptable
5 performance ~—
Q Remaining life with an I
inappkpriate method I ,

—~—~—1
I Remaining life Withla right method

s S|
L / » Time

Remaining life without
any measure

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




RESEARCH AND DESIGN ASSISTED BY TESTING DETERIORATION PROCESS

DETERIORATION PROCESS IN GENERALLY

Excellent durability
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RESEARCH AND DESIGN ASSISTED BY TESTING TYPE OF INVESTIGATIONS

TYPE OF INVESTIGATIONS

INVESTIGATIONS ON MATERIALS

reinforcement plastic
corrosion shrinkage

- DETERMINATIONS ON STRENGTHS T

- PHYSICAL DETERMINATIONS % ///
|
é p
(

- CHEMICAL DETERMINATIONS /
b)
(@)

INVESTIGATIONS ON STRUCTURES

- STRESS MEASURING
- STRUCTURAL INTEGRITY
- OTHER DETERMINATIONS

- OTHER DETERMINATIONS
- STUDY OF CRACKING OR CRACKS
- DEFORMATION MEASURING \ *7/;(

()
sulfate attack alkali/aggregate
reaction
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RESEARCH AND DESIGN ASSISTED BY TESTING INVESTIGATION LEVELS

INVESTIGATION LEVELS

Consequence
Gf Damage ESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER

Guantify
Damage

Locate
Damage

Detect
Damage ESEEEEEEEEEEEEEEEENI IEENI IEEEE 111}

Level | Level Level Il Level IV

(1SIS, 2006)
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MODES OF INVESTIGATION

INSTINCTIVE - SURFACE HARDNESS
- COLOR
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RESEARCH AND DESIGN ASSISTED BY TESTING MODES OF INVESTIGATION

INSTINCTIVE : - COLOR
W S T e - ASPECT
R SN [ < - DENSITY
- SMELL
- HARDNESS
- COMPACTNESS

—
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RESEARCH AND DESIGN ASSISTED BY TESTING

INSTINCTIVE

- DISTANCE
- NUMBER
- SIZE

- POSITION

Tamas NAGY-GYORGY, Assoc. Prof. ©
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RESEARCH AND DESIGN ASSISTED BY TESTING MODES OF INVESTIGATION

- TEMPERATURE
- SIZE
- NUMBER

INSTINCTIVE

* ‘4&,‘”&%
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RESEARCH AND DESIGN ASSISTED BY TESTING AVAILABLE TEST METHODS

AVAILABLE TEST METHODS

- NON-DESTRUCTIVE METHODS, DEFINED AS NOT IMPAIRING THE PERFORMANCE
OF THE ELEMENT OR MEMBER UNDER TEST, AND WHEN APPLIED TO CONCRETE IS
TAKEN TO INCLUDE METHODS WHICH CAUSE LOCALIZED SURFACE ZONE DAMAGE

- METHODS REQUIRING SAMPLE EXTRACTION, MOST COMMONLY IN THE FORM OF
CORES DRILLED FROM THE CONCRETE, WHICH MAY BE USED IN THE LABORATORY
FOR STRENGTH AND OTHER PHYSICAL TESTS AS WELL AS VISUAL, PETROGRAPHIC
(MINERAL CONTENT) AND CHEMICAL ANALYSIS.

(Bungey, 2006)
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PRINCIPAL TEST METHODS

INVESTIGATION TEST

CORROSION OF COVER DEPTH
EMBEDDED STEEL

CARBONATION DEPTH

CHLORIDE CONCENTRATION

RESISTIVITY

(Bungey, 2006)
Tamas NAGY-GYORGY, Assoc. Prof. ©
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RESEARCH AND DESIGN ASSISTED BY TESTING PRINCIPAL TEST METHODS

INVESTIGATION TEST

CONCRETE QUALITY  SURFACE HARDNESS

AND DURABILITY ULTRASONIC PULSE VELOCITY
RADIOGRAPHY / RADIOMETRY
RELATIVE HUMIDITY
PERMEABILITY

ABSORPTION

SULFATE CONTENT
PETROGRAPHIC (MINERAL CONTENT)
AIR CONTENT

CEMENT TYPE AND CONTENT
ABRASION RESISTANCE

(Bungey, 2006)
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RESEARCH AND DESIGN ASSISTED BY TESTING PRINCIPAL TEST METHODS

INVESTIGATION TEST
CONCRETE STRENGTH | CORES

PULL-OUT

PULL-OFF

PENETRATION RESISTANCE

MATURITY

(Bungey, 2006)
Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




INVESTIGATION TEST

INTEGRITY AND DYNAMIC RESPONSE
PERFORMANCE
THERMOGRAPHY
RADAR

REINFORCEMENT LOCATION

STRAIN OR CRACK MEASUREMENT

LOAD TEST

(Bungey, 2006)
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RESEARCH AND DESIGN ASSISTED BY TESTING VISUAL INSPECTION

VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

- QUALITY OF WORKS — verticality, color, thickness, width, solid, compact, deformed

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering A 24
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RESEARCH AND DESIGN ASSISTED BY TESTING VISUAL INSPECTION

VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

- QUALITY OF MATERIALS

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering



RESEARCH AND DESIGN ASSISTED BY TESTING VISUAL INSPECTION
VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

- SEGREGATION / HONEYCOMBS

Honeycombs : are the hollow spaces and cavities left in concrete mass on surface or inside the
concrete mass which is caused by the mortar not filling the spaces between the coarse
aggregate particles.

Causes: poor workability, poor grading of aggregates, grout leak, movement of formwork,
improper compaction, improper cover and placement of rebars.
Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




RESEARCH AND DESIGN ASSISTED BY TESTING

VISUAL INSPECTION

VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

- VARIOUS TYPES OF CRACKING (SHRINKAGE, CORROSION, BENDING, EXCESSIVE

DEFORMATION/DEFLECTIONS)

strong mortar
weak units
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sliding along bed joints
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RESEARCH AND DESIGN ASSISTED BY TESTING VISUAL INSPECTION

VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

[
!

- SPALLING OF CONCRETE from fire, freeze-thaw, rebar corros

— s 3 s INEDEPIN S
5 - - v | .
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RESEARCH AND DESIGN ASSISTED BY TESTING VISUAL INSPECTION

VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

- UNIFORMITY OF CONCRETE SURFACE TEXTURE AND COLOR VARIATIONS

Tamas NAGY-GYORGY, Assoc. Prof.



RESEARCH AND DESIGN ASSISTED BY TESTING VISUAL INSPECTION

VISUAL INSPECTION

—This can often provide valuable information to the well-trained eye ©:

- STRUCTURAL DEFORMATIONS — deflections, buckling, rotations

Tamas NAGY-GYORGY, Assoc. Prof. ©



RESEARCH AND DESIGN ASSISTED BY TESTING DIAGNOSIS OF DEFECTS AND DETERIORATION

DIAGNOSIS OF DEFECTS AND DETERIORATION (Bungey, 2006)

SYMPTOMS AGE OF
CAUSE APPEARANCE
cracking | spalling | erosion early long-term

REINFORCEMENT CORROSION X X X
CHEMICAL ATTACK X X X X
FROST DAMAGE X X X X
FIRE DAMAGE X X X
FREEZE-THAW X X X
INTERNAL REACTIONS X X X
THERMAL EFFECTS X X X X
SHRINKAGE X X X
CREEP X X X
SETTLEMENT X X X
PHYSICAL DAMAGE X X X X X
STRUCTURAL DEFICIENCY X X X X

Tamas NAGY-GYORGY, Assoc. Prof. ©




RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

(Bungey, 2006)
DURABILITY TESTS = CHARACTERISTICS

METHOD COST SPEED OF DAMAGE
TEST
COVER MEASUREMENT LOW FAST NONE
CARBONATION DEPTH LOW FAST MINOR
CHLORIDE CONTENT LOW FAST MINOR
RESISTIVITY MODERATE FAST MINOR/NONE
ABSORPTION MODERATE SLOW MODERATE/MINOR
PERMEABILITY MODERATE SLOW MODERATE/MINOR
MOISTURE CONTENT MODERATE SLOW MINOR
CHEMICAL MODERATE/HIGH SLOW MODERATE
RADIOGRAPHY HIGH SLOW NONE
PETROGRAPHIC HIGH SLOW MODERATE

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




RESEARCH AND DESIGN ASSISTED BY TESTING STRENGTH TESTS

(Bungey, 2006)
STRENGTH TESTS = CHARACTERISTICS

SPEED OF REPRESEN- RELIABILITY
METHOD COST TEST DAMAGE TATIVENESS OF ABSOLUTE STRENGTH

CORRELATIONS

CORES HIGH SLOW MODERATE MODERATE GOOD

PULL-OUT MODERATE FAST MINOR NEAROSNUL\R(FACE MODERATE

PENETRATION MODERATE FAST MINOR NEAROSNUL\R(FACE MODERATE

PULL-OFF MODERATE FAST MINOR NEAROSNUSFACE MODERATE

ULTRASONIC

PULSE VELOCITY LOW FAST NON GOOD POOR

SURFACE

HARDNESS VERY LOW FAST UNLIKELY SURFACE ONLY POOR

VERY
MATURITY MODERATE | CONTINUOUS MINOR GOOD MODERATE

Tamas NAGY-GYORGY, Assoc. Prof. ©
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RESEARCH AND DESIGN ASSISTED BY TESTING COMMENTS
COMMENTS

LOW ACCURACY AND LOW PRECISION

LOW ACCURACY BUT HIGH PRECISION

HIGHER ACCURACY BUT LOWER PRECISION

HIGH ACCURACY AND HIGH PRECISION

(www.npl.co.uk)
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RESEARCH AND DESIGN ASSISTED BY TESTING NUMBER OF TESTS

NUMBER OF TESTS (Bungey, 2006)

TEST METHOD NO. OF INDIVIDUAL TEST
RECOMMENDED AT A LOCATION

‘STANDARD’ CORES 3

SMALL CORES 9

SCHMIDT HAMMER 12

ULTRASONIC PULSE VELOCITY

PULL-OUT

WINDSOR PROBE

| W &~ O

PULL-OFF
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RESEARCH AND DESIGN ASSISTED BY TESTING RELATIONSHIP BETWEEN STANDARD SPECIMENS

(Bungey, 2006)
TYPICAL RELATIONSHIP BETWEEN STANDARD SPECIMEN AND IN-SITU STRENGTH

CUBE
FRESH CONCRETE
SPECIFICATION STREaCTH or | VRO
foe =35 40-43 STRENGTH
N/mm? 2
N/mm 32-35
N/mm?
TOP 22-27 18-22 24-29 16-22
N/mm? N/mm? N/mm? N/mm?
STRUCTURAL
VEMBER COLUMN WALL BEAM SLAB
30-36 38-46 40-48 24-28
BOTTOM N/mm?2 N/mm?2 N/mm?2 N/mm?2

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering



ACCURACY OF TEST RESULTS

S =
XX
X = —
n
Xmin /max = X TtS=x(1xt-cy)
Test method Typical COV for individual Best 95% confidence
— 0 member of good quality limits on strength
t f(n' p A)) construction (in %) estimates (in %)
Cores — standard 10 +10 (3 specimens)
— small 15 +15 (9 specimens)
. L. Pull-out 8 +20 (4 tests)
S - standard deviation Internal fracture 6 +28 (6 tests)
Y Pull-off 8 +15 (6 tests)
X - mean value Break-off 9 +20 (5 tests)
c, - coefficient of variation (COV) Windsor probe 4 £20 (3 tests)
L. Ultrasonic pulse velocity 25 +20 (I test)
t - COEffICIent Rebound hammer 4 +25 (12 tests)
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RESEARCH AND DESIGN ASSISTED BY TESTING ACCURACY OF TEST RESULTS

(Bungey, 2006)

Test method

Typical COV for individual
member of good quality
construction (in %)

Best 95% confidence
limits on strength
estimates (in %)

Cores — standard
— small
Pull-out
Internal fracture
Pull-off
Break-off
Windsor probe
Ultrasonic pulse velocity
Rebound hammer

10

|5
8

16
8
9
4
2.5
4

+10 (3 specimens)
+15 (9 specimens)
+20 (4 tests)

+28 (6 tests)

+15 (6 tests)

+20 (5 tests)

+20 (3 tests)

+20 (| test)

125 (12 tests)

fA
I
| ¢, = 100—
| ’ 3
I
p=5% i p=5%
1 | N\dl .
\ \ \ (x —x)
‘ - ‘ S =
Xmin X Xmax X n—1
xmin/maxzfit5=f(1it'cv) _ Xx
t = f(no.,p%) Y
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RESEARCH AND DESIGN ASSISTED BY TESTING ACCURACY OF TEST RESULTS

In ULS general condition for capacity test is :

E; < R,
max min
—
design value of the a effects < design value of the capacity
(loads) (strength)

5% X 5% =2.5%0 =2 from 2000 elements
could be considered failure of 5 elemente

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

(Malhotra, 2004)
1. SURFACE HARDNESS METHOD USING SCHMIDT REBOUND HAMMER

A A
: .— Body B
I_I D , ':-I;'! 3 |
C 78 '[ R
| —Latch ///[ ! |
Indicator ~ “ r/ ; ih
.fHammeré '/ 1 i
, T o - 3
| | : - BN
- Spring 2 o { 2\

)

SN . A A
.

Type N Type NR Type L Type LR |
Measurement range 10 - 70 N/mm? ' .
Impact energy 2.207 Nm 0.735 Nm @
Element thickness >100mm <100mm c

Tamas NAGY-GYORGY, Assoc. Prof. ©
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RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

1. SURFACE HARDNESS METHOD USING SCHMIDT REBOUND HAMMER

— true rebound value and excellent repeatability
- high measurement accuracy
- The rebound value requires no angular correction

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering



RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

1. SURFACE HARDNESS METHOD USING SCHMIDT REBOUND HAMMER

The results of the Schmidt rebound hammer are affected by:

Smoothness of test surface

Size, shape, and rigidity of the specimens

. Age of test specimens

Surface and internal moisture conditions of the concrete
. Type of coarse aggregate

. Type of cement

. Type of mold

Carbonation of the concrete surface

© 0 N O U A W N B

. Stress state and temperature

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering



RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

1. SURFACE HARDNESS METHOD USING SCHMIDT REBOUND HAMMER

Applications and limitations:

1. Checking the uniformity of concrete quality
2. Comparing a given concrete with a specified requirement
3. Approximate estimation of strength

4. Abrasion resistance classification.

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering



RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

(Malhotra, 2004)
2. THE ULTRASONIC PULSE VELOCITY METHOD

Functioning L

A Direct

5 Receiving

Transmitting [
] Transducer

Transducer |2

i 4 B Semidirect
C A
= -
Tirne-Display
i Unit L 4
e Ti#e o C Indirect
L Measuring  |—e— BCRIMET
Gienerator Ciroult Arnplifier
Y T = Transmitter

R = Receiver

Optional
Display

Common transducer: 54kHz with D=50mm

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering Ao 44
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RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE
(Malhotra, 2004)

2. THE ULTRASONIC PULSE VELOCITY METHOD

The pulse velocity measured in reinforced
concrete in the vicinity of reinforcing bars is
often higher than in plain concrete of the
same composition. This is because the
compressional pulse velocity in steel is 1.4 to
1.7 times that in plain concrete, the first pulse
to arrive at the receiving transducer travels
L partly in concrete and partly in steel.

A
A

The increase in pulse velocity depends on:
- concrete cover

- dimensions and no. of the reinforcing bars
- bars orientation with respect to the
propagation path

- pulse velocity in the surrounding concrete

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering



RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

(Proceq, 2011)
2. THE ULTRASONIC PULSE VELOCITY METHOD

Cement type: P for Portland cement
B for blast furnace cement

Correction factor for moisture, rebar vicinity

[
[Flzk=1. OOR=24]% LADOGER] L or other influences

Rebound value inserted

L = EE | '.'1' L3 Measurement number

Transmission time of the sound waves

E [ EEEN—I— between the transducers in ps

Distance between the transducers, unit pre-

L= 'I:I'EFEWE—' selectable: m, ft
Pulse velocity v= It
Tk= EEl ] l_"l M-mm=E

Concrete strength TICO-SCHMIDT, unit
preselectable N/mm?, MPa, kg/cm?, psi

Start by STHRT Instructions for operation

Menu b MEHU

1
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RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

2. THE ULTRASONIC PULSE VELOCITY METHOD

Factors affecting pulse velocity:

. Aggregate Size, Grading, Type, and Content
Cement Type, Water—Cement Ratio, Admixtures
Age of Concrete

. Transducer Contact

. Temperature of Concrete

Moisture and Curing Condition of Concrete
Path Length

. Size and Shape of a Specimen

© 0 N O U~ W N R

. Level of Stress, Stress history
10.Presence of Reinforcing Steel : - Axis of bars parallel to pulse path

- Axis of bars perpendicular to the pulse path

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

(Malhotra, 2004)
2. THE ULTRASONIC PULSE VELOCITY METHOD

Laboratory applications:

1. Monitoring of experiments- strength development
- deterioration "
- cracks -

Transmitter

b, N
y
Y

Receiver

In-situ applications:

1. Measurement of concrete uniformity
2. Strength estimation
3. Detection of cracking and honeycombing
4. Assessment of concrete deterioration
5. Measurement of layer thickness h = Ti T2 — T2
6. Measurement of elastic modulus 2
7 Strength development monitoring X — distance to the transducer from the crack
) . . T, — transit time around the crack
8. Ultrasonic Imaglng T, — transit time along the surface of the same type of concrete
without any crack
Accuracy: +15-20% -2 if the composition is known + probes

+20-30% -> if the composition is unknown
+30-40% —> missing information

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering




RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

3. COMBINED METHODS

Combination of the methods:- Ultrasonic Pulse Velocity
- Hardness Measurement Techniques using rebound
(Schmidt) hammer

Advantages:

- higher accuracy than a simple method
- not need to know maturity of concrete

- less influence by the variation in cement dosage or cement type, or
49

Compressive
Applications : 46 \\\\ S s
43 40
1.Evaluation the in situ properties of concrete « 47 \
. . . . c 3[7_
2.Determination of concrete uniformity = 34
3.Determination grade of compaction z
S 39
% 28 1
T 25
Accuracy:¥10-15% -> if the composition is known + probes 55
+15-20% -> if the composition is known 19|
+25-35% -> missing information AN N NNNNN
(I Fc‘icc‘ioaru) 30 32 34 36 3840 4244 46 48

PULSEWVELOCITY, V (km/s)
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RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE
4. MATURITY METHOD

Waterproof wireless sensor for monitoring the temperature of concrete from fresh
stage to hardened stage

- maturity-based strength estimation of concrete

Real time monitoring of temperature -
- optimizing the formwork removal time
- application of load on the structure

- adjusting the curing temperature of concrete onsite (heating and cooling
processes)

- laboratory tests schedule
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RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

4. MATURITY METHOD

SmartRock™

Wireless Concrete Sensor
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RESEARCH AND DESIGN ASSISTED BY TESTING NON-DESTRUCTIVE TESTING OF CONCRETE

4. MATURITY METHOD

A

NI
= .
c | estimated
E A
e
e
(@)]
C
Q
7y
measured
- >
Maturitaty (°C x time)
- .
Strength — Maturit R
Cold W LD F'?Emmn:.hi:"? |

8 1 AV ;

5 g HI S |

1w ; gl -t :

Ly = g Ii _

Time T Maturity, TTF
Concept of Maturity Method | Maturity Method Curve
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NON-DESTRUCTIVE TESTING OF CONCRETE

RESEARCH AND DESIGN ASSISTED BY TESTING

4. MATURITY METHOD

1. Batch Concrete as
During Construction

2. Monitor Maturity of Standard
Strength Specimens

@ @ @ Monitor Maturity
3. Perform Breaks at 6@ @ 8 8 E]

Known Maturities

[ | S T
7

l

Monitor Maturity

4. Plot Strength vs. Maturity 5. Fit a “Maturity Curve”

A A
= A o 7 £
2 S > 2 A
e s
D |4 & |

7/
> >
Maturity Maturity

« . . . Universititea
Faculty of Civil Engineering ?:‘#%ESQ."Z; 53
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE
(www.worldoftest.com)

4. PENETRATION RESISTANCE METHOD -> WINDSOR PROBE

Windsor HP Probe - ASTM C-803
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE
(Bungey, 2006)

4. PENETRATION RESISTANCE METHOD -> WINDSOR PROBE

Probe

=

«+——— Spall area

«+——— Partial failure zone

Q Compression bulb
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE

4. PENETRATION RESISTANCE METHOD -> Hilti DX 450-SC

cee

(Hilti, 2011)

St e - . o .
The time factor is critical with sprayed Using a Hilti DX 450-SCT tool, ten threaded  The threaded stud’s depth of penetration -
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(Hilti, 2011)
4. PENETRATION RESISTANCE METHOD - Hilti DX 450-SCT

7

Penetration depth (N/mm)

Pull-out force /

L

Cube compressive strength, fc (MPa)

Tester Mark 5
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE

(Malhotra, 2004)
5. PULL-OUT TEST METHOD (Bungey, 2006)

~J
(=}

2 categories:
a) cast-in-place pull-out test

o
o

B.R.E. Torquemeter curve

(Fig. 419)
corrected by
FiT=1.156

o
=}
I

40

30

20 -

Direct pull method

150 mm cube compressive strength /. (N/mm?)

RE‘ECtiDn D Reac‘hon 10 fc=1‘89F1'53 |
0 | L 1 | 1
0 2 a 6 8 10
Pullout Farce F (kN)

Bearing
Ring
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE

(Bungey, 2006)
5. PULL-OUT TEST METHOD

b) Post-Installed pull-out test

6 mm T

wedge anchor
L bolt
i o :
~ -
. -

Plane of fracture

6 mm
drilled hole

(C=
/|
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE
(Proceq, 2011)

5. PULL-OUT TEST METHOD - equipment

DYINAYZES E
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE

(Malhotra, 2004;
6. PULL-OFF TEST METHOD Proceq, 2011)

50 mm diameter
|:| steel disk
//// Epoxy resin

adhesive

Typical failure -
surface
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RESEARCH AND DESIGN ASSISTED BY TESTING PARTIALLY DESTRUCTIVE TESTING OF CONCRETE

(Bungey, 2006)
6. PULL-OFF TEST METHOD

[ I I ]
specific mix with varying age

£
o
|

mean

o)
S
I

"o
o

/
f
/ ,\ lower 95%

confidence limit

Cube compressive strength (N/mm?)
o

| ] | I
0 1.0 2.0 3.0 4.0

Puff-off tensile strength (N/mm?)
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RESEARCH AND DESIGN ASSISTED BY TESTING CORE TESTING

7. TESTS ON CORES - cutting and testing

Diameter and height of the cores by different standards:

- D > 3 x dmax,aggreg (British and American standards)
- Dmin = 100mm, Dopt = 150mm

- Accuracy decrese if dmaxaggreg / Dcore increse

- If dmax, aggreg > 25mm = Dmin > 100mm

- H/D=1.0+2.0
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RESEARCH AND DESIGN ASSISTED BY TESTING CORE TESTING

7. TESTS ON CORES - cutting and testing

NP 137 - 2014

- No of cores > n=42/d (d — core diameter)

- Core diameter = d>3d,., (b,,., — Maxim aggregate diameter)
- Minim diameter - d.i, =50 mm (recommended by SR EN 13791)

- Recommended diameter 2 d,,, = 100 mm

- Core height > d<h<2d
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RESEARCH AND DESIGN ASSISTED BY TESTING CORE TESTING

7. TESTS ON CORES - cutting and testing

1) Visual inspection : - type, size and distribution of the aggregates
- holes, defects, cracks
- compaction

2) Cutting and edge correction
3) Determination of the density

4) Determination of the compression strength

- Variables: -H/D
-D
- coring direction
- correction method and material
- intersected reinforcements

B o Tt v SN
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RESEARCH AND DESIGN ASSISTED BY TESTING CORE TESTING

7. TESTS ON CORES - cutting and testing

Result corrections and interpretations

1.6 - =
151 b -
14
1.3 |

12

Correction factor

n -
u agt” — e |
1" ke o —

Estimated cube strength/measured core strength
\
1
1
1
A

1.0 U = =
AL
nSt
!

| | | | *oL i
1.0 12 1.4 1.6 1.8 2.0 Y 12 14 16 18 20

Length/diameter ()

Length/diameter ()
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

(Proceq, 2011)
8. DETERMINATION OF CONCRETE COVER DEPTH AND REBAR LOCATION

Calibration
voltage

BATTERIES

Amplifier

Y

Magnetic core

\
_
L

Coil M N ,"’Iq—___ Magnetic flux

T o m —m ——

Moving coil meter

| Generator coil

preselected bar diameter

setting of limit value or
correction function

——— object number

BmL-— symbol for small or large
measuring range

profoscope

|
l[d16|=s(min 25 [#166418 |

n=15
Statistical Memoryg

flow bar

63,5 signal value
* o

intermediate storage of

concrete cover reading

current cover value
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

(Proceq, 2011)
8. DETERMINATION OF CONCRETE COVER DEPTH AND REBAR LOCATION

The Profometer Measuring Range

[inch] [mm]
190
7] 180 185 m +3 mm
e Large
160 measuring range 153 m o
61 150 £ g
140
< 25
B 5| 1 Spot b 23
@ | 120 pot probe ® O
T measuring range =<
- 100 m
@ 4] 100 - -
4 +2 mm
F 90
O ,| ®
70
60
i Standard 508m. L o4 mm
w0 measuring range
30 .
1 2 Unsurpassed Resolution
W .21 mm c
0 [inch]  [mm]
5 10 15 20 25 30 35 40 45 50 55 [mm] 8 200
#2 #3 #5 # #8 #9 #11 #13 #14 #16 #18 [, inch] o
- 7] 180 @ 40 mm
Rebar size ct 412
160 A @ 26 mm
6 s #8
140 - - @16 mm #5
%_5' o @12 mm :g
% 4 Spot probe @ 8 mm #2
E e range
8 3| 0
60 Standard
2 range
40
i . Below the curve: Individual
rebar can be detected
0l
° 0 20 40 60 80 100 120 140 160 180 ZDP [mm]
ID 1I I2 Ili zli é (Ii v/ ' [inch]

Rebar spacing

(Proceq, 2011)
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

(Proceq, 2011)
9. DETERMINATION OF THE REINFORCEMENT CORROSION

—> CORROSION ANALYSIS WITH THE HALF-CELL POTENTIAL METHOD: ACCURATE FIELD
POTENTIAL MEASUREMENTS AID IN DETECTING ACTIVE CORROSION IN REBARS

Standard half cell rod electrode Wheel electrode with moistening wheel for
continuous wetting up to a length of 200m
(650ft). Linear distance recorder with travel :
direction detection. Automatic measure- Fonrspolntivennerprobs
ment at pre-selected intervals.
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

10. MOISTURE MEASUREMENT
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

11. ABSORPTION AND PERMEABILITY TESTS

- two-chamber vacuum cell and a pressure regulator, which ensure that an air flow at right angles to the
surface is directed towards the inner chamber. This permits the calculation of the permeability coefficient KT
on the basis of a simple theoretical model
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

11. TESTS FOR FREEZE-THAW RESISTANCE

MJ?I;_ F -Ml ] i nr..w.-nz;
“"’"7“7’*7ﬂ-ﬁﬂ

(L

(Schleibinger Testing Systems)

The test specimens are placed in a solution of sodium chloride (NaCl) to
stress the surface. The result gives an estimate for the resistance to
freeze-thaw cycling for the concrete being tested.

(brickandtile.org)

In connection with de-icing salt, the frost attack is considerably stronger.

EN 12390-9
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

10. ABRASION RESISTANCE TESTING
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RESEARCH AND DESIGN ASSISTED BY TESTING DURABILITY TESTS

10. ABRASION RESISTANCE TESTING

- » '. _:
..\J\"). _-_y ; J
" TR TTe Con,
-

h
B e
o
E L s
by é\
<

T

.-
19
-

« Juom o

p A= v

4
)
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

11. INFRARED THERMOGRAPHY
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

12. OPTICAL DEFORMATION MEASUREMENT TECHNIQUE
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

12. OPTICAL DEFORMATION MEASUREMENT TECHNIQUE

5000

4000

3000 B

o [ksi]

2000 —

1000 .

1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
B []

Universititea
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

12. OPTICAL DEFORMATION MEASUREMENT TECHNIQUE

% {heciy)

Epsilon X
Siage: 1-1
Tirmee: L0

Fesca: B.BE kN

klsjor Sarmin
[y |
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=04
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o
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

13. 3D LASER SCANNING
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

13. 3D LASER SCANNING

M

Calcule de volumetrie n cariere
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RESEARCH AND DESIGN ASSISTED BY TESTING

14. INTEGRITY TESTING ON PILOTS

~hammer

mobility

Tamas NAGY-GYORGY, Assoc. Prof. ©

\ 4

poprtable equipment
with laptop

frequency, kHz

Surface Echo Tests — SEIR

Hammar

PERFORMANCE AND INTEGRITY TESTS

) {':7\\\

Continue pilot

mobility

frequency, kHz

Variation in the
W concrete quality

>

b)

mability

frequency, kHz

Variation of the
pilot cross
section

frequency, kHz

c)

mobility

Universitniea
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

14. INTEGRITY TESTING ON PILOTS

Pile Diameter < 1400 mm Pila Diamatar 1500 to 2100 mm

DEPTH
METERS PULSE

GENERATOR
& SIGNAL
PROCESSOR

COMPUTER

ty

RECEIVER TRANSMITTER
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

15. OTHER PERFORMANCE AND INTEGRITY TESTS

-CRACK OPENING

. Elcomeater 143 Crack Width Ruler

FI g

For mll WAl oorcrods FER[eRCIET TS
OO AT ey O0im EEE G e (T
¥ 1
L = = EEREE R HE NS oo
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RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

15. OTHER PERFORMANCE AND INTEGRITY TESTS

-CRACK OPENING

Tamas NAGY-GYORGY, Assoc. Prof. © Faculty of Civil Engineering A 8

Timisoara



RESEARCH AND DESIGN ASSISTED BY TESTING PERFORMANCE AND INTEGRITY TESTS

15. OTHER PERFORMANCE AND INTEGRITY TESTS

I

-GROUND PENETRATING RADAR (GPR)
-DYNAMIC RESPONSE TESTING

-RADIOGRAPHY AND RADIOMETRY

-VIDEO ENDOSCOPY
-ETC...
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RESEARCH AND DESIGN ASSISTED BY TESTING CHEMICAL TESTING

16. CARBONATION TEST

DETERMINAREA GRADULUI DE

CARBONATARE

A BETONULUI

— Phenolphthalein (indicator in base titrations)
- pink - purplish red—> pH > 8...12
- colorless - pH<8.2
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

(Balaguru, 2009)
17. REAL SCALE ON-SITE

PUSH-DOWN TEST CONFIGURATION

Setup time: mediu
Requirements: hydraulic jack and pump, extensions to ceiling, shoring of above floor
Load variation: Easy
Reaction: Shored floor(s) above test member
Limitations: Requires floor(s) above for reaction
R R
| "L |
i o - a
shonng
x__r|
e N a

Exiensions

Member undergoing

Hydrauhe jack |’/F' [ost
N

b i

Iii:pl;:l.w:nwu transducers [ J}
@ b4

© 0 ©
T 1T 1

_'l—::l';r:;:'—'n.l

B I I E R
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
PUSH-DOWN TEST CONFIGURATION

/ﬁ:r \ |
Plywood / Steel plate
Extension Load cell
cap
Extension
Plywood obe Hydraulic jack
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

(Balaguru, 2009)
17. REAL SCALE ON-SITE

PULL-DOWN TEST METHOD WITH A FIXED REACTION

Timp de pregatire: mediu

Cerinte: pompa hidraulica, gauri in elemente, cablu, ancoraje
Variatia incarcarii: usoara

Reactiune: greutate proprie structura

Limitari: incarcare aplicata in functie de structura si ancoraje

P LrU-‘.'d 1.:":”.

__>» Steel plates T

Member
 Piywood undergoing

lest \1,!
O

Hydraulic jack
o

( Ancho

R,

o

o o o e o A O o e
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

(Balaguru, 2009)
17. REAL SCALE ON-SITE

PULL-DOWN TEST CONFIGURATION WITH A MOBILE REACTION

Timp de pregatire: mediu

Cerinte: pompa hidraulica, gauri in elemente, cablu, motostivuitor
Variatia incarcarii: usoara

Reactiune: greutate proprie structura

Limitari: incarcare aplicata relativ mica

EL Forkhit _
.
';::I Hydraulic jack @

—

3
!

Displacement transducers
i §
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
PULL-DOWN TEST CONFIGURATION WITH A MOBILE REACTION

/
Spreader
beam

Roof member
undergoing test

Chain

Forklift

Load cell

o

Hydraulic jack =
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
CLOSED-LOOP TEST CONFIGURATION

Timp de pregatire: lung

Cerinte: 2 pompe hidraulice, gauri in elemente, cabluri, grinzi de reactiune
Variatia incarcarii: usoara
Reactiune: element intermediar intre elementele testate
Limitari: locatia si magnitudinea incarcarii in functie de proprietatile grinzii de
reactiune
— R ——

o O L

Hydraulie jock
N

L
| I |

— Members undergoing test

-

I

Reoction bewm
, L
'.i.' '.i.' I:l:.-? @ = e
Displacement transducers l
b P i R e mm’!ﬂ’?;fffffffﬁﬂﬁmﬂ?fffffm TR
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
CLOSED-LOOP TEST CONFIGURATION

Hydraulic j“ﬂ" cell
jack 4
\ Steel section

= A undergoing test |
e v gl

i — d

T i T

|

Plywood

N Reaction beam K‘_High- strength
steel bar
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
CLOSED-LOOP TEST CONFIGURATION

Steel plate and nut

\F Hydraulic
Steel 5e+:tinn\ &/ jack
Plywood
L

<] L ij

J} i L I .1!)
a— ,
| ~ A |
l / I I‘!'*—-—_.___I_Ruuntiﬂn K |

Inverted

beam
High-strength
steel bar

T-beam
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
VEHICLE-LOADED TEST CONFIGURATION

Timp de pregatire : scurt

Cerinte: vehicule, greutati

Variatia incarcarii: cu dificultate

Reactiune: nu se aplica

Limitari: variatia incarcarii este indelungata

J+d -*-
-
i. =
Loaded Forklafl

Member undergoing

. o
/ &%

[ d [
| [Dhsplacement transducers
@ @ ¢ @ o @
| | | |
i i : il !

P e e o o o
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
(Balaguru, 2009)

17. REAL SCALE ON-SITE
VEHICLE-LOADED TEST CONFIGURATION

Y
i ° e
i ron :
: - B :
1 !—I | - ]. :
J:' ............. ..I_ - { i} = -i-
: al | s
i .- ;
E o Locations For displacerment :
] A transducers i
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

(Balaguru, 2009)
17. REAL SCALE ON-SITE

LOAD TEST CONFIGURATION FOR A DROPPED WEIGHT

Dropped werght Fodklifl

‘._\_’ 1

slab undergaing 1est

D1-sph-:4:nn.-:|l Frnsducers

& o o
I 1T 1

i T i P et '
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RESEARCH AND DESIGN ASSISTED BY TESTING

17. REAL SCALE ON-SITE
VEHICLE-LOADED TEST CONFIGURATION -> BRIDGES

- . ? Q‘ 'Q
- ,-~
\g,l e ;‘*5' .: i
’i .g.:‘ * =
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

(Ryall M.J. )
17. REAL SCALE ON-SITE

LOAD TEST CONFIGURATION - BRIDGES Shie e

Hydraulic jack

Steel
Top of salvage

- — ! frame
beams if used | = frame

Pin

- Load cell

i T TR Surfacing
Sub-base bearing ‘ - S

Fill
Ground
A anchor
V. I4rS _— cables
&

\
(f, l Virgin ground
t"- or
«-1. E in-situ concrete
! Grouted
/} ;g anchors
5
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

17 REAL SCALE ON SITE

Ve (‘G’] o
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

17. REAL SCALE ON-SITE
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

17. REAL SCALE ON-SITE

y -~ T e A

X
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RESEARCH AND DESIGN ASSISTED BY TESTING LOAD TESTING METHODS

17. REAL SCALE ON-SITE
LOAD TEST CONFIGURATION - BRIDGES

™ | |
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18. LOAD TESTING IN RESEARCH LABS (FULL SCALE OR REDUCED SCALE)
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Mustafa Pasha mosque
constructed in scale 1:6
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18. LOAD N R REDUCED SCALE)
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(Mazzolani)
18. LOAD TESTING IN RESEARCH LABS - REDUCED SCALE)

Catedrala Fossanova
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18. LOAD TESTING IN RESEARCH LABS - REDUCED SCALE)
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18. LOAD TESTING IN RESEARCH LABS - REDUCED SCALE)
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(Boviar)

19. TEST ON MASONRY USING FLAT JACK
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(Boviar)

19. TEST ON MASONRY USING FLAT JACK
FLAT JACKS - 3500 KN

C35802

C358-01
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(Proceq)
19. TEST ON MASONRY USING SCHMIDT 0OS-120 PENDULUM HAMMERS
- lightweight concrete (LC)
gypsum boards
mortars in masonry joints
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(Proceq)
20. TEST ON METALS USING ECQUOTIP

Hardness Testers - Brinell
- Rockwell
- Shore
- Vickers
- Rockwell C
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