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The topic for this thesis is the performance of the freeze-warping box. The freeze-warping
box is a device that measures the bi-material bending of a composite exposed to a freeze-

thaw cycle. The bi-material bending is caused by the thermal mismatch between the different

materials in a composite.

Building structures in the real world are made up of composite elements that are exposed to
variable temperature and climate conditions. The thermal mismatch between the composite’s
materials can cause a detrimental thermal stress to the structure. The freeze-warping box

combined with the bi-material bending theory can be used to measure this thermal stress.

A series of tests were performed to check the freeze-warping box’s reliability, and to find the
relation between the freeze-warping box’s equipment’s setting and the composite specimen’s
temperature. A recommended procedure for operating the freeze-warping box is included in

the thesis.

Emnet for denne oppgaven er freeze-warpingboksen (fryse-nedbeyningsboksen). Freeze-
warpingboksen er et apparat som méaler beyningen til en komposittprave utsatt i en fryse-
tiningssyklus. Beoyningen er fordrsaket av de ulike termiske egenskapene til de ulike

materialene 1 en kompositt.

Konstruksjoner i den virkelige verdenen er ofte laget av kompositter. Disse komposittene er
utsatt for varierende ver og temperatur svingninger. Pga. den manglede termiske
samhorigheten mellom materialene i en kompositt, kan det dermed dannes en termisk
spenning i kompositten. Spenningen kan virke ugunstig ved at skader kan oppstd. Denne

spenningen kan males ved hjelp av freeze-warpingboksen og bi-material beyningsteorien.

En serie med tester ble utfert for & sjekke freeze-warpingboksens palitelighet og for & finne
forholdet mellom freeze-warpingboksens innstillinger og komposittprevens temperatur. Det er

ogsé utviklet en anbefalt fremgangsmetode for bruk av freeze-warpingboksen.
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1 INTRODUCTION



1.1 BACKGROUND

The topic for this thesis is the performance of the freeze-warping box (see Figure 1.1.-1) The

freeze-warping box is used to measure the bi-material deflection 8s,ccimen Of @ composite

specimen during a freeze-thaw cycle.

specimen

$opﬁc probe

Figure 1.1-1 Composite specimen in the freeze-warping box

A composite is an element that is composed of more than one layer. Layers may differ by
material, water saturation, curing conditions, etc. These layers may have different thermal

properties. This thesis will mostly look at concrete composites.

Bi-material deflection &pecimen 1S caused by the mismatch between the two materials’

thermal properties.

Ospecimen 18 measured by an optic probe. The optic probe emits light to the specimen, and the
specimen reflects light back to the optic probe. The amount of reflected light the optic probe

receives depends on Sspecimen-

In the real world, building structures are made of composite materials and exposed to varying
temperature conditions. The composite’s layers behave differently under temperature changes.
Their thermal mismatch can be detrimental, resulting in stresses in the composite. This stress
can be studied applying bi-material bending theory by Valenza and Scherer, and by measuring
a composite’s bi-material deflection in a freeze-warping box. The freeze-warping box is

therefore a topic of interest.
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1.2 REVIEW

THEORY

Frost damage mechanism [!-11[1-2111:3]

Water and concrete behave differently during freezing. When water freezes to ice, its volume
expands. Concrete is a porous material that can be filled with water. When the pore water
freezes, its volume expansion can create pressure inside the concrete. If this pressure exceeds

the concrete’s tensile strength, frost damage occurs.

The freezing-point of pore water is affected by the pore’s size. The smaller the pore’s size, the
lower the freezing-point. This means pore water is very small pores will begin to freeze at

temperatures far below 0 [°C].

Ice in small pores can suck unfrozen water towards itself. This creates a negative pressure in

the concrete.
Concrete sustains two main types of frost damages; cracking and scaling.

e Cracking is characterized by a permanent volume increase of the concrete material.
The damage (cracks) may or may not be visible on the concrete surface.

e Scaling is when the concrete’s surface gradually crumbles and flakes off.

1.3 SCOPE

The freeze-warping box is an experimental setup developed by Valenza and Scherer !4, The
scope for this thesis is to develop a recommended procedure for operating the freeze-warping
box, with the equipment available at NTNU, and to investigate the accuracy of the freeze-

warping box’s measurements. The recommended procedure includes:

e An illustrated guide that describes how the freeze-warping box’s equipment work.
(See chapter 2.1 and 2.2)

e A description of how the bi-material bending 8pecimen is measured.
(See chapter 2.3)

e A step-by-step guide, with photos, on how to operate the freeze-warping box.
(See Appendix A)

A series of tests were performed to develop the recommended procedure. These tests are

divided into 3 phases.
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PHASE 1: FINDING THE SETTING FOR THE PELTEIRS AND JULABO

% T]ulabo VPeltier
T 7

L‘ specimen * | @

- R T
8 e. ;

o EEE

\ i . ._"-'

3,
'! Freeze-warping
Julabo box Peltiers’ power supplies

Figure 1.3-1  The equipment that determine the specimen’s temperature Tspecimen

The freeze-warping box is attached to several external equipment, as illustrated in Figure 1.3-

1. The specimen’s temperature Tgpecimen is primarily determined by these three variables:

1. The setting on the refrigerated/heating circulator (further called Julabo), Tyiqp, [°C]
2. The setting of the Peltiers, Vp,jtier [V]
3. The time At [h] for Tspecimen to change after the equipment’s setting has been adjusted.

Through trial and error, a series of tests were performed to find the correct equipment settings
to obtain the temperatures given below, and the time At needed for the temperature to reach

equilibrium:

Tspecimen: 20,10,0,—10, — 20[°C]

PHASE 2: DEFORMATION AND DRIFT TESTS

After phase 1, a series of temperature cycle tests were performed to find Ad:
e Temperature cycle 1: Tspecimen= 20[°C]
e Temperature cycle 2: Tsyecimen= 20,10, 0,—10, =20, 20[°C]

Drift and temperature dependent deformation for the freeze-warping box Ad is caused by
the freeze-warping box’s equipment, and not the bending of the specimen. A§ includes drift

of the measuring electronics, and the thermal expansion/contraction of the equipment.
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An invar steel specimen was used for these tests. The specimen is a homogenous (non-
composite) single-phase alloy made up of nickel and iron. It has a much smaller thermal
contraction/expansion than steel and concrete. It is therefore not expected to bend during these
temperature cycle tests. Any measured “deflection” is considered to be caused by the freeze-

warping box’s setup.

Both temperature cycle tests were performed repeatedly to see if the measured A§ were

consistent.

PHASE 3: COMPOSITE TESTS

After phase 2, these following temperature cycles were performed with a steel-mortar

composite specimen:

e Temperature cycle 1: Tspecimen= 20,10, 20[°C]

e Temperature cycle 2: Tspecimen= 20,10, 0, 20[°C]

e Temperature cycle 3: Tspecimen= 20,10, 0,—10, 20[°C]

e Temperature cycle 4: Tspecimen= 20,10, 0,—10, =20, 20[°C]

Phase 3 is based on a previously conducted freeze-warping box experiment by Jacobsen and
Scherer -] with steel-mortar composite specimens. The purpose of phase 3 is to control that
the developed recommended procedure is usable. This is controlled by comparing the
composite specimen’s measured bi-material bending with:

e The results in Jacobsen’s and Scherer’s freeze-warping box experiment [!-]
e Scherer’s and Valenza’s bi-material bending model ' (See chapter 2.5)
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FREEZE-WARPING BOX

SPECIMENS

2.1 THE FREEZE-WARPING BOX

2.1.1 APPARATUS

Freeze-warping box:
-Freeze-warping box
-Foam insulation
-Invar plate with invar supports
-Copper box with lid

LVDT:
- LVDT (Linear variable
differential transformer)

Optic probe:
-Fotonic Sensor Signal Amplifier
(MTI-2000)
-Optic probe

Julabo:
-Refrigerated/heating circulator
(Julabo F33)
-Tubes
-Water/ethanol mixture

Composite specimen:
Steel plate: - 0.5 [mm] thick

Peltiers:
-Thermoelectric cooler
(TEC)/Peltiers (Marlow Industries
inc. DT12-8)
-Aluminum blocks
-Thermal contact gel
-Two power supplies (Power
Supply EA-PS 2042-20B)
Measuring equipment:
-Thermocouples (TC)
-Quantum X (HBM MXH40B)
-PC program ‘catman®Easy’
Tapes:
-Butyl tape
-Duct tape
-Masking tape

Step motor:

-Step motor (Oriel Controller
model 180008)

Cement: - Norwegian OPC (CEM 1)
Aggregate: - Gneiss-granitic sand according to NS3099, with max diameter = 4 [mm]
Additives: - Water-reducer: Sika polycarboxylate

- Air entraining admixture:

Invar steel specimen:
-Invar steel

Dry concrete specimen:

-Any arbitrary mortar mix

-Plastic wrap/thin plastic foil
(polyethylene, Toppits GLAD pack)
-Vacuum grease (Super Lube Synthetic
grease)

Sika Aer-S tenside type

Reflector tab:

-Aluminum foil (Soft Style)

-Vacuum grease (Super Lube Synthetic
grease)

-Glue stick

Caliper



2.1.2 SPECIMENS

Dry concrete specimen (phase 1):

- nuﬂ“”‘."
E'I/

oy >

aluminium

reflector tab plastic wrap

110 [mm]

aluminium reflector tab

Figure 2.1-1 Dry concrete specimen

The dry concrete specimen has an aluminum foil reflector tab attached underneath it. The

reflector is cut into a rectangular shape, and glued onto the specimen with a glue stick. The

entire specimen, including the reflector, is covered in a thin layer of vacuum grease and plastic

wrap to prevent any moisture exchange with the surroundings.

Dry concrete is a non-composite material. It is not expected to deflect in the freeze-warping

box during a freeze-thaw cycle.

Invar steel specimen (phase 1 and 2)

120.40  [wam]

Table 2.1-1 Dimensions

of invar steel specimen

Figure 2.1-2  Invar steel specimen

Information

Specnfne_n Invar steel
description

Height t, 0.5

Width w, 20

Length L 92.0

Refle(.:to.r Aluminum foil reflector
description
Expected
deflection None
direction

The invar steel specimen has an aluminum foil reflector tab attached underneath it. The reflector

is cut into a rectangular shape, and glued onto the specimen with a glue stick. The reflector tab

(only) is covered with vacuum grease to prevent condensation from collecting on it.

Invar steel is a non-composite/homogenous material. It is not expected to deflect in the freeze-

warping box during a freeze-thaw cycle.
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Composite specimen (phase 1, phase 2 and phase 3)

AR JE— ] ~r
0.8~ -~ 2 <

5 [mM]]:q.E [i Z > *’l ]
T - 2 10 [mm

A e
110 [ram —
! A'“‘W‘MMW\ reflector

Figure 2.1-3 Targeted dimensions of a steel-concrete composite specimen
hg = Steel thickness =0.5 [mm]

h. =Dry concrete/mortar thickness =4.5 [mm]

The composite specimen has an aluminum foil reflector tab attached underneath it. The reflector
is cut into a rectangular shape, and glued onto the specimen with a glue stick. It is covered with

vacuum grease to prevent/reduce condensation from collecting on it.

The composite specimens were prepared and provided by Stefan Jacobsen. The steel plate has
anchorage points that are inwardly indented. The dry concrete was cast in steel molds, demolded
after 24 hours, then water cured in 28 days, and moist cured with cloth wrapped in plastic for
6-12 months. After curing the specimen was stored in air for approximately 5 years. Finally, it
was wet sawn by Kjetil Eriksen with a fine diamond saw into the dimensions given in Figure

2.1-3. The properties of the concrete mixture are shown in Table 2.1-1:

Table 2.1-2  Mortar properties [>!]

Unit

Paste volume fraction (excluding air) [%] 42.1
Mini-slump * [mm] 87
Mini slump flow diameter* [mm] 132
Fresh density at mixing [kg/m3] 2005
Air content at mixing [%] 12.1(+8.1)
Density of specimens after 24 hours demolding [kg/m3] 2041
Air content of hardened mortar mix [%] 14.3
Air voids specific surface [mm=] 20
Spacing factor [mm] 0.21
Water cement ratio [-] 0.55

* measured with mini cone with height 120 [mm], lower diameter 80 [mm], upper diameter 40 [mm]
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The actual specimens that were used are described below:

Due to the difficulties of sawing a specimen with its small dimensions, some of the specimen’s

mortar sides were uneven. For specimen 1.1 and 2.1, the reflector tab was therefore attached to

the specimen’s steel side. The deflection results for Specimen 1.1 and 3.1 are not shown in

Chapter 3 results. Specimen 1.1 got damaged due to Julabo shutting down, causing the

specimen to be exposed to a temperature above 60 [°C]. The results from specimen 3.1 were

made during a time when this thesis’s writer still lacked practice using the freeze-warping box.

The results for specimen 3.1 are therefore moved to Appendix C.

Table 2.1-3 Dimensions of specimen 1.13-1]

Figure 2.1-4 Specimen 1.1

Table 2.1-4 Dimensions of specimen 2,131

Figure 2.1-5 Specimen 2.1

Information

Composite beam of steel plate with 0 anchorage
points and mortar

Height t, 0.5
Width w, 20
Steel plate Length L 92.0
Ll (N/m?JE- 2.1-101
Specimen module E,
description [°C~]CTE a, 0.0000111
Height t; 4555
Width wy 20
l\flortr;r Length L 92.0
mm [N/m?2]E-
module E; AT
[°C1]CTE oy 0.0000075
Reflector Aluminum foil reflector glued onto specimen’s
description steel side
Expected
deflection Up
direction
Information
Composite beam of steel plate with 3 anchorage
points and mortar
Height t; 0.5
Width wy 20
Steel plate Length L 115
i) (N/m?JE- 2.1-101
Specimen module E;
description [°CY]CTE a4 0.0000111
Height t, 2.5-4.5
Width w, 20
I\EIorta;r Length L 115
mm [N/m2]E-
module E, Al
[°C1]CTE a, 0.0000075
Reflector Aluminum foil reflector glued onto specimen’s
description steel side
Expected
deflection Up
direction




Table 2.1-5 Dimensions of specimen 3.13-1]

Figure 2.1-6 Specimen 3.1

Information

Composite beam of steel plate with 6 anchorage

points and mortar

Height ¢, 0.5
Width w, 20
Steel plate Length L 94.1
[mm] [N/m2]E- e
Specimen module E,
description [°C~1]CTE a, 0.0000111
Height t; 2.5-4.5
Width wy 20
Mortar Length L 94.1
[mm] [N/m2]E-
module E; RIS
[°C~Y]CTE a4 0.0000075
Reflector Aluminum foil reflector glued onto specimen’s
description mortar side
Expected
deflection Down
direction

The freeze-warping box is a laboratory experimental set-up and a test procedure developed by

Scherer and Valenza. >?11t is used to measure the deflection of a beam specimen exposed to a

freeze-thaw cycle. The general set-up of the apparatus is shown below.

=% ALUMINIUM BLOCK
PELTIERS ARE BETWEEN THE

FREEZE-WARPING BOX AND
THE ALUMINIUM BLOCK

PLATFORM

LVDT SHAFT (- LVDT SIGNAL AMPLIFIER

Figure 2.1-7  Setup of the freeze-warping box




The invar plate has four invar supports for the freeze-

NVAR PLA
L 112 warping box, and two T-shaped supports for the specimen.

éﬁﬂs ‘%Vlnvar metal has a low thermal conductivity that minimizes the
heat loss of the specimen to its surroundings. There is an

LVDT ColL

LVDT coil fixed to the invar plate.
Figure 2.1-8 a)
INSULATION

Foam insulation is used to insulate the warping box from the

invar plate.

Figure 2.1-8 b)
INSULATION LID

‘ Foam insulation is used as a lid. The freeze-warping box has

3 holes at the bottom. The warping box is placed on top of the

four invar supports. The T-shaped invar supports protrude the

outer holes of the warping box.

Figure 2.1-8 ¢)

A copper box is placed inside

COPPER LID the warping box. The bottom
INSULATION of the box has 3 holes. The T-

COPPER BoOX shaped  invar  supports

protrude through the 2 outer
holes of the copper box.

Foam insulation is placed

between the warping box and

the copper box to prevent heat

exchange with surroundings.
Figure 2.1-8 d)

A specimen is placed on top of the two T-

shaped invar supports. The specimen’s

reflector tab is facing down.

SPEC\MEN

Figure 2.1-8 e)
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CRoss- SECTION

=y

LVD FT

\\_opnc_prose

PLATFORM

J

Figure 2.1-8 f)

FoToNIC  SENSOR

STEP MOTOR

LV
POWER swppLY

REMOTE FoR
==7 STEP MOTOR
8 &

& s
S

The invar plate is fixed to a
stand. An optic probe
protrudes the middle hole of
the invar plate and the

warping box and copper box.

The optic probe and the
LVDT shaft is on a
platform. The upper end of
the LVDT shaft has a
magnetic core that protrudes

the LVDT coil.

This is an LVDT. It measures

LvpT Com.

LT MAaNETIC (OR6

d

PLATFORM

{
Figure 2.1-8 g)

the displacement d [mm]
the step motor positions the
optic probe with high
precision. It is only used
during the calibration of the
fotonic sensor and the optic
probe, and to find the
calibration curve. (See

Chapter 2.2.)

This is a step-motor. It lifts
the platform (with the optic

~probe and LVDT) up and

down.

NOTICE!

The LVDT does not measure the specimen’s deflection
& [mm] during a temperature cycle experiment.

2-8



20fd, FREEZING . |
=== This is an optic probe. It is connected

—— ] dimel ~~ /4716 . .
A H alf to a fotonic sensor. It is used to
v " v
'HF”“"’ = measure the specimen’s deflection
6[mm] during freezing and thawing.

The optic probe emits light to a
reflector tab attached to the

specimen. This light is reflected to

the optic probe.

This is a fotonic sensor signal
amplifier (further called fotonic
sensor). It registers the amount of
light that is reflected to the optic
probe. This reflected light is
registered as a voltage I [V]. The size
of I depends on the distance d [mm]
between the optic probe’s head and

the specimen’s reflector.

Two thermoelectric coolers

(TEC/Peltier) are placed outside the

warping box. The Peltiers are used to

cool down the warping box.

Thermal contact gel is used between

the Peltiers and the freeze-warping

box to ensure better heat transfer.

The copper box has a high thermal
heat of conductivity which allows the
Peltiers to quickly remove heat out of

the apparatus.

Each Peltier is connected to its own

power supply.

Figure 2.1-8 1)
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REFRIGERATED/ HEAT ING . Two aluminum blocks are placed at the

CIRCULATO LABO, . . . .
LATOR (0 ) i uninsulated sides of the warping box, with
( direct contact with the copper box.
& = B
HE /
: m : Tubes are connected to a

BUTYL | WATER/ ETHANO . . .
TAPE ;T refrigerated/heating circulator

ALumivivm BLOCK (ON TOP OF PELTIERS (Julabo). Julabo is filled with a

7 water/ethanol mixture. Ethanol is a
o e——5 liquid with a very low freezing

A
n

temperature. Julabo pumps and
circulates this liquid through the tubes.

It removes heat from the hot side of the

Peltiers, and prevents them from

overheating.

[Tuses

Butyl tape is taped under
Julabo’s lid. The tape

reduces the amount

of ethanol lost to

evaporation.

Figure 2.1-8 j)

Foam insulation is duct taped
around all the tubes to limit heat

exchange with the surroundings.

Figure 2.1-8 k)
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Five thermocouples (TC) are used to

INSULATION LID
SPECI MEN

monitor the following temperatures:

AR WSIDE

ALUMINUM _BLOCK .
PELTIERS « inside the copper box, Tgir inside
Tubes (JuLABoO)

INVAR SUPPORTS « outside the apparatus, Ty;r outside

1 INVAR PLATE

REF;‘;—;TEK?KZQE o above the beam, Tspecimen,above

INSULAT 1ON
THERMO couPLES (TC)
MASKING TAPE

» cold side of the Peltier, Tpetier cota

e (cold) inflowing end of the tube,

Tinlet

‘ Tape is used to hold the TCs in place.
Figure 2.1-8 1)

THERMO COUPLES (TC) Quantum X is a device that continuously logs:

Quantum X « all 5 temperatures measured by the TCs

o the displacement d [mm] measured by the
LVDT during the calibration procedure.

o the voltage signal I [V] measured by the
optic probe.

o

Figure 2.1-8 m)

2P Vd.2.2 DAQ project: <CA\L Desktop\20....g Tl THE2 MEP>
DAQCHANNELS | DAQJOBS  VISUALIZATION ~ DATAVIEWER  SENSORDATABASE  AUTOSEQUENCEEDITOR  COCKPIT
== —~ . E
Il Rename =N:= b Slow (b % [%:} @Adamamn @ i) A Edit
<7 Sample = P> Default | (2 Edit ¥ Delete
Start Active Displ Confi TEDS S Exccute || Create 5
. & Liveupdate - | . fiter? || WP Fast S Bl P ceue "€ S Auwsiliary channel
Configure DAQ channels Devices: 1 Hardware channels:8 Computation channels: 7 [Live update active]
Channel name Reading Sample rate/Filter SensorFunction Zero value
a
3 MX8408
& 1X840B_CH 1_OPTISK @ 00826V b 10 Hz/BE 2 Hz (Auto) [3 DCvoltage 10V 0.0403V
& MX840B_CH 2_LVDT @ 1765 mm ¥ 10 Hz/BE 2 Hz (Auto) @ Warping LVDT 3514 mm
& 1X840B_CH 3 @ 257°C M 10 Hz/BE 2 Hz (Auto} [@ Thermocouple Type T 0.00000 °C
& XB40B_CH 4 @ -189°C ¥ 10 Hz/ BE 2 Hz (Auto) (@ Thermocouple Type T~ 0.00°C
B WIX840B_CH 5 @ 137°C ¥ 10 Hz/ BE 2 Hz (Auto) (3 Thermocouple Type T 0.00000 °C
B WX840B_CH 6 @ 215 M 10 Hz/ BE 2 Hz (Auta) (3 Thermocouple Type T 0.00000 °C
B WX840B_CH 7 @ 25°C P 10 Hz/ BE 2 Hz (Auto) [3 Thermocouple Type T 0.00000 G
B WX8408_CH 8 @ 2586°C 10 Hz/ BE 2 Hz (Auto) [3 Thermocouple Type T 0.00000 °C

Figure 2.1-8 n)

This data is transferred from Quantum X to the computer program catman®Easy. All the

logged measurements can be read in real time.

2-11



2.2 CALIBRATION CURVE 23

CALIBRATION PROCEDURE

During the calibration of the fotonic sensor/optic probe, a calibration curve is made. It
describes the relation between the optic probe’s measured reflected light voltage I and the

displacement d.

During calibration, the LVDT measures the displacement d [mm], and the fotonic sensor/optic

probe measures I[V] .

Calibration curve Optic probe’s displacement  Emitted and reflected light

1. If* the optic probe is in
contact with the specimen’s
reflector, then I = 0 [V] and
d =0 [mm].

J}O[mm] 'DODJJ 2. As the OptiC pI‘Obe moves

= -

\ away from the specimen,

I [V] will gradually increase.

It increases until it reaches

an optic peak, ;..

As the optic probe continues

to move away from the

specimen’s surface, [ [V]

will slowly decrease.

Figure 2.2-1 d)
*NOTICE!

During the actual calibration procedure, the optic probe must never touch the
specimen. There are two reasons for this:

1. The specimen’s reflector is covered in vacuum grease. This can cover
the optic probe, and reduce I.

2. The optic probe may accidentally move the specimen, and affect the
reading for 1.
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RANGE 1 AND RANGE 2

Calibration Curve

=
[= T )

Optic probe, |, [V]

——

\*"%«

o - N WA 18] A N ® (-]
o

0 0.5 1 15 2 2:5 3 3.5 4
LVDT, d, [mm]

Peak to peak curve Range 1  ==mRange 2

Figure 2.2-2 A typical calibration curve

The calibration curve has two ranges; Range 1 and Range 2. Within these ranges, the

calibration curve can be expressed as linear functions:

[=md+b [V] (2.1)
m =slope [V /mm]
b =intercept [V]

These two ranges allow us to measure the distance d [mm] with great accuracy. Whether
Range 1 or Range 2 should be used depends on the size of the deflection 6. In this thesis, Range
1 is used.

Table 2.2-1  Measuring ranges of Range 1 and Range 2.

(These values were found manually.)

Start position Linear
Optic probe, Deflection
LVDT, measuring of the optic function
measuring range, I, measuring range,
range, d, [mm] probe, [V]
A 6[mm]
60=0[mm]

Range 1 1.5<I<6 d<1 ~ +£0.1[mm] I =3.750[V] I =myd+ by
Range 2 58<1<9.62 d>1 ~ +1[mm] I =7.710[V] I =myd+ b,
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2.3 CALCULATIONS

|,[\\‘] Calibration Curve

I

L4
d,d d [mm]

V] Calibration Curve

Before freeze-thaw cycle
T=20 [*C]

During freeze-thaw cycle
T=20 [°C)
0<0

Wy

e

1t Before freeze-thaw cycle During freeze-thaw cycle
T=20 [°C] T=20 [°C]
5>0
6 =+
375
1 .5 } I |
d d ?
1H d [mm] p »
We
Figure 2.3-1  Optic probe and the calibration curve
Table 2.3-1  Symbol list
Symbols Definition Unit
) Measured deflection. § = §specimen + 46 =d; —d 4 [mm]
Ospecimen Bi-material deflection of the specimen [mm]
Drift and temperature dependent deformation of the freeze-warping box. 46 =
48 [mm]
A8, + A6, + A6,
A6, Drift [mm]
A6, Temperature dependent deformation of the freeze-warping box’s system [mm]
Ad, Condensation [mm]
Wg Deflection span of the specimen [mm]
d, Distance between the specimen and the optic probe, before the freeze-thaw cycle [mm]
d, Distance between the specimen and the optic probe, during the freeze-thaw cycle. [mm]
I The reading of the optic probe [v]
d Displacement. The distance between the specimen’s reflector and the optic probe [mm]
T Temperature of the specimen [°C]
t Time [s]
my Slope of Range 1 [V /mm]
by Intercept of Range 1 [mm]
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MEASURED DEFLECTION &

1. Before the freeze-thaw cycle, the optic probe is positioned in the middle of Range 1

(I = 3.750[V]). The distance between the optic probe and the specimen is measured as:

1(t=0)—b,

mq

d, =d(t=0) = [mm] |I = 3.750 [V],¢t = 0 [] (2.2)

2. During the freeze-warping box experiment, the specimen will go through a freeze-thaw

cycle. The distance between the specimen and the optic probe is continuously measured as:

I1(t)—b,
mq

d, =d(t) = [mm]| t>0]h] (2.3)

The specimen’s measured bi-material deflection 6 [mm] is measured as:

d =d, —d{[mm] (2.4)

BI-MATERIAL DEFLECTION OF THE SPECIMEN Sspecimen
Sspecimen =6—-46 (2.5)

The measured deflection, o is the deflection that is measured by the optic probe.

Parts of this deformation is caused by the freeze-warping box’s setup.
The real deflection of the specimen, dspecimenis caused by the specimen only.

Aé is the drift and temperature dependent deformation caused by the overall freeze-warping

box’s setup, and not by the specimen’s deflection.

DRIFT AND TEMPERATURE DEPENDENT DEFORMATION 46

Drift and temperature dependent deformation was measured by running drift and deformation

tests in phase 2 (See chapters 3.2 and 4.2). 4§ is defined as:

The temperature dependent deformation, A8, is caused by the deformation of the overall

freeze-warping box’s setup during a temperature cycle. It is assumed that the main causes of

this deformation are the following:

e Invar supports: a thermal deformation of the invar supports causes a

downward “deflection” when the temperature decreases.
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e Optic probe: a thermal deformation of the metallic part of the optic probe

causes an upward “deflection” when the temperature decreases.

The results of the freeze-warping box deformation tests (see chapter 3.2 and 4.2) shows that

a temperature decrease in the freeze-warping box consistently results in an “upward”

deflection. We therefor assume that the 48, is primarily caused by the deformation of the

optic probe.
] [ — l 1 L
|] B |
Figure 2.3-2 Temperature dependent deformation 46; caused by the invar supports

and the optic probe.

The drift Ad1 is caused by the fluctuations of the electronics in the measuring equipment. It
is not caused by the temperature deformation of the freeze-warping box’s setup. It is assumed

that the fluctuation is caused by the following:

e Measurement uncertainty of the measuring equipment.
e Vibration in the freeze-warping box. It was observed that Julabo and the fotonic
sensor causes some vibration. This can be felt by touching the equipment and the

table they stand on.

Condensation 463 occurs when the freeze-warping box is below 0[°C] for an extended time
period, and ice begins to collect inside the freeze-warping box. When this ice begins to thaw
at T>0[°C], moisture begins to collect inside the freeze-warping box, and condensation may

cover the reflector. This will decrease the measured deflection §.

Vacuum grease covering the reflector tab is used to minimize 463.
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DEFLECTION SPAN Wpg

lvb.x

'Mg N
Leeater

-

ll'm\tr

i
1
)
’

Figure 2.3-3  Freeze-warping box dimensions

Table 2.3-2  Span and deflection

From Figure 2.3-1 and Figure 2.3-3, we get the span given in the Table 2.3-2 above.
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Span, W g[mm] Deflection, 6 [mm]

Deflects up =min(lyyter, L) §>0

Deflects down = Usrnar 6 <0
Dimensions [mm]
linner 94.2
leenter 100.2
Uantir 106.2
Dimensions [em]
lpox ~14
Whox ~6.9




1. Set up the freeze-warping box equipment as shown in Figure 2.1-7
2. Measure the dimensions of the specimen with a caliper
3. Place the specimen in the freeze-warping box.
4. Calibrate the optic probe/fotonic sensor.
During calibration, the following measurements should have been logged:
-The displacement of the LVDT, d[°C]
-The reading of the optic probe, I[V]
Use these measured values to plot the calibration curve. It should look like the figure below:
Range 1 Calibration Curve
Y 1
55 10
1= 27,896d - 1,3231 9
Covariance=R? = 0,9997 8
i _\ m, = slope é :
zai.: ;‘; .
1 3
5 2
1
15 0
0.150 0.200 0.250 0.300 0.3 ) 0.5 1 15 2 25 3 3.5 4
bl — LVDT, d, [mm] LVDT, d, [mm]
———Peaktopeakcurve =~ = - Linear (Peak to peak curve) ———Peak to peak curve  s=Range 1 esRange 2

Figure 2.4.1-1 Calibration curve

5. Range 1 is between 1.5 - 6[V]. Make a trendline for Range 1, and express it as a linear
function (see equation 2.1):
[=my;-d+ by [V]
Depending on which specimen is in the freeze-warping box, continue to either:
e 2.4.2.1 Phase 1: Finding the setting for the Peltiers and Julabo

e 247272 Phase 2: Deformation and drift tests
e 2.4.2.3 Phase 3: Composite tests

*NOTICE!
The optic probe/fotonic sensor must be re-calibrated whenever:

o Anew testis made
e Whenever the specimen is moved
e For every new specimen placed in the freeze-warping box




242 FREEZE-WARPING BOX EXPERIMENT
2.4.2.1 PHASE 1: FINDING THE SETTING FOR THE PELTIERS AND JULABO
Refer to Appendix A.

2.4.2.2 PHASE 2: DEFORMATION AND DRIFT TESTS

Figure 2.4.2.2-1 Invar steel specimen in freeze-warping box

The invar steel specimen is a homogenous. It is therefore not expected to deflect during a
temperature cycle. Any measured “deflection” is therefore assumed to be caused by the
deformation and drift of the freeze-warping box.

1. After the calibration procedure, put the specimen through the following two temperature

cycles. Re-calibrate the optic probe/fotonic sensor for each temperature cycle.

Table 2.4.2.2-1  Temperature cycle 1: finding the temperature dependent deformation

A6, and condensation 455

Target
temperature in Accumulated Time, At,[h] Julabo, Tyiap0 Peltier, Description of
freeze-warping time, ¢, [h] e [°C] Vpeitier[V] temperature change
box [°C]
20 00:00 01:00 45.8 5.70 Constant
10 01:00 00:30 32.5 5.70 Decrease
10 01:30 02:30 325 5.70 Constant
0 04:00 00:30 15.7 5.70 Decrease
0 04:30 02:30 15.7 5.70 Constant
-10 07:00 00:30 2 5.70 Decrease
-10 07:30 02:30 2 5.70 Constant
-20 10:00 00:30 -13 5.70 Decrease
-20 10:30 02:30 -13 5.70 Constant
20 13:00 02:00 45.8 5.70 Increase
20 15:00 03:00 45.8 5.70 Constant

Table 2.4.2.2-2  Temperature cycle 2: finding the drift A6,

Target

temperature in

Accumulated

Time, At,[h]

Julabo, Tjyiap0

Peltier,

Description of

freeze-warping time, ¢, [h] [°C] Vpeitier[V] temperature change
box [°C]
20 00:00 01:00 20 0.35 Constant
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2. During each temperature cycle, the following should have been measured and logged:

-The temperature of the specimen, Tspecimen,abovelCl
-The reading of the optic probe, I[V]
-Time, t[s]

Use equations (2.2), (2.3), and (2.4) and calculate the following values for the freeze-thaw

cycle 1:
A5(t) = dy(t) — dy
d, =—2, I =3.750 [V], t = O[h]
dy(t) = ’;:1, t > 0[]

3. Plot the following two graphs for temperature cycle 1 and temperature cycle 2:
e Time-Deflection and Time-Temperature curve
e Deflection-Temperature

Deflection, §, [mm]

0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000

-0.005
-0.010
-0.015
-0.020
-0.025
-0.030
-0.035

Deflection - temperature

18 20 -5

Temperature, [°C]
Deflection, 8, [mm]

Time, [h] Temperature Difference, AT, [°C]

= Deflection  ==—=Temperature —— Deflection

&
&
B
o
&
B,
&
B
|0
B
=

0.035

-0.005 0.0
-0.010
-0.015
-0.020
-0.025
-0.030
-0.035

5.0

Figure 2.4.2.2-2 Time-Deflection and Time-Temperature (right), and

Deflection- Temperature graphs (left) for temperature cycle 1

For temperature cycle 1, notice how the relation between 46, and the specimen’s temperature

difference AT is close to linear. Make a trendline, and express this relation as a linear function:

For temperature cycle 1, the dip in the Deflection-Temperature curve and the Temperature-

Time curve after 14 [h] is caused by condensation 463.

2-20

A6, (AT) = myAT + by] t < before ice melts 2.7)




2.4.2.3 PHASE 3: COMPOSITE TESTS

Figure 2.4.2.3-1 Steel-concrete composite specimen in freeze-warping box

The composite test is based on S. Jacobsen and G. Scherer’s experiment [>!). Their paper is

used as a comparison to the results found in this thesis.

1. After the calibration procedure, put the specimen through the following four temperature

cycles. Redo the calibration procedure for each temperature cycle.

Table 2.4.2.3-1  Temperature cycle 1: from +20[°C] to +10[°C]

T tt t i
. empera ure n Accumulated . Julabo, Peltier, Description of
freeze-warping box . Time, At,[h] o
3 time, t, [h] Trutabo [°Cl | VpertierIV] temperature change

TSpecimen,target [ C]

20 01:00 01:00 45.8 5.70 Constant

10 01:30 00:30 325 5.70 Decrease

10 04:00 02:30 32.5 5.70 Constant

20 04:30 00:30 45.8 5.70 Increase

20 07:30+ 03:00 + 45.8 5.70 Constant

Table 2.4.2.3-2  Temperature cycle 2: from +20[°C] to 0[°C]

Target temperature in ) o
freeze-warping box A(Ecumulated Time, At,[h] Julabo: Peltier, Description of
Tspecimenarget °C] time, t, [h] Tjuiabo [°Cl | Vperier [Vl | temperature change

20 01:00 01:00 45.8 5.70 Constant
10 01:30 00:30 32.5 5.70 Decrease
10 04:00 02:30 32.5 5.70 Constant
0 04:30 00:30 15.7 5.70 Decrease
0 07:00 02:30 15.7 5.70 Constant
20 08:00 01:00 45.8 5.70 Increase
20 11:00+ 03:00 + 45.8 5.70 Constant
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Table 2.4.2.3-3 Temperature cycle 3: from +20[°C] to -10[°C]

Target temper ature in Accumulated . Julabo, Peltier, Description of
freeze-warping box A Time, At,[h] o
T ) °cJ time, t, [h] Tjuiapo [°Cl Vpeitier[V] temperature change
Specimen,target
20 01:00 01:00 45.8 5.70 Constant
10 01:30 00:30 32.5 5.70 Decrease
10 04:00 02:30 32.5 5.70 Constant
0 04:30 00:30 15.7 5.70 Decrease
0 07:00 02:30 15.7 5.70 Constant
-10 07:30 00:30 2 5.70 Decrease
-10 10:00 02:30 2 5.70 Constant
20 11:30 02:00 45.8 5.70 Increase
20 14:30+ 03:00+ 45.8 5.70 Constant

Table 2.4.2.3-4  Temperature cycle 4: from +20[°C] to -20[°C]

Target temperature in ) L.
P T Ac.cumulated Time, At,[h] Julabo: Peltier, Description of
T ) °c] time, ¢, [h] Tjutabo [°Cl Vpeitier[V] temperature change

Specimentarget

20 00:00 01:00 45.8 5.70 Constant
10 01:00 00:30 32.5 5.70 Decrease
10 01:30 02:30 32.5 5.70 Constant
0 04:00 00:30 15.7 5.70 Decrease
0 04:30 02:30 15.7 5.70 Constant
-10 07:00 00:30 2 5.70 Decrease
-10 07:30 02:30 2 5.70 Constant
-20 10:00 00:30 -13 5.70 Decrease
-20 10:30 02:30 -13 5.70 Constant
20 13:00 02:00 45.8 5.70 Increase
20 15:00 03:00 45.8 5.70 Constant

Take off the lid on the freeze-warping box, and carefully remove the sample. Inspect it for
any possible frost damage.
During the temperature cycles, the following should have been measured and logged:
-The temperature of the specimen, T[°C]
-The reading of the optic probe, I[V]

-Time, t[s]

Use equations (2.6) and (2.7) and calculate the following values for each temperature

cycle:
6Specimen(t) = dz(t) - dl - AS(AT(O)
d, = ’T‘ni I =3.750 [V], t = O[h]
d,(t) = ’;:1, t > 0[h]

Plot the two following graphs (like Figure 2.4.2.2-2) for all four temperature cycles:
e Time-Deflection curve, and Time-Temperature curve

e Temperature-deflection curve for all freeze-thaw
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Table 2.5-1  Symbol list

Symbols Definition Unit
Ospesimen Bi-material deflection of the specimen [mm]
Wp Deflection span of the specimen [mm]
wq Width of material 1 [mm]
W, Width of material 2 [mm]
Kg Curvature [mm™]
Ags Strain between the two material surfaces [—]
d Distance .between the specimen and the thic probe, . o el
OR the displacement of the platform/optic probe/ LVDT during calibration.
Tspecimenn The specimen’s temperature before a temperature cycle [°C]
Tspecimen,2 The specimen’s lowest temperature during a temperature cycle [°C]
E; Elastic modulus of material 1 [Nmm—2]
E, Elastic modulus of material 2 [Nmm—2]
aq Coefficient of thermal expansion (CTE) of material 1 [°C1]
a, Coefficient of thermal expansion (CTE) of material 1 [°C1]
W
Wy
>
t, W

t Material 2 E, a,

L

Figure 2.5-1 Bi-material specimen

Scherer and Valenza’s bi-material bending model describes the specimen’s deflection
Ospecimen during a freeze-thaw cycle. The model is based on Timoshenko’s beam theory.
Their model assumes that the composite beam behaves elastically (no permanent
deformation).



(a)

Thermoeleciric Thermoelectric
Caovler Cooler
- --

Ice/Brine Ice

_§]

W=1I10cm

t ||
.I'!'JI'{.II | ':}Pr:::“'l Tnvar I
Suppori Probe Support

(b) e

Mo
b A
s

=
| ™
|

g o
-H-"—l.-_'_-.r'-'-_-

Fig.14. (a) Schematic of the warping expernment. The experiment
consists of simply supporting a thin plate of cement paste, confining
a pool of fluid to the surface of the plate, and exposing the system
to a temperature cycle. (b) Geometrical representation of bi-material
bending.

Figure 2.5-2 Bi-material deflection. (Taken from Scherer and Valenza’s PhD thesis
that focuses on a composite of concrete and salt solution/ice) [2-2]

The model states that the deflection of a composite beam follows this equation:

Wg

3 2.8)

6specimen =

From Table 2.3-2 we know the specimen’s deflection span Wjp. % is a constant that is given

by the following formula:

1 AefKR
T _ LeKr 2.9)
p H
Where:
K. = 6(1+m?)mnl H= h. + h m = ty _E | = wq
R ™ {+amni+i2m*n2+6m2ni+4m3nl’ -1 2 Tty B T wy
Agf = AaAT , Aa = a; — a,, AT = Tspecimen,z - Tspecimenla

Notice that the materials’ CTE (a;and a,) and the specimen’s temperature AT determines if
the specimen deflects up or down.

The measured deflection found in 3 Results will be compared to the equation (2.8)
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3 RESULTS



For all the results found through trial and error, refer to Appendix B.1.

The graph below describes the relation between the specimen’s temperature Tspecimen,above

(measured by the TC) and the Peltiers’ voltage setting Vpe;ier- The graph is based on the
results from Peltier Experiment test 5 (see Appendix B.1.2).

Specimen's temperature T, .men VS the Peltiers voltage setting, Vpgier
Specimen: Invar steel
25 Reflector:  Aluminium foil

()
s, 20 L -

5 S~

w15 - T

8 = - Jh‘lab ‘-‘.'2

@ = - o 0 0
= -~ . 0

g 10 — o~ _O[ C]
E Deu:m'ren,abmm:: ‘3»08 V P - -

[¥] 5 = - -~

g Feltier = 19,984 T--a

g o e
2 0 1 3 4 5 6 7
o -5 Z’}wab =.12

5 0= =12.50 [0

£ -10 bl I = [ CI

E‘ SDEC’"JEn_avaE: '2.4 hv‘ - -
i -15 Peltier ‘4.3715 = - -

- -B
-20
Peltiers' voltage setting, Veauie:[V]
® 14 November 2017
B 14 November 2017

Figure 3.1.1-1 Trendline showing relation between Tgpecimen,above aNd Vpeytier

Table 3.1.1-1 Measured Tgpecimen,above a0d Vpeytier

Peltier Experiment REAL temperature, over
test 5 beam, T specimen,above 19.4 10.2 0.3
14 November [°c]

Peltier Experiment | REAL temperature, over
test 5 beam, T specimen,above -4.4 9.1 -13.3 -18.7
14 November [°c]




The graph below describes the relation between the specimen’s temperature Tspecimen,above

(measured by the TC) and Jualbo’s temperature setting Tjy;qp0 - The graph is based on the

results from Julabo Experiment tests 3, 4, 5, and 6 (see Appendix B.1.3 or chapter 3.2.1).
Julabo’s temperature has a lower limit of Tjy145<22[°C].

Specimen's temperature T,

speclmen
Specimen: Invar steel
Reflector:  Aluminium foil

25.0
()
< 20,0 - 6';,,%'51 ]

§ By
.E; 15.0 \-q\ 06‘( N\a\3 - ’\0 96
:: 109Q- 00 Bb@,e _£ ; 3,‘5‘ 0
T} et
g \l? \"_\e“%,(}’ "sDed \}l\ ha\ﬁ@‘e
E,

§ 0.0 - 6 ‘=°ed
%30 20 - 500 \lqe\‘-‘e‘jg' 20 30 40 50 60
; a g
@ -100 LB
2 .
g _ = -150
o -
E g -20.0
a
'—

-25.0

vs Julabo's temperature, T,

Temperature in Julabo, Ty, [°C]

B 23-24 November 2017

® 13-14 December 2017

A 18-19 December 2017
13 December 2017

Figure 3.1.2-1 Trendline showing relation between Tspecimen,above a0d Tjyiabo

Table 3.1.2-1Measured Tspecimen,above a0d Tjy1abo

Julabo Experiment test 67s
13-14 December

Sidabo E 5 REAL temperature, over
ulabo Experiment tests
23-24 November beam, Tsyecimen,above | 201 109 -0.4 9.3 -18.5
[°c]
Sidabo E . REAL temperature, over
ulabo Experiment test 4s
613-14 December beam, T specimen,above | 19-2 9.9 -1.5 -10.5 -19.6
[°c]
idabo E 5 REAL temperature, over
ulabo Experiment test 5:
618-19 December beam, Tspecimen,above 19.6 10.1 -1.4 -10.3 -19.1
[°c]

REAL temperature, over
beam, T specimen,above 5 13.5 6.4 -0.6 -7.6
[°cl




Temperature deformation and

Temperature deformation and

TEMPERATURE CYCLE 1-TEST 1

Table 3.2.1-1

TEMPERATURE CYCLE 1-TEST 1
23 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]

Specimen: Invar steel, with aluminum foil reflector and vacuum grease

Time, t [h] 1 3 3 3 3 5+
REAL temperature, over beam, Tsyccimenabove [°C] | 20.1 109 -04 -93 -185 19.6
A8, + Ad3 [um] 0.5 6.9 149 217 290 04

condensation, 48; + 483, [mm]

"Deflection”, A8, [mm]

Experiment name:
Specimen:
Reflector:

Date:

1. Temperature cycle from +20 [°C] to -20 [2C]
Invar steel

Aluminium foil with vacuum grease

23 November 2017

Time, t, [h]

——Deflection ——Temperature

Temperature, [°C]

Deflection - temperature

A8(AT) = mTAT+br for t < 14.6[h]

Temperature Difference, AT, [°C]

Temperature deformation and
condensation, 46; + 4853, [mm]
2

=———Deflection ~=——Linearslope = AB(AT)

Figure 3.2.1-1

TEMPERATURE CYCLE 1-TEST 2
Table 3.2.1-2

Temperature dependent deformation:
A8,(AT) = mpAT + by [mm] fort < 14.6[h]
—0.00074AT + 0.00001

TEMPERATURE CYCLE 1-TEST 1
14-15 December 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil reflector and vacuum grease

Time, t [h] 1 3 3 3 3 3+
REAL temperature, over beam, Tg;ccimenabove [°Cl | 19.2 9.9 -1.5 -105 -19.6 19.0
A8y + Ad3 [um] 08 73 126 194 246 -1.8

condensation, 48; + A8z, [mm]

0.035
0.030
0.025

* 0020

0.015

' 0010

0.005

+ 0.000

-0.005

0.010

-0.015
-0.020

0.025

-0.030
-0.035

Experiment name:

Temperature cycle test, with Peltier = 0.00V

Deflection - temperature

Specimen: Invar steel —_
Reflector: Aluminium foil reflector e E 0%
Date: 13-14 December 2017 (LIS 0040
c < 0.025
35 o) Lg’ 0.030
=1 0025
h e 25 © N 0,020
0015
15 = g + 0.010
2 SN 0.005
7S S < 0.
o
5 5 o 2.0 -35.0 -30.0 -25.0 -20.0 15.0 -10.0 -5.0 -0:0050 5.0
- ) =3 -0.010
5 15 20 25-5 @ < O -0.015
E- S 5 -0.020
15 @ = © -0.025
L2 O n -0.030
o S -0.035
-25 o -0.040
£ 'g -0.045
35 3 o -0.050
Time, [h] O Temperature Difference, AT, [°C]
Deflection Temperature Deflection Series2

Figure 3.2.1-2

Temperature dependent deformation:
A8,(AT) = mpAT + by [mm] for t < 14.6[h]
—0.00061A4T + 0.00096




Temperature deformation and

condensation, A8; + 483, [mm]

TEMPERATURE CYCLE 1-TEST 3

Table 3.2.1-3

TEMPERATURE CYCLE 1-TEST 1
18-19 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil reflector and vacuum grease

Time, t [h]

REAL temperature, over beam, T g, ccimenabove [°C] | 19.6  10.1 -1.4 -10.3 -19.1 N/A

1 3 3 3 3 3+

-0.1 45 114 175 240 N/A

0035
0.030
0.025
0.020
0015
0.010
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Experiment name: Temperature cycle test, with Peltier = 0.00V

Specimen: Invar steel
Reflector: Aluminium foil reflector
Date: 18-19 December 2017
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Figure 3.2.1-3

Temperature dependent deformation:
A8,(AT) = mpAT + by [mm] fort < 14.6[h]
= -0.000634T -0.00120




TEMPERATURE CYCLE 2 - TEST 1

Table 3.2.2-1

TEMPERATURE CYCLE 1-TEST 1

13-16 October 2017 — Constant temperature at +20 [°C]
Specimen: Invar steel, with aluminum foil reflector and vacuum grease

Time, t [h] 64
REAL temperature, over beam, T g, .cimen,above [°Cl 20.7
Maximum 44, [um] 1.3
:xpe.rlmer.u name: Fonstant Temperature at +20 [°C] Deflection - tempe rature
pecimen: invar steel
Reflector: dhesive al with grease 0.035
Date: 13-16 October 2017 0.030
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Figure 3.2.2-1
Table 3.2.2-2
TEMPERATURE CYCLE 1-TEST 2
11-12 November 2017 — Constant temperature at +20 [2C]
Specimen: Invar steel, with aluminum foil reflector and vacuum grease
Time, t [h] 16
REAL temperature, over beam, T g, ccimen,above [°Cl 0.2
Maximum A§; [um] 0.4
Experiment name: Constant Temperature at +20 [°C] - .
Specimen: P—— Deflection - temperature
Reflector: dhesive al with grease 0.035
Date: 13-16 October 2017 0.030
0035 35 0:025
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Figure 3.2.2-2




The results below measures the bi-material deflection of composite specimen 2.1 only.

Specimen 1.1 and 3.1 are not shown here. Specimen 1.1 got damaged. The results of specimen

3.1 are given in Appendix C.

TEMPERATURE CYCLE 1: FROM +20[°C] to +10[°C]

Table 3.3-1

TEMPERATURE CYCLE 1
8 December 2017

Time, t [h] 1 3 5
REAL temperature, over beam, T g, ocimen,above [°C] | 19.1 103 19.6
Deflection of the specimen, &5,¢cimen[tm] 0.1 10.7 0.0
Experiment name: Temperature cycle from +20 [2C] to 10 [2C] .
Specimen: Composite specimen 2.1, 0.5mm steel and 4.5mm mortar Deflection - temperature
€ Reflector: aluminium foil, with vacuum grease - 0115
E Date: 8 December 2017 E 0.105
- . | £ o
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TEMPERATURE CYCLE 2: FROM +20[°C] to 0O[°C]
Table 3.3-2
TEMPERATURE CYCLE 2
8-9 December 2017
Time, t [h] 1 3 3 115
REAL temperature, over beam, Tg;ccimen,above [°C] | 19.5 10.1 -1.8 19.9
Deflection of the specimen, &, ccimen[tm] -05 83 211 0.8
Experiment name: Temperature cycle from +20 [2C] to 0 [2C] Deflection - tem peratu re
Specimen: Composite specimen 2.1, 0.5mm steel and 4.5mm mortar
Reflector: aluminium foil, with vacuum grease 0.115
Date: 8 December 2017 0.105
0.115 35 0.095
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Figure 3.3-2




TEMPERATURE CYCLE 3: FROM +20[°C] to -10[°C]

Table 3.3-3

o [mm]

Deflection of the specimen, &, e,

TEMPERATURE CYCLE 3
9-10 December 2017
Time, ¢ [h] 1 3 3 3 5
REAL temperature, over beam, T specimen,above [°C] | 19.8 107 -0.7 -9.6 20.4
Deflection of the specimen, 85, cimen[tm] -14 84 23.0 321 -5.0
Experiment name: Temperature cycle from +20 [2C] to -10 [2C] Deflection - tempe rature
Specimen: Composite specimen 2.1, 0.5mm steel and 4.5mm mortar
—_ Reflector: aluminium foil, with vacuum grease gaLs
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TEMPERATURE CYCLE 4: FROM +20[°C] to -20[°C]
Table 3.3-4
TEMPERATURE CYCLE 4
10-11 December 2017
Time, t [h] 1 3 3 3 3 5
REAL temperature, over beam, Tsyccimenabove [°Cl | 20.3 108 -0.7 -97 -19.2 19.1
Deflection of the specimen, &, ccimenltm] -05 79 252 37.1 478 N/A
Experiment name: Temperature cycle from +20 [2C] to -20 [2C] - "
Specimen: Composite specimen 2.1, 0.5mm steel and 4.5mm mortar Deflection temperature
Reflector: aluminium foil, with vacuum grease i 0115
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Figure 3.3-4

After all the four temperature cycles were completed, specimen 2.1 was removed from the

freeze-warping box and inspected. No visible frost damage was observed.




4 ANALYSIS and DISCUSSION



Refer to Appendix B.

TENOERATYRE CYCLE 1 -TEST 1,2and 3

Description:

The figures in chapter 3.2.1 show the results of three temperature cycle tests. The temperature
dependent deformation A&; plus condensation Ad3 are measured during a Stepwise
temperature cycle experiment from +20[°C] to -20[°C] in four steps, then heated up to +20[°C].
The first 4 steps have a duration of 3 [h] to give the specimen enough time to reach a temperature

equilibrium. The results for all three tests are discussed below:
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Time, t, [h]
—Dflection =——Temperature

Figure 4.2-1 Figure 3.2.1-1 from test 1, Figure 3.2.1-2 from test 2 and Figure 3.2.1-3
from test 3 are combined.
-The pink area shows when the specimen was above 0 [°C],
-The blue area shows when the specimen was below 0 [°C]
Between 0[h] and 14.6 [h],
The relation between the temperature dependent deformation A8, and the specimen’s
temperature difference AT is linear. This linear relation is expressed as:

A6,(AT) = mpAT + by . All three tests had similar slopes my and intercepts by.

Between 5[h] and 14.6 [h],
The temperature in the freeze-warping box is below 0 [°C]. Ice is accumulating outside

and inside the freeze-warping box for all three tests.



Beyond 14.6 [h],
The temperature Ts,ecimen,above > 0 [°C], and the ice begins to melt, and moisture begins
to collect inside the freeze-warping box for all three tests. The effects of condensation* vary

for each three tests.

*A test (not mentioned in 3 Results) was performed in which the freeze-warping
box was brought down from 20 [°C] to below 0 [°C] for several hours. Then the
temperature was increased back to 20 [°C]. Before the condensation dried away,
the specimen was removed from the freeze-warping box, and inspected. It was
observed that condensation had collected on the reflector tab.

e Test 1: Figure 4.2-1 (blue line) between 15[h] and 17[h] shows a noticeable dip in the
Deflection-Temperature curve (also check Figure 3.2.1-1). It is assumed to be caused
by condensation covering the reflector tab. This means the vacuum grease did not
sufficiently prevent condensation from collecting on the reflector tab.

e Test 2: Figure 4.2-1 (dark blue line) between 15[h] and 17[h] shows a very subtle dip in
the Deflection-Temperature curve (also check Figure 3.2.1-2). Some condensation may
have covered the reflector tab. There was slightly more vacuum grease on the reflector
tab for test 2 than there was in test 1. This means the vacuum grease did a better job at
preventing condensation from collecting on the reflector tab.

e Test 3: Beyond 14.6 [h], catman®Easy stopped working. This is marked in
Figure 4.2-1 with a green X. Data beyond this point never got logged. The effect of any

possible condensation collecting on the reflector tab did not get recorded.

CONSTANT TEMPERATURE CYCLE 1-TEST 1 and 2

The figures in chapter 3.2.2 show the results of two temperature cycle tests. The drift A5, was

measured during a constant temperature cycle at +20[°C]. Both tests showed minimal drift.

DRIFT AND DEFORMATION 46(4T)

e Temperature dependent deformation 468;: The orange lines on the deformation-

temperature curves in Temperature cycle 1 —test 1, 2 and 3 (chapter 3.2.1) show a
linear relation between 46, and the specimen’s temperature difference AT. This linear

relation is expressed as the average of the three temperature cycles:



A6,(AT) = m¢AT + by[mm], t < before accumulated ice melts [h]

—0.00074 — 0.00061 — 0.00063
mr = —0.00066 = 3 [mm/°C]

0.00001 + 0.00096 — 0.00120

by = —0.00008 = 3 [mm]

e Drift A6,: the results from temperature cycle 2-test 1 and 2 showed drift. Drift has a

negligible contribution to the total drift and temperature dependent deformation”, 46, =
0[um]

e Condensation 485: Temperature cycle 1 —test 1 and 2 are the only results that showed
the effects of condensation. The effects of condensation vary greatly between the two

tests. There are not enough results to make an equation to express the size of 455.

The drift and temperature dependent deformation A4 is given as:
=—0.000664T + —0.00008 + A83 [um]

= 0 [mm], before ice melts
< 0 [mm], after ice melts.

For all four temperature cycle tests(chapter 3.3), the deflection of the specimen Sspecimen [UM]

a5,

is measured as:
Sspecimen = 6 — (—0.000664T + —0.00008) [um]
(The condensation 465 is not subtracted since we have not found a proper expression for it.)

The figures in chapter 3.3 show four different temperature cycle tests, and measures the bi-
material deflection §;p,¢cimen Of @ steel-mortar composite specimen. The deflection is measured

during a stepwise temperature cycle experiment from:

e Temperature cycle 1: from +20[°C] to +10[°C], then heated up to +20[°C].
e Temperature cycle 2: from +20[°C] to 0[°C], then heated up to +20[°C].

e Temperature cycle 3: from +20[°C] to -10[°C], then heated up to +20[°C].
e Temperature cycle 4: from +20[°C] to -20[°C], then heated up to +20[°C].



MODELING TIMOSHENKO-SCHERER/VALENZA

The figure below illustrates all measured bi-material deflections G&gpecimen[UM] from
Temperature cycle 1-4 (Figure 3.3-1 to 3.3-4), and compares it Scherer/Valenza’s bi-material
bending model (equation 2.8). Their model is shown in the figure as dashed lines. There is an

upper and lower limit that takes the specimen’s uneven mortar thickness into consideration.

Deflection of the specimen vs.
the deflection calculated by Scherer/Valenza's model
20
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Temperature difference, AT [°C]
i pper limit e Lower limit Test1 ® Test2 ®  Test3 Test 4

Figure 4.3-1 Bi-material deflections §specimen VS. the temperature difference of the

Specimen AT = Tspecimen,above. time=t[h] — Tspecimen,above. time=0[h]

The figure shows that the measured deflection Ggpecimen fits well between the Upper Limit

and Lower Limit (dashed lines).



RESULTS FROM JACOBSEN AND SCHERER'S FREEZE-WARPING BOX
EXPERIMENT
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Figure 5: a) Measured temperature (right ordinate) and deflection (left ordinate) of air-
entrained mortar/steel composite;

Figure 4.3-2 Displacement/deflection 8specimen Vs Time curve
and Temperature vs Time curve
(*NOTE: Scherer and Jacobsen attached the reflector tab on their
specimen’s mortar side, which results in a downward deflection. The
specimen in chapter 3.3 had the reflector tab attached to the specimen’s
steel side. This resulted in an upward deflection.
Scherer and Jacobsen have also used a different temperature cycle than
the one in chapter 3.3)

(The figure is from Jacobsen and Scherer’s paper [*1])

Figure 4.3-2 shows the results from Jacobsen and Scherer’s experiment with a temperature
cycle from +20 [°C] to -20[°C]. They measured the composite’s deflection as Gspecimen =

—15[um] at AT = —40[C]. This is well below the Lower Limit line in Figure 4.3-1.

At AT = —40[C], the temperature dependent deformation 45, =~ +26[um]. If it is assumed
that Jacobsen and Scherer’s results did not take A8, into account, the real deflection would
show that specimen = —15 — 26 = —41[um]. This will then fit very closely to the Lower
Limit line in Figure 4.3-1.

The bi-material deflection measured in chapter 3.3, the bi-material bending model, and

measured in Jabosen and Scherer’s experiment, are all very close. It is therefore concluded that

the freeze-warping box at NTNU qives reliable measurements.




The following errors were made:

e In phase 2: Temperature cycle 1 —test 1
The data logging program catman®Easy stopped working mid-way through the test.
The lack of data after 14.6[h] prevented us from getting information about the effects
of condensation collecting on the reflector tab.

e Inphase 3: Temperature cycle 4: from +20[°C] to -20[°C]
The deflection-time curve in Figure 3.3-5 shows that the deformation has not reached
equilibrium after 30 [h]. The test should have been given more time for the
deformation to reach equilibrium. It was not given enough time to conclude with
certainty if the composite specimen endured any permanent deformation/frost

damage.



5 CONCLUSIONS



EQUIPMENT’S SENSITIVITY TO SURROUNDINGS

The optic probe’s reading I [V] can measure a specimen’s deflection 8specimen [mm] with a
very high precision if used properly. This reading is highly sensitive to its surroundings. It
was suspected that the measured 85p¢cimen could be affected by the following sources of

vibrations:

(1) Construction work outside

(2) The vibration caused by Julabo, and the cooling liquid circulating the tubes

(3) The opening and closing of the table’s drawers that the freeze-warping box is standing on

(4) The vibrations from the fotonic sensors

(5) Other people walking, stomping, moving things on/off the table, or bumping onto the
table with the freeze-warping box 4

18 y

U

Figure 5.1-1 Sources of vibration

Julabo is placed on a separate table from the fotonic sensor, which helps to reduce the effects
of Julabo’s vibrations. The drift tests in Chapter 3.2.2 and 4.2, and Appendix B.1.4 showed
minimal drift. In Chapter 3.2.2, the only sources of vibrations were Julabo (2) and the fotonic
sensor (3). Appendix B.1.4 had no sources of vibrations. Both Chapter 3.2.2 and Appendix
B.1.4 showed negligible drift. We can therefore ignore (2) and (4).

During the making of this thesis, multiple attempted freeze-warping box experiments had to
be discarded due to disturbances caused by (1), (2) and (3). The following measures are

recommended to reduce the effect from the freeze-warping box’s surroundings:

e place the freeze-warping box (and Julabo) on vibration free tables.

e place the freeze-warping box in a room that gets few visitors.



RELIABILITY OF THE LAB EQUIPMENT

Some of the lab equipment (most notably Julabo) have been very unreliable. Julabo has
frequently shut down mid-way through an experiment. One of the main causes is the rapid
evaporation rate of the cooling liquid (ethanol). (Roughly 1 liter evaporates each day!) After a

discussion with Stefan Jacobsen (advisor), the following measure was made:
e butyl tape was added around the rim of Julabo’s lid.

This measure helped to reduce the evaporation rate of ethanol substantially, however the
evaporation rate is still high. (Roughly 0.5 liter evaporates each day). Julabo still shuts down

frequently, even if there is enough cooling liquid. The causes are unknown.

After several discussions with the people at the laboratories of Department of Structural
Engineering, we concluded that the following measures are recommended for future freeze-

warping box experiments:

e use a different cooling liquid than ethanol, such as glycol that has a higher boiling
point. This will reduce the evaporation rate of the cooling liquid.

¢ OR use a different refrigerated/heating circulator that is more reliable.

THE SPECIMEN’S TEMPERATURE AS A FUNCTION OF THE SETTING ON
JULABO AND THE PELTIERS

In Chapter 3.1.1 and Chapter 3.1.2, the following expression for the specimen’s temperature

was found:

e When the temperature is controlled by the Peltiers:

_ B { —3.0822Vpeitier — 19.984 for Tjyap0 = 20[°C] @
spectmenabove ™ | 2 47347 Vportier — 4.317 for Tiyapo = —12.50[°C] *
Where Tjyjqpo = —20[°C]
e When the temperature is controlled by Julabo:
- B { —0.706T}y1qp0 — 6.4832 for Vpgpier = 5.70[V] 42)
spectmen.above ™ | _0.6433T}y14p0 — 10.964 for Vpeyrier = —0.00[V] '

(4.1) and (4.2) expresses the specimen’s temperature as a function of one variable. It is
more practical to work with one expression for the specimen’s temperature as a function

of two variables: Tspecimen,above (VPeltier' T]ulabo)-



From (4.2) the slope and the intercept seem to be dependent on the Peltiers’ setting
Vpertier- From (4.1) the slope and the intercept seem to be dependent on Julabo’s setting
Tjuiapo- For future work, to find the expression for Tspecimen,above (Vpeitiers Tjutabo)s it 1

recommended to run all temperature cycle described in the tables below, three times each.

Table 5.1-1  Recommended temperature cycles for finding

Tspecimen,above (VPeltier: T]ulabo)

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tiuano [°C] | 50 40 30 20 10 0 -10  -20
Peltier, Vperier [V] | 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tiuabe [°C] | 50 40 30 20 10 0 10 -20
Peltier, Vpeier [V] | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tyuiabo [°C] | 50 40 30 20 10 0 -10 -20
Peltier, Vpeier [V] | 200 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tyuiabo [°C] | 50 40 30 20 10 0 -10 -20
Peltier, Vperier [V] | 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tiuabe [°C] | 50 40 30 20 10 0 10 -20
Peltier, Vpeiier [V] | 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tyuiabo [°C] | 50 40 30 20 10 0 -10 -20
Peltier, Vpeier [V] | 5.00 5.00 500 500 5.00 5.00 500 5.00

Time, t [h] 1 3 3 3 3 3 3 3
Julabo, Tiuiabo [°C] | 50 40 30 20 10 0 -10 -20
Peltier, Vpeier [V] | 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

WORK ENVIRONMENT

During a freeze-warping box test, the ethanol in Julabo evaporates. The freeze-warping box’s
surrounding area will therefore have a strong smell of ethanol. It is not dangerous, but it is
uncomfortable. It is advised that the person operating the freeze-warping box stays in a

separate room whenever possible.

PELTIERS VS. JULABO
There are mainly two ways to control the temperature in the freeze-warping box;

e Dby adjusting Julabo’s temperature setting Ty qp0

e Dby adjusting the Peltier’s voltage setting Vp,jtier

There are pros and cons to each of these two methods. It is more practical to control the

temperature cycle with Julabo. It is possible to program a temperature cycle on Julabo, which




means the person operating the freeze-warping box only needs to visit it before and after a
temperature cycle. When the specimen’s temperature is controlled with the Peltiers, its
settings must be adjusted manually, which means the person operating the freeze-warping box

has stay within proximity of the lab equipment.

The overall temperature cycle’s duration takes longer when it is controlled by Julabo, rather

than the Peltier. Ethanol evaporates more quickly when it is controlled by Julabo, because

higher temperature settings on Julabo Tjy,4p, are required to reach the correct specimen
temperature Tspecimen,above- 1t 18 possible to connect the Peltier’s power supplies to a

computer via a USB cable. It is therefore recommended to setup a computer program that can

control the Peltiers’ setting automatically.

PREPARATIONS OF THE SPECIMENS

The dry concrete specimens (see chapter 2.1) were entirely covered with vacuum grease.
After discussions with Stefan Jacobsen, it was suggested that they were prepared differently:
Only the reflector tab should be covered with vacuum grease to prevent condensation from
collecting on it. The rest of the specimen is covered with plastic wrap held in place with

rubber bands.
This preparation method is less invasive. The recommended procedures in Appendix A.1

shows Stefan Jacobsen’s suggested preparation method, NOT the method used in 2.1.2.

RELIABILTY OF THE MEASURED BI-MATERIAL DEFLECTION

The drift tests in chapter 3.2.2 (Figure 3.2.2-1 and Figure 3.2.2-2) showed minimal drift when
an invar steel specimen was set at a constant temperature of Tspecimenabove = 20[°C]. There

is a possibility that the drift is temperature dependent. It is therefore recommended to run

more drift tests at a constant temperature of Tspecimen,above = —20[°C].

COMPOSITE SPECIMEN 2.1

From 3.2.2, it is unknown if specimen 2.1 endured any permanent frost damage after
undergoing temperature cycles 1-4. It is recommended to check this by repeating Temperature
cycle 1: from +20[°C].to +10[°C], and then see if it the deformation is the same as what was
found in Figure 3.3-1.
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Composite Beams and Effects of Air Voids. In: International RILEM Conference on
Materials, Systems and Structures in Civil Engineering, Conference segment on Frost

action in concrete. Lyngby: Technical University of Denmark, pp.2-3 and 6-9
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APPENDIX A

Manuals:

[AllMarlow Industires, Inc.®. 2005 Thermoelectric Cooler DT12-9, Manual, Marlow
Industtries, Inc. Dallas Texas

[A-2] Julabo The Temperature Control Company. 2006, Operating Manual Refrigerated and
Heating Cirvulators F33-MA, Julabo, Allentown

[A3IMTTI Instruments Inc 2000. User’s Manual MTI-2000 Fotonic™Sensor DOCUMENT
ID: A0401 Revision 2.3, Manual, MTI Instruments Inc., Washington

Videos:

[A41Untitled video about how to calibrate the fotonic sensor and optic probe, shared by

Andrei Shpak and Ole Christian Bersum
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7 List of Symbols



Symbol Definition Unit Page

1 INTRODUCTION

Ospecimen Bi-material deflection of a composite specimen [mm] 1-2
T specimen Specimen’s temperature [°C] 1-4
T yuiabo Julabo’s temperature setting [°C] 1-4
Vpettiers Peltiers’ voltage setting [V] 1-4
At Time [h] 1-4
A5 Drift ‘.amd temperature deformation of the freeze- (mm] 1-4
warping box.

2 METHODS
t Height of a composite specimen’s top layer [mm] 2-5
t2 Height of a composite specimen’s bottom layer [mm] 2-5
w1 Width a composite specimen’s top layer [mm] 2-5
w2 Width of a composite specimen’s bottom layer [mm] 2-5
L Length of a composite specimen [mm] 2-5
E1 Elastic modulus of material 1 [Nmm™32] 2-5
E> Elastic modulus of material 2 [Nmm™32] 2-5
ai Coefficient of thermal expansion (CTE) of material 1 [°C1] 2-5
az Coefficient of thermal expansion (CTE) of material 1 [°C1] 2-5

Displacement of the LVDT AND the distance between

d the optic probe’s head and the specimen’s reflector [mm] 2-8
tab

I The reading of the optic probe [V] 2-9

o Measured deflection. §=6specimen+ A6 =d2-d 1 [mm] 2-9

Temperature of the air inside the copper box.
(A TC s attached under the copper box’s lid, .

Tair,inside . L [ C] 2-11
measuring the temperature of the air inside the

freeze-warping box, above the specimen.)

Temperature of the air outside the freeze-warping o
Tairoutside ) ] o - [°C] 2-11
box. (A TC is attached to the insulation lid, measuring
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Tspecimen,above

Tinlet

TPeltier,cold

I optic
m

b

6specimen

46

Ab1
Ab>

Ads

the temperature of the air above the freeze-warping
box-)

Temperature of the specimen. (A TC is touching the
upper side of a specimen, measuring the specimen’s
temperature.)

Temperature of the cooling liquid. (A TC is attached to

the water inlet; the tube’s inflowing end where it
meets the aluminum block.)

Temperature of the Peltier’s cold side. (A TC is
attached to the cold side of the Peltier.)

The reading of the optic probe

Slope of Range 1 or 2

Intercept of Range 1 or 2

Slope of Range 1

Intercept of Range 1

Slope of Range 2

Intercept of Range 2

Bi-material deflection of the specimen

Drift and temperature dependent deformation
AS= A61+A62+A63

Drift

Temperature dependent deformation of the freeze-
warping box’s system

Condensation
Deflection span of the specimen

Distance between the specimen and the optic probe,
before the freeze-thaw cycle

Distance between the specimen and the optic probe,
during the freeze-thaw cycle.

Slope of the function: A61(AT)=mrAT+br
Intercept of the function: 461(AT)=mrAT+br

Curvature

7-3

[°C]

[°C]

[°C]

[V]
[V/mm]
[V]
[V/mm]
[Vl
[V/mm]
[Vl
[mm]

[mm]

[mm]

[mm]

[mm]
[mm]

[mm]

[mm]

[mm/°C]
[mm]

[mm-1]

2-11

2-11

2-11

2-12

2-13

2-13

2-13

2-13

2-13

2-13

2-13

2-13

2-14

2-14

2-14

2-14

2-14

2-14

2-20
2-20

2-22



Agf
Tspecimen,l

Tspecimen,z

T]ulabo

VPeltiers

Tspecimen,above

Ad1

Ads

AT

t
Ab>

8specimen

A8,
A6

Tspecimen,above

AT

Strain between the two material surfaces
The specimen temperature before a temperature cycle

The specimen’s temperature during a temperature
cycle

3 RESULTS
Julabo’s temperature setting
Peltiers’ voltage setting

Temperature of the specimen. (A TC is touching the
upper side of a specimen, measuring the specimen’s
temperature.)

Temperature dependent deformation of the freeze-
warping box’s system

Condensation
Slope of temperature dependent deformation

Intercept of temperature dependent deformation

Temperature difference of the specimen =

Tspecimen,above (t) — Tspecimen,above (t = 0[h])
Time
Drift
Deflection/bending of the specimen
4 ANALYSIS and DISCUSSION
Temperature dependent deformation
Condensation

Temperature of the specimen. (A TC is touching the
upper side of a specimen, measuring the specimen’s
temperature.)

Temperature difference of the specimen =

Tspecimen,above(t) - Tspecimen,above(t = O[h])

Slope of temperature dependent deformation
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[°C]
[°C]

[°C]

[mm]

[mm]

[mm
/°C]

[mm]

[h]
[mm]

[mm]

/°Cl

2-22

2-23

2-3

3-2

3-2

3-2

3-4

3-4

3-4

3-6

3-7

4-2

4-2

4-2

4-2

4-2



br
A8,
A8

Sspecimen

AT

T]ulabo

VPeltiers

t

Intercept of temperature dependent deformation [mm]
Drift [mm]
Drift and temperature dependent deformation [mm]
Deflection/bending of the specimen [mm]
5 CONCLUSIONS

Temperature difference of the specimen =

Topectmenavove(®) — Tpecimenavove(t = O[) 1)
Julabo’s temperature setting [°C]
Peltiers’ voltage setting V]
Time [h]
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4-3

4-3

5-3

5-3
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Figure

Figure 1.1-1

Figure 1.3-1

Figure 2.1-1
Figure 2.1-2
Figure 2.1-3
Figure 2.1-4
Figure 2.1-5
Figure 2.1-6

Figure 2.1-7

Figure 2.1-8 a) — n)

Figure 2.2-1 a) - d)

Figure 2.2-2

Figure 2.3-1

Figure 2.3-2

Figure 2.3-3

Figure 2.4.1-1

Figure 2.4.2.2-1

Figure 2.4.2.2-2

Figure 2.4.2.3-1

Figure 2.5-1

Figure 2.5-2

Name
1 INTRODUCTION
Composite specimen in the freeze-warping box

The equipment that determine the specimen’s
temperature Tgpecimen

2 METHODS
Dry concrete specimen
Invar steel specimen
Steel-concrete composite specimen
Specimen 1.1
Specimen 2.1
Specimen 3.1

Setup of the freeze-warping box

A typical calibration curve
Optic probe and the calibration curve

Temperature dependent deformation 48, caused
by the invar supports and the optic probe.

Freeze-warping box dimensions
Calibration curve
Invar steel specimen in freeze-warping box

Time-Deflection and Time-Temperature (right), and
Deflection- Temperature graphs (left) for
temperature cycle 1

Steel-concrete composite specimen in freeze-
warping box

Bi-material specimen

Bi-material deflection. (Taken from Scherer and
Valenza’s PhD thesis that focuses on a composite of
concrete and salt solution/ice)
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Figure 5.1-1

3 METHODS

Trendline showing relation between T'specimen,above
and VPpeltier

Measured Tspecimen,above and Vpeltier

Trendline showing relation between T'specimen,above
and T Julabo

Measured Tspecimen,above and T]ulabo

4 ANALYSIS and DISCUSSION

Figure 3.2.1-1 from test 1, Figure 3.2.1-2 from test 2
and Figure 3.2.1-3 from test 3 are combined.

-The pink area shows when the specimen was above 0
[eC],

-The blue area shows when the specimen was below 0
[eC]

Bi-material deflections 8pecimen Vs. the temperature
difference of the specimen AT =

Tspecimen,above. time=t[h] — Tspecimen,above. time=0[h]

Displacement/deflection Gspecimen Vs Time curve

and Temperature vs Time curve
5 CONCLUSIONS

Sources of vibration
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Appendix A
Recommended Procedure



A.1 PREPARPING SPECIMENS FOR THE FREEZE-WARPING BOX

A step-by-step guide on how to prepare the freeze-warping box specimens is provided down
below.

Steps 1)-6) applies for all types of specimens
Steps 7) and onwards applies for concrete specimens which moisture content cannot be

AL AL IMINIUMSEOLL

1) Get some aluminum foil

2) Carefully roll it out on a clear and
flat table. Its matte side should be
facing down.

3) Use scissors to cut a reflector tab. 4) Use a glue stick and glue the
reflector tab on the specimen.

5) Add a dab of vacuum grease to 6) Smear the vacuum grease across
your finger. the reflector tab.



7) Roll out some plastic wrap on the 8) Fold the shrink wrap over the
table. Place the specimen on the specimen.
shrink wrap. The reflector tab
should be facing down.

11) Smear some vacuum grease or glue (from a glue stick) to the unfolded shrink wrap.
Then fold the excess shrink wrap behind the specimen
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12) Strap two small rubber bands around the specimens to seal and hold the shrink wrap in
place. Check that the rubber bands are placed within reasonable a distance away from
the invar supports (in the freeze-warping box).

13) Turn the specimen around, with the 14) On the shrink wrap, use a pen and
reflector tab facing up. draw a rectangle over the reflector
tab.

15) Use a knife, and cut out the 16) The result should look like this.
rectangular part of the shrink wrap.



A.2 FREEZE-WARPING BOX

A.2.1 THERMO COUPLES (TC)

There are five TCs used in the freeze-warping box. TCs are malleable wires, that can be bent

into shape. They are attached to different parts of the freeze-warping box, and measure the

following temperatures:

TCl
TC2
TC3
TC4
TCS

Above the specimen, Tspecimen,abovel°Cl

Air inside the freeze-warping box, Tyir insige[°C]
Air outside the freeze-warping boX, Tyir outsidge[°Cl
Cold side of the TEC, Tpeitier,cotal°Cl

Liquid coming in through the cold water inlet, Tjy;0¢[°C]

TC3
TC2
TC5 —
' TC1
-

TC1 is taped inside the corner of the copper box. It is bent in such a way that it will lightly press

onto the specimen. The TC measures the temperature above the specimen. Tspecimen,above [ °Cl-




TC2 pokes through the hole in the copper lid, and is secured with butyl tape. It measures the

temperature of the air inside the freeze-warping box, Ty, insige [°Cl.

TC3 is secured on top of the insulation lid. It measures the temperature of the air outside the
freeze-warping box. Tgir outsige [°C]

TC4 is carefully placed between the freeze-warping box, and the TEC, and held into place with

an aluminum block screwed tightly onto the freeze-warping box. It measures the temperature

of the Peltier’s cold side, Tpeitier,cotal°Cl-




TC 6 measures the temperature of the cold liquid in the tubes, at the water inlet, Tj;;.¢[°C].
The reason this temperature is measured is to check if the tubes are properly insulated. Ideally
the TC should be placed inside tubes, in contact with the cool liquid. Since this is not
possible, the second-best option is to place the TC on the metallic part of the tubes (with the
highest thermal conductivity). Carefully poke it between the gap of the tube’s metallic part,

and the plastic tubes (as shown below). Carefully cover it with insulation.
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A.2.2 STEP MOTOR

— .lmmm

Step motor remote

The step motor is controlled by a step motor R P —

A .\.Qonhollet Model fm

remote. The optic probe and the LVDT are
placed on a platform. The step motor moves

the platform up and down.
The “POWER ” button is the on/off switch.

The upper row moves the platform up
(towards the freeze-warping box). The
“RUN/OFF” switch moves the platform
automatically. The “JOG” button moves the

platform manually.

The lower row moves the platform down
(away from the freeze-warping box). The “
RUN/OFF ” switch moves the platform
automatically. The “ JOG ” button moves the

platform manually.

Dials control the speed at which the step motor
moves the platform.
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A.2.3 LVDT (LINEAR VARIABLE DIFFERENTIAL TRANSFORMER)
. "

LvpT Corn

Lwr mAsberic CRe  The photo on the left shows the
freeze-warping box’s set-up.

The LVDT is colored in red.

Here the LVDT shaft is not touching the LVDT coil.
3) Whiles your hand is adjusting

1) Use a screwdriver to  2) Use your hand to

loosen the LVDT manually adjust the the LVDT shaft, look at the
shaft. positioning of the LVDT coil from above. Make
LVDT shaft. sure the LVDT shaft is not
touching the LVDT coil.

4) Use a screwdriver to tighten the screw holding the
LVDT in place




A.2.4 PELTIERS/THERMOELECTRIC COOL 41l

Two Peltiers are used to cool down the freeze-warping

box. They are each connected to its own power supply.
The power supply provides them with a voltage
Vpertier|V] and current Ip,ysier [amps]. The temperature

difference across the TEC is given as:

ATpeitier = TPeltier,hot - TPeltier,cold

ATpeitier can be regulated by Vpyier[ V]. The temperature

on hot side of the Peltier, Tpojtier not can be regulated by

the temperature in Julabo, T}y,14p0

Each Peltier is connected to its own power supply. The power supply regulates the voltage

VPeltier [V]

This the on//off switch for the power supply
This dial regulates the voltage.

This dial regulates the current

This is the on/off switch that provides a voltage
to the TEC.

The equation below shows the relation between the temperature of the specimen

Tspecimen,aboce [°C], and the voltage of the Peltiers Vpesjer[V].

. _ (—3.0822Vpeyper — 19.984 for Truapo = 20[°C]
specimen,above | _9 47347 Vpoytier — 4.317 for Thuapo = —12.50[°C]

NOTE
The equation above applies for an invar steel specimen. If a different specimen is used, the
specimen’s temperature Tspecimen abovemay differ slightly.



A.2.5 REFRIGERATED/HEATING CIRCULATOR (JULABO)A-2]

The refrigerated/heating circulator (further called Julabo) pumps
cooling liquid (water/ethanol mixture) via tubes around the Peltiers.
. This liquid removes excess heat from the Peltiers’ hot side.

The left figure points to the box that programs Julabo’s temperature

T]ulabo'

TANT TEMPURATURE ON JULABO

1) Switch on the power supply for
Julabo

2) Switch on Julabo.

3) Type ig the desired temperature, then

press
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HOW TO PROGRAM A TEMPERATURE CYCLE ON JULABO

The following example shows how to program the temperature cycle below:

Time, Accumulated Target temperature | Julabo, Peltier, Description of
At,[h] time, ¢, [h] for the specimen, Truiabos Vpeitiers [V] temperature
Tspectmensarget €1 | €] change

Step 0 01:00 01:00 20 45.8 5.70 Constant
Step 1 00:30 01:30 10 32,5 5.70 Decrease
Step 2 02:30 4:00 10 32,5 5.70 Constant
Step 3 00:30 4:30 0 15.7 5.70 Decrease
Step 4 02:30 7:00 0 15.7 5.70 Constant
Step 5 00:30 7:30 -10 2.0 5.70 Decrease
Step 6 02:30 10:00 -10 2.0 5.70 Constant
Step 7 00:30 10:30 -20 -13.0 5.70 Decrease
Step 8 02:30 13:00 -20 -13.0 5.70 Constant
Step 9 02:00 15:00 20 45.8 5.70 Increase
Step 10 08:00 23:00 20 45.8 5.70 Constant

1) Press “MENU”, then use the arrow buttons to navigate to “Int. Programmer”. Then pressJ

2) Edit profile: 0. Use the up and down arrows to navigate.
Type in “Setp:” 45.00, and “Time[h:m]:” 01:00.




3) Program the following time and temperatures for the steps shown below:

The temperature of the specimen is described in the equation below:

. _( —0.706T}qp0 — 6.4832 For Vooyier = 5.70[V]
specimen,above = {—0.6433T]ulab0 —10.964 For Vooyier = —0.00[V]

Julabo has a lower temperature limit of: T}y;qp, = —22[°C]

NOTE
The equation above applies for an invar steel specimen. If a different specimen is used, the
specimen’s temperature Tspecimen abovemay differ slightly.
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A.2.6 FOAM INSULATION AROUND THE TUBES

Foam insulation covers most of the tubes. It is held
together with duct tape. Insulation is taped around the

tubes as shown in the photos.

For the bending tubes, the following steps were made
to insulate it:




A.2.7 QUANTUM X

The photo to the left shows Quantum X. It

continuously logs the measurements made
by five TCs, one fotonic sensor/optic
probe, and one LVDT. Quantum X
transfers this logged data to the PC

program called catman®Easy.

-

A.2.8 CATMAN®EASY

On catman®Easy, the tab “DAQ channels” shows all the measuring devices connected to

Quantum X. Each measuring device is on its own “channel”:

o Channel 1: Optic probe, measures reflected light, I [V]

e Channel 2: LVDT, measures displacement, d [mm]

e Channel 3: TC4, cold side of the Peltier, Tpeitier cota[°Cl

e Channel 4: TCI1, temperature over the specimen, Tspecimen,above[°Cl
e Channel 5: TC2, air inside the freeze-warping box, Tyr inside[°C]

e Channel 6: is not in use

e Channel 7: TCS, water inlet, Tjp;0¢[°C]

o Channel 8: TC3, air outside the freeze-warping box, Tgir outside[°Cl

@“‘omﬁ DATAVIEWER EDOR  COCKPIT © 7 Analyze measurement data (> Execution mode s Window~ @ He|
¥ = :
> BE - | & ©DEwr= @ | 2w 2
» Dt e

= 5 &
S|l e Cont TEOS S £ ek
| Blvevpose e Qa2 || e rast ""J % S g vy eete || CIete | o ey channal | P22
(e o [ e rera | T el
Devices: 1 Current sensor database: Sensordatabase.sb 3
Cnannel name Reading ‘Sample rateFiler SensocFunclion Zerovalue Sensor groups
3 3 =
“ e wCMmiz@e
W MXE408_CH 1_OPTISK @ 00031V W50 He BE 2 Hz (uto) {3 DCvoltage 10V 00403V
- 3 My sensors
W MX8408_CH 2 LVOT @ 0299mm ar astamm
o \XB0B_CH3 @23 200000
G408 CH 4 @ na2c 000°c
W NHE40B_CHS @ 25 50 He/ BE 2 Hz (Auto) 200000°C
- E408_CHE @ 23 W 50H2/BE 2 Hz (Auto) (3 ThemocoupleType T 0.00000°C
- MKB408_CHT @ 03¢ W50 He/ BE 2 He (Auto) 3 Thermocouple Trpe T 0.00000°C
= \xB408_CHB @ 2ac W 501H21BE 2 Hz (Auto) (3 ThemocoupleTpe T 000000°C

?" 2 computation channeis

eeR
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The tab “Visualization” has two “panels”.

e Panel 1 plots the Calibration Curve during the calibration procedure. The y-axis
displays I [V] (channel 1), and the x-axis displays d [mm] LVDT (channel 2).

T, P re———
Bl B3 % oo kx
S | 2 comment ~ | ™™ 3 ekee T Updte ‘ L:jl-bam HeZoom Cursor Seroll Anotations
e 2 ‘ ‘ I = — = 'MXEAIOB C:i 2‘ |_7vnjr [mrr‘x] L Ia ‘ w I] J 2 =
e Panel 2 will plot the temperature-time curve during a temperature cycle. The x-axis
displays the time t [h], the y-axis plots the temperatures Tpeitier cotal Cls
o O, O, O,
Tspecimen,over[ C], Tair,inside[ C], Tinlet[ C]> and Tair,outside[ C]
DAQCHANNELS  DAQI0BS W ON..  DATAVEWER DR COCRPIT A 1 Anslyze measur > 3 Window~ @ Help~
i e L g b
g - ke l&w T o e
B ws
F ‘E’Wmﬂm’d Original size
22.47 °C 22.53 °C 22.74 °C 22.68 °C
over beam ch 4 under beam ch 6 Temp Peltier Hot/cold? air inside box
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A3 CALIBRATION PROCEDURES [A311A4]

NOTICE!
1. The optic probe/fotonic sensor must be re-calibrated whenever:
e There is a new specimen in the freeze-warping box
e The specimen moves
e The optic probe touches the specimen
e There is a new temperature cycle experiment
2. THE OPTIC PROBE MUST NEVER TOUCH THE SPECIMEN! Here are the reasons:
e The specimen’s reflector tab is covered with grease, and might cover the optic
probe’s head.
e The optic probe may accidentally move the specimen.
3. If the optic probe touches the specimen, clean the optic probe’s head with cloth lightly

soaked with ethanol.

CALIBRATING THE FOTONIC SENSOR

1) Open the lid of the freeze-warping box, and place an object with a straight edge on top of
the invar supports. (The photo below shows an invar specimen used as a straight edge.)
Use the step motor and position the optic probe close to the straight edge. There should be
a 1 - 2 [mm] gap between the optic probe and the straight edge.

crvoas

2) Remove the straight edge, and place a specimen on the invar supports. The reflector tab
should be facing d‘own towards the optic probe.




3) Put on the lids.

Turn on Julabo and set it to Ty qpo = 45.80 [°C]. Turn on the Peltier/TEC and set both of
its power supplies to 5.70 [V].

Wait 1 hour, until the specimen’s temperature has set t0 Tspecimen,above =20 [°Cl.

5) On the fotonic sensor, set the “MODE to “CAL”.

—
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6) Use the step motor to slowly move the optic probe as close to the specimen’s surface. The

fotonic sensor should show a reading between 0.050 — 0.100 [V].

7) Look at the program catman®Easy, and look at the measured displacement of the LVDT.
It should show a reading between -4 and -3 [mm)].

“I DAQ CHANNELS | DAGJOBS VISUALIZATION DATAVIEWER SENSOR DATABASE AUTOSEQUENCE EDITOR COCKPIT

> =i Rename E E b Slow @ % Q) {¥% Adaptation @ Feor A Edit ;;1
<7 Sample * M Default : [ Edit ¥ Delete £
Start Active Di Confi TEDS S Executs Creaty Special
ive DPIy | gy | COMIQURE || TEDS. Sensor g e | CIME o4 iy chanel || P
Y - - -
Configure DAQ channels Devices:1 | «ch: Is:8 Comp ion ch. Is: 7 [Live update active]
- Channel name Reading Sample rate/Filter SensorFunction Zerovalue
< B2 MX840B
B MX840B_CH 1_OPTISK &) 0.0988V B 10 Hz/BE 2 Hz (Auto) 8 DC voltage 10V 0.0403V
B MX840B_CH 2_LVDT & 0.002mm ¥ 10 Hz/ BE 2 Hz (Auto) [J Warping LVDT 3514 mm
B MX840B_CH3 8 208°C #r 10 Hz/BE 2 Hz (Auta) 8 Thermocouple Type T 0.00000°C
B MX840B_CH 4 e 214°C ,7 Update @ Thermocouple Type T 0.00°C
& VXB40B_CH 5 @ 220°C & Zerobalance (3 Thermocouple Type T 0.00000 °C
B MX840B_CHE e 21.3°C Electrical values 8 Thermocouple Type T 0.00000°C
B MX840B_CH 7 @ 208°C Test signal [ Thermocouple Type T 0.00000 °C
MX840B_CH 8 25.7°C Thermocouple Type T 0.00000°C
w - e Large display S LBk
& .
fx|] Computation channels wm  Display format 4
M Optical_Filtered &) 0.1 pm Increase font size(+ key) MEAN~MX840B_CH 1_OPTIS 0.00000 pm
M over beam ch 4 8 21.42°C Decrease font size (- key) MEAM~MX840B_CH 4~10~0~  0.00000°C
M under beam ch & e 21.25°C Reset font size (STRG+F) MEAMN~MX840B_CH 6~10~0~  0.00000°C
M TEC peltier cold side ch 3 e 20.76°C Font bold/normal MEAM~MX840B_CH 3~10~0~  0.00000°C
M airinside boxch 5 & 21.97°C MEAN~MX840B_CH 5~10~0~  0.00000 °C
M air outside boxch 8 @ 2572°C MEAM~MX840B_CH 8~10~0~  0.00000°C
M waterinletch 7 e 20.80°C MEAM~MX840B_CH 7~10~0~  0.00000°C

If it does not, then manually adjust the LVDT until catman®Easy shows a reading
between -4 and -3 [mm]. Then set the LVDT’s channel to “Zero balance”.
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LVDT's 8 [mm] LVDT's 8 [mm]
There is a TINY gap between the measuring measuring
optic probe and the specimen. range before  range after

The optic probe should NEVER "zero balance”. "zero balance"”.
come in contact with the specimen. - . S :Q‘
B I N L I -z ‘-u-..
- 2
' $
; ¢
3
* 1

Use a screwdriver here to
manually adjust the
positioning of the LVDT

NOTE: rowni s sch o scle |

It is possible to
manually adjust the
optic probe if

necessary.

8) On catman®Easy, go to “DAQ CHANNELS”. For all eight channels, set the “Sample

rate/Filter” to “default sample rate”. Default sample rate is marked with this icon:

DAQ CHANNELS DAQJOBS VISUALIZATION DATAVIEWER SENSOR DATABASE AUTOSEQUENCE EDITOR COCKPIT

% =i Rename E E b Slow @ ® (é) 4 Adaptation @ flx) A Edit
7 Sample " Default | = dit XK Delete
Start o ..o | Active Display Configure || TEDS Sensor Execute Create
;g Live update . filter~ || PP Fast . mV/V % _S Auxiliary channel
curemen " Channel ‘Sample ratesffilter Zero balance|  Computatio n channels
Configure DAQ channels Devices: 1 Hardware ch Is: 8 Comp ion ch Is: 7 [Live update active]
- Channel name Reading Sample rate/Filter Sensor/Function Zero value
e B3 MX840B
B MX840B_CH 1_OPTISK & -0.0031V »» 50 Hz/BE 2 Hz (Auto) [ DCvoltage 10V 0.0403V
B MX840B_CH 2_LVDT &) 0.299 mm »» 50 Hz/BE 2 Hz (Auto) D Warping LVDT -3.514 mm
B MX840B_CH 3 & 21.3°C »» 50 Hz/BE 2 Hz (Auto) {3 Thermocouple Type T 0.00000 °C
5 MX840B_CH 4 9 21.2°C »» 50 Hz/BE 2 Hz (Auto) 8 Thermocouple Type T 0.00°C
B MX840B_CH 5 @ 21.5°C »» 50 Hz/BE 2 Hz (Auto) 8 Thermocouple Type T 0.00000 °C
B MX840B_CH 6 @ 21.3°C »» 50 Hz/BE 2 Hz (Auto) B Thermocouple Type T 0.00000 °C
B MX840B_CH7 9 21.3°C »» 50 Hz/BE 2 Hz (Auto) ]J Thermocouple Type T 0.00000 *C
[} MX84OB=CH 8 & 224°C »» 50 Hz/BE 2 Hz (Auto) D Thermocouple Type T 0.00000 °C
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9) Go to VISUALIZATION. Click on “Quick setup”. Set the Default sample rate to “50 Hz”.

Set the storage mode to “keep all data™:

DAQ CHANNELS DAQJOBS VISUALIZATION DATAVIEWER AUTOSEQUENCE EDITOR COCKPIT

8] Quick setup = i{‘ =3 Copy (&) Lock

|
| Slow sample rate 10 Hz - »

Start ‘
| Default sample rate 50 Hz T »
1
Fast sample rate 5000 Hz A
Panel 1
Storage mode Keep all data e
Data saving Prompt on DAQ termination

[ Automatically zero balance hardware channels

Close

3.84

10) Make sure Panel 1 is open on the computer screen.

DAQCHANNES  DAQIOSS MUALZATON, DATAVEWER  AVTOSIQUENCEDITOR  COO®TT & 7 Anale messuementdita ) bicunon mode 3 Windew - G Help-

MXB40B_CH 1_OPTISK

G 7 B
MX840B_CH 2_LVDT [mm]

»

Start

11) Press “Start”
12) Use the step motor to slowly move the optic probe away from the specimen. Stop once

Panel 1 shows that you have reached a maximum reading.

= cotmanEasy V4.2 DAQ project <CAUser\LABNDeskiop\WARPING B e\Warping box EPERMENTMED> o
Visualization T window - e

e acom B lek = e g s
LA PSP T O T —— T | Y 2 zoomreset
wop. oo | T e s e « | el nzeom tz00m "™ Curiar
k
Punels, Pz
1. MXB408_C4 1_09TISK
o
2
E a3
I 1oxis
74
E sckgrond
E Ov. 8 0o s
s .
E R
1 T
o1 0.2 03 0% 0.5 06 o7 05 05 0 P
MX840B_CH 2_LVDT [mm]
Yoo i 0 m
5 Aa e

T3040 job Job1 1, Auto storage OFF M 50z GiRTLag:0s | (J0-0-0 §72859 Adamonal.
 DAQ runcng...




13) On the fotonic sensor, press the button “CAL SET”. This button will adjust the lighting in
the optic probe so that the reading at the optic peak will show 10.000 £ 0.075 [V]. The
“Calibration in progress” lightbulb will glow. Wait until this lightbulb turns off. Now the

optic probe is calibrated.
s _.
—

%“ =

-~

-

Panel 1 should show a graph like the one below.

catmanEasy V421 DAQ project: <C:AUsers\LAB\Desktop\ WARPING B....les\Warping box EXPERMENT.MED> - 8 X
Visualization & Pawindow - € Heip -
ﬂk kst Famm LaComr (3 Leck ey - R B H; F zoomaut "k‘
o PR v M —— s | 1 O et
G swp Gron Hew ; - | Rzo0m t00m cursor
Soene | @ comment = || "™ 3Cetete 2Jupaste I
L —— e 1 stton o e
Panelt. Fanelz
Lo MXB408_0H 1.0PTISK
AAAAA
e i
16018 -
7
Eackground
O~ @ owed
2
1
el
0.1 0.2 0.3 0.4 0,5 0,6 07 0.8 0.9 1.0 11
MX840B_CH 2_LVDT [mm]
AS—
figure: Panel | DAQ channels
“Toaajen: bt 1, Auto storage OFF W S0 SdRTlag 02| (0-0-0 @ 72854 Adationsi.




14) Use the step motor, and move the optic probe a bit up and down.

sure that you have found the optic peak.

This is done to make

t <CAUsers\LAB\Desklop\ WARPING B...Jes\Var

B' Visualization

rping box EXPERMENT MED> - a x

ﬁm fem 3w 3 =
! fpetomance - S = oy rui sereen o
n
P Coene | I comment M W pelete 2 Updste
J
Paneit. Favei2
— MX840B_CH 1_0PTISK
10T
PSSR I I R A A I S R— N S S— R
E LI iy
F 16x1s
74— - -
3 Sackground
I O M 0ed
s of
1
0.1 02 03 04 0,5 06 07 0.8 05 1.0 11
MX840B_CH 2_LVDT [mm]
Yo window: 10 min
Canfigure: Pane! | DAQ channels
Auto storage OFF " 50K SdRTiag0s | (0-0-0 72094 addtional.
|

15) On the fotonic sensor, set the mode to “DISPLACEMENT”. If the lightbulb besides
“MICRONS” light up, press the button “VOLTS/EU”, The screen should now show a

reading in volts again.

N

& PEAKTOPEAK
vouTs
MILLLINCHES

~ MICROWCHES

PEAK TO PEAK

@ vouts

MILLHINCHES
MICROINGHES
MICRONS

© MILUMETERS

PEAK TO PEAK
vours
MILLLINGHES
MCROICHES

MODE
DISPLACEMENT
caL PEA

w
ﬁm
Y

16) Move the optic probe away from the freeze-warping box until the fotonic sensor shows a

reading of V.4 = 1.000 [V].
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& <CAUser\LAB\Deskiop WARPING B...es Wrping box ECPERMENTED> - o x
& By Window - @ Heip -
o ] pav] ()
J o
Panelt, Fan
—— MX8408_OH 1_0PTISK
107
E /'—
| /
74 /
S st //
1 /
o 02 03 g 0.5 06 o7 B 05 0 Py
MX8408_CH 2_LVDT [mm]
it
Cortgure Puna [ GAG Brod
e 1. Auto storsge OFF W 5ok SdRTLsg 05| (0-0.0 72854 Adeonal..
YT —— I

17) Then press the blue “Stop” button. Do not save anything.

The fotonic sensor and the optic probe is now calibrated.



FIINDING THE CALIBRATION CURVE

18) On catman®Easy, make sure Panel 1 is showing on the PC’s screen.

| ol

i Cormment -

MY K oee 23 Upime

wn
i
s

ez

MX40B_CH 1_OPTISK

& 7 Anayue messuement doa > ecuion mode 28 Windo - §) Hep-

& 7 C
MX840B_CH 2_LVDT [mm]

19) Press “Start”

>

Start

20) Use the step motor to slowly move the optic probe away from the specimen’s surface.
Follow along the logged values on “Panel 1”. Continue to move the optic probe until it
reaches its optic peak (maximum reading on fotonic sensor). “Panel 1’ should look like

this:

RGAITHEMARGRETHE2MEPS

LS
Bl % Zoce K 70

Rp i s e g a9

L Zoom et

.............

am MXB40B_CH 1_OPTISK

-8 x
5 ) bnsction made % windew - @ Help

[T - 1x

73 DAyt ot

£ Al duiage DFF

03

04

05 05 0.7
MXA408_CH 2_LVDT [mm]

W 0Rs 5 RTLag0s] 3 0°0-0 9 Tiba Addbana.

21) Continue to use the step motor, and slowly move the optic probe away from the

specimen’s surface until the LVDT’s reading shows about 4 [mm]. “Panel 1 should look

like this:
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BB catmanAP V4.2.2 DAQ project: <C:

& Periomance
& Comment -

s MX8408_CH 1_OPTISK

s / [
_—
i /
0.5 1.0 1.5 2.0 25 3.0 35 4
MX840B_CH 2_LVDT [mm]
Time window: 5 min

22) Press “STOP”.

Name the file Calibration Curve, then save the data as an ASC 1I file.

Data saving B

File
Placeholder | % C:\Users\ktlab01adm\Desktop\2017-09 Warping box\MARGRETHE\calibration of optic probe\PeakToPeakCurveTEST.ASC

5]

ASCII + channel info ~ Format O.#&zszs ~  Precision
Save all data Saving depth
Comment

Help about file format

Test parameters

(| Name | Value
1 |E] operator [
2 |5 Department
3 |[E] comment

3 New parameter | [ADelete parameter | i

Save data now \ XK piscard data




A4 FREEZE-WARPING BOX EXPERIMENT

1) After the calibrations procedure is completed, use the step motor to position the optic
probe in the middle of “Range 1’ OR “Range 2”.

If you predict the experiment will deflect between + 0.1 [mm], position the fotonic sensor
in the middle of Range 1, where 1 = 3.750 [V]. (As shown below)

If you predict the experiment will deflect between = 1 [mm], position the fotonic sensor in
the middle of Range 2, where [ = 7.710 [V].

Vo

MILLIMETERS
CAL IN PROGRESS

CAL ERROR

CHANNEL
1 2

CHANNEL VoLTS/EU ',rYCP%rm

2) If you’ve followed A.3, the specimen’s temperature should be 20[°C]. Make sure
catman®Easy has the following setting:

a. Go to VISUALIZATION. Click on “Quick setup”. Set the Default sample rate
to “0,05 Hz”. Set the storage mode to “Keep all data”:

DAQ CHANNELS DAQ JOBS VISUALIZATION DATAVIEWER AUTOSEQUENCE EDITOR COCKPIT

8] Qui E 23 Copy (3 P intr Lz 2 ST ; '
% g]Quncksetup_ ‘.}"_‘ 2 Copy (13 Lock I 5 % H’}/‘__) »— Zoom out : :M ﬁ% |

= _ Q Zoom reset ciiee 34 @ ......

Start Slow sample rate 10 Hz ’ om H-Zoom Cursor Scroll Annotations

Default sample rate 10 Hz M £ 2 53

=

Fast sample rate 5000 Hz A 2
Panel 1

Storage mode No storage :

Data saving Prompt on DAQ termination ¥

[] Automatically zero balance hardware channels

| Close |




3)
4)
S)

6)
7)

8)

On Julabo, program your temperature cycle. Please refer to A.2.6.

Start the temperature cycle on Julabo

On catman®Easy, make sure panel 2 is showing on the computer’s screen. Then press

“Start”. I

Start

Wait until the temperature cycle is completed.

On catman®Easy, press “Stop”. ;
Stop

Save the logged data as an “ASC II” file

Dats saving

File

Placeholder |~ |C:\Users\ktlab0ladm\Desktop\2017-09 Warping box\MARGRETHE \calibration of optic probe\PeakToPeakCurveTEST.ASC
ASCII + channel info | Format |0.##2#22  ~ Precision

Save all data Saving depth

Comment

Help about file format

Test parameters

Name value
1 |E] operator [ |
2 |[8] Department
3 8] comment
4
5
6
7
8
s
10
11
12
13
14
9 New parameter (3 Delete parameter
Save data now K piscard data
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Appendix B
PHASE 1: WORK LOG



B.1 FINDING THE SETTING FOR THE PELTIERS AND JULABO (PHASE 1)

Phase 1 is divided into 3 parts:

e B.1.1 Reliability Experiment
e B.1.2 Peltier Experiment
e B.1.3 Julabo Experiment

For the Peltier Experiment and Julabo Experiment a series of tests were performed to find the
Peltier’s Vpgytier [V]and Julabo’s Ty ap0[°C] settings that are required to make the specimen’s

temperature equal the specimen’s targeted temperature:

(¢}
Tspecimen,above specimen,target[ C]-

This was found through trial-and-error.

For the Reliability Experiment, a series of tests were performed to determine how reliability

of the different equipment used with the freeze-warping box.

B.1.1 RELIABILITY EXPERIMENT

OPTIC PROBE AND FOTONIC SENSOR

Outside disturbances can affect the measurements of a freeze-warping box test, and cause

its test results to be scrapped.

Two tests with both Julabo and Peltiers switched off were performed. The goal with these
tests was to check if the vibrations form Julabo and the circulating cooling liquid in the tubes

may have cause any unwanted drift Ad,. Both tests showed negligible drift Ad,.



TEST 1 — Dry Concrete
26-27 October 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Dry Concrete, with aluminum foil and vacuum grease
Time [h] 22
Julabo [°C] Off
Peltier [V] Off
Target temperature in freeze-warping box [°C] Room Temp
REAL temperature, over beam [°C] -
Drift AS 5.9 [um]
Experiment name: Constant temperature, with Julabo and Peltiers turned off
Specimen: dry concrete Deflection - temperature
Reflector: adhesive aluminium, with vacuum grease
Date: 26-27 October 2017
€ — €
E O
S £ =
el 5 & ~
‘:‘E‘\ -15 E £
5 - &5
Time, [h] ® oo

Temperature Difference, AT, [*C]

—Deflection ——Te

——Deflection

TEST 2 — Dry Concrete
27-30 October 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Dry Concrete, with aluminum foil and vacuum grease

Time [h] 70
Julabo [°C] Off
Peltier [V] Off
Target temperature in freeze-warping box [°C] Room Temp
REAL temperature, over beam [°C] -
Drift A8 5.0 [um]
Experiment name: Constant temerature. Julabo and Peltiers turned off
Specimen: dry concrete Deflection - temperature
Reflector: aluminium foil, with vacuum grease
Date: 27-30 October 2017
0035 35
0030
0025 9 —l- 25
'g 0020 —_
£ =g
— 0005 5 g =
S oo I = Y 00 o 5
Lo -0.0050.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80,005 g o~
S o S
& 00 s &
= o =
a oow _ =5
Time, [h] Temperature Difference, AT, [C]
— Deflaction Temperature  betection

Several freeze-warping box tests were run between September and December. Between
November-December, Julabo began to frequently shut down. One of the reasons for this is the
rapid evaporation of the cooling liquid ethanol. When ethanol is heated up to Tjy14p0 =
45.8[°C] over an extended time period, a large volume of ethanol will rapidly evaporate.
When there is not enough cooling liquid in Julabo, it stops working. Several attempted freeze-

warping box tests were scrapped due to Julabo’s unreliability.
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To reduce the amount of evaporated ethanol, butyl tape was added around the rim of Julabo’s

lid. This has reduced (but not eliminated) the frequency of Julabo’s shut downs.

CATMAN®EASY AND QUANTUM X
The program catman®Easy has generally been very reliable. However, it has on rare
occasions stopped working midway through a freeze-warping box test. The causes behind this

are unknown.

OPTIC PROBE

Two series of calibration tests were performed to check if the measured calibration curves are
reliable. Two test series were made; the fotonic sensor/optic probe was calibrated once, then
the calibration curve was run multiple times at different points in time. Their functions for
range 1 and range 2 are then compared with one another with the following equations:

Change in the slope for range 1: Am, = (M) 100 [%]

Miruni

Change in the slope for range 2: Am, = (M) 100 [%]

Mz runi

Change in the intercept for range 1: Ab, = (M> 100 [%]

b1run1

Change in the intercept for range 1: 4b, = (M> 100 [%)]

2,run1il

index: 1 = run number

The results from both tests showed the calibration curves were repeatable. Test 2 showed that

the calibration stretches upwards after a day.

TEST 1
Finding the calibration curve
Specimen: Dry concrete, with adhesive aluminum and vacuum grease

18 September 2017

15:37 The fotonic sensor/optic probe was calibrated

15:37-16:06 | Run 1-10 were performed. Their calibration curves are shown in blue.




Calibration Curve
Specimen: Dry concrete
Reflector: Adhesive aluminium
1
10
9
— 8
=
=7
FG
€5
£ 4
O 3
2
1
0
0 05 1 15 2 25 3 3.5 4
LVDT, d, [mm)]
unl run 2 run3 ——mun4 un 5 un 6 un7 run 8 run 9 run 10
Range 1 Range 2
5.5
88
Sas s
E ::‘ 7.8
oLs : &8
15 5.8
0.05 01 015 0.2 025 03 035 04 045 05 1 15 2 25 3 35
VDT, d, [mm] LVDT, d, [mm]
1 Run2 Run3 Run4 Run5 Run6 Run7 Run8 Run9 Runl0
- m;y 2790 2795 27.83 28.11 27.88 2824 27.86 28.12 27091 28.05
3 by -1.32  -1.33 -1.31 -1.36  -1.33 -1.38  -1.32 -136 -1.33 -1.35
<Zt Amy 0.00 0.21 -0.25 0.76 -0.05 1.24 -0.13 0.79 0.06 0.55
e« Aby 0.00 0.56 -1.01 3.07 0.73 4.36 -0.04 2.69 0.55 1.72
~ m; -199 -199 -199 -199 -2.00 -2.00 -2.00 -2.00 -2.00 -2.00
E b, 12.06 12.08 12.07 12.09 12.09 12.09 12.09 1210 12.10 12.10
<Zt Am, 0.00 0.04 0.06 0.10 0.32 0.17 0.32 0.18 0.50 0.23
e« Ab, 0.00 0.17 0.08 0.20 0.22 0.25 0.23 0.29 0.34 0.31
—_ —_m)2
Average: m; = L™ _ 2798, Standard deviation: STDm; = |2~ _ g 14
1 10 1 10-1
[ — —_mo)2
Average: m; = L™ — _200, Standard deviation: STDm, = 2m2=m2)” _ 0,00
2 10 2 10-1
— b T — by—bp)?
Average: b; = Lh_ 132, Standard deviation: STDb, = |=22720° — (2
17 10 1 10-1
7 b T — by—b7)?
Average: b, = 21—02 =12.09, Standard deviation: STDb, = Z0b27b2)® _ ) 01

10-1

The results from Test 1 shows minimal changes (small standard deviation) to the Calibration

Curve when it is re-drawn multiple times. Run 1-10 were all drawn within 30 min. It was

speculated that the Calibration Curve may change if it were to be redrawn after a longer time

period. Test 2 was therefore performed.




TEST 2
Finding the Calibration Curve
Specimen: Dry concrete, with adhesive aluminum and vacuum grease
20 September 2017 21 September 2017
14:00 The fotonic sensor/optic probe was 00:00- The fotonic sensor was left on overnight.
calibrated 09:20
14:00- Run 1-5 were performed. Their 09:20- Runs 5-10 were performed. Their
14:45 Calibration Cureves are shown as blue 09:40 Calibration Curves are shown as red
14.45- The fotonic sensor was left on overnight. | 09:40 The fotonic sensor was switched on and off
23:59
10:25- Runs 11-14 were performed. Their
10:50 Calibration Curves are shown as yellow
Calibration Curve
Specimen: Dry concrete
Reflector: Adhesive aluminium
11
10 -
9
i~ 8
= 7
g 6
g 5
é_ 4
o 3
2/
L]
o
-0.5 0 0.5 1 1.5 2 25 3 3.5 4
LVDT, d, [mm]
=———run 1 ———run2 =—run3 run 4 5 6 7
—fUN 8 U0 9 =—run 10 run 11 run 12 run 13 run 14
Range 1 Range 2
5.5
8.8
545 s
_Tg Tg 7.8
535 5
& &
25 6.8
1.5 58
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 1 15 2 25 3 35
LVDT, d, [mm] LVDT, d, [mm]
Run Run Run Run Run Run Run Run Run Run Run Run Run
Run 1 2 3 4 5 6 7 8 9 10 11 12 13 14
m; | 28.18 28.20 28.02 27.75 28.03 29.07 2877 28.95 2875 2897 2867 28.80 28.64 28.83
L]
w b1 -167 -169 -175 -174 -1.75 -174 -168 -1.73 -168 -1.73 -1.68 -1.72 -1.68 -1.72
g Am; | 0.00 0.04 -0.57 -153 -0.56 3.15 2.07 2.71 2.01 2.78 1.72 2.20 1.63 2.28
Ab; | 0.00 141 507 427 500 414 061 347 0.64 3.85 0.82 277 038 271
m; -203 -205 -205 -205 -205 -213 -211 -2.11 -2.11 @ -211 -210 -210 -210 -2.10
(o]
lL‘DJ b, 12.35 1241 1238 12.47 1247 12.74 12,69 12.73 12.70 12.73 12.68 12.69 12.69 12.70
g Am; | 0.00 0.75 0.55 0.60 0.57 4.67 3.66 3.93 3.55 3.70 3.23 3.04 3.26 3.07
Ab, | 000 045 021 099 094 317 276 3.06 279 3.05 2.66 275 271 285




Day 1 (run 1-5)

™M

my

Average: m; = o - 28.04,

A L _ LMmg _
verage: m, = = = = —2.04,

Average: b, = 222 = —1.72,

10
Average: b, = % = 1242,

Day 2 (run 6-10)

™M

my
10

Average: m; = = 28.90,

Average: T, = Im -2.11,

Average: b; = =-1.72,

Average: b, = % =12.72,

J— —ma)2
Standard deviation: STDm, = % =0.18

X(my-Tz)?

Standard deviation: STDm, = /T = 0.01
Standard deviation: STDb, = Z(’izij_l)z = 0.04

Y(ba—b3)?

Standard deviation: STDb, = =

= 0.05

i

Y(my-m1)?

10-1

=0.14

i

Standard deviation: STDm, =

X(my-T3)?

Standard deviation: STDm, = )

=0.01

g

Y(b1—by)?
10-1

i

Standard deviation: STDb; = = 0.03

Y(by—b3)?

Standard deviation: STDb, = o

= 0.02

i

Day 2 after the fotonic sensor has been switched off and on (run 11-14)

Average: m; = LM _ 2874,

Average: m; = LM — 210,

Average: b; = Elzl = —1.70,

Average: b, = % = 12.69,

X (my-7y)?

Standard deviation: STDm, = o1

=0.19

i

[ — —m5)2
Standard deviation: STDm, = 2(mp—T)” _ 0.00

10-1
R —p)2

Standard deviation: STDb, = /Z(i;—jl) =0.02
- —ph-)2

Standard deviation: STDb, = Z“ﬁ)—_’iﬁ =0.01

The results show that when the fotonic sensor is left on for about 1 [day], the Calibration

Curve stretches up (compare the red lines to the blue lines). This can be seen with the slopes

for both Range 1 and Range 2 which have increased from m; = 28.04 to 28.90 and m, =

2.04 to 2.11.

When the fotonic sensor is turned off and on, there is negligible changes to the Calibration

Curve (compare the red lines to the yellow lines).

B-7



B.1.2 PELTIER EXPERIMENTS

A series of freeze-warping box tests called Julabo Experiment are performed. The goal of

the Peltier Experiment is to find the Peltiers’ setting Vp, ;e that gives the targeted specimen

temperature Tspecimen,target- 1he following series of experiments are color coded:

e The Peltier setting in the -cells shows where Tspecimen > Tspecimen,target- This

can be corrected by increasing Vpgtier -

e The Peltier setting in the . cells shows where Tspecimen < Tspecimen,target- This can

be corrected by decreasing Vpetier -

o The Peltier setting in the blue cells shows where Tspecimen = Tspecimen,target T 1[°Cl.

In these cells, there is no need to correct the setting of the Peltiers Vpgtier -

The Peltiers’ settings are kept constant Vp,sier = constant.

Two types of specimens were used; dry concrete specimen and invar specimen.

DRY CONCRETE SPECIMEN

TEST 1 - Dry Concrete Specimen
16 October 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Dry concrete, with adhesive aluminum and vacuum grease

Time, t [h]
Julabol Tiulabo [oc]
Peltier, Vpeitier [V]

Target temperature in freeze-warping bOX,
Tspecimen,target [°C]

REAL temperature, over beam, Tspecimen,above [°C]

0.1 0.7 13 1
20 20 20 20
0.25 1.45 2.85 0.25
20 15 10 20

20.33456 | 1648934 10.57052  20.94643413

TEST 2 — Dry Concrete Specimen
3 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Dry concrete, with aluminum foil and vacuum grease

Time, t [h]

0 1 1 1 1 1 1 1 1 11
Julabo, T)yiabo [°C] 20 20 20 20 20 -125 -125 -12,5 -125 20
Peltier, Vpeitier [V] 035 145 29 45 6.5 0.6 1.75 3.5 545 0.35
Target tempe:ature in freeze-warping box, 20 15 10 5 0 5 10 15 20 20
Tspecimen,target [ C]
REAL temperature, over beam, Tspecimenabove [°C] 197 156 103 53 04 44 91 [-133 187 2009 |
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INVAR SPECIMEN

The dry concrete specimen used in the tests above is made up of cement and aggregate,
making it in-homogenous. This may cause some bending during a freeze-thaw cycle. To avoid
any specimen deflection, the specimen was then exchanged with a homogenous invar steel

specimen.

The Peltier’s setting Vpotier required to meet the specimen’s targeted temperature
Tspecimen,target depends on the specimen’s material and size. The Peltier setting used for the

dry concrete specimen are therefore adjusted accordingly for the invar steel specimen.

TEST 1 — Invar Specimen
3 November 2017 — Temperature cycle from +20 [°C] to +10 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease
Time, t [h] 0 19.5
Julabo, Tyiabo [°C] 20 20
Peltier, Vpeitier [V] 0.35 2.9
Target temperature in freeze-warping box, Tspecimen,target [°C] | 20 10
REAL temperature, over beam, Tspecimen,above [°C] 19.8 9.4

Experiment name: 6. Temperature cycle, from +20 [°C] to +10 [°C]
Specimen: invar steel
S Reflector: aluminium foil, with vacuum grease

Date: 13-14 November 2017
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-0.0z20
-0.025 -25
-0.030

-0.035 - -35
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Drift and temperature dependent deformation A44:
Temperature, [°C]

Deflection Temperature Linear (Temperature)

The goal of TEST I — Invar Specimen was to measure the time £[h] required for the

specimen’s temperature T g,ecimenabove and the freeze-warping box’s temperature
dependent deflection and drift A§[mm] to reach equilibrium.
e From the Deflection-Time diagram, it takes roughly t = 3 [h] for A§[mm)] to reach
equilibrium.
e From the Temperature-Time diagram, it takes roughly 1 [h] for the specimen’s

temperature Tgpecimee tO reach equilibrium.



TEST 2 - Invar Steel
3 November 2017 — Temperature cycle from +20 [°C] to +10 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease

Time, t [h] 0 1 1 2
Julabo, Tyuabo [°C] 20 20 20 20
Peltier, Vpettier [V] 035 145 29 0.35

Target temperature in freeze-warping box, Tspecimen,target [°C] | 20 15 10 20
REAL temperature, over beam, Tspecimen,above [°C] 20.0 15.8 10.5 194

TEST 3 — Invar Steel
14 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aludinum foil and vacuum grease

Time, t [h] 0 2 2 2 16
Julabo, Tyuabo [°C] 20 20 20 -125  -125
Peltier, Vpeitier [V] 035 29 65 175 5.45
Target temperature in freeze-warping box, Tspecimen,target [°C] | 20 10 0 -10 -20
REAL temperature, over beam, Tspecimen,above [°C] 194 102 03 _

IMPRACTICALITY ISSUES
When a freeze-warping box experiment is being performed, and the specimen’s temperature is
controlled by the Peltier’s setting Vpojrier, currently the only way to adjust Vpejpier 1S by

adjusting the Peltiers manually. This means the person using the freeze-warping box must

stay within proximity of the freeze-warping box throughout the entire experiment. This is

inconvenient for the person using the freeze-warping box, especially if the freeze-warping box

test is being run for several hours.

Experiment name: Temperature cycle, from +20 [°C] to + 10 [°C]
Specimen: invar steel

Reflector: aluminium foil, with vacuum grease

Date: 14 November 2017
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-35
Time, [h]
= TEC/Peltier cold side = Qver beam Air inside warping box — =—Vater inlet Air outside box

Tspecimen,above [OC] Tair,inside [OC] Tair,outside [OC] Tpeltier,cold [OC] Tinlet [OC]

When the specimen’s temperature Tgpecimen decreases from 0[°C] to -10 [°C], Julabo’s
temperature setting must decrease from Tjyq,, = 20[°C] to -12.5[°C]. (See red ring in the

figure above). Whiles Julabo’s temperature decreases, the Peltiers need to be gradually

adjusted. Adjustments are done manually. The person running the freeze-warping box is



required to stay close to the freeze-warping box and pay full attention to Julabo’s temperature
Tjuiabo and the Peltiers’ settings Vpgy¢ierfor the next 1.5[h]. This is tedious. Julabo gives of a
strong smell of ethanol, which makes it uncomfortable for the person to sit in front of the

freeze-warping box for an extended period of time.

It is more practical to run the freeze-warping box test with Julabo’s temperature setting
Tiuiabo- Julabo’s temperature setting can be programmed to run within a time specified cycle.
This means the person running the freeze-warping box test only needs to visit the freeze-

warping box twice:

e before the freeze-warping box test, to set up the equipment, and program Julabo’s
temperature cycle.

o after the freeze- warping box test.

Further tests for the Peltier Experiment was therefore dropped in favor of the Julabo

Experiment.

B.1.3 JULABO EXPERIMENTS

A series of freeze-warping box tests called Julabo Experiment are performed. The goal is to
find the necessary settings for Julabo’s temperature Tj,;4p, to reach a specimen’s targeted

temperature Tgpecimen,target- The following series of experiments are color coded:

e The -ceIIs show where Tspecimen,above > Tspecimen,target- This can be corrected
by decreasing Tyiapo -

e The . cells show where Tspecimen,above < Tspecimen,target- This can be corrected by
increasing Tryiapo -

e The blue cells show where Ts,ecimen,above = Tspecimen,target T 1[°C]. In these cells,

there is no need to correct the setting of  Tjy4p0

The Peltiers’ settings are kept constant Vp,jtier = constant.
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Drift and temperature dependent

Drift and temperature dependent

deformation 46+

deformation 45

TEST 1 - Invar Steel

15 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease

Time, t [h]
Julabo, Tjyiabo [oc]
Peltier, Vpeitier [V]

Target temperature in freeze-warping box, Tspecimen,target [°C]
REAL temperature, over beam, Tspecimen,above [°Cl

2 2 2 2 2 3

325 325 15 2.5 -12.5 37.5
030 560 560 560 560 5.60
20 10 0 -10 -10 20

Experiment name: Temperature cyele, from +20["C] te + 10[°C], controlled by Julabo
Specimen: invar steel

Reflector: aluminium foil, with vacuum grease

Date: 15 November 2017

Temperature, [°C]

Time, [h]

Deflection  —— Temperature

swis1aqmst - noitaslisd

[2°] T4 \s9ns1s1tiQ s1uts12gmST

noitsiisd ——

TEST 2 - Invar Steel

17 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease

Time, t [h]
Julabo, Tyiabo [°C]
Peltier; Vpeltier [V]
Target temperature in freeze-warping box, Tspecimen,target [°C]

REAL temperature, over beam, Tspecimen,above [°C]

o 3 3 3 3 5
20 325 17 1 -14 40

030 560 560 560 560 5.60
20 10 0 10 20 20

07 o7 -15 NSNS 215 NEEN

Temperature, [*C]

Experiment name: Temperature cycle from +20[C] to -20[C], controlled by Julabo
Specimen:
Reflector:
Date:

invar steel
aluminium foil, with vacuum grease
17 November 2017

Deflection, &, [mm)]
&

Time, [h]

n  ——Temperature

Deflection - temperature
003
0030

0025

0020

Temperature Difference, AT, [*C]

—— Deflection

For tests 1 and 2, a temperature cycle from +20[°C] to -20[°C] was attempted. At the

Drift and temperature dependent

Drift and temperature dependent

beginning of a temperature cycle, the Peltiers’ settings were set at 0.30 [V] and Julabo was set

at 32.5[°C]. The purpose of the lower Peltier setting at the beginning was to check if it is

possible achieve Tspecimen,above = 20 [°C] with a low T}y 410, and minimize the volume of

ethanol evaporating from Julabo.

Between O [h] — 1 [h], Tspecimen,above r€duces from 20 [C] to 10[C]. During this hour, the

Peltiers’ setting was gradually increased from 0.3 [V] to 5.60 [h]. This requires a person to sit

in front of the freeze-warping box for an hour to manually adjust the Peltiers for 1[h]. This is

very impractical.
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Drift and temperature dependent

Drift and temperature dependent

For the next tests (3, 4, and 5) it was decided to make the Peltiers’ setting constant through the

entire duration of temperature cycle tests.

deformation A44;-
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TEST 3 - Invar Steel
23 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease

Deflection

Temperature

B-13

——Deflection  ——— AB{AT

Time, t [h] 1 3 3 3 3 3+
Julabo, Tyyiane [°C] 458 325 15.7 2 -13 45.8
Peltier, Vpettier [V] 570 5.70 5.70 5.70 5.70 5.70
Target temperature in freeze-warping box, Tspecimen,target [°C] 20 10 0 -10 -20 20
REAL temperature, over beam, Tspecimen [°C] 201 109 -04 93 -185 19.6
Experiment name: Temperature cycle from +20 [°C] to -20 [2C]
B Mommed) Deflection - temperature
Reflector: Aluminium foil with vacuum grease
Date: 23 November 2017 (035
A5(AT) = mTaT+br for t < 14.6(h] 0.030
0035 35 o025
0.030 \ 0.020
0020 R o— oot
! oo P 4 T o
0.005 5 ¢ = S~ o
" 0.000 2 S5 a0 35 30 ES 20 15 —m\\_ 5 oo O
-0.005 05 8§ § B
oos wE X
-0.020 . -0.020
-0.025 -25 0.025
-0.030 -0.030
-0.035 -35 0.035
Time, t, [h] Temperature Difference, AT, [°C]
——Deflection ——Temperature ——Deflection  =——Linear slope 26(aT)
TEST 4
13 December 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease
Time, t [h] 1 3 3 3 3 3+
Julabo, Tjuiabo [°C] 485 325 157 2 -13 45.8
Peltier, Vpettier [V] 570 5.70 5.70 5.70 5.70 5.70
Target temperature in freeze-warping box, Tspecimen,target [°C] 20 10 0 -10 -20 20
REAL temperature, over beam, Tspecimen [°C] 19.2 9.9 -1.5 -105 -19.6 19.2
Experiment name: Temperature cycle test, with Peltier = 0.00V
Specimen: Invar steel Deflection - temperature
Reflector: foil refl oo
Date: 13-14 December 2017 A8(8T) = mrAT+br for t < 14.6[h :4:
0035 35 )
0030 0.030
0025 — — 25 E s o020
+ 0020 E e N
0015 155 o %i_ 0010
+ 0010 = = s
0005 °® 5 &so 0 0 0 5.0 0.0 0 -10.0 0 o
- 0000 - a0m0
-0.005 5 15 20 255 @ K]
-0.010 g E 0020
-0.015 -15 @ 0050
-0.020
-0.025 -25 0.040
-0.030
-0.035 35 0.050
Time, [h] Temperature Difference, AT, [°C]

Drift and temperature dependent

Drift and temperature dependent

deformation 46

deformation 46:+, [mm]



TEST 5
18 December 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease

Time, t [h] 1 3 3 3 3 3+
Julabo, Tyuiabo [°C] 485 325 15.7 2 -13 45.8
Peltier, Vpeiier [V] 570 570 570 570 570 5.70

Target temperature in freeze-warping box, Tspecimen,target [°C] 20 10 0 -10 -20 20
REAL temperature, over beam, Tspecimen [°C] 196 101 -14 -103 -19.1 N/A

Experiment name: Temperature cycle test, with Peltier = 0.00V
Specimen: Invar steel

Reflector: Aluminium foil reflector

Date: 18-19 December 2017

Deflection - temperature

0050
A5(AT) = miAT+br for t < 14.6[h] 0045
0040
1035

Deflection, 5, [mm]

Temperature, [*C]

Time, [h] - Temperature Difference, AT, [*C]

Deflection <+ Linear (Deflection |

Deflection  ———Temperature

Drift and temperature dependent

deformation 46+

Tests 3-5 have the same temperature-cycle. This temperature-cycle was run three times to
show that the measured drift and temperature dependent deformation Ad, and specimen’s

temperature Tspecimen Stays consistent for each test.

For tests 1-5, between the time the temperature T < 0[°C], ice collects inside the freeze-
warping box. During the time the temperature increases from T=-20[°C] to T=20[°C], the ice
begins to melt. Condensation begins to collect on the reflector tab, causing a dip in the
deflection-time curve.

This dip is less noticeable in test 4. It is assumed it is caused by an increased amount of

vacuum grease on the reflector tab.

NOTE!
The results from tests 3, 4, and 5 are used in Chapter 3.2.1
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Drift and temperature dependent

RAPID EVAPORATION OF THE COOLING LIQUID (ETHANOL)

For tests 1, 2, 3, 4, and 5, a large volume of cooling liquid (ethanol) evaporates out of Julabo.
(Nearly 1 [L] per day!). Several other tests were attempted with the same temperature cycle as
tests 3-5, in which Julabo shut down frequently. One of the reasons for Julabo’s frequent shut
downs is the decreasing volume of ethanol. When Julabo shuts down, the Peltiers are still
running, and the temperature inside the freeze-warping box increases making the specimen’s
temperature nearly Tspecimen = 60 [°C]. If the freeze-warping box is left unattended with only
the Peltiers on at 5.70[ V], we run the risk of damaging the Peltiers and the specimen. Test 6
was therefore performed to reduce the evaporation rate of ethanol, and to prevent the

specimen and Peltiers from getting damaged.

TEST 6
13 December 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil and vacuum grease

Time, t [h] 1 3 3 3 3 3+
-22
Julabo, Tylabe [°C] 20 10 0 -10 -20 (the targeted Julabo
temperature setting was -30)
Peltier, Vpettier [V] 0 0 0 0 0 0
Target temperature in warping box, Tspecimen,target [°C] - - = = o -
REAL temperature, over beam, Tspecimen [°C] 20.7 135 64 -06 -7.6 -9.2
:):;:irri:::t name: Temperatlll'r::ry:i;lest, with Peltier = 0.00V Deflection - temperature
Reflector: Aluminium foil reflector
Date: 13-14 December 2017

0035 35
0.030

0025 « 25

1S 0020

E 0.015 —/___/—————’.“_‘_“ .
— o010

~ 0.005 —/,__/‘ 5

L om0

-0.005 0 2 a 6 8 10 1 14 16 18
-0.010

-0.015 15
-0.020

-0.025 25
-0.030

-0.035 -25
Time, [h]

N
5
o
Deflectjon, 8, [mm]
&

Temperature, [°C]

Temperature Difference, AT, [*C]

= Deflection Temperature ——Deflection

deformation 46

For Test 6, the Peltiers were set to 0 [V], to check if it was possible to achieve a freeze-thaw

cycle with a lower temperature setting for Julabo Ty4p,- After t = 10[h], Julabo’s
temperature setting was supposed to reach T}y;45, = 30[°C]. It was instead revealed that

Julabo has a lower temperature limit of T4, = —22 [°C]. The temperature cycle in test 3-5

is therefor used for phase 2 and phase 3.

Drift and temperature dependent

deformation 46+



Appendix C
SPECIMEN 3.1



Deflection of the specimen, 8,,.cimew [mm]

Deflection of the specimen, 8, iney [Mmm]

0055
0.045
0035
0025
0015
0,005

-0.005
-0.015
-0.025
-0.035
-0.045
-0.055
-0.065
-0.075
-0.085
-0.095
-0.105
-0.115

Composite specimen 3.1 went through 2 temperature cycles from +20[°C] to +10[°C].

Due to lack of practice running a temperature cycle in the freeze-warping box, the results for
specimen 3.1 were not included in Chapter 3. Additionally, both temperature cycles seem to
show a permanent deformation after the cycle is complete. This could mean that composite

3.1 either had or gained damage.
The temperature cycles below were controlled with the Peltiers, unlike the composite 2.1

(chapter 3) which were controlled with Julabo.

TEMPERATURE CYCLE WITH COMPOSITE 3.1-TEST 1

Experiment name:
Specimen:
Reflector:

Date:

1] 1 2 3 4,

After 1 hour temperature steps, the graphs above

TEMPERATURE CYCLE 1-TEST 1

5 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil reflector and vacuum grease

Time, t [h]

8specimen [um]

REAL temperature, over beam, T g, ccimen,above [°Cl

0
20.7
0.

0

1 1 1
15.9 -103 20.8
83 190 74

Temperature cycle from +20 [2C] to 10 [2C]
Composite specimen 3.1, 0.5mm steel and 4.5mm mortar

aluminium foil, with vacuum grease
05 November 2017

Time, t, [h]

——Deflection ——Temperatura

Temperature, T,y.cimanabove [°C]
Deflection of the specimen, B?gmm,,, [mm]

been given enough time to reach equilibrium.

Deflection - temperature

Temperature Difference, AT, [°C]

Deflection

TEMPERATURE CYCLE WITH COMPOSITE 3.1-TEST 1

Experiment name:
Specimen:
Reflector:

Date:

TEMPERATURE CYCLE 1-TEST 1

23 November 2017 — Temperature cycle from +20 [°C] to -20 [°C]
Specimen: Invar steel, with aluminum foil reflector and vacuum grease

Time, t [h]

sspecimen [um]

REAL temperature, over beam, T g, .cimen,above [°Cl

0
19.9
0.0

2 2 3
15.7 113 20.1
113 241 8.2

Temperature cycle from +20 [2C] to 10 [2C]

Composite specimen 3.1, 0.5mm steel and 4.5mm mortar

aluminium foil, with vacuum grease
12 November 2017

Time, t, [h]

—Deflection ——Temperature

=]
'S
=4
=)

Temperature, T,p. imen, sbove [°C]
Deflection of the specimen, 55,%,“". [mm]

Deflection - temperature

Temperature Difference, AT, [°C]

—— Deflection

show that the specimen’s deflection has not

0.055
0.045
0.035
0.025
0.015
0.005

005
-0.025

-0.035
-0.045
-0.055
-0.065
-0.075
-0.085
-0.095
-0.105
-0:115
-0125
-0.135
-0.145
-0.155

After 2 hour temperature steps, the graphs above show that the specimen’s deflection has not

been given enough time to reach equilibrium.
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