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Preface

The experimental work described in this paper was carried out from January 2018 to August
2018. The work was executed to support Simen Sgrgaard Kongshaug’s PhD project (NTNU)
entitled: “Numerical simulation of reinforced concrete structures affected by Alkali Aggregate
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setup designed to investigate change in mechanical properties and degree of damage in con-

crete affected by AAR(ASR) under uniaxial compressive stress.

The experiments are funded by the Norwegian Public Roads Administration (Statens
Vegvesen, SVV) through their research project “Better Bridge Maintenance”, in which a re-
search and development agreement have been signed between NTNU and SVV to perform re-
search on the mechanical behavior of concrete affected by ASR. Simen Sgrgaard Kongshaug
(OsloMet — Oslo Metropolitan University) and Terje Kanstad (professor at NTNU) are re-

sponsible for the coordination of the research activities.
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Summary

The aim of this master thesis is to investigate the effect on mechanical properties and degree
of damage in concrete exposed to accelerated Alkali-silica reaction (ASR) and uniaxial com-
pressive stress, and test if the Stiffness Damage Test (SDT) still shows promising result as a
tool to predict expansion when samples are restrained. It has previously been shown that uni-
axial compressive stress inhibits expansion in the compressed direction. In addition, there has
been shown a strong correlation between expansion, degree of damage and change in mechan-
ical properties in concrete affected by ASR. A new experimental setup was designed to inves-
tigate how external compressive stress affects the development of mechanical properties and
degree of damage in concrete exposed to accelerated ASR.

18 prisms were cast and placed under different storage conditions with and without uniaxial
compressive stress. Cylinders were drilled out parallel and perpendicular to the load direction
at different times to study the effect of the restraints. The degree of damage and change in me-
chanical properties were investigated performing SDT followed by standard compressive
strength tests on the cylinders. Elastic modulus, compressive strength and 3 different damage
indices; Stiffness damage index (SDI), Plastic deformation index (PDI) and Non-linearity in-
dex (NLI), were calculated from the SDT.

The indices showed a strong logarithmic correlation with increasing level of expansion and
the elastic modulus reduction showed a strong linear correlation with increasing expansion.
The restrained prisms exposed to accelerated ASR showed lower level of expansion in re-
strained direction and similar expansion as the free prisms in unrestrained direction. Free ASR
affected prisms showed a small reduction in compressive strength compared to the reference

prism. However, when looking at the restrained prisms the result was small and vague.

All output parameters except compressive strength points to a lower degree of damage in the
restrained prisms. The compressive strength showed weak correlation with expansion and
seems to be a poor parameter to use when assessing ASR affected concrete. The damage indi-
ces, SDI and PDI, showed promising result as tools to assess ASR damaged concrete struc-
tures and potentially predict ASR expansion. The NLI showed weak correlation at low expan-
sion level, render it less promising. For SDT to be a valid tool to predict expansion, different
concrete recipes need to be tested and a thorough description of the test and calculation

method needs to be defined.
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Sammendrag

Malet med masteroppgaven er a undersgke effekten av akselerert Alkalireaksjon (ASR) og en
aksielt trykk pa de mekaniske egenskapene og skadegraden til betong. Det skal ogsa testes om
Stiffness Damage Test (SDT) gir lovende resultat som et verktgy til & estimere utvidelsen i
prever med fastholdninger. Det har allerede blitt vist at en aksielt trykk forhindrer utvidelse i
last retningen. I tillegg har det blitt pavist en viss korrelasjon mellom utvidelse, skadegrad og
forandring av mekaniske egenskaper i ASR pavirket betong. Et nytt eksperimentelt oppsett
ble designet for & undersgke hvordan en aksiell trykk pavirket utviklingen av de mekaniske

egenskapene og skadegraden til betong prever eksponert for akselererte ASR.

De ble stept 18 prismer som ble oppbevart under ulike forhold med og uten en konstant trykk
last. Sylindere ble boret ut pa ulike tidspunkt, med og pa tvers av lastretning for a undersgke
effekten av fastholdningene. Skadegraden og forandring i mekaniske egenskaper ble under-
skt ved a kjare en Stivhet skade test (SDT) etterfulgt av en standart trykktest. Denne prose-
dyren gir fastheten, elastisitetsmodulen og 3 skadeindekser: Stivhet skade indeks (SDI), Plas-
tisk deformasjons indeks (PDI) og ikke-linearitets indeks (NLI).

Skadeindeksene viste en sterk logaritmisk korrelasjon med gkende utvidelse og reduksjon av
elastisitetsmodul viste en sterk linear korrelasjon med gkende utvidelse. De fastholdte pris-
mene eksponert for akselerert ASR hadde mindre utvidelse i den fastholdte retningen og lik-
nende utvidelse pa tvers av fastholdningen som de frie prismene. De frie prismene eksponert
for akselerert ASR hadde en liten reduksjon i fasthet sammenlignet med referansene. Nar vi

undersgkte de fastholdte prismene var resultatene sma og uklare.

Alle parametere peker pa at det er mindre skade i de prismene som er fastholdt med unntak av
fastheten. Fastheten viste en svak korrelasjon med gkende utvidelse som tyder pa at det er en
darlig parameter a bruke for a evaluere betong som er pavirket av ASR. Skadeindeksene, SDI
og PDI, viste lovende resultat med tanke pa & bruke SDT til & evaluere betong som er skadet
pa grunn av ASR og muligens ogsa estimer utvidelsen. NLI viste svak korrelasjon ved lave
utvidelser og anses derfor som mindre lovende. For at SDT skal bli er bra verktay for a esti-
mer utvidelsen ma flere ulike betongresepter prave i tillegg ma det ogsa lages en grundig be-

skrivelse av test metoden og hvordan indeksene regnes ut.
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1 Introduction

Concrete is the most used building material in the world. There are several reasons for this,
amongst others flexibility, price and durability. One drawback of using concrete is the high
environmental footprint that it leaves. A way of lowering the environmental footprint is to in-
crease the service life of existing concrete structures. To achieve this, a good understanding of
how the properties of concrete develop with age, and how different deterioration mechanisms

evolve over time are necessary.

As a composite material consisting of cement, aggregate, water and additives, there are count-
less of factors that influence the development of concrete. When mixing water and cement
minerals, chemical reactions causes concrete to harden, a process called hydration. The hydra-
tion process is a complex reaction influenced by temperature, access of water, cement and ad-
ditives. There have been many studies on hydration of Portland cement, which is the most
common cement type, and the process is well known and described in detail by e.g. Gartner et
al. [1]. To increase performance, e.g. in terms of strength, sulfate resistance and permeability,
and to lower the environmental footprint, concrete producers replace some of the cement with
different byproducts from the industry like silica fume, fly ash or blast furnace slag. All ce-
ment replacements highly affects the hydration process and hence the development of con-
crete.

Over time concrete starts to deteriorate due to forces of nature, which can lead to different
damage mechanisms depending on the exposure and quality of concrete. Reinforcement cor-
rosion, freeze-thaw, fatigue and alkali-aggregate reaction (AAR) are some of the possible de-
terioration mechanisms acting on concrete structures. This study focuses on ordinary Portland
cement, without replacement of cement, and on a subgroup of AAR, called alkali-silica reac-
tion (ASR), as it is the most common amongst the AAR subgroups. In this reaction, siliceous

aggregates react with alkaline pore solution in the concrete.

ASR has been a known deterioration problem worldwide since about 1940, while it has only
been a recognized problem in Norway since the 1980-1990 [2]. Many of the common aggre-
gates around Norway are so called alkali reactive, which means that the aggregates are prone
to develop ASR under certain conditions. This combined with the harsh weather especially
along the coast makes ASR a viable and important deterioration mechanism in Norway,
which we should be aware of and try to understand. It is already a known problem in older

bridges e.g. Elgeseter Bridge in Trondheim [3].
12
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That ASR provides problems that need attention, is made clear in one of the projects run by
The Norwegian Public Roads Administration (Statens vegvesen, SVV) from 2017 to 2021
called “Better Bridge Maintenance (Bedre Bruvedlikehold)”, where subproject 3 covers ASR
and states: “This project focuses on the load-bearing capacity and service life of bridges and
ferry quays with damages related to alkali silica reactions. This project will also focus on cor-
rective and preventive maintenance measures increasing the service life of bridge structures

with alkali silica reactions” [4].

1.1 Basic mechanisms of Alkali-silica reaction

For ASR to occur in concrete, three requirements must be met: 1: The aggregates need to be
reactive, 2: the concrete needs to have a high concentration of alkali metals and 3: water needs
to be present (high moisture level). This can be illustrated by the triangle showed in figure 1.

If one of the criteria is not met, the reaction stops.

Reactive aggregate (SiO,)

Alkalis (K*,Na*) Water (H,0)

Figure 1 Requirements triangle for ASR [4].

ASR is as mentioned a chemical reaction between the aggregate and the alkaline pore solution
in concrete. The alkaline pore solution is formed by presence of alkali metals consisting of so-
dium (Na*) ions and potassium (K*) ions. The main source of alkali metals is the cement frac-
tion of concrete, though aggregates or other additives could potentially contribute. For the re-
action to start, the aggregate must contain soluble silicon oxide. When soluble silicon oxide is
present it is likely to be dissolved if the pH in the concrete pore solution is high e.g. 13.5 [2].
High content of alkali metals present together with calcium hydroxide can produce a pH
higher than 13.5. The reaction product between dissolved silicon oxide and alkali metals is a

viscous alkali silica gel [5].
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Water plays two roles in ASR: First, it is necessary to dissolve the silicon oxide, and sec-
ondly, water is absorbed by the viscous alkali silica gel. The latter causes swelling of the gel
resulting in an increase in volume. The increased volume creates a pressure at the reactive
sites and tensile stresses in the surrounding material, which eventually results in micro crack-
ing, expansion (strain), loss of strength and changes in other mechanical properties as showed
by Lindgard et al. [2].

1.2 Modeling ASR to increase service life

ASR is a complex reaction and at present time, there is no consensus in the research literature
on how to predict and calculate the effect of ASR in terms of expansion and performance of
the concrete. As Karthik et al. [6] states, several numerical models have been suggested to
predict the expansion from ASR to a varying degree of success, but the most accurate models

are complex.

Even though there exist a handful of material models used to describe ASR, many of them
rely on parameters calculated from laboratory samples that are free to expand in all directions.
This is not the case in most concrete structures. In many concrete structures, there are several
levels of restraint, from steel reinforcement bars to connections between structural members,

concrete and ground.

1.3 Effects of restraints on ASR affected concrete

Berra et al. [7] investigated how different level of uniaxial compressive stresses, ranging from
0.17 — 3.5 N/mm?, affected the degree of expansion in each direction. Their study showed
larger expansion reduction with increasing level of restraint and increasing expansion in unre-
strained direction with increasing level of restraint compared to samples free to expand in all
directions. Gautam et al. [8] investigated multiaxial restraints, with compressive stresses vary-
ing between 0, 3.9 and 9.6 MPa, and how it affected the degree of expansion in concrete af-
fected by accelerated ASR. Their study showed similar results as Berra et al. [7] with large
decrease of expansion in restrained direction and increasing expansion in unrestrained direc-
tions compared to free samples. Both Gautam et al. [8] and Berra et al. [7] showed that re-
straints affect the degree of expansion in concrete affected by accelerated ASR. Neither of the
mentioned studies investigated how the change in expansion level affected the properties of
concrete and if the reported transfer of expansion is universal for all types of concrete affected

by ASR restrained in one direction.

14
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The effect of restrain on ASR affected concrete have also been investigated by Jones and
Clark. [9] They investigated cylinders exposed to 1,2, 4 and 7 MPa constant compressive
stress. Their result showed that a stress level of about 3MPa reduced the expansion to about
20% relative to samples with free expansion. They reported no significant change perpendicu-
lar to the load direction, contrary to Gautam et al. [8] and Berra et al. [7]. Jones and Clark.
[10] investigated the effect different level of restraints had on the mechanical properties of
ASR affected concrete. They reported increasing reduction in both compressive strength and
elastic modulus with increasing expansion. The relation seemed to follow a decreasing con-

cave up curve.

1.4 Accelerated conditions

Like the previously mentioned studies of Berra et al. [7], Gautam et al. [8] and Jones and
Clark. [9,10], this study also uses accelerated ASR conditions speed up the reaction in con-
crete samples. In normal exposure conditions, ASR is a slow reaction and it could take several
decades before the ASR becomes visible. High temperature and high humidity are normally
used to accelerate the reaction in laboratory testing. This makes the correlation between labor-
atory and field conditions complicated. One part of this disparity between laboratory and field
testing is due to leaching, which according to Rivard et al. [11] is a result of condensation on
the concrete surface which is moved by gravitation to the bottom of the storing container.
This results in a loss of alkali metals at the surface which causes a diffusion force that is trans-
ferring alkali metals from the prisms core to the outer surface. Rivard et al. [12] showed that
real life concrete structures are not suffering from considerable leaching as opposed to labora-
tory samples. This is likely due to a high volume to surface ratio in field concrete structures
compared to laboratory samples. When leaching occur in laboratory testing, there is a problem
with a possible loss of expansion as Lindgard et al. [13] showed. In turn, this could affect the

degradation of mechanical properties.

Another important aspect to consider when exposing the samples to accelerated condition,
high temperature and humidity, is hydration. The high temperature affects the development of
mechanical properties in concrete. Balendran et al. [14] investigated the effect of different
curing temperature during the first 7 days and equal conditions after 7 days had on the me-
chanical properties of concrete samples. They reported a reduction in compressive strength at
the 28 days test. The same reduction in compressive strength with increasing temperature was
found when Tan and Gjorv. [15] investigated the performance of concrete cured at different

temperatures and humidity. They also reported higher strength in cubes first stored 3 and 7
15



The effect of accelerated ASR on the mechanical properties and degree of damage over time —
with and without uniaxial compressive stress.

days in water followed by storage in air, with 50% relative humidity(RH), compared to sam-
ples stored 28 days in water. It is not clear if their cubes had the same temperature and mois-
ture content during the compressive strength test. This could affect the result. Shoukry et al.
[16] investigated the effect different moisture contents and temperatures had on mechanical
properties when curing conditions were identical until right before testing. They reported re-
duction in compressive strength with increasing temperature and moisture content at time of
testing. Brooks et al.[17] studied the effect of dry and wet storage over a time period of 30
years, and they found larger compressive strength in dry stored samples than wet stored sam-
ples. High temperature and humidity clearly interfere with the measured change in mechanical

properties.

1.5 Compressive strength

The loss in compressive strength due to ASR is according to Sanchez et al. [18] much lower
than the loss in elastic modulus and tensile strength. They point to an expansion of 0.1% as
the point when the loss of compressive strength needs attention. When the expansion goes be-
yond 0.3%, the loss can be critical and strong attention may be needed. Barbosa et al. [19] in-
vestigated ASR in a field study of a damaged bridges. They compared the mechanical proper-
ties of cores drilled parallel and perpendicular to the visible crack pattern. Their study showed
a significant reduction in the compressive strength perpendicular to the visible crack pattern.
Since their test cylinders were taken from a bridge in-situ, expansion measurement was not
presented, and the undamaged compressive strength was estimated. However, a reduction in

compressive strength and a more ductile behavior were apparent.

Marzouk et al. [20] investigated the change in mechanical properties of concrete exposed to
two different accelerated ASR conditions for 12 weeks. In one condition, the samples were
stored in water keeping 80°C, and in the other the samples were stored in 80°C NaOH solu-
tion. As opposed to Sanchez et al. [18] and Barbosa et al. [19], Marzouk found no reduction in
compressive strength after curing in water using highly reactive aggregates. On the contrary,
an increase in compressive strength compared to the 28 days compressive strength was re-
ported. The increase was explained by increasing hydration due to the high storage tempera-
ture. This statement contradicts the work done by Balendran et al. [14] showing lower com-
pressive strength in sample stored in high temperature not suffering from ASR. However,
Marzouk reported a significant reduction, of 24%, in compressive strength in similar samples
stored in NaOH solution. This difference reported by Marzouk is likely due to an effect of

leaching and lack of alkali metals, resulting in less ASR development in the samples stored in
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water. Nevertheless, the seemingly lower ASR development in the sample stored in water,
suggest that the compressive strength increase due to hydration is larger than the reduction
due to ASR.

1.6 Elastic modulus

Marzouk et al. [20] reported a reduction in elastic modulus on samples that displayed in-
creased compressive strength and a large, 81%, reduction in elastic modulus for samples
stored in NaOH solution. Giaccio et al. [21] have in conformity with Marzouk showed that the
elastic modulus is strongly affected by ASR, while the effect on compressive strength is only
limited or nonexistent. The sample with the largest expansion did not display the lowest elas-
tic modulus and compressive strength. However, the ASR affected concrete with high expan-
sion did display a much lower elastic modulus compared to the concrete samples with small
degree of expansion. This corresponds well with Sanchez et al. [18]. They showed that the re-
duction is dependent on both the aggregate and degree of expansion. In addition to the large
reduction in compressive strength perpendicular to cracks reported by Barbosa et al. [19], the
results also showed large reduction of elastic modulus perpendicular to crack pattern com-
pared to elastic modulus parallel to cracks. Therefore, it can be concluded that change in elas-
tic modulus due to ASR is a result of the aggregate used, the level of expansion, the access of

alkali metals and occurring cracks.

Elastic modulus is highly affected by the concrete mix and the initial elastic modulus is not
necessarily known when a concrete sample is taken from a concrete structure. The initial elas-
tic modulus can be estimated by using cyclic loading, looking at the unloading of the last load
cycle. The initial elastic modulus is then given as the slope of a line drawn from the top of the
last load cycle to a point 2.5MPa lower on the unloading curve as described by Stemland and
Haugen [22]. This differ from the standards by looking at the unloading of the last load cycle
instead of loading of the first cycle as described in NS-EN 12390-13 [23]. The reason for us-
ing the method described by Stemland and Haugan [22] is that it can be performed after run-

ning the Stiffness damage test.

1.7 Stiffness Damage Test (SDT)
The stiffness damage test (SDT) dates back to the mid 1980 when it was presented by Crisp et
al. [24] as a way of quantifying the degree of damage in concrete due to ASR. They per-

formed 5 load cycles from 0 MPa to 5.5 MPa in compression with a load/unload speed of 0.1
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MPa/s. The SDT was performed on over 1000 concrete samples, where they looked at three

different diagnostic parameters:

e Elastic modulus: Given as the average secant elastic modulus from the last four load

cycles. Damaged concrete has a lower secant elastic modulus.

e Hysteresis area: The average hysteresis loops during the last four load cycles. Dam-
aged concrete tends to have a greater energy loss then undamaged concrete. Hence a
bigger hysteresis area.

e Plastic deformation: The total plastic deformation accumulated over the five load cy-
cles. Damaged concrete show a bigger accumulated plastic deformation and larger to-

tal deformation during testing.

When evaluating the SDT Sanchez et al. [18] used different maximum load levels. Lower
load levels showed less concluding result. A recommended load level of 40% of the 28 days
design compressive strength was proposed, as the output parameters were clearer, and the test
was still non-destructive for both aggregates investigated in their study. This is the same level

as recommended by ASTM [25] in standard testing of elastic modulus.

In Sanchez et al. [26] work on establishing a practical approach to use the SDT, they con-
cluded that the output parameters, hysteresis area and the plastic deformation could be mis-
leading and suggested two indices as the main output parameter, as illustrated in figure 2. The

indices are:

e Stiffness Damage Index (SDI): The sum of the hysteresis area (SI) divided by sum of
total energy (SI + SlI) for each load cycle. lllustration of SI and Sl is shown in figure
2.

e Plastic Deformation Index (PDI): The plastic deformation accumulated during the
SDT (D) divided by the total deformation measured at max load in the last cycle (DI

+ DII). Hlustration of DI and DIl is shown in figure 2.

Sanchez suggested a third index to calculate along SDI and PDI, showing promising result
when trying to estimate degree of damage and the alignment of cracks. This third index was
elaborated and tested along with SDI and PDI in Sanchez et al. [27] work using SDT on 20
different concrete mixes. It was found to be an interesting complementary index to calculate.

The index is:
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e Non-linearity index (NLI): The slope of a straight line drawn from origin to half of the
maximum load divided by the slope of a straight line drawn from origin to maximum

load in the first load cycle. The lines are drawn in figure 2.
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Figure 2. lllustrating the indices calculated from the stiffness damage test.
Sanchez et al. [26] declare SDT as a potentially powerful tool of assessing the degree of dam-
age in concrete structure affected by ASR, and other damaging mechanisms acting on con-
crete. This was further supported by Giannini et al. [28] as SDI and PDI showed promising
result when used to characterize concrete affected with delayed ettringite formation. For SDT

to reach its full potential, further testing on different aggregates, other conditions, etc. is

needed.
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2 Objective

The main objective of this study is to investigate how ASR and uniaxial compressive stress
affect the elastic modulus, compressive strength and the degree of damage in a selected con-
crete recipe, and how the deterioration evolves over time under accelerated conditions and

how it is related to the increasing expansion.

Furthermore, the stress-induced anisotropy in the concrete due to the uniaxial compressive
stress is of great interest. This will be characterized by the degradation of the mechanical
properties, and the damage indices from the stiffness damage test (SDT). In addition, some
cylinders will be split, and their plane sections will be impregnated with fluorescent epoxy
and investigated under UV- light. Due to limitations of the scope of a master thesis, the latter

is not included in this report.

The report contains a summary of the literature study, a description of the experimental setup,
the results from the stiffness damage test and the development of the mechanical properties, a
discussion about the experimental setup, the results, a discussion of the meaning of these re-

sults along with some concluding remarks.

2.1 Research questions
Can the stiffness damage test (SDT) be used as a tool to estimate the ASR expansion and pre-
dict the corresponding changes in mechanical properties? To what extent will the uniaxial

load condition influence the performance of the SDT?

2.2 Approach

In order to fulfill the objective and answer the research question, a set-up that keeps a constant
stress in one direction was designed and constructed. A large number of prisms was cast,
some of them were loaded by a uniaxial compression, while the rest was unrestrained. From
each prism, four cylinders were drilled out: Two parallel and two perpendicular to the loading
direction. The stiffness damage test as described by Sanchez et al.[18], with subsequent load-
ing until failure, were conducted on all cylinders. This was the basis for measuring the com-
pressive strength and elastic modulus and calculating the damage indices denoted SDI, PDI
and NLI. During the stiffness damage test there is a possible plastic deformation occurring,
which might influence the measured compressive strength. To get additional information
about the compressive strength development, three cubes exposed to accelerated condition
and three cubes exposed to reference condition were tested at the same time as the drilled

cores were tested. All samples were cast with the same concrete mix to make the evaluation of
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the results simpler as the elastic modulus and compressive strength were initially the same for

all samples.
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3 Materials and method

3.1 Materials

The cement used in this test is a Portland industry CEM | 42.5R cement according to (EN
197-1) with high alkali content (1.24% Na»Oeq) and Blaine specific surface of 575 m?/kg. This
cement has a surplus of alkali. By choosing this specific cement the impact of leaching on ex-

pansion is limited.

The aggregate consists coarse aggregate from Ottersbo and fine aggregate from Ardal with a
ratio of about 60:40 (coarse:fine). The fine aggregate is non-reactive natural sand 0-4 mm
with the major parts being granites and gneisses. The coarse aggregate is reactive crushed cat-
aclasite 4-16 mm [2]. These same aggregates are used in previous ASR experiments both at
SINTEF and Norcem [2].

The concrete mix was selected after consulting Jan Lingard (SINTEF), Eva Rodum (SVV)
and Bard Pedersen (SVV), on the basis that the recipe is well documented with regard to ASR
testing and will surely expand more than 0.3% during the testing period. The mix recipe used
in this experiment is identical to the one used by an ongoing ASR field experiment run by
SVV described in SVV report number 465 [29]. The concrete mix recipe is shown in table 1.

Table 1. Concrete mix recipe [23].

Concrete mix Density Batchl Batch2  Totalt
[kg/m"3] [ka] [ka] [ka]
Portland industry CEM |
425R 457 68,55 68,55 137,1
Ardal sand 0-4 mm Dry weigth 667 100,05 100,05 200,1
Ottersbo 4-8 mm Dry weigth 172 25,8 25,8 51,6
Ottersbo 8-11 mm Dry weigth 518 77,7 77,7 155,4
Ottersbo 11-16 mm Dry weigth 345 51,75 51,75 103,5
Sika FB-2 1,4 0,21 0,21 0,42
Water 217 32,55 32,55 65,1
Alkali-content, Na20-equ. 5,6
w/c-ratio 0,475

The mix recipe contains 457 kg/m® cement with a water-to-cement ratio (w/c) of 0.475. This
will result in an alkali content of 5.6 kg/m®. The mix for the sample exposed to accelerated
conditions is identical to the mix used in the reference samples. Instead of using different
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mixes to get ASR in some sample and no ASR in reference sample, which would affect both

the mechanical properties and how it is affected by ASR, different storing conditions are used.

To attain control over the moisture in the aggregates, water is added until excessive water ap-
pears. Then the moisture is measured by taking out a small part of the aggregate and weighing
the sample, then oven drying the sample until all water is evaporated before weighing the

sample again. The percent of water in the aggregate is calculated as shown in formula (1):

Myer — Mgry

percent of water = X 100 (1)

mdry

Mwet: Weight of the wetted aggregate [kg]

Mmary: Weight of the oven dried aggregate [kg]

After the aggregates were wetted and the percent of water were calculated, the aggregates
were placed in watertight plastic containers until mixing of the concrete. This was done to
hinder the aggregates from drying. The weighed-in cement, aggregates, water and additives

along with measured slump, air content and density are presented in Appendix A.

In total 20 prisms (230 x 230 x 230 mm) and 27 cubes (100 x 100 x 100 mm) were cast. To
cast all samples 300 liters of concrete were necessary, which were cast in two batches of 150
liters each. The form was filled and compressed manually as described in NS-EN 12930-2.
After smoothing the top, the filled forms were stored at 20°C for 24 hours under plastic cover.
They were then demolded, put under a soaked linen bag, wrapped in plastic and stored at
20°C for 8 days.

After the initial hardening 10 prisms and 12 cubes were stored in conditions similar to the de-
scription in RILEM AAR-4.1 [30], which was 60°C and 100% RH. On the first day of expo-
sure, five prisms were fastened to a stress of roughly 0.3 MPa. The next day, the bolts were
fastened to reach the desired stress of 3 MPa. Hereby, these prisms are referred to as re-
strained prisms and the direction of the applied stress is called restrained direction and z-di-
rection. This two-step procedure was done to minimize the interference with thermal expan-
sion during the heating of the system and prisms, from 20°C to 60°C. The 4 unrestrained ref-

erence prisms (not exposed to accelerated conditions) and 15 cubes were left under the soaked
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linen bags packed in a plastic sheet. Another 4 prisms were placed under constant compres-
sive stress of 3MPa in a room that was keeping 20°C and 50% RH, hereby called restrained
reference prisms. This was different humidity condition than the unrestrained reference
prisms were exposed to. The reason for this was that an existing machine was used, which is
primarily used to measure creep. The machine was already standing in a room with the given
conditions and unfortunately, changing the settings in the room was not an option. All refer-
ence prisms are stored at room temperature (20°C) enclosed with wet linen bags and plastic
sheets, which made the relative humidity close to 100%. This resulted in 10 prisms and 12 cu-
bes stored at 60°C, where 5 prisms were restrained (RP60) and 5 prisms along with 12 cubes
were free to expand in all direction (FP60 and FC60). 8 prisms and 15 cubes stored at 20°C,
where 4 prisms were restrained (RP20) and 4 prisms along with the 15 cubes were free to ex-
pand in all direction (FP20 and FC20). The casted prisms and cubes and the associated condi-
tions are presented in table 2.

Table 2. Show the number of samples in the different storing conditions.

Condition Amount Type Temperature[°C] Humid-  Restrained/Free
ity
RP60 5 Prism 60 4100% Restrained
FP60 5 Prism 60 4100% Free
RP20 4 Prism 20 H0% Restrained
FP20 4 Prism 20 95-100% Free
FC20 15 Cube 20 95-100% Free
FC60 12 Cube 60 4100% Free
3.2 Set-up

An equipment highly inspired by Berra et al. [7] and Kagimoto et al. [7,31] was designed to
keep control of and measure the load applied to the restrained prisms, as shown in figure 3.
The setup consists of two outer plates connected by four threaded steel bars kept tightly to-
gether by bolts. To sustain constant stresses, a loading cell is placed between the outer plate
and a plate connected to the prisms. The loading cell is connected to a computer that displays
and logs the load continuously. A layer of teflon was added between the prisms and the steel
plates to minimize the degree of friction between the steel plate and the concrete as the con-

crete expand when ASR starts to develop.
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Figure 3. A sketch of the restraint set-up.

Since the restrained prims where connected to a teflon plated and steel plate on both surfaces
in z-direction (restrained direction), thin steel plates were added on the same surfaces on the
prisms which were free to expand. This was done to acquire equal moisture transportation in

the restrained prisms and the free prisms.

A machine designed to investigate the effect of creep was used to maintain constant stress on
the restrained reference prisms. The machine uses a combination of compressed gas and oil to
keep a stable pressure. The accumulated pressure pushes a piston upwards, which is separated
from the prism by a steel plate at the bottom, adding stress to the prism. A steel plate was
added to the top between the prism and the loading cell. The loading cell was connected to a
computer that displayed and logged the load. The creep machine owned by NTNU was used

stationed at the concrete laboratory in a climate room keeping 20°C and 50%RH.

A reactor much simpler than the one described by RILEM[30] was built to control and keep
the desired temperature of 60°C. Figure 4 shows an illustration of the reactor. It consisted of
an isolated box with outer dimension of 2040 mm x 840 mm x 1500 mm. One and a half pal-
let topped with 50 mm isolation was used as the bottom of the reactor, making it easy to
move. The rest of the box was made of two wooden plates with 50mm isolation between. To

keep a temperature of 60°C, an air heater with a thermostat was installed inside the box along
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with a fan that circulated the air continuously. A thermometer was installed inside the box,

measuring and logging the temperature.

The reactor was placed inside a climate room keeping 38°C to lower the temperature differ-
ences and thus lower the necessary isolation required. A test run reaching and maintaining
60°C was performed prior to the start of the experiment with constant observation. This was
done to make sure we could maintain 60°C in the reactor and inside the buckets, and checking

that the climate room remained unaffected when the reactor reached 60°C.

Figure 4. Reactor RILEM recommendation (figure 1 p. 102 [30]).

To obtain better control of the moisture and keeping the conditions more stable when the reac-
tor were opened (e.g. to acquire a sample for testing), all samples to be tested on the same
time was kept in separate plastic buckets with a layer of water in the bottom. The plastic
buckets were similar to the ones SINTEF are using in ASR experiments at 38°C. The buckets
have a height of 550 mm and a diameter of 330 mm at the bottom and 380 mm at the top and
are closed with a lid at the top. Around the inner wall of the buckets a sheet of fiber cloth was
glued in place to help transport water from the bottom to the top of the buckets. Inside two of
the plastic buckets, the one closest to the heater and the one furthest apart from the heater, a
thermometer is installed, measuring and logging the temperature. The placement of the differ-
ent samples inside the containers is illustrated in figure 5. Using plastic bucket with a layer of
water inside made it possible to have dry condition inside the reactor, which made it possible
to build and use a much simpler reactor in this experiment compared to the one described by
RILEM [30].
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Figure 5. Storing of the different samples inside the plastic buckets.

3.3 Development over time

In order to analyze how the mechanical properties change over time, 4 different testing times
have been chosen based on RILEM AAR-4.1 [30]. ASR expansion in laboratory testing seem
to follow a S-curve [2]. The first testing was done when initial ASR started to develop, and
the prisms started to expand. The second and third test were done in the phase with rapid ASR
development. The last test was done when the AST development started to decline. Testing
took place after 5, 10, 15 and 21 weeks of exposure. At each of these schedule testings, 1
prism from each of the 4 different exposure conditions (RP60, FP60, RP20 and FP20) wa s
acquired. From the restrained prisms 4 cylinders were drilled out, 2 in the z-direction (re-
strained direction) and 2 in the y-direction (unrestrained direction). From the unrestrained
prisms 2 cylinders in z-directions were drilled out. The SDT was carried out on all the 12 cyl-
inders drilled out. In addition to the SDT, expansion measurements of all prisms were done on
the prisms prior to drilling of the cylinders as well as a compressive strength test on 6 cubes, 3
reference cubes and 3 cubes exposed to accelerated ASR conditions. The tasks and schedule

of the performed experiments are organized in a Gantt diagram in table 3.
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3.4 Adjusting stresses

The computer connected to the load cells made it possible to see the applied stress on the
prisms. This made it possible to adjust the stress on the prisms standing in the reactor manu-
ally, by tightening or loosening the bolt in the threaded steel bars showed in figure 3. Tighten-
ing was done once a week the first 2 weeks of exposure. Then it was done once every second
week the next 8 weeks of exposure. After 10 weeks the stress increased slightly due to the
pressure from the expanding prisms. As the increase was minimal, loosening of the remaining
prisms was done once. Tightening and loosening of the system was done as infrequent as pos-
sible, in order to minimize the effect of temperature drop from opening the reactor and taking
the equipment out of the buckets. In addition, the equipment and prisms weigth about 100kg

each, making the adjustment process tiresome.

The stress on the reference prisms kept in the creep machine had to be adjusted regularly
throughout the experiment, as the stress slowly decreased over time. During the first weeks
the stress had to be adjusted twice each day. The interval between the adjustments gradually

decreased. In the end of the experiment adjustment was made once every second week.

3.5 Compressive strength

The compressive strength of the cubes and cylinders were found by inducing a compressive
force with regular increases of 0.6MPa/s until the cube cracks and fail. The loading was
stopped immediately after failure and the highest compressive force is noted as the compres-
sive strength as described in the Norwegian Standard NS-EN 12390-3 [32]. The hydraulic
load frame model 2031 from ToniTecknik was used to run the compressive strength test on
the cubes and the cylinders were tested using a FormTest Alpha 4/B-62(SINTEF).

3.6 Work diagram
4 cylinders were marked to investigate the complete work diagram at each scheduled testing.
The investigation was done by SINTEF in the concrete laboratory according to their standard

procedure. The test was performed in a 5000kN compressive frame from Losenhausen.

3.7  Stiffness damage test (SDT)

To perform the SDT the cylinder was exposed to five loading/unloading cycles up to 40% of
the cylinder design strength, which was calculated from the 28-day compressive strength test
done on 3 cubes. The cylinder design strength was found to be 41.0 MPa by using the conver-
sion from cube strength to cylinder strength according to NS-EN1992-1-1 [33]. This resulted

in a max load of 16.4 MPa in each load cycle. Prior to the first load cycle the frame model
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was started and stopped when connection to the sample was attained, at about 1.5 MPa. Dur-
ing the load cycles the load intensity was increased by 0.10 MPa/s until desired max load of
16.4 MPa, then the load was decreased by 0.10 MPa/s until 1.5 MPa, similar to the approach
described by Sanchez et al. [18]. The maximum/minimum stress level was kept for less than 4
seconds at the top/bottom of each load cycle. The lower limit of 1.5 MPa was used to prevent
the frame model from losing connection to the sample. After the five load cycles, 4 cylinders
from 4 different exposure conditions were placed aside to investigate the work diagram. On
the remaining 8 cylinders the standard compressive strength test was run. Controlling the
start, stop, increase and decrease during the load cycles was done manually. FormTest Alpha

4/B-62(SINTEF) compressive load frame was used to perform the SDT.

3.8 Expansion

Measurement of expansion were performed similar to the procedure explained in SVV report
number 465 [29].To measure the expansion two small measuring knots were installed on each
end of the sample. The knots were installed approximately 200 mm apart by gluing the knots
to the surface while holding them down using a reference rod, to make sure that they were
close to 200 mm apart. They were installed prior to exposure, hence at 20°C. After the instal-
lation, the distances between the knots were measured and noted using a measuring rod with

micrometer accuracy.

As the focus in this paper is change in mechanical properties and degree of damage, expan-
sion measurements were only done when the specimens were taken out prior to SDT, with the
assumption that the different prisms will expand equally under the same storage condition.
This means that expansion in F/RP60-2, -3, -4 and -5 are assumed to reach the same expan-

sion as the measured expansion in F/RP60-1 after 5 weeks of exposure.

An expansion measure was done right after the prisms were removed from the reactor and
again after the prisms had cooled down. This was done as a control measurement and to esti-
mate the thermal dilation. The expansion presented in the results are the expansion measured

after the prisms have cooled down.

3.9 Pre SDT procedure

The restrained prisms exposed to constant stress and accelerated ASR were removed 5, 10, 15
and 20 weeks after load and conditions were applied, respectively. After the restrain was re-
moved the expansion of the prisms were measured within 10 minutes. The first 24+2h, the

prisms were stored in a climate room keeping 38°C. Then the prisms were moved and stored
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minimum 48h in room temperature (20°C). The long cooling period was done to make sure
the whole prisms were cooled to 20°C, not just the surface, when the expansion was measured
again, as the prisms is quite large. During the cooling period the prisms were still stored in the
same plastic buckets keeping the humidity very high, close to 100% RH. The prisms were
kept in the plastic buckets until cutting and were only removed during the expansion measure-

ment.

The unrestrained prisms exposed to accelerated ASR were removed from the reactor at the
same time as the restrained prisms. Within 10 minutes of removal the expansion of the prisms
was measured. The cooling process were the same as for the restrained prisms, 24+2h in 38°C
followed by minimum 48h in 20°C while the prisms is still stored inside the same plastic

buckets until cutting.

Expansion of the restrained reference prisms was measured while the prisms were restrained,
then the prism were released from the stresses. The expansion measure was repeated after the
release to control for the effect of releasing the stress. The prisms were stored in the same

room until cutting, keeping the storing condition constant, at 50% RH and 20°C.

The unrestrained reference prisms were left as is, in room temperature, at 20°C, packed in wet

linen bags under a plastic sheet, 90-100% RH, until cutting procedure took place.

3.10 Cutting procedure
Prior to drilling and cutting, the expansions were measured again and noted for all prisms

prepped for cutting.

In order to run the stiffness damage test, cylinders with diameter of 95+1 mm and height of
190+£1 mm had to be drilled out of the prisms, giving a height:diameter relation of approxi-
mately 2:1. The cylinders were cut to a height of 193+1mm at the first two scheduled testings,
due to a communication error. However, the height:diameter ratio were still approximately 2.

The drilling process was done in the manner illustrated in step one in figure 6. The drilling
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process were done in water making every cylinder almost equally wet and fully saturated. The

drilled-out cylinders were packed in plastic sheet to keep the cylinders moist.

First step: Second step:
drilling out the cutting the
cylinders cylinders

230,0mm

11,5mm

Figure 6. Show the two steps of the drilling and cutting and approximate dimensions of the cylinders.

After 24h the cylinders were cut and grinded into the desired height of 190mm. This was done
by cutting approximately 20 mm on each side, which ensured that the cylinder was taken from
the middle of the prism. The grinded cylinders were packed in plastic sheet, keeping the mois-
ture and preventing shrinkage until testing. Prior to testing the cylinders were weighed in air
and water and surface dried using a paper towel. In total 32 cylinders were drilled out to per-
form SDT followed by a compressive strength test. On 16 cylinders SDT were performed fol-
lowed by an investigation of the work diagram. The measured diameter, height, air density

and water density are presented in appendix B.

3.11 Output parameters from SDT

Over the years, different outcome parameters from the SDT have been presented. In this paper
the indices SDI, PDI and NLI as described by Sanchez et al. [26,27] are used to analyze the
SDT. In addition to the 3 indices, elastic modulus was calculated from the SDT, in a similar
way as described by Chrisp et al. [24]. Calculations of the 3 indices and elastic modulus were

done in excel in the following manner:
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SDI: The area under the upward curve and downward curve in each load cycle is cal-
culated using trapezoid rule. Sl is then given by the area under upward curve minus
the area under the downward curve in a load cycle. SI + Sll is given by the area under
the upward curve of a load cycle. SDI is then defined as the sum of Sl areas over the
five load cycles divided by the sum of SI + SlI over the five load cycles, as shown in

formula 2:

i=1 SI;

SDI =
> (SI; + SII) (2)

PDI: DI = last logged strain value — first logged strain value, DIl = Strain logged at the

top of last load cycle — last logged strain value.

NLI: calculated as shown in formula 3:

Ohmx /Ehmx

NLI = —5— 7
mx

(3)

ohmx: Stress at half of the maximum load level in the first load cycle
enmx: Strains at half of the maximum load level in the first load cycle
omx: Maximum stress in the first cycle

emx: Strains at maximum stress in the first load cycle

Elastic modulus: Average of the slope of 3 different line drawn from start of load cy-

cle 2, 3 and 4 to top of load cycle 2, 3, and 4, respectively, as shown in formula 4.

4 O-i_top - O-i_st/
=2 €i top — €ist (4)

E
¢ 3

Ec: Elastic modulus
oi_top: Stress at the top of load cycle i
oi_st: Stress at the start of load cycle i

€i_top: Strain at the top of load cycle i
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€ st: Strain at the start of load cycle i

e Estimating initial elastic modulus: Estimated by the slope of a line drawn from the top

of last load cycle to a point 2.5MPa under the top on the unloading curve of the last

load cycle

The described approach to calculate the SDI value shown above, was obtained after consult-
ing directly with Leandro Sanchez (Assistant Professor at university Ottawa) late in the study.
Our initial calculated values differed a lot compared to his values, they were about 3-4 times
higher, still the SI area and PDI were in the same specter as reported by Sanchez. The first

SDI values, from now on called alternative SDI (SDar), was calculated in the following man-
ner:

e Alternative SDI: Calculate Sl and SlI in the same way as already described. However,
form the Articles presented by Sanchez our interpretation was to divide SI by SI + Sl

for each load cycle and then sum the resulting factors, as shown in formula 5:

5
SI;
S N e S 5
SDlaw ;(SIi‘l'SIIi) ®)
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4 Results

In this chapter the result from the expansion measurement, the compressive test, the SDT, the
calculated indices and the elastic modulus from the SDT will be presented. All values pre-
sented are the average of two calculated values, except for the expansion measurement, the
cube compressive strength test and when faults occurred, making a value unusable. The ex-
pansion measurement and cube compressive strength test were done three times and the aver-
age value is presented. An overview of the measured compressive strength, elastic modulus,
SDI, PDI, NLI and SDla is presented in Appendix C.

4.1 Expansion

The expansion in x-direction is shown in figure 7A, y-direction in figure 7B and z-direction in
figure 7C. Z-direction corresponds to the load direction. The total volumetric expansion in the
free prisms and the restrained prisms exposed to accelerated ASR conditions are shown in fig-
ure 7D. The measured expansion at different times are taken from different prisms, which
means that the development displayed are not the true development of specific samples, alt-

hough an indication of the development.
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Figure 7. A: expansions in x-direction, B: expansion in y-direction, C: expansion in z-direction and D: show volumetric ex-

pansion
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4.2  Stiffness damage test

Figure 8A-H show a representative selection of the stress-strain curve obtained during the
stiffness damage test, and displays increasing expansion from 0.0% in A to 0.468% in H.
When comparing the stress-strain curve at different expansion levels, there is a clear relation
between increased expansion and plastic deformation, and thus the total energy dissipated.

A SDT expansion 0,0% (FP20, 5 weeks exposure) B SDT expansion 0.1295% (RP60-Z, 10 weeks exposure)
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Figure 8. A-H: A selection of stiffness damage test curves from different level of expansion.
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4.3  Elastic modulus

Figure 9 shows the development of elastic modulus over time in terms of days after casting.
The range of values calculated is indicated by the error bars. The figure shows a concave re-
duction of the elastic modulus in all ASR affected samples, while the elastic modulus in the
reference prisms are constants during the experiment. Less reduction of the elastic modulus

can be spotted in the restrained direction (z-direction).
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Days after casting

Figure 9. Elastic modulus plotted against days after casting

Elastic modulus reduction plotted against the level of expansion is shown in figure 10A/B
with a fitted linear/logarithmic trend curve, respectively. This shows that the relation between
elastic modulus reduction and increasing expansion can be described by both a linear function
and a logarithmic function, with strong correlation in both cases. The reduction displayed is
relative to the average elastic modulus measure in all reference prisms. The biggest reduction
in elastic modulus occurred in the samples and direction with the largest expansion. The dif-
ferent colors and markers relate the points to the different storage conditions. This shows that
the reduction seems to be dependent on the level of expansion and independent of the storage

conditions.
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Figure 10. A/B: Elastic modulus reduction with respect to expansion with a fitted linear/logarithmic trend curve, respec-
tively.

The estimated initial elastic modulus in the ASR affected cylinders are presented in table 4.
The estimated initial elastic modulus of the free prism underestimated the initial elastic modu-
lus with about 4000 MPa. The estimate initial elastic modulus for the restrained prisms are

close to the measured elastic modulus in the reference prisms.
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Table 4. Estimated initial elastic modulus

Sample Estimated initial elastic modulus

week 5 week 10 week 15 week 21 Average
FP60 34073 28602 27510 26840

33412 29387 28797 26120 29343
RP60-Y 36463 32364 29493 28452

34484 31636 30192 28771 31482
RP60-Z 35008 32798 31322 32348

34511 33543 32295 31495 32915
Average 34659 31388 29935 29004 31247

4.4 Compressive strength

The compressive strength measured from the 100 x 100 x 100 mm cubes are presented in fig-

ure 11. The test results at 48 days after casting shows a significant increase in strength on all 3

cubes stored in accelerated ASR conditions and the 3 reference cubes stored at 20°C com-

pared to the strength in reference cubes after 30 days of curing. The strength increase is larger

at the accelerated conditions than at the reference conditions. However, a reduction in strength

is apparent in the cubes exposed to accelerated ASR at the 83 days test compared to the refer-

ence cubes. Further compressive strength testing, at 113 and 160 days after casting, showed

almost constant compressive strength in ASR affected cubes, while the strength of the refer-

ence cubes continued to increase.
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Figure 11. Cube compressive strength against days after casting.
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The cylinder compressive strength is presented in figure 12. The first test, 48 days after cast-
ing, show larger compressive strength in the cylinders corresponding to larger expansion lev-
els in FP60 and RP60-Y. A lower compressive strength can be seen in restrained direction
compared to unrestrained direction throughout the experiment, both in ASR affected cylinders
and reference cylinders. The difference is significant at 48 and 84 days after casting and insig-
nificant at 114 and 160 days after casting. The 84 days testing of the cylinder show almost the
same compressive strength in all cylinders tested except for RP60-Y and RP20-Z. The first is
5MPa higher and the latter is 6 MPa lower. First after 114 days since casting, a reduction in
the ASR affected cylinder compared to the reference cylinder drilled from the free prisms
(FP60 and FP20) can be seen.
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Figure 12. Cylinder compressive strength against days after casting.

In figure 13 the compressive strength of the cylinders is plotted against the degree of expan-
sion. A gradual reduction in compressive strength with increasing expansion is distinguisha-
ble from the linear tend line drawn considering only the measured compressive strength in

cylinders with positive expansion.
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Figure 13. compressive strength plotted against expansion, with a linear trend line considering only the strength measure in
cylinders with positive expansion.
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4.5 SDT damage indices

Figure 14 present the relationship between stiffness damage index (SDI) and expansion with a

fitted logarithmic trend curve. This trend line show that the relation between calculated SDI

and expansion are close to a logarithmic function with an R? of 0.7331. The range of calcu-

lated values are indicated by error bars.
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Figure 14. SDI plotted against expansion with a plotted linear trend curve.
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Figure 15 shows the plastic deformation index (PDI) and expansion with a fitted logarithmic
trend curve. This trend line also fits good to a logarithmic curve with an R? of 0.686. The
range of values calculated in the 2 cylinders drilled from one prism in the same direction are
indicated by error bars. An interesting observation to note is that every SDI and PDI calcu-
lated from cylinder taken in restrained direction are located under the trend line.
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Figure 15. PDI plotted against expansion with a plotted linear trend curve.
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The third index denoted NLI plotted against expansion is shown in figure 16 with a linear

trend line based only on the positive expansion values. The line is a good fit to the relation be-

tween NLI and expansion, with an R? of 0.8602. The range of values calculated are indicated

by error bars. An overall low NLI are reported in cylinders extracted from the restrained di-

rection of the ASR affected prisms.
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Figure 16. NLI plotted against expansion with a linear trend curve.
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The alternative SDI calculate are as expected following the same relations as the ordinary SDI
with respect to expansion, hence the relation follows a logarithmic function. The calculated
alternative SDI are shown in table 4 and plotted against expansion in figure 17, with a loga-

rithmic trend curve.
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Figure 17. Alternative SDI plotted against expansion.
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4.6 Work diagram

Figure 18 A-D shows the work diagram achieved from the 4 cylinders set aside after the

SDT run after 5, 10, 15 and 21 weeks of exposure to accelerated ASR conditions or reference
conditions. Figure 18A and B show the resulting work diagram of cylinders attained from
FP20, FP60, RP60-Y and RP60-Z prisms. Figure 18C and D show the resulting work diagram
from cylinders attained form RP20-Y, RP20-Z, RP60-Y and RP60-Z prisms. The ASR af-
fected cylinder seem, when comparing the 4 different plots, to become more ductile with in-
creasing level of ASR development. This coincide well with the larger elastic modulus reduc-

tion and almost no compressive strength reduction measured with increasing expansion.
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5 Discussion

The chapter starts by discussing the changes in expansion, mechanical properties and degree
of damage occurring during the experiment. This is followed by a discussion about SDT as a

tool to predict expansion development and changes in mechanical properties.

5.1 Expansion

The expansion measurements were only taken before a prism was applied for testing. In addi-
tion, the expansion measurement in one direction is only taken from one place on the surface
of the prisms. To get a more accurate expansion measurement, it should be measured at differ-
ent places on the surface. This means that the graphs in figure 7A-D are not describing the
continuous expansion development. However, the graphs still give an indication of how far
the ASR has developed, and the indices, compressive strength and elastic modulus reduction

are compared to the actual expansion in the cylinder.

The measured expansion is somewhat higher than our estimate during the preparation of the

experiment. This is not unexpected as most experiments with the same concrete mix is stored
at 38°C as opposed to our sample, which was stored at 60°C. The difference in temperature is
likely the explanation for the underestimation. This emphasize a lack of experience with ASR
testing at 60°C. ASR testing at 60°C is beneficial with respect to the time aspect, as the same
expansion level reached after 15 weeks of exposure are achieved after about 52 weeks storage
at 38°C. The 60°C ASR test is possibly preferential if e.g. one would like to assess many dif-
ferent concrete mixes. However, the effects from high temperature on the gel and the related

concrete properties are still uncertain and further testing should be conducted.

When comparing the measured expansion with the studies of Berra et al. [7] and Gautam et al.
[8], our study showed more final expansion in restrained direction with similar compressive
stress. More expansion in unrestrained direction compared to the expansion measured in free
prisms was reported in both studies. This points toward a transfer of expansion from re-
strained direction to unrestrained direction. A transfer of expansion is a suggested explanation
for the similar volumetric expansion reported, meaning the sum of expansion in all direction,
in all prisms, independent of restrain. Contrary to the studies of Berra et al. [7] and Gautam et
al. [8], a lower volumetric expansion in restrained prisms compared to free prisms is found in
our study, and a similar level of expansion in unrestrained direction and free prism is also

found in our study. This suggests that no transfer of expansion occur. The difference could be
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explained by use of different concrete mix and more accelerated conditions. There is a differ-
ence between our procedure of measuring expansion and the one used by Gautam et al. [8]
and Berra et al. [7]. The expansion measurement in our case was done after the stress was re-
moved while they performed the measurement when the constant stress was still applied. This
means that the reported expansion in their case contains a contraction because of compressive
stress in addition to the internal loading due to ASR. The elastic release expansion due to un-
loading included in our case, can be estimated by Hooke’s law. This gives a contribution to
the measured expansion between 0.01% to 0.015% in restrained direction, depending on the
elastic modulus used, initial or reduced. The effect of external stress would therefore not
change the measure volumetric expansion much, as the long-term volumetric expansion meas-
ured in our case is 1.2% in the free prism and 0.75% in the restrained prism. The long-term
volumetric expansion reported in Gautam et al. [8] study is 0.47% +- 0.01% in both the free
and the restrained sample. This means that our samples had a much larger level of expansion.
The overall larger expansion during our experiment could explain the higher expansion in re-
strained direction with similar constant compressive stress compared to Gautam et al. [8], and
the internal load due to ASR is likely larger in our study. The effect of internal load is un-
known. The large difference in volumetric expansion in restrained prism and free prism, and
the lower expansion measured in both unrestrained directions, in all restrained prisms, except

for 2 values, compared to the free prism. This points to no transfer of expansion in our study.

5.2 Elastic modulus

As previous studies have already shown [18-20,26], the elastic modulus is clearly affected by
ASR. The elastic modulus reduction is a good fit to a linear function with increasing expan-
sion as shown in Figure 10A, with a linear regression line with a R? of 0.9241. This suggests
that the cylinders drilled in the restrained (z-) direction should show less decrease in elastic
modulus compared to the cylinders drilled in the unrestrained (y-) direction, as was the case in
all restrained prisms stored inside the reactor. The reference prisms showed no reduction, as
expected. The stress-strain curves in Figure 18A-D shows that the ASR affected samples with
increased reduction of elastic modulus displays more deformation before failure load is

reached, indicating a more ductile behavior in ASR affected concrete.

The strong linear correlation between elastic modulus and expansion shown in figure 10A,
points to elastic modulus as an interesting parameter when assessing ASR damaged structure.
It suggests that elastic modulus reduction is dependent on the level of expansion and can be

used to estimate the expansion. Despite elastic modulus being individual for each different
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concrete mix, Sanchez et al. [27] showed that the reduction in elastic modulus had a similar
correlation for 20 different concrete mixes composed of 13 different aggregates. The range of
elastic modulus reduction calculated (indicated by yellow dotted lines) and our measured elas-
tic modulus reduction is shown in figure 19. This suggests that the correlation between degree
of elastic modulus reduction and expansion is to a certain degree universal for all concrete
mixes. This, together with the seemingly accurate estimation of initial elastic modulus, espe-
cially in the restrained samples, opens for a possibility to estimate the expansion using elastic

modulus from SDT and the estimated initial elastic modulus.
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Figure 19. Elastic modulus reduction against expansion and the range of elastic modulus reduction found by Sanchez et al.
[27], upper and lower values are indicated by the yellow dotted lines.

5.3 Compressive strength

Unlike elastic modulus and the SDT-indices SDI, PDI and NLI, no correlation is apparent be-
tween compressive strength and expansion level, which can be seen in figure 12. The higher
compressive strength measured in the prisms exposed to highly accelerated ASR condition is
unexpected, as both Sanchez et al. [26] and Jones and Clark. [10] reported a loss in compres-
sive strength after long term exposure to accelerated ASR conditions. It was showed by Ba-
lendran et al. [14] that higher curing temperature than 42°C had a small negative impact on
compressive strength after 28-days of curing compared to samples cured at 27°C when using
ordinary Portland cement. This means that high curing temperature have a negative impact on

the long-term compressive strength development. This is contrary to the high compressive
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strength measured in the cylinders drilled from FP60 and RP60 at the first testing. However,

similar result has been reported by others e.g. Sanchez et al. [26] and Marzouk et al. [20].

Brooks et al. [17] showed an increase in compressive strength in samples exposed to low RH
compared to high RH. Based on this, a higher compressive strength was expected in the refer-
ence prisms standing in the creep machine compared to the reference prisms stored wet
packed in plastic sheet. Another factor affecting the compressive test is the moisture level of
the cylinder when tested. The reference prisms in restrain were kept at about 50% RH, while
the other prisms where stored at close to 100% RH. During the cutting procedure, the cylin-
ders is saturated with water, which contributes to reducing the differences. Nonetheless, not
even a fully saturation of the previously dried cylinder would completely reverse the drying
effect during storage as showed by Brooks et al. [17] when investigating and reporting change
in bulk modulus of dry, wet and rewetted samples. The change in compressive strength was
not investigated. However, change in modulus means a change in mechanical properties and
hence a possible change in compressive strength. | addition, Shoukry et al. [16] showed that
dry samples had higher compressive strength than wet samples in an investigation of the ef-
fect different temperature and humidity at time of testing had on the mechanical properties on
tested specimen. This suggests that the reference cylinders drilled from the restrained refer-
ence prisms, which should be drier compared to the other cylinders, will display higher com-
pressive strength. Contrary to both factors, a lower compressive strength was measured in the

cylinders attained from the restrained reference prisms.

Barbosa et al. [19] reported a significantly lower compressive strength perpendicular to cracks
than parallel to cracks. The higher expansion in unrestrained direction should partly align the
micro cracks in restrained direction. According to the result presented by Barbosa et al. [19]
should the cylinders drilled parallel to the restraints. Contrary to this, lower compressive
strength was found in the restrained direction compared to the unrestrained direction. This dif-
ference could partly be explained by the presence of both macro and micro cracks in their
study, while in our case only micro cracks are present. In addition to the alignment of cracks,
concrete exposed to constant stress starts to creep, which further influence the measured com-
pressive strength. Brooks et al. [17] reported more creep in specimen stored dry versus speci-
men stored wet. This means that our reference prisms stored with constant stress in the creep
machine are most likely displaying higher levels of creep compared to the prisms stored with
constant stress in the reactor. This assumption is not possible to check, as creep was only

measured in the reference prisms. Unfortunately, this measure is not directly transferable to
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the ASR affected prisms as the humidity conditions are different. Creep and small continuous
constant compressive stress are reported to have a positive effect on the compressive strength
due to an adaptation effect by Bazant and Kim. [34]. The lower compressive strength reported
parallel to the load direction in both the prisms stored inside the reactor and the reference
prisms stored in the creep machine are therefore unexpected and the reason for this effect is
not clear according to the literature. Casting direction could potentially influence the result.
Nevertheless, in our case the casting direction is along the x-direction while the cylinders are
drilled along the y-direction and the z-direction (restrained direction). Casting direction
should therefore have minimal effect on the compressive strength.

The stiffness damage test proved to be non-destructive even when using maximum load level
of 40% of the 28-days compressive strength by Sanchez et al. [18], running compressive tests
on sample before and after SDT. SDT impact on measured compressive strength should there-
fore be insignificant. However, plastic deformation occurs, energy is dissipated performing
the test, and Sanchez et al. [18] only showed that the test was non-destructive for two concrete
mixes. The concrete mix used in this paper can be more affected by the SDT. To get an indi-
cation of possible effects from measuring the compressive strength after the SDT, 4 extra cyl-
inders, 2 references and 2 ASR affected, was drilled from the free prisms and tested to failure
without performing SDT. The control executed showed incremental lower compressive
strength in all the samples tested without SDT confirming Sanchez et al. [18] statement that

SDT is a non-destructive test.

When considering the negative effect high curing temperature and high humidity could have
on the compressive strength, as Balendran et al. [14] reported. The result presented in this pa-
per along with the reported result by Sanchez et al. [18] and Marzouk et al. [20] suggests a
possible positive effect on compressive strength in the early development of accelerated ASR.
Sanchez et al. [18] mentioned 0.1% expansion as the tipping point for the start of the decrease
of the compressive strength. Our results yield a value closer to 0.2%, A postulated reason for
the positive effect on the compressive strength is that the alkali-silica gel produced, at high
curing temperature, makes the concrete less porous, by filling pores and patching internal
cracks, resulting in a more even stress distribution though the cross section. Making the con-

crete appear as more hydrated.
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On the other hand, Swamy and Asali [35] and Ahmed et al. [36] showed no increase in com-
pressive strength when using accelerated ASR conditions, instead a small decrease was re-
ported in both studies. The scattered and unclear compressive strength measured in our exper-
iment supports the proposal that compressive strength is a poor parameter to consider when
characterizing ASR damage. The change in compressive strength due to accelerated ASR is

highly affected by concrete mix used and the storage conditions.

5.4 Degree of damage

The analyses of the SDT gives a clear indication of the importance of the orientation of the
restraint, as the restrained direction show less degree of damage both with respect to SDI, PDI
and NLI. In addition to the lower index-values, higher elastic modulus is found in the loading
direction. All measured values point towards a lower degree of damage, except the lower
compressive strength measured in the restrained direction. However, the reduction is apparent
in both the ASR affected prisms and the reference prisms. This suggests that it is not an effect
of ASR.

When comparing our results with Sanchez et al. [26], most factors like SDI, PDI, NLI and
elastic modulus are quite similar and show the same trends. This reinforces the proposal that
SDT has the ability to estimate the degree of damage in concrete, using the indices described
and the elastic modulus. In turn this could be used to predict e.g. expansion and compressive
strength reduction. The SDI and PDI values calculated from the present investigation are plot-
ted against the range of values calculated by Sanchez et al. [27], in their assessment of 20 dif-
ferent concrete mixes, the upper and lower limit is expressed by 2 yellow dotted lines in fig-
ure 19A-B.
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Most of the plotted values fit between the two yellow lines in figure 20A and 20B. However,

the PDI values seem to be more scattered than the SDI values, pointing to SDI as the best pa-

rameter. This coincide with the higher R? for the logarithmic trend line plotted for SDI values

compared to the PDI values.
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5.5 Work diagram

When investigating the work diagrams, a more ductile behavior is apparent in the ASR af-
fected cylinders. A less ductile behavior is apparent in the cylinders drilled in restrained direc-
tion compared to the unrestrained direction of the ASR affected concrete. This further
strengthen the assumption that concrete deteriorate less when exposed to a small constant
stress. By comparing the work diagram to the stress/strain relation parallel and perpendicular
to cracks reported by Barbosa et al. [19]. It suggests that some alignment of cracks might be
present, however to a small degree. Barbosa et al. [19] reported large differences in ductility
parallel and perpendicular to cracks. The cylinders drilled from restrained direction showed
somewhat less ductile behavior compared to the unrestrained direction. In addition to the less
ductile behavior, low NLI values were calculated in cylinders drilled in restrained direction as
seen in figure 16, looking at the RP60-Z datapoints. NLI is said to be able to account for the
alignment of cracks. This further suggests some alignment of the micro cracks.

5.6 Predicting expansion and mechanical properties

The resulting plots from the SDT show a strong correlation between the indices and expan-
sion, thus pointing to SDT as a good tool to predict expansion level. The calculated SDI, PDI
and NLI fit well in with Sanchez result. However, when investigating the relationship be-
tween the indices and expansion up to 0.2%, the linear relationship between NLI and expan-
sion disappears. This is problematic, as most real structure are expected to have lower levels
of expansions compared to laboratory samples due to the reinforcement and other restraints,
which have been shown to reduce the expansion by us and others [7-9]. This points to NLI as
a more unreliable parameter when investigating real concrete structures. On the other hand,
SDI and PDI shows a strong linear correlation to expansion at low levels of expansion. The
effect on the correlation between SDI/PDI/NLI and expansion with expansion levels between
0% to 0.2% can be seen in figure 20A-C, respectively. This disparity between the specter of
expansion as a whole and the lower level of expansion by itself suggests that the relation be-
tween SDI/PDI and expansion might best be divided into two different phases: first phase pre-
senting a linear dependency up to about 0.2% expansion and second phase from 0.2% expan-

sion and beyond presenting a logarithmic dependency.
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One major drawback appears when testing previously untested concrete. A calculated SDI
value of 0.2 could mean an expansion between 0.025% and 0.2% according to the spread in
Sanchez et al. [21] result, illustrated by the area between the yellow dotted lines in figure
19A. In a real structure this could mean an expansion level from almost no expansion to sig-
nificant expansion. A part of this problem is countered by investigating samples from pre-
sumed undamaged part and different expansion level. A logarithmic or linear line, describing
the relation to expansion, based on previous work like ours and Sanchez et al. [27], with start-
ing point at the measured value in the presumed undamaged samples could then be used to es-
timate the expansion in the other samples. More research within the lower level of expansion

is needed in order to conclude whether a linear or logarithmic relation should be used.

For SDT to be useful in prediction of expansion and change in concrete properties a clear
guideline must be presented. A simple misunderstanding on how to calculate the SDI resulted
in about 4 times higher values. The alternative SDI might be a better way to calculate the SDI,
as the slop at low expansion level are higher. This means that a small change in calculated in-
dex value would not affect the predicted expansion as much. However, there seems to be a
bigger spread in the values calculated, while still fitting well with the logarithmic trend line.
This would result in a relative larger range of calculated values, and the same problem would
arise, that an SDlai value of e.g. 0.7 could mean expansion between 0.025% and 0.2%. The

lack of data regarding SDIar makes it hard to discuss any further at this point.
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6 Remarks to the experimental setup

If similar experiments should be carried out again, the following proposed improvements

should be considered.

A more convenient way to adjust the pressure needs to be designed. In our setup the whole
equipment had to be taken out of the plastic bucket, before tightening the nuts on the 4
threaded steel bars and then lifted back. The illustration of the setup shows a M32tap bolt
through the top steel plate. However, the plate was delivered without the threaded hole or-
dered, so we proceeded without the tap bolt. The tightening itself is manageable, but the
whole setup with concrete sample weighs about 100kg, making the process heavy and tedious

work.

Because of the weight of the setup, one should be 4 persons when lifting it according to the
Norwegian work directives. However, only 2 persons can lift at the same time due to space
limitations. Thus, a lifting tool should be installed, e.g. welding a hook at the top plate. A lift-
ing crane can then be used to lift it in and out of the buckets. In addition, adding the M32 tap

bolt would make it unnecessary to lift the setup from the bucket until scheduled testing.

During the experiment 3 measuring knots fell of making expansion measurement impossible.
This could for example be prevented by casting them in place or drilling holes where they are
glued, giving the glue bigger surface connection to the knots. Another option is to use a more
automated measuring system casted inside the concrete samples. The latter would be prefera-
ble as it could measure expansion continuously and the treaded steel bars would not be an is-

sue when the measurement are done, however this option is expensive.

The prims standing in the creep machine should be sealed or wrapped in plastic to hinder
shrinkage and keeping the moisture level close to 100% RH, hence as equal storage condi-
tions to the samples placed in the reactor as possible. One of the reasons for placing the refer-
ence prisms in restraints was to get an estimate on the creep effect from the stress level used.
The different storage temperature and humidity made this more of a guess work, especially

since humidity highly affects the specific creep level in a sample.

The reactor could be improved by adding an extra fan, which would help circulate the air bet-
ter. It took some time for the temperature to stabilize inside the reactor after it was opened. A
couple of degree warmer close to the air heater was measured before it was stabilized. This

resulted in a small difference inside the bucket nearest the air heater and furthest apart. This
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difference could be minimized by using 2 buckets less and leaving some space right in front

of the air heater empty and added air circulation.
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7 Conclusion

Restraints clearly affect the development of ASR in terms of expansion, mechanical proper-

ties and degree of damage. The main conclusions are:

Expansion are hindered in restrained direction, however no transfer of expansion to

unrestrained direction is apparent.

Compressive strength testing shows no clear results. A small reduction of compressive
strength in the free prisms exposed to ASR compared to the reference prisms is pre-
sent. However, the restraints seem to obscure the already small effect, rendering the

change and effects on compressive strength hard to predict.

The reduction of elastic modulus shows a strong correlation with increasing level of
expansion. This means that restraints, which prevent some expansion, also prevent

some of the reduction of elastic modulus due to ASR.

The calculated damage indices show a clear reduction of damage in restrained direc-
tion, which correspond well with the lower reduction in elastic modulus in restrained

direction.

The ASR affected samples that are free to expand show a more ductile behavior, while
the restrained sample show similar behavior as the reference samples in the restrained
direction, meaning less ductile behavior. The ductility of the restrained ASR affected
samples in the direction perpendicular to the restraint, is similar to the ASR affected
samples with free expansion. Both statements are supporting the statement that a re-
straint (compressive stress) result in less degree of damage.

Our results strengthen Sanchez et al. [27] proposal that SDT and the calculated indi-
ces, SDI and PDI, is a promising tool to assess the degree of damage and predict the
expansion in concrete structures. The NLI was unreliable with low level of expansion,
rendering it less promising. In addition to the indices, elastic modulus is also an inter-
esting output parameter from the SDT due to the strong correlation with expansion and

the more ductile behavior of ASR affected concrete.

To summarize, all output parameters points to a lower degree of damage in restrained direc-

tion, except compressive strength which gave unclear results. No increased expansion and

damage are found in unrestrained direction. This means that an overall lower impact from
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ASR is reported in the restrained prisms compared to the free primes exposed to the same

conditions.

In order to make SDT a reliable tool to assess degree of damage in ASR affected concrete
structures, more testing needs to be conducted both with and without restraints on different
concrete recipes. A more thorough description should also be made on how to run the SDT
and how to calculate the different indices. There were some uncertainties regarding how long
the maximum and minimum load should be held during the load cycles, and how the indices

should be calculated.
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Appendix C
expan-

Days sion fc Ec
Sample [d] [%0] [MPa] [MPa] SDI PDI NLI SDlait
FP20 52 0.003 42.7 32045 0.102 0.129 1.047 0.437
83 0.018 46.7 34081 0.076 0.081 1.061 0.324
118 0.025 46.8 33715 0.063 0.053 1.059 0.268
160 0.015 50.7 34340 0.057 0.037 1.050 0.243
FP60 52 0.141 50.0 24745 0.176 0.277 1.051 0.730
83 0.285 46.7 19465 0.223 0.299 1.118 0.874
118 0.346 44.0 17996 0.218 0.291 1.171 0.879
160 0.469 41.7 16477 0.234 0.325 1.201 0.940
RP60-Y 52 0.105 49.4 27629 0.155 0.235 1.052 0.653
83 0.168 50.4 22069 0.215 0.324 1.077 0.869
118 0.327 46.4 20027 0.217 0.301 1.142 0.867
160 0.353 45.6 18476 0.217 0.281 1.135 0.858
RP60-7 52 0.043 45.2 28059 0.122 0.165 1.038 0.517
83 0.130 45.6 25576 0.140 0.197 1.040 0.599
118 0.147 44.8 24543 0.146 0.200 1.060 0.608
160 0.125 44.6 24079 0.141 0.169 1.053 0.589
RP20-Y 52 -0.031 43.0 33414 0.076 0.099 1.075 0.373
83 -0.044 46.1 34514 0.068 0.097 1.058 0.334
118 -0.042 42.9 33405 0.070 0.096 1.058 0.343
160 -0.053 43.3 32294 0.070 0.110 1.057 0.345
RP20-7 52 -0.059 36.7 31788 0.090 0.117 1.097 0.442
83 -0.068 38.8 32512 0.081 0.109 1.067 0.401
118 -0.072 41.2 32877 0.069 0.087 1.062 0.330
160 -0.077 42.1 32820 0.064 0.083 1.053 0.315
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