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Lightweight Cellular Hollow Concrete Blocks Containing
Volcanic Tuff Powder, Expanded Clay and Diatomite for
Non-Load Bearing Walls

Liitfullah GUNDUZ!
Sevket Onur KALKAN?

ABSTRACT

Lightweight cellular hollow concrete (LCHC) block is a type of masonry unit manufactured
by precast technique. LCHC blocks are produced by the mixing of Portland cement, volcanic
tuff, expanded clay and diatomite for building applications. LCHC blocks are lightweight,
and the frequent cellular holes provide excellent thermal and acoustic performance, fire
resistance and resistance to harsh environmental conditions. In this research work, LCHC
blocks with 28 different mix proportions were cast into a mould with vibro-compacting, de-
moulded immediately and transferred to a storage area for curing up to 120 days in standard
air condition at room temperature. The blocks were designed with 21 cellular spaces of 10
mm width. For each mixture, twenty four block specimens were prepared and tested in the
air dry condition for compressive strength and water absorption in accordance with BS 1881:
Part 116. This paper initially examines how volcanic tuff powder affects the characteristics
of lightweight concrete masonry mixtures and investigates the use of quaternary blends
containing volcanic tuff, expanded clay, diatomite and Portland cement to produce LCHC
blocks for partitioning walls.

Keywords: Lightweight concrete, volcanic tuff, expanded clay, diatomite, masonry block.

1. INTRODUCTION

The production of lightweight concrete masonry units transformed from a hand cast process
to a highly automated one during the past 100 years. Single moulds compacted by hand gave
way to ganged moulds that travel on assembly lines in high-tech manufacturing facilities.
These changes have also led to excellent quality control and uniformity of units [1]. Concrete
masonry units are manufactured with very dry, stiff concrete mixtures. The “no-slump” or

Note:
- This paper has been received on May 22, 2018 and accepted for publication by the Editorial Board on
July 17, 2019.

- Discussions on this paper will be accepted by January 31, 2021.
e https://dx.doi.org/10.18400/tekderg.426034

1 Tzmir Katip Celebi University, Department of Civil Engineering, Izmir, Turkey -
lutfullah.gunduz@ikc.edu.tr - https://orcid.org/0000-0003-2487-467X

2 1zmir Katip Celebi University, Department of Civil Engineering, izmir, Turkey -
sevketonur.kalkan@ikc.edu.tr - https://orcid.org/0000-0003-0250-8134
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“low-slump” material is placed into moulds, vibrated and compacted, and demoulded
quickly. The demoulded units are stiff enough to hold their shape as they enter the curing
chamber. Afterwards, they are palletized and readied for shipping [1]. They could be
manufactured, adding to local economies and meeting sustainability criteria.

Lightweight concrete masonry blocks are primarily used as building materials in the
construction of walls. Concrete blocks are one of several precast concrete products used in
construction. Most concrete blocks have one or more hollow cavities, and their sides may be
cast smooth or with a design. In use, concrete blocks are stacked one at a time and jointed
with fresh cementitious mortar to form the desired length and height of the wall.

The concrete mixtures commonly used to make normal weight concrete masonry blocks is a
mixture of Portland cement, water, sand, and gravel. This produces a light grey block with a
fine surface texture and a sufficiently high compressive strength. This type of blocks is
generally used for building load-bearing walls and partitions. Typical mass of this type of
concrete block ranges from 16 kg to 27 kg. In general, the concrete mixture used for blocks
has a higher percentage of sand and a lower percentage of gravel and water than the concrete
mixtures used for general construction purposes. If lightweight aggregates are used instead
of normal weight sand and gravel, the resulting block is commonly called a lightweight
concrete masonry block. This produces more porous and lighter blocks with a medium-to-
coarse surface texture, good strength, good sound-deadening properties, and a higher thermal
insulating value than a normal weight concrete block. LCHC blocks made of different
lightweight aggregates, cement and water are used in construction of non-load bearing infill
walls and slabs. Lightweight blocks can be manufactured with densities ranging from 400
kg/m? to 1100 kg/m? effecting an average reduction in dead load of 40 % to 50 % as compared
to those of buildings with conventional concrete walls [2, 3, 4]. A typical lightweight concrete
masonry block has a mass of 5 kg to 14 kg depending on the mineralogical composition, the
particle shape and grading of the aggregate.

In general, units with lower density will not only reduce the dead load of a structure, but will
also have better thermal insulating properties and provide increased mason productivity
during installation. These factors can result in significant overall cost savings. LCHC blocks
allow increased productivity in production, delivery, handling, and installation. The fire
resistance rating of a lightweight concrete masonry unit depends on its equivalent thickness
and the types of aggregate used in its manufacture.

Aggregate size and gradation are the most important factors when selecting aggregate in
lightweight masonry mixtures. Aggregate particle sizes range from coarse-sized granulates
to fine-sized powder [6]. As a general rule, the largest aggregate should be no greater in size
than one-third the depth of the slab, or one-fifth the smallest dimension of the form. Since
the mortar samples to be produced are poured into the moulds and the mould openings are
22 mm wide, maximum fine aggregate grain size is selected as 1 mm. Well-graded aggregates
may be used to reduce the amount of cement paste required and thus, decrease the amount of
shrinkage that could occur.

The volumetric majority of the low slump masonry concrete consists of lightweight
aggregates. It is a basic objective that the cement paste coats and binds together the aggregate
particles. The composition, shape, porosity, size and type of the aggregate all have significant
effect on the workability, durability, strength, unit weight, and shrinkage of the lightweight
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concrete. Aggregate can also influence the texture and appearance of the cast surface, which
is an especially important consideration in concrete masonry block making mixes.

Lightweight aggregates have maximum dry loose bulk densities of about 880 kg/m? for the
coarse fractions and 1040 kg/m? for all-in aggregates [7]. Lightweight aggregates are also
classified as natural and artificial depending on the final source they are obtained. The main
natural lightweight aggregates are diatomite, pumice, scoria, volcanic slug, and volcanic tuff.
Except for diatomite, all are volcanic in origin. Pumice and scoria are more widely used for
hollow and solid concrete block production in Turkey [8,9]. However, using the expanded
clay in masonry block productions is a relatively new experience in Turkey.

Due to the low aggregate strength characterizations, diatomite aggregates alone are not
generally preferred for use in production of lightweight masonry blocks. However, diatomite
aggregates could be used with strength enhancer materials to ensure a sufficient strength
requirement for lightweight masonry blocks. Volcanic tuff powders are one of the well-
known strength enhancer natural materials due to their pozzolanic properties. Also expanded
clay aggregates are used in concrete masonry blocks to improve the strength.

Although many lightweight aggregates are suitable for use in lightweight masonry blocks,
inclusion of volcanic tuff powder as a strength enhancer material in the mixture does not
appear as a widespread practice in literature. In this respect, a research work was carried out
to optimize the lightweight masonry blocks according to the related standards by using
volcanic tuff as a strength enhancer material. This research work presents the technical results
of a comprehensive experimental study on optimizing the lightweight masonry blocks for
non-load bearing walls.

2. EXPERIMENTAL STUDY
2.1. Experimental Scope

The experimental work was carried out in order to determine the suitability for use of
quaternary blends containing volcanic tuff, expanded clay aggregate, diatomite and cement
to produce LCHC blocks for non-load bearing walls and partitions. Initially, the aim of the
work was to evaluate the use of volcanic tuff and expanded clay aggregate as strength
enhancers to improve the lightweight concrete properties. A series of comprehensive tests
were carried out to analyse the effects of volcanic tuff and expanded clay aggregate on the
constituent material composition, unit weight, compressive strength and water absorption
properties. The effects of use of fine and coarse diatomite aggregates in production of
lightweight masonry blocks were also determined.

2.2. Materials Used in the Research

The lightweight concrete masonry hollow blocks with dimensions of 185 mm height, 390
mm length and 190 mm width, in general use in Turkey, were used throughout the
experimental work. The web and shell thicknesses of the hollow lightweight units were 22
mm. In total, each block contained 21 cellular spaces of 10 mm width. The model of masonry
unit is shown in Fig. 1
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Portland cement (CEM 1 42.5) which is comparable to ASTM Type 1 (42.5 N/mm?) was used
throughout this research. The chemical composition and physical properties of the cement
used in this research are given in Tables 1 and 2.

Figure 1 - The model of masonry unit

Table 1 - Chemical compositions of CEM I, VTP, ECA, FDA and CDA (mass%)

Major element CEM I VTP ECA FDA and CDA
Si0, 20.92 61.44 51.60 68.74
AlLOs 5.18 12.48 14.80 8.94
Fe,05 3.87 434 11.75 14.23
CaO 62.44 5.10 8.40 0.69
Na,O 0.19 1.65 1.13 0.34
K,0 0.78 1.38 1.24 1.58
MgO 245 6.40 5.60 0.61
LOI 1.51 1.80 3.20 7.80

CEMI1 :Portland cement TS EN 197-1

VTP : volcanic tuff powder

ECA : expanded clay aggregate

FDA : fine diatomite aggregate

CDA : coarse diatomite aggregate

Table 2 - Mechanical and physical properties of CEM 1

Specific gravity 3.10
Blaine specific surface (m%/kg) 324.5
Initial setting time (min) 250
Final setting time (min) 360
Volume expansion (mm/m) 0.87

Compressive strength (MPa)

2 days 14.7
7 days 26.9
14 days 34.7
28 days 43.0
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As strength enhancer materials, two different aggregate types namely volcanic tuff and
expanded clay aggregate were used. Volcanic tuff aggregate used in this experimental study
was obtained from the location of ignimbrite Mining Quarry in Aksaray Region, Central
Anatolia. Volcanic tuff obtained from the quarry was only crushed by a primer crusher and
then screened to obtain the 0/1 mm filler fraction (VTP) The tuff was found to be composed
of rounded particles when optically analysed using a microscope. Because, it was observed
in the microscope analysis that rounded shape tuff particles have an ability to do a well filling
affect in the matrix structure. Optical microscopic analysis showed that the tuff contained
well-rounded particles which enhance workability, filling effect, and, thus strength.

Natural pozzolans constitute a part of the lightweight aggregate group that could increase the
strength and durability of concrete in the production of block making mixtures. Tuff
aggregate in powder form is one of the well-known pozzolans used in concrete applications.

The expanded clay aggregates were obtained from the clay mining quarries at Kalecik Region
in Ankara, Central Turkey. The clay aggregates obtained from the quarry were first crushed
and then grounded into a powder form. Clay pellets were made with potable water without
using any admixture in laboratory conditions. Then all pellets were expanded in a kiln at
1050 °C to produce expanded clay aggregate (ECA). After expanding, they were screened
into 4/8 mm size fractions. Diatomite aggregates were obtained from the diatomite mining
quarries at Kazan Region in Ankara, Central Turkey. Diatomite aggregates were used in their
natural state (as mined), without any calcination. Similar to VTP, the diatomite aggregates
were also first crushed by a primer crusher, and then screened into 0/4 mm and 4/8 mm size
fractions as fine diatomite aggregate (FDA) and coarse diatomite aggregate (CDA),
respectively. The chemical compositions of these materials are given in Table 1. Dry bulk
density, water absorption and compressive strength values of VTP, ECA, FDA and CDA,
given in Table 3, were determined according to the BS 812:P2 [10], BS 812:P110 [11],
ASTM C127 [12] and ASTM C128 [13].

Table 3 - Physical properties of VTP, ECA, FDA and CDA

Material Specific Gravity  Dry bulk density Water
(kg/m®) Absorption
(Wt%)
VTP 2.21 1240 33.8
ECA 2.48 976 35.7
FDA 2.33 413 60.8
CDA 2.33 326 71.4

Tuff, a pyroclastic rock of consolidated volcanic ash origin, is sometimes called tufa or
ashstone, particularly when used as construction material, although tufa also refers to a quite
different rock. Rock that contains greater than 50 % tuff is considered tuffaceous [14, 15, 16,
17]. Its highly vesicular but compacted and consolidated structure gives it a higher strength.

The volcanic tuff aggregate in its natural form has been used to increase the compressive
strength and decrease the density of masonry blocks. Initial and final setting times increase
when the quantity of tuff increases, resulting in a slower compressive strength development.
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The advantages of tuff include its highly porous structure, high surface area, and low density.
It is available in different types, sizes, and colours, and can reduce the concrete self-weight.
Similar to other pozzolanic materials, such as silica fume and fly ash, substitution with zeolite
can improve the strength of concrete via the pozzolanic reaction with Ca(OH),. It can reduce
the bleeding, segregation, and delamination of fresh concrete, facilitate pumping processes,
decrease the permeability of hardened concrete, enhance durability (especially alkali-
aggregate reactivity), increase concrete strength, and minimize the cracking in concrete
caused by autogenous-shrinkage.

Expanded clays are made of clays that may expand up to 5-6 folds, by volume as a result of
gas release when they are treated with heat. A hard sintered crust is formed on the outer
surface, while quite light and highly durable aggregate with a porous clinker-like structure
may be produced inside it [18]. Expanded clay aggregates are a new topic for Turkey and
detailed studies on their production have begun recently [19]. Expanded clay aggregates are
used in many different industries due to their useful technical features and numerous
advantages when compared to many other industrial raw materials [19]. One of the materials
that yield the greatest concrete compressive strength among lightweight aggregates is
expanded clay aggregate. This gives it a significant position in the construction industry.
Because LCHC reduces walls dead load comparing with conventional masonry elements,
reductions up to 20 % in reinforcing steel weight may be gained while up to 50 % may be
saved in heating—cooling expenses in buildings containing components made with expanded
clay aggregates in Turkey [18, 20]. They have high porosity and low density. The bubbly
nature of expanded clay aggregate is due to liberation of gases during calcination. They are
typically brown and reddish in colour due to their high iron contents. The surface of some
expanded clay aggregates may have a yellowish iridescent colour based on the pellet
admixture materials.

Diatomite is a biochemical sedimentary white-or cream-colored, friable, porous rock mainly
composed of the fossilized remains of unicellular fresh water plants known as diatoms.
Diatoms are tiny plants that float near the ocean surface. Their skeletons are composed of
silica, a very durable substance. Since diatom skeletons are highly porous, diatomite has
extremely low density, and pure samples make excellent water filters. Chemically inert and
having a rough texture and other unusual physical properties, it is suitable for many scientific
and industrial purposes, including use as a filtering agent; building material; heat, cold, and
sound insulator; catalyst carrier; filler absorbent; abrasive; and ingredient in pharmaceutical
preparations [21, 22, 23].

2.3. Mix Design and Sample Preparation

In order to analyse the use of quaternary blends containing volcanic tuff, expanded clay
aggregate, diatomite and cement to produce LCHC blocks for walls and partitions, initially
28 different mixture proportions (M1-M28) by mass and cement contents of 94.5, 121.5 and
162.5 kg/m?® were adopted for the concrete mixture batches, respectively. Drying shrinkage
and wetting expansion are major weaknesses in volcanic tuff powder based blocks. In low
slump lightweight masonry hollow blocks, drying shrinkage cracking can be minimized by
keeping the water/binder ratio as low as possible [2]. Hence, in the present study, 30 mm
slump value was used as the limit for the dry consistency mixture.
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Table 4 - Proportions of trial mixtures (% by apparent volume*, av%)

Mix CEM 1 VTP ECA FDA CDA
Ml 9.00 1.00 90.00 - -

M2 9.00 3.00 88.00 - -

M3 9.00 5.00 86.00 - -

M4 7.00 - 15.00 39.00 39.00
M5 7.00 - 20.00 36.50 36.50
M6 7.00 - 25.00 34.00 34.00
M7 9.00 - 15.00 38.00 38.00
M8 9.00 - 20.00 35.50 35.50
M9 9.00 - 25.00 33.00 33.00
MI10 12.00 - 15.00 36.50 36.50
Ml1 12.00 - 20.00 34.00 34.00
MI12 12.00 - 25.00 31.50 31.50
M13 7.00 1.00 20.00 36.00 3600
M14 7.00 3.00 20.00 35.00 35.00
M15 7.00 5.00 20.00 34.00 34.00
MI16 12.00 1.00 20.00 33.50 33.50
M17 12.00 3.00 20.00 32.50 32.50
M18 12.00 5.00 20.00 31.50 31.50
M19 7.00 3.00 15.00 22.50 52.50
M20 7.00 3.00 20.00 21.00 49.00
M21 7.00 3.00 25.00 19.50 45.50
M22 9.00 3.00 15.00 21.90 51.10
M23 9.00 3.00 20.00 20.40 47.60
M24 9.00 3.00 25.00 18.90 44.10
M25 12.00 3.00 15.00 21.00 49.00
M26 12.00 3.00 20.00 19.50 45.50
M27 12.00 3.00 25.00 18.00 42.00
M28 9.00 - 91.00 - -

* Apparent volume is defined as the ratio mass to the dry particle density.

The first three trial batches were undertaken to determine mean strength and unit mass values
of concrete mixtures containing VTP and ECA aggregate. To this effect, basically the first
three preliminary batches were designed with aggregate/cement (A/C) ratios of 7:1 to 7.5:1
by mass with 9 % CEM I content by volume in a range of 12.4-62.0 kg/m? VTP contents
without any diatomite aggregates. These batches were used as the control mixtures
throughout the research. In order to evaluate the density, water absorption and strength
requirement for lightweight concrete design in masonry block production, the effect of
diatomite aggregates as ingredients was also analysed by a series of trial batches. For this
purpose, additional preliminary batches were designed with aggregate/cement ratios of 2.5:1
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to 5.5:1 by mass in a range of 94.5-162.0 kg/m* CEM I contents using fine and coarse
diatomite aggregates at different percentages by apparent volume. The mixtures proportions
for trial batches are given in Table 4 in terms of dry masses of the ingredients. Concrete
design methodology was constructed according to TS EN 771-3 standard. Information and
results derived from these trial mixtures were used to produce main relationship; linking
various parameters to both A/C ratio and cement content. Test results of these trial batches
are given in Table 5. All trials were conducted using CEM I of local manufacture, complying
with the requirements of ASTM Type I (42.5 N/mm?) cement.

Table 5 - Physical characteristics of the 100 mm-cube specimens

Mix Dry density Compressive strength ~ Water absorption
(kg/m®) (N/mm?) (% by weight)
Ml 1114 3.82 17.23
M2 1119 4.53 16.82
M3 1125 5.36 15.37
M4 582 1.74 31.71
M5 615 1.80 30.40
M6 649 1.87 29.26
M7 604 2.29 26.97
M8 637 2.37 25.37
M9 670 2.46 23.12
M10 636 3.16 21.47
M1l 669 3.27 21.58
M12 703 3.39 21.47
M13 625 2.09 29.86
M14 644 2.38 28.45
M15 663 2.67 26.29
M16 679 3.59 19.93
M17 698 3.92 19.02
M18 717 4.26 15.02
M19 596 2.22 28.04
M20 631 2.35 27.66
M21 665 2.47 25.69
M22 618 2.79 23.93
M23 653 2.94 23.28
M24 687 3.08 23.20
M25 651 3.69 20.49
M26 686 3.87 20.16
M27 720 4.05 18.52
M28 1111 3.66 17.85
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BS 1881: Part 125 [24] was followed for mixing and sampling the fresh concrete in laboratory
and BS 1881: Part 114 [25] was followed for measuring the density of hardened concrete.
According to the preliminary trial batch results, the fines content for optimum plastic
properties in the fresh concrete and the final mixture compositions for the concrete work were
determined. Cube specimens of 100 mm size were used for testing the mixture strengths and
the effectiveness of fines content in the preliminary trials. A cellular hollow block form
conforming the specifications of BS 6073: Part 1 [26] standard was used for preparation of
LCHC specimens. The ratio of solid area and the total solid volume of the hollow block form
are the same (77.65 %) due to the blocks’ being open sub-section type. The web and shell
thicknesses of the block are 22 mm and the block dimensions are 195 mm in height, 390 mm
in length and 190 mm in width. For each mixture, 24 block specimens were cast and
compacted on a vibration machine. The specimens were then air cured at 22+3°C temperature
and 50+5 % relative humidity up to 28 days until the time of testing. The samples were then
tested in air dry condition for compressive strength in accordance with BS 6073: Part 1 [26].

3. RESULTS AND DISCUSSIONS

Tuff and diatomite have an ability of high water absorption due to their high porosity and
particle size distribution, therefore, the experience of block making machine operator is of
critical importance in controlling the water content of lightweight concrete during mixing,
unless a sufficiently accurate automatic control system and procedure is available. Any
variation in water content and effective water/binder ratio will result in variations in the rate
of strength gain and final strength. On the other hand, due to their low water absorption
capacity, expanded clay aggregates are more suitable as compared to tuff and diatomite
aggregates for concrete mixing for block making.

3.1. The Effect of VTP as a Natural Pozzolan

Many recent studies have examined the feasibility of using volcanic tuff as lightweight
aggregate, building stone, and pozzolans in cements and concretes [3, 4, 27, 28].

The natural pozzolan used in this study was obtained from the location of ignimbrite Mining
Quarry in Aksaray Region, Central Turkey. It is a highly porous, lightweight, finely divided
mineral material containing large quantities of amorphous SiO; and Al,Os. Although the bulk
density of VTP as a natural aggregate is in the range of 850 — 1200 kg/m?, the bulk density
of fine grade VTP is in the range of 1200 — 1300 kg/m?, which is a typical lightweight
aggregate block density range and the relevant mineralogical properties. In practice, VTP is
used in ratios from 1 % to 7 % by apparent volume of lightweight concrete mixtures as a
strength enhancer material. However, more than 7 % of VTP by apparent volume in LCHC
is known to reduce the compressive strength. Therefore, in this research work, the VTP
content was set lower than 7 % by apparent volume. Table 6 gives the limits of VTP and
lightweight aggregate contents for use in LCHC. It has been shown experimentally that
lightweight concretes containing expanded clay aggregate and natural pozzolan have
relatively higher sulphate resistance, higher strength and durability. On the other hand,
addition of a large quantity of the natural pozzolan decreases the compressive strength of
concrete; therefore, an optimum quantity is necessary to achieve the maximum compressive
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strength. Finely grounded VTP is mostly used with another porous aggregate. The basic
effect of finely grounded VTP on fresh concrete is to improve cohesion, which prevents
segregation, enhances mould filling, compaction, eases demoulding and modifies the texture
improving the finish of fine quality blocks.

Table 6 - Standard requirements for lightweight aggregates for masonry and structural

concrete
BS 3797 requirements Maximum Limits
Loss on ignition-masonry units 25%
Reinforced and high durability concrete 10 %

The use of tuff as natural pozzolan in lightweight concrete can also reduce the expenses if
early strength is not important. BS 6073:Part 1 [26] requires a minimum strength of 2.8
N/mm? at 28 days with no individual block strength lower than 80 % of that value.

A series of LCHC blocks were produced with different proportions of tuff powder, expanded
clay aggregate, diatomite and cement. The results of a comprehensive experimental research
work carried out are presented in Figures 2 — 9 and Table 7 showing the mean values of each
mixture.

Concretes containing tuff powders are generally expected to exhibit less bleeding and
segregation than plain concretes. This effect makes the use of tuff powder particularly
valuable in concrete mixtures made with aggregates that are deficient in fines. The reduction
in bleed water could be primarily due to the reduced water demand in powder tuff concretes.

Table 7 - Mixture proportions and physical properties of hollow blocks (mean values of 24
specimens for each mix)

Mix A/C CEMI VTP ECA FDA CDA w/IC Dry Dry Water Compressi
(kem’)  (kgfmd)  (kemd) (kefm?) (kefm) block densityof  absorption  ve strength
mass hollow of hollow of hollow
(kg) block block block
(kg/m?) (kg/m’) (N/mm?)
M1 7.3 1215 124 878.40 - - 3.97 11.86 865 161.94 2.96
M2 7.4 121.5 372 858.88 - - 3.95 11.91 869 158.67 3.52
M3 7.4 121.5 62.0 839.36 - - 391 11.98 874 145.63 4.16
M4 4.6 94.5 - 146.40 161.07 127.14 3.25 6.20 452 167.31 1.35
M5 4.9 94.5 - 195.20 150.75 118.99 3.21 6.55 478 167.43 1.40
M6 52 94.5 - 244.00 140.42 110.84 3.26 6.91 504 168.22 1.45
M7 35 121.5 - 146.40 156.94 123.88 2.08 6.43 469 156.14 1.78
M8 3.8 121.5 - 195.20 146.62 115.73 2.63 6.78 495 152.55 1.84
M9 4.0 121.5 - 244.00 136.29 107.58 2.68 7.13 520 144.22 1.91
M10 2.6 162.0 - 146.40 150.75 118.99 2.18 6.77 494 142.04 245
M1l 2.8 162.0 - 195.20 140.42 110.84 2.13 7.12 519 147.17 2.54
Mi12 2.9 162.0 - 244.00 130.10 102.69 2.16 7.48 546 151.16 2.63
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Table 7 - Mixture proportions and physical properties of hollow blocks (mean values of 24
specimens for each mix) (continue)

Mix A/C CEMI VTP ECA FDA CDA w/C Dry Dry Water Compressi
(efm’)  (kgmd)  (kg/nt) (kefm?) (kefn) block densityof ~ absorption  ve strength
mass hollow of hollow of hollow
(kg) block block block
(kg/m?) (kg/m’) (N/mm?)
MI13 5.0 94.5 124 195.20 148.68 117.36 3.23 6.65 485 166.61 1.62
Ml14 52 94.5 372 195.20 144.55 114.10 3.35 6.86 500 162.53 1.85
MI15 5.4 94.5 62.0 195.20 140.42 110.84 3.48 7.06 515 153.73 2.08
Mil6 2.8 162.0 12.4 195.20 138.36 109.21 2.03 7.23 527 137.25 2.79
M17 29 162.0 372 195.20 134.23 105.95 2.11 7.43 542 133.28 3.04
MI8 3.0 162.0 62.0 195.20 130.10 102.69 2.18 7.63 557 107.07 3.31
M19 4.7 94.5 372 146.40 92.93 171.15 3.40 6.34 463 150.69 1.73
M20 5.1 94.5 372 195.20 86.73 159.74 3.39 6.72 490 155.47 1.82
M21 5.4 94.5 372 244.00 80.54 148.33 3.44 7.08 516 150.58 1.92
M22 3.6 1215 372 146.40 90.45 166.59 2.72 6.58 480 140.75 2.17
M23 39 121.5 372 195.20 84.25 155.18 2.65 6.95 507 142.54 2.28
M24 4.1 121.5 372 244.00 78.06 143.77 2.67 7.31 533 147.45 2.39
M25 2.7 162.0 372 146.40 86.73 159.74 2.12 6.93 506 137.45 2.87
M26 2.8 162.0 372 195.20 80.54 148.33 2.06 7.30 533 139.73 3.01
M27 3.0 162.0 372 244.00 74.34 136.92 2.07 7.66 559 132.39 3.15
M28 7.3 1215 - 886.16 - - 4.02 11.83 863 167.45 2.84

3.2. Compressive Strength and LCHC Unit Density

Filling and partitioning, non-load bearing walls seem to be the main building domain of
application of lightweight concrete masonry units made of LCHC. Therefore, lightness,
material integrity, adequate durability, good thermal and acoustic insulation ability, cost and
sustainability, are some expected material properties [29]. LCHC blocks are a non-structural
element and the blocks for non-load bearing applications. However, it is important that this
type of masonry unit presents a certain compressive strength. For instance, it has to be able
to support the weight of the overlying portion of the wall. Additionally, an adequate
compressive strength also indicates that the concrete masonry unit presents an acceptable
material integrity and therefore, it can be shipped, stored and applied in the building site [29].
BS EN 771-3:2011 sets the range for the compressive strengths of concrete masonry units
(with dense and/or lightweight aggregates) from 2.9 N/mm? to 10.4 N/mm? [30]. It is well-
known that, in general, strength increases with increasing un density. On the other hand,
regardless of unit density, all non-load bearing concrete masonry units meeting the physical
properties required by BS 6073: Part 1 [26] are required to have a minimum average
compressive strength of 2.8 N/mm? with no individual block lower than 80 % of that value,
as noted in Section 3.1 above, for minimum building and service functionality. Concrete
strength is affected by many factors, such as properties of constituent materials, water/cement
ratio, coarse/fine aggregate ratio, age of concrete, compaction of concrete, temperature,
relative humidity and curing of concrete. In addition to these, some factors affecting the
compressive strength of a lightweight masonry blocks are shape and dimension of the unit,
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and aggregate types used in mixtures. Some of these parameters are evaluated for analysing
the compressive strength properties of lightweight masonry blocks.
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Figure 2 - The 28-day compressive strength versus VTP content of hollow blocks
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Figure 3 - The 28-day compressive strength versus VTP content of hollow blocks

Figure 2 shows the mean values of 28-day compressive strengths of LCHC blocks with a
constant CEM I content of 9 % by volume with only VTP and ECA. As represented in Fig.
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2, the compressive strength of LCHC blocks shows a linearly increasing trend with increasing
VTP content. An increase of 2 % VTP content provides approximately 18.5 - 19.0 % strength
increase in blocks containing ECA. However, the density of LCHC blocks increase by
approximately 0.5 % due to the increase in VTP content, which could be considered
negligible for lightweight masonry blocks. All the mixtures with 9 % CEM I content by
volume produced with only VTP and ECA aggregates comply with the strength requirement
of BS 6073.

Figure 3, shows the compressive strengths of LCHC blocks with 7 % and 12 % CEM 1,
constant 20 % VTP contents by apparent volume, and the remaining 73 % to 68 % by
apparent volume being completed by adding a 50 % FDA + 50 % CDA mixture. Addition of
FDA and CDA in the lightweight concrete mixtures reduces the strength of masonry blocks
compared to those with only VTP and ECA. The results show that the cement content is an
important factor affecting the required strength in mixtures. As represented in Fig.3, for the
mix with 7 % CEM I content, the compressive strength of LCHC blocks increases with
increasing VTP content of 1 %, 3 % and 5 % by apparent volume. However, not all the
mixtures with 7 % CEM I comply with the average strength requirement of BS 6073. On the
other hand, the mean compressive strength values of LCHC blocks with a constant CEM 1
content of 12 % are higher than those of 7 % CEM I mixtures and the use of VTP equal to or
more than 1 % by apparent volume seems to be sufficient to meet the minimum average
strength requirement of BS 6073: Part 1 for masonry blocks. Although using more VTP
increases the strength, dry densities of the blocks also increase, as given in Table 7.
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Figure 4 - The 28-day compressive strength versus ECA content by apparent volume for
hollow blocks

Figure 4 shows the compressive strength versus ECA content of LCHC blocks containing
FDA and CDA mixtures of 30 % FDA + 70 % CDA by apparent volume and with only a
constant 3 % VTP as an additive. Fig. 4 indicates that the compressive strengths of LCHC
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blocks increases with increasing in ECA contents depending on the CEM I content. However,
only up to 12 % CEM I content blocks meet the minimum average strength requirement of
2.8 N/mm?. The minimum average crushing strength prescribed in BS 6073: Part 1 [26] is
2.8 N/mm?. Therefore, these blocks can easily be used with 12 % OCEM I content by volume
for the purpose of non-load bearing building applications. However, the research showed that
the compressive strength of LCHC blocks without VTP attain only very low strength values.
Fig. 5 illustrates low average strengths of LCHC blocks made with concretes containing 15,
20, 25 % ECA and appropriate amounts of 50 % FDA + 50 % CDA mixtures did not attain
the required strength as experienced in the mixes with 7 %, 9 % and 12 % CEM I, no VTP
and the remaining volume completed with appropriate amounts of 30 % FDA + 70 % CDA
by apparent volume. Although the dry block densities are much lower, all the mixes (M4 to
M15) with appropriate quantities of 50 % FDA + 50 % CDA mixtures added to sum up to
100 % by apparent volume did not meet the strength requirement.
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Figure 5 - The 28-day mean compressive strength versus ECA content by apparent volume
for hollow blocks

The use of larger maximum size of aggregate affects the strength in several ways. Firstly,
since larger aggregates have less specific surface area and the aggregate—paste bond strength
is less, concrete fails along surfaces of the coarse aggregates resulting in reduced compressive
strength of masonry concrete. Secondly, when a uniform grain size distribution is used, the
smaller grains can be found among the larger grains. In this way, the gap volume and thus
the need for cement paste is reduced. When the larger grain size is used, the volume of the
gap between aggregates and the surface of the aggregate that need to be wrapped with cement
paste are reduced. For a given volume of concrete, using larger aggregate particle size results
in a smaller volume of cement matrix as the contact surfaces between the aggregates and
cement paste will decrease, thereby providing more restraint to volume changes of the cement
matrix. This may induce additional stresses in the matrix, creating microcracks prior to
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application of load, which may be a critical factor in very high strength concretes [31].
Therefore, it is the general consensus that optimum size aggregates should be well
investigated to produce masonry concrete mixtures of sufficient strength. Findings of this
experimental research showed that the optimum aggregate size should not exceed 8 mm for
masonry block concrete mixtures containing diatomite aggregates.

28m | | | 3.0m
| | |
| | |

Figure 6 - Dead load acting on a critical lightweight concrete masonry block

The research results showed that some of the LCHC blocks have compressive strengths too
low for masonry block application such as M10, M11, M12, M22, M23 and M24 etc. as
shown in Table 7. Compressive strength values of these blocks, ranging from 2.17 N/mm? to
2.63 N/mm?, are lower than 2.8 N/mm?, the minimum LCHC block average compressive
strength admissible by BS 6073. On the other hand, the obtained compressive strength values
of LCHC blocks may still be acceptable in the context of lightweight masonry units. For
instance, in a 3 m high wall built with LCHC blocks, the masonry units placed at the first
layer (critical ones) will be under an approximate stress of 0.03 MPa compressive stress
corresponding to the dead load related to the weight of the overlying wall as shown in Fig. 6.
On the other hand, the obtained experimental ultimate compressive strength of the weakest
LCHC blocks was 1.35 MPa which is significantly higher than 0.03 MPa. Therefore, the
proposed LCHC blocks may have an acceptable mechanical behaviour in the context of
lightweight concrete masonry units for non-load bearing applications.

The density of a lightweight concrete masonry block is expressed as the oven-dry density of
concrete in kg/m?® as determined in accordance with ASTM C 140: Standard Test Methods
for Sampling and Testing Concrete Masonry Units and Related Units. In production, the
density of a given concrete masonry unit is controlled in part by the methods used to
manufacture the unit, but largely by the type of aggregate used in production [32]. Through
the use of lightweight aggregates, the resulting density of lightweight concrete masonry units
can be varied by the producer to achieve one or more desired physical properties. Block dry
density, however, can influence other structural design considerations, aside from
compressive strength. Reducing the density of a concrete masonry unit can reduce the overall
weight of a structure, and potentially reduce the required size of the supporting foundation
and the structural members. Reducing the mass of a structure or element also reduces the
seismic load a structure or element must be designed to resist, because the magnitude of
seismic loading is a direct function of dead load [32].
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Figure 8 - The 28-day mean compressive strength of hollow blocks versus dry density of
cubic specimens

In general, for a given concrete masonry unit mix design, higher compressive strengths can
be achieved by increasing the unit density through adjustments to the manufacturing
methods. [33]. Therefore, some correlations could be statistically developed for dry density
versus compressive strength of the blocks according to constituent aggregate characteristics.
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The difference in dry densities of LCHC blocks made with various proportions of VTP and
ECA when cured in air environment condition is also presented in Table 7. Figs. 7-9 show
relationships between dry density of hollow blocks and their mean compressive strength
values at 28 days of curing time for 15 %, 20 % and 25 % ECA content by volume,
respectively. As indicated in Figs. 7-9, increase of dry density of hollow blocks increases the
compressive strength for all evaluations, too. However, the increase of 5 % ECA in use causes
5.5 % density reduction of masonry blocks on the average. The results indicate that LCHC
blocks with high proportions of diatomite aggregates have less density compared to hollow
blocks without diatomite aggregates. The difference of block dry density rate is almost near
to 50 % with and without diatomite aggregates. It is evident from Table 7 that, the loss in dry
block density is found to be as 46.5 % for 50 % FDA + 50 % CDA by apparent volume
batches and 44.8 % for 30 % FDA + 70 % CDA by apparent volume batches, respectively.
It is also observed that reduction in W/C ratio results in increase in the compressive strength
of the LCHC blocks.
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Figure 9 - The 28-day mean compressive strength of hollow blocks versus dry density of
cubic specimens

An increase in C/A or cement content does not result in an increase in the bulk volume of
concrete, additional cement is accommodated in the voids between the aggregate particles
and their porous surfaces. The mixing water demand increases with increasing fine
lightweight aggregate content. The results show that, unlike W/C ratio, an increase in A/C
ratio seems to result in an increase in compressive strength of LCHC blocks, too. An
examination of the data in Table 7 shows also that the minimum required strength according
to BS 6073 is not achieved in LCHC blocks without VTP.
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3.3. Water Penetration and Absorption

Lightweight hollow concrete masonry unit specifications typically establish upper limits on
the amount of water permitted to be absorbed. Expressed in kilogram of water per cubic meter
of concrete, these limits vary with the density classification of the unit. Although no limit
value for water absorption has been stated in BS 6073: Part 1 for the concrete masonry units,
US National Concrete Masonry Association proposes that the maximum water absorption
should be lower than 288 kg/m? for lightweight concrete masonry units [32]. The mean values
for water absorption of LCHC blocks are given in Table 7. In this table, it is clearly observed
that all absorption values are in the range of 100 kg/m?® and 170 kg/m?, within the acceptable
water absorption values according to US National Concrete Masonry Association
recommendation. The research findings show that there is a close relation between water
absorption and compressive strength of lightweight masonry blocks, as illustrated in Figures
10 and 11 for different mixes. The analysis results show that there is a logarithmic
relationship between the compressive strength and water absorption for LCHC blocks. The
increases in the compressive strengths of masonry units are generally associated with
reduction in water absorptions and an increase in cement and VTP contents. The increases in
cement and VTP contents are the major factors reducing the water absorption of the masonry
units. Unlike the cement and VTP contents, the increase of diatomite aggregate content is an
effective factor increasing the water absorption capacity of LCHC blocks due to diatomite
aggregates having high porosities. The water absorption values of LCHC blocks without VTP
approximately range between 140 kg/m® and 170 kg/m?. This range is higher than that of the
mixes containing VTP and ECA. While the absorption values are not directly related to
masonry unit physical and geometrical properties such as dimension, pore size and to
mechanisms of deterioration such as freeze-thaw, they do provide a measure of the void
structure within the lightweight concrete of the masonry unit. Several production variables
can affect the void structure, including degree of compaction, binder and water content of the
plastic mix, aggregate gradation and the parameters of the mixing operation.

3.8 1

3.5 1

3.2 1 Mi8 M17
[e) Cg = -3.464*In(Wa) + 13.864
R?=10.86523

29 1
26 1
23 1

2.0 1

Compressive strength,c g, (N/mm?)

Aggregate : 50 % FDA + 50 % CDA by volume

18 21 24 27 30 . 3% %
Water absorption, Wa, (%)

Figure 10 - The 28-day mean compressive strength versus water absorption of hollow
blocks
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Due to the vesicular structure of lower density units, there is a potential for higher measured
absorption than is typical for higher density units [32]. This effect is observed in LCHC
blocks almost for all mixes.

3.5 1

32 ° Geag = -5.112*In(Wa) + 19.457

M27 M26 R?=0.87409
29 1
26 1

2.3 1

2.0 1

1.7 1

Compressive strength, 6,5, (N/mm?)

145 Aggregate : 30 % FDA + 70 % CDA by volume

14

2 o5 27 29 31 33
Water absorption, Wa, (%)

Figure 11 - The 28-day mean compressive strength versus water absorption of hollow
blocks

Consequently, ASTM C 90 permits lower density lightweight masonry units to have higher
maximum absorption values. The higher absorption limits permitted by ASTM C 90 for lower
density units do not necessarily correlate to reduced water penetration resistance. One reason
is that water penetration resistance is known to be highly affected by workmanship and
dependent on detailing for water management. It is generally recognized that these two
factors more heavily influence the wall’s water penetration resistance than do other factors,
such as unit density [32]. Corroborating this view, it was generally observed in this research
that increase of masonry density reduced the water penetration of LCHC blocks. For thermal
comfort as affected by the building envelope, water content of masonry blocks should be kept
as low as possible [2]. Although no limiting value for water absorption of concrete masonry
units was stipulated in BS 6073, it is usually accepted that less than 300 kg/m?® of water
absorption for individual masonry unit is more appropriate for the partitioning and curtain
walls in buildings. When the test results evaluated according to water absorption limits of
U.S. National Concrete Masonry Association (<288 kg/m?®), the experimental research study
showed that LCHC blocks having less than 880 kg/m® of dry unit density provide the
convenient water absorption capacity for quaternary blends containing volcanic tuff powder,
expanded clay aggregate, diatomite and cement to produce LCHC blocks for non-load
bearing walls and partitions (Table 7).
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3.4. Masses of masonry units

The research showed that increasing the cement and VTP content increases the block unit
mass. On the other hand, an increase of diatomite aggregate content generally results in mass
reduction of masonry units due to its comparatively very low particle density than cement,
VTP and ECA. Masses of the hollow blocks containing only VTP and ECA aggregates varied
between 11.86 kg and 11.98 kg and those containing ECA and diatomite aggregates without
VTP varied between 6.20 kg and 7.48 kg. In a combination of VTP, ECA, FDA and CDA,
the masses of LCHC hollow blocks varied between 6.33 kg and 7.66 kg. It was also observed
that increase of coarse diatomite aggregate in the mixture reduced the mass of the blocks. In
general, the experience for this reduction for the hollow blocks used in this research was
approximately 3 % block mass reduction versus 1 % increase in coarse diatomite aggregate
content. Assuming the mass of normal weight aggregate concrete masonry for non-load
bearing walls and partitions vary between 14 kg and 27 kg depending on their unit design
geometry, the research work showed that LCHC blocks are 55 % to 72 % lighter than normal
weight concrete masonry units. Furthermore, under masonry production conditions in
Turkey, it is seen that LCHC blocks are also found to be 27 % - 33 % lighter than pumice
aggregate lightweight concrete masonry units.

4. CONCLUSIONS

The properties of lightweight hollow concrete masonry units made of CEM I (Portland
cement) volcanic tuff powder, expanded clay aggregate and diatomite aggregates were
investigated in this research work. The LCHC blocks were manufactured using mix
compositions in current use and applying common production technology complying with
the requirements of BS 6073: Part 1 and Part 2 [26]. It was possible to manufacture standard
shape and size LCHC blocks using dry to stiff consistency mixtures to keep their shape and
size during the demoulding, curing and hardening processes. The dry densities of the LCHC
blocks complied with the standard acceptable limits for lightweight hollow concrete masonry
units (i.e., less than 880 kg/m?).

The research findings show that the higher the amount of diatomite aggregates in the mixture,
the lesser the dry density of LCHC blocks. Addition of VTP in a mixture increases the block
strength. An increase of 2 % (by apparent volume) VTP with ECA provides approximately
18.5 % to- 19.0 % increase in the compressive strengths of the blocks. Lightweight concrete
mixtures of 7 % and 9 % CEM I contents containing appropriate amounts of 50 % FDA + 50
% CDA or 30 % FDA + 70 % CDA mixtures by apparent volume do not qualify for use in
producing CHLM blocks due to their insufficient strengths. All the mixtures with 9 % CEM
I by apparent volume with only VTP and ECA aggregate mixes do comply with the strength
requirements of BS 6073.

The volcanic tuff powder particles’ being covered with cement paste tends to reduce the water
absorption of the particles, and also to improve the adherence between the hardened cement
paste and the surface of aggregate particles. It was noticed that there is a significant difference
between the compressive strengths of LCHC blocks produced with only VTP+ECA and those
with VTP+ECA+FDA+CDA. In fact, the compressive strengths of LCHC blocks with only
VTP+ECA are 20 % to 70 %, and, on the average almost 50 % higher than the respective
strengths of LCHC with VTP+ECA+FDA+CDA. Therefore, it is necessary to conduct
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additional research work in order to improve the material properties of the LCHC with
VTP+ECA+FDA+CDA. The evaluation of the diatomite- Portland cement compatibility in
masonry concrete mixtures is a technical aspect that should be further studied.

Within the 2.8/1 to 7.3/1 range of A/C ratios, oven dry densities between 452 kg/m?® and 874
kg/m® and compressive strength values between 1.35 N/mm? and 4.16 N/mm? can be
achieved depending on the mixture proportions. Water absorptions of LCHC blocks, in the
present investigation varied between 107 kg/m? and 168 kg/m>. Although no limiting value
for water absorption has been stated in BS 6073: Part 1 for the concrete masonry units, U.S.
National Concrete Masonry Association proposes that the maximum water absorption should
be lower than 288 kg/m? for lightweight concrete masonry units. Very low water absorption
values were determined in this research as compared to the water absorption limit of U.S.
National Concrete Masonry Association. The masses of LCHC blocks produced are found to
be 55 % —to 72 % less than those of the normal weight hollow units. This could be considered
as an important parameter in terms of reducing dead loads in buildings.

According to the results of the research, the compressive strength value of M3 mixture, which
does not contain diatomite, was determined as the highest compressive strength value (4.6
MPa). However, as a function of the high compressive strength value, the unit volume value
of the block is also quite high (874 kg/m?). The low unit weight and high strength masonry
block product with the quaternary mixture content according to the concept of the study was
obtained in M18 coded mixture design. The average compressive strength of these blocks is
3.31 MPa, the unit weight is 557 kg/m? and the water absorption is 107.07 kg/m®. The lowest
water absorption value is achieved by this mixture design. On the other hand, if it is desirable
to produce LCHC with a lower unit weight, it is necessary to make some concessions from
compressive strength and water absorption values. The M25 mixture, which has a lower
volume weight, seems to be positive in this regard. It provides the required standard values
for compressive strength and at the same time it has a relatively low unit weight.

It is advised that the thermal insulation, sound absorption and drying shrinkage properties of
these LCHC blocks could be studied as a future work. Hence, the effects of VTP, FDA and
CDA can be examined in more detail.
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ABSTRACT

This research discusses the chloride diffusivity of concrete as well as corrosion performance
of rebars in cracked and uncracked states. Prismatic concrete specimens with two water-to-
cement ratios, two concrete cover thicknesses with and without steel fibers were used. Three-
point flexural loading was applied to form cracks and cracks were sustained by a bolt system.
Half-cell potential and corrosion rate measurements were carried out following wetting -
drying cycles in chloride environment which were continued for 80 weeks. The positive
effects of lower water-to-cement ratio and greater cover depth were found to be surpassed by
existence of cracks in concrete.

Keywords: Corrosion, cracked concrete, corrosion rate, chloride profiles, diffusion
coefficient, fibers, sustained crack width, sustained flexure.

1. INTRODUCTION

Corrosion is a major cause of deterioration for concrete structures. Especially chloride
induced corrosion is one of the most severe of all corrosion mechanisms. Thus, penetration
of chloride into concrete and chloride induced corrosion has been an important issue in the
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design of concrete structures and studied by several researchers [1-7]. Penetration of chloride
ions into concrete destructs the passivation layer on the reinforcement and initiates the
corrosion process. Corrosion of rebars degrades the performance of reinforced concrete
structure by decreasing the cross-sectional area of reinforcement and deteriorating the bond
between concrete and steel.

Previous research on corrosion of concrete has been conducted mostly on uncracked
specimens however cracks in reinforced concrete structures are inevitable. In practice,
concrete can crack due to several reasons and these cracks can alter the mechanism and
duration of chloride penetration. Transportation of chloride ions in cracked specimens takes
less time with respect to uncracked ones. Hence, it is very important to study the influence
of cracks on the corrosion of rebars and chloride penetration in concrete. Effects of cracks on
water, gas and chloride permeability have been investigated in several studies that led to
controversial results and no clear conclusion can be derived. Effects of cracks on permeability
of concrete were investigated in several studies and it was found that cracks affect the ingress
of water into concrete [8-10].

In recent years, some researchers conducted chloride penetration tests on specimens with
flexural cracks. Rodriguez and Hooton [1] studied the chloride ingress in artificially cracked
concrete and concluded that cracks did not affect the diffusion coefficient. Win et al. [2]
formed cracks on reinforced concrete specimens and exposed preloaded cracked specimens
to chloride environment and concluded that cracks accelerated the penetration of chloride
ions. Sahmaran [11] exposed preloaded cracked specimens at different crack widths to
sodium chloride solution and concluded that specimens with crack widths lower than 0.135
mm had marginal chloride penetration where for the specimens with cracks larger than 0.135
mm diffusion coefficient increased rapidly. Marsavina et al. [3] used beam specimens with
artificial cracks and concluded that cracked specimens showed higher chloride penetration in
comparison with the uncracked specimens. In these studies, cracks were either artificial or
loads applied to form cracks were removed after obtaining the intended crack width. Since
structural members are under service loads at all times, removing the loads before exposing
test specimens to aggressive environment may not represent the real situation. Sustaining the
loads (to keep the crack open) may give more realistic results. Gowripalan et al. [4] used a
ratio of crack width to concrete cover depth and studied the chloride diffusivity in the tension
and compression zones of concrete cracked under sustained bending and found that the
chloride diffusivity in the cracked tension zone was higher than the compression zone. Wang
et al. [12] studied the chloride transport in concrete under sustained loads and concluded that
chloride diffusivity decreased in the compression zone, while increased in the tension zone
of the specimens. An increase in surface crack width from 0.05 mm to 0.20 mm caused a
significant increase in the chloride content of concrete [13]. Crack width played a dominant
role in chloride transport in cracked concrete (for transverse crack width up to 0.4 mm)
together with the concrete quality [14].

Considerable amount of research was also conducted on the effects of cracks on
reinforcement corrosion. Beeby [15] reported that effect of cracks loses its significance in
long term. Also, in some other studies, effects of cracks were found to be small after the
corrosion initiation period [5, 16]. In a study of Mohammed et al. [17], authors found that
cracks that occurred under flexural loading increased the oxygen permeability of concrete
cover and the oxygen concentration at the reinforcement level and thus increased the risk of
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corrosion. In another study of Mohammed et al. [18], authors concluded that cracks increased
the risk of corrosion, yet effect of crack width was lower than the effect of water-to-cement
ratio. Most studies in literature are on the chloride penetration into saturated concrete.
However, in reality concrete was found to be unsaturated, especially when it was subjected
to wetting-drying cycles [19].

The results of the research study carried out by Otieno et al. suggested that for a given
concrete quality (binder type and w/b ratio) and cover depth, corrosion rates increased with
increase in crack width (wc) in the order: uncracked < 0.4 mm cracked < 0.7 mm cracked
under chloride exposure. However, corrosion rate at a given crack width varied depending
on the cover depth (20 mm and 40 mm) and concrete quality. For a given concrete cover
thickness-to-surface crack width ratio (c/we), corrosion rates varied significantly depending
on the concrete quality [20]. The effect of the c¢/w,; ratio was also reflected to the findings of
Lu et. al, which showed an average loss in the diameter of steel bar in concrete with 0.2 mm
crack more than twice as high as that of the uncracked concrete for 20 mm cover thickness,
whereas there was only a slight increase in the loss of diameter for 40 mm cover thickness.
According to the study, when the crack width was less than 0.1 mm, it did not affect the
corrosion [14]. On the other hand, the study of Berrocal et al. indicated that after a period of
120 days chloride exposure, the specimen with 0.1 mm crack width started to corrode, while
the uncracked specimens showed no sign of corrosion after 200 days of cyclic chloride
exposure [21]. The shorter corrosion initiation time in the presence of transverse crack width
smaller than 0.1 mm was reported by other studies. These studies found also higher corrosion
rate results in the specimens with low crack width, which were supported by the visual
observation of the steel surface [22-23]. Sangoju et al. concluded that the presence of the
crack influences corrosion more than the crack width itself as mentioned also in another study
[23], when they found that the increase in weight loss between the uncracked to 0.2 mm
crack-width specimens was higher than between the 0.2 and 0.4 mm crack-width specimens.
The weight loss for both uncracked and precracked specimens of plain concrete was in the
range of 11.9-22.4%, 13.9-25.2%, and 18.5-33.4%, respectively for w=c of 0.37, 0.47, and
0.57. It is interesting to note that, the mass loss in the highest quality but cracked concrete is
higher than that in the lowest quality but uncracked concrete [24]. The increase in crack width
shortened the corrosion initiation time [21] and significantly affected the corrosion rate [23]
varying from 0.1 mm to 0.4 mm and from 0.1 to 1.0 mm, respectively.

Steel fibers are mainly used for enhancing the mechanical behavior of concrete structures.
However, in addition to mechanical strength, durability properties of steel fiber reinforced
concrete should also be investigated for better evaluation of the performance of the concrete
structures. Studies focusing on the corrosion of steel fiber reinforced concrete are very
limited. Granju and Balouch agreed that corrosion arising from cracks is less severe when
steel fibers are used [25]. However, as stated by other researchers [26] contradictory results
exist on the use of fibers in chloride environments together with reinforcing bars. Therefore,
further research on the subject is needed. The use of steel fibers provided a slight reduction
in the corrosion initiation time for reinforcing steel embedded in cracked concrete (0.1 mm -
0.4 mm) under chloride exposure. However, there was significant improvement in corrosion
resistance by the use of PVA fibers and hybrid fibers (steel + PVA) [21]. According to the
results of another study, there was no significant difference in terms of corrosion resistance
measured by the gravimetric loss in the concrete with hybrid fibers (steel + PVA) with respect
to the plain concrete [27].
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From the above studies, it is understood that concrete cover thickness and quality are
important parameters when chloride ingress into concrete is considered. However, in reality
under service loads cracks can occur thereby altering the situation into a more complicated
state about the parameters affecting corrosion of rebars. In this study, a more realistic
approach to the exact situation of reinforced concrete structures was investigated in order to
understand the effect of different parameters (cracks, fiber inclusion, concrete cover depth
and quality). Cracks were formed and kept open under sustained loads. Crack widths were
0.4 mm for non- fibrous specimens, while they varied between 0.22 — 0.34 mm for fibrous
specimens. Maximum allowable crack width values from 0.1 to 0.4 mm were given in
different standards/guidelines (ACI 224.01 [28], ACI 318-08 [29]) in the last decades.
Comparative tables were prepared by different researchers to analyze approach of several
standards/countries [4,11,30]. Unfortunately, there is still no consensus on the acceptable
crack width values. The limits defined in the standards maybe useful while designing new
structures. However, the studies carried out on the existing structures showed that cracks with
much greater widths than mentioned in the guidelines are encountered in the concrete. Baah
[31] carried out a study on the slabs of 13 structural bridges in Ohio and prepared a table to
represent recorded maximum crack widths. He stated that cracks from 0.7 mm to 3.3 mm
were measured under dead load only. A crack width as great as 3.3 mm means a direct
passage to reinforcement, even for very large cover depths. Considering such findings, a
relatively high maximum crack width value (0.4 mm) was selected for this study. Specimens
were exposed to severe chloride environment (3.5 % NaCl solution) by applying wetting-
drying cycles for 80 weeks and weekly corrosion data (half-cell potential and corrosion rate)
were recorded. After the exposure duration, chloride diffusion profiles were obtained and
chloride diffusion coefficients were estimated. Also, images of corroded rebars were taken
and analyzed for the compatibility of the results with each other.

2. EXPERIMENTAL STUDY
2.1. Materials and Mix Design

Type I Portland cement (CEM 142.5 R), two types of coarse aggregates (Dmax = 20mm) and
crushed as well as local river sand were used in making the concretes. ASTM C494 type F
high range water-reducing superplasticizer (naphtalene based) was added to achieve a slump
of about 17 £ 2 cm. Hooked end steel fibers of 0.55mm diameter and 35 mm length
(length/diameter ratio=65) with a tensile strength of 1100 MPa were used in fibrous
specimens.

Two water-to-cement ratios (0.45 and 0.65) and two different concrete cover depths (25 mm

and 45 mm) were used with and without fibers. Details of the mix proportions are given in
Table 1.

Eight series of concretes were produced to cast 64 concrete prisms (100 x 100 x 500 mm)
with reinforcing bars. Specimens were cast in two layers and compacted using a vibrating
table. After casting, specimens were covered with plastic sheets to prevent evaporation of
mix water. Prisms were demolded after 24h and cured in moist room at 2342 °C for 28 days.
Three cylinder specimens with a diameter of 100 mm and a height of 200 mm were also cast
from each series for compressive strength testing.
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Table 1 - Mix proportions of concrete.

Mix proportions (kg/m?)

Mixes w/c Cement Water Sand Coarse Steel  SP
Aggregate Fiber

F065  0.65 310 201 797 1054 0 2.22

F045 045 400 180 797 1043 0 6.30

F165 0.65 310 201 797 1054 39 348

F145 0.45 400 180 797 1043 39 6.85

Following notation was used for designation of the specimens. F1 and FO stand for the
specimens with and without fibers. The following numbers, 45 and 65 show the water-to-
cement ratio of the specimens, 0.45 and 0.65, respectively. The last two digits indicate
concrete cover thickness of 25 mm and 45 mm. Thus, F14525 represents concrete with fibers,
cast by using a w/c of 0.45 and a cover thickness of 25 mm.

2.2. Mechanical Tests
e Compressive strength tests

Compressive strength tests were performed according to ASTM C39 [32] on 100 x 200 mm
cylinders at the age of 28 days.

e Evaluation of force vs. crack width relation (preliminary experiments)

Three-point bending tests were conducted to create the maximum possible crack width and
to determine the ultimate flexural capacity of the reinforced concrete prisms in order to see
also whether or not a 0.4 mm crack width can be achieved for all the specimens (Figure 1).

!
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Figure I - Three-point bending test set-up

e Sandwich cracking of specimens

Each concrete prismatic specimen was reinforced with a 14 mm hot-rolled ribbed bar with a
characteristic yield strength of 420 MPa as was stated above. The rebars were extended
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beyond the concrete at both ends, in order to make corrosion measurements effectively. In
order to sustain flexural loads on the prisms and prevent the closing of cracks, a set-up
depicted in Figure 2 was used. As illustrated in Figure 2, a dummy specimen with identical
properties was used for creating similar bending rigidity (32 dummy specimens were cast
total, 4 specimens were used for each series). A smooth steel rod was placed between the
dummy and the test specimens in the test setup in order to create compression and tension
stresses on the inner and outer sides of the specimens, respectively. The system was loaded
under stroke displacement control. Loading was applied at a rate of 0.001 mm/sec. When
the crack width of 0.4 mm was achieved, bolts were tightened to sustain the load on the
specimen and eventually the width of the crack. Two LVDTs were placed on both sides at
the midsection of the tension zone of the test specimen as can be viewed from Figure 2 to
measure the crack width. Specimens without fibers were cracked at mid-span to a crack width
of 0.4 mm. Flexural loads needed to open the crack to a width of 0.4 mm were recorded.
Fibrous specimens were loaded up to the pre-recorded flexure loads (for non-fibrous
specimens) by using the same set-up, and the corresponding crack widths were recorded.

’ 500 mm
L 450 mm | /\116 Nuts
[ P2 150 mm | p/2 | f}?icrllzmlate
'_E,_\ v I * <L‘ !‘W Zr; I’IIII'IV-E.I—‘E.|1
LVDT cover °

14 mm diameter
Original Beam bar 75 mm

Dummy Beam

°
o o TooooT
i: 175 mm ’I‘ 150 mm * 175 mm =i
< e
" 250 mm o 250 mm
(@ (b)

Figure 2 - Schematic diagram of the test setup ((a) front view and (b) side view).

2.3. Exposure Conditions

After cracking process, 70x130x15 mm reservoirs were made on the cracked face of each
test beam by using silicon and a cement-based material for waterproofing. A 35g/1 NaCl
solution was used to expose the specimens to repeated cycles of 4 day ponding followed by
3 day air drying period. These cycles were continued for 80 weeks for the cracked and
uncracked specimens. Cracked specimens were under sustained loading during exposure.
Temperature and relative humidity of the storage area were measured and noted at certain
intervals.
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2.4. Corrosion Monitoring

Two different corrosion assessment techniques were used. Corrosion measurements were
made in accordance with ASTM C876 [33] by galvanostatic pulse technique with an
Ag/AgCl electrode (SSCE) measuring both corrosion rate and half-cell potential at the same
time. A short time anodic current pulse is applied to reinforcement galvanostatically from a
counter electrode placed on concrete surface together with a reference electrode. With the
applied current, reinforcement gets polarized in the anodic direction compared to its free
corrosion potential. A reference electrode which is placed in the center of the counter
electrode record the resulting change of the electrochemical potential of the reinforcement as
a function of polarization time.

Half-cell potential and corrosion rate measurements began 10 weeks after exposure due to a
breakdown in the galvanostatic pulse device. In order to compensate for the missing data,
new series of concrete specimens were cast and tested in uncracked state (3 specimens for
each series). The comments on the results obtained from later produced uncracked specimens
will be given in results and discussion section.

For half-cell circuit, it can be said that a certain decrease in the half-cell potential of the rebar
can be correlated with the time to depassivation whereas corrosion rate is related to the loss
of reinforcement cross-section. While half-cell measurements give information about
corrosion initiation time, corrosion rate measurements are used to evaluate overall life time
performance of rebars. Therefore, corrosion rate results are used as one of the most significant
input parameters in corrosion-induced damage prediction models for reinforced concrete
structures.

2.5. Chloride Content Measurements

Chloride ion profiles and diffusion coefficient of concrete were evaluated in accordance with
ASTM C1556 [34]. There are several chloride transport mechanisms that can take place in
concrete. These are a) diffusion under the influence of a concentration gradient, b) absorption
due to capillary suction, ¢) migration in an electric field, d) pressure induced flow and e) wick
action when water absorption and water vapor diffusion are combined [6].

The transport mechanism occurring in the case of chloride ingress into concrete is diffusion
under the influence of a concentration gradient. The transport of the chloride ions into
concrete specimens under sustained loading is assumed to be one dimensional in a semi-
infinite medium complying with Fick’s second law of pure diffusion given as,

ac 92¢c
- Do (1)

Where C = chloride concentration in concrete; t = exposure time, D = chloride diffusion
coefficient and  x = distance from surface.

An analytical solution to Equation 1 can be given by:
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Cot) = Cs[1—erf (ZLW)] @)

Where C(x, t) is the chloride ion concentration at depth x after exposure time t for a chloride
concentration of Cs at the concrete surface and the expression erf is the Gaussian error
function.

Apparent chloride diffusion coefficient, D, and surface concentration, Cs, were determined
by fitting the Equation 2 to the measured chloride contents by a non-linear regression analysis
using the method of least squares. In the analysis of the chloride profile, the sum of the
squared differences between the fitted and the actual data for the chloride-ion content of each
sample must be minimized by adjusting the regressor variable [6]. Initial chloride content
that may come from the mix ingredients can be neglected (if materials used are carefully
controlled) in analyzing the chloride profiles [34]. Surface chloride content, Cs, is difficult to
determine since chloride content at concrete surface is reduced due to several reasons. This
is why C; values were determined by fitting Equation 2 as suggested in the literature.

After completion of wetting - drying cycles for 60 and 80 weeks, the specimens were
unbolted to be released from suspended load and measurements of chloride contents at
different depths of concrete were done using the following procedure. First, powder samples
from different depths of concrete specimens were collected by a profile grinder machine.
Grinding process was carefully done by appropriate devices starting from the outmost layer
exposed to NaCl solution going into deeper layers with intervals of 0-5 mm, 5-10 mm, 10-
15 mm, 15-20 mm, 20-30 mm, 30-40 mm from concrete surface to the steel bar, pulverizing
concrete into powder and handling carefully without any contamination. Second, chloride
content of powder sample obtained from each layer was determined by acid soluble
extraction in a nitric acid solution which was treated against 0.05 N silver nitrate (AgNOs)
by potentiometric titration within the requirements and precision levels given in ASTM
C1152 [35]. Then, chloride content of each solution was calculated as percentage by weight
of concrete. Finally, these results were used to create chloride profiles to determine diffusion
coefficients (D) and surface concentrations (Cs).

3. RESULTS AND DISCUSSION
3.1. Fresh Concrete Properties

All concrete mixes were cast to achieve a slump of 1742 cm as mentioned before. Slump, air
content and density measurements were done for all mixes. Resulting fresh concrete
properties can be seen in Table 2.

3.2. Mechanical Properties
3.2.1. Compressive Strength Analysis

Compressive strengths of 100 x 200 mm cylindrical specimens were determined at the age
of 28 days by applying compressive axial load at a rate of 4.8 kN/sec. Compressive strength
of concretes as average of 3 specimens can be seen in Table 2.
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Table 2 - Fresh state and compressive strength tests results

Slum Air Densit
Mixes w/c ump Content ens 3y f. (MPa)

(cm) 0 (kg/m”)

(%)

F065 0.65 17.5 3.5 2250 29.8
F045 0.45 17.0 3.8 2320 49.0
F165 0.65 17.5 52 2300 28.1
F145 0.45 17.0 4.8 2360 479

3.2.2. Flexural Strength Analysis

Flexural tests were done to obtain failure load and crack width that can be achieved as
explained in experimental study section. A crack width of 0.4 mm was selected as the critical
crack width in this study. Figure 3 (a) and (b) show force vs. crack width relations for the
specimens with cover depths of 45 mm and 25 mm, respectively.
35
. ~ 14525
30 30 5 F04525

F16525

isss 4
FO4545 .- 25 e F06525

.~ T T16545

()
S

F06545

Force (kN)

0 — 0
0 0,5 1 1;5 2 25 3 3.5 0 0,2 0.4 0.6 0.8 1
Crack Width (mm) Crack Width (mm)
(a) (b)
Figure 3 - Force vs. crack width relations of the specimens with a cover thickness of
(a) 45 mm and (b) 25 mm

First cracking behavior of concrete is given in the onset of Figure 3 (a) and (b). Following
the first cracking, deformations increased at a decreased stress level and after that the effect
of steel reinforcement was seen (increased bending capacity of the section) for the higher
cover thickness. In other words, there is a transition phase from plain concrete to reinforced
concrete. Fiber presence can easily be identified with additional flexural capacity especially
in higher quality concretes (w/c = 0.45). Specimens with 25 mm cover depth had less than 1
mm crack widths until failure while specimens with 45 mm concrete cover depth had three
times higher crack widths before failure occurs. The flexure tests showed that it was possible
to create selected critical crack width of 0.4 mm for all specimens.
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3.2.3. Formation of Cracks under Sandwich Loading

In order to attain and keep the needed crack widths, sandwich test procedure was used as
explained before in experimental study section. The procedure was applied to two specimens
of each mixture. On non-fibrous specimens, cracks with a width of 0.4 mm were formed and
maintained on test specimens as explained before. Load values required to form 0.4 mm
cracks for these non-fibrous specimens were recorded and then applied to the fibrous
specimens and the cracks formed were measured and maintained.

The reason for applying the load required to form 0.4 mm crack on non-fibrous specimens to
fibrous specimens was to see the contribution of fibers on crack width bridging. So as
previewed from flexural test results, fibrous specimens showed the ability to attain smaller
crack widths under same load levels (Figure 4).

70 .
F04525
L F14525
60
F06525 60
16525

50

40

- F04345 545
s T14545
3 " 116545

Force (kN)
Force (kN)

F06345

) 0 0,1 0,2 0.3 0.4
0 0,1 0.2 0.3 0.4 0,5 Crack Width (mm)
Crack Width (mm)
(a) (b)

Figure 4 - Force - crack width diagrams of specimens
(a) without fibers and (b) with fibers.

It can be seen from Figure 4 that all fibrous specimens had smaller crack widths than their
control specimens. This can be an early advantage for fibrous specimens before starting
wetting - drying cycles. All cracks on the specimens were examined by naked eye and a
magnifier (x10) and it was observed that there were one large and some very small distributed
cracks on the specimens.

3.3. Corrosion Results

Corrosion tests were conducted for both cracked and uncracked specimens. Half-cell
potential and corrosion rate measurements by using a galvanostatic pulse device were carried
out for corrosion monitoring. For the first 60 weeks, 2 cracked specimens and 3 uncracked
specimens were used. At the end of the 60 weeks period, 2 specimens (1 cracked and 1
uncracked) of each series were used for chloride content determination. Corrosion tests were
continued until 80" week and again 2 specimens (1 cracked and 1 uncracked) of each series
were used for chloride content determination.
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e  Half-cell potential measurements

Figure 5 and Figure 6, represent the half-cell potential values for uncracked and cracked
specimens, respectively. The effects of various factors are seen when figures are examined.
The results are interpreted based on limit values given in Table 3. The regions representing
low and high risk of corrosion occurrence are separated for the attention of the readers.

Table 3 - Interpretation of half-cell potential values (ASTM C876 [33] /ASTM G3 [36])

Ag/AgCl (SSCE) Interpretation

Greater than 90% probability that no

E>-83mV L .
corrosion is occurring.

-233mV <E <-83mV Corrosion activity is uncertain.

Greater than 90% probability that corrosion

E <-233mV X .
1s occurring.

The positive effects of water-to-cement ratio and cover thickness are easily seen in uncracked
specimens (Figure 5). However, when Figure 5 is examined, it is seen that the advantage of
using higher cover thickness is significantly decreased for cracked specimens. This is
expected since the time needed for aggressive agents to penetrate into concrete to
reinforcement decreased almost to zero when concrete cover was cracked. It should be
emphasized that concrete was not only cracked but also under sustained loading, which
resulted in a minimum crack width of approximately 0.22 and 0.40 mm for fibrous and non-
fibrous specimens, respectively, for all times. The visual observations showed that, the crack
directly went down to rebar when the crack widths given above were reached. The effect of
water-to-cement ratio on half-cell potential results may also be considered secondary when
concrete cover was cracked, since direct passage of aggressive agents to steel rebar was
possible through the crack.

Average of 3 specimens Average of 2 specimens Average of 3 specimens, Average of 2 specimens
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Figure 5 - Half-cell potential values of uncracked specimens with a cover depth of

(a) 45 mm, (b) 25 mm
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Figure 6 - Half-cell potential values of cracked specimens with a cover depth of
(a) 45 mm, (b) 25 mm

It was observed that fibrous specimens yielded higher probability of corrosion occurrence
especially in the uncracked state and this effect was more pronounced for low water-to-
cement ratio specimens. This behavior may be explained by the existence of extra pores in
fibrous specimens. Air contents of all mixes were measured by using pressure method
immediately after mixing and the results showed that air contents of the fibrous mixes were
higher when compared to non-fibrous mixes (Table 2). The expected positive effect of fibers
was seen in the cracked state (Figure 6) for the specimens with low water-to-cement ratio
(w/c: 0.45). Unfortunately, the same effect was not seen for high water-to-cement ratio
specimens (w/c: 0.65). It is hypothesized that the positive effect of smaller crack width is
reduced by the high permeability of the matrix.

Half — cell potential values are generally correlated with the time to depassivation as
mentioned in Section 0. This gives an idea about corrosion initiation time for the specimens.
Corrosion measurements began 10 weeks after exposure due to a breakdown in the
galvanostatic pulse device as was mentioned in Section 0. A new series of uncracked
specimens were cast and exposed to same wetting - drying cycles and the same corrosion
monitoring procedure was applied to control the consistency of data obtained from the
equipment. Results very similar to the data given in Figure 5 were obtained.

Based on the results, given in Figure 5 and obtained from latter produced specimens,
corrosion initiation was not observed for the uncracked specimens produced using low water
— to — cement ratio (0.45) at the end of 80 weeks of exposure (uncertain corrosion based on
Table 3). However, corrosion initiation was observed earlier (from 10% week) on the rebars
inside the uncracked specimens cast by using high water — to — cement ratio. For cracked
specimens no extra specimens were cast since measurements showed corrosion initiation in
the first 10 weeks. Therefore, corrosion was assumed to initiate immediately after NaCl
exposure (based on very low half-cell potential values given in Figure 6). Later, the rebars
were extracted from concrete specimens for visual examination of corrosion and for
comparative checking of half-cell potential results.
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4. CORROSION RATE MEASUREMENTS

Results of corrosion rate measurements are given in Figure 7 to Figure 10. The test results
are presented separately for all mixtures for easy visualization by the readers. Corrosion rates
were interpreted using Table 4 which was given by Frolund et al. [37]. Although, no standard
table exists to interpret the corrosion rate data, Table 4 is found to be useful for evaluating
the data obtained by using the equipment employed in this study. In evaluating the corrosion
rate data, it should be kept in mind that the number of specimens dropped from 3 to 2 for the
tests from 60 to 80 weeks. Therefore, degree of freedom in the data is decreased.

Table 4 - Interpretation of corrosion rate results [37].

Leorr Interpretation
<0.5pA/cm? Passive Areas
0.5-2 pA/cm? Negligible corrosion activity
2-5 A/em? Low corrosion activity
5-15pA/cm? Moderate corrosion activity
>15pA/cm? High corrosion activity

Corrosion rate measurements of uncracked specimens are seen in Figures 7 and 8. Corrosion
rates significantly increased when water-to-cement ratio was increased. No significant effect
of fibers was observed on corrosion rate measurements of uncracked specimens.

The corrosion rate results of cracked specimens are given in Figures 9 and 10. The effect of
water-to-cement ratio was important but less pronounced compared to uncracked specimens.
Again, the effect of cover thickness was not pronounced. However, the effect of using fibers
was more significant when concrete was cracked, since the crack opening is limited by fibers.
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Figure 7 - Corrosion rates of uncracked specimens with w/c ratio of 0.45 and a concrete
cover of (a) 45 mm (b) 25 mm

10327



Corrosion and Chloride Diffusivity of Reinforced Concrete Cracked under ...

n

-

Low
Corrosion
(2-3uA)

[

w

[

Negligible
Corrosion
05-2u4)

Corrosion Rate (nA/em?)

—

Passive
Area:

60 70 80 10 20 30

+ 16545 + 06345
10 20 30

©F00525  +FI16525

40 30 40 30 60 70 80
Duration (weeks) Duration (weeks)

Average ol 3 specimens Average of 2 specimens Average of 3 specimens
(a) (b)

Figure 8 - Corrosion rates of uncracked specimens with w/c ratio of 0.65 and a concrete
cover of (a) 45 mm (b) 25 mm.
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Figure 9 - Corrosion rates of cracked specimens with w/c ratio of 0.45 and a concrete
cover of (a) 45 mm (b) 25 mm.
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Figure 10 - Corrosion rates of cracked specimens with w/c ratio of 0.65 and a concrete
cover of (a) 45 mm (b) 25 mm.
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4.1. Chloride Penetration Results

Chloride penetration tests were conducted for all specimens at the end of wetting-drying

period as explained in Section 0.

e  Chloride Profiles

Chloride profiles of the specimens that were exposed to wetting-drying cycles for 80 weeks
were given separately in Figure 11 - Figure 13.
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Figure 11 - Effect of cracks and fibers on chloride penetration of specimens with a w/c
ratio of 0.45 and a concrete cover of (a) 25 mm (b) 45 mm (after 80 weeks of exposure).
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Figure 12 - Effect of cracks and fibers on chloride penetration of specimens with a w/c
ratio of 0.65 and a concrete cover of (a) 25 mm (b) 45 mm (after 80 weeks of exposure)

It was observed that cracks were more effective in increasing the diffusion of chloride ions
at low water-to-cement ratio (0.45) concretes (Figure 11). However, the same effect was not
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seen when water-to-cement ratio was increased to 0.65 (Figure 12), which was due to more
porous microstructure of the high water-to-cement ratio concrete. Cover depth was found to
be effective when low water-to-cement ratio mixes (0.45) were used (Figure 11). Chloride
contents close to zero were observed for the uncracked specimens with a cover depth of 45
mm after 80 weeks of exposure. Same result was not valid for high water-to-cement ratio
mixes. The effect of cover depth was almost negligible for high water-to-cement ratio mixes
(0.65) even for uncracked specimens probably due to high permeability of concrete (Figure
12).
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Figure 13 - Effect of water-to-cement ratio and cover depth on chloride penetration of
uncracked specimens with a concrete cover of a) 25 mm b) 45 mm (after 80 weeks of
exposure).

The chloride penetration data is presented in Figure 13 to indicate the effect of water-to-
cement ratio and cover depth after 80 weeks of exposure of uncracked specimens. It was
observed that the water-to-cement ratio was the most pronounced parameter as mentioned
above. Chloride penetration was increased greatly with an increased water-to-cement ratio
even in the uncracked state due to increased porosity and thus permeability of the concrete.
Effectiveness of greater cover depth was also observed for 80 weeks of exposure of lower
water-to-cement ratio concretes.

o Diffusion Coefficients

Diffusion coefficients and % chloride content values at the rebar level for all the specimens
were predicted by using 2™ Fick’s law and given in Table 5.

As seen from the Table 5, diffusion coefficients and chloride contents are more compatible
for uncracked specimens compared to cracked specimens. For the cracked specimens %
chloride concentrations were found to be higher on top of the rebar; whereas surprisingly for
some of the cracked specimens this high % chloride concentration values were not
accompanied by high diffusion coefficients. This is probably because of the change of
transport mechanism of chloride ions with the existence of cracks. Change of transport
mechanism with formation of cracks was also mentioned by several other researchers [7,38].
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Based on the results of this study and literature [7] it can be said that, calculating the diffusion
coefficient by using Fick’s second law of diffusion may be misleading for cracked specimens
since diffusion is not the only active mechanism for these specimens.

Table 5 - Diffusion coefficients and chloride concentrations on rebar level (calculated

using Fick’s 2" law).
w/c : 0.45 w/c : 0.65
Code D Cl cont. (% Code D Cl cont. (%

(1012 by weight of (1012 by weight of
m?/s) concrete) m¥s) concrete)

- F04525 2.80 0.060 F06525 7.51 0.222

% F04545 1.99 0.001 F06545 23.24 0.197

g F14525 2.56 0.056 F16525 17.20 0.328

=) F14545 3.11 0.005 F16545 30.01 0.246

F04525 4.14 0.134 F06525 32.18 0.356

9 F04545 4.72 0.021 F06545 14.03 0.150

:T:g F14525 7.39 0.205 F16525 6.12 0.221

S Fl14545 6.67 0.044 F16545 10.20 0.099

Therefore, using diffusion coefficient as the only parameter while analyzing the corrosion
potential of cracked concrete specimens may be misleading since true diffusion can’t be
observed in these specimens.

3.5. Visual Observation of Corrosion on Rebars

All of the rebars taken out of the specimens after 60 and 80 weeks of exposure were visually
examined and surface images were taken. Images of rebars after 80 weeks of exposure are
given below for comparing the experimentally obtained results (half cell potential, Icorr, Cs,
D and concentration values) with the exact corrosion states of rebars (Figure , Figure 1).
Following comments can be made if Figure 14 and Figure 1 are carefully examined.

For the specimens with a water-to-cement ratio of 0.45, experimental data obtained using
galvanostatic pulse technique were found to be in accordance with the observations made on
the rebars taken out of the specimens. If Figure is examined together with the experimental
values given, it is seen that, based on the classification given by ASTM C876 [30], no signs
of corrosion were observed on the specimens that represented half-cell potential values in the
“uncertain corrosion activity zone” (uncracked specimens cast using a water-to-cement ratio
of 0.45 — except F14525). The corrosion rate of these specimens was also found in the
“negligible corrosion activity” zone when Table 4 is examined. For all of the cracked
specimens, half-cell potential values were assessed in the corrosion occurrence zone (> 90%).
Corrosion rates of these specimens were found in the “low corrosion activity zone” except
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F14525. In compliance with this result some corrosion was observed on all of the rebars taken
out of these specimens except F14525.

For the specimens with a water-to-cement ratio of 0.65, again comparable results are seen
between the corrosion observations and the experimental data. Corrosion activity was found
on different parts of the rebars (as can be seen on the figure) and this is attributed to the high
permeability of concrete. It is hypothesized that the solution may be diffused through
different parts of concrete resulting in corrosion. It should be emphasized that only a part of
the rebar beneath the ponding area was monitored for corrosion rate measurements. It is seen
from the figure that this method of measurement, may be misleading for high permeability
concretes, since harmful substances may diffuse through different parts of concrete resulting
in corrosion on the regions which are not monitored. This phenomenon was observed on
almost all of the uncracked specimens cast by using w/c of 0.65. This was not an issue for
the cracked specimens, since solution directly reached to the rebar through the crack.

F04525-Uncracked

Half-Cell | Ler | Cs D | %conc
-219.14 11.2910.462[2.80| 0.060

F04525-Cracked

QA . ey | | H21f-Cell| Ton | C. | D | %conc

-339.27 |1 4.12 10.6324.14| 0.134

Half-Cell | Ieoxr | Cs D | %conc
-191.62 | 1.11 [0.481]1.99] 0.001

Half-Cell | Teor | Cs D | %conc
-371.48 [3.40]0.592(4.72| 0.021

R S S TP s LR

F14525-Uncracked

Half-Cell | Teorr | Cq D | %conc
-309.41 | 1.27 |0.500]2.56] 0.056

Half-Cell | Ieor | C; | D | %conc
-352.91 | 1.18 10.585/7.39] 0.205

Half-Cell | Lor | Cs D | %conc
-186.45 | 1.21 {0479 ]3.11| 0.005

Half-Cell | Teor | Cs D | %conc
-340.76 | 3.11 [0.569 ]6.67| 0.044

Figure 14 - Images of corroded rebars taken out of specimens with a water-to-cement ratio
of 0.45.
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-393.12 114110629751 ] 0.222

FiiﬁSZS-Uncracked . ———_
Half-Cell | Teow | Cs D | %conc

Half-Cell | o | Cs D | %conc
-419.68 | 7.92 10.54432.18| 0.356

Half-Cell | Lor | Cs D | %conc
-411.45 | 1.00|0.574(23.24| 0.197

Half-Cell | Teorr | Cs D | %conc
-467.45 | 3.25[0.675114.03 | 0.150

Half-Cell | Low | Cs D | %conc
-433.32 [4.04 10.60717.20] 0.328

Half=Cell | Lor | Cs | D | %conc
-490.69 | 9250.725|6.12| 0.221

NCracke:

Half-Cell | Teor | Cs D | %conc
-398.76 | 2.3110.608 30.01 | 0.246

Half-Cell | Teore Cs D Yeconc
-472.35 | 5.96 [0.650]10.20| 0.099

Figure 15 - Images of corroded rebars taken out of specimens with a water-to-cement ratio
of 0.65.

5. CONCLUSIONS

Following conclusions were drawn from this comprehensive experimental study on the
effects of chloride-induced corrosion on cracked and uncracked reinforced concrete.

1. Water-to-cement ratio was found to be the most effective parameter in the uncracked state.
No corrosion was measured or observed on the rebars extracted from the specimens cast
using a water-to-cement ratio of 0.45 after 80 weeks of exposure. Corrosion was found to
initiate from 10-20 weeks for the uncracked specimens with high water-to-cement ratio of
0.65.

2. The positive effect of low water-to-cement ratio decreased in the cracked state. NaCl
solution might have directly reached to the rebar through the open crack (0.3-0.4 mm)
surpassing concrete cover resulting in an immediate corrosion initiation.

3. Increased cover depth was effective only for concretes with low water-to-cement ratio in
the uncracked state. Increasing cover depth was not effective in reducing the rate of corrosion
in high water-to-cement ratio and cracked concretes.
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4. Fibers were not effective in the uncracked state where slightly higher corrosion was even
observed, most probably due to higher air content measured in the fibrous specimens.

5. Positive effects of fibers were seen in the cracked concretes for low water-to-cement ratio
mixes. No clear effect was observed when high water-to-cement ratio mixes were used.

6. Chloride contents (%) and diffusion coefficients were compatible for uncracked specimens
which was not the case for cracked specimens. Diffusion is not the dominating mechanism
for cracked concretes, where cracks are providing direct passage to the rebar for harmful
substances.

7. Visual observations were in accordance with the results obtained from half-cell potential
and corrosion rate measurements, except for the uncracked specimens with high water-to-
cement ratio which showed corrosion on different parts of the rebar instead of the monitored
ponding area (middle section). Chloride containing solution might have easily diffused in all
directions through the material owing to high permeability of the matrix resulting in corrosion
on different parts of rebars. However, this was not represented by corrosion rate
measurements since only middle section of the rebar was examined in the scope of the test.

8. There is no agreement on the maximum allowable crack width in the standards. The results
of this study showed how the protection provided by low water-to-cement ratio and high
cover depth is to be questioned when crack widhts up to 0.3 to 0.4 mm exist on the concrete
surface. This implies the importance of having a concrete surface free from cracks and/or the
regular control/maintenance procedures of concrete surfaces for protection against corrosion.
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Effect of Modeling Beam-Column Joints on Performance
Assessment of Columns in Non-Ductile RC Frames

Sadik Can GIRGIN!

ABSTRACT

Seismic performance evaluation of non-seismically detailed reinforced concrete (RC)
buildings requires proper analytical modeling approaches for beam-column joints which are
most vulnerable parts. This study investigates the influence of beam column joint modeling
assumptions on performance evaluation of non-ductile RC buildings. Numerical simulation
model includes truss-based elements for beam-column connections and fiber-based elements
for beams and columns. Two-dimensional four- and six- story reinforced concrete frames of
an existing RC building are designed and analyzed by conducting incremental dynamic
analyses. Column chord rotations and corresponding strains are compared with code
provisions for performance assessment of non-ductile RC frames.

Keywords: Beam-column joints, non-ductile frames, hybrid model, performance limits.

1. INTRODUCTION

Beam-column joints in reinforced concrete (RC) buildings are expected to transfer flexure
and shear forces without significant strength and stiffness degradation in modern construction
practice. However, older-type RC buildings constitute a significant portion of the building
inventory designed only considering gravity loads before 1970’s in earthquake-prone regions
(Figure 1a). Field observations after earthquakes revealed that brittle failure modes may
occur at the vicinity of beam-column joints in reinforced concrete frames those non-
conforming the design requirements. Observed failure modes in RC beam-column joints are
reported due to non-seismic detailing such as insufficient anchorage of beam rebars, lack of
transverse reinforcement in the joint and discontinuity of beam and column rebars (Figure
1b). There has been a significant amount of experimental research on cyclic behavior of
exterior beam- column joints with respect to axial load ratio, transverse reinforcement ratio,
anchorage detailing of beam rebars and drift histories [1-5]. Bedirhanoglu et al. (2010) [6]
tested exterior beam-column joints representing construction practice deficiencies in Turkey
before 1970°s. Main test variables were the effect of displacement history, axial load,
presence of transverse beam in the joint and amount of joint reinforcement. They concluded

Note:
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that presence of lateral beam didn’t have significant effect on bond of reinforcing bars in the
joint. Gokdemir and Tankut (2017) [7] tested 4 reference and 7 strengthened exterior beam-
column joints with diagonal steel bars. Reference specimen without shear reinforcement
showed significant strength degradation at small drifts. On the other hand, for interior beam-
column joints without transverse reinforcement, significant stiffness degradation will occur
due to insufficient development length of beam longitudinal bars [8]. Interior beam-column
joint specimens were tested by Alire (2002), and damages were observed with a combination
of bond-slip of reinforcing bars and shear cracks in the joint [9].

insufficient anchorage insufficient lap splice of
~ of beam rebars column rebars .

No transverse
reinforcement in the joint

|[_,‘ panel zones |- 31

(@) (b)

Figure 1 - (a) Typical detailing of beam-column connections built before 1970’s, (b)
Damage to beam-column joint from August 17, 1999 Kocaeli Earthquake
(nisee.berkeley.edu)

Although beam-column joints characterize the seismic behavior of existing RC buildings,
rigid joint assumption is generally considered in design-oriented analyses [10]. Analytical
models ignoring joint flexibility using rigid joint assumption may lead to underestimation in
damage levels of RC members [11]. Hence, seismic performance assessment of existing RC
buildings requires refined analytical tools accounting for damage states of non- seismically
detailed beam-column joints. Modeling approaches for numerical simulation of beam-
column joints can be classified as (i) lumped plasticity models, (ii) distributed plasticity
(fiber-based) models, and (iii) truss-based models. Lumped plasticity models are employed
to simulate nonlinear behavior of structural elements with concentrated nonlinearities in a
finite length. Zero-length rotational springs or moment-curvature relations within a specified
length, which follow nonlinear hysteretic rules, can be assigned to the ends of beam-column
elements [12-15]. These models also include springs representing shear, bond slip and rigid
links at the vicinity of the connection [11, 15-18]. Distributed plasticity models with fiber-
based beam-column elements provide sufficient estimation for local response parameters
such as curvature and strains. Element cross section is discretized into fibers at integration
points along the element length. Force-based formulation for nonlinear beam-column
elements has advantages over the displacement-based formulation, because equilibrium is
satisfied at each section and end node for force interpolation function [19].

Truss-based modeling approaches have been studied for design and analysis of RC members
subjected to shear, flexure and axial forces [20-23]. Panagiotou et al. (2012) [24] improved
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existing truss modeling approaches by including mesh size effects and biaxial effects for
diagonal elements in compression. Moharrami et al. (2015) [25] enhanced the truss model
for analysis of shear-critical RC columns including the contribution of aggregate interlock
effects. Bowers (2014) [26] and Xing et al. (2018) [27] proposed a hybrid numerical model
for beam-column joints of non-ductile frames including nonlinear cyclic truss model for
connection region and distributed plasticity model for beams and columns.

This study investigates the influence of beam column joint modeling assumptions on
performance evaluation of non-ductile RC frames. For this purpose, a hybrid analytical
model is validated by using test results of exterior beam-column joint specimens representing
joints in existing buildings. Two-dimensional structural models of four- and six- story
buildings were modeled using the hybrid model and analyzed by incremental dynamic
analyses. Rotation-based and strain-based performance limits of RC members are
investigated and compared with the code provisions.

2. NUMERICAL SIMULATION OF BEAM-COLUMN JOINTS
2.1. Numerical Simulation Model

In this study, all numerical analyses are performed by using OpenSees computer program
[28]. Bowers (2014) [26] proposed a numerical simulation model for shear critical interior
and exterior beam-column joints and validated cyclic behavior of joint tests representing
existing buildings. The numerical model includes nonlinear cyclic truss model for connection
region and distributed plasticity model for beams and columns as shown in Figure 2.
Nonlinear truss model is established by assignment of location of horizontal elements
including longitudinal rebars for beams and diagonal element angles. Truss model herein
uses elements in the horizontal, vertical and diagonal directions representing steel
reinforcement and concrete areas. Nonlinear concrete trusses for diagonal elements account
for biaxial effects on the compression behavior while tension stiffening effects are considered
in the vertical and horizontal directions. Nonlinear force-based beam-column elements with
Gauss-Lobatto quadrature and two integration points with linear transformation are used for
beams and columns.

2.2. Material Models

Giuffré-Menegotto-Pinto (GMP) steel material model is used to define the stress-strain
relationship for the reinforcing steel. A GMP model is shown in Figure 3, where fj is the
yield strength, the corresponding yield strain &, E; the elastic modulus, and B; the post-yield
hardening ratio — the monotonic envelope for this material model is bilinear.

The stress-strain law for concrete proposed by Lu and Panagiotou (2014) [29] which is
schematically presented in Figure 4 where f.” is the compressive strength at £,=0.2% strain
for unconfined concrete. Ultimate strain (&,) of concrete is adjusted by accounting for the
mesh-size effects due to the procedure outlined by Lu and Panagiotou (2014) [29]. For
horizontal and vertical concrete truss elements, tensile strength is s _¢ 33 Jfx (MPa) with a

softening portion in accordance with tension stiffening by Stevens et al. (1991) [30]:
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[=fla=M)e" ) 1M | (1)
M = c,% )
2=220 (3)

where p; is steel ratio in the horizontal and vertical truss elements, M is tension stiffening
parameter, dy is rebar diameter and C; = 75 mm.

The concrete material model for the diagonal elements considers for the reduction of
compressive strength due to transverse strains described by Vecchio and Collins (1986) [31].
Compressive stresses are multiplied by a reduction coefficient () at each analysis step based
on calculated transverse strains using fictitious strain gauge elements. Figure 5 shows the
relation between stress reduction factor, B, and normal strain, €,. The values of Bin = 0.3 and
Bres = 0.1 are considered for the analyses.

P
A
—Y LN
=< :\‘ (Diagonal concrete)
&% Ad= befix b
== Ay
m— Ash1 (Beam longitudinal rebar)
---  Acbh (Beam horizontal concrete)
_ m— Acb2 (Beam web reinforcement)
== “.'

Fiber-based beam-column element

B4 A O
0 o o —_—

e Asc1 (Column longitudinal rebar)

3 4
s e

=== Acc (Column longitudinal concrete)

= Asbw (Beam transverse rebar)
=== Acbw (Beam transverse concrete)

m— Asew (Column transverse rebar)
===Asw (Column transverse concrete)

Figure 2 - Numerical simulation model for an exterior beam-column joint
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stress, f p

strain, €

Figure 3 - Stress-strain relationship of the GMP steel material model

Nofe: stress, f

B =1 for concrete used in vertical and

horizontal elements
Eu £ 1
l

\"7 strain, €

LB, af;

f
E,= 0.5E, + 0'5(E>

Zoom in tensile strain region

Figure 4 - Stress-strain relationship of concrete material models [29].
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l?’intzo":}

=0.1

res

eint Eres En

Figure 5 - Relation between reduction factor and normal strain

3. CASE STUDIES

Experimental research studies on non-seismically detailed beam-column joints conducted by
Misir and Kahraman (2013) [32] and Pantelides et al. (2002) [33] are considered in this study.
Geometry and reinforcing details of 2/3 scale S1 specimen [32] and full-scale Unit 4 [33] are
shown in Figure 6. One reference (S1) and two exterior beam-column joints strengthened
with SIFCON blocks were tested by Misir and Kahraman (2013) [32]. For S1 specimen,
average concrete strength was 10 MPa for beam-column joint at the test day. Beam and
column longitudinal rebars with 8- and 10-mm diameters had 402 MPa and 411 MPa yield
strengths, respectively. Axial load was applied under 15% of column axial load capacity
during cyclic reversals. Lateral cyclic displacements were applied at the top of the column
with increasing amplitude from 0.15% to 3.5% drift ratios. During the test, first flexural and
diagonal cracks were observed at 0.15% and 0.75% drift ratios, respectively. Shear cracks
increased and expanded in the joint panel at 1% drift ratio. At 1.75% drift ratio, concrete cone
developed, detached from the specimen and severe pinching was observed following 0.75%
drift ratio due to shear deformations. Lateral strength of the specimen was reached at 0.5%
drift ratio and test was continued up to third the cycle of 3.5% drift ratio at which specimen
showed heavily damage state.

Figure 7 shows the hybrid models with different mesh sizes as Model-A and Model-B for
beam-column joint specimen (S1). Nonlinear concrete trusses in the vertical and horizontal
directions account for tension stiffening effects. Inclination angle of diagonal elements with
respect to horizontal axis is considered as 46°. Nonlinear truss model is connected to force-
based beam-column elements with rigid elements as shown in Figures 7 (a) and (b). The
lateral force— displacement responses for experimentally measured and cyclically computed
using numerical simulation model are compared in Figure 8 (a) and (b). Both models
computed stiffness degradation as well as pinching in a good agreement with cyclic behavior
of specimen (Figure 8c) and the failure mode is captured with the diagonal concrete crushing.
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Figure 6 - Geometry and reinforcing details of unreinforced beam- column joint for (a)
S1 specimen tested by Misir and Kahraman [32], and (b) Unit 4 tested by Pantelides et
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Figure 8 - Comparison of measured and computed responses for S1 specimen and (a) Model-
A, and (b) Model-B and (c) lateral load-drift ratio relationships for S1 specimen [32]

Pantelides et al. (2002) [33] tested six exterior full-scale beam-column joints with different
details of beam reinforcement and axial load ratios. For Unit-4 specimen shown in Figure 6b,
average concrete strength was 31.6 MPa at the test day and beam and column longitudinal
rebars with 25- and 29-mm diameters had 469 MPa and 458.5 MPa yield strengths,
respectively. Axial load was applied under 25% of column axial load capacity during cyclic
reversals. During the test, first yield in longitudinal reinforcement was observed and initial
significant cracking in the joint was observed at at 0.5% and 1.5% drift ratios, respectively.
Shear cracks increased and expanded in the joint panel at 2% drift ratio. At 5% drift ratio,
significant spalling in concrete occurred. Figure 9 (a) shows the hybrid models for Unit-4
beam-column joint specimen tested by Pantelides et al. [33]. The lateral force— displacement
responses for measured and monotonically and cyclically computed using numerical
simulation model are compared in Figure 9(b). The failure mode observed in the case study
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is captured with the diagonal concrete crushing. The peak strength in numerical model is 1.2
times the experimentally measured.

Horizontal load (kM)

Model (Cyclic)
Model(Mono)
— ——Unit4

5 4 3 -2 1 0 1

Drift ratio(%)

2 3 4 H 6

(b)

Figure 9 - (a) Numerical simulation model, and (b) Comparison of measured and
computed responses for Unit 4 specimen (Pantelides et al., 2002) [33].

4. ANALYSIS OF FRAME STRUCTURES

Seismic performance of existing reinforced concrete buildings with unreinforced beam-
column joints is investigated by analyzing hybrid models (H) and a rigid model (R) using
incremental dynamic analysis (IDA) approach by Vamvatsikos and Cornell [34]. Incremental
dynamic analysis approach (IDA) relates damage measures (inter-story drift ratios (Omax),
rotations etc.) with corresponding intensity measures such as 5% damped spectral
acceleration at first-mode period (Sa (Ti, 5%)). In this approach, one or more unscaled
ground motion records (accelerograms) are selected and multiplied by a scale factor S, (T,
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5%). Accelerograms are scaled so that S, is increased by 0.1g and IDA curves are obtained
by plotting (Omax; Sa (T1, 5%)) pairs. In this study, incremental dynamic analyses (IDA) were
performed by using Duzce (Turkey, 1999), Parkfield (USA, 1966) and Imperial Valley
(USA, 1979) unscaled earthquake records shown in Figure 10 (PEER Strong Ground Motion
Database, 2019) [35].
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Figure 10 - Unscaled earthquake records for the incremental dynamic analyses [35]

Structural analysis models have similar longitudinal bar ratios and material strengths with S1
specimen and structural plan of the buildings as well as geometric details are shown in Figure
11. Calculated expected design loads based on tributary areas for a 4- story frame model is
shown in Figure 12. Rayleigh damping corresponding to 5% critical damping in the first and
second modes is applied. Floor masses are assigned to the intersections of joint nodes and
truss model and equal dof is assigned to the nodes at each story level. Four-story hybrid (H4)
and six-story hybrid (H6) models have 1.16 sec and 1.72 sec fundamental periods (T1),
respectively.
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IDA curves are obtained with respect to the nonlinear dynamic analysis results. IDA
procedure is repeated based on FEMA 350 (2000) [36] until the slope between consecutive
points on IDA curve is less than 0.2 S., where S. is the slope in elastic part. IDA curves in
Figure 13 depict the relation between maximum inter-story drift ratios and spectral
acceleration of the building for the amplitude scaled earthquake records. R4-P model with
rigid joints reached a relatively lower drift ratio (2.5%) than H4-P model (4.2%) at same
spectral acceleration (Sa (T;) = 0.37 g). Figure 14 shows the roof displacement and
corresponding base shear for structural models. Calculated maximum base shear for 4- and
6- story hybrid models are 106.5 kN and 86.1 kN, respectively. However, 4-story model with
rigid joint assumption (R4-P) computed the maximum base shear as 198 kN which is
approximately 2 times the base shear for hybrid models.
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Figure 13 - IDA curves for 4- and 6 story structural models
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Figure 14 - Base shear- roof displacement relation for 4- and 6- story structural models
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5. EVALUATION OF PERFORMANCE LIMITS

Performance-based seismic design approach provides numerical estimation of damage in
structural elements subjected to earthquake loading. Acceptable damage limits are stipulated
to be compatible with the anticipated performance levels for different intensity levels of
earthquakes by codes. Performance levels for a structural element are defined as immediate
occupancy (10), life safety (LS) and collapse prevention (CP) for rotation-based defined in
ASCE/SEI 41 (2006) [37] or strain-based limit states in Turkish Building Earthquake Code

(TBEC-2018) [38].
The generic normalized force-deformation ratio relation and the performance limit states

corresponding to certain deformations for a ductile structural element are shown in Figure 15

[37]. In this figure, line AB is the linear response up to effective yield point B while line BC
represents the increase in strength due to strain hardening up to strength of the element C.
Significant strength degradation is represented by line CD and residual strength at point E.
The values in life safety (LS) performance level should be 0.75 times the deformation at point
C which corresponds to collapse prevention (CP) performance level as given in [37].
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s \
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2/ \ E

IIII DI
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Figure 15 - Generalized component force-deformation relations [37]

Normalized moment- column rotation relationships of a ground story column for 4- and 6-
story hybrid and rigid structural models are shown in Figure 16. Plastic chord rotations for
performance levels of columns are summarized in Table 1. Besides, column performance
limit states corresponding to axial load ratios for 4- and 6- story models are defined by Table
6.8 in ASCE/SEI 41 [36] and include only plastic rotations as shown in Table 1. Models with
hybrid connections predicted lower plastic rotations for RC columns than ASCE/SEI 41
(2006) provisions for IO and CP performance levels. Model with rigid joints have 2.5 times
higher plastic rotation values for RC columns compared to ASCE/SEI 41 (2006) limits. In
hybrid models, based on the strength degradation of beam-column joints with diagonal
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cracking, lateral loads of the structural system as well as column moment capacity are
reduced.

Table 1 - Comparison of predicted RC column rotation-based limits for models and
ASCE/SEI 41 [37] provisions

Plastic rotations (rad

Model Plastic rotations (rad) (Models) (ASCE/SEI 4 1() )
10 LS CcP 10 LS cpP

H4-pP 0.003 0.010 0.017 0.004 0.0135 0.017
H4-D 0.003 0.009 0.015 0.004 0.0135 0.017
R4-P 0.008 0.033 0.048 0.004 0.0135 0.017
H6-P 0.003 0.008 0.013 0.003 0.012 0.015
H6-D 0.0025 0.006 0.010 0.003 0.012 0.015

*10: immediate occupancy, LS: life safety; CP: collapse prevention performance level

o
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£ o6
= —%—H4-P
—b—H6-P
047 —8—H4-|
e H-|
02 H4-D
H6-D
—6—R4-D
B . : . . .
0 0.01 002 003 004 0.05

Column plastic rotation

Figure 16 - Normalized moment-column chord rotations

Strain-based performance limits for seismic evaluation of reinforced concrete members are
stipulated by Turkish Building Earthquake Code (TBEC-2018) [38]. Concrete and
reinforcing bar strains for collapse prevention limit state are expressed by the equations
below:
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£ =0.0035+0.07Jw_, <0.018 @)

_ ome
and a)we - ase psh,min (5)

fl‘:‘@

where «, is the coefficient of effectiveness for transverse reinforcement, O, . is the

minimum volumetric ratio of transverse reinforcing bar, /. and /., arethe expected yield

ywe

strength of the transverse reinforcement and concrete, respectively.

Bl
‘ 6b, )\ 28, )\ 2k,

£ =045, %)

For life safety (LS) and immediate occupancy (IO) limit states concrete and reinforcing bar
strains are defined as [38]:

" =0.75¢, " and g =0.75¢," ®)

.19 =0.0025 and £”=0.0075 ©)

Strain-based performance limits for column shear force ratios greater than 1.3 should be
decreased by 50% of the strain limits defined in TBEC (2018) [38]. The tabulated maximum
strains in Table 2 for hybrid and rigid models are computed using the strain-column chord
rotation plots shown in Figure 17 and were compared with the strain limits with the decreased
limits in TBEC (2018) for columns at the ground story. Computed strains for models with
rigid beam-column joint assumption (R4-P) have higher values than hybrid models.

Table 2 - Computed maximum strains in hybrid and rigid joint models for corresponding
performance levels

Performance| Cover concrete|Core concrete| TBEC (2018) |Reinforcing bar| TBEC (2018)
levels Hybrid| Rigid |Hybrid| Rigid Concrete Hybrid | Rigid |Reinforcing bar
10 0.0013] 0.002 {0.0011|0.0016 0.00125 0.00120.0022 0.0037
LS 0.001810.0049{0.0014|0.0048 0.00675 0.00150.0079 0.018
cp 0.0023| 0.005 (0.0019| 0.007 0.009 0.0019| 0.011 0.024
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Figure 17 - Predicted column chord rotations and corresponding strains for (a) cover
concrete, (b) core concrete and (c) reinforcing bars

6. CONCLUSIONS

This paper has presented a hybrid numerical model for performance-based seismic evaluation
of columns of existing reinforced concrete buildings with non-seismically detailed beam-
column joints. Hybrid numerical model including truss and fiber-based models has been
validated with two exterior beam-column joint tests subjected to cyclic loading. Numerical
model has simulated the observed joint behavior with crushing of diagonal elements at the
joints. Developed four and six story frame models have been analyzed by performing
nonlinear incremental dynamic analyses. Rotation-based performance limit states for RC
columns of non-ductile frames have been investigated and compared with ASCE/SEI 41
(2006) provisions. Besides, strain-based limits have been obtained for cover concrete, core
concrete and reinforcing bar strains of reinforced concrete columns at the ground story and
compared with TBEC (2018) provisions. The results showed that plastic rotations and
corresponding concrete and reinforcing bar strains of columns have relatively lower values
than the code provisions for life safety (LS) and collapse prevention (CP) performance limits.
Modeling non-ductile RC frames with rigid joint assumption has led to an underestimation
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in damage levels of members. Further numerical studies should be performed considering
bond slip of beam reinforcing bars in interior joints and reinforcing material models
accounting for buckling and rupture. Also, performance limit states for beams and joints
should be performed by increasing the number of ground motion records in the scope of
future studies.

Symbols

a; = distance between axes of longitudinal bars which are supported with a tie leg [mm]
b = cross-section dimension between axes of ties confining the core area [mm]
B = post-yield hardening ratio

dp = longitudinal bar diameter [mm)]

Es = Young Modulus of reinforcing steel material [MPa]

fe’ = Compressive strength of unconfined concrete [MPa]

Jfee = Average (expected) compressive strength of concrete [MPa]

Jfex= Characteristic compressive strength of unconfined concrete [MPa]

Jfi= Tensile strength of concrete [MPa]

Jfy=Yield strength of longitudinal bar [MPa]

fywe= Average (expected) yield strength of transverse bar [MPa]

ho= cross-section dimension between axes of ties confining the core area [mm]
M = tension stiffening parameter

s =tie spacing [mm]

S (T1) = spectral acceleration at first-mode period [m/sn?]

T1= period corresponding the fundamental mode (sn)

ase = coefficient of effectiveness for transverse reinforcement

J =reduction coefficient

go= Compressive strain of unconfined concrete at maximum strength

&P = Compressive strain limit of concrete at collapse prevention limit state
& P = Strain limit of reinforcing bar at collapse prevention limit state
&n=normal strains in concrete

&= Ultimate compressive strain of unconfined concrete at maximum strength
&= Yield strain of longitudinal bar

Omax = maximum inter-story drift ratios
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Pshmin = minimum volumetric ratio of transverse reinforcing bar

pi = longitudinal reinforcing bar ratio

Wee =

mechanical reinforcing bar ratio of effective confinement

Acknowledgement

The author would like to thank Prof. Dr. Serap Kahraman and Assoc. Prof. Dr. Ibrahim
Serkan Misir for sharing the beam-column test data and providing their valuable opinions
during preparation of the study.

[1]

[2]

[9]

[10]

References

Hanson, N. W., & Conner, H. W. 1967, Seismic resistance of reinforced concrete beam-
column joints, J. of Str. Div., 93(5), 533-560, 1967.

Park, R., and Paulay, T., Behaviour of reinforced concrete external beam-column joints
under cyclic loading, Proceedings of the 5th World Conference on Earthquake
Engineering, Rome, 1973.

Kunnath, S. K., Hoffmann, G., Reinhorn, A. M., Mander, J. B., Gravity-load-designed
reinforced concrete buildings — Part I: Seismic evaluation of existing construction,
ACI Structural Journal, 92(3), 343-354, 1995.

Hakuto, S., Park, R., Tanaka, H., Seismic load tests on interior and exterior beam
column joints with substandard reinforcing details, ACI Structural Journal, 97(1), 11-
25, 2000.

Park, R., A summary of results of simulated seismic load tests on reinforced concrete
beam-column joints, beams and columns with substandard reinforcing details, J. of
Earth. Eng., 6(2), 147-174, 2002.

Bedirhanoglu, 1., Ilki, A., Pujol, S. and Kumbasar, N., Behavior of deficient joints with
plain bars and low-strength concrete, ACI Structural Journal, 107(3), 300-310, 2010.

Gokdemir, H. and Tankut, T., Kiris-kolon birlesim bdlgesinin depreme karst celik
donatilarla giiclendirilmesi, IMO Teknik Dergi, 7977-7992, 2017.

Moehle, Jack P. Seismic design of reinforced concrete buildings. New York: McGraw-
Hill Education, 2015.

Alire, D., Seismic evaluation of existing unconfined reinforced concrete beam-column
joints, M.S. Thesis, University of Washington, Seattle, WA, 306pp, 2002.

Lima C., Martinelli, E., Macorini, L. and Izzuddin, B. A., Modelling beam-to-column
joints in seismic analysis of RC frames, Earthquakes and Structures, 12(1), 119-133,
2017.

10356



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Sadik Can GIRGIN

Bayhan, B., Ozdemir, G., and Giilkan, P., Impact of joint modeling approach on
performance estimates of older-type RC buildings, Earthquake Spectra, 33(3), 1101-
1123, 2017.

Calvi, G. M., Magenes, G., and Pampanin, S., Relevance of beam-column joint damage
and collapse in RC frame assessment, J. of Earth. Eng., 6(1), 75-100, 2002.

Favvata, M. J., Izzuddin, B. A., and Karayannis, C. G., Modelling exterior beam—
column joints for seismic analysis of RC frame structures, Earth. Eng. and Str. Dyn.
37(13), 1527-1548, 2008.

Sharma, A., Eligehausen, R., and Reddy, G. R., Pivot hysteresis model parameters for
reinforced concrete columns, joints, and structures, ACI Structural Journal, 110(2),
217-227,2013.

Bedirhanoglu, I, Diisiik dayanimli betona sahip betonarme kolon ve birlesimlerin
deprem ytikleri altinda davranislarinin incelenmesi ve iyilestirilmesi, Doktora tezi,
Istanbul Teknik Universitesi Fen Bilimleri Enstitiisii, 2009.

Youssef, M., and Ghobarah, A., Modelling of RC beam-column joints and structural
walls, Jour. of Earth. Eng., 5(1), 93-111, 2001.

Lowes, L. N., Mitra, N., and Altoontash, A., A beam-column joint model for simulating
the earthquake response of reinforced concrete frames, Report No. PEER 2003/10;
Pacific Earthquake Engineering Research Center, College of Engineering, University
of California, Berkeley, 2003.

Park, S. and Mosalam, K.M., Simulation of reinforced concrete frames with nonductile
beam-column joints. Earthquake Spectra, 29(1), 233-257, 2013.

Kostic, S., and Filippou, F., Section discretization of fiber beam-column elements for
cyclic inelastic response. Jour. of Str. Eng., 138, 592-601, 2012.

Kim, J. H., and Mander, J. B. Truss modeling of reinforced concrete shear — flexure
behaviour, MCEER Report 99-0005, University at Buffalo, State University of New
York, 1999.

Miki, T., and Niwa, J., Nonlinear analysis of RC structural members using 3D lattice
model, J. of Adv. Con. Tech., 2(3), 343-358, 2004.

Park, H., and Eom, T., Truss model for nonlinear analysis of RC members subject to
cyclic loading, J. of Str. Eng., 133(10), 1351-1363, 2007.

To, N., Sritharan, S., and Ingham, J., Strut-and-tie nonlinear cyclic analysis of concrete
frames”, J. of Str. Eng., 135(10), 1259-1268, 2009.

Panagiotou, M., Restrepo, J. 1., Schoettler, M., and Kim, G., Nonlinear cyclic truss
model for reinforced concrete walls, ACI Structural Journal, 109(2), 205-214, 2012.

Moharrami M., Koutromanos I., Panagiotou M., Girgin S.C., Analysis of shear-
dominated RC columns using the nonlinear truss analogy, Earth. Eng. and Str. Dyn.,
44(5), 677-694.

10357



Effect of Modeling Beam-Column Joints on Performance Assessment of Columns ...

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

Bowers, J.T., Nonlinear cyclic truss model for beam-column joints of non-ductile RC
frames. M.Sc. thesis, Virginia Polytechnic and State University, 2014.

Xing C., Koutromanos 1., Leon R., and Moharrami M., Computational simulation of
RC Beam-to-Column Connections Under Earthquake Loading, Eleventh US National
Conference on Earthquake Engineering, Loa Angeles, CA, USA, 2018.

McKenna, F., Fenves, G. L., Scott, M. H., and Jeremic, B. Open system for earthquake
engineering simulation. http://opensees.berkeley.edu, 2015.

Lu, Y. and Panagiotou, M., Three-dimensional cyclic beam-truss model for non-planar
reinforced concrete walls, J. of Str. Eng., 140(3), 2014.

Stevens, N. J., Uzumeri, S. M., Collins, M. P., and Will, T. G., Constitutive model for
reinforced concrete finite element analysis, ACI Structural Journal, 99(10), 2109-2122,
1991.

Vecchio, F. G. & Collins, M.P., The modified compression field theory for reinforced
concrete elements subjected to shear, J. of the American Con. Inst., 83(2), 219-231,
1986.

Misir, I. S., & Kahraman, S., Strengthening of non-seismically detailed reinforced
concrete beam—column joints using SIFCON blocks, Sadhana, 38(1), 69-88, 2013.

Pantelides, C.P., Hansen, J., Nadauld, J. and Reaveley, L.D., Assessment of reinforced
concrete building exterior joints with substandard details. PEER report, 2002.

Vamvatsikos, Dimitrios, & Cornell, C.A., Incremental dynamic analysis. Earth. Eng.
& Str. Dyn. 31.3:491-514, 2002.

Pacific Earthquake Engineering Research (PEER) Center, PEER Strong
MotionDatabase, https://peer.berkeley.edu/peer-strong-ground-motion-databases/,
2019.

FEMA 350 (2000). Recommended seismic design criteria for new steel moment-frame
buildings. Federal Emergency Management Agency, 2000.

ASCE/SEI 41, Seismic rehabilitation of existing buildings, Reston, VA, U.S.A 2006.

Turkish Building Earthquake Code (TBEC), Principles for the design of buildings
under earthquake, Ankara, Turkey, 2018.

10358



Teknik Dergi, 2020 10359-10378, Paper 594

Corrosion Behavior of Rebars Embedded in Alkali-
Activated and Conventional Reactive Powder
Concretes
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ABSTRACT

The present study investigated the corrosion behavior of reinforcement bars embedded in
alkali-activated (ARPC) and conventional (CRPC) reactive powder concretes. Corrosion
progress in 3.5% NaCl solution, water and air environments were monitored up to 365 days.
The physical and mechanical characteristics, such as water absorption, rapid chloride ion
permeability, compressive and flexural strength, and corrosion characteristics, such as half
cell potential and corrosion current intensity results were compared for ARPC and CRPC
matrices. Even for the same mechanical performance, alkali-activated mortars were found to
have a high permeable structure and an early depassivation of the rebars occurred. In the
propagation stage of chloride induced corrosion, almost 13 times higher corrosion current
intensity values were measured as well as earlier deterioration and cracking was observed for
ARPC compared to CRPC.

Keywords: Reactive powder concrete, alkali-activated slag, steel rebar, chloride-induced
corrosion.

1. INTRODUCTION

Reactive powder concrete (RPC) shows great potential for use in special applications such
as nuclear structures, impact-resistant structures, skyscrapers, corrosion-resistant structures
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and pre-fabricated structural elements such as bridge bearings, security vaults,
waste/transportation vessels etc. RPC has very high high compressive strength (200 - 800
MPa [1]), fracture energy and tensile strain capacity. The basic principles for developing
RPC are; enhancement of homogeneity by elimination of coarse aggregate, microstructure
enhancement by heat curing, steel fiber incorporation for ductility, and densification of
cementitious matrix through optimization of granular mixture, and application of pressure
during setting [1-4].

The deficiency of RPC is its high heat of hydration, high drying shrinkage and high price as
a result of its very high Portland cement content. Recent intensive studies performed by
Aydm and Baradan [2, 5-9], showed that RPC can be produced by using alkali-activated slag
without any Portland cement. These studies showed that activator solution with 4% Na,O
content and My=1.2 (solution modulus, Ms = mass ratio SiO,/Na,O) provides optimum
properties in terms of compressive strength, setting times and drying shrinkage [5, 6], steam
curing at 100 °C present better mechanical performance compared to autoclaving [6], silica
fume act as a water reducer and shrinkage reducer in alkali activated systems in contrast to
Portland cement based systems [2]. For instance, at 20% of GGBFS replacement with SF,
the water/binder ratio decreased from 0.44 to 0.20 [2]. By this way and with incorporation of
1.5% steel fiber with 13 mm length, alkali-activated slag based reactive powder concrete
(ARPC) that has compressive strength values over 200 MPa has been produced [8]. The
mechanical properties of ARPC and conventional Portland cement based reactive powder
concrete (CRPC) were given in Table 1. It should be noted that both RPC mixtures have 1.5%
steel-fiber by volume. As shown in Table 1, the flexural performance and fracture energy of
steam cured ARPC were better than CRPC in the same compressive strength class. Aydin
and Baradan also showed [9] that the ARPC had a better high temperature resistance as well
as better adherence ability to steel when compared to CRPC. ARPC did not show explosive
spalling up to 800 °C while CRPC samples suffered from explosive spalling beyond 300 °C
[9]. Because of its technical advantages (lower heat of hydration, higher strength, better
durability etc.) and environmental benefits (lower CO, emission, lower energy demand, and
conservation of natural resources), ARPC is a very good alternative to CRPC.

Table 1 - Properties of steam cured ARPC and CRPC [8]

Mechanical Properties ARPC CRPC
Compressive strength, MPa 2159 214.6
Splitting tensile strength, MPa 19.5 19.2
Modulus of elasticity, GPa 84.1 114.0
Poisson ratio 0.22 0.21
Fracture energy, N/m 16016 14200
Flexural strength, MPa 41.5 34.7

On the other hand, a necessity on investigating the steel corrosion behavior embedded in
alkali activated composites still exists. While some researchers concluded that alkali-
activated composites had better performance, some researchers contradict this mechanism.
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Wang, et al. [10] have stated that aluminate in the pore solution of alkali activated slag (AAS)
mortar had an inhibition effect on the corrosion of steel bars after the addition of NaCl.
Silicate, another major ion in the AAS pore solution, provided a good protective effect on the
steel bars in both passivation and chloride attack stages. Simulated pore solutions of AAS
mortar had a greater capacity to passivate steel bars than the simulated pore solutions of
Portland cement (PC) mortar and had better protective effect on steel bars from chloride
ingress, especially under higher chloride concentration. Ma et al. [11] have concluded that
AAS concretes had higher total chloride content at the surface than that of PC concrete.
Greater ionic exchange between chloride and the hydroxyl ions and the possibly enhanced
chloride binding at the surface of the AAS concretes have been identified as the possible
reasons. AAS concretes were found to have lower chloride diffusivity, better pore structure,
stronger interaction between hydration products and accompanying sodium, improved
chloride binding. Non-steady state diffusion coefficient (Dnssa) of AAS concretes was found
to be influenced by both Na,O and M. 6% Na,O and 1.5 M seems optimum for reducing the
rate of corrosion. Holloway and Sykes [12] have investigated the corrosion behavior of steel
in alkali activated slag cement containing NaCl admixtures. Even the very high level of
chloride admixture in alkali activated slag cement mortar, the corrosion rates of these mortars
were found low. Babaee and Castel [13] showed that the low-calcium fly ash based
geopolymer concrete exhibit a comparable electrochemical performance to a similar strength
PC concrete during propagation phase of corrosion. Additionally, recalibration need on the
some of the measurements and classification techniques for corrosion assessment, especially
for the Tafel slopes, have been noted. Chaparro et al. [14] have concluded that AAS concrete
presented passive corrosion behavior in the first 3 months, after which it presented decreased
corrosion resistance lower than that of ordinary portland cement (OPC) concrete. Aperador
et al. [15] have investigated the corrosion of steel rebars embedded in carbonated and
uncarbonated alkali-activated slag and Portland cement concretes. The steel corrosion rates
of AAS concretes were found to be higher than PC concretes. The highest corrosion rate was
obtained with carbonated AAS concrete. Aperador et al. [15] also stated that carbonation rate
was higher in AAS concrete than in the respective OPC concrete under both accelerated and
laboratory environment. The high carbonation rate of AAS might be attributed to the low
calcium content that leads to a low capacity to buffer the pH of the pore solution in AAS and
also leads to rate deposits of CaCOj;. Monticelli et al. [16] have characterized the corrosion
behavior of reinforcing bars in alkali-activated fly ash (AAFA) mortars by corrosion
potential, polarization resistance and electrochemical impedance spectroscopy
measurements. AAFA mortars afforded a lower corrosion protection to the rebars and the FA
mortars were found to undergo a fast carbonation so that depassivation of the rebars occurred
concurrently in spite of a limited total chloride content. Higher scale porosity was found in
geopolymers. After 95 days, active corrosion was started in 50% of rebars embedded in
reference mortar. On the other hand rebars in geopolymers started active corrosion after 20
days.

It seems that ARPC is a very good alternative to CRPC with its technical advantages such as
mechanical strength and environmental benefits. On the other hand, the use of a newly
developed material in application is significantly dependent on its durability properties, such
as corrosion behavior of steel bars embedded in this mixture. Within the scope of this study,
corrosion behavior of steel reinforcing bars embedded in the ARPC and CRPC matrices were
investigated as well as the physical and mechanical characteristics of matrices.
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2. EXPERIMENTAL
2.1. Materials

Ground granulated blast furnace slag (GGBFS) and silica fume (SF) for ARPC, and ordinary
Portland cement and SF for CRPC were used as cementitious materials. GGBFS was
procured from Eregli steel plant with the chemical composition presented in Table 2. Blaine
specific surface area value of GGBFS was 410 m*kg, and 90% of particles were smaller than
45 um. CEM 1 42.5 type OPC with 369 m?/kg Blaine fineness, and a commercial SF with
BET fineness of 23360 m?/kg have been used. The chemical compositions of PC and SF were
also presented in Table 2. A commercial quartz sand with a maximum size of 3 mm was used
as aggregate. The particle size distribution curves of SF/GGBFS and quartz aggregate were
shown in Figs. 1 and 2, respectively.

Table 2 - Chemical composition of cementitious materials

SiO,  FexOs ALO; CaO MgO Na,O K,O SOs; Losson

ignition
GGBFS 4020 1.68 11.66 3590 588 030 147 0.90 0.88
PC 19.10  3.96 440 6185 2.05 027 070 3.72 1.82
SF 96.10 — — — — — — — 1.81
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Figure I - Particle size distribution of SF and GGBFS
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Figure 2 - Particle size distribution of quartz aggregate

ARPC has been produced by the activation of GGBFS and SF with the mixture of technical
grade sodium hydroxide and sodium silicate providing silicate modulus (My=SiO»/Na,O) in
the solution 1.2 and Na,O was 4% by binder weight. A polycarboxylate-based
superplasticizer with a 40% solid content has been used in CRPC production.

The compositions of ARPC and CRPC based on previous studies [8, 9] were given in Table
3. In order to produce an ARPC with compressive strength of RPC class, the water/binder
ratio of the concrete must be at about 0.20. In conventional RPC, the water/binder ratio can
be reduced to 0.20 by using high range water reducer (superplasticizers). However, in the
alkali-activated binders, the superplasticizers do not show any water-reducing effect. This
effect can only be achieved by silica fume replacement with slag. For conventional RPC class
concrete with Portland cement binder, the high compressive strength values can be obtained
thanks to silica fume's filler effect and strong pozzolanic properties. It should be noted that
the previous study [7] showed that the optimum SF replacement percentage for ARPC was
20% by weight of total binder (GGBFS+SF). The lower dosages caused to inadequate setting
time and workability while the higher dosages resulted in very high viscosity. Thus, silica
fume contents of both RPC mixtures were selected as 20%. In the preparation of ARPC, the
powders were dry-mixed at low speed (99 rev/min) in a pan type special designed mixer for
about 1 minute. After the introduction of activator solution, materials were mixed at a low
speed (99 rev/min) for a minute then at a high speed (440 rev/min) for about 2 minutes.
Aggregates were added to pre-mixed composition and mixed at the same high speed for about
2 minutes. A similar procedure was applied for the production of CRPC samples. The
mixtures were cast into molds, and compacted by hand operations and vibration. Pressure
was not applied to the fresh samples. The specimens were kept in the molds for 5 h at room
temperature of ~ 20 °C. Then, the specimens were subjected to steam curing at 100 °C for 12
h at a heating rate of 22 °C/h.
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Table 3 - Mixture proportions for ARPC and CRPC

Components ARPC CRPC
GGBFS, kg/m’ 720.0 -
PC, kg/m? - 720.0
SF, kg/m® 180.0 180.0
Quartz (1-3 mm), kg/m? 543.2 575.3
Quartz (0.6-1.2 mm), kg/m? 422.5 4475
Quartz (0-400 pm), kg/m? 144.9 153.4
Quartz (0-75 um), kg/m? 96.6 102.3
Waterglass, kg/m’ 160.0 -
NaOH, kg/m? 30.9 -
Water, kg/m? 49.0 123.0
Superplasticizer, kg/m? - 50.0
Water/binder ratio 0.17 0.17
Aggregated/binder ratio 1.34 1.42

Figure 3 - Details of corrosion test specimens
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The schematic figure of corrosion test specimen and its details are presented in Fig. 3. S420
grade deformed steel rebar (yield strength of 511 MPa, tensile strength 605 MPa, strain
capacity at failure 21%) with a diameter of 16 mm was used. For corrosion tests, an electric
wire was mounted on one of the free ends of the rebar. The upper and lower surface of the
specimens and also free ends of the rebar were carefully sealed by epoxy coating. The first
group of specimens was subjected to wetting-drying cycles in 3.5% NaCl solution. The
corrosion process of specimens was monitored after 200, 400, 1400 wetting-drying cycles. It
must be mentioned that the 1400 wetting-drying cycles lasted in 360 days. The second and
third groups of specimens were kept in water and in air at laboratory conditions, respectively,
for 360 days.

2.2. Measurements

Flexural strength of the mixtures was determined on three prismatic specimens (40 x 40 x
160 mm). Compressive strength values were determined on broken specimen pieces (40 x 40
mm) left from flexural test.

The sorptivity values of RPC matrices were determined on three prismatic specimens (40 x
40 x 160 mm) by the measurement of water absorption by capillary rise. The specimens were
dried at 105 + 5 °C to achieve constant weight. Side surfaces of the samples were coated to
prevent absorption through side surfaces. Then the specimens were kept in a water tray with
small supports and the water level was maintained in such a way that only 3 mm of the
specimens were submerged in water. The weight measurements were recorded for 48 h.

The volume of permeable voids and total water absorption capacity of mortar specimens were
determined on the three disk specimens with a radius of 100 mm and 50 mm height according
to ASTM C642 [17]. The specimens were dried at 105+5 °C to constant weight. After cooling
the specimens were weighted (A). The specimens were immersed in water for 72 h and
weighed (B). Then the specimens were boiled in water for 5 h, then surface moisture was
removed and the saturated surface dry weight was measured (C). Finally, apparent volume
of samples boiled in water was determined using Archimedes' scales (D). Total water
absorption and volume of permeable voids, V,, determined by using Eq. 1 and 2,
respectively.

Water absorption (%) = [(B-A)/A]x100 (D
Volume of permeable voids (%) = [(C-A)/(C-D)]x100 2)

The rapid chloride permeability (RCPT) tests were performed on cylindrical specimens with
100 mm diameter and 50 mm thickness according to the ASTM C 1202 standard [18].

The open-circuit potential (Eocp) and corrosion current density (icorr) values of the specimens
were obtained using a computer-controlled potentiostat, Gamry Interfacel000, through a
three-electrode system (Fig. 4). The working electrode was the rebar embedded in the
concrete matrices. Saturated calomel electrode (SCE) and graphite were used as the reference
electrode and counter electrode, respectively. The Eocp measurements were carried out for at
least 60 min to obtain a steady state condition. Immediately after Eocp measurement the
potentiodynamic polarization curves were obtained in the £150 mV range of Eocp with scan
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rate of 0.2 mV/s. The corrosion current density has been analyzed through the Tafel analysis.
It must be noted that the electrolytic environment of three-electrode system was the 3.5%
NaCl solution.

Pore-size distributions of the samples were determined by the Mercury Intrusion Porosimetry
(MIP) method.

Figure 4 - Corrosion test setup.

3. RESULTS AND DISCUSSION
3.1. Workability and Mechanical Properties

Fresh state flow diameter, compressive strength and flexural strength values of ARPC and
CRPC matrices without steel fiber were given in Table 4. As shown in Table 4, both RPC
matrices have a quite high workability. The compressive strength values of ARPC and CRPC
matrices were about 134 MPa while the flexural strength of ARPC was about 22% higher
than CRPC.
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Table 4 - Workability and mechanical properties of ARPC and CRPC matrices.

ARPC matrix CRPC matrix
Flow diameter, mm 167 186
Compressive strength, MPa 1333 135.1
Flexural strength, MPa 12.4 10.2

3.2. Physical properties

Fig. 5 shows the capillary water absorption of RPC matrices. As shown in Fig. 5 the capillary
water absorption of ARPC matrix was significantly higher than CRPC. As expected, the slope
of capillary water absorption curves for both RPC matrices reduced with elapsed time. For
CRPC matrix, the capillary water absorption ceased beyond 24 hours. However, matrix phase
of ARPC continued to capillary water movement up to 48 hours. Capillary water suction
value of CRPC matrix at 48 hours was about one-third of the ARPC’s value. The volume of
permeable voids and total water absorption by weight of ARPC and CRPC matrices are
presented in Fig. 6. Parallel to capillary water absorption test results, the amount of permeable
voids and total water absorption of ARPC matrix were about four times higher than CRPC.

25

=——CRPC ={1=ARPC

20

15

10

Capillary water absorption (g/100 cm?)

T

0 4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

Figure 5 - Capillary water absorption of ARPC and CRPC

Pore size distribution of ARPC and CRPC matrices were presented in Fig. 7. As shown in
Fig. 7, pores in cement-based materials can be categorized as gel pores, capillary pores and

10367



Corrosion Behavior of Rebars Embedded in Alkali-Activated and Conventional ...

macro pores. Macro pores mainly influence the mechanical properties while the capillary
pores affect the permeability and mechanical properties [19]. As shown in Fig. 7, ARPC have
a coarser pore size distribution compared to CRPC. The pores in CRPC were generally lower
than 0.008 um and can be classified as gel pores. The amount of gel, capillary and macro
pores in ARPC was significantly higher than those of CRPC. The high amount of capillary
pores in ARPC explains its higher permeability compared to CRPC.

12 6
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X10 L5 §
g O Total water absorption =
= =
=4 -
4 8 .................................. | 4 o
2 3
,Q 7]
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= 2
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= =
% 2 ................. | 1
>

0 ] 0

ARPC CRPC

Figure 6 - Volume of permeable voids and total water absorption of mixtures.

From the stand point of electrical indication of concrete’s ability to resist chloride ion
penetration, there was no any charge passing in the CRPC mixture, whereas in the ARPC
mixture there was 700 coulombs after 6 hours. Concretes are divided into five permeability
classes according to the ASTM C1202 standard classification. According to this
classification, the chloride permeability for CRPC was “negligible”, while the ARPC mixture
was “very low”. RCPT is a measurement based on the electrical conductivity of concrete and
depends on the pore structure of the concrete and also the chemistry of the pore solution. The
higher amount of charge passing through the ARPC mixture as compared to the CRPC
mixture can be attributed to the more porous structure of ARPC, but mainly to the change in
the chemical composition of the pore solution of these concretes. Najimi and Ghafoori [20]
have reported that the RCPT can give pessimist results in the case of alkali activated cement.
They have stated that the high alkali ion concentrations in the pore solution of these materials
increase the electrical conductivity remarkably. From the obtained data, it can be said that
the electrical resistance of the ARPC mixture was lower than the CRPC mixture. However,
it is thought that the experimental results do not give a good information about the chloride
ion permeability for the reasons mentioned above.
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Figure 7 - Pore size distribution of ARPC and CRPC.

3.3. Rebar Corrosion

The Eocp, which was measured relative to the SCE as the reference electrode, is a parameter
to predict the corrosion potential of reinforcing steel in concrete (ASTMC876). ASTMCS876
[21] recommends that there is a greater than 90% probability of corrosion in the case of
potential less than —270 mV. A corrosion potential more positive than =120 mV shows that
there is a greater than 90% probability that no corrosion is occurring. Also, an Eocp value
between —120 mV to—270 mV represents uncertain corrosion activity. The average Eocp
values of specimens kept in water and air are presented in Fig. 8. The specimens stored in
air, no matter the mixture type, were in passive state at the end of the 365 days. The lack of
humidity in the pore system conserved the reinforcement against the corrosion activity.
Passive position of the reinforcement was valid for the CRPC specimens kept in standard
water curing. It can be explained by the impermeable pore structure of CRPC, which can
keep the steel bars in passive state. On the other hand, a depassivation seemed to occur at
approximately 20 days for ARPC specimens in water curing. Pore structure analysis of the
specimens showed that ARPC specimens had approximately 4 times greater permeable voids
than CRPC specimens. Electrochemical potential activity seemed to start even in presence of
humidity by ingress of water into ARPC specimens. Although, it means that corrosion
activity risk was greater than 90% probability, this corrosion activity could not detected in
observational and microscopic studies. Fig. 9 shows the rebars embedded in the specimens
that were kept in water for 360 days. There was no evidence of corrosion on the surface of
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rebars embedded in the CRPC and ARPC specimens. This finding was also supported by the
by the microstructural analysis conducted on the matrix-rebar interface of these specimens.
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Figure 9 - The rebars embedded in the CRPC and ARPC specimens that were kept in water
for 360 days.
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The average Eocp values of specimens subjected to wetting-drying cycles are presented in
Fig. 10. According to the Eocp values, there was more than 90% probability that the steel
rebars embedded in the CRPC mixture were not corroded up to 400 wetting-drying cycles.
However, the average Eocp values of rebars embedded in the ARPC exceeded the —270 mV
value and depassivation occurred even at the 50 wetting-drying cycles. The Eocp values of
rebars in both of the mixtures were higher than —600 mV after 1400 wetting-drying cycles
that showed a high potential risk of corrosion.

Wetting-drying cycles
0 200 400 600 200 1000 1200 1400

Eqcp(mV vs. SCE)

——CRPC —8-ARPC

Figure 10 - Eocpvalues of specimens subjected to wetting-drying cycles in NaCl solution.
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Figure 11 - Polarization curves.
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Wetting-drving cycles
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Figure 12 - icor values during wetting-drying cycles

Fig. 11 shows the polarization curves of the specimens. As expected, an increase in corrosion
activity shifted the intersection of Tafel slopes to greater current and lower potential values.
Leorr values were calculated from Tafel analysis. It can be seen from Fig. 12 that the icor values
were accordance with the Eocp values. After 100 wetting-drying cycles, the average icorr
values of the steel rebars embedded in the CRPC was lower than the 0.1 pA/cm? that indicates
a negligible corrosion level. However, the average icorr values measured in ARPC specimens
was in the range of 0.5 to 1 pA/cm? (0.9 pA/cm?) that indicates a moderate corrosion level.
However, the average i value of steel embedded in the CRPC can be categorized in
moderate corrosion level (0.64 uA/cm?) after 1400 cycles. It is obvious that corrosion rate of
steel rebars embedded in the ARPC increased rapidly even at a low wetting-drying cycles.
The average icorr value of steel rebar embedded in the ARPC was in the range of 2.48 to 3
pA/cm? (high corrosion activity) at 200, 300, 400 wetting-drying cycles.

Yigiter [22] reported 1.6 pA/cm? corrosion current density value at 100 wetting-drying cycles
in 3.5% chloride solution (Fig. 12). In that study, 10 mm concrete cover and C25/30 concrete
class were tested. In another study, 3.1 pA/cm? corrosion current density value was measured
from a steel reinforcement embedded with 10 mm cover thickness in a C30/37 grade OPC
concrete subjected 350 wetting-drying cycles in real sea environment [23]. From the
viewpoint of corrosion activity it can be said that, ARPC reflected a similar performance to
conventional OPC mixtures.

Corrosion current density higher than 1 pA/cm? indicates high corrosion level [24]. The
average icor value of steel rebars embedded in the ARPC (7.96 pA/cm?) was almost 13 times
higher than the CRPC after 1400 wetting-drying cycles. These findings were in accordance
with mass losses in the embedded rebars given in Fig. 13.
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Figure 14 - A) CRPC and B) ARPC specimens after 1400 wetting-drying cycles
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wetting-drying cycles.

The digital camera (DC) and optical microscope (OM) images presented in Figs. 14, 15 and
16 showed the higher corrosion-induced deterioration (after 1400 cycles) in the ARPC
specimens compared in the CRPC ones. As can be seen from Fig. 14 the deterioration in
concrete cover of ARPC mixture was much more obvious when compared in CRPC. Figs 15
and 16 shows the polished cross section of CRPC and ARPC specimens, respectively. It can
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be seen from the DC images the inner side of rebar embedded in ARPC was also corroded,
but obviously not as much as the outer side of the rebar. This corrosion led to formation of
macro cracks in the ARPC matrix. In addition, OM images revealed the existence of many
micro cracks in the rebar-matrix interface of ARPC mixture (Fig. 16). SEM analysis
conducted on the matrix-rebar interfaces revealed the existence of higher amount of corrosion
products in ARPC as compared to CRPC. Fig. 17 shows the characteristic corrosion products
with different morphology in the matrix-rebar interfaces of CRPC and ARPC.

----- T S P TN

Figure 16 - A) ARPC specimen kept in water. B) ARPC specimen subjected to 1400
wetting-drying cycles.
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Figure 17 - SEM images of the matrix-rebar interfaces of A) CRPC and B) ARPC after
1400 wetting-drying cycles

4. CONCLUSION

Similar mechanical performance to conventional reactive powder concrete can be obtained
by alkali-activated slag/silica fume, but the porosity and permeability of ARPC were much
higher than CRPC. Thus, it may lead to early deppassivation of steel reinforcement. In the

10376



Hiiseyin YIGITER, Ahsanollah BEGLARIGALE, Serdar AYDIN, Biilent BARADAN

case of chloride environment corrosion propagation proceeds in a higher level in ARPC
mixtures. Therefore, the cracking and damage occurrence began earlier in ARPC mixtures as
compared to the CRPC mixtures. On the other hand, test results showed that the electrode
potential shift in water environment especially for ARPC mixtures, was not an indicator of
deteriorative corrosion activity in RPC mixtures.
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ABSTRACT

This study investigates the flexural behavior of Ultra-High Performance Fiber Reinforced
Concrete (UHPFRC) with hybrid steel fiber referencing the ASTM standard C 1609. Two
types of end-hooked fibers in macro fiber concretes and one type short straight fiber in micro
fiber concretes were used in mono and hybrid forms. In order to determine the flexural
response of UHPFRC, a series of prismatic beam specimens with a dimension of
100 x 100 x 400 mm were tested under the four-point loading and following parameters were
compared and discussed in terms of the first cracking load and pattern, flexural strength,
deflection capacity, toughness and residual strength capacity under bending loads. The test
results showed that as the fiber amount of specimens with the mono fiber increases, in
general, better flexural behavior may be ensured. It should be also noted that the hybrid use
enhanced the flexural behavior compared to the macro fiber usage.
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Improvement of Flexural Performance of UHPFRC with Hybrid Steel Fiber

1. INTRODUCTION

Over the last two decades, the production of Ultra-High Performance Concrete (UHPC) has
become possible with new developments in concrete technology. This concrete is produced
with high density matrix, very low water/binder ratio and special treatments such as curing
under heat/pressure. Though these types of special concretes possess high compressive
strength, their behavior is more brittle [1-3]. In order to decrease brittleness and to ensure
high amount of energy absorption and ductility as well as bearing capacity for these types of
special concretes, steel fibers are added to the concrete mixture. This type of concrete is
widely known as the Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) [4]. The
UHPFRC has various advantages over conventional concrete and fiber reinforced concrete
such as higher durability, ductility and strength because of its low porosity, dense matrix,
high tensile/compressive strength and ductile tensile behavior [5]. This kind of concrete
responds very high durability through the high density and crack-bridging of steel fibers.
Thus, this material is classified as the Ultra-High Performance Fiber Reinforced Concrete
(UHPFRC) or High Performance Fiber Reinforced Cement Composite (HPFRCC).

The UHPFRC doesn’t have a widespread use due to its difficult and high cost production.
For this reason, low cost and easily producible UHPFRC studies (with ordinary raw
materials, standard curing conditions and mixers) have gained momentum in the recent years
and successful results have been achieved [4, 6-12]. Therefore, it has become possible and
widespread to use the UHPFRC in conventional reinforced concrete construction.

Even though several studies were carried out, there is no authority or standard to classify the
term “high performance”. However, some conditions for this classification, such as the uni-
axial compressive strength and pseudo strain-hardening under tension or bending, are
expected to be improved in some way [13-16]. The pseudo strain-hardening response can be
ensured with a good amount of fiber content. However, insufficient fiber volume fraction
and/or low concrete compressive strength may lead to softening response under tension or
bending types of loading [17].

Almost all fibrous concretes used commercially today involve the use of a single fiber type.
Clearly, a given type of fiber can only be effective in a limited range of crack opening and
deflection. In order to improve the performance of UHPFRC, one of the promising methods
is to blend together two or more steel fiber types in a matrix since the micro and macro steel
fibers play a role at two different levels depending on the length and diameter of fibers. In
hybrid fiber reinforced concrete, the micro fibers improve the strength and stiffness in the
pre-peak region since crack widths are still small. The macro fibers limit the formation of
wide (major) cracks occurring at the point where a single crack widens due to crack
localization. The micro fibers also improve pull-out response of the macro fibers and thereby
produce composites with high strength and toughness [5, 18-21].

The inclusion of steel fibers at high dosages has potential disadvantages due to poor
workability and increased cost. The cost of steel fiber of 1.0% by volume applied in the
UHPFRC is generally higher than that of matrix. Hence, it is important to minimize the fiber
amount without sacrificing the superior performance of UHPFRC [5]. Taking into account
the cost/performance ratio for this kind of material, it is necessary to optimize its industrial
use.
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In recent studies regarding the impact of hybrid fiber use to mechanical properties of the
UHPFRC, different sized steel fibers [5, 18-25] and usage of both steel and synthetic fibers
[2, 26-32] were combined in the concrete mixtures. It can be summarized from these studies
that hybrid fiber use leads to an increase in the energy absorption capacity and it improves
the cracking response in comparison to mono fibers. Thus, new research on the impact of
different configurations are needed in order for them to be used in the UHPFRC matrix.

The primary objective of this study is to investigate the flexural behavior of UHPFRC with
hybrid steel fiber content and to compare it with the mono form. Another purpose of the study
is to produce the UHPFRC under standard curing conditions and with standard mixers. In the
hybrid mixtures, the high-strength micro steel fiber which is commonly used in UHPFRCs,
and two types of macro steel fibers which have lower strength and cost (almost half of the
micro fiber in cost), were used together. In the research study, various prismatic beam
specimens, which have different fiber volume fractions in the mono as well as the hybrid
forms, were produced and tested under the four-point loading in conformity with the ASTM
standard C 1609 [33]. Test parameters including the first cracking load, cracking pattern,
flexural strength, deflection capacity, toughness values and residual strength capacity were
discussed on the mono and hybrid fiber specimens. In addition, the compressive strengths
and elastic modulus (young’s modulus) values of cubic and cylinder samples were
determined for different fiber configurations.

2. EXPERIMENTAL STUDY
2.1. Material and Specimen Preparation

The cement (C) used in this study was Portland cement CEM I 42.5 R. However, two
different types of supplementary cementitious materials were used, the names of which are
well-known ground granulated blast-furnace slag (GGBS) and silica fume (SF). The chemical
and physical properties of the C, GGBS and SF are presented in Table 1. Two sizes of quartz
sand, the particle sizes in the range of 0 to 0.8 mm (QS1) and 1.0 to 3.0 mm (QS2), were
chosen as aggregate. The gradings and cumulative curves for each aggregate and the total
mixture are given in Figure 1. The specific gravities of 0-0.8 mm and 0-3 mm quartz sands
were respectively 2.68 g/cm?® and 2.66 g/cm?. A polycarboxylate ether-based superplasticizer
(SP) with the density of 1.08-1.14 kg/litre was used to ensure good workability. The final
proportions for each fiber volume fraction and the fresh state properties of UHPFRC mixtures
are summarized in Table 2.

In the study, two types of end-hooked steel fibers (aspect ratios: 30/0.55 and 60/0.75) in the
macro mixtures and one type short straight steel fiber (aspect ratio: 13/0.16) in the micro
mixtures were considered for the mono and hybrid forms. The brass coated high-strength
steel having a smooth surface was used for the micro-sized fibers. However, the macro fibers
have end-hooked geometry to improve the interfacial bond stress between the steel fiber and
cementitious matrix. In addition, the macro fibers are cheaper and have longer bond length,
but have lower tensile strength compared to the micro-sized fibers.

A standard pan mixer with a 90 litre capacity was used to prepare the test specimens. The C,
GGBS, SF and QSs were mixed for about 3 minutes. Water and half of the SP were added
into the mixture and mixed for another 5 minutes. Then the rest of SP was added and mixed
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for additional 5 minutes. Later on, the fibers were dispersed carefully into the mixture and
mixed until homogenously distributed.

Table I - Chemical composition of cementitious materials

Composition (%) C SF GGBS
Si0, 19.80 90-93 41.49
ALOs 5.47 0.4-09 1634
Fe,05 3.46 1.0-2.0 0.61
CaO 64.44  0.2-0.7  29.26
MgO 1.30 0.9-1.3 7.68
SOs 2.67 - 1.90
Na,O 0.40 0.2-0.6 0.80
K,0 0.67 1.0-1.3 1.10
Cl 0.012 - 0.01
Fe,05 - 1.0-2.0 -
Specific surface (m%/kg) 380 20000 -
Density (g/cm®) 3.13 2.10 -
100 100
g 8 B
§ 0 g w0
g 20 f; 20
[} - 12s 250 “00 1000 2000 4000 0 o 12 250 00 1000 2000 4000
(a) Sieve size (micron) (b) Sieve size (micron)

100

80

60

40

Cumulative passing (%)

20

63 125 250 500 1000 2000 4000

(C) Sieve size (micron)

Fig. I - The grading and cumulative curve for the aggregates; a) OS1, b) OS2, c) mix

The prismatic beam specimens corresponding to total of 18 mixtures were produced to study
the effect of different fiber contents. As summarized in Table 3, nine of the configurations
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consist of the mono form while eight of them are in the hybrid form. The remaining one is
the reference specimen without the steel fiber to see the contribution of the fiber content.

Table 2 - Mixture proportions of the UHPFRC by weight (kg/m’) and fresh state properties

Slump 500
Fiber content C SF  GGBS 0S1 0S2 Water SP flow i

(mm) (sm)

Reference 690 138 276 542 542 199 17.25 900 2.1

o 13(1.0) 780 2.7

g 30(1.0) 690 138 276 530 530 199  17.25 805 3.1

60(1.0) 840 33

o 13(1.5) 760 32

g 30(1.5) 690 138 276 525 525 199 1725 775 32

60(1.5) 800 3.5

13(0.5)30(1.0) 771 33

:E 13(1.0)30(0.5) 767 32
2 690 138 276 525 525 199  17.25

= 13(0.5)60(1.0) 780 3.4

13(1.0)60(0.5) 773 3.2

o 13(2.0) 750 4.1

g 30(2.0) 690 138 276 520 520 199  17.25 755 3.9

60(2.0) 770 3.4

13(1.0)30(1.0) 755 3.9

E 13(1.5)30(0.5) 758 4.0
= 690 138 276 520 520 199  17.25

= 13(1.0)60(1.0) 751 3.8

13(1.5)60(0.5) 753 4.0

V. Fiber volume fraction, Water/binder= 0.18, Water/cement= 0.29

13(1.0)
- -
Mono Fiber Fiber length «—— L Fiber ratio
\Specimens :> (mm) (%)
13(1. 0)60(0 5)
11
Fiber length « Fiber ratio
Hybrid Fibef (mm) %
\Specimens
Fiber ratio Fiber length
(%) (mm)

Fig. 2 - Specimen notations

The fiber volume fractions of 1.0, 1.5 and 2.0% were chosen to obtain deflection hardening
behavior as well as ensure good workability. In the study, the specimen definitions were
classified in terms of the considered fiber types and volume fractions. The notations of test
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specimens indicating the mono and hybrid forms are shown in Figure 2. For example, 13(1.0)
denotes the test specimen including the micro steel fiber of 13 mm with 1% by volume in the
mono form, while the 13(1.0)60(0.5) shows the hybrid specimen containing the micro fiber
of 13 mm (1% by volume) and the macro fiber of 60 mm (0.5% by volume).

For each mixture, six cubic samples with size of 100 mm, two cylinder samples with 100 mm
diameter by 200 mm height as well as three prismatic beams with a square section of 100
mm x 100 mm and length of 400 mm were casted as shown in Figure 3a. The mixture was
placed into the prismatic molds from one end to other by means of a plastic bucket. During
the placement process, no vibration was conducted to prevent fiber gravitation. In the study,
a more workable UHPFRC mixture was produced than those of presented in the previous
studies [6-9]. As shown in Table 2, the slump flow value for the non-fiber mixture was
measured as 900 mm. However, this value for the micro, macro and hybrid mixtures were
measured in the range of 750 to 780 mm, 770 to 850 and 760 to 840 mm, respectively.

Table 3 - Fiber contents, compressive strengths and elastic modulus of the specimens

Fiber Fiber volume content (%)  Compressive Elastic
Specimen strength modulus
content 13/0.16 30/0.55  60/0.75 (MPa) (GPa)
Non-fiber ~ Reference - - - 90 38
13(1.0) 1.0 - - 120 42
13(1.5) 1.5 - - 134 45
13(2.0) 2.0 - - 132 42
30(1.0) - 1.0 - 117 45
Mono fiber 5, 5, ; 1.5 - 121 4
specimens
30(2.0) - 2.0 - 114 41
60(1.0) - - 1.0 114 40
60(1.5) - - 1.5 121 42
60(2.0) - - 2.0 119 44
13(0.5)30(1.0) 0.5 1.0 - 121 45
13(1.0)30(0.5) 1.0 0.5 - 114 44
13(1.0)30(1.0) 1.0 1.0 - 128 45
Hybrid fiber 13(1.5)30(0.5) 1.5 0.5 - 132 41
specimens  13(0.5)60(1.0) 0.5 - 1.0 114 40
13(1.0)60(0.5) 1.0 - 0.5 123 43
13(1.0)60(1.0) 1.0 - 1.0 129 41
13(1.5)60(0.5) 1.5 - 0.5 136 43

The slump-flow tests showed that the fiber content (amount and type) had a significant effect
on the flow ability of UHPFRC (Table 2). As the fiber amount increases, the spread values
decrease for all fiber types. For the mono form, the spread values obtained for the macro
fibers were greater than the micro fiber use. Although there was no significant trend in the
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hybrid form, the spread values showed a decreasing trend with increasing fiber amount. It
was seen from the 7500 values that the viscosity of concrete increased with respect to the mono
form as a result of multiple fiber use in the mixture (Table 2).

After casting, the specimens were covered by plastic sheets and stored at room temperature.
Twenty-four hours later, the specimens were taken out of their molds and stored in a water
tank at approximately 20°C until the test day. All specimens were tested at 28 days.

For each prepared mixture, the cubic and cylinder samples were tested separately to measure
the compressive strength and elastic modulus, respectively. The compression tests were
conducted by a testing machine with a maximum load capacity of 3000kN. In addition, the
values of elastic modulus were determined using a compressometer which measures the
average compressive strain of two linear voltage differential transformers (LVDTs) as shown
in Figure 3b. The average compressive strengths and elastic moduli corresponding to the non-
fiber, mono and hybrid fiber specimens are given in Table 3.

Fig. 3 - Test specimens and set-ups,
a) test specimens, b) compression test set-up and c) flexural test set-up

2.2.1. Flexural test

The flexural behavior of fiber reinforced concretes has two distinctive regions, which consist
of the deflection hardening and softening behaviors depending on load carrying capacity after
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first cracking [5]. Figure 4 illustrates a sample load-deflection curves denoting all calculation
parameters. Referring to Figure 4, the peak load (P,) is greater than the first-peak load (P))
in the deflection hardening behavior whereas both the peak loads are at the same point for
the softening behavior. The first-peak load is defined as the value of load corresponding to
the first point on the load-deflection curve where the slope is zero. The peak load is defined
as the maximum value obtained prior to reaching the end-point deflection on the load-
deflection curve. Thus, the peak and first-peak strength values can be calculated by the
formula (Equation 1) for modulus of rupture in ASTM C 1609 [33]:

PL

f=.7 (1)

where f denotes the strength, P is the load; b, d and L are the width, depth and length of
specimen, respectively.

2 Deflection Hardening
) [ Behavior
Pp ¢-1---%®
|
<--
P1 v/
] 1
| |
1 1
1 1
1 1
P AN— Deflection Softening
i B o R R -
150 : : Behavior 1
1 ' !
1 1 '
1 1 H
1 1 H
1 1 '
i | Pi=First-Peak Load :
- | P°is0=Residual Load at net deflection of L/150 !
- \  Pe=Peak Load [
! | 8:=First-Peak Deflection !
: ' &e=Peak Deflection NET DEFLECTION |
—t !
v v v
81 & L/150

Fig 4 - Calculation parameters on a sample load-deflection curve [33]

The deflection limit of L/150 is based on calculation of the energy dissipation capacity
(toughness) related to the total area under the load-deflection curve, as shown in Figure 4.
The peak load deflection (Jp) is the net deflection value, measured at the mid-span of beam
specimen, corresponding to the peak load on the load-deflection curve.

The flexural tests were conducted under four-point loading on the simply supported beam
specimens with a clear span of 300 mm, according to the ASTM C 1609 [33], as shown in
Figure 3c. Three beams were considered to determine the flexural behavior of each mixture.
The test was conducted on a servo hydraulic testing machine having a capacity of 200 kN.
The test machine is controlled by displacement during the whole process to obtain the load
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versus deflection behavior. The speed of applied displacement increments throughout the
entire test program was 0.1 mm/min. The load was divided into two equal loads, providing a
distance of 100 mm between them through a spreader beam. Later, the load was measured
with a load cell which was placed between the cross head and spreader beam. To obtain the
average mid-span deflection, two LVDTSs were attached on the both sides of specimen with
the help of a steel frame excluding the beam settlements at the supports. The applied loads
and mid-span deflections were recorded through the data acquisition system during the test
procedure. The detailed test procedure can be found in the ASTM C 1609.

In order to minimize the influence of non-uniform fiber distribution, the top or the bottom
surface of the specimen was rotated to the side in order to take measures prior to the bending
test. Note that all specimens showed uniform fiber distribution.

3. RESULTS
3.1. Compressive Strength and Elastic Modulus

Test results of average compressive strengths and elastic modulus values are presented in
Table 3. Here, the compressive strength values were obtained from the cubic samples and the
elastic moduli were obtained from the cylinder samples. The results showed that macro fiber
use increased the compressive strength by an average of 31% compared to the non-fiber
mixture. Similarly, use of micro and hybrid fiber increased the compressive strength by 43%
and 39%, respectively. Regardless of the fiber content, it is apparent that the compressive
strengths for both the mono and hybrid forms are much greater than that of the non-fiber
mixture, as would be expected. It was also noted that use of micro fiber was more impactful
to the relation between macro fibers and compressive strength. Although the compressive
strength tends to increase as the volumetric fraction changes from 1.0% to 1.5%, when the
fiber fraction increases further, such as from 1.5% to 2.0%, the compressive strength may
decrease somewhat. But, this deduction for the hybrid fiber samples is distinctive since the
average compressive strength showed increasing tendency when all amount of the fibers were
considered (Table 3). The test results on cylinder samples also showed that the fiber content
has no significant effect on the elastic modulus so that the average elastic modulus for all
specimens containing the steel fiber were determined as about 42.6 GPa.

3.2. Flexural Behavior

In the study, three beam specimens corresponding to each fiber configuration were tested
under the four-point loading and their load-midspan deflection behavior was obtained. The
intermediate one among the three responses in terms of the flexural strength and toughness
was chosen for the purpose of comparisons and evaluations [34]. The standard deviations
related to these quantities for each fiber type considering three specimens and the
characteristic values for the intermediate specimens are summarized in Table 4. For each
volume fraction, the load versus midspan deflection responses corresponding to the selected
specimens having the mono fiber forms are shown in Figures 5a-5c.
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Fig. 5 - Load-deflection curves of UHPFRC specimens with mono steel fiber;
a) 1.0% volumetric fraction, b) 1.5% volumetric fraction, c) 2.0% volumetric fraction
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Fig. 6 - Load-deflection curves of UHPFRC specimens with hybrid steel fiber;
a) 1.5% volumetric fraction, b) 2.0% volumetric fraction

It is apparent from Figures 5a-5c that use of mono fiber provided significant gain in strength
and deflection hardening capacity. These parameters show an increasing trend when the
volume fraction goes up from 1.0% to 1.5%. It was also noted that as the fiber amount

10388



Altug YAVAS, Tamer BIROL, Kaan TURKER, Umut HASGUL, Halit YAZICI

increases further, up to 2.0% by volume, the performances of specimens with micro fiber
remains limited as shown in Figure 5a-5c. However, the test specimens with the macro fiber
sustained their increasing trend.

As shown from the load-deflection responses with the hybrid fiber (Figures 6a-6b), a small
increment in the fiber volume fraction from 1.5% to 2.0% may lead to an increase in the
strength and toughness capacities of the specimens.

Table 4 - The parameters related to flexural strength of specimens

Standard deviation for

Notation (lflll) (151:1) (r::n) PhisolPy (N{;a) (kNmm) (hree responses
Std(f)  Std (D)
Reference - 45.98 0.06 - 13.29 2.1 1.51 -
13(1.0) 15.8 70.47 0.66 0.74 21.14 122 0.27 6.03
13(1.5) 27.0 87.58 0.61 0.78 26.27 159 2.94 16.46
13(2.0) 26.8 87.81 0.61 0.73 26.34 148 2.80 17.62
30(1.0) * 48.78 0.26 0.58 14.63 76 1.51 8.62
30(1.5) 25.0 62.33 0.46 0.58 18.70 93 1.57 3.51
30(2.0) * 65.05 0.44 0.70 19.52 109 2.36 16.17
60(1.0) * 58.88 0.28 0.26 17.66 85 0.83 2.52
60(1.5) 232 74.88 0.66 0.63 22.46 118 2.77 14.05
60(2.0) 28.0 83.45 1.40 0.85 25.04 138 2.82 15.87
13(0.5)30(1.0) 26.0 74.49 0.65 0.81 22.35 127 2.31 13.20
13(1.0)30(0.5) 24.8 76.24 0.50 0.67 22.87 127 0.79 17.35
13(1.0)30(1.0) 254 90.51 0.56 0.63 27.15 146 1.83 2.08
13(1.5)30(0.5) 23.5 87.78 0.37 0.71 26.33 179 1.89 15.10
13(0.5)60(1.0) 24.0 82.74 0.80 0.73 24.74 142 2.52 14.64
13(1.0)60(0.5) 25.5 75.72 1.02 0.77 22.72 133 2.76 17.90
13(1.0)60(1.0) 21.3 96.42 0.86 0.72 28.39 168 2.39 14.19
13(1.5)60(0.5) * 99.15 0.58 0.34 29.75 163 2.09 17.79

*: Could not be determined

3.2.1. First Cracking Load and Cracking Pattern

The first cracking loads (P;) related to the test specimens were determined from the load-
deflection curves. In this way, the specific point where the initial stiffness of curve changes,
was taken as the cracking point. It is interesting to note that whereas this point was directly
captured for many specimens, some load-deflection curves did not show this point distinctly.
The numerical results regarding to the first cracking loads are summarized in Table 4.

e The first cracking loads of specimens with micro fiber, as expected, were higher
than those of the macro fiber specimens, because the crack widths were very small
prior to the peak load.
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e The cracking response of the hybrid specimens could differ depending on the
amount of micro and macro fibers considered in the mixture. The hybrid specimens
containing the macro fibers of 30 mm showed better performance than that of the
60 mm macro fibers, in terms of the first cracking load. The greatest value for this
parameter was obtained when the steel fiber content was increased to 2.0% by
volume.

13(1.5

13(1.0)30(0.5)

13(1.060(0.5)

]:3(0.5)60(1.0)

Fig. 8 - Cracking patterns of UHPFRC specimens with hybrid steel fiber

It is apparent that use of micro fiber is more successful in preventing crack formation
compared to macro fibers. Similarly, as the volumetric ratio of micro fibers increases in the
hybrid specimens, the first crack initiated at higher loads. It was also noted that an increase
in the volume fraction governs the crack response due to the crack-bridging ability of steel
fibers. After the first cracking point, a large number of closely-spaced micro cracks, which
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are not easy to see with naked eyes until the peak load, formed at the mid-span region of
specimens. In all UHPFRC specimens, a major crack initiated at the point where a single
crack widened due to crack localization over the half of the span. Consequently, flexural
failure occurred as a result of this crack. Regardless of mono or hybrid usage, this
phenomenon is distinctive for conventional fibrous concretes and it was observed from this
study that the fiber content has no specific effect on this behavior. In the study, the mono and
hybrid specimens’ failure patterns were given for only volume fraction of 1.5% in Figures 7
and 8, for sake of brevity.

3.2.2. Flexural Strength, Deflection Capacity, Toughness and Residual Load Ratio

For each test specimen, the flexural strength, toughness, peak load, as well as the deflection
capacity at the peak load were determined from the load-deflection curves (Table 4). The
importance of fiber type and amount on retaining load carrying capacity after the peak load
was studied through the term “residual load ratio”, which represents the residual capacity and
strength loss on a load-deflection relationship. This ratio was calculated by dividing PP;so to
P, and was presented for all test beams in Table 4.
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20 180
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o
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Fig. 9 - Comparison of the flexural strength and toughness performances of specimens

Table 5 - Statistical results for each volumetric fiber ratio

v Flexural strength Toughness

s

(%) H Std CoV ’ Std CoV
(MPa) (kKNmm)

1.0 17.81 3.26 0.18 81 6.67 0.08

1.5 22.87 2.34 0.10 129 15.24 0.12

2.0 26.15 3.34 0.13 150 23.11 0.15
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The toughness values for all specimens were calculated using the total area under the related
load-deflection curve. The variations of flexural strength and toughness values with the fiber
contents are shown in Figure 9. The mean (u), standard deviation (S?d) and coefficient of
variation (CoV) were also calculated for each volume fraction (Table 5).

After conducting a series of tests, the performances related to flexural strength and toughness
are discussed as follows:

e  Comparing the flexural strengths of the mono and hybrid specimens to the non-fiber
specimen, use of micro and macro fiber increased the strength by a range of 59% to
%98 and 10% to 88%, respectively. It was shown, however, that hybrid fiber use
increased the strength by up to 124% depending on the fiber content.

e The toughness performances of the test specimens showed a great variety. While the
toughness values of the micro fiber specimens increased by a range of 58 to 76 times
compared to the non-fiber form, these changes were smaller for the macro fiber
specimens (ranged from 36 to 66 times). It can be noted that use of hybrid fiber use
increased these ratios by 60 to 85 times.

e The best performance among the test specimens with the mono fiber was obtained
when 2.0% micro fiber was included in the UHPFRC mixture. However, the best
performance from the point of macro fiber use was obtained for the steel fiber of 60
mm. But the lowermost performance was obtained for the specimen containing the
30 mm macro fiber with 1.0% by volume.

e The test results showed that the best performance for the hybrid fiber specimens was
obtained when the volume fraction of 2.0% was used. Among those, the specimens
having the macro fiber of 60 mm showed, in general, better performance.

e  When the hybrid fiber specimens were compared to those with macro fibers in the
mono form, apparent improvements were seen on the flexural strength and
toughness for all fiber contents.

e The specimens containing 1.5% micro fiber showed better performance compared
to the hybrid specimens with the same content. In contrast to this behavior, the
hybrid fiber specimens (especially those containing macro fibers of 60 mm) with
2.0% fiber content showed better performance compared to the micro fiber
specimens.

Consequently, inclusion of micro fibers in the UHPFRC mixture resulted in better
performance than the macro fibers, in terms of the flexural strength and toughness of the
specimens. It was also observed that even higher values can be obtained by using hybrid
fibers compared to using micro and macro fibers in the mono form.

Since first-cracking occurred at small load values, the deflection capacities of the specimens
are same with the ultimate deflections on the hardening region after the cracking load.
Referring to Table 4, when the performances of the specimens are evaluated in terms of their
deflection capacities, the following discussions can be made.

e The best deflection capacity among the test specimens with the mono fiber was
obtained when the macro steel fiber of 60 mm was used with the volume fraction of
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2.0%. On the other hand, the lowermost performance was obtained for the mono
specimens containing 60 mm macro steel fibers of 1.0% by volume.

e The hybrid specimens containing the 60 mm macro fiber showed considerably better
performance than those with 30 mm, in terms of the deflection capacity.

In general, use of micro fiber appears to be better at increasing the deflection capacity. It was
also noted that the deflection capacity improved as the fiber length in the hybrid specimens
increases. This result was also well-supported by the experimental study of Ye et al. [35].

When the ultimate deflection of L/150 was reached, an evident amount of strength loss could
be seen on the load-deflection curve. Here, the strength loss can be expressed using the term
residual load ratio. A high level of this ratio denotes small amount of strength loss for the
related specimen. It also means there is a substantial capacity beyond the deflection of L/150.
The residual load behavior of specimens having different steel fiber contents are discussed
as follows:

e  While the best performance in terms of the residual capacity was achieved for the
60 mm macro fiber with 2.0%, the specimens containing the 13 mm micro fiber
showed more stable behavior after the peak load for all volume fractions. At the
same time, the lowermost performance was obtained for the specimens containing
the 60 mm macro fiber of 1.0% by volume.

e The hybrid fiber specimens having 60 mm macro fiber demonstrated much better
performance than the specimens with 30 mm. However, while the hybrid fiber
specimens containing 60 mm macro fiber showed better performance than that of
the mono form of 60 mm fibers of 1.5% by volume, they didn’t show this
improvement for the volume fraction of 2.0%.

4. CONCLUSIONS

In the presented research paper, the flexural behavior of Ultra-High Performance Fiber
Reinforced Concrete (UHPFRC) with hybrid steel fibers was investigated experimentally.
Prismatic beam specimens containing mono and hybrid steel fibers were produced and tested
under four-point loading in accordance with the ASTM standard C 1609. The parameters,
which directly define the flexural behavior, were compared and the performances of different
fiber contents were discussed. In addition, the effects of fiber content on the compressive
strength and elastic modulus were evaluated. The test results with respect to the UHPFRC
specimens are summarized follow:

e Regardless of mono or hybrid form, the compressive strengths of all UHPFRC
specimens are much greater than that of the non-fiber specimen. It was noted that
use of micro fiber is more impactful than macro fibers in relation to compressive
strength. The test results also indicate that the use of different fiber types has no
specific effect on the elastic modulus.

e  The first cracking loads of the specimens with micro fiber were obtained as higher
values in the mono fiber specimens. However, the cracking response of hybrid
specimens could differ depending on the fiber contents of micro and macro fibers.
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The best flexural performance among the test specimens was obtained for the hybrid
specimens having a steel fiber of 2.0% by volume. The use of hybrid fiber in the
mixture significantly improved the flexural performance of UHPFRC matrix
relative to use of macro fiber. This is because the macro fibers can enhance the post-
peak behavior and ductility while micro fibers improve the flexural strength and
stiffness of concrete. It is important to note that the hybrid specimens including
longer macro fibers showed better flexural performance. Therefore, the macro fiber
of 60 mm provided better performance compared to that of the 30 mm.

Regardless of the fiber amount, use of micro fiber exhibited a more stable behavior
after the peak load. The best performance in terms of the residual load capacity was
achieved for the macro fiber of 60 mm with 2.0% by volume in mono form. It should
be noted that the hybrid specimens having the 60 mm macro fiber showed much
better performance than the hybrid specimens with 30 mm macro fiber.

As aresult of the use of raw materials such as SF"and GGBS, it is possible to produce
UHPFRC with relatively low cement content and without the need of either special
treatments or mixers. The experimental outcomes indicate that the fiber content had
a significant effect on the flow ability of UHPFRC. As the fiber amount increases,
the spread values decrease for all fiber types. As a result of the multiple fiber use in
the mixture, the viscosity of concrete is higher than compared to fiber use in mono
form. It can be deduced from the test results that the produced UHPFRC matrix is
highly workable and suitable for cast in place reinforced concrete members.
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Symbols

b : Width of specimen

CoV  : Coefficient of variation

d : Depth of specimen

f : Strength

fr : Flexural strength

L : Span length

P : Load

Py : The peak load

P : The first-peak load (cracking load)
PPiso  : The residual load at net deflection of L/150
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ABSTRACT

Economic growth and the increase in the population trigger consumption and increase the
amount of waste produced. One of the resulting wastes is glass and using of these large
amount of glass waste materials by environmental methods is seen as an important issue. On
the other hand, there are difficulties due to the decrease of natural resources in the supply of
aggregates used in asphalt pavements. In this study, the use of waste glass instead of natural
aggregates in asphalt pavements was investigated in terms of water damage. In addition to
base bitumen, hydrated lime modified and SBS modified bitumen were used in experimental
studies. The waste glass was added in two different sizes (as filler materials and 2 mm sized
fine aggregate) and three addition ratios (20%, 30% and 40%) instead of basalt aggregates.
The asphalt mix samples produced in optimum bitumen contents were evaluated for water
damage by AASHTO T 283 method. Asphalt mixture with 20% glass filler showed the
highest water damage resistance. Among the options where the glass aggregate size was
chosen as 2 mm, the highest water damage resistance was realized at addition rate of 30%.
Both hydrated lime and SBS polymer were effective in improving water damage resistance.
However, the highest tensile strength ratio was obtained with hydrated lime. The optimum
bitumen contents of the mixtures with glass aggregates produced with both base and modified
bitumen were decreased compared to that produced entirely with basalt aggregate. According
to the test results, it is understood that the filler materials produced from waste glasses can
be used instead of natural aggregate filler.
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1. INTRODUCTION

Since aggregate constitutes a large portion of the asphalt mix, comprehensive understanding
of the engineering properties of recycled aggregate can provide tremendous benefits in terms
of environmental protection and efficient use of resources. Recognizing this fact, considering
the recovered aggregate or mixture, such as reclaimed asphalt pavement (RAP), recycled
construction aggregate (RCA), recycled glass, etc., the reported work and research on their
use have increased throughout the world in the last two decades [1].

Large quantities of waste are produced with rapid economic growth and ever-increasing
consumption. Among these is the waste glass material being an important part. The glass
material is non-metallic and inorganic, neither burnable nor decomposable, which can be
difficult to recover. The performance of the asphalt concrete in which a part of the crushed
fine aggregate is replaced by the crushed glass material has been examined. Glass materials
are fragile and silicon rich, therefore the basic technical indices of glass-asphalt concrete are
the resistance to water and strength [2].

Glassphalt is basically the same as conventional hot mix asphalt but it contains grounded
crushed glass instead of stone aggregate (basalt, limestone, etc.). Glass aggregate of 3/8-inch
and finer grade is recommended for the surface layer [3].

The amount and size of the added glass cullet in the aggregate mixture affects the mechanical
properties of the asphalt mixture. Increasing the amount of glass cullet reduces permanent
deformation of asphalt samples. For upper layer, behavior of glassphalt may be satisfactory
for quantity of glass up to 15% [2]. Adding broken glass particles up to 15% to the aggregate
mixture improves the fatigue behavior of the asphalt mixture and increases the stiffness
modulus. But when the glass aggregate ratio exceeds 15%, reduction occurs [4, 5]. Skid
resistance, resilient modulus and moisture sensitivity of asphalt mixture containing crushed
glass aggregate were evaluated. The fine aggregates, up to 15% of the total aggregate content,
were replaced with glass particles in three different gradations. It was found that the crushed
glass particles improved skid resistance by up to 20% [6].

The size of the glass aggregate also affects the performance of the asphalt mixture. The
maximum size of the glass aggregate is generally recommended as 4.75 mm [4, 5, 7-10].
Some researchers suggest that 2.36 mm maximum glass aggregate size and 10% utilization
rate are more appropriate [11].

In a study on the dynamic characteristics of glassphalts, four percent of hydrated lime was
used as antistripping agent. Stiffness modulus of glassphalt mixtures increased with respect
to conventional asphalt-mix. In addition, 3—5% hydrated lime was used as an anti-stripping
agent and it was found that a glassphalt mixture containing hydrated lime has a greater
stiffness modulus than normal specimens [12]. In another study, the effect of hydrated lime
on the rutting, water damage and stability properties of the glassphalt mixtures was
investigated. Hydrated lime was added to both bitumen and aggregate mixture. Glassphalt
mixture with hydrated lime showed higher water damage and rutting resistance. Moreover,
the stability values of the samples increased [13].

In a study in the literature, among the materials used in the tests, heavy duty bitumen (AH-
70) and SBS modified asphalt, limestone aggregate and crushed recycled glasses were used.
The Marshall test was used to investigate the effect of the optimum asphalt content, volume
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properties and asphalt concrete strength when several different types of crushed glass were
added. The test data obtained from the Modified Lottman test, the freeze-thawing test and
the submerged wheel tracking test show that glass-asphalt concrete is more resistant to water
damage than normal asphalt concrete. Properties can be improved by using liquid anti-
stripping agents or hydrated lime additive. The high temperature stability and fatigue
performance of the glass-asphalt concrete were also tested and the results were satisfactory.
The research has shown that it is possible to recycle and use waste glass in asphalt concrete.
The satisfactory performance of the upper asphalt coating layers can be achieved with a
dosage of 10-15% by weight. Larger quantities can induce stripping problems and make the
upholstery susceptible to water damage. 25% or more of the glass contribution can only be
applied to the middle or lower layer [2].

In the literature, it is recommended that the maximum glass aggregate size should be chosen
as 4.75 mm and the use of larger glass particle sizes should be avoided. The results of water
immersed rutting tests show that the dynamic stability of samples with a maximum glass
particle size of 9.5 mm is lower than that of samples with a maximum size of 4.75 mm. Also,
there is not much more surface area in the 9.5 mm blend. For this reason, the maximum size
of 9.5 mm is not suitable for use in asphalt mixtures and the work adopts a maximum size of
4.75 mm [14].

The use of primary aggregate in a road asphalt mixture layer or aggregate asphalt mixture is
seen as a waste of a limited natural resource. Recycled glass can be considered as valuable
alternative aggregate resources for asphalt mixture production. The purpose of this work is
to evaluate the use of waste glass in asphalt mixtures as secondary aggregates according to
Marshall Specifications. The study is based on the combination of glass with six dimensions
(1/2, 3/8, No. 4, No. 8, No. 50 and No. 200) and two contents (50% and 100%) according to
the weight of each piece. Secondly, it is used as additive materials containing three times (1,
2 and 4%) total mixture weight of glass and two dimensions of glass (No. 50 and No. 200).
The engineering properties of the control and glass mixtures (stability, flow, volume density
and percentage of voids in the total mixture) were evaluated by the Marshall Test. The study
results show that Marshall Stability for glass fiber is higher than the control mixture when
glass gradation (No. 8 and No. 200) are used as secondary aggregates in the asphalt mix,
respectively [15].

Through effective marketing trials, the material is generally sold between U.S. $1.00 to $2.00
per ton for glass waste versus $5.00 to $7.00 per ton for conventional control aggregate. The
most successful and predominant use is in the manufacture of asphalt, commonly referred to
as “glassphalt”. Based on the customer, asphalt plants throughout the Northeast and other
areas of the USA routinely blend the natural aggregate with up to 10% processed glass for
making asphalt mixtures. The amount of glass is limited to 10% in order to avoid water
damage (i.e. the separation of the glass component from the binders). This application also
requires the proper sizing of the glass aggregate, but most importantly, the quantities of glass
aggregate required for asphalt producers to continually incorporate the material into their
product are often prohibitive [16].

Glass recycling rate in Turkey compared with Western European countries is still quite low.
Glass unlike all other materials can be converted endlessly and does not affect the recycling
process. The quality of the final product is not affected in a negative way. Glass waste,
especially glass packaging, is recycled and recycled into glass as raw material, contributing
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not only to the economy but also to the environment as it reduces energy use and greenhouse
gas emissions significantly. The volume of recycled glass reached 141 thousand tons in 2015
from 67 thousand tons per annum [17]. Glass packaging recycling rates of European countries
are quite high. 94.18% in Switzerland, 93.76% in Luxemburg, and 92.94% in Sweden, giving
the highest return-on-rates. The average of EU-27 countries reaches to 70.28% value and
unfortunately Turkey is one of the countries located at the bottom of the list with 25.81%
with low performance [18].

The aim of this research is to investigate the performance of glass admixtures of different
sizes in asphalt mixtures using basalt aggregates. Glass was used at different additive ratios.
The glass admixture in different proportions was used with different sizes, hydrated lime and
SBS polymer options. For selected multi-additive alternatives, the possibility of using
recycled glass as aggregate is examined. Combined performances were questioned,
especially in terms of water damage, under specified parameters.

2. MATERIALS AND METHOD
2.1. Materials

Aggregates were obtained by crushing rocks supplied from the basalt quarry in Trabzon (in
Turkey). The general physical properties of basalt aggregates were presented in Table 1.

Table 1 - Engineering properties of basalt aggregates

Properties Test Method Value
Specific gravity (coarse agg.) ASTM C 127

Bulk 2.684
Apparent 2744
Specific gravity (fine agg.) ASTM C 128

Bulk 2.656
Apparent 2.754
Specific gravity (filler) 2.821
Los Angeles abrasion (%) ASTM C-131 12
Flakiness (%) BS 812 (Part 105) 14
Stripping resistance (no additive) (%) ASTM D-1664  35-40
Water absorption (%) ASTM C-127 0.81
Soundness in NaSO4 (%) ASTM C-88 0.92
Plasticity index for sandy aggregate TS 1900 non- plastic

In the study, 50/70 penetration grade bitumen obtained from Tiipras Kirikkale refinery was
used. Some properties of used bitumen were given in Table 2.
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Table 2 - Properties of used base bitumen

Test Test Method Value
Specific gravity (25°C) ASTM D-70 1.025
Softening point (°C) TS EN 1427 50
Flash point (Cleveland) TS ENISO 2592 240
Penetration (25°C) TS EN 1426 63
Ductility (25°C) ASTM D-113 100+

Dense graded aggregate combination (Type-1) was used in accordance with the Turkish
Highways Technical Specification [19]. The maximum aggregate size was selected as 19
mm. Aggregate gradation was given in Figure 1.

100 ‘ A
—&— Specification upper limit

2 —#— Specification lower limit
X 80 —O=—Used aggregate gradation
270
860 | L
& 50
=
840
5
A 30

20 |-t A T

10 5

0 il | |
0,01 0,1 1 10 100

Sieve Size, mm

Figure 1 - Selected dense aggregate gradation chart

In the work, waste glass, which is the production residue of glass processing factories, is used
as aggregate substituted for basalt aggregates. The waste glasses are in colorless form and
consists of a mixture of tempered and construction glasses. The glasses were sieved from
standard ASTM sieves after crushed in a mini crusher in the laboratory. Two different sized
glass aggregate were used substituted for basalt aggregate. Glass aggregates, at sizes less than
0.075 mm (filler size) and between 2 mm and 0.425 mm, were used at 20%, 30% and 40%
instead of basalt aggregate. Main oxide analysis of glass aggregates was done and results are
shown in Table 3.
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Table 3 - Chemical analysis test results of waste glasses particles [20]

Components Formula Value (%)
Silicium dioxide SiO, 70.4
Aluminum oxide ALOs 0.11
Titanium dioxide TiO; 0.086
Ferrous oxide Fe O3 0.205
Magnesium oxide MgO 5.03
Calcium oxide CaO 7.01
Sodium oxide Na,O 12.95
Potassium oxide K>,O 0.51
Sulfur trioxide SO3 0.23

In addition to base bitumen, SBS (Kraton D1101) and hydrated lime (SKK 80-T) modified
bitumen were also used. Chemical properties of hydrated lime illustrated in Table 4. Hydrated
lime (HL) and SBS addition ratios in bitumen were selected as 2% and 5%, respectively.
Modified bitumen were prepared with high shear mixer. The modification was carried out at
a temperature of 160°C for 30 minutes at a stirring speed of 4500 rpm.

Table 4 - Chemical properties of used hydrated lime [20].

Chemical properties ~ Test standard Value

Total CaO (%) EN 459-2 84.66
Active Ca(OH); (%) TS 32 82.23
MgO (%) EN 459-2 4.05
Total CaO+MgO (%) TS 89.17
Ignition loss (%) EN 459 23.17
Acid-insoluble (%) TS 32 1.39
R>03 (%) TS 32 0.44
SO; (%) EN 459 1.51
CO2 (%) EN 459 3.77
Density (kg/m?) EN 459 473

2.2. Mixture Design and Sample Production

Dense graded asphalt concrete design was done with the Marshall Design method (ASTM D
1559). Optimum bitumen contents for conventional and modified bitumen were determined
separately. The optimum bitumen content was taken as the percentage of bitumen
corresponding to 4% air voids and designated as 5.30%, 5.63% and 5.42% for base bitumen,
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hydrate lime modified bitumen and SBS modified bitumen, respectively. According to
bitumen - glass aggregate ratio combinations optimum bitumen ratios were determined and
illustrated in Table 5.

Table 5 - Optimum bitumen contents of asphalt mixtures with glass aggregates

Basalt Glass filler substituted Glass aggregate (0.475-2.0

aggregate for basalt filler mm) substitute for basalt
100% 20% 30% 40%  20% 30% 40%
Control bitumen 5.30 521 515 514 524 5.19 5.17
HL modified bitumen  5.63 551 548 544 556 5.51 5.50
SBS modified bitumen 5.42 535 529 527 537 533 5.30

2.3. Method

The glass admixtures were added to the aggregate mix substituted for the basalt aggregate of
its size. Glass wastes were broken and used in place of fillers and basalt aggregates in the
range of 0.425 -2.0 mm. Dense graded asphalt concrete mixtures with base bitumen, hydrated
lime modified bitumen and SBS modified bitumen were produced and the resistance to water
damage was evaluated by AASHTO T283 method.

Samples used for the AASHTO T283 method are divided into two groups, unconditioned and
conditioned. The samples in conditioned group are saturated with water between 70% and
80% with a vacuum pycnometer. Samples that reach more saturation are deemed deformed
and are not used in subsequent tests. The samples are then tightly covered with a plastic film
and placed in a plastic bag containing 10+5 ml of water. Saturated samples are kept frozen at
-1843°C for minimum 16 hours. The samples, which have completed the freezing process,
are placed in a water bath at 60+1°C for 24+? hours without waiting. After water bath, plastic
bag and film are removed. Conditioned samples are placed in a water bath at 25+0.5°C for
2h+10 min. Samples removed from the water bath are tested by indirect tensile strength
method. Samples in unconditioned group are tested after the water bath at 25+0.5°C for
2h+10 min directly. During the test, the maximum compressive strength is recorded in the
test device. Using the recorded values and sample sizes, the tensile strengths are calculated
by Equation 1 [21].

S; = (2000 P)/(m-t-D) (1)
Where:

S: tensile strength, kPa

P: maximum load, N

t: specimen thickness, mm

D: specimen diameter, mm
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In order to quantify the loss of strength due to water and freeze-thaw, the averages of the
indirect tensile strengths of the samples in each group are taken and proportioned as shown
in Equation 2.

ITSR =S, /S, (2)

Where:

ITSR: indirect tensile strength ratio

Si: average tensile strength ratio of the unconditioned subset, kPa
S,: average tensile strength ratio of the conditioned subset, kPa

The ITSR value and the resistance of the mixture to water damage are directly proportional.
Usually 0.80 is considered the limit value. Asphalt mixtures with ITSR value lower than 0.80
are considered to be unresistant to water damage while higher ones are considered to be
resistant [22].

3. TEST RESULTS AND EVALUATIONS

Indirect tensile strength tests were performed on Marshall samples produced with base and
modified bitumen according to AASHTO T283 method. Indirect tensile strength (ITS) values
obtained from the tests and the calculated indirect tensile strength ratio (ITSR) values of
mixtures are illustrated in Figure 2 to Figure 5.

Particular attention was paid to the subject of identity in the production of all asphalt mixture
briquettes with and without glass additive. For this purpose, samples with a difference
between their practical densities greater than 20%. were not used and new samples were
produced. The briquettes produced with the same mixtures type gave consistent indirect
tensile strength values among themselves.

1700 100
. Uncond.
1500 —Cond. [ 95
—0—ITSR
~ 1300 A 90 ~
< X
Z 1100 -85 o
= %
= 900 - - 80 —
700 - - 75
500 - T T T T T T 70
Basalt  Basalt+ Basalt+ Basalt+ Basalt+ Basalt+ Basalt+
100%  20% glass 30% glass 40% glass 20% glass 30% glass 40% glass
as filler  asfiller asfiller as2mm as2mm  as2mm
aggregate aggregate aggregate
Aggregate combination

Figure 2 - Average ITS and ITSR values of control mixtures
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Basalt Basalt+ Basalt+ Basalt+ Basalt+ Basalt+ Basalt+
100%  20% glass 30% glass 40% glass 20% glass 30% glass 40% glass
as filler  asfiller asfiller as2mm as2mm  as2mm
aggregate aggregate aggregate
Aggregate combination

Figure 3 - Average ITS and ITSR values of SBS modified mixtures

Crushed glass particles were used as aggregate substituted for both filler and 2 mm fine
aggregate in asphalt mixture. In addition, hydrated lime (HL) and SBS additives were chosen
as additional performance enhancers. In the control mixtures (without HL and SBS), it is seen
from Figure 2 that there is a decrease in tensile strength values in all mixtures with glass
particles added 40%. However, with the reduction of glass aggregate ratio (except for 20%
glass filler) ITS values of unconditioned samples have increased. In SBS- and HL-modified
mixtures (Figure 3 and Figure 4), only 40% glass filler substitutes gave lower tensile strength
values than those without any glass aggregates. In all other options, higher indirect tensile
strengths were obtained. ITS values of the conditioned samples decreased significantly.

1700 100
s Uncond.
1500 4{ —3Cond. 95
—0—ITSR
< 1300 90 ~
& o
< 1100 - - 85 &
% %
= 900 A - 80 —
700 A - 75
500 - T T T T T T 70
Basalt Basalt+ Basalt+ Basalt+ Basalt+ Basalt+ Basalt+
100%  20% glass 30% glass 40% glass 20% glass 30% glass 40% glass
as filler  asfiller asfiller as2mm as2mm  as2mm
aggregate aggregate aggregate
Aggregate combination

Figure 4 - Average ITS and ITSR values of HL modified mixtures
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Figure 5 - Relationship between crushed glass size - ratio and water damage

As shown in Figure 5, indirect tensile strength ratios (ITSR) of both control mixtures and
mixtures including glass aggregates were increased by SBS and HL modification. When 20%
glass filler were used instead of basalt filler, higher water resistance was obtained compared
with the control mixture. When the ratio of glass filler in the aggregate increases, the
resistance to water damage decreases. When 2 mm-sized glass aggregates are added, the best
results are obtained with a participation rate of 30%.

Ongoing studies have demonstrated that optimum mixture performance can best be obtained
when 10% to 15% crushed glass is used as a fine aggregate substitute in asphalt mixes for
road pavements. The major concern is the lack of absorption of bitumen by glass and the
hydrophilic surface properties of glass that contribute to the water damage of glassphalt
pavements. There is a potential to substitute depleting natural aggregates with crushed glass
in asphalt mixes. This is based on the finding that asphalt mixtures with crushed glass could
outperform conventional dense-graded mixtures in terms of permanent deformation, and
they have a comparable fatigue resistance at low strains. The higher stiffness behavior
exhibited by the glass mix at 20°C and 40°C determines that this mix can provide better
resistance to permanent deformation than most conventional medium continuously-graded
asphalt mixes. It is important to state that these conclusions pertain only to the crushed glass
evaluated in this study and the specified design aggregate grading used, and cannot be
transferred to any other crushed glass from different sources. Yet, these conclusions are based
only on the properties of the mixes as determined in the laboratory [23].

The use of glass tends to reduce the VMA and air voids in Marshall Specimens; therefore,
optimum asphalt binder content will also be decreased. Neither resilient modulus nor indirect
tensile strengths are adversely affected by the addition of glass up to 15 percent. Although
both wet strength and retained tensile strength ratios were unaffected by the percentage of
glass, some separation at the asphalt glass interface was observed. A maximum of 15 percent
crushed recycled glass should be allowed (100 percent passing a 9.5 mm sieve and a
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maximum of 6 percent passing a 75 um sieve) in hot mix asphalt mixes. There is little
monetary incentive to use recycled glass at the present time because the cost of glass varies
considerably [24].

In this study, the effect of glass granule size on water damage (stripping) is evaluated in
asphalt pavements. The glass granules were used in two different sizes (filler and 2 mm sizes)
and three different contents (20%, 30%, 40%). The basalt aggregate was selected as coarse,
fine and filler material. Both conventional control mixtures and SBS polymer and hydrated
lime modified blends were tested with these alternatives. Indirect tensile strength test was
applied to both dry briquettes and conditioned briquettes with the specified water damage
conditioning system. In terms of water damage, the glass granule additive is in better
interaction with the SBS polymer than the hydrated lime. For control mixtures, SBS polymer
and hydrated lime likewise increase resistance to water damage. If glass granules are used as
filler material, 20% ratio is a suitable choice because control and modified mixtures show
higher resistance to water damage at this rate of use. In 20% glass filler granule, SBS and
hydrated lime options, the resistance to water damage is synergistically increased compared
with the control mixtures. The 2 mm glass granule size has negligible effects on all mixtures
on water damage. In terms of water damage, if glass granules are used as fillers, both
modified mixtures give higher water resistance. It is more reasonable to use filler size in
blends of glass granules. The indirect tensile test shows the load-spreading capacity of the
mixtures. When the conditional indirect tensile strength values are considered together with
the interpretation of water damage, 20% of glass granule is considered suitable as filler. In
this respect, it can be evaluated that waste glass can be used as a performance enhancer in
asphalt mixtures. The mixture is judged to provide a higher homogeneity. When the filler
material is lacking, this can be done with glass granules. Glass filler is also performs as anti-
stripping agents. In addition, glass filler can be successfully used in blends of polymer and
hydrated lime. Even if the aggregate is entirely selected as a basalt aggregate, the granular
glass is tested to be successful in terms of water damage. Although basalt aggregates are
generally prone to water damage (stripping), the glass granule has a performance enhancing
effect. It is also contemplated that the use of lime at the point of manufacturing process of
glass, this content has an anti-stripping additive effect at this point. In asphalt mixtures, the
waste glass can be used at the point of recycling in terms of environmental sustainable
approaches.

4. CONCLUSIONS

In this study asphalt mixtures using waste glass are examined in different gradations and SBS
polymer and hydrated lime admixtures have also been tried. It is possible to reach the
following results. In view of stripping, the glass granule additive is in better interaction with
the SBS polymer than the hydrated lime. If glass granules are used as filler material, 20%
ratio is a suitable choice. In 20% glass filler granule, SBS and hydrated lime options, the
resistance to stripping is synergistically increased compared with conventional mixes. The 2
mm glass granule size has negligible effect on all mixtures against water damage. It is more
reasonable to use filler size in blends of glass granules. Waste glass can be used as a
performance enhancer in asphalt mixtures. According to these results, glass filler could be
considered among anti-stripping agents in hot mix asphalt.
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Symbols

AH-70 : Heavy duty bitumen

CR
HL
ITS
ITSR
RAP
RCA
SBS

: Crumb rubber

: Hydrated lime

: Indirect tensile strength

: Indirect tensile strength ratio

: Reclaimed asphalt pavement

: Recycled construction aggregate

: Styrene-butadiene-styrene

VMA : Voids in the mineral aggregate
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ABSTRACT

A total of five steel frame specimens, one bare and four infilled, were designed with thin-
walled steel sheets and corrugated sandwich infill panels in order to increase their load and
energy dissipation capacity. For this experimental study, single-story, single-bay steel frames
of nominally-pinned beam-to-column connections were prepared with a scale ratio of 1:3. A
quasi-static cyclic loading pattern was applied to the control bare and infilled steel frames,
and their behavior was investigated both experimentally and analytically using SAP2000 and
ABAQUS finite element software. First, five identical bare steel frame specimens were
prepared and one of them was tested as a control specimen, and its rigidity and cyclic
behavior was determined experimentally. Then, two sandwich panel specimens were
prepared by connecting sandwich panels in the second and third bare steel frames using
appropriate connections. The fourth specimen had only a single steel plate infill. Finally, the
fifth specimen was prepared by removing the polyurethane material from inside the sandwich
panel and only steel plates were attached to both faces of the frame. This way, it was possible
to compare the effect of the polyurethane material inside the sandwich panel and the
corrugated steel plate on the overall system behavior. In all specimens, the infill plates were
fastened to the frame connection profiles using self-drilling screws and the responses of the
specimens were compared in terms of their maximum load capacity, initial stiffness, ductility
and energy dissipation capacity values under cyclic loading. The experimental and analytical
investigations showed that, similarly to steel plate infills, the specimens with sandwich panels
also behaved in a ductile manner with relatively lower load and energy dissipation capacities.
Results of the strip model and the finite element model analyses were then compared with
the experimental results and they were both found to be in good agreement.
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1. INTRODUCTION

Steel plate shear walls have been the subject of many analytical and experimental studies
over the past years [1-3], while many of these studies developed models with single infill
plates [4, 5]. In order to increase the energy dissipation capacity of steel frames subjected to
lateral loads, steel plate shear walls were constructed by attaching infill panels with different
geometric and material properties inside the steel frame, directly or through the use of fish
plates [6]. The first studies involved design of plates that were thick enough to withstand
shear strength [7]. Later, studies were conducted with out-of-plane buckling of plates under
lateral loadings in the form of tension strips to transfer the shear loads. Thus, thinner plates
started to be used and they were allowed to buckle. A theoretical strip model was developed,
defining the formation of tensile fields as plates buckle prior to yielding, while continuing to
transfer lateral loads [8, 9]. Many studies have been conducted in the placement of thin vs.
thick infill plates inside steel plate shear walls [10,11], the addition of stiffeners to the steel
plate [12], the use of different types of frame connections [13,14], the differences in material
characteristics and yield strengths [15], the introduction of perforations of different forms to
certain areas on the plate so that it could absorb more energy [16], the use of corrugated steel
infill plates [17], adding steel plate shear walls inside reinforced concrete and composite
frames [18, 19], comparing behavior of braced frames and steel plate shear walls [20], and
turning steel plates into composite panels with the addition of reinforced concrete partitions
[21]. In addition, numerical and experimental studies have been conducted to rigid, semi-
rigid and pinned beam-to-column connection designs [22, 23]. There have also been studies
in which the infill plates were connected to the frame elements via beams and columns, or
via beams only [24]. These studies demonstrated that different steel plate shear walls
increased ductile behavior, energy dissipation capacity, maximum load capacity and the
initial stiffness of steel plate shear walls. Berman and Bruneau [25] reported that the addition
of steel plates to frames increased the energy dissipation capacity and ductility, and also
provided additional shear strength.

2. OBJECTIVE AND RESEARCH RATIONALE

The present study aims to transform partition walls into steel plate shear walls without the
need for an additional lateral load-resisting system. The objective is to propose an appropriate
design to connect sandwich panel partition walls mounted in existing steel frames, thus
providing a supplementary lateral load resisting system and strength to existing buildings.
Single-story, single-bay specimens with dimensions having approximately a ratio of 1:3,
when compared to a typical full-scale building frame, were prepared for the present study by
connecting various types of infill panels to the frame’s beams and columns, representing an
intermediate floor of a multi-story building. In addition to the bare frame, three types of infill
panels were designed with two sandwich panel specimens and one specimen with single plate
of matching thickness, while the other one had steel plates on both sides of the sandwich
panel without the polyurethane material. The behaviors of these specimens under cyclic
loading were examined experimentally and analytically, and the results were compared in
terms of initial stiffness, ductility and maximum load and energy dissipation capacity.
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3. DESIGN OF SPECIMENS AND TEST SETUP

A single-story, single-bay, steel frame with a nominally-pinned beam-to-column connection,
was used as a control bare frame (BF) specimen. The SP1 and SP2 specimens were prepared
using sandwich panels as infill plates in the frame. The CLA specimen was prepared by
removing the polyurethane material inside the sandwich panel. Finally, the TL specimen was
prepared using a single steel plate with matching CLA’s plate thickness. The steel frames of
the control specimen BF and other specimens had the same characteristics such as
dimensions, connection types, cross-sections and materials with the exception of the plates
or panels placed inside the frame. Their physical and technical characteristics are presented
in Table 1, where “” represents the plate thickness. To investigate the effect of infill plates,
cross-sections were selected so that the plasticization of frame elements before reaching yield
values would be prevented. HEA 260 cross-sections were used for the frame columns and
HEA 240 cross-sections for the beams. Specimens SP1, SP2, CLA and TL had similar frontal
views, as shown in Figure 1, but had different cross-sections, as shown in Figure 2.

Table 1 - Specimen Properties

Specimen . Panel/Plate
No. Specimen Name Thickness Infill Property
1 Bare Frame (BF) - -
) 0.5mm Steel Plate+
2 and 5 Sandwich Panel =100mmy/ 99 mm Polyurethane+
SP1/SP2 . +0.
( ) 0-5mm-+0.5mm 0.5mm Steel Plate
. 0.5mm Steel Plate +
S NI roswmaswn  9nm G-
0.5mm Steel Plate
4 Single Steel Plate (TL)  ~1.0mm 1.0mm Steel Plate

In order to minimize the contribution of the infill plates to the frame as much as possible, a
nominally-pinned beam-to-column connection was designed. Since all frame specimens are
identical, their rigidity would have equal contribution to all infilled specimens, Thus, the
augmented capacities of infilled frames could easily be compared with each other, including
the control bare frame specimen. Figure 3 provides details of the beam-to-column
connections, where the beams are connected to the columns with six M16 bolts, via double
angles from the beam web only. The maximum moment capacity of the joint region and the
corresponding maximum shear stress acting on each bolt were calculated, and accordingly,
six 10.9 class bolts were selected to join beam web to double angles. Especially, this type of
connection having a relatively low moment capacity was selected to connect beam and
column elements with these bolts in order to make sure that the beam-to-column connection
acts as a nominally-pinned joint.
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Figure 3 - Beam-to-column connection detail of frame (all dimensions are in mm)

The plates, on the other hand, were connected to the frame via a structural angle section
attached to the frame, using self-drilling screws. In the literature, plates were usually
connected via a fish plate welded to the frame, whereas in the present study, the connections
were prepared with M16 bolts at 180mm center-to-center spacing along the short edge of the
L120x75x12 structural steel angle. The connections were located along two lines for the two-
face specimens of SP1, SP2 and CLA, and along a single line in the TL specimen, as shown
in Figure 4. This connection type would allow easy replacement of plates when there is a
need for change of any infill panel at extreme deformations via only the connection bolts. As
welded connections may result in local heat-related deformations in thin plates, and because
they do not require the preparation of holes prior to connection, the use of self-drilling screws
was preferred. This fact was also mentioned by Vatansever and Yardimci [24] as an
alternative method of connection. Also, an analytical model for screw connections is
developed by Vatansever and Berman [26] as well. The aforementioned study reports that
plate-to-frame connections made with self-drilling screws provided sufficient performance
[23]. For that reason, 6-mm-diameter self-drilling screws having 310 MPa of yield capacity
were preferred in this study. A total of 300 of these screws were used at two rows staggered
with 40 mm centers in order to achieve a uniform load distribution, as shown in Figure 4.
The infill plate connection design was carried out according to maximum expected tensile
force acting on the strip model. Self-drilling screw diameter and its tensile capacity were
calculated prior to the experiment.

Clevises were used to connect the test specimens to the plates, which in turn were fastened
to the reinforced concrete foundation with anchors. The reinforced concrete foundation was
fixed to the laboratory’s strong floor with twelve 50-mm-diameter anchor bolts. The
laboratory had a reaction wall with a capacity of 2000kN and an actuator with a capacity of
1000kN. The attachment holes in the reaction wall at 300mm centers played a key role in
determining the size of the specimens. Figure 5 shows the experimental setup, while Figure
6 shows the steel plate shear wall specimens with sandwich panel and single steel plate.
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To prevent out-of-plane deformations during testing, four lateral bracings with steel rollers
at the ends of the front and rear faces were used, aligned with the central axis of the upper
beam. Friction was minimized by cleaning the rough surface of the beam, applying grease
and attaching rollers to provide free movement along the direction of loading.
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Figure 5 - Test Setup (all dimensions are in mm)
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Figure 6 - Sandwich panel shear wall (SP1) and steel plate shear wall (TL) specimens

4. MATERIAL TEST RESULTS

Tension tests were conducted on coupons taken from the infill plates of the specimens. Their
results are shown in Tables 2 and 3. The cross-section of the sandwich panel used as the infill
plate is shown in Figure 7. A steel grade of S275 was used for the frame profiles; S235 grade
steel was used for connection plates, infill plates and sandwich panel’s steel plates; and grade
10.9 was used for the frame connection bolts. The material characteristics obtained during
the coupon test were used in the preparation of the computer models.

Table 2 - Sandwich panel steel plate coupon test results

Specimen No. 1 2 3 Mean Standard Deviation
Thickness (mm) 0.50 0.50 0.50

Width (mm) 2500 2500 2500 -

Yield Stress (MPa) 369 334 290 331.0 39.3
Ultimate Stress (MPa) 416 373 416 401.6 24.9

Table 3 - Single steel plate coupon test results

Specimen No. 4 5 6 Mean Standard Deviation
Thickness (mm) 1.00 1.00 1.00

Width (mm) 25.00 25.00 25.00

Yield Stress (MPa) 349 302 349 333.5 27.2
Ultimate Stress (MPa) 392 430 408 410.1 18.7
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Figure 7 - Sandwich Panel Section

5. ANALYTICAL MODELING

Finite element models of the specimens were prepared using the ABAQUS standard software
package [27], and the strip model was prepared using SAP2000 structural analysis software
[28]. As the strip model turns into diagonal strips and transfers the load when a lateral load
is applied along the plane of each plate, these strips were defined as pin-ended members that
could only bear axial tension loads. The angles of inclination of the plates were calculated
using the method given in Equation 1, with the plates being defined and analyzed as strip
members with an inclination of 46° [8]. The cross-section of each tension strip was defined
to be equal to the plate thickness multiplied by the width of the tension field. The computer
models were prepared to identify the material qualities and cross-sections of the specimens
prior to the experiments, and the obtained experimental results were used to confirm the
computer models.

1+ tpL
2A,
tan*a = I < 03 (D
1+ tyh( + mzprT
ph(Z; + 35011
a : Strip inclination angle
ty : Plate thickness
L : Specimen width
A : Column section area
h : Specimen height
Ap : Beam section area
1. : Column inertia moment

The beam-to-column connection of the bare frame was defined in the strip model and also in
the finite element model, where the model parameters were calibrated based on test results.
In ABAQUS modeling, structural angles in beam-to-column connections were also modeled
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using shell elements and the bolts were defined as fastener elements. At their joining grid, 3
displacement degrees of freedom were defined. In the SAP2000 model, beam-to-column
connection regions were modelled according to selected connection type where rotation
capacities were calculated from moment capacities and they were defined at the beam end
regions. Finally, for the nominally-pinned connection region of the angles, where beams and
column elements are connected, their yielding moment capacity was calculated. This value
was observed to be around 2.5% of the plastic moment capacity of the beam. The steel plate
and sandwich panel shear wall specimens were modeled with the addition of the infill plates.
Although the presence of the polyurethane material was not taken into account in the
modeling process, the difference in terms of initial stiffness between model and test results
clearly showed the contribution of polyurethane material. A total of 11 parallel tension strips
were defined in the strip model, with tensile fields measuring 200mm wide, as shown in
Figure 8. The graphs obtained following the analysis of the strip model for the steel plate
shear wall and the analysis of the bare frame are given in Figure 9. With regards to the frame
elements in the finite element model, an S4R shell element was used to define the thin and
thick plates, and an S8R5 shell element was used to define thin plates only. The SP1, SP2
and CLA specimens were defined as two-faced 0.5mm steel plates, with 100mm of gap in
between. The coupon test material parameters were used in modeling. The first buckling
mode obtained via analysis of the finite element model, which is given in Figure 10, and the
buckling mode of the same specimen with +14, displacement during the experiment is given
in Figure 11.
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i d
BEAM
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Figure 8 - Strip model of Specimens (all dimensions are in mm)

After the third cycle, the load was observed to decrease with the crushing of the holes within
the web region of the beam in the beam-to-column connections. At the stage where yielding
of the connections have started after 0.68% drift, the loads continued to increase steadily due
to contact of the lower and upper flanges of the beams to the adjoining columns. The model,
on the other hand, also predicted a rapid increase in loading as the gap in between is defined
on the basis of the size of the experimental specimen.
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Figure 9 - Steel plate shear wall’s strip model and bare frame load displacement curves

Figure 10 - Finite element model infill plate 1st mode shape

Figure 11 - Specimen TL infill plate at 15, displacement mode shape
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The load displacement curves for the bare frame, obtained from experimental loading and
FEM analysis are shown in Figure 12. Bare frame models were calibrated using experimental
results, and the modeling of the sandwich panel and steel plate shear wall specimens were
completed. In ABAQUS, the structural system, including all connections, were modeled
using shell elements. Since bolt holes were not defined in the overall model, the section at
these regions were reduced to simulate the real sectional dimensions. In the SAP2000 model,
the lateral load levels on the bare frame were checked against the experimental results and it
was made sure that the surrounding frame system was modelled correctly. Then, according
to rotation values obtained at the joint regions, the strip model was prepared. The load-
displacement curves obtained FEM analysis are given in Figure 13. The behavior of the
specimen that represented the plates on either side of the sandwich panel was very similar to
the behavior of the steel plate shear wall specimen.

45 ;
40 - —B—test /’P
35 ~—4—FEM bare frame

30
25

15 =/
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Applied Load [Kn]

Figure 12 - Bare frame (BF) experimental and finite element analysis load displacement

curves
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Figure 13 - Steel plate (TL) and sandwich panel shear wall (SP1/SP2) finite element model
analysis load displacement curves
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6. EXPERIMENTAL RESULTS

The experimental results are presented herein with a discussion of the observations made
during the experiments and the obtained data. Quasi-static cyclic loading was applied as per
the ATC-24 [29] specifications via 1000kN actuator with a stroke capacity of 150mm push
and pull directions. Displacement transducers were placed on the axis of the frame’s upper
beam, and at the points shown in Figure 14, so that displacements could be measured from
desired points for all specimens.

Strain-gauges were mounted at critical sections so that yielding of plates could be monitored.
For each plate, 10 strain gauges of 3% elongation capacity were used as shown in Figure 14.
Unlike the plates, beams and columns elements were observed to be within the elastic range,
as expected. At maximum load levels, strain values ranged between 0.0040 and 0.0080,
where yielding started around at a strain level of 0.0015.
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Figurel4 - Displacement transducers and strain-gauges arrangement

The displacement transducers placed on beam axes made it possible to determine the storey
drifts. A displacement-controlled load was applied prior to and after yielding of the test
specimen. The displacement value that corresponding to Q,, the yielding load of the system,
was denoted as d,. The cyclic loading steps were increased in multiples of d,. 1/3 of the J,
was applied in the first step, 2/3 of the d, was applied in the second step, one J, was applied
in the third step, and after that, load increased in multiples of d,. A total of three cyclic
loadings were applied per displacement step, and one cyclic loading for the bare frame.
According to the loading protocol, corresponding yield displacements and drifts were
obtained and tabulated in Table 4. The load increments, which were described above, were
applied to the specimens using a cyclic loading protocol, as shown in Figure 15.
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Table 4 - Cyclic displacement histories of specimens

Number Cumulative Relative Disp.  Relative

Displacement Top Disp.  Drift

of Num. of Ratio to d, Disp.

Steps Cycles  Cycles (A5) [mm] [mm] (%)

Specimen BF - - - - - -
1 1 1 0.34 1.71 1.95 0.13
2 1 2 0.67 3.29 4.03 0.24
3 1 3 1 4.81 6.02 0.35
4 1 4 2 9.29 12.03 0.68
5 1 5 3 13.74 18.00 1.01
6 1 6 4 17.68 23.46 1.30
7 1 7 5 21.71 28.97 1.60
8 1 8 6 26.13 34.91 1.92
9 1 9 7 30.45 40.84 2.24

Specimen SP1 - - - - - -
1 3 3 0.34 1.52 2.17 0.11
2 3 6 0.67 2.66 3.80 0.20
3 3 9 1 4.35 6.22 0.32
4 3 12 2 8.50 12.14 0.62
5 3 15 3 12.61 18.01 0.93
6 3 18 4 16.53 23.62 1.22
7 3 21 5 21.36 30.51 1.57
8 3 24 6 24.83 35.47 1.83
9 3 27 7 28.77 41.10 2.12
10 3 30 8 32.25 46.08 2.37
11 3 33 9 36.88 52.69 2.71
12 2 35 10 42.11 60.16 3.10

Specimen TL - - - - - -
1 3 3 0.34 1.45 1.99 0.11
2 3 6 0.67 2.94 4.03 0.22
3 3 9 1 441 6.04 0.32
4 3 12 2 8.78 12.03 0.65
5 3 15 3 13.19 18.07 0.97
6 3 18 4 17.58 24.08 1.29
7 3 21 5 21.99 30.13 1.62
8 3 24 6 26.28 36.00 1.93
9 3 27 7 30.90 42.33 2.27
10 3 30 8 35.15 48.15 2.58
11 3 33 9 39.36 53.92 2.89
12 3 36 10 43.58 59.70 3.20
13 3 39 11 48.07 65.84 3.53
14 3 42 12 53.68 73.54 3.95
15 3 45 13 56.95 78.01 4.19

Note: Cyclic displacement histories of specimens SP2 and CLA are similar to specimen
SP1
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Figure 15 - Cyclic loading in accordance with the ATC 24 (1992) Protocol

6.1. BF Bare Frame Specimen

The cyclic hysteresis curves for the BF bare frame specimen are given in Figure 16, compared
with the calibrated curve of the FEM. The frame showed elastic behavior during the first
cycle, and plastic behavior started from the second cycle onward, which had a drift of 0.24%.
The initial stiffness of the frame was found to be 2.501 kN/mm. When the drift was increased
to £16, (0.35% drift), the cyclical curve covered a wider area than the previous cycles. At
0.68% drift, the beam web in the beam-to-column connections started to deform at bolt holes,
giving rise to the yield marks shown in Figure 17.
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Figure 16 - Hysteresis loops and finite element analysis curve of Specimen BF
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From -2, and +3J, displacements onward, the beam flanges in the beam-to-column
connection started to transfer the moment while in contact with the column, as shown in
Figure 18, resulting gradual and significant increase in the force. Figure 19 shows the
envelope curves for the first four displacement cycles in the push direction and the first five
displacement cycles in the pull direction. With regards to the situation in which the beam
flanges did not come into contact with the column, the yield load of the bare frame was
measured to be between 10kN to 15kN. After 75, and 2.24% drift level, the connection
became fully plastic, but the load continued to increase because of contact. The experiment
was ended after identifying the yield load of the connection as 10kN to 15kN. The difference
between push and pull load levels at similar displacements are due possible settling of bolts
within their tolerance area, and also, small movements along transverse axis despite the
rigidly-mounted out-of-plane frame to prevent such movements. No deformation was
observed in the specimen other than yielding of the connections.

Figure 17 - Crushing of the connection Figure 18 - Beam flange in the connection

on the web of the beam coming into contact with the column
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Figure 19 - Load displacement curves showing the effect of the nominally-pinned beam-
to-column connection of the bare frame (BF) specimen
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6.2. SP1 and SP2 Sandwich Panel Shear Wall Specimens

Specimens SP1 and SP2 had similar characteristics and showed similar behavior. Thus, only
the SP1 specimen is discussed in this subsection. The cyclic hysteresis curve of specimen
SP1 is given in Figure 20. The specimen displayed an elastic behavior during the first nine
cycles, at which point the light corrugated plates of the sandwich panel started flattening and
buckling. When the specimen was loaded to +24, (0.62% drift), the post-elastic behavior was
clearly visible on the graph. This drift could be referred to as the yield drift, and a base shear
of 152.35kN was measured at this drift level. An approximately Smm-wide buckling formed
on both sides of the plate, in the form of a tension strip. At this point, the steel plates on the
front and rear faces of the sandwich panel separated from the polyurethane infill, and became
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Figure 20 - Hysteresis loops of Specimen SP1

Figure 21 - Overview of the SP1specimen  Figure 22 - SP1 Specimen, Plate was torn
at +40, displacement step and completely separated from panel at
99,
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two separate steel plates. Buckling was observed during +49, (1.22% drift) as shown in
Figure 21, where screw holes of the infill-plate to the fish-plate connection were crushed.
During the second cycles of loading, the load was observed to decrease by 5%—15%. For the
next four displacement steps, the load values were close to each other, but the buckling wave
size increased significantly. During the first cycle at +76, (2.12% drift), a base shear of
249.75kN was measured, representing the highest maximum load value in this experiment.
Out-of-plane buckling in the form of a plastic elongation of the plates, exceeded S0mm. At
+99, (2.71% drift), the lateral load decreased to 156.30kN, corresponding to 63% of the
maximum load. As the connections of the plates were torn apart from their connections and
were no longer usable (Figure 22-23), and no more load increment was observed at this point.
Thus, the experiment was ended. The experimental specimen displayed a very ductile
behavior during all cyclic loading cycles.

(b)

Figure 23 - SP1 Specimen 99,; Plate crushed and torn around the screws at the plate-to-
frame connection, (a) front, (b) rear

6.3. Specimen CLA with Two Separate Plates

The cyclic behavior of the specimen is given in Figure 24. As the plates were thin and the
polyurethane material was removed, the plate was unable to remain flat prior to loading. As
a result, from the first cycles onward, tension fields formed in consequent displacements and
the load values were obtained much less than prior test specimens (SP1 and SP2). A lateral
load value of 104.61kN was obtained at +24, (0.57% drift), and buckling fields formed on
both sides of the plate. Compared to specimen SP1, the polyurethane material in the sandwich
panel was observed to create a compression zone within the frame and increased the shear
stiffness of the frame, in the first cycles up to +49,. From this point onward, the CLA
specimen behaved in a similar manner to the sandwich panel specimen as the polyurethane
material in the SP1 specimen was completely crushed. The overview of the specimen at -7,
(2.07% drift) is given in Figure 25, showing 20 to 30mm tearing with a close to 45° angle,
perpendicular from the screw holes on the lower side of the plate-to-frame connection to the
tension field (Figure 26). A maximum lateral load of 263.04kN was obtained during the first
cycle at +84, (2.37% drift). At +96, (2.66%), the load remained stable in the push direction,
but decreased by 11% in the pull direction, which was compatible with the larger size of the
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tearing on the left-hand side of the specimen compared to those on the right-hand side. On
the front side, a 60mm-long tearing formed at the plate connections. The out-of-plane
buckling wave lengths of the plates exceeded 60mm. In the third cycle of the -100, (2.96%
drift), the load decreased to 139.38kN, representing 62% of the previous value, and large
deformations were observed on the plates and in plate-to-frame connections, at which point
the experiment was ended. Two or three tension fields were formed in the first cycles, but
during later cycles, seven more noticeable tension fields were formed. In the last
displacement step, the infill plate on the rear was completely torn from the net cross-section

area (Figure 27).
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Figure 24 - Hysteresis loops of Specimen CLA

Figure 25 - Overview of the specimen at the -70,(42.00 mm) displacement step.
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Figure 26 - 76,, front side plate-to-frame  Figure 27 - 100,, rear side plate-to-frame
connections on the left, torn from the connections, lower edge, torn from the
screw edges screw edges

6.4. Specimen TL with a Single Plate

The cyclic behavior of this specimen is given in Figure 28. Since the infill plate was thick,
the initial out-of-plane deformation became smaller and the specimen was observed to be
more stable under the applied loading. Thus, almost similar load levels were recorded in the
push and pull directions. Linear elastic behavior was observed up to +24, (0.65% drift) and
buckling marks with a height of Smm were formed. At +59, (1.62% drift), a base shear of
253.19kN was obtained. This value was closer to the maximum load values of the other
specimens, and was obtained at a lower displacement value and with an insignificant non-
linear deformation.
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Figure 28 - Hysteresis loops of Specimen TL
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During the second cycles of loading, a decrease of 1% to 3% was observed at all steps,
followed by a decline close to 5% during the third cycle. This showed that there was less
plastic deformation as the plate became thicker. At +119, (3.53% drift), tearing that formed
during the previous displacement level became much larger, forming a 40mm-long tearing
with an angle of almost 45°, while the load continued to increase (Figure 29). At +126,
(3.95% drift), base shears of 347.41kN in the push direction, and 367.52kN in the pull
direction were recorded, representing the maximum load for this specimen. No tearing were
formed in the net area of the plate connection screws, and with the repeated buckling of the
plate, the tearing to the corners of the plates with an angle of about 45° reached a length of
150mm (Figure 30). The overview of the specimen in this displacement step, for the pull
direction, is given in Figure 31.

Figure 29 - 40 mm tear on the lower left Figure - 30 Tears formed to the lower right
corner of the rear side of Specimen TL, in  corner of Specimen TL, on plate-to-frame
displacement step +110,(65.84 mm) connections, in the +130,(78.01 mm)

Figure 31 - Overview of the front side of the specimen TL at the -120,(73.54 mm)
displacement step.

10432



Said DUSAK, Cem YALCIN, Ahmet Necati YELGIN

During the first half cycle of the 43" cycle, +136, (4.19% drift), the load value for a half
cycle decreased to 302.90kN. The setup to prevent out-of-plane movement of the specimen
rubbed against the beam web, preventing loading, and there was a decrease in the pull
direction to 68% of the maximum load capacity due to the tearing that formed on the corners.
Thus, the experiment was ended at this stage, given the potential danger.

7. COMPARISON OF RESULTS AND DISCUSSION

The load and displacement relationships obtained from the experiments, as well as the
maximum load capacity, stiffness and the amount of dissipated energy calculated on the basis
of experimental results, were compared to evaluate the relative strengths and weaknesses of
the specimens. Comparative load and displacement curves obtained from the experiments are
given in Figure 32. Table 5 lists the load values recorded at various drift levels for all
specimens. Table 6 presents the ratios of the maximum load values for all specimens to the
maximum load values obtained for the bare frame. In addition, the bare frame lost its
maximum load capacity from very early values onward and started to act like a pin
connection. Table 7 was created to allow a comparison with Specimen SP2, which had the
lowest maximum load capacity. This shows that the maximum load capacity of the single-
plate specimen TL is about 45% higher than the other specimens of thin plates with two sides,
whereas sandwich panels, with appropriate connections, resulted a very high lateral load
resisting capacity compared to the bare frame, and it can therefore be used as an efficient
lateral load resisting system.

Table 5 - Load Values Classified by Drift (kN)

Drift [%] BF SP1 CLA TL SP2
0.25 4.51 116.04 60.37 67.02 107.78
0.50 4.99 142.72 95.41 118.89 131.58
0.75 5.59 164.57 132.00 153.09 161.68
1.00 6.05 189.84 168.98 185.64 192.12
1.25 7.23 215.98 204.28 215.66 216.61
1.50 8.53 234.57 233.55 241.48 236.95
1.75 9.99 238.08 245.24 263.10 239.59
2.00 11.79 244.82 252.69 279.06 240.02
2.25 14.26 245.74 259.72 287.75 -
2.50 - - 262.68 300.27 -
3.00 - - - 315.65 -
3.50 - - - 337.21 -
4.00 - - - 344.67 -
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The initial stiffness values of the test specimens were calculated from the pre-yield points of
the cyclic graph envelope curves recorded during loading. To examine the effect of adding
an infill plate, and the use of different types of infill plates, Table 8 shows the mean stiffness
values for the push and pull directions, and compares their ratios to the stiffness value of the
bare frame specimen.

Table 6 - Maximum load capacities of specimens in the push direction, and their ratios to
the bare frame

Test No. Specimen Mark Maximum Load [KN] Ratio Definition Ratio

1 BF 8.89 BF/BF 1.0
2 SP1 249.75 SP1/BF 28.1
3 CLA 263.04 CLA/BF 29.6
4 TL 347.42 TL/BF 39.1
5 SP2 240.22 SP2/BF 27.0

Table 7 - Comparison of the Maximum Load Capacities of the Steel Plate Shear Walls

Test No. Specimen Mark Maximum Load [KN] Ratio Definition = Ratio

2 SP1 249.75 SP1/SP2 1.04
3 CLA 263.04 CLA/SP2 1.10
4 TL 347.42 TL/SP2 1.45
5 SP2 240.22 SP2/SP2 1.00

Table 8 - Comparing Stiffness Values of the Experimental Specimens

Test No. Specimen Mark Initial Stiffness|KN/mm] Ratio Definition Ratio

1 BF 2.32 BF/BF 1.00
2 SP1 48.76 SP1/BF 21.02
3 CLA 2791 CLA/BF 12.03
4 TL 32.59 TL/BF 14.05
5 SP2 52.40 SP2/BF 22.59

Specimens SP1 and SP2 had significantly higher initial stiffness values than the other
specimens. As the steel plates on both sides of the 100mm-thick sandwich panel turned into
tension strips and the polyurethane material between 0.5mm thin steel plates was compressed
and started to act as a compression zone, an increase in stiffness was observed in the first
cycles. The sandwich panel specimens were observed to have average stiffness values that
were 65% higher than those of other steel plate shear wall specimens. The infill plate
contributed to stiffness in all specimens, while the use of sandwich panels provides additional
initial stiffness, resulting in behavior similar to the composite plate shear walls during early
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cycles. The steel plate shear wall and sandwich panel shear wall specimens had initial
stiffness values that are 12 to 22 times, respectively, that of the initial stiffness of the bare
frame with nominally-pinned beam-to-column connections. Even though two-sided
specimens had the same total plate thickness, crushing and tearing of cross-sections were
observed around the infill plate-to-fish plate connection holes of the thin plates with smaller
displacements. Until the end of the experiment, no net cross-section area tearing was formed
around the screw holes of the single-plate specimen TL, which had a thickness of 1.0mm,
matching the total thickness of the plates on both sides of the sandwich panel. The yielding
of the plates took the form of tearing to the plate corners as a result of repeated loading. This
difference between the two-sided specimen and the single-plate specimen, with matching
total plate thicknesses, could be attributed to the lack of uniform distribution of the load in
practice, even though in theory the load should have been distributed equally.

400 —&—BF Bare Frame

350 . —@=SP1 Sandwich Panel
—8— CLA Two Faced Discrete Steel Plate
—4&—TL Single Plate

300

N
(%)
o

200

150

Applied load[Kn]

100

50
e

.
00— 0—0—0—0—0—4—"
0 10 20 30 40 50 60

Relative top displacement[mm]
Figure 32 - Comparing the experimental load-displacement curves of specimens

Energy dissipation amounts were used to compare and evaluate the test results. Dissipated
energy was calculated as the area encompassed by the load displacement curve for every
cycle. At 2.5% drift, Specimen SP1 dissipated an energy 15 times more than that of the bare
frame, while Specimen CLA dissipated 18 times more energy and Specimen TL dissipated
19 times more energy. Based on drift ratios of each specimen, the cumulative energy amounts
summed up over the first cycles are given in Figure 33. This shows that the sandwich panel
used as an infill wall inside the frame dissipated a very high amount of energy, approximating
the behavior of the steel plate shear wall specimen, and by simply making an appropriate
connection, this method could turn the frame, with little additional cost, into a worthy lateral
load resisting system. The sandwich panel shear wall that was designed by attaching the steel
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plates on both sides of the sandwich panel to the frame using screws was observed to display
ductile behavior under cyclic loading, similar to the steel plate shear wall with a single plate.
When the plate yields, it can be removed from the connecting structural elements and new
infill plates can be installed easily, as shown in Figure 34. At the end of the test, round bolt
holes took the shape of elliptical indicating ductile behavior. No excessive visible damage
such as shearing or bending of bolts were observed. It is noteworthy to say that in case there
is a need for replacement of panels, the angles should be removed and replaced with the new
ones. The orientation angle of the tension field was observed to be 49° in the sandwich panel
specimens and 47° in the single-plate specimen, and was calculated to be 46° using Equation 1.
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Figure 33 — Comparison of the cumulative energy amounts dissipated

Figure 34 - When the plate yields, removing infill plates from the connecting structural
elements can be easily performed
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8. CONCLUSIONS

This study aimed to increase the strength, stiffness and energy dissipation capacity of a bare
frames by attaching sandwich panels used as partition walls with an appropriate connection
design, and thus making them behave similar to steel plate shear walls. To this end, a bare
frame specimen, two sandwich panel specimens, a specimen with the polyurethane material
removed from sandwich panel, and a single-plate specimen of matching thickness were
prepared. Quasi-static loads were applied following ATC 24 [29] guidelines.

To be able to observe the effect of the infill plate clearly, a nominally-pinned beam-to-column
connection was preferred, in which the beam web is attached to the column with two angle
brackets, which are used frequently in design of steel constructions. A nominally-pinned
connection was preferred in order to focus on the behavior of the infill plates only.

The polyurethane material inside the steel plates in the form of sandwich panel behaved like
a compression zone, resulting in a significant increase in stiffness in the first cycles, when
compared to the other specimens. Also compared to the other specimens, the polyurethane
material absorbs the buckling sound of the steel plates during the first cycles.

In order to achieve a ductile behavior, the aim was to make the plate yield, rather than tearing
it at the connection region to the frame. The reason why single plate (1.00mm) specimen’s
load and energy dissipation capacities were higher, compared to the two-faced (0.5mm +
0.5mm) plate specimen, was its thickness. While the SP1, SP2 and CLA specimens yielded
or formed a mechanism due to tearing of plate around the screw connection region, the TL
specimen dissipated energy under cyclic loading until the yielding load was attained.

The experimental results showed that a sandwich panel used as a partition wall inside a frame
is able to dissipate a very high amount of energy, approximating the behavior of a steel plate
shear wall specimen, contributing significantly to lateral load resistance and stiffness values,
as long as it is attached to the frame with an appropriate connection design on both sides.
This method can turn partition walls into a sound lateral load resisting system, with little
additional cost. In addition, the light corrugated plate structure of the sandwich panels
increases ductility.

The angles attaching the plate to the frame with bolts can be removed after significant damage
after an earthquake. It is possible to conduct analyses using a strip model, as similar tension
field formations were observed in both the steel plate and the sandwich panel shear wall
specimens; however, further study is needed on the methods of analysis that would take the
contribution of the polyurethane material into account.

Finally, specimens SP1 and SP2 were observed to be less effective than specimen TL,
especially in terms of their dissipated energies.
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