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Preface

Since its establishment in 1997, American Concrete Institute — Kuwait Chapter (ACI-
KC) took on the responsibility to improve local concrete practices and spread awareness of
the best techniques suitable to the local environment and quality of workforce. It promoted
and encouraged technical forums that serve as a platform to exchange experiences and find
sound engineering solutions to specific regional problems. ACI-KC maintained its duty to
spread knowledge to improve concrete practice and serve the community.

During the past few years, ACI-KC conducted many technical activities. It organized
three major exhibitions accompanied by a series of technical seminars, conducted many
technical training courses, organized technical seminars, published technical documents, and
participated in local and regional technical activities in addition to many other technical and
social activities. The ACI Executive Vice President, Mr. James G. Toscus, stated that ACI-
KC is the only international chapter that has published technical documents based on local
experience (Guide to Damage Assessment and Repair of Concrete Structures, Guide to
Proper Concreting Practices Part-I Mixing and Curing, Guide to Implementation of Concrete
Repair, Guide to Proper Concreting Practices Part II Placement, Compaction and Finishing).
Mr. William R. Folley, Senior Managing Director of ACI International has noted that ACI-
KC is one of the most active and well-organized international chapters.

To continue this track record, the ACI-KC Board of Directors decided to organize its
first international conference from September 29 to October 1, 2003. The theme of the
conference was selected based on the most relevant topic to this region, Concreting and
High Performance Concrete in Hot Weather. The topics covered by the conference include:
new trends in construction materials, durability and deterioration, specifications and codes,
repairs and retrofitting, quality assurance and control, and advanced construction technology.
A total of 38 abstracts were received from 10 countries and twenty-five technical papers
were finally accepted for this conference and are included in the proceedings.

ACI-KC hopes that this document adds to the technical knowledge in the theme of this
conference. We look forward to the readers’ constructive comments and feedback to
improve our future activities.

Dr. Naji M. Al-Mutairi, Chairperson
ACI-KC First International Conference and Fourth Exhibition

vi
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ELECTROCHEMICAL SOLUTIONS FOR DURABLE CONCRETE
REPAIRS

Haboubi, L., Fosroc International Ltd, Dubai, UAE
Davison, N., Fosroc Group Development, Tamworth, UK
Nemeth, M., Al Gurg Fosroc LLC, Dubai, UAE

ABSTRACT:

The understanding of the electrochemical nature of corrosion has led to the realization that
durable repair of reinforced concrete entails more than simply replacing defective concrete
and corroded reinforcing steel. Concrete Repair technology has developed in recent years and
now employs the use of shrinkage controlled mortars; high fluidity micro-concrete; as well as
nondestructive methods such as Electrochemical Chloride Extraction, Realkalization and
more recently, internal galvanic anode technology. The availability of impressed current as
well as galvanic techniques provides a ‘third generation’ approach to arresting the widespread
problem of concrete deterioration.

The paper will elaborate on the importance of addressing the electrochemical activity relating
to rebar corrosion, as well as discussing the various techniques available to address the root
causes rather than just the symptoms; and hence provide long-term, durable concrete repair
solutions. The application of such techniques to a range of situations ranging from small patch
repairs to major rehabilitation of marine structures is examined.

Keywords:
Reinforcement corrosion, incipient anode effect, electrochemical techniques, chloride
extraction, realkalisation, cathodic prevention, galvanic protection



1. INTRODUCTION

The corrosion of reinforcing steel in concrete is a problem which has been highlighted since
the 1960's. As the Gulf region has rapidly developed over the past decades, the use of
reinforced concrete has emerged as the most widely used construction material due to its
versatility. However, it is not uncommon to see extensive corrosion of reinforcing steel in
diverse structures including industrial & residential structures; ports and power & desalination
plants; and which is caused by factors such as inadequate specifications, poor workmanship
and/or contamination by deleterious elements, chlorides being foremost amongst these in the
Gulf region.

The highly alkaline nature of concrete leads to the formation of a passive oxide layer on the
surface of the reinforcing steel that reduces corrosion to negligible levels. However, the
permeability of concrete can allow the ingress of chemical agents which lead to a breakdown
in the protective passive layer and subsequent corrosion of reinforcing steel [ref.1]. The two
most commonly encountered processes leading to rebar corrosion are (a) carbonation in which
a pH reduction in the concrete pore solution is induced by the action of carbon dioxide and (b)
chloride attack [ref. 2]. These processes lead to breakdown of the passive oxide layer and
subsequent formation of expansive corrosion products, which can lead to cracking and
spalling of the concrete surface.

Chloride attack on reinforcing steel can be as a result of chloride salts which have diffused in
from the external surface, for example, wind-blown sea salt, or from cast-in chloride salts.
Above a certain chloride level threshold [ref.3], steel corrosion is initiated. According to Tutti
[ref4], initiation is followed by a propagation period, which eventually leads to a
cracking/spalling stage.

Many methods of concrete repair have been developed over the past few decades, however, it
is now understood that in order to overcome the highly damaging effects of corrosion, the
only durable course of action is to address the electrochemical nature of the problem. A
variety of solutions to the problem of reinforcement corrosion exist which can be used to treat
structures in the initiation/propagation phases or following failure [ref. 5]. In recent years,
improved understanding of the corrosion process has led to the development of
electrochemical techniques, which attempt to address the actual cause of the problem rather
than just the symptoms.

Cathodic protection, a technique developed in the 19% century [ref. 6], is used extensively for
galvanically protecting ships hulls and more recently offshore structures. In the 1970’s,
impressed current cathodic protection (ICCP) was first applied to a reinforced concrete
structure [ref.7] and has since been applied to a number of structures suffering from chloride
induced corrosion problems. In the Middle East alone, it is now estimated that over
500,000m” of reinforced concrete has been cathodically protected.

Another option is to use galvanic anodes to supply the required protection current to the steel,
a technique that has been used preferentially in applications where the absence of an external
power source is deemed advantageous. This paper describes a number of electrochemical
treatments for protecting reinforced concrete structures, with examples of actual installations
and supporting data obtained.



1.1 Concrete Repair Options

Understanding the cause and extent of reinforcement corrosion is the key to selecting an
appropriate repair solution. A number of corrosion control techniques are now available to the
building owner or engineer to prolong the life of the structure and minimize future
maintenance. The solutions have been developed to meet the wide range of cost/lifetime
requirements of building owner, and include Realkalization, Chloride Extraction, Impressed
Current Cathodic Protection (ICCP), and Galvanic Protection. Some of these techniques may
be used proactively to prevent corrosion damage from occurring; whilst others may be used to
complement traditional structural concrete repairs in order to ensure durability.

2. TRADITIONAL PATCH REPAIR

The most common method of addressing spalling concrete on structures is reinstatement with
a formulated repair mortar. This involves removal of loose concrete and breakout to and
beyond steel, removal of steel corrosion products through mechanical cleaning, priming, and
application of the repair mortar. More recent technical advances have led to the development
of mortars with low shrinkage characteristics to improve patch longevity.

Such an approach is effective in aesthetically upgrading the structure in the short term but
does not address the problem of on going corrosion due to existing carbonation or chloride
contamination. This is attributable to the fact that this repair technique does not guarantee
removal of chloride bearing concrete, which may remain in areas adjacent to the repair. There
is a possibility that the differential in chloride concentration between patch and parent
concrete can lead to the formation of an electrochemical corrosion cell. This can ultimately
lead to failure at the periphery of a patch repair — a phenomenon commonly referred to as the
‘incipient anode effect’ [ref. 8] or ‘corrosion ring’.

A potential solution is to break out all contaminated concrete. This is effective but expensive,
dusty, noisy and disruptive and may necessitate temporary propping of the structure due to
mass concrete removal.

In order to overcome this problem, a zinc-based galvanic sacrificial anode was developed [ref.
9]. This development has been described in more detail elsewhere [ref. 10], but has proved to
be a practical and cost effective method of alleviating the issue of ‘incipient anode’ formation
by restoring an electrochemical balance.

3. GALVANIC PROTECTION TECHNIQUES (SELF POWERED)

Galvanic protection using sacrificial anodes has been known for more than 150 years, but it is
only recently that sacrificial anodes have been used for protecting reinforced concrete. This
operates on the principle of a more reactive metal than steel (usually zinc), corroding
preferentially to the steel as a result of a difference in potential between the two metals; and
the resultant electromotive potential gives rise to a corrosion preventive current.

3. 1 Internal Discrete Galvanic Anodes

As discussed earlier (Section 2), ‘incipient anodes’ caused as a result of such patch repairs,
can be neutralized using embedded sacrificial anodes tied to the steel at the edge of the repair
One system (Galvashield XP™), comprising a zinc/active mortar composite, is attached to the
reinforcing steel at the edge of the required patch repair to prevent the setting up of ‘incipient
anodes’. No external rectifier is required as the galvanic anodes are effectively self powered.
The zinc anodes slowly corrode sacrificially over their life time and display intelligent



behavior by adjusting current output to reflect environmental conditions. Optional monitoring
can provide the building owner or specifier with current output and polarization data if
required. Table 1 shows typical current density results obtained from such data.

Table 1.- Typical Current Density outputs from monitored internal discrete galvanic anodes

{ref. 19}
reading no. temp current current current Avg
(deg C) omtput Al output A2 output A3 individual
(mA/m’ steel) | (mA/m’ steel) | (mA/m’steel) |  current
output A3
(mA/m’ steel)

1 17 43 43 11.8 1.3

2 17 4 4 6.6 0.73

3 10 5.6 5.3 7.2 0.3

4 23 8.6 8.3 15.5 1.72

5 11 7 6 10 1

6 24 6.3 6.6 8.2 0.9

7 23 11 8.3 13.1 1.45

8 24 9 9 10 1.11

9 26 53 5.6 83 0.92
10 22 6.3 6.3 6.2 0.68
11 14 33 33 4.2 0.46
12 22 5 4.6 8 0.9
13 27 6 5.3 8.5 0.95
14 26 7.33 7.66 6.99 0.78
15 27 9.66 10.66 6.66 0.74
16 30 9.99 10.99 16.66 1.85
17 27 6.33 8.66 10.33 1.15
18 44 14.33 14.99 15.66 1.74
19 37 10.66 7.99 15.33 1.7
20 37 12.33 8.66 15.83 1.76
21 38 1333 13.99 15.49 1.72
22 39 13.99 14.99 13.99 1.55
23 no reading Monitoring unit connection problem suspected — then
24 no reading rectified
25 38 13.66 4.33 8.63 0.96
26 38 11.66 4.1 10.8 1.2
27 36 10.66 3.66 16.8 1.86
28 37 12.01 5.1 19.25 2.14
29 32 1133 4.33 18.6 2.06
30 32 8.33 3.33 17.93 1.99
31 33 6.33 3.33 17.93 1.99
32 32 6 1.66 16.93 1.38
33 33 10.33 3.33 13.78 1.53
34 40 11.33 2.99 11.95 1.33
35 32 5.66 1 5.15 0.57
36 35 6.99 1.66 6.97 0.77
37 32 4.33 0.66 3.82 0.42
38 30 4.99 0.66 3.15 035
39 28 3.99 0.66 11.78 1.3
40 29 3.66 0.66 9.79 1.09




The 24 hour depolarizations taken vary from 30 to 100mV. This is what can be expected to
achieve the level of protection required based on the background potentials of the areas
outside of the zone of influence of the anodes.

A logical step is to extend the galvanic corrosion prevention to areas cutside these repair
patches. To this end, an enhanced sacrificial anode has been designed in a form which
facilitates discrete installation into pre-drilled holes in reinforced concrete. Thiz comprises
cylindrical, mortar encased zine anodes wired together in sequence and inserted into the pre-
drilled holes in a prid confipuration. When comected to the steel reinforcement the grid
impresses a galvanic current through the steel reinforcement, suppressing anodic reactions
and controlling corrosion. Such a system (Galvashield CC™) has been installed on a number
of structures, suffering from chloride contamination, and trial data from a typical example is
discussed below.

A9 Seaton Bridge trial

The current output data shows that all the anodes are providing good current output and the
estitnates of current density on the steel surface indicate that, according to the values in
BSEN12696, should be capable of preventing pitting corrosion initiation and thus countering
corrosion activity.

The magnitude of polarisation is such that it represents a significant reduction of the comosion
current and therefore corrosion rate. The trial has shown that this protection can be achieved
on structures that are contaminated with chloride and at risk of cerrosion.

Time [ Hours
-100 T T T T T T T T

2 4 =] 8 10 12 14 16 18

=200
-250

=350

Potential / mV

=400
Figure 1 -Typical depolarization curve for reference electrode
The life of the anode system is directly related to the current output that is achieved and the

results of the trial to date indicate that a typical anode life of 13 years can be achieved. [ref.
11]

This form of discrete galvanic protection system is a lower cost option than realkalization,
desalination and ICCP. It can provide long-term, maintenance-free profection and is



particularly wseful for those seeking an easy-to-install system with no ongoing monitoring
costs. It is suitable for all types of structures including pre-stressed and post tensioned
structures where ICCP, realkalization and desalination are often precluded due to potential
hydrogen evolution and the associated risk of steel embrittlement.

3.2. Marine Galvanic Jacket Techniques

Studies conducted by the Florida Department of Transportation (FDOT) have shown that zinc
anodes can provide long term cathodic protection in the tidal zone of steel reinforced concrete
structures. Pile Jacket systerns with an inbuilt zinc mesh anode can represent an attractive
alternative to conventional impressed current CP based on their low installation and
maintenance costs, simplicity and by their reliable, self-regulating performance [ref. 12].
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Figure 2 — Self — regulating current output vs. tide levels

The Zinc mesh pile jacket system amply satisfies the 100 mV polarization criterion, however
due to the concrete remaining moist within the jacket cavity and the restriction of oxygen and
chloride replenishment by the inert fiberglass form, the polarization decay criterion is not
always satisfied at 4 hours, and the 24 hour value may be taken instead. The system would
literally take months to fully depolarize if the wire comnection became severed or
disconnected (ref. 13).
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Figure 3 - Typical Depolarization vs. time curves for Galvanic Jackets

4. CHLORIDE EXTRACTION & REALKALISATION

In general, these nondestructive techniques are particularly appropriate in situations where
condition surveys identify a significant risk of future corrosion; but in areas where the
structure has not yet been affected by substantial delamination & spalling. Timely application
of these techniques can thus avoid the need for costly & potentially disruptive patch repairs.

4.1 Electrochemical Chloride Extraction (ECE)

Sometimes also referred to as ‘desalination’, electrochemical chloride extraction [ref.14] is
based on a process of reducing chloride ions from around the reinforcing steel in
contaminated concrete down to a level below the corrosion threshold. This works on an
induced current principle, whereby an externally mounted metallic anode (in this case a
temporary one), is embedded into an electrolyte reservoir and a D.C current (typically in the
range of 1 A/m? of concretc) is applied to the reinforcing steel which becomes a cathode. The
{negatively) charged chloride ions are repelled away from the (negatively) charged
reinforcing steel cathode and migrate towards the (positively) charged anodic mesh,
Simultaneously, the electrolytic production of hydroxyl ions at the steel surface results also in
the displacement of chloride ions and subsequent re-passivasion of the steel with an effective
buffer zone.

On delivery of the required no. of Amp/hours, the current is switched off, and the external
anode, with its electrolyte reservoir is removed and discarded.



4.2. Electrochemical Realkalization (ERA)

Developed in the late 1980°s to combat the growing carbonation problem in Scandanavia,
ERA works on the basis of electro-osmosis and can be used to realkalize carbonated concrete
by creating the existing reinforcement as the negative electrode, or cathode [ref.15]. As with
ECE, a temporary external metallic anode mesh is installed and embedded in a disposable
electrolytic mass containing an alkaline solution. Ionic migration occurs on applying a voltage
between the two electrodes under the influence of current and electro-osmosis.

Over time (typically 4 to 8 days), the concrete is saturated to beyond the cover zone with the
alkaline solution reinstating the pH level of the concrete to an initial level of 12, thereafter
equalizing to around 10.8. When the entire cover concrete is impregnated, as evidenced by
phenolpthalein indicator test, the current is switched off, and the external anode, with its
electrolytic mass, is removed and discarded. A protective coating can then be applied to the
surface of the structure to prevent further carbonation or chloride ingress.

5. IMPRESSED CURRENT CATHODIC PROTECTION (ICCP) (EXTERNALLY
POWERED)

This is now the oldest of the electrochemical techniques and has been recommended for use
on reinforced concrete structures since the 1970°s. This technique involves the application of
a low, direct current from a permanent anode to the reinforcing steel. Sufficient current is
used (ranging from 0.25 to 25 mA/m® of steel) to prevent anodic reactions at the steel
reinforcement and to maintain the reinforcing steel in a cathodic state thereby protecting it
from further corrosion. One of the features of the system is the permanent requirement for a
D.C power source (Rectifier unit) and a permanent anode system. In addition to the cost of
initial installation, KCCP requires investment in periodic monitoring to ensure that the system
is operating effectively.

Anodes for use in ICCP applications can take a variety of forms dependent on the type of
structure to be protected and the practicalities of installation; and can utilize either discrete or
extemal anode systems.

5.1 External Iccp Anodes

External systems can comprise either titanium mesh anodes overlaid by a thin layer of low
resistivity mortar; titanium ribbon placed into slots in the concrete; or conductive paint
systems.

MMO coated titanium wire mesh is commonly used to protect large flat areas of reinforced
concrete. Installation of the mesh on the structure is followed by the application of a sprayed
cementitious overlay, as described more fully elsewhere [ref 5], however, this technique may
not be appropriate for every situation, where deadweight or appearance restrictions apply.

MMOQO coated titanium ribbon is applied into chases cut into the concrete surface at an
approximate spacing of 300mm. The ~2cm width ribbon can be applied in either dimension
and is then grouted using an appropriate material. The technique is generally applied to
structures having a reasonable depth of cover, as this avoids potential electrical shorts.



Conductive paints/mortars can be applied to the surfaces of reinforced concrete structures and
will behave as anodes provided continuity can be maintained between the concrete surface
and the coating. These materials can prove cost effective on structures having relatively low
steel densities, and where environmental conditions facilitate application.

5.2 Discrete Iccp Anodes

The facility to bury the discrete anodes within the concrete structure allows protection of
deeply buried steel or multiple layers which may not be protected by a surface mounted
system. In addition the applied system adds no weight loading to the structure, and can easily
be applied to difficult geometry. Several units are linked together to the power supply, the
density of units can be varied dependent on required steel current density

One type of a typical discrete system comprises cylindrical, mixed metal oxide (MMO)
anodes connected by wire and grouted into drilled holes adjacent to the reinforcing steel.

An alternative discrete anode system (Ebonex) comprises a cylindrical material (~7-28mm
diameter x 75-600mm length) formed from a patented electrically conductive ceramic tube.
This material is highly corrosion resistant and as such is capable of withstanding high applied
current densities required to protect adjacent reinforcing steel.

The Ebonex discrete anodes are installed into holes drilled into the concrete structure between
reinforcing bars, an acid tolerant grout being used to fill the annulus.. Each discrete anode is
equipped with a vent tube which allows discharge of gases formed at the anode surface during
operation.

The operation of an anode in CP systems applied to reinforced concrete will result in the
effective consumption of water and generation of oxygen and H+ ions, at the anode surface. It
is important that the applied anode/mortar system is stable under these conditions, as acid
etching can result in void formation around the anode, as has been observed previously in the
case of mesh anodes. This will lead to steadily increasing circuit resistance and the formation
of discontinuities, with ultimate failure of the system.

Trials have dermonstrated that the high alkalinity of the Ebofix grout assists in neutralizing the
acid generation, and the gas venting system allows dissipation of gaseous oxygen. The
Ebonex anode/Ebofix mortar composite remained intact in full contact with the surrounding
concrete matrix, even at exceedingly high current levels of ~900mA/sqm. In contrast an
unvented titanium tubular anode demonstrated severe damage to the surrounding mertar, with
substantial loss of cement binder [ref.16].

These results confirmed the hypothesis that both a formulated mortar of high alkali reserve
and a gas venting mechanism should form an essential part of a discrete anode design, and
with these items in place, long term performance of the Ebonex discrete anode system should
be assured.

Site evaluation data of Ebonex discrete anodes in UAE.

Ebonex anodes were installed in a grid pattern, at locations between the two layers of
reinforcing steel, with anode separations of 600mm and 1m. These units were powered up
using a standard rectifier/control unit and half-cell potential measurements were taken at




various times using a copper/copper sulphate reference electrode, to determine the extent of
protection offered by the CP system. Current output was 19mA/m? of steel.

Table 2 — 24 hour Depolarisation data from UAE Ebonex trial.

Ebonex Anode reference Distance from Reference 24 hour Depolarisation
Electrode to Ebonex Anode (cm) | (mV)
Al 40 172
50 163
60 69
70 89
A2 20 195
50 119
60 80
65 79
A3 25 193
45 102
60 136
Ad 10 158
45 123
50 111

The data in Table 2 clearly demonstrate that a significant level of polarization has been
achieved, and in fact the criterion of 100mV depolarization detailed in NACE 0290-90 is
achieved at a distance of over 50cm from the discrete anodes, suggesting cathodic protection
has been confemred. It is also clear that the influence of the discrete anode unit on steel
polarization decreases with distance as would be expected form the increasing contribution
from the concrete resistivity.

6. CONCLUSIONS

Concrete repair can be an expensive business. It is labour intensive, access costs are often
high, and there may be a consequential loss of income due to temporary closure of the
structure.

By embracing the technologies described above, it is possible to offer the building owner or
specifier a full range of repair and protection options to ensure that their concrete repair
project addresses not only visible defects but the hidden corrosion that, if left unchecked, may
incur even more costly and disruptive repair works in the future. These fechnologies are now
gaining significant track record around the world, with meaningful data providing a high
degree of confidence with a number of clients and specifiers.
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ABSTRACT

Corrosion of steel in concrete is one of the major problems with respect to the durability of
reinforced concrete structures.  Predictions concerning comparative performance of
commercial quality mix design of ordinary Portland cement (NoCl-cast), chloride containing
cement mortar (Cl-cast), calcium nitrite in mortar cement (CN-cast) and silica fume (SF) in
mortar cement have been investigated.

The main objective of the investigation is to present comparative data on electrochemical
impedance spectroscopy (EIS) for steel reinforcement in mortar cement with two different
admixtures during the hydration process of cement (i.e. 28 days).

The Impedance behaviors of the small specimens are studied using a special corrosion cell
designed to accommodate small test specimens of mortar cement. Thereafter, to qualitatively
characterize the EIS spectrum for each system in terms of Nyquist and Bode plots, as well as in
terms of the general equivalent circuit elements.

Results of examples from laboratory and site mixes are presented to illustrate the viability of
EIS to be used as a diagnostic tool for characterizing the protective quality and behavior of
the proposed mortar concrete mix design.

In this study EIS has been found to be rapid and accurate technique for measuring durability
and more specifically corrosion rate of reinforced steel in concrete. Therefore, EIS has a great
potential to be used very effectively to distinguish between acceptable and un-acceptable
concrefe mix design for field application practice.

Keywords: Electrochemical Impedance Spectroscopy (EIS), calcium nitrite, silica fume, and
ordinary Portland cement.
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INTRODUCTION

Electrochemical impedance spectroscopy (EIS) has been applied successfully to the stndy of
corrosion systems for more than 20 years (Mansfeld 1982). The reason EIS has found
increasing applications in corrosion research is because of the possibility of obtaining
information about the chemical mechanism involved. An important advantage of EIS over
other laboratory techniques is the possibility of using very small amplitude signals without
disturbing the properties being measured. Another major quality of EIS is the possibility of
working in low or variable conductivity environments. Thus EIS has been applied
successfully to study the corrosion of Fe and carbon steels in neutral waters or deoxygenated
formic acid (Zeller 1986).

The following points have been addressed on correlating the AC impedance measurement to
the protection afforded by commercial quality admixture systems:

(i) To determine whether AC impedance test a reliable form of accelerated test for the smaller
specimens, and how predictive can it be with the silica fume and calcium nitrite systems of
commercial quality during dehydration process. (ii) Whether it is only useful as quality
control or condition moenitoring. The out put results from EIS behavior was examined and
compared with respect to the lollipop specimens from previous experiments,

EXPERIMENTAL METHOD

The mortar mixture proportions of the samples prepared for this experiment were designed to
yield a moderate range of transport properties and are based upon concrete mixture
proportions from previous experiments. The cement was ASTM Type 1; the chemical
composition of the mix proportion is given in Table 1. The pozzolanic mineral admixture was
silica fume in slurry form. A chemical inhibitor in the form of Calcium Nitrite was used, as
indicated in Table 1. The mixture proportion of the samples in this experiment for water
cement ratio was a 75 % (by mass) aqueous solution. The chloride percentage by weight of
the mixing water was 1.75 %.
Table 1. Laboratory-Prepared Concrete Mix Proportions

Specimen Type Specimen Designation | Concrete Specifications

Plain Concrete NoCl-cast Type 1 ordinary Portland
cement W/C 0.75

Plain Concrete with Cl Cl-cast Type 1 ordinary Portland W/C
0.75

Calcium Nitrite CN-cast Type 1 ordinary Portland W/C
0.75

Silica Fume SF-cast Type 1 ordinary Portland W/C
0.75

The mortar mixtures were prepared according to the procedures in ASTM C 109. The
samples were cast in 100mm X 150mm molds made of Perspex materials, covered, and stored
in a 100% relative humidity chamber. At 24 hours of age, the specimens were removed from
the molds and stored in a humidity chamber until they were tested periodically at intervals of
28 days. Although no temperature controls were used, the laboratory temperature could be
characterized by the interval 20+ 2 ®* C.

Each specimen was prepared for testing according to the specifications of the admixture
proportion recommended by the suppliers of the materials. The present test cell and mold
types were designed in order to have a small specimen of mortar cement concrete
(10cmX15cm). The main advantage of this desipn is to study the response of the EIS
spectrum on smaller sample and correlate it with the standard ASTM test specimen. The
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specimen consisted of polished steel rebars approximately 6.9 mm in diameter as working
electrode and two identical graphite electrode approximately 8 mm in diameter as auxiliary
electrodes.
The purpose of using two embedded graphite electrodes was to verify the validity of the
conductivity measurement for EIS technique and to reduce overestimated scattering in the
signal noise. Conductivity, an intrinsic property, is independent of specimen geometry and
size. A reliable technique for determining specimen conductivity should obtain equivalent
results from replicate specimens with different lengths.
AC impedance measurement and data acquisition was controlled using Solartron Model 1287
Potentiostat/Galvanostat interfaced with Solartron Model 1260 Frequency Response Analyzer
(FRA) to provide sweep frequency measurement. Both instruments were interfaced with
computer for data logging, storage, and analysis. The applied potential amplitude was in the
range of (10 - 100 mV) in the nominal frequency range of 100 kHz to 10 MHz. The AC
impedance test data were obtained at the open circuit potential.
The impedance tests were performed using Solartron instruments with two and three electrode
configuration:

(a) Auxiliary with two embedded graphite electrodes (as counter electrode).

(b) Saturated silver/silver chloride electrode as a reference electrode.

{(c) Test specimen reinforced steel bar in mortar cement (10 cm X 15 cm)

(i.e. as working electrode).

The AC impedance test cell consisted of two plastic sheets made of Perspex. The plastic
sheets were rested on the top and bottom of each sample, thus holding the sample, a wet filter
paper saturated with 0.5M NaCl solution was rested on top of the specimen for potential
measurement with reference electrode, whilst EIS measurement were made. Three identical
test cells were designed and constructed for this study and the mortar steel specimen selected
for test was mounted horizontally.

RESULTS AND DISCUSSIONS

Electrochemical impedance spectroscopy (EIS) have been utilized in this study to characterize
four different compositions of duplicated cement concrete samples. Predictions concerning
comparative performance of commercial quality mix design of ordinary Portland cement
(NoCl-cast), chleride containing cement mortar (Cl-cast), calcium nitrite in mortar cement
(CN-cast) and silica fume in mortar cement have been investigated. The evaluation has been
attempted first, to examine the comparative ranking of EIS spectra obtained for each mix
system when combined or superposed together in one impedance plot with respect to the
corresponding corrosivity of each protection system. The second reason is to assess whether
the early predictions made by ASTM corrosivity test and Electrochemical Impedance
Spectroscopy (EIS) for selected materials of Lollipop samples are still valid.

The impedance results of Fig. 1 (a, b) to Fig. 4 (a, b) indicated impedance spectrum in the
form of Nyquist and Bode plots for the plain concrete (NoCl-cast), chloride concrete (Cl-
cast}, calcium nitrite mortar cement (CN-cast), and silica fume (SF-cast).

Fig. 1, represent EIS measurement results in the form of Nyquist and Bode plots for the
mortar cement specimens taken immediately after casting while Fig. 2, 3 and 4 represent the
same test obtained after 3, 14, and 28 days respectively during dehydration process in the
humidity curing chamber.

Qualitative analysis of the Nyquist impedance spectrums have indicated that the corrosion
performance of the different concrete mixtures are in agreement with the ASTM test results of
corrosion rate and potential values obtained in previcus experiments. The impedance results
have shown that the lab prepared ordinary Portland concrete structure during casting exhibited
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the highest impedance and capacitance values among the rest of the specimens. This is shown
clearly in Fig. 1 a, b and Fig, 2 a, b during casting and after 3 days exposure, respectively.

In other word the presence of a Warburg diffusion response indicated that the slow diffusion
processes of the water species through porosity in the material and formation of passive film
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Figure 1. EIS Nyquist plot (a) and Bode plot (b) for the mortar specimens immediately after
casting in the mold.
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doe to mortar alkalinity was the rate controlling factor for the mechanism of concrete
corrosion protection at this stage

The natural process of alkaline passive formation and build up for this particular sample
affects this process. Similarly water saturated concrete tends to show resistivities on the order
of a few Kohm-cm, while oven-dried concrete can approach resistivity values typical of
electrical insulator as it is reflected on the EIS spectrum taken before exposure for other
concrete samples.

As it is expected from the protective nature of the silica fume mortar specimen (SF-cast), the
dehydration process of SF concrete slowed down the diffusivity of the chloride species to
reach the steel substrate. This is very much related to the mechanism of coalescence and
interaction of the micro silica cement element in the pores structure of the concrete whilst in
the dehydration process.

In contrast to the ordinary mortar concrete and silica fume mortar, the inhibited concrete (CN-
cast) and chloride mix mortar cement (Cl-cast) concrete samples showed the lowest
impedance and capacitive behavior. This is due to the high rate of permeability and
adsorption of the chloride corrosive species to the steel substrate surface.

In the case of inhibited concrete sample, the attempt of studying such inhibitor with concrete
is to show the viability of the EIS technique to be used as a tool for condition monitoring (Fig.
3 and 4). The EIS spectrum after 14 and 28 days is attributed to the improper application of
inhibitor concentration and or due to under curing which may cause the corrosion process fo
become even worse than ordinary concrete cement without inhibitors (OPC).

The hypothesis behind the unexpected behavior of the inhibited concrete sample was more or
less related to the improper film coverage and adsorption of the nitrite species to the passive
oxide or hydroxide layer of steel surface with subsequent formation of unprotected micro-
corrosion cells. If chloride ions arrive first as contaminant to the surface of the steel, the
surface tends to become active when the molar ratic of Cl to Nitrite and hydroxyle ions in the
pore solution reaches a critical value that exceeded 0.9. Microscopically, the concrete mix
acts as a non-homogeneous electrolyte, which varies greatly with the overall moisture content,
in addition to the rate and degree of diffusivity of corrosive species and inhibited ions such as
oxygen, chloride and nifrite. This finding is in agreement with EIS spectrum previously
obtained for the Lollipop ASTM samples.

In the case of the as-received specimen with no chleride addition an almost purely capacitive
and diffusion response was observed during experimental testing. This effect has been
reflected as straight spectra line in the Nyquist and Bode plot shown in the same figures (1 to
4) and even after 28 days of curing. There is little apparent change during this time,
suggesting that the system is relatively stable and that there is no more water uptake and the
material is acting as some sort a die-electric component.

In the case of the chloride contaminated concrete it is expected that Nyquist spectrum will
reach its semi-circular shape and will become smaller and smaller with time. Similarly, the
same EIS response would be expected from calcium nitrite specimen. Both specimens have
shown a greater tendency toward reaching its charge transfer resistance and polarization
resistance at a faster rate once exposed to the environment.

16



(@)

20000
. I\
-150000 -8 smiz
-100000k
-50000
M [ M [ M [ M
0 50000 100000 150000 200000

z

==— NoCl-3d.z
== }
-1 .z
=8 §F-3dz

Frequency (Hz)
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Fig. 3. EIS Nyquist plot (a) and Bode plot (b) for the mortar specimens after 14 days of
casting in the mold.
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EIS SPECTRUM ANALYSIS

The equivalent parallel R-C circuit in figure 5 explains and represents quite well the
frequency impedance response of the concrete mix design systems used in this study.

Element Freedom Value Emor Error %
Rs Free(+) 332 N/A N/A
CPE1-T Free(+) 1.8679E-5 N/A N/A
CPE1-P Free(+) 0.23714 N/A N/A

Rp Free(+) 2.388E8 N/A N/A
CPE2-T Free(+) 1.8679E-5 N/A N/A
CPE2-P Free(+) 0.23714 N/A N/A
W1-R Free(+) 6.4352E5 N/A N/A
W1-T Free(+) 3.5758E5 N/A N/A
wi1i-P Fres(+) 0.23721 N/A N/A
Data File:

Circuit Model File: A-\Model for Silica Fume.mdl

Modes: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum lterations: 100

Optimization Herations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

Fig. 5. Example of equivalent circuit model with curve fitting analysis for capacitance and
impedance elements for Silica Fume metal/solution interface under-study.

The real meaning of C (or CPE1} and Rp for the complex systerm metal/concrete/electrolyte in
this study has now been very well established. In the author’s view, at the beginning of the
test C; could be related to the capacitance of the concrete mortar cover film, acting as a

dielectric material. Whereas (Rp) the ohmic electrical resistance of the mortar film or (pore

resistance), acting as a barrier to the permeation of substances across it. With time, new
electrochemical processes would take place and the equivalent circuit wounld consequently
change, introducing now the double layer capacitance (Cqy or CPE2) prevalent at the

substrate/cement interface and charge-transfer resistance (Rg¢) that combined together with
the Warburg diffusion impedance (Zy, or Wls). Thus, the high frequency semicircle is
considered to represent information on the concrete or mortar layer (C, Rs, and Rpo), whilst

the semicircle at lower frequencies is thought to indicate the information on the metal
substrate corrosion tendencies in conjunction with (Cqj & Rey).
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In this study, to explain the overall variation of Rpo data with time for silica fume mix design,

two phenomena are assumed to occur simultaneously but with variable rates depending on the
exposure or hydration curing time:

(1) The increase in pore density, and (2) the partial sealing of the pores by cement hydration
process or iron corrosion products and/or other types of protective micron size species that
become more prominent over long immersion times. (Hepburn 1986) reported similar
observations, which described the depression of the low frequency semi-circle (shown in the
previous figures) to the presence of two distinct types of corrosion sites: sites that are
initiating and sites that are becoming blocked by corrosion products and or protective
elements. The value of C; is generally considered to provide information on the degree of

water penetration or diffusion through the concrete and in principle its value is expected to
increase with time. This behavior can be qualitatively analyzed as functions of time on the
Nyquist plot that form series of semi-circles with reduced/increased diameters. In this work
there is little variation of C. with testing time for the smaller plain concrete samples (NoCl)

and silica fume (SF) may indicate a high rate of film stability and dehydration combined with
oxygen diffnsion through the concrete mortar system. The same effect of EIS behavior was
observed for the ASTM specimens in previous experiments (Abdul Salam 2002). The
relatively constant value of C, during exposure time for sample of concrete with Cl and

calcium nitrite in Figs. (2 and 4). Suggests that the values of capacitance of concrete cover
film of the small pathways or pores are much less than the parallel capacitance of the
remainder of the film which do not contribute significantly to the overall capacitance, even
though the pathway controls the performance of the concrete composition. Another
assumption may be attributed to the weakness of self-inhibition nature of the calcium nitrite
and the high aggressive nature of the destructive chloride species in localized density on the
steel substrate and particularly during the initiation of pores.

CONCLUSIONS

1. This work has shown the feasibility of using EIS as a monitoring tool for detecting
corrosion processes on steel reinforcement in concrete with mix design technology.

2. EIS is considered to be a viable and accelerated diagnostic tool for the corrosion evaluation
of the steel reinforcement in concrete mix design system for both smaller specimens and
larger ASTM Lollipop specimens.

3. The prediction made by AC impedance, in this study with respect to material performance
and environmental effect, is in agreement with the ASTM tests for concrete durability in
terms of corrosion rates, corrosion potential and galvanic corrosion for previous exposures in
laboratory and Kuwait environment.

4. For all concrete with NaCl addition, the reaction sequence would follow initially one of the
diffusion controlled (passivation reactions) and changed to charge transfer control
(polarization reactions). For concrete without the NaCl addition, the corrosion process is
characterized by capacitive and diffusion controlled reaction sequence.
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ABSTRACT

Improving concrete performance and minimizing corrosion-induced deterioration of
reinforced concrete structures are certainly required by the Building Codes and Specifications
for arid regions such as the Arabian Gulf, Therefore using corrosion protection systems such
as supplementary cementing “pozzolanic” materials, epoxy-coated rebars, and corrosion
inhibiting admixtures, are becoming increasingly important for enhancing the quality of
concrete and prolonging the life of reinforced concrete structures. Nevertheless, it is also
important to examine these systems to evaluate their performance and to assess their impact
on durability of the structures under the severe weather conditions of this region. At Kuwait
Institute for Scientific Research, an experimental laboratory and field test program was
implemented to identify and evaluate performance of some of the most suitable corrosion
protection systems under the prevailing weather conditions in Kuwait. The study concluded
that supplementary cementing materials contributed to improvement of concrete performance
and its resistance to chloride diffusivity. Also, it concluded that epoxy-coated rebars are
vurnable to corrosion pitting in saturated chloride environment, especially when the epoxy
coating is damaged as received. As for the calcium nitrite corrosion inhibiting admixture, the
study concluded that they are most effective when applied by the correct dose to compete with
all available chloride ions, and when in combination with microsilica.
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INTRODUCTION

It is becoming increasingly obvious that aggressive environment and severe conditions pose
great threat to reinforced concrete structures in Arabian Gulf region. Whenever concrete
deterioration is investigated in this region, it is rarely goes without mentioning corrosion—
induced deterioration inflicted on structures integrity, and the premature damages and
degradation taking place that trigger unplanned repair works which often ineffective,
inadequate and repetitive. The region provides an extremely aggressive environment, which is
characterized by high ambient temperature and humidity conditions, and severe ground and
ambient salinity with high levels of chlorides and sulfates in the soil and groundwater.
Structures exposed to the marine environment, groundwater conditions and industrial
pollution have suffered the most. Concrete corrosion is becoming inescapable phenomenon in
this region even to structures of high performance concrete, which are relatively new (10-15
years of construction age). Recent survey study that took place in 1997 on premature
deteriorated structures (1), concluded that repair and rehabilitation cost are often expensive,
not highly effective in arresting the corrosion processes, and would have to be repeated within
few years. The study conducted in 1992 (2), on impact of metallic corrosion on Kuwait
economy, showed that cost of direct and indirect corrosion was 5.2% of the gross national
product (GDP), out of which 17.4% was an avoidable cost that could have been saved by
application of corrosion control technologies. The economical impact was estimated to be
KD. 266 millions paid as unrecoverable cost of unavoidable corrosion. The study concluded
that cost of corrosion in the construction industry was 0.5% of the GDP. That had
demonstrated clearly the economical consequences of the corrosion-induced deterioration of
reinforced concrete structures.

Corrosion protection systems reduce the risk of corrosion in reinforced concrete structures in
many parts of the world. The use of these systems though might increase the cost of
construction; the increase is marginal compared with the cost for repair of the structure as a
result of premature deterioration. It is estimated that when these protection systems are used,
the increase in construction cost is typically only 10 % of the cost for repair of the premature
corrosion-induced deterioration that occurs in the absence of the protection systems (3). As
for the corrosion protection systems, such as supplementary cementing materials, corrosion
inhibiting admixtures, and epoxy coated rebars, though they have been used for building
constructions in very limited projects in the region, they have not been subscribed or
standardized for in the national building code of practices in the region. This can be attributed
to:

1. No serious attempts or collective well have been made to develop and update the
national construction guidelines and code of practices to match the development in the
concrete technology that suite the environmental conditions in the region.

2. Adopting foreign construction code of practices without paying aftention to the
specific nature of the construction materials and the environmental and service
conditions prevailing in the region.

3. Adopting concrete construction practices that not necessary guarantee high
performance and durability of the reinforced concrete structures under the aggressive,
hot environmental conditions.

4. Lack of awareness and unfamiliarity with the use of these systems as well as the lack
of comprehensive database on the long-term effectiveness of the systems under the
environmental and service conditions prevailing in the region.
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In 1997 Kuwait Institute for Scientific (KISR), supported by Kuwait Foundation for
Advancement of Science (KFAS), and the major companies of material suppliers, ready mix
concrete, and construction and consulting firms, have seized the opportunity to conduct this
urgent study which aimed at identifying corrosion protection systems that are most suitable for
application in reinforced concrete structures in Kuwait and to demonstrate enhancement
achieved in concrete durability when these systems are used. Also among the main objectives
are to establish performance data on the selected corrosion protection systems under typical
local service conditions and to determine their economic benefits.

The corrosion protection systems that involved in the study are:

1. Epoxy coated reinforcing bar. Steel bars are protected with a coating of powdered
epoxy that is fusion-bonded to the steel. The coating physically blocks chloride ions.
Cracking and chipping of the coated bars may occur during transportation, storage and
field handling, particularly where unskilled labors are used, as is prevalent in the
Arabian Gulf region. Damages of such nature could be very detrimental to the
integrity of these bars and the protection against corrosion (4).

2. Silica-fume (Microsilica) and Ground Granulated Blastfurnace Slag (ggbs). These are
effective pozzolanic materials that significantly reduce concrete permeability and,
thereby, reduce chloride ion ingress. The decreased permeability substantially
increases resistance to chloride penetration and reduces the rate of steel corrosion and
carbonation. Microsilica and ggbs concretes typically have low chloride diffusivity,
On the other hand, though ggbs concrete has an early delay rate of hydration, it has
lower heat of hydration and progressive compressive strength after 28 days, which
superceded that of ordinary concrete and continue to rise after 56 days of curing(5).
As for microsilica the concern includes the reduction in the pH value of the concrete
which makes carbonation more likely and could cause bound chlorides to be liberated
from the hydration products and reduction in the resistance of concrete to salt
weathering which is caused by crystallization of salts in the concrete pores (6)

3. Calcium Nitrite Corrosion-Inhibiting Admixtures. It enhances the stability of the
passivating layer on the surface of the reinforcing steel. In this concrete system
chloride and nitrite ions compete for ferrous ions on the steel bar. If the chloride ion
concentration is greater, the corrosion process will start. If, on the other hand, the
nitrite ion concentration is greater, a passive layer will form to close off the iron
surface. The effectiveness of the calcium nitrite admixture, therefore, is dependent on
an accurate prediction of the chloride loading of the structure over its expected design
life and, hence, on the selection of an appropriate dosage of the admixture (7).

TESTING PROGRAM

The testing program was designed to include standard and popular laboratory testing methods,
accelerated and normal testing methods. The program also included field assessment studies,
where specimens are prepared and placed in an exposure site of multiple conditions. The
corrosion test program covered three different evaluations:

1. Strength development properties.

2. Corrosion activities-related tests.

3. Chloride ingress characteristics.
For specimen preparations local building materials were used such as Type I & Type V
cements, sand, aggregates, and ordinary steel reinforcing bars. Chemical admixtures were
provided by local suppliers, whereas local promenant construction companies provided the
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research program with the required amounts of microsilica (from Elkem Microsilica), ggbs
(from Falcon Cement), epoxy coated rebars (from Protech Dubai), and calcium nitrite (from
Al-Gurg Fosroc Dubia). Table 1 presents test program summary designed for the study.

Table 1. Test Program Summary

Test Specimen Size Measurement
ASTM G-109 Beams: 279 x 152 x 114 mm | Macro-cell current
Half-cell potential
Corrosion Rate Prism: 380 x 200 x 76 mm Macro-cell current
(Lollipop) Half-cell potential
Time-to-Corrosion Blocks : 300 x 300 x 200 | Corrosion rate
mm Macro-cell current
Half-cell potential
ASTM C-1202 Cylinders: 100 x 200 mm Total charge (conductivity)

{AASHTO T 277-86)
AASHTO T 259-80 | Slab: 300 x 300 x 75 mm Chloride profile

Chloride Diffusivity | Cylinders: 100 x 50 mm Chloride content

Outdoor Exposure Beams: 120 x 120 x 350 mm | Visual examination
With 2 bars Half-cell potential
With 1 bar Steel mass lost

Cylinders: 100 x 200 mm Chloride content

Strength Development Properties

This is presented in terms of compressive strength. Strength gain development is monitored
and recorded at certain curing intervals. Any strength development with time can be related to
change in permeability and chloride ingress characteristics. As hydration takes place and the
curing process progresses, capillary pores are filled with hydration products. The capillary
porosity of the paste depends on both w/c ratio of the mix and the degree of hydration. The
type of cement influences the degree of hydration achieved at a given age. At a high
water/cement (w/c), ratio the volume of the formed cement gel is not sufficient to fill the
capillary pores, which are mainly responsible for permeability of hardened cement paste and
its vulnerability to chloride ingress.

Corrosion Activities-related Tests

Time-to-Corrosion Initiation (Modified ASTM G-109). This is a stringent testing method
that evaluates the effectiveness of concrete in protecting embedded steel bars from corrosion
when salts are applied externally (8). The test requires 48 weekly test cycles to complete.
Measurement proceeds after 96 h of salt-water ponding, followed by vacuum removal of the
salt water and immediate freshwater rinse and vacuum removal again. This is followed by 72
h of air-drying. The weekly measurements involve readings of half-cell potential, corrosion
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rate, and concrete resistivity, which are recorded with respect to a copper-copper sulfate
reference electrode (CSE) of -350 mV.

Corrosion Rate Test (Lollipop Test). This is a popular laboratory test method, which
demonstrates the effectiveness of corrosion protection systems exposed to the marine
environment. The test takes its name from the shape of the test specimen. The test simulates
the wicking of chlorides by concrete in seawater. The test studies the microcell corrosion
current that occurs in a localized area on the steel rebar. Corrosion rate measurements are
recorded every month, and involve half-cell potential and microcell corrosion current. This
test takes at least one year for the initial results to appear. This test provides excellent
chloride ingress profile indication, which qualifies the permeability characteristics of the
different corrosion protection systems.

Chloride Ingress Characteristics Tests

The rate at which ions, particularly chloride ions, can diffuse through concrete is important
with regard to possible corrosion of steel reinforcement. Tons diffuse through concrete due to
differences in ion concentration, which are often independent of hydraulic pressure gradient.
Ion diffusivity is generally determined by measuring the time for the concentration at a given
point to reach a particular value. There are at least three test methods to determine ionic
diffusion rates:

1. The first involves taking incremental samples at different depths by drilling and
measuring the chloride content at each increment.

2. The second involves measurement of ionic diffusion by concentration difference
between two sides of a specimen after ponding with a chloride solution at one side for
certain period of time.

3. In the third method, ionic diffusion is measured by the change in electrical properties
that results from changes in concentration.

Chloride Diffusivity. This is a popular long-term duration laboratory test method. This
method is designed to assess the chloride ingress characteristics of cylindrical specimens;
epoxy-coated on all surfaces, then cut at one end to expose the concrete The exposed
concrete surface provides access for one-dimensional diffusion of chloride ions of 3% NaCl
solution. Chloride concentration profiles are developed by periodical assessment of chloride
concentration at certain depths (0-10 mm, 10-25 mm, 25-30 mm, and 30-50mm). For certain
concentrations, at each depth, the time will be recorded and compared.

Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration ASTM C-
1202-91). This is a standard test method designed to determine the electrical conductivity of
concrete to provide a rapid indication of its resistance to the penetration of chloride ions (9).
The test consists of monitoring the amount of electrical current passed through 100 mm
diameter by 50 mm long cores when one end of the core is immersed in sodium chloride and a
potential difference of 60 V dc is maintained across the specimen for 6 h. The total charge
passed in coulombs is related to chloride permeability.

Resistance of Concrete to Chloride Ion Penetration (AASHTO T 259-80). This is a
standard test method that evaluates the effect of variations in concrete properties on resistance
to chloride ion penetration (10). The test results are correlated with findings of ASTM C1202
to confirm ionic diffusion by chloride ion concentration. Chloride diffusivity is measured by
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assessment of chloride concentration at different depths, after 90 days ponding with 3% NaCl
solution.

RESULTS AND DISCUSSION

In this paper results and performance of each corrosion protection system will be compared to
performance of ordinary concrete and the ability to arrest the corrosion process and control the
corrosion activities within each system.

Performance of GGBS Concrete

Table 2 presents the concrete mix proportions of the ordinary concrete and the ggbs concrete
as 50 % of cement weight was replaced by ggbs. The water- to- cement ratio was selected to
be relatively low to represent high performance concrete.

Table 2. Concrete Mix Proportions

Ingredients Conmrity | Concris
‘Water-to-cement Ratio 0.36 0.36
Cement type I I
Cement (kg/m’) 472 236
GGBS (kg/m*) - 236
Sand (kg/m’) 550 550
* Aggregate 20 mm (kg/m’) 770 770
* Aggregate 10 mm (kg/m’) 380 380
Water (I/ m®) 170 170
z]: 3():lm.m'cal Admixture (Caplast NE/EDS) 5.5-8.5 5.5-8.5

m

* 55D = Saturated surface Dry , ** Super plasticizer water reducer

Results shown in Table 3 indicates the improvments achieved in the compessive strength at 28
and 56 days in spite of the delay in maturity in the third and seventh day of the curing period.
Improvements occurred as a result of 50 % replacement of cement weight by ggbs have
affected positively the concrete resistivity to chloride ions penetration and the corrosion
activities on the protected steel reinforcing bars. In Fig. 1, and according to ASTM C-876-91
(11) for corrosion risk assessment of half-cell potential of steel bars in concrete, the half cell
potential of the steel bar protected by the ggbs concrete was less than —200 mV-CSE after 48
cycles of testing according to modified ASTM G-109, which indicates that steel bar condition
in the region described as 90 % probability no corrosion activity occuring on the surface of the
steel bar. This is incomparable to results of steel bars protected by ordinary concrete, when its
corrosion potential recorded —215 mV after 35 cycles of testing, which describe the steel bar
condition as in the region of uncertain corrosion risk area. After 40 cycles of testing and at
280 day the onset of corrosion activities occurs at half-potential of 240 mV-CSE.
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Table 3. Improvements in Mechanical and Physical Properties of Ordinary Concrete as
50% of Cement Weight Replaced by GGBS

: AASHTO T-259
Eroperties Percentage of
Compressive Strength (kg/cm?) ASTM C-1202 chloride
Absorption After
Concrete 90 days
Type 28 56 56 13mm | 25 mm
3 days | 7days | days days | 28 days | days Depth Depth
Ordurigry 443 490 579 600 2590 1713 0.120 0.052
Concrete
Typel
GGBS Con 356 440 632 780 1220 636 0.034 0.021

Table 4 shows results of the corrosion activities for both concretes represented as time-to-
corrosion initiation, magnitude of corrosion activities, corrosion current density, concrete
electrical resistivity, and corrosion penetration rate. Corrosion rate determined by linear
polarization and other electrochemical techniques, expressed in terms of corrosion current
density (I.or) can be converted into penetration rates by the following expressions based on
Faraday’s law (12):
Corrosion penetrationrate =K ai_ )]

oD
where a = atomic weight of metal (55.8); i = current density,pa/cm®; n = number of electrons
lost, valence charge (2); D = density of steel, g/em® (7.86); K = constant depending on the
penetration rate desired with K = 0.129, mpy (mils penetration per year), K = 3.27 , mm/yr,
and K = 0.00327 , m/yr

Table 4. Improvement in Concrete Permeability and Its Effect on
Corrosion Activities on Steel bars

perties .
C'Il':me-.t:n Mag::mde Corrosion | Corrosion | Concrete
. Current | Penetration | Electrical
(Modified Corrosion
Lo Density Rate Resistively
Concresd | ASTMG-109) | Activities | ) 2 | umiyear) | (k2. cm)
Type (days) (uA. day)
Ordinary
concrete 280 2081 0.166 1.927 70
Typel
GGBS Corrosion
Concrete Potential less 749 0.110 1.2 100
than—200 mv

As results showed above there are significant improvements in concrete properties when 50%
of cement replaced by ggbs, particularly with respect to chloride ions penetration and
corrosion activities on steel bars, which qualify ggbs concrete for use in marine and off shore
styructures.
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Performance of Silica Fume Concrete in Comparison to Ordinary Concrete and
Concrete with Calcium Nitrite

Results showed significant improvements in concrete properties with respect to chloride ions
penetration, by 10% replacement of cement weight with microsilica, which had a direct effect
on delaying the corrosion activities progress on steel reinforcement bars. According to
AASHTO T-259 Table 5 presents results of chloride ions obsorption of concrete cover after
90 days of concrete surface ponding with 3% sodium chloride solution. Results showed
substantial decrease in chloride ions obsorption that ranged from 60 — 80% depending on the
variation in the water-to-cement ratio of the different concretes. The above results are in
agreement with results

Table 5. Rate of Chloride Absorption at Different Depths of Concrete Surface

Average Absorbed (%) Maximum Absorbed (%)
Concrete Code
1.6-13mm | 13mm-25mm 1.6-13mm 13mm-25mm
* QU—50 0.161 0.118 0.186 0.177
**QUSF 50 0.089 0.049 0.111 0.111
*Ek QU 45 0.086 0.041 0.058 0.049
**kx QUSF 45 0.069 0.006 0.096 0.009
* Ordinary Concrete: w/c =0.5, ** gilica firne concrete: w/c = 0.5

*+* Ordinary concrete: w/c =0.45, **** gilica fume concrete: w/c =0.45

of ATSM C-1202 presented in Fig. 2 that indicate concrete resistivity to chloride ions
penetration expressed as total charge passed through concrete in six hours. According to
FHWA/RD-81-119 report (13) for chloride ion penetration as presented in Table 6,

Table 6. Chloride Permeability Based on Charge Passed

Charge Passed Chloride Ion Typical of
(Coulombs)* Penetrability
> 4,000 High High w/c (>0.6).

Ordinary concrete

2,000 — 4,000 Moderate Moderate w/c (0.4 — 0.5).
Ordinary concrete

1,000 — 2,000 Low Low wic (>0.4).
Ordinary concrete.

100 - 1,000 Very Low Latex modified concrete
Internally sealed concrete
<100 Negligible Polymer impregnated

concrete. Polymer concrete.

*Reference 13
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The concrete classification has changed from high chloride ions penetration (>4000
coulombs) to low chloride ions penetration (2000 coulombs) when 10% of cement weight
replaced by microsilica. As for the effectiveness of silica fume concrete in protecting the steel
reinforcement, Fig. 3 clearly shows that it proceeded the capability of ordinary concrete and
the concrete with calcium nitrite. According to modify ASTM G-109 test and the
interpretation given by ASTM C-876 for corrosion risk assessment, results of the corrosion
potential of the steel bars protected by the different concretes, indicated that after 48 cycles of
drying and wetting with 15% sodium chloride solution, silica fume concrete continued to
provide protection to the reinforcement while those protected by calcium nitrite concrete
exhibited uncertain corrosion activities on their surfaces.

Performance of Epoxy Coated Rebars

Results indicated in Figs. 4 and 5 show clearly that the effectiveness of the epoxy coated
rebars is reliant on the quality of the concrete cover and the condition of the epoxy coating on
the steel bar at the time of use. Fig. 4 shows the effect of steel bar coating condition on the
corrosion potential of the steel bar. It is clearly evidant that the epoxy coating on the steel bar
(OU-50C) has improverd corrosion activities resistance compared to uncoated bars (QU-50U).
Also it shows the deterioration in the corrosion potential when the epoxy coating is damaged
(OU-50D), it reveals the increased corrosion activities on the steel bar. Fig. 5 indicated the
effectiveness of the silica fume concrete (QUSF50D) in delaying the penetration of the
chloride ions and its attack on the damaged epoxy coating. It also shows the healing effect of
the calcium nitrite when creating a passive layer on the damaged epoxy coated rebars to
hinder chloride ions attack and hence corrosion activities from taking place. The discussion
above has drawn the attention to the effectiveness of the epoxy coated rebars, nevertheless
Fig. 6 is a cause for concern and second thought when epoxy coated rebars are used. It is
quite often that the monitoring and the electrochemical measuring devices used for
investigating the corrosion activities, will fail to detect any damages on the epoxy coated
rebars and hence overlook any change in the corrosion potential readings unless the steel bars
are physically removed and visually examined. That was the reason behind the sudden failure
and the deterioration which took place on 1986 in the state of Floride in USA, when
application of epoxy coated rebars became very popular and expansive without precautionary
measures or previous knowledge of such danger.

SUMMARY AND CONCLUSIONS

As a summary to all above, its concluded that the supplementary cementing materials such as
gebs concrete and silica fume concrete when replace certain percentage of the cement weight
in the concrete mixure, they have significant effect in enhancing concrete resistivity to
chloride ions penetration and hence decrease the corrosion activities on steel bars protected by
such concretes. As for the epoxy coated rebars results showed concerns related to the
condition of the epoxy coating layer on the bar and to their application in high chloride laden
environments. On the other hand it is proven that corrosion inhibiting admixures such as
calcium nitrite are more effective when used with other protection systems such as ggbs and
microsilica. Accordingly conclusions can be made as following:

1. Significant imrovements in concrete performance when suplementary cementing
materials are used, especially with respect to resistivity to chloride ions petration and
corrosion activities.

2. Corrosion protections systems satisfy durability requirements of reinforced conctere
structures in marine environment.
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3. Effectiveness of the epoxy coated rebars is reliant on the quality of the concrete cover
and the condition of the epoxy coating on the steel bar at the time of use.

4. Effectivness of corrosion inhibiting admixtures such calcium nitrite is highly reliant on
their concentration with respect to chloride ion concentration in the same environment.
Any unaccounted for increase in the level of chlorides over the nitrite ions would lead
to unexpected form of corrosion on the steel bars. That why such corrosion protection
system would work better in multiprotection environment.

5. Itis of great importance to conduct field research studies under the actual prevailing
environmental to be able to conclude more realistic results that would make practical
applications of such materials and systems more effective. Studies of that nature
usually requires long time that spans to 5-10 years.
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ABSTRACT:

Concrete producers are prompted to promote the utilization of the limestone based aggregates
due to the limitation on extraction of alluvial materials in Constantine and the increased
transportation costs. These fine aggregates constitute the principal deposits of Constantine.

The utilization of limestone-based aggregates for filler content has shown some discrepancies
internationally. As the majority of our production units use excess of fine aggregate in their
production, we attempted to undertake some tests on the influence of the filler content on
concrete properties.

The basic parameters studied are: the variation of the fine content (0 to 24% with a step 6%),
the provenance of the sands (two sites) and the granular distribution (continuous and
discontinue).

Varying these three parameters, we have measured and observed various qualities of concrete
consistency, mechanical strength, shrinkage and loss in weight.

In conclusion, significant results demonstrated that we could attain the best performances

with 18% of fine content. For shrinkage we registered an acceptable behavior of almost 18%
from the tests.

Keywords:
Aggregates, Fines, Concrete, Granular Classes, Sand, Limestone, Shrinkage
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INTRODUCTION

Until recently, the aggregates supply has never been a source of major problem in most
regions of Algeria. Since then several factors have developed and environmental and other
factors can be held responsible for the lack of natural resources.

This state is due to the decrease of current deposits, especially problems linked either to the
environment or expleitation of resources.

Moreover, the global changes in the cost of construction, transport and material have led to
ncw initiatives to utilize available national materials. Chalky rocks have proven useful in
Algeria, notably in regions where problems of aggregates supply are the most crucial.
Similarly, Constantine, Mila, Oum El Bouaghi, can favourably respond to the problem of

aggregate supply.

However, enterprises prefer the use of alluvial aggregates from hard rocks, showing
reluctance to use crushed aggregates which seem to create several problems.

These problems are mainly linked to characteristics depending on type of the aggregates.
There are important contents in fine elements (more than 10%), which imply that it is
necessary to add more water than for rolled aggregates based concrete to obtain the same
workability of concrete. This is detrimental to concrete qualities becanse the concrete
placement is more delicate and its mechanical performances are notably reduced.

Several researches have been conducted in Spain, France, Morocco, Algeria and other
countries on the use of chalky sand containing fillers in mortar and concrete confection®. The
results obtained from these studies show that the tolerated limit of fillers contents vary from
one country to another, as shown in Table 1.

The most important problem is to know the effects of these very fine products on the fresh
and hardened concrete properties”.

The objective of this research is to present the possibility of chalky crushed aggregates used
in hydranlic concrete confection and also to determine the acceptable filler content limits in
sands according to the petrographic nature of the original rocks?.

In order to prove the influence of the filler presence on free concrete deformations, we have
undertaken dimensional variation measurements on test tubes containing different filler rates
and exposed to the free air by measuring the shrinkage and the loss in weight.

Table 1. Limits of filler contents authorized in different countries.

R.F.A. Canada Italy U.S.A. France UK
<a 4% <3-5% | <3-5% <7% |<10-12%]| <16%
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EXPERIMENTAL PROGRAM

Twenty concrete mixes containing different filler rates have been reviewed, based on the
mineralogical nature of the aggregates as well as the granular skeleton of the concrete and
their influence on rhiological properties of fresh concrete (slump, occluded air and density),
and their mechanical properties (compressive and tensile strength) measured at the age of 7,
28 and 90 days. Shrinkage and weight loss measurements were undertaken since the moulds
were removed until the age of 90 days.

The sand was fully washed and then reconstituted in large proportion of filler rates (0%, 6%,
12%, 18% and 24%). Two granular skeletons have been retained (Continuous and
Discontinuous:8/15 grade suppressed). The cement content was kept constant (350 Kg / m3).
Initially, the quantity of water was fixed to 182 1/ m3 and then adjusted gradually in order to
maintain a constant workability (8 to10cm), measured on ABRAMS cone. See Table 2.

Table 2. Identification of the twenty concrete studied

N° | Notation Designation

1 [ACO Continues granular concrete; S1 Sand with 0 % de fillers

2 |AC6 Continues granular concrete; 81 Sand with 6 % de fillers

3 |AC12 |Continues granular concrete; S1 Sand with 12 % de fillers

4 |AC18 |[Continues granular concrete; S1 Sand with 18 % de fillers

5 |AC24 |Continues granular concrete; S1 Sand with 24 % de fillers

6 |ADO Discontinues granular concrete; S1 Sand with 0 % de fillers
7 |AD6 Discontinues granular concrete; S1 Sand with 6 % de fillers
8 |AD12 |Discontinues granular concrete; 81 Sand with 12% de fillers
9 |AD18 |Discontinues granular concrete; S1 Sand with 18% de fillers

10|AD24 |Discontinues granular concrete; 81 Sand with 24% de fillers
11| KCO Continues granular concrete; 82 Sand with 0 % de fillers
12 |KC6 Continues granular concrete; S2 Sand with 6 % de fillers
13|KC12 |Continues granular concrete; S2 Sand with 12 % de fillers
14|KC18 |Continues granular concrete; S2 Sand with 18 % de fillers
15|KC24 |Continues granular concrete; S2 Sand with 24 % de fillers
16 |[KDO Discontinues granular concrete; 52 Sand with 0 % de fillers
17 |KD6 Discontinues granular concrete; S2 Sand with 6 % de fillers
18| KD12 |Discontinues granular concrete; S2 Sand with12 % de fillers
19|KD18 |Discontinues granular concrete; S2 Sand with18 % de fillers
20|KD24 |Discontinues granular concrete;S2 Sand with 24 % de fillers

Characterization of Constituents

The Cement: The cement used for the concrete confection is the CPJ 45 accordingly to the
Algerian norm NA 442. It comes from the cement factory ERCE (EL. Hamma - Constantine).
The chemical and mineralogical composition of the clinker is shown in Table 3.

34



Table 3. Portland clinker characteristics (%)

Mineralogical composition

CsS CS CsA C4AF
56.60 22.98 9.78 8.25
Chemical Composition

Si0; | AlOs [FerQs | CaO | MgO | SOs | Na;O | K20 | other. | L.O.I
27.83 | 6.21 | 3.12 | 57.22| 0.94 | 2.02 / / 228 | 241

The Granulates: The specimen used comes from two different sites; the first one, "S1" which
is found at 25 Km South/East of Constantine in the region of El Khroub, exploiting the
deposit of Djebel Oum Setta. This site is composed of great extent of Cenomanienne rock of
clear beige colour, safe, with 98% of very clean tender limestone. The second site, "S2" is
situated at 20 Km South/West of Constantine in the region of Ain Smara, exploiting the
deposit of Djebel Felten extending to Eocene rock white to greyish colour. The rock, fissured
and altered with clays, composed of 85% of limestone and 8% of silica’.

Gravels are industrial chalky crushed products of 3/8, 8/15 and 15/25. Physical,
morphological and mechanical properties are found in Table 4.

Table 4. Aggregates properties

81 82 Gravel

| Aggregates Grading 0/3 0/3 3/8 | 815 [ 15725
Physical Properties

Density (Kg/m”)

= Absolute 273 | 265 | 257 | 2.58 | 2.60
*  Apparent 144 | 146 | 136 | 135 | 134
Superficial tidiness (P) - - 1.50 | 128 | 0.56
Equivalent of sand 78.67 65 - - -
CaCOs (%) 86 98 85 83 84
Morphological Properties

Flattening Coefficient [ - [ - [ 18] 13 | 17
Mechanical Proprieties

Los Angeles (LA) - - 20 23 22
Micro Deval (MDE) - - 16 17 -

The Fillers: We designate fillers with crushed elements that have not been subjected to any
processing and having a granular grade of 0/d with d equal to 80 microns®.

The fillers come from the chalky crushed sand dust. These fillers conform perfectly to the
norm (NFP 18-501), their coefficient activity is in the order of 0.5. The chemical composition
and the physical characteristics of the fillers are grouped in Table 5.

The filler content has an important role on the physical sand characteristics.
Table 5. Chemical composition of fillers

SI0; | Al,Os | FepO3 | CaCO3 | MgO S0, LOI |PH
0.06 0.09 0.02 99 0.01 0.01 43.8 9
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Influence of Filler Rate on Physical Sand
Properties

Apparent Density: We notice that the apparent density
increases slightly for fillers with rates between 0 and
6%, then increases continually from 6 to 18% and it
stabilizes over 18%, see Figure 1. The peak
compactness is obtained between 18% and 24%. These
two sands follow almost the same appearance. A light
difference between these two sands is observed and it is
due to this fact that the sand S2 always contained a
small quantity of fillers after fully washing.

Absolute Density: We observe that the absolute
density increases rapidly for fillers with rate ranging
from 0 to 12% and it increases very feebly between
12% and 18%, Then it stabilizes, as shown on Figure 2.

Fineness Modulus: The fineness modulus (Fig.3)
varies almost linearly with fillers rate and varies
considerably between sand S1 and S2. The 81 sand is
coarse and has FM equal to 3.2, adding fillers to this
sand decreases FM to 75%. The FM of sand 52 varies
from 2.6 to 2.3 considered proper sand according to
specifications.

Piston Equivalent Of Sand: observation of Figure 4,
leads us to imply that a correlation between the fillers
percentage and the diminution of the equivalents of
sand exists. We notice that the value of the equivalents
remains superior to 65 in the interval 0 to 18% of fillers
rate. For these two sands and according to the French
standard the last value is the limit for the piston
equivalent of sand. Over 18% of fillers rate, the value
of sand equivalent decrease.

Concrete Mixture and Confection of Specimens

The method used for the concrete design is that of
Dreux and Gorise’. Proportions of the different
compositions are represented in Tables 7 and 8.
Specimens have been made (mixing, placement in thc

moulds, tightening) according to Algerian standard®, then conserved in water at 20°C after
demoulding at the age of 24 h, until the time of the testing, The specimens destined for
shrinkage and the weight loss measurements were conserved in the ambient air (60% HR,

T=20°C).
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RESULTS AND DISCUSSIONS:

Influence of Filler Rate on Fresh Concrete Properties

W/C: The fine elements play an important influence on
the W/C. In reality, more the filler rate increases, more
water is needed to keep a constant slump (see Figure 5).
For a filler rate approximately equal to 18%, the demand
for water becomes less important. This statement may be
explained by the fact that fillers having a very important
specific surface, form a colloidal microstructure that

retains water until the value of approximately 18%. This Percentage of fillers
observation remains valid for these two granular
(continuous and discontinuous) skeletons, not taking into Fig.5 W/C versus fillers rate

account the mineralogical nature of the sands.

At approximately 18% of filler rate, fillers behave as a fluidizer. According to R. Bertrandy’
for a plastic consistency the optimal filler rate required seems to be between 8 and 12% of
filler contents in the sand. In addition to this, it is necessary to consider a new parameter by
allowing the fillers colloidal activity to intervene. As seen in these results:

e For a high coefficient of activity, the best workability is reached® with a filler rate of 8%.

¢ The wastage water becomes considerable for a higher coefficient of activity.

In our case (according to technical form) the coefficient of activity is equal to 0.5, which
explains that we have gone until 18% to reach the optimum.

Real Density: Measures of real density in function of —=—KC —s—AC
the fillers rate (Figure 6) show that these characteristics 2
increase rapidly for filler rate rising from 0% to 12%.
The optimal compactness is obtained between 12% and
18% of fillers where we have noticed the maximal
value, Over this interval, a decrease is observed for all
the curves which imply that limestone fillers have b o Bk o B
sometimes a posiive and sometimes a negative Percentage of fillers
influence on the density depending on their content. . .
The different curves present a flatten bell with an Fie. GVSEE::rét]eﬂr:iLiens o
optimum situated between 15% and 18% of fillers. The

evolution of concrete densities based on aggregates issued from site S1 is better than those of
gsite §2. The influence of fillers is much more steady on discontinuous aggregate concrete.
This confirms the porosity effect in discontinuous granular skeleton.
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Occluded Air: Contrary to the variation of the real
density and as shown in figure 7, the percentage of the
occluded air decreases with respect to filler rate. We
notice that the optimum is reached between 12 and 18%
for the different curves. This verification is elsewhere
confirmed by the preceding measurements of the

density where we notice that in this interval, concrete 0 6 12 18 24 30
structure is denser. We notice three zones: | Percentace offillers |
Fig.7 QOccluded air versus
filler rate
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From 0% to 12% of fillers, the curves are almost constant.

From 12% to 17% of fillers, we observe an abrupt decrease.

Over 17% of fillers, the curves increase for the site 52 in a rapid manner but for the site
S1 they are slightly flat. In addition, we notice over the 18% stage there is a resumption of
the occluded air. This resumption is apparently provoked by the interaction activity of
cement-fillers-granulates, this statement need to be confirmed.

The Influence Of Fillers On Hardened Concrete Properties

Normalized mechanical tests have been conducted at the stages of 7, 28 and 90 days, to

follow the progressive evolution of the compressive strength on cylinders 16x32¢m and that
of the bending traction prisms 7x7x28 cm.

Compressive Strength: The compressive strength evolution in function of the age (Figure 8)
presents the same appearance for all filler rates. Globally, at 28 days the concrete compressive
strength for 6%, 12% and 18% of fillers rate is superior to that of the concrete without fillers.
On the other hand, for the content having 24% of fillers rate, the obtained resistance is always
weaker for the two granular skeletons. Between 7 and 28 days, the increase of resistance in
function of the age is appreciably linear. Over 28 days the filler effect tends to stabilise

gradually until 90 days. This allows us to say, that at longer term, the contribution to the
resistance becomes minimal.
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The limestone fillers play, therefore, a beneficial role on the resistance until the content of

18% “the optimum value”. The best compressive strength is obtained with the discontinuous
granular skeleton of the site S1.
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Tensile Strength: The observation of the presented values on figures 9 prompts us to
deduce the same conclusion for the compressive strength. The best performance is obtained
for the continuous granular skeleton of the site 82 with a filler rate of 18%, while the weakest
acceptable performance is that of the concrete having 24% fillers rate.
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Fig.9-B Tensile strength versus age and fillers rate (Site S2)

Shrinkage And Weight Loss: We know that the shrinkage evaluation function of time,
evaporation of water taken in concrete and by desiccation, by over 28 days evolution begins
to stabilise. Globally, the totality representative curves obtained in our tests (figure 10}, have
an identical behaviour. Whereas, we notice that the withdrawal grows proportionally with the
addition of the fillers. In the interval (0 to 6%) of fillers, the deformations due to the
shrinkage grow in the same manner for the different curves during the first days. Over 5 days
composition containing high filler percentage begins to plagiarize slowly from the weak
content compositions. We have recorded that the shrinkage grows to an order of 50% from 1
day to 7 days, and 20% between 7 days to 28 days. We notice that sands with high content of
fillers favour the shrinkage which is proportional to the weight loss (figure 11).

39



Cement CPJ45 Cement CPJ45
8 Specimen 7x7x28cm P Specimen 7x7x28cm
—e—ACD
,_\6 ——AC8
o4 ——AC12
&2 —=—AC18
3]
—x—AC24
0 ——
0 7 14 2 28 [} 7 14 21 28
Ages (davs) Ages (davs)
Fig.10-A Shrinkage versus the Fig.10-B Shrinkage versus the
age and fillers rate (Site 1) age and fillers rate (Site 1)
Cement CPJ43 Cement CPJ33
8 i 8 i
—e—KCO
— 8 ——KC8 ,6"“6
% 4 ——KC12 % 4
s —=—KC18|| [
—a—KC24
[¥] 0
0 7 14 21 28 0 7 14 21 28
Ages (days) Ages (davs)
Fig.10-C Shrinkage versus the Fig.10-D Shrinkage versus the
age and fillers rate (Site 2) age and fillers rate (Site 2)
Cement CPT45 Cement CPT45
2 Specimen 7x7x28cm 3 Specimen 7x7x28cm
s —e—ACO § —a— ADO
%1-5 ] ——ACS || [315 1 —e—AD6
oA
8 1- ——AC2|| |8 1 ——ADI12
Ehos | —a—ACIS ,‘%0,5 | —=—ADI8
Y —u—ACH|| |B —— AD24
S S — oW
¢ 7 14 21 28 0 7 14 21 28
Ages (davs) Ages (davs)
Fig.11-A Weight loss versus the Fig.11-B Weight loss versus the
age and fillers rate (Site 1) age and fillers rate (Site 1)
Cement CPJ45 Cement CPJ45
2. i 2 . Soecimen 7x7x28cm
g § —e—KDO0
= 13- EI,S : KD6
=21 2 1 —a—KD12
-3 B —u—KD24
0 — 0 —_—
0 7 14 21 28 0 7 14 21 28
Apges (davs) Ages (davs)

Fig.11-C Weight loss versus the
age and fillers rate (Site 2)

40

Fig.11-D Weight loss versus the
age and fillers rate (Site 2)




CONCLUSION

Exploitable resources of limestone aggregates in Algeria are important. Intrinsic
characteristics conform to specifications needed for hydraulic concrete. In all careers of
Algeria, the fillers rate is too high (going until 30%) and dusting processing are inexistent;
fully washing of sand may eliminate the fillers included in sands, which give poor resistance
and reduces the concrete workability.

Mechanisms of limestone filler actions in the concrete are based on physical effects. Thus the
filler particles grading of average dimensions, weaker than those of sand, contribute to
identify the microstructure by reducing the matrix pore.

Fillers confer to the fresh concrete a power of water retention that allows it to resist the
bleeding and provide a cohesion that maintains homogeneity (absence of segregation).

Fine grains slip between larger ones to increase the compactness and participate in the
optimisation of the curve grading.

The fillers incorporation during crushing is beneficial for the concrete. The optimal content
that allows obtaining the highest mechanical resistance, undertaken on a constant workability
concrete, is in the order of 18% of fillers, whatever is the aggregate source and the granular
skeleton. The demand for water decreases over 18% of filler rate and fillers begin to behave
as a water reducing adjutant. The cement-fillers-aggregates interaction provokes a resumption
of the occluded air when the filler rate is over 17%. Straight gains are linked to the
improvement of the compactness obtained by the addition of fillers, and, on the other hand the
straight decrease is due mainly to the increase of the W/C, the fillers effect tends to stabilise.
The optimal fillers content that allows the obtaining of highest resistance is close to 18%.
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ABSTRACT

This study was conducted to investigate the sulfate resistance of two plain cements (Type I
and Type V) and three blended cements made with fly ash, silica fume and blast furnace slag
in marine environments. In addition to assessing the strength developments, the performance
of these cements was evaluated by exposing the specimens to a “fresh” sea water for a period
of two years and measuring the reduction in compressive strength and expansion of the mortar
specimens; visual inspection, weight change of the concrete specimens; and mineralogical
analysis using x-ray diffraction technique of cement paste specimens. The results of these
tests indicated that deterioration due to sulfate attack was somewhat hindered on all plain and
blended cements despite the high sulfate concentration in the sea water medium which is
classified as “aggressive”.

Keywords: Plain cements, blended cements, sulfate attack, sea water, marine exposures,
performance.
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1. INTRODUCTION

Deterioration of concrete in marine environments has been the subject of major concern and
research since the invention of cement as a binding material [Al-Amoudi, 2002]. Due to the
extensive spread of seas all over the world, as compared with the continental land available
for human beings, marine structures and offshore oil facilities will grow and will continue to
be made of concrete [Mehta, 1980; 1991] because concrete is not only the most economical
structural material for construction of such structures, but also the most durable. The
performance of concrete structures in sea water is of great importance because the durability
of these structures is the most complicated system to investigate; where concrete deterioration
is caused by a maze of interwoven mechanisms (ie. chemical, physical and mechanical
factors) [Al-Amoudi, 1992].

Research on durability of reinforced concrete in sea water is mostly concerned with two
deteriorating actions; chloride-induced corrosion of reinforcing steel and sulfate attack on
concrete [see the list of references]. The need for continued research on these aspects stems
from the fact that there have been considerable changes in the physico-chemical
characteristics of Portland cement in the past century, particularly in terms of C3;A and C;8
phases. Further, the addition of supplementary cementing materials, such as fly ash, silica
fume and blast furnace slag, in Portland cement has significantly increased, particularly in the
aggressive exposures of the Arabian Gulf. Moreover, the concentration of salts in marine
exposures, particularly the sulfates and chlorides, may give the impression of a constant
composition all over the world. However, Table 1 displays significant variation in the
concentration of various salts, with the sea water in the Arabian Gulf being the most
concentrated open sea [Al-Amoudi, 2002]. As part of a comprehensive research program
initiated at KFUPM in the early 1990s to study the durability of plain and blended cements in
high sulfate-chloride media [Al-Amoudi, 1992], this paper summarizes the investigation
conducted to assess the sulfate attack on plain and blended cements exposed to marine
environments.
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2. EXPERIMENTAL FPROGRAM

ASTM C 150 Type I and Type V Portland cements with a C3A content of 8.5% and 3.5%,
respectively, were used in preparing plain cement paste, mortar and concrete specimens.
ASTM C 618 Class F fly ash (FA), silica fume (SF) and blast-furnace slag (BFS) were used at
20, 10 and 60% replacements by weight of Type I cement, respectively, to prepare FA, SF and
BFS blended cements. An effective water to binder (w/b) ratio of 0.50 was kept invariant in
all the paste, mortar and concrete specimens. In the mortar specimens, the sand to binder ratio
was maintained at 2.75, while a binder content of 350 kg/m® and a coarse-to-fine aggregate
ratio of 2.0 by weight were kept constant in all the concrete mixtures. The aggregates were
19-mm maximum size crushed limestone and dune sand from eastern Saudi Arabia.

After casting, all the specimens were covered with wet burlap in the moulds for 24 hours and,
thereafter, cured in potable water for a further period of 14 days. They were then air-dried in
the laboratory (23 £ 2°C) for one day before being placed in the sea water. The sca water was
obtained from the Arabian Gulf beside KFUPM beach (see Table 1 for the concentration of
various ions in the sea water) and was changed every month.

Cement paste specimens were used to study the effect of sulfate ions in sea water on the
hydration products using X-ray diffraction (XRD) technique after 24 months of exposure to
the marine environment.

Mortar specimens were used to determine the strength development in water and strength
reduction and expansion due to exposure to sea water. The strength tests were conducted on
25-mm cube specimens according to ASTM C 39, while the expansion measurements were
conducted on two 25x25x285 mm prismatic specimens as per ASTM C 441. Concrete
cylinders, 76 mm in diameter and 152 mm high, were used to stdy the effect of sea water on
the weight loss of concrete. See Al-Amoudi [2002] for further details on these tests.

3. RESULTS

The data on compressive sirength development in all the plain and blended cement mortar
specimens placed in water are depicted in Figures 1 and 2, respectively. All the cements
exhibited somewhat similar strength after 14 days of curing, except the blast furnace slag
(BFS) cement. After 180 days of curing, the maximum compressive strength was observed in
the silica fume and fly ash cements. The strength development in BFS cement specimens,
however, was the lowest at all curing periods due to the high quantity of BFS (60%) in this
cerment.

The reduction in strength in plain and blended cement mortar specimens exposed to sea water
is plotted in Figures 3 and 4, respectively. The strength reduction was less than 20% in all
types of cements after one year of exposure. After two years of exposure, the reduction in
strength was in the range of 22 to 26% in all the cements except in the BFS cement which was
13%. The lowest reduction in strength in BFS cement may be attributed to their initially low
strength, as was stated earlier.
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The expansion data are presented in Figures 5 and 6 for plain and blended cement mortar
specimens, respectively. After 540 days of exposure to the marine environment, the
expansion in plain cements was more than that in all the blended cements. The better
performance of blended cements could be ascribed to the dilution of the reactive cement
phases (ie., mainly C;A and C:S) in the parent cement due to its replacement by the
pozzolanic materials [Al-Amoudi, 2002]. The maximum expansion of 0.08% was noted in
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Figure 6: Expansion of Mortar Specimens Made with Blended Cements.
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Type 1 cement after 18 months, followed by Type V cement, which had an expansion of
0.070%. The marginal improvement of Type V cement might be ascribed to its relatively
lower C3A. Among blended cements, BFS cement exhibited distinctly the lowest expansion of
0.056%. After 540 days, the expansion was about 0.067% in both FA and SF cements.

The data on weight change for the concrete specimens made with plain and blended cements
are plotted in Figures 7 and 8, respectively, Surprisingly, an increase, rather than a decrease,
in the weight was noted in all the concrete specimens, even after 24 months of exposure to the
sea water. Visual inspection of these specimens did not reveal any type of “distinct”
deterioration below or above the sea water level, as was observed in other
aggressive exposures [Al-Amoudi, 1998; Al-Amoudi et al., 1994]. Only salt deposition was
noted on the specimens in a way exactly similar to what has been observed on the specimens
placed in sabkha (i.e., high sulfate-chloride) brines [Al-Amoudi, 1995]. The salt precipitation
increased in proportion to the increase in weight. In fact, salt precipitation was noted even on
the portions of the specimens above the sea water level though to a lesser extent.
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The X-ray diffractograms (XRDs) for plain and blended cement pastes exposed to the sea
water for a period of 24 months are presented elsewhere [Al-Amoudi, 2002]. The XRD data
indicate that the portlandite peaks noted in the specimens cured in water were either totally
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eliminated or significantly reduced when the specimens were exposed to the marine
environment. Most of the peaks noted in the pastes exposed to sea water were very small;
cither the remnants of portlandite or gypsum or the calcium chloro-aluminate, known as
Freidel's salt, or the magnesium hydroxide [Al-Amoudi, 1992]. These peaks were small and
cannot be easily identified, as was noted previously in the case of the specimens exposed to a
high sulfate-chloride environment [Al-Amoudi et al., 1994]. However, the formation of
calcite, probably due to carbonation of cement, was noted in both the specimens cured in
water and exposed to sea water.

4. DISCUSSION OF RESULTS

The data reported in this paper indicates that the maximum strength reduction noted in this
investigation was about 25% in Type I and FA cements after two years of exposure to the
marine media. Such a reduction can be considered as "small" for the following reasons: (i)
the duration of exposure to the marine environment was relatively long (24 months); (ii) the
specimen size was designed to be small (25 mm cubes) so as to accelerate the deterioration
phenomena by the sulfate ions in the sea water; and (iii) the sea water had a sulfate (SO42")
concentration of 5,120 ppm [Al-Amoudi, 2002], which is considered as severe, according to
the Canadian Standard CAN3-A23.1-M77 [Mindness and Young, 1981] and ACI 318
[American Con., 1995]. The strength reduction in all the mortars was less than 30% that is
generally considered as the threshold value for failure due to sulfate attack on small
specimens similar to those utilized in this investigation [Al-Amoudi and Maslehuddin, 1996].

The expansion data also supports the results of strength reduction whereby the expansion of
both plain and blended cements was vividly low. The expansion of all cements during the 18-
month exposure to the marine environment did not exceed the 0.1% that is generally specified
as the failure criterion for expansion [Al-Amoudi, 2002].

The relatively mild attack of sea water on all the cements used in this investigation is further
supported by the weight change data generated by exposing the concrete specimens to sea
water. As stated eatlier, an increase in the weight of these specimens was noted thereby
confirming the absence of noticeable concrete deterioration after two years of maritime
exposure. The increase in weight was ascribed to salt penetration and precipitation that was
visually noted on all the concrete specimens, both below and above the sea water level, as was
discussed previounsly. Similar observation was noted when fifteen different concrete mixtures
were exposed to a high chloride-sulfate "sabkha" solution [Al-Amoudi, 1995].

Literature review indicates that there are two forms of concrete deterioration that are ascribed
to sulfate attack [Al-Amoudi, 1998]. The first mode of deterioration is akin to eating away of
the hydrated cement paste and its progressive reduction to a cohesionless granular mass
leaving the aggregate exposed and leading to loss of strength and reduction in weight. This
mode is attributed mainly to the formation of gypsum and the non-cementitious magnesium
silicate hydrate, and is known as the acidic type of sulfate attack. The second mode of
deterioration, which is normally characterized by expansion and cracking, takes place when
the reactive hydrated aluminate phases, present in sufficient quantities, are attacked by sulfate
ions, thereby forming tricalciumsulfo-aluminate hydrate, also called ettringite or Candlot's
salt. This expansive type of sulfate attack is ascribable to the formation of a colloidal form of
ettringite in the presence of high concentrations of Ca(OH); in the pore solution.
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Visual inspection of the specimens exposed to sea water did not reveal any of the above two
forms of deterioration during the two year exposure period. Previous studies in the 1950s and
19703 had reported excessive expansion and extensive deterioration in concrete structures
exposed to sca water [Mehta and Haynes, 1975; Kalousek and Benton, 1970; Figg, 1979].
The reason for the increased proneness of old cements to expansion and spalling by sea water
is probably ascribable to the high C3;A content of "old" Type I cements that were
manufactured before 1950s. When the CsA content is more than 11%, the susceptibility of
concrete to expansion and cracking is significantly increased [Gjorv. 1971]. On the contrary,
the present-day Type I cements often have a maximum C3;A content of about 9%.
Accordingly, the expansion of Type I portland cement when exposed to sulfate media is much
mitigated. The expansicn characteristics are further reduced by the conjoint presence of
chlorides with the sulfate salts in marine environments [Figg, 1979; Harrison, 1990]. Even if
cttringite or gypsum is formed, the expansive stresses will be much reduced due to the
concomitant presence of chloride ions [Lea, 1970; Al-Amoudi et al., 1994],

Considering the long-term (i.e., more than 20 years) performance of concrete, some
researchers [Mehta and Haynes, 1975] reported that all Portland cements, including Type V
cements with C3A of up to 3%, will be significantly affected by sea water. The reason may be
attributed to the first "acidic" type of sulfate attack, which is ascribable to the prevalence of
portlandite produced by the hydration of C;8 and C,S phases. In fact, the portlandite content
is proportional to the C3S to C,8 ratio of the cement and this ratio is responsible for the early
strength development of the cement. Since the manufacturers of modern cements do care a lot
about the high early strength only, they deliberately make the C;8/C,S ratio extremely high
thereby increasing the portlandite content. Therefore, these cements will readily deteriorate
after long exposure periods. The principal form of deterioration will be the gypsum *“acidic”
type, whereby the portlandite produced by the hydration of calcium silicate phases will react
with the sulfate ions in sea water to produce gypsum according to the following reaction:

2H,0
Ca(OH); + SO~ —> CaS0,2H,0 +20H"

To mitigate the inferior role of portlandite, it is recommended to use pozzolanic (i.c., mineral)
admixtures to consume this portlandite as shown in the following “pozzelanic” reaction;

3Ca(OH); +28i0; ———— >  3Ca0-28i0,-3H;0

In addition to consuming the portlandite, the pozzolanic reaction produces secondary C-8-H,
which reduces the permeability of concrete thereby improving the sulfate resistance of
blended cements. Therefore, the long-term performance of these cements, particularly those
incorporating silica fume, is expected to be much better than plain portland cements exposed
to marine environments, especially when the concrete mixture is to be prepared at a low water
to binder ratio, similar to what is being currently used in offshore structures [Mehta, 1991].

5. CONCLUSIONS
Cement paste, mortar and concrete specimens prepared using Type I and Type V cements and
Type I cement blended with fly ash (20%), silica fume (10%) and blast furnace slag {60%)

were exposed to sea water for a period of 720 days. The performance of these cements was
evaluated through visual inspection, measuring the reduction in compressive strength,
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expansion and weight change. Based on the results developed in this investigation, the
following conclusions can be drawn:

The reduction in compressive strength and expansion data indicated better performance by
blended cements, particularly the BFS and SF cements. The performance of Type V cement
was marginally better than that of Type I cement.

An increase, rather than a decrease, in weight was noted in all the concrete specimens. The
lowest increase in weight of about 1.50% was noted in SF and BFS after two ycars of
exposure. The weight change was 1.85% in plain and FA cements.

No signs of deterioration were observed on plain and blended cements, even though the
sulfate concentration in the sea water was high. The weight loss, expansion and reduction in
compressive strength were less than the threshold values reported in the literatmre to denote
failure due to deterioration by sulfate attack, even after two years of exposure.

Considering the long-term durability performance of concrete in marine and offshore
structures, SF or BFS cement can be used at a low water to binder ratio. To further enhance
the resistance against deterioration by sulfate ions and/or salt crystallization, additional
protective measures, such as the application of a water-resistant epoxy-based coating, may be
considered.
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ACHIEVING DURABLE CONCRETE SURFACES IN HOT CLIMATES
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David Wilson, Max Frank GmbH, Germany
Shakeel Ahmad, Rezayat Trading Company Ltd., Kuwait

ABSTRACT

In hot aggressive environments improvements to concrete durability are still necessary in
order to reduce annual multi-million dollar bills for concrete refurbishment and replacement.
Research has resulted in new standards being developed which have involved the
development of new exposure classifications with associated strength requirements,
maximum w/c ratio and minimum cement content recoramendations. These requirements can
all be classed as "product” related. Ideally they should lead to a higher quality, more durable
concrete, which will have the required design life for the prevailing exposure conditions.

Unfortunately, perfection is never achieved on site and every "process” problem that will
arise, inevitably leads to significant reductions in the concrete's resistance to all aggressive
elements. Hot climates exacerbate these problems. Thus, no matter what cement replacement
or admixture is added to the mix, the outer 20mm of the surface will always be the worst
concrete in the structure This paper reviews the problems arising from process and reviews
how the use of CPF liners like Zemdrain® can offer a solution.

Keywords

Controlled permeability formwork, durability, curing, blemishes, cover, product, process,
carbonation, chloride ingress, micro-organisms.
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INTRODUCTION

The quality of the outer 20mm of the concrete cover zone is not determined by the cement
content and w/c ratio of the mix, but is largely determined by:
s the use of impermeable formwork face contact materials which trap excess air and
water at the formwork/concrete interface
the use of release agents whose residues contaminate the concrete surface
the quality of compaction
the quality of curing
the overall quality of workmanship

The above process problems are exacerbated in hot and aggressive environments due to:
& arid regions with bright sunshine and little cloud cover
¢ long spells of hot weather
¢ peak temperatures above 50°C
e varying humidity levels and dry blistering winds with significant speed fluctuations

Reductions in surface quality due to the above can be quite significant and can have a
dramatic influence on the theoretical design life of any structure. Detailed analysis of the
problems arising from process demonstrates conclusively that the use of CPF improves the
quality of the outer 20mm of the surface helping to overcome most of these problems.

EFFECTS OF PROCESS ON FINISHED CONCRETE SURFACES

The effects of a harsh environment combined with process problems can significantly effect
the properties of the concrete surface up to a depth of 20mm. The use of oiled impermeable
formwork face contact materials, such as plywood, steel and plastic, results in water gain,
cement reduction and trapped air bubbles in this critical zone.

1. Surface Blemishes

Blemishes that can normally occur on a concrete surface, as a result of process problems have
been well documented, (Monks 1981). Blemishes attributed to the excess air and water
normally trapped at the concrete/formwork interface include: -

s blowholes and pinholes
¢ scouring, crazing and plastic cracking
& dusting, retardation and oil discolouration

Each of the above reduces surface quality and durability by making the concrete more
susceptible to early age weathering and to the ingress of deleterious agents.

2. Contaminated Surfaces

Biological growth thrives on a porous surface with blowholes and contaminated with release
agent residues. This is particularly the case in hot environments with cycles of wetting and
drying. Independent research, (Franke 1993) has shown that residues of oil/release agents
used with impermeable faced formwork can penetrate up to Smm into such a concrete surface.
These chemicals are not subject to UV degradation once they are away from the surface inside
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the blowholes or pinholes. The residnes of release agent not only provide nourishment for
bacteria and fungi, but may also contaminate the water supply and affect the performance of
applied coatings and surface penetrants, (Price 2000).

3. Surface Cement Content and Porosity

In the outer 20mm of the surface, the type of formwork face contact material used determines
the porosity, w/c ratio and cement contents. A UK government sponsored research project;
(Dhir 1999) involved laboratory plus in-situ testing on twelve construction sites. It was found
that that surface cement content was typically reduced by up to 40 kg/m® below design values
whilst porosity and w/c ratio were increased by up to 25%. This was i.rrcs;pective of cement
types (PC, GGBS, PFA, silica fume), the mix strength (25 to 60 N/mm®) and the type of
admixture (water reducers, superplasticisers, pore blockers, air entrainment) used and
formwork orientation. The combination of reduced cement content and minimal surface
blemishes leads to a surface with an increased porosity and reduced resistance to chloride
ingress, expansive slats, chemical attack, abrasion and carbonation.

4. The Importance of Curing

The curing affected zone is judged to vary between 20 and 50mm depending upon the type
and duration of curing employed. Adequate curing is, arguably, the most critical of all
construction operations as regards concrete durability, unfortunately, as detailed in many
learned journals it is rarely carried out effectively, (Price 1998). All the benefits of correct
specification of materials and high standards of mix design and construction practice can be
lost if curing is not properly carried cut. The hot, dry and windy environment in the region
necessitates the very highest standard of curing that can be obtained.

It is well known that good curing practice improves the performance of the concrete surface
by reducing porosity and increasing resistance to carbonation, chloride ingress and abrasion.
Curing is known to be particularly beneficial for concretes with cement replacements,
including PFA, GGBS and Microsilica and in hot climates, (Walker 2002). The porous
surface produced by conventional oiled formwork facilitates an immediate significant
moisture loss upon formwork removal. The inevitable time delay between formwork removal
and installing a curing regime result in less effective curing.

5. The Importance of Cover

The quality and depth of cover is always critical, but perhaps more so in aggressive
environments, Surveys of in-situ structures in various areas across the world have revealed
that it is almost impossible to consistently achieve the design cover, with shortfalls of 10 to
15mm below minimum common, (Slater 1999). This reduction in cover combined with the
poor quality outer 20mm arising from process problems, results in premature reinforcement
corrosion, even for well designed and placed mixes.

6. Summary
The majority of engineers make the erroneous assumption that the covercrete produced by
conventional impermeable faced formwork will always be of the same durability and quality

as the heartcrete. As the above has shown this is not the case, the worst concrete in any
structure will always be at the surface, precisely the area where the best concrete is needed.
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The only sector of the concrete industry to formally recognise this problem are the coating
companies. Reference to their installation guidelines shows that they regard conventionally
cast surfaces to be of low quality. They normally recommend that non-visible surface
contaminants such as laitence, efflorescence, form release agents and curing agents must be
removed prior to coating as part of normal surface preparation.

Damage to the long-term durability of concrete resulting from process problems should not be
underestimated. However, in the main little attention is paid to process, this is remarkable
since problems resulting from process are probably now the main factor in reducing concrete
durability. Since water gain at the surface is primarily a function of the formwork type, we
would appear to be wasting our time and money trying to solely treat the symptoms of poor
durability, by improving the product, rather than one of the real causes namely process. The
introduction of Controlled Permeability Formwork (CPF) liners like Zemdrain® is at last
giving engineers the ability to address and overcome these process problems.

CONTROLLED PERMEABILITY FORMWORK (CPF)

CPF systems generally consist of a combined filter and drain supported by a rigid backing.
Most currently available systems consist of a textile liner or a composite filter/net supported
by conventional formwork. A more detailed explanation of the different types of CPF liner is
contained in CIRTA Report C511, Controlled Permeability Formwork, (Price 2000).

1. What is Controlled Permeability Formwork?

A CPPF liner is generally a one or two layer system composed of a specially engineered filter
fabric laminated to a grid or drainage fabric. Product thickness is generally less than 2.5mm,
The filter fabric should have a pore size of less than 0.050mm to help retain the majority of
cement fines, whilst permitting the controlled removal of excess air and water from the
concrete/formwork interface. Absorbency of liners shonld be minimal to prevent too much
water being removed, which could be detrimental to the surface when using low w/c mixes. A
maximum absorbency of 0.1 litres/m” for liners has been suggested. The purpose made CPF
liners retain water within their structure to aid with early curing. These two aspects are
important, as an absorbent dry liner would tend to suck water from the hydrating surface.

Liners are generally tensioned over conventional formwork surfaces using staples or other
fixing devices. Release agents should never be used with CPF liners, either on the backing or
on the liner itself. Once attached to the formwork, concreting is performed in accordance with
local practice. The number of uses for a liner will depend upon the type of liner and the
expected benefits. As an example from the CIRIA report it is recommended that Type II liners
can be used once, whilst Type III liners can be used 2 to 3 times for durability applications.

2. The Benefits of Using CPF

During the compaction process, the CPF liner retains the majority of the cement fines, whilst
allowing excess water and air to escape from the concrete/formwork interface. This avoids
any water gain at the surface and results in a reduction in w/c ratio and an increase in cement
content in the outer 20mm, (Figure 1). The removal of the air also virtually eliminates the
formation of blowholes and pinholes. Some of the drained water also remains within the
structure of the Zemdrain® and as long as it is in place the liner acts as a curing membrane,
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The properties of the resulting concrete are significantly improved over those of a
conventionally cast surface, (McCarthy 2002).

MINIMISING PROCESS PROBLEMS

Using a controlled permeability formwork liner such as Zemdrain® helps to overcome many
of the process problems that can arise during construction resulting in:

virtual elimination of blowholes and other surface blemishes

no surface contamination as release agents are no longer required

surface cement contents are increased and w/c ratio and porosity are reduced
a well cured surface with the liner acting as a curing membrane

improved durability properties equivalent to an extra 15 to 20mm of cover

Zemdrain® cast surfaces

Covercrete: outer 20mm of
the surface cast against
Zemdrain® is the best concrete)
in the structure being better
cured with reduced w/c ratio
and increased cement content

\

HEARTCRETE

zone of generally high
quality concrete with
design w/c ratio and
cement content

= S e

r—Conventionally cast surfaces
L.

Covercrete: outer 20mm of the
surface is the worst concrete in the
structure with increased w/c ratio
and reduced cement content due to
the use of oiled impermeable faced
formwork and poor curing

Figure 1. The benefits of using a CPF liner

1. Virtual elimination of Surface Blemishes

CPF liners permit the controlled removal of excess air and water that always accumulates at
the interface between impermeable formwork face contact materials and the concrete. Hence,
the blemishes that normally arise from air and water gain are largely for eliminated both
vertical and top sloping formwork, (Monks 1999). An added benefit is that the absence of
holes in the surface reduces the opportunities for expansive salts to gain entry. Examination of
lightly sand blasted Zemdrain® cast surfaces show that proportionately fewer blowholes are
revealed. Figure 2 shows the blowhole count for a typical C35 concrete, (Aitcin 1999).

Blowholes Approximate number of blowholes per square metre
Size (mm) Vertical section Negative slope section
Control Zemdrain® Control Zemdrain® |
> 10mm - - - -
510 10 mm +40 0 + 150 0
2to 5 mm + 200 +2 + 200 +2
< 2mm + 100 0 =100 0

Figure 2. Blowhole Count
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2, No Surface Contamination

The use of release agent results in conta:mnatlon of the concrete surface. The combined
benefits arising from using Zemdrain®, including not using release agents, a low porosity
surface with increased cement content and minimal blemishes, result in a surface, which
reduces the risk of contamination by organic species, (Price 2000). This surface is hostile to
bacterial growth in marine environments and in water retaining structures.

Inspection and testing of a 7 year old sea wall has shown that for the inter tidal and splash
zones, algac growth on a Zemdrain® cast surface is minimal, whilst the conventionally cast
surface has been heavily colonised, (McCarthy 2002). Several structures in water plants have
been examined after 6 to 7 years in operatlon and they also show negligible algae growth in
wet/dry environments on the Zemdrain® cast surfaces, which is not the case for surfaces cast
against oiled steel or plywood faced formwork,

3. Porosity, cement content and w/c ratio

The capillary porosity of concrete from 10 sites was measured and is shown in Figure 3.
These results cover a variety of mix strengths (35 to 60 N/mm?) with cement replacements
(GGBS, PFA and silica fume) and admixtures. The results show clearly the difference
between the Zemdrain® and the control surface, up to 40% reduction, but also how the
porosity is lower than in the centre. This reduction in porosity helps to further explain the
increased resistance of the concrete surface to algae growth,

It has alrcady becn demonstrated that the outer 20mm of the surface cast against oiled
impermeable faced formwork always shows a reduction in cement content and an increase in
water/cement ratio for a]l conditions. These results are applicable irrespective of mix
strengths (35 to 60 N/mm?), cement replacements (GGBS, PFA and silica fume), adrmxtm‘es
used or formwork orientation. The reverse is true for surfaces cast against Zemdrain®; there is
a gain in cement content and a reduction in water/cement ratio, (Dhir 1999). The nett increase
in cement contcnt over that for a surface cast against an impermeable face contact material is
up to 100kg/m’, with reductions in w/c ratio of up to 45%. Figure 3 shows this effect for ten
construction sites. Combined with the reduced porosity, the resulting surface has improved
resistance to all forms of environmental attack, not only to ingress of aggressive elements but
to the effect on surfaces of expansive salts.

Experiences in waste water treatment works, where conditions can be very aggressive, have
shown that after 6 years exposure to an acid environment, a Zemdrain® cast surface remained
largely unaffected, whilst the conventionally cast surface showed significant acid etching. In
two covered potable water tanks, which have been in operation for 7 years, significant
differences were noted between the columns cast with oiled steel and plywood formwork and
the Zemdrain® cast walls. The walls remain unaffected, whilst for the columns, the blowholes
have reopened and the surface is sandy and slimy to the touch due to soft water attack and the
dirt adhering to the non Zemdrain® cast concrete, Thus demonstrating the difference in quality
and durability of the two surfaces.
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Figure 4. Cement Content.
4. Curing

It is to be expected that the highly porous surface produced by oiled steel or plywood faced
formwork will result in a rapid loss of moisture upon formwork removal unless a curing
regime is put in place immediately. As has been widely documented, this is very rarely, if
ever achieved. The surface produced by Zemdrain® as shown in Figure 3 has a low porosity
that ensures there is no rapid loss of moisture upon formwork removal. Even without
additional traditional curing, the result is a well-cured surface.

In addition, some of the water drained from the concrete is retained within the liner. This

water is then available to be reabsorbed by the hydrating concrete during the critical first 24
hours of the life of the structure. The benefits of the curing affect of Zemdrain® are shown in
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Figure 5. Some researchers have stated that the effect is to largely desensitise the concrete to
the effects of inadequate curing. These benefits are more obvious in harsher hotter climates.
The recently published "Guide to the construction of reinforced concrete in the Arabian
Peninsula" states that, "when CPF is used the resultant concrete surface is of a significantly
higher quality than that produced by normal formwerk and sensitivity to curing is reduced. It
may, in future, be possible to use slightly shorter curing periods with CPF", (Walker 2002).

without CPF with Zemdrain® with Zemdrain®
TR SR R

BRSPS w S | ‘
Ao mmmnm” Oop | ! e {
i 0 2 * 25 SOROG) ol ! !
.'\-. d-_q.-.-' A‘ b ‘f ko o pazr '
““naloms L XN J A R T » el TN —asamansnd
The highly porous surface The CPF liner retains water The resulting low porosity
allows rapid moisture loss acting as a curing membrane  surface is largely desensitised
upon form removal until form removal to effects of curing
Figure 5. Curing - the Zemdrain® effect
5. Cover

The problem of achieving design cover is well documented. An acceptance that it occurs has
been demonstrated by the increase in the depth of design cover with time. Despite the use of
covermeters and better quality spacer blocks, it remains difficult to achieve the specified
cover. Research on CPF at Dundee University has concluded that for chloride ingress, by
using CPF, the equivalent benefit to the concrete is the same as an extra 15 to 20mm of cover
or an increase in grade of approximately 15 kKN/mm?, (McCarthy 2001). Thus, CPF acts as an
extra security that even if youn fail to achieve design cover through process problems, the
required level of durability will be maintained. The same report concluded that, other
durability concerns are virtually eliminated by the use of Zemdrain® formwork liners.

6. Performance in Harsh Environments

Reinforced concrete structures in hot climates often deteriorate much more rapidly than
structures in more temperate regions. In hot/wet and hot/dry environments the increased
presence of chlorides in the atmosphere is particularly harmful to concrete. Laboratory work
on simulated hot climate conditions has shown that for concrete cast against Zemdrain®, all
measures of durability are improved, (Price 1992). The effective chloride diffusion coefficient
is generally reduced by more than 50%.

Results from in-situ tests in the United Arab Emirates, (Wimpey 1995) have demonstrated the
benefits of using Zemdrain® over a relatively short period of time. The concrete panels were
composed of 50% PC / 50% GGBS, with a water/cement ratio of 0.4. Figure 6 illustrates the
significant reductions in chloride levels with depth. The initial curing benefits of Zemdrain®
tend to desensitise the concrete to the normally inadequately applied traditional curing. The
reduced porosity surface that is produced means that Zemdrain® use will be of benefit
irrespective of the type of mix, type of cement replacement or admixture that is used.
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Figure 6 Chloride ingress under harsh conditions

Longer Term Performance

The oldest sites on which use was made of Zemdrain® in the concrete works have been in
service for over 12 years. A variety of sites representing the main application areas have been
revisited worldwide. Bridges, marine, water and wastewater structures have been visually
inspected and in some cases in-situ testing performed.

L3

&

Bridge structure report: "The results of this investigation at the middle pier south face of
Dock Street Bridge would sugégest that, after 7 years in service the durability properties of
concrete cast using Zemdrain~ formwork lining remain considerably better than those of
the concrete cast against normal plywood shuttering”, (Rankin 1999).

Sea wall report: "Marine growth was greatest on the reference (non CPF) concrete”, (Dhir
1999). "The results showed that the use of CPF reduced chloride ingress by 40% at the
surface to 80% at depth for both splash and inter tidal zones". "Comparisons with related
laboratory data suggest that the benefits of CPF are maintained under aggressive exposure
conditions and are equivalent to increasing cover depth by 15-20mm", (McCarthy 2002).

Several potable water and wastewater structures were visually inspected after they had

been in operation for up to 7 years. Inspection of structures in mild to medium aggressive
conditions in several potable and water treatment plants, showed there was no visible
degradation of the Zemdrain® cast surfaces which remained clean and intact. For
traditionally cast surfaces, evidence of erosion was noticeable and strong algae growth was
very pronounced in the wet/dry zones. The conditions prevalent in some wastewater and
sewage gphcatmns can be very aggressive to concrete. At the sites investigated, both
Zemdrain™~ and non CPF cast surfaces displayed erosion. However, the deterioration to the
traditionally cast surface was at a much more advanced stage and indicated that the
expected life of the Zemdrain® cast surface would be significantly longer, (Wilson 2002).
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SUMMARY

It has been demonstrated that CPF use is effective in most concrete construction applications.
Liner use is compatible with and complementary to cement replacements, admixtures,
coatings and penetrants. In hot regions where climatic conditions are such that effective
curing is often extremely difficult, the use of CPF also has significant practical advantages for
producing durable reinforced concrete structures.

By negating many of the problems arising due to process, CPF gives the engineer working
with concrete the opportunity to:-

use inclined and vertical formwork, but still avoid virtually all surface blemishes
minimise unsightly algae and micro-organism growth in wet/dry environments which
affect all structures in water such as in inter-tidal zones and water holding tanks
minimise the effects of expansive salts and acid attack in all structures reducing cleaning,
maintenance and refurbishment costs

ensure maximum resistance to aggressive elements (chlorides, carbonation, sulfates, etc.)
ensure that surface penetrants are fully effective

avoid the need for sand blasting and faring coats prior to coating application
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The use of CPF is not the only method available for improving process. Other techniques can
help, however, they only partially address individual problems and do not give the overall
improvements to be expected from using CPF. Obviously using a CPF liner does not directly
tackle problems arising from misplaced reinforcement and poor compaction. Design and
workmanship issues not discussed above are not influenced by the use of a liner.

CONCLUSION

Deficiencies in the finished concrete surface are mainly due to process. Aggressive
environmental agents can then more easily degrade surfaces. Using a CPF liner in place of
conventional oiled impermeable faced formwork avoids process problems and improves the
quality and durability of the concrete surface. The use of CPF is now included in national
standards, (BSI 2002) and other publications, (BRE 2002). CPF has been described by a
prominent engineer as possibly "the most significant step forward during the past 25 years in
enhancing concrete durability”, (Rostam 1995). When will industry take up this technology?
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ABSTRACT

The utilization of large amounts of by-products and waste materials plays a very important
role in solving ecological problems. Phosphogypsum is a waste product of the phosphoric
acid. About to 200,000 tons of phosphogypum are annually produced in Egypt and cause
serious storage and environmental problems. Phosphogysum is a rich source of calcium
sulphate carrying impurities of phosphates and flucrides. This work aimed to evaluate the
effect of substitution of natural gypsum by phosphogypsum on the hydration behavior as well
as the physico-mechanical properties of slag cement. The natural gypsum was partially
substituted by phosphogypsum in the ratios 2.0, 4.0 and 6.0 wt., %.

The different prepared mixes were hydrated up to 90 days. The hydration was followed and
the physico-mechanical properties were estimated. The results revealed that, phosphgypsum
accelerates the rate of hydration and enhances the mechanical properties of the investigated
mixes, especially at later ages of hydration. It can be concluded that, phosphogypsum is more
effective set retarder than natural gypsum and can be successfully used for slag cement.

Keywords :

Natural gypsum, phosphogypsum, hydration behavior, GBFSC, physico- mechanical
characteristics.

64



1. INTRODUCTION

In the cement industry, gypsum is added into the clinker in order to delay the rapid reaction
between CsA and water. There is an optimum gypsum content which imparts the cement
maximum strength and minimum shrinkage without excessive expansion. An excessive
amount of gypsum will have an adverse effect on the mechanical properties of the cement due
to the formation of etiringite in large amounts leading to internal cracking.

Conventionally, natural gypsum is used as a retarder, however, in some countries, because of
the lack of natural gypsum or ecological necessities, new sources of gypsum , i.e., by-product
gypsums are utilized in cemeut manufacture such as phospho-, fluoro- boro-, titano-, tartaro-
,«citro- and desulpho gypsum Early hydration behavior of portland cement containing
various chemical gypsums were mveshgated(z) It was found that, more ettringite was formed
on hydration with these gypsums and compressive strength development was satisfactory.

About 200000 tons of phosphogypsum as an industrial waste by-product of phosphoric acid
manufacture are annually produced in Egypt and leading to serious storage and environmental
problems. Phosphogypsum is a rich source of calciom sulphate carrying impurities of
phosphates and fluorides®

Most of the researches have focused on the use of phosphogypsum in the manufacture of
portland cement because it contains some impurities that may affect the setting properties of
cement but does not change strength development(‘ Efforts have been made in several
countries to use phosphogypsum in making cement o), Egypsum plasters » building products
and binders®.

It was also proposed to add phosphogypsum directly into the raw mix of cement before
chnkcn% to lower the temperature for clinker formation, as well as a retarding effect were
The influence of phosphogypsum on the hydration of portland cement and trass
cement was mvesngated( It was concluded that, untreated phosphogypsum can be used as a
retarder directly in trass cement, whereas portland cement requires purified phosphogypsum.

The granulated blast furnace slag is made by rapid quenching of molten slag formed during
the manufacture of pig iron. The ground slag is capable of setting and hardening on its own
with water but at a slow rate and therefore, it is used with portland cement for the production
of portland slag cement. Granulated slag is hydraulically very weak due to its glassy structure.
Therefore, a highly alkaline medium is required in order to disintegrate the silicate-aluminate
network of the slag glass. Portland cement clinker is normally used to provide this
alkalinity"*'", Also, the alkalinity can be provided by hemihydrate or phosphogypsum. The
later activates the hydration of slag, because phosphogypsum contains phosphates and
fluorides in addition to Ca S04

The present work aims to study the effect of substitution of natural gypsum by untreated

phosphogpsum on the hydration behavior as well as the physico- mechanical properties of
ordinary portland and slag cements.
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2. EXPERIMENTAL TECHNIQUES

The materials used in this investigation were ordinary portland cement clinker (OPCC),
granulated blast furnace slag (GBES), and natural gypsum (NG) provided from Beni Suef
Cement Company. Also, phosphogypsum (PG) was used and provided from Abo-Zaabal
Fertilizers and Chemical Industries company, Egypt. The swface area of the clinker and
granulated slag were 3000 and 3050 cm’/g respectively. The natural and phosphogypsum
were sieved through 90-pm sieve. The chemical analysis of these materials is given in
Table (1). The dry mixes were prepared as shown in Table (2).

The ingredients of each mix were homogenized on a mechanical roller in a porcelain ball mill
for one hour to assure complete homogeneity. Each cement was continuously and vigorously
mixed with water using ordinary gauging trowels on a steel plate for three minutes. The water
demand for standard consistency and setting times were determined according to ASTM
specifications"1%, The different mixes were mixed with water of consistency and pelletized
for the determination of free as well as combined water, apparent porosity, bulk density and
free lime. The compressive strength was measured on cement mortars according to ASTM
specification™ using 50 mm cubes. The specimens were cured in a humidity champer at 25 +
2 °C for one day, then demolded and cured under tap water till the time of testing 3,7,28 and
90 days.

The bulk density of cement pastes, d, , was determined throngh weighing the hardened paste,

submerged in water(suspended weight) and in air (saturated weight) as follow:

Saturated weight
Bulk density (d,) =

Saturated weight — suspended weight

The apparent porosity, €, was determined by the determination of bulk density, dp , the
evaporable and total water contents (W, & W) of the hardened cement pastes as in the
following equation'®

=099 W,x d, x 100/ ( I+W,) , 0.99 is the specific volume of free water.

For estimation of free, combined and total water contents at any curing time, a weight of the
saturated sample was ignited at 1000 °C for one hour to determine the total water content
(Wy). At the same curing time, the hydration of ancther sample was stopped by pulverized 10
g of representative sample in a beaker containing methanol acetone mixture, then
mechanically stirred for one hour. The mixture was filtered through a gooch crucible, Gy, and
washed with ether™®. The solid was then dried at 70 °C for one hour to complete evaporation
of alcohol. The dried sample was put into an air tight container. The combined water content
{(W,) was determined from the ignition loss of the dried cement paste on the ignited weight
basis. The free water content, (W,) was calculated as:

Wo %o=(W:=W.),%

The free lime content of each cement paste at any curing time was determined as described
elsewhere™”.
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3 RESULTS AND DISCUSSION
3.1 Optimization of natural gypsum

In order to determine the optimum amount of natural gypsum as set retarder for slag cement,
different amounts of gypsum 2.0, 4.0, 6.0 and 8.0 wt, % were mixed with 60 % clinker and
40 % slag to produce GBFSC. The cement blends were mixed with the water of consistency
and cured in tap water up to 90 days. The values of water of consistency and setting times of
the investigated GBFSC pastes are presented in Fig. (1). It is clear that, the water of
consistency increases and the setting is retarded with the gypsum content. The increase of
water of consistency with the amount of gypsum is mainly due to the formation of calcium
sulphoaluminate hydrates either ettringite or monosulphate which need more combined water
than those of calcium aluminate hydrate. Also, the setting time is retarded by the increase of
gypsum content due to the formation of calcium sulphoaluminate hydrates around the C;A
grains which retards the fast setting of C3A 9,

The compressive strength of the cement mortars as a function of curing time is plotted in Fig.
(2). The compressive strength of all cement mortars increases with curing time due to the
formation of hydration products which fill some of the open pores of the cement mortars and
then the strength increases. It is clear that, the compressive strength of the cement mortars
increases with the gypsum content up to 6.0 %, especially at latter ages of hydration then
decreases at 8.0 % gypsum. This is mainly due to the formation of increased amounts of
sulphoalumonate hydrates which affect the mechanical properties. Samples with 2.0 %
gypsum give higher compressive strength at 3 days due to the deficiency of the
sulphoalumanite hydrates”. The results show that, 4.0 - 6.0 % gypsum is the optimum
content which imparts the cement desirable compressive strength. Therefore, natural gypsum
was substituted with 2.0, 4.0 and 6.0 % phosphogypsum.

3.2 Substitution of natural gypsum by phosphogypsum

Figure (3) shows the water of consistency and setting times of GBFSC pastes containing 2.0,
4.0 and 6.0 % phosphogypsum instead of natural gypsum. It can be seen that, the water of
consistency decreases with the phosphogypsum content. The setting times behave in the same
manner as the water of consistency. Phosphogypsum contains phosphate and fluoride
impurities, which improve the workability of cement pastes. Therefore, the cement pastes
containing phosphogypsum has lower water demand in comparison with those with normal
gypsum alone. Also, the impurities of phosphogypsum accelerate the rate of hydration of
cement clinker phases, consequently the setting times are shortened.

Some researchers concluded that, the use of )phosphogypsum is associated with much longer
setting time than that of natural gypsum®®!®, On the other side, in a recent work the 4.0 %
phosphogypsum gives lower setting time and while at 6.0 % the setting time is elongated®?.
This may be due to the presence of phosphates which act as retarders and fluorides as
accelerators.

The hydration kinetics of the slag cement with phosphogypsum were studied by the
determination of free lime and combined water contents up to 90 days. Figure (4) shows the
variation of free lime contents of the investigated cement pastes cured up to 90 days. The
results show that, the free lime content of the all hydrated pastes increases up to 7 days then
decreases up to 90 days. The initial increase of free lime content up to 7 days is mainly due to
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that, the ratc of lime liberation from C;S and B-C,S phases exceeds the rate of lime
consumption by the pozzolanic reaction of slag. After 7 days, the rate of liberation of lime
decreases, whereas the rate of its consumption increases due to the increase of slag hydration
and its pozzolanic reaction with the liberated lime at later ages (7-90 days). At a given time of
hydration, the free lime content of cement pastes containing phosphogypsum is higher than
that containing normal gypsum alone. Also, as the phosphogypsum content increases, the free
lime increases due to the important role of the fluoride impurities of phosphogypsum which
increase the hydration rate of cement clinker minerals, especially B-C,S, CsS®.

The combined water contents of GBFSC pastes containing different phosphogypsum contents
instead of natural gypsum and hydrated up to 90 days are graphically represented in Fig. (5).
The combined water content increases with curing time for all hydrated cement pastes due to
the continuous hydration of cement clinker phases and also, to the pozzolanic reaction of slag
with the liberated lime. Both the two reactions increase the amount of hydrated products with
large combined water content. At any time of hydration, the values of combined water of
Ppastes containing phosphogypsum exceed those containing normal gypsum alone. Also, as the
amount of phosphogypsum increases the combined water content enhances. This may be due
to that, fluoride impurities of phosphogypsum accelerate the rate of hydration of silicate
minerals, forming more hydrated products.

The change of bulk density and apparent porosity of GBFSC cement pastes containing
different phosphogypsum contents with curing time are present in Fig. (6). As the hydration
progresses, the hydration products fill a part of the available pore volume to form a more
compact body. Therefore, the bulk density increases and apparent porosity is reduced with
curing time for all hardened pastes. The rate of slag hydration increases with time, because at
early ages of hydration, an acidic oxide film is formed and covers the slag grains. This film is
broken in presence of Ca(OH); and gypsum as alkaline sulphate activators. As the
phosphogypsum content increases, the rate of hydration of clinker minerals increases and
accordingly the amount of C-S-H increases®”, The GBFSC pastes containing normal gypsum
alone show the lowest bulk density and highest apparent porosity. This may be due to the
highest water demand of the cement pastes with normal gypsum alone in comparison with
those containing phosphogypsum.

The relationship between the compressive strength and curing time of cement mortars
containing different phosphogypsum contents is illustrated in Fig. (7). The compressive
strength increases with curing time as well as phosphogypsum content. Also, the mortars
containing normal gypsum alone have lower values of compressive strength than those
containing phosphogypsum. Also, fuloride impurities of phosphogypsum play an important
role in the activation of both cement clinker and slag portions, leading to the formation of
additional amounts of C-S-H gel which is the main cementing material. Therefore, as the
amount of phosphogypsum in cement increases, the rate of hardening of cement mortar
enhances especially at later ages®?,

CONCLUSIONS
1. The substitution of normal gypsum by untreated phosphogypsum improves the

workability and slightly decreases the water of consistency as well as the setting times of
GBFSC pastes.
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2. The free lime and combined water contents increase with the substituted phosphogypsum
up to 90 days. The fluoride impurities of phosphogypsum activate the hydration of
portland cement clinker and slag portions.

3. As the amount of phosphogypsum increases, the apparent porosity decreases, bulk density
and accordingly the compressive strength increase.

4. Phosphogypsum is more effective retarder than natural gypsum and can be successfully

used for GBFSC production.
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Table (1) : Chemical composition of the starting materials, Wt%

Material 5i0; | ALO; | FeyOs | CaO | MgO | 803 | PyOs IL
PCClinker | 21.26 | 553 | 3.60 [ 6470 [ 1.25 | 0.75 - 0.53

BF Slag 3625 | 12.87 | 0.80 | 40.00 | 254 | 036 - 0.27
N.gypsum | 4.13 | 0.83 | 0.27 | 33.08 [ 0.08 | 43.39 - 19.82
P.Gypsum | 846 | 0.31 036 | 3298 | 0.12 | 3641 | 1.85 18.37

Table (2): Mix composition of the different cements , Wt. %

Mix No. PC Clinker BF Slag N. gypsum P. Gypsum
M, 58.8 39.2 2 -
M; 57.6 384 4 -
M; 56.4 37.6 6 -
M, 55.2 36.8 8 -
M, 564 37.6 4 2
M, 56.4 37.6 2 4
M; 564 376 0 6
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ABSTRACT

The basic phenomenon of thermal movement applies on concrete framework. Restraining
frame elements under temperature change results in deformations and thermal forces. Two
types of thermal analysis are investigated: Element temperature analysis which assumes that
the whole structure is subject to a temperature change; and the gradient temperature analysis
which caters for temperature change between inside and outside the fagade and roof elements.
Designing structure elements anti-thermal are discussed; in addition to the ability to avoiding
thermal loading by means of reducing the restraint of the structure.

76



BACKGROUND INFORMATION

‘When the temperature of a body is raised or lowered, the material is expanded or contracted
according to the following equation:

N TR AU / §

‘Where L. is the original length of the member, ‘e’ is the coefficient of linear expansion, ‘T’ is
temperature change, AL is the member length increase or decrease. If this expansion or
contraction is wholly or partially resisted, stresses are set up in the body. For a fully
restrained element subjected to “T” temperature increase, the thermal compression force is
given by (Case, et al 1996):

FIET'Y 1 7 SO UNUR /)

Where, ‘'E’ is Young’s Modulus, ‘A’ is element area. As an example, for a concrete column
of 40 x 40 cm and 4 m length the compression force under temperature change 'T =25 C' is
1088.1 KN. If basic laws (¢.g. Eqs. 1 and 2) are integrated into a finite element analysis
program, deformations and actions under thermal effects in sophisticated structural models
can be computed and then sections can be designed to cater for extra forces risen from

temperature loading,
TYPES OF TEMPERATURE ANALYSIS

One type of temperature analysis is to investigate the effect of temperature increase or
decrease on the structure as a whole. It is important then to determine the temperature change
T' as referred to in the above equations. This may be taken as the difference between
temperature of the concrete during casting and the exireme low or high temperature the
structure may be subject to. 'T' is normally taken 20-30 C according to the geographical area.
This type of analysis shows

Figure 1: Bending moment diagram of a plane frame under element temperature loading
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Figure 2; Bending moment diagram of a plane frame under gradient temperature loading

that lower stories of the structure will be subject to thermal forces more than other parts of the
building (Badrah 2003), see Fig. 1

Another type of temperature analysis is to investigate the effect of temperature change
between inside and outside the structure; for example, temperature analysis of an office block
structure equipped with air-conditioning and heating systems. In the latter, the temperature
inside building rooms is around 20 C while outside the building; it could reach as high as 50
C during summer and as low as -20 C during winter. This results in temperature gradient
between the ocuter side and the inner side of the facade and roof elements; and this causes
rotations of sections of these elements; and produces thermal forces in the outer elements as
shown in Fig, 2

DESIGN OF MEMBER SECTIONS

The bigger the section area of a member the higher thermal effects it will get. In relation to
member type, generally, slabs show lesser thermal effects than beams and columns since they
can expand or contract in two main directions. Large shell structures are usually sobject to
minimum stresses under gravity loading but they still need a least amount of reinforcement as
a precaution measure against thermal effects (Chatterjee 1988).

Beams, columns and foundations are the most thermally-affected members. They need to be
designed for extra bending moments and axial forces especially in case of element
temperature loading, In Fig 1, the side beam in the first storey was subject under temperature
loading of T = 30 C to bending moment M = 182 KN.m and to axial force N = 174 KN. Side
columns were also subject to M = 269.1 KN.m and N = 87 KN. These forces need to be
resisted by adding extra reinforcement. Side bars usually supplied in high depth beams will
absorb a part of these thermal forces in addition to extra top and bottom bars. Extra links are
also needed for resisting thermal shear forces

In case of gradient temperature loading, thermal forces are less severe compared with the
clement temperature case. In Fig. 2, maximum bending moment in the top floor beams was
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M = 41.22 KN.m under gradient temperature of 25 C. Maximum bending moment in side
columns was M =37.5 KN.m. These forces are negligible and can be resisted by normal
practice of reinforcement detailing with reinforcement ratio more than minimum values
usually stated in design standards.

AVOIDING THERMAL EFFECTS

Some design standards state lower limits for the structure dimensions not to be designed anti-
thermal and upper limits for the structure dimensions to be acceptable provided that it is
designed anti-thermal. Normally, the longer the structure is the larger thermal forces are set
up in its members, Dividing the structure to several parts by using Expansion joints is a way
to reduce thermal effects; although it may not be acceptable form aesthetic and functional
point of view.

Another way to avoid thermal effects is by proper insulation of the building benefiting from
emerging technologies in building materials. Although, absolutely eliminating thermal effects
in structural members is impossible, however, they can be reduced to a large extent by using
good insulation system and temperature-resisting building materials. On the other hand,
controlling thermal movement in vulnerable finishes such as (brickwork, block work and
glazing) is a key factor for avoiding thermal damages (Davison & Owens 2003).
Conventional guidance is followed in the movement provisions for these materials. This will
reduce restraining the structure and consequently results in avoiding high thermal stresses.

But foundations and low level concrete framework will still severely restraint structures with
large horizontal dimensions . Controlling erection of such structures by fixing foundation and
low level concrete framework in median temperature condition (around 15-20 C) is helpful to
reduce the temperature change 'T' and so reducing thermal forces.

CONCLUSIONS

Under temperature loading, high thermal forces are set up in lower stories of concrete frames.
Extra reinforcement should be provided to absorb these forces unless measures of avoiding
these forces are taken. Expansion joints, good insulation of the structure using temperature-
resisting building materials, and controlling erection weather conditions are some means of
eliminating thermal forces.

Only negligible thermal forces are set up in outer elements in case of gradient temperature
loading. Normally these forces are absorbed by applying provisions of design standards
regarding minimum reinforcement ratios and reinforcement detailing.
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HOW TEMPERATURE AFFECTS EARLY AGE CONCRETE
BEHAVIOR UNDER LOCAL CONDITIONS

Dr. Toumi Belkacem, University Farhat Abbas Setif, Algeria
Dr. Guemmadi Z’hor, University Mentouri Constantine, Algeria
Dr. Houari Hacene, University Mentouri Constantine, Algeria

ABSTRACT:

This paper presents the evolution of compressive concrete strength at early age under local
conditions. A large-scale test was conducted using concrete with type I cement for assessing
the mechanical strength development in curing modes and temperature treatment under
Algerian climatic conditions.

The different curing modes were saturated, without evaporation and ambient. The curing
temperatures were 20°, 30° and 50°C successively. Measurements were taken at the ages of
0.42, 1, 2, 3, 7 and 28 days. Three other concrete mixes were used at water-cement ratio of
0.45, 0.55 and 0.65 to determine the temperature evolution in core of massive concrete
elements that have volume-exposed surface ratio of 0.05, 0.10 and 0.15. The temperature
evolution was continuously monitored from 24 hours and up to three days of concrete age.

Obtained results attest that, at early age, the compressive strength rate is affected by
temperature, type of moulds and curing conditions. Tensile strength was affected as well as
the compressive strength. The temperature in the core of testspecimens varied with the type of
moulds (plastic, steel, cardboard), curing conditions and concrete massivity.

Keywords:

Concrete, Early age, Temperature, Curing, Mould, Massivity, Strength
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INTRODUCTION

Early age concrete behavior is a major industrial problem and is a subject of great interest in
concrete technology. The rate of construction that results from the great technical
developments, economic considerations and environmental concerns is increasing. Concrete
firms have begun considering how they can quickly achieve compressive strength of concrete
in order to manipulate manufactured concrete elements withont damaging their long-term
properties. This objective is not only to get a proper understanding of concrete hardening
process at early age, but also a computing method that can assess the concrete properties at
any time.

Hydraulic concretes always need waiting time to acquire their final strength by natural
hardening. This constitutes one of the major inconveniences during production. This waiting
time is more and more mismatched with the productivity of concretes firms. In concrete
industry, there are several ways for accelerating the process of concrete hardening. If the
thermal treatment is the most efficient means to get the critical strength, it may be intensified
by climatic conditions particularly in hot climate as the case of Algeria where mean
temperature in summer is about 45°C and that may involve great thermal gradient inside and
on the surface of the concrete. These thermal factors affect both concrete durability and
mechanical properties. Consequently, mathematical models for concrete strength assessment
must not neglect the temperature effect on thermo-mechanical concrete properties.

The object of this article is to present the concrete behaviour at early age and to put in
evidence how concrete performances are influenced by mould nature, curing mode, curing
temperature, W/C and the Volume to Surface ratio. So, a comprehensive experimental
program was undertaken to follow-up the development of the mechanical strength under test-
tube temperature environment at early age.

The cobtained results provided much information on the early age of concrete behavior and
demonstrate that the curing mode and temperature affect compressive strength and increase
the tensile strength. The temperature within test-tube is affected by the type of mould, curing
mode, W/C and also by the V/S ratio.

EXPERIMENTAL PROGRAM

The sample submitted for tests is an ordinary concrete. The gravel, sand, cement and water
used for mixing were local products. All tests were conducted according to Algerian standard.
The selected parameters were:

= Nature of the mould (steel, cardboard, plastic)

Curing mode (ambient, saturated, without evaporation).

Curing temperature (20°C, 30°C and 50°C).

‘Water to cement ratio

Volume to surface ratio.

Tests were organized under two categories of measurement:

The first test related to the assessment of the influence of the mould type, the curing mode and
the curing temperatures on the compressive and tensile strength at the ages of 0.42, 1, 2, 3, 7
and 28 days.

The second test related to the measurement of test-tube temperature (continuously followed
from 24 hours and up to three days of concrete age).
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MATERIAL USED AND CONCRETE CONFECTION

Granulates: Granulates that form the skeleton of the concrete are from the career of Ain
Smara. The granular classes used are 0/3, 3/8, 8/15 and 15/25.

Cement: The cement type is CPJ 45. It was procured from the ERCE factory and it
conformed to the Algerian's norms (NA 442).

Concrete confection:

The formulation of the concretc mix is .
according Dreux and Gorisse’s method, Table 1. Dosages of concrete constituents

T.hree concrete mixes M1, M2 and M3 that | o0 chente Dosage en K 'm>
differ only by the W/C ratio (W/C = 0.45; M1 M2 M3

0.55; 0.65 respectively) have been prepared. Sable 0/3 4359 | 418.7 | 449.2

The dosages of the final constiment are Sable 3/8 133.2 127.9 | 1372

reported in Table 1. The mixture M1 is | Gravel /15 | 400.5 384.7 | 412.7

expected to monitor the resistances and the | Gravel 15/25 | 805.3 773.5 829.8

temperature evolution within test-tubes under Cement 350.0 4267 | 295.4
the influence of the mould type and the mode water 192.0 1020 | 192.0
of conservation. For assessing the influence WIC 055 0.45 05
of the W/C and the Volume/Surface on the

1 11 1
temperature evolution, the three mixes M1, Slgmg em 9cm 3cm
M2 and M3 have been used.
Results and discussion:

The concrete presents an evolutionary behaviour over a period of time. Its complex
mechanical behaviour, deformation and mechanical effects often are irreversible. This
behaviour is not manifested at the level of granulates that are considered inert by their nature
but it is at the level the paste cement is formed. Undoubtedly, when cement and water are
mixed, three major effects begin to develop at the level of the paste, mechanical strength, heat
gencration and volume reduction. These three effects are generally influenced by certain
conditions.

Influence of the mould type:

The nature of the mould influences the compressive
strength. Plastic moulds (Fig.1) provide better
compressive strength than that obtained with steel
moulds (Fig.2} and cardboard moulds (Fig.3) in curing
mode. This gain in strength can be explained by the
insulating nature (thermal insulation) of plastic moulds.
A certain quantity of the heat generated by the hydration
of the cement is kept by the mould; it confers on the
concrete certain auto maturation that accelerates the
process of the hardening.

Fig.1 compressive strength versus
age — steel moulds

This auto maturity is instigated by the temperatures in the centre of test-tubes caused by
plastic moulds. Moulds made of steel generate lesser temperature than plastic during the
curing modes.
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This can be explained by the strong thermal conductivity of metal. Moulds in cardboard,
although more insulating than moulds made of steel, give weaker strength compared to the
other two moulds. This reduction can be owed to their rigidity (against moulds) and to the
impact that appears in the microstructure of the concrete (inflation éttraingite, thermal
expansion...). The nature of mould considerably influences the base of the concrete.

Influence of the fashion of conservation: at early age, the given strengths in curing mode
‘saturated’ are less important than those in curing mode, ‘without evaporation and ambient’.
Since the water consumed by the cement hydration is continually replaced by outside
contribution and the pores are not empty by auto desiccation of the concrete. This saturation
of water is noted at the time of the bruising of test-tubes at the age of 10 hours and 1 days as
the test-tubes break themselves in the humid soil.

Test-tubes conserved in water for long time present superior resistance. This may be
explained by the advanced hydration state because there is sufficient water quantity. The
process of hydration contained is contrary to the other two present - lack of water by
evaporation and by auto desiccation.

The strength by the ambient conservation and without evaporation modes are approximately
identical for the same type of mould. Concrete strength are affected by the mode of
conservation.

Influence of the treatment temperature: The results
(Figs 4, 5 and 6) show that the strength, at early age,
increases with the rise in temperature. But in the long
term, the strong temperature treatment of the raw
concrete, led to weakness in concrete strength. The
results are reinforced by the bibliographic analysis that
shows that several researchers have raised this point.
The influence of the temperature is appreciable,
considering that the kinetics of hydration laws obey

Fc28 (Mpa)

7 14
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Fig.4 compressive strength versus

Arhenius law. age — steel moulds
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Fig.5 compressive strength versus Fig.6 compressive strength versus

age —Plastic moulds age — cardboard moulds
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The experimental results [1,2,3] analysis by the least square method, leads us to calculate the
different constants of the three models (Tables 2 to 7).

Observing these results, it can be noted that for the three temperatures, the exponential model
{(Model 3) has a better interrelationship with the logarithmic model (Model 1) and hyperbolic
model (Model 2). The logarithmic model under extreme strengths at early age and in extreme
ulterior strengths, at later ages for all temperature, and final strength of treated concrete is less
important than that of untreated concrete.

At relatively elevated temperatures, hyperbolic and exponential model, foresee final strength
less important than those experimentally obtained. At carly age, the exponential model
converges very well with the experimental results. This model will therefore be preferred for
software development to assess the mechanical strength at early age of the concrete.

Influence of the W/C ratio on the evolution of the temperature within concrete elements:
the elevation of the temperature for a massive concrete element is inversely proportional to
the W/C ratio, that is to say, that the elevation of the temperature within concrete is directly
linked to the cement content, This observation is verified in this study for the three W/C ratio
(Figs. 7, 8 and 9).

Influence of the V/S ratio on the temperature evolution within concrete elements:

The V/S ratio constitutes a balance between the generation of heat and its dispersion. The
concrete is a material having a weak thermal conductivity, so the diffusion of the heat from
the centre toward the outside is very weak: the more
the V/S ratio is larger, the greater the value of the | ——W5=0.05 —=—VS=0.10 ——)
temperature in the centre. The V/S report can constitute 15

a measure to predict the elevation of the temperature in =~ |5 ¢4
the massive elements (ratio of heat generation laws to ;—;
the heat dispersion). The influence of the V/8 ratiois |9 5

also seen the instant the heat is picked and in the phase
of cooling. The three V/S show that the more this ratio 0
increases, the temperature is much more and baffling.

Perhaps, due to this Bournazel reports that cracks to the

0 10 20 30 40 50

thermal withdrawal appear in dams during the winter Fig.7 Evolution of tsmpérature in
that follows their construction fonction of mpport WG
: (W/C=0.45)
——\S=0.05 —=—V/S=0.10 ——V/ —105—VIS=O.05 —=a— V5010 ——V
15
5 10 10
< 5 55
¢] 1]
0 10 20 30 40 50 0 10 20 30 40 50
Fig.9 Evolution of température in Fig.8 Evolution of température in
function of rapport W/C function of rapport W/C
(W/C=0.65) (W/C=0.55)
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T =20°C

Table 2. Parameters of Models
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Parameters a b VAR a h VAR a h VAR
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T =30°C

Table 4. Parameters of Models
Maodel

R =a+blog()

h) R = aexpi-hit.)

b

a
Parameters

VAR

a

R=t.flat.+
h

VAR i b

12,6107 | 53,6817

80.12% | 0,0426

0,0357

95.06% | 22,6653 | 0.5447

. Observed values, Esteemed values and models curves (PP = 95%)
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T =50°C

Table 6. Parameters of Models

Madel R =a+ b log(t,) R=rt./lat.+h) R = a exp(-b/t,)
Pt a b VAR a b VAR a h VAR
TO15.2339 0 20954 | 87.90% | 0.04803 | 0.01587 | 97.09% [ 20,4433 | 0,24450 | 98.30%

Table 7. Ohserved values, Esteemed values and models curves (P = 95%)
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CONCLUSION:

Moulds influence the concrete resistance by their nature, their rigidities and their shape. For
current curing mode, plastic moulds give the best strength in compression. The saturated
curing mode, give the weakest strength at early age and the strongest at long-term. The tensile
strength is affected by both conservation and temperature.

The high temperature of treatment gives the relatively larger strength at early age and the
relatively weaker strength at long-term.

The equivalent age concept constitutes a convenient method permitting to predict concrete
mechanical strength required in the establishment of concrete project scheduling for an
optimal exploitation.

Since mechanical property evolution is strongly affected by temperature, and the
advancement of hydration reactions obeys to the Arhenius law, maturity functions based on
this law give realist predictions of those obtained in tests.

The cement content is directly linked to concrete pieces temperature elevations. The concrete
is a bad conductor of the heat and the necessary time for cooling can be considerable for the
massive pieces.
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READYMIXED AND SITEMIXED CONCRETE FOR VILLAS
IN KUWAIT —A COMPARATIVE STUDY

M. N. Haque
Department Of Civil Engineering, University Of Kuwait,
P.O. Box 5969, Safat 13060, Kuwait.

ABSTRACT

Concrete is a main material of construction in Kuwait. The degradation of concrete structures
in Kuwait can be attributed to the aggressive service environment, hot and dry climate that is
characterized by high rates of water evaporation during the day, condensation in coastal areas
at night, and salt-contaminated wind-borne dust and ground water. In addition, the locally
available aggregates are contaminated with chlorides and sulfates. Lack of quality control
often exacerbates the above effects.

It is very common in State of Kuwait that owners supervise their villas’ construction. Most
owners are somewhat uncertain about the method they should follow for concrete supply and
mixing. Should they use the readymixed concrete (RMC) or sitemixed concrete (SMC)?
Concrete mixing, production, placing and compaction are, of course, the initial and pivotal
stages towards producing a durable structure. Accordingly, in this case study the focus was on
the cost, strength development, permeability and the likely future performance of villas, made
with RMC and SMC.

The results suggest that the quality of readymixed concrete is superior to that of sitemixed
concrete. The paper concludes that RMC is a much better value for money because of its
consistent quality and performance as indicated by the compressive strength and the
permeability characteristics of the concretes tested.
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INTRODUCTION

Concrete is a main material of construction in Kuwait, The degradation of concrete structures
in Kuwait can be attributed to the aggressive service environment, hot and dry climate that is
characterized by high rates of water evaporation during the day, condensation in coastal areas
at night, and salt-contaminated wind-borne dust and ground water (Haque et al. 1997, Fookes
1993, 1995). In addition, the locally available aggregates are contaminated with chlorides and
sulfates, Lack of quality control often exacerbates the above effects. Of course, the cost of
maintenance, repair and rehabilitation of structures run annually into billion of dollars
(Neville 1997).

Now it is very common in State of Kuwait that owners supervise their villas’ construction.
Most owners are somewhat uncertain about the method they should follow for concrete
supply and mixing. Should they use the readymixed concrete (RMC) or sitemixed concrete
(SMC)? Concrete mixing, production, placing and compaction are, of course, the initial and
pivotal stages towards producing a durable structure. Accordingly, in this case study the focus
is on the cost, strength development, permeability and the likely future performance of villas,
made with RMC and SMC.

In a previous similar study, which was initiated in May 1996, in Kuwait summer, it was
concluded “that the initial cost savings realized by employing on-site concrete making
practices lead to a less durable concrete. If a comparable quality of site-mixed concrete is
required, the savings in material cost would be nominal, if any” (Haque 2000). In order to be
more definitive, the present study was undertaken in Kuwait winter to eliminate the initial
effect of very hot/dry exposure conditions, if any.

In Nov./Dec. 1999, the average cost of 1 m” of ready mixed concrete was 20 Kuwaiti Dinar
(KD) while that of the site mixed concrete, on average, was 14 KD. Accordingly, in a typical
private villa, an owner can save an average of 1750 KD by using the SMC. But unfortunately
not all owners are aware of the limitations of this type of concrete. A very obvious
disadvantage is that construction with the SMC approximately takes four folds more time than
that with RMC. Also, both strength development and durability characteristics of the two
concretes have been reported to be different (Haque 2000). This study is a further endeavor to
evaluate the short-term performance indicators of the two concretes.

TESTING PROGRAM

Six random sites, using ready mixed concrete (RMC) of K300 (~30 MPa), and 5 random sites
using site mixed concrete (SMC), were selected for sampling and testing concrete. Table 1
includes the mix proportions of the two concretes. The comparative study consisted of
measuring slump, strength and permeability of both RMC and SMC, respectively. Table 2
shows the location of various villas and the type of the concrete employed. The table also
includes the slump and the temperature of the fresh concrete at the time of sampling. The
sampling of concrete was undertaken in November 1999, the time of the year when temperate
climatic conditions prevail in Kuwait:

90



Table 1. Mix Proportions of Ready Mixed and Site-Mixed Concrete (kg/m”)

Concrete Constituent RMC SMC
K300 K300

Cement 390 450

Water (1) 200 227

Sand 685 720

Aggregate (18 mm) 500 1083 (all-inclusive)

Aggrepate (13 mm)} 300

Aggregate (9 mm) 250

Super Plasticizer 3

Total Weight/Mix 2325 2480

W/C ratio 0.51 0.50

Table 2. Concrete Slump and Temperature

Id.* Location Slump (mm) Temperature {('C)
R1 South Surrah 95 27
R2 South Surrah 95 27
R3 Jahra 100 27
R4 Salmiya 85 26
RS Yarmouk 105 27
R6 Fintas 105 27
81 South Surrah 155 27
52 South Surrah 140 27
53 South Surrah 100 27
84 Salwa 135 26
S5 Jabrich 105 27

R*=Readymix concrete
S*=Sitemixed concrete

Concrete specimens cast for both strength and permeability for the RMC and SMC were
stored, alongside the villa under construction, for the first 24 hours. These specimens were
then transported to the concrete laboratory in Kuwait University, demoulded and subsequently
stored in a water curing tank maintained at 27 + 2°C. The compressive strength values are the
average of 3 whereas the permeability values are the average of 2 specimens. The indicative
quality of a concrete as given by Autoclam index (1997) is given in Table 3. The strength and
permeability results are included in Tables 4 and 5, respectively.

Table 3. Indicative value of concrete quality (Autoclam)

Clam Water Permeability Index Protective Quality of Concrete
(m’ x 107/min %)
<3.7 Very Good
>=3.794 Good
>=9413.8 Poor
=13.8 VeryPoor
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Table 4. Concrete Compressive Strength (MPa)

Point Id. 7 Day 28 Day 90 Day
Rl 24.5 34.5 36.5
R2 25.0 350 37.0
R3 24.0 34.5 37.0
R4 23.5 33.0 35.0
RS 24.0 34.0 365
R6 26.5 37.0 39.0
S1 17.5 22.0 225
S2 19.5 24.5 25.0
83 22.0 275 28.0
S4 22.0 26.5 27.0
S5 23.0 29.5 30.0

Table 5. Concrete Water Permeability
(Using the “Autoclam” Permeability System — Mark I1TI)

Point Id. Clam Water Permeability Index Protective Quality of Concrete
(m® x 10"/min.”)
RI 23 Very Good
R2 31 Very Good
R3 29 Very Good
R4 26 Very Good
R5s 31 Very Good
Ré6 2.6 Very Good
Si 9.8 Poor
52 89 Good
53 7.5 Good
S4 45 Good
S5 50 Goaod
DISCUSSION OF RESULTS

(i) Workability of the Concretes

It is clear that the workability of all ready mixed concretes is consistent and yielded a slump
of 100 mm as specified. While for the site mixed concrete, the workability is much higher and
it varied from 100 to 150 with an average value of 130 mm. This is because of the lack of
quality control in the SMC since the proportioning of the mix is done manually and on a
volume basis. In addition to that usually workers at site add more water to the mix to facilitate
casting and compaction of the SMC. The temperature of all concretes, both RMC and SMC,
were found to be almost equal to 26°C.
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(ii) Concrete Compressive Strength

As a result of the lack of quality control, volume batching and possible addition of more water
during casting / finishing and personal errors due to manual proportioning in SMC, the
compressive strength were mostly below the 28-day design strength and varied from 22.0 to
29.5 with an average value of 26 MPa. The compressive strength of the ready mixed concretes
was much higher than those of site mixed concretes and gave an average value of 35 MPa at
28 days; about 35% higher than those of SMC. A somewhat similar trend in the strength
development at 91 days can be seen in Fig. 1.

| |
it
‘ s MPa 3? units
7.1
130 e
100 26 26
RMC
28 aosmcC
Slump 7 days 28 days 91 days l

Fig. 1. Average value of the characteristics of the RMC and SMC tested

(iii) Water Permeability

According to clam indices, the quality of prolective concrele cover in the ready mixed
concretes were very good and much better than those of site mixed concretes which had, on
the average, a permeability value of 3 fold than that of the RMC (See Fig. 1). This again can
be attributed to the lack of quality control, volume batching, higher wlc ratio and personal
errors due to manual proportioning of the SMC.

CONCLUSIONS

The resulis of this study suggest that the quality of the RMC is superior to that of the SMC.
Whilst, the use of site mixed concrete could save some money on concreting of a villa, the use
of ready mixed concrete gives better value for money invested due to its consistent quality
and long-term better performance as indicated by the compressive strength and permeability
characteristics of the concretes tested.
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ASSESSMENT OF OVERDESIGNING OF KUWAITI
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ABSTRACT

The present paper addresses the existing and pressing problem of inconsistent building
designs in Kuwait and such a problem has led to the unjustified increase of the cost of typical
residential buildings. For the purpose of the present study, six units of typical residential villas
were selected as representative sample of Kuwaiti villas. Accurate design of these units was
conducted according to ACI provisions.

In order to have a meaningful comparisen, same concrete dimensions as per existing design
were maintained in the accurate design and only reinforcement needed to be determined.
Accurate and existing designs were compared for different members of the reinforced
concrete skeleton of all units. A clear case of over design was indicated.

Keywords:

Structural design; Reinforced concrete; Kuwaiti villas; Reinforcement; Flexure; Shear;
Columns.
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INTRODUCTION

It is well known that construction activities, which can be chronologically classified as pre-
construction (analysis and design), during construction and post-construction (usage and
maintenance), have significant impact on the direct and indirect costs of construction. The
present smdy addresses the impact of the pre-construction tasks, analysis and design, on the
quality of design and cost functions of residential buildings in Kuwait.

In general, the significance of this study comes from the fact that the cost and safety of
residential buildings affect almost every citizen in Kuwait. Moreover, with the absence of a
uniform national building code, current practices of analysis and design of buildings involve
inconsistencies and non-uniformities. First, it is up to the designer to select whatever foreign
code to be followed in specifying the loads and designing structural members. Second, based
on a preliminary review of existing design documents and personal contacts with several
design offices it is found that it is common here in Kuwait to over-design structural members
to allegedly provide safer buildings. It should be stated that every design code stipulates,
explicitly or implicitly, certain factors of safety adequate for the local conditions. Over-
designing beyond these limits is a waste of materials and money as it provides for unjustified
levels of safety.

Reviewing the literature, it was concluded that the present paper is the first attempt to
examine the impact of design practices on the quality and cost of residential buildings.

The presented work is part of a series of research programs conducted at Kuwait Institute for
Scientific Research whose findings are expected to serve the immediate objective of
providing recommendations on improving the quality of building designs and most important
reducing the cost of buildings construction in Knwait. On the other hand the findings of the
present study will form the basis for a full scale endeavor leading to the development of the
much needed National Building Code for Kuwait.

Focusing on Kuwaiti villas the objective of the study is set as to assess the current practices of
structural design of residential buildings in Kuwait at the different stages of evaluation of
loads, materials properties, analysis and design procedures, details and specifications. Further,
the assessment of over-designing is limited to the super-structure, i.e. reinforced concrete
skeleton members, namely slabs, beams and columns.

BUILDINGS SAMPLE

The buildings sample consists of six residential units of villa type, whose details are presented
in Table 1 and the detailed design documents (Sadek et al., 2001) were compiled and
reviewed as the existing design documents. All villas are of two to three stories, with or
without basements, and the structural system is invariably of the reinforced concrete skeletal
type that is most commonly used in construction. Date of construction of the selected units
ranges from 1983 to 1998 and the locations of the units cover several districts within Kuwait
City. Selected units are either government or private projects designed by either governmental
or private design agencies. Different systems of framing plans are included in the sample,
such as solid slabs, ribbed slabs, flat plates and their combinations. Hence, it is believed that
the selected sample is representative of the residential Kuwaiti villas.
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Table 1. Details of the Buildings Sample

Unit 1 2 3 4 5 6
Location Coastal line- | Surra Different Ardiyah Hutein | Qurain
sector Bl Locations
Project Type |Governmental| Private | Governmental | Governmental| Private | Private
Design Agency Private Private | Governmental |Governmental| Private | Private
(PHA) (PHA)
No. of Floors G+l B+G+1+R G+l G+l B+G+1+R |B+G+1+
R
Built-up 169 382 168 121 166 229
Area/Floor
(m’)
Type of Infill Concrete Hebel Concrete Concrete Concrete |Concrete
blocks blocks blocks blocks blocks blocks
Structural R.C. R.C. R.C. R.C. R.C. R.C.
System Skeleton Skeleton Skeleton Skeleton Skeleton |Skeleton
Framing Plan Projecting | Projecting| Mixed Flat Projecting | Solid Slabs| Solid
Beams + Beams + |Plate/Projecting |Beams + Solid slabs +
Solid Slabs | Ribbed | Beams + Solid Slabs Ribbed
slab Slabs Slabs
Foundation Isolated Isolated Isolated Isolated Isolated | Isolated
Type

PHA: Public Housing Authority

B: Basement

G: Ground Floor

R: Roof

R.C. : Reinforced Concrete
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ACCURATE DESIGN

Detailed computer-based structural analysis of the selected residential units was performed to
find the straining actions in the resisting elements. For this purpose, the commercial software
STAAD III (STAAD III, 1990) was employed.

The selected buildings were redesigned according to ACI-318 provisions (ACI, 1989) while
considering the same concrete dimensions as stated in the existing design and hence the
reinforcement was accurately found by the present redesign process. This approach of
maintaining the existing concrete dimensions in the accurate design stage is essential to have
a common reference between the existing and accurate design, and, hence a meaningful
comparison is possible. One shortcoming of this approach is that, although in some cases, the
existing statical systems and/or proportions might not be appropriate, no comments or
alternative suggestions are made. This can be justified by the absence of all design documents
and cther practical considerations or constraints that possibly interfered in the selection of the
existing system. The following design loads criteria were used in the analysis.

Dead Loads.
Density of structural concrete = 2500 kg/m’
False ceiling and ducts = 100 kg/m®
Flooring = 150 kg/m®
Roofing = 250 kg/m>
Ribbed one-way slabs (depth 35 cm)
Uniform own weight = 400 kg/m®

Partitions
Exterior concrete blocks wall (20 cm) = 490 kg/m>
Interior concrete blocks wall (15 cm) = 435 kg/m?
Acrated autoclaved concrete blocks (20 cm) = 100 kg/m®
Live Load.
Intensity on all floors = 200 kg/m®
Lateral Loads.
Wind loads . none
Earthquake loads = none

Material Properties

Concrete strength for typical construction was specified by cube strength f, = 25 MPa. In
some buildings, concrete for columns was specified by f;; = 30 MPa. Reinforcement
minimum yield stress was taken as 420 MPa.
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COMPARATIVE STUDY

Slabs
Solid Slabs

Main and secondary reinforcements in all solid slabs found in the buildings sample were
accurately evaluated and compared with the corresponding values as per the existing design.
A sample comparison of the reinforcement in the existing design and the accurate design of
the solid slabs in one of the units, unit 6, is presented in Table 2. The reinforcement is shown
for the maximum +ve moment (field moment) in both directions. It is clear from the table that
the reinforcement used is ranging between 10-50% more than the required value.

Table 2. Comparison Between Existing and Accurate Bottom Reinforcement for
Solid Slabs for Second Floor Roof of Unit 6

ts Existing Accurate Increase

No

(cm)  main  secondary main  secondary %
81 12 ©10/15 ®10/15 ©10/20 D10/20 40
82 12 ®10/15 @©10/15 ®©10/20 D10/20 40
S3 12 ®10/16.7 ©10/20 ®©10/20 ®10/20 12
S4 12 ®10/16.7 ©10/20 ®©10/20 ®10/20 12
S5 12 ®10/16.7 ©10/20 ®©10/20 ®10/20 12
86 12 D10/15 ©10/20 ®10/20 $10/20 15
87 16 P12/15 ®12/16.7 B12/20 $10/20 53

Flat Slabs

Flat plates encountered in the sample were of irregular configurations (columns are not of
equal spacing and not aligned), and hence the simplified code method for determining the
straining action by dividing the plate into column strip and field strip was not applicable.
Analysis may be performed by using the equivalent frame method, outlined in the ACI-318
(1989), or more accurately, using a three-dimensional finite element model utilizing plate
elements to determine the straining actions. The latter approach was employed to model flat
plates using the general-purpose finite element program SAP 2000 (1995). Shell elements
were used to represent the flat plate and beam elements were used to represent the

marginal/drop beams.

The flat slab thickness used was 18 cm and the concrete cover was assumed to be 1.5 cm for
the purpose of design calculations. Maximum values for positive (field) bending moments
were used to determine the required bottom reinforcement directly, whereas maximum values
for negative reinforcement were averaged for a width of 50 cm for design purposes. This
procedure is a common practice to avoid designing on a very local sharp peak that typically
occurs at supports as a result of the finite element discretization. The high negative moment
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value that is averaged is typically at limited locations that are already covered within the
column cross section.

A sample comparison between the reinforcement for the flat slab system for unit 3 in the
existing structure and the accurate design is given in Tables 3 and 4. The reinforcement is
shown for the maximum field moment in two perpendicular directions for the first floor slab
in Table 3, whercas the maximum -ve moment (on top of columns) in both directions is
presented in Table 4. It is clear from the table that the percentage of increase in the
reinforcement used ranges from 0 to 156% more than the required value based on the
maximum moment at each strip/location.

Table 3. Comparison Between Existing and Accurate Bottom Reinforcement for Flat
Slab (for +ve moment) in the Second Floor of Unit 3

Strip Location Direction 1 Direction 2
Col. Location A, A, % A, A, %
existing accurate existing accurate

d S @& S inpor. & S & S incr.

12& s 12 20 10 20 44 10 20 10 20 0
3-6&>a 14 20 12 20 36 16 20 12 20 78
12&4A-0 14 20 12 20 36 10 20 10 20 0
3-68-4-a 16 20 12 20 78 12 20 10 20 44

1-2& - 14 20 10 20 9% 16 20 10 20 156

Table 4. Comparison Between Existing and Accurate Top Reinforcement for
Flat Slab (for —ve moment) in the Second Floor of Unit 3

Strip Location Direction 1 Direction 2
Col. Location A A, % A; A %
existing accurate existing accurate

d S & S iner. & S & S incr.

2&» le 20 14 20 30 14 20 14 20 O
48 le 20 12 20 78 16 15 14 20 74
6&2 16 15 14 20 74 14 20 14 20
28 3 12 20 12 20 O 14 20 14 20
48 5 12 20 12 20 O 14 20 12 20 36
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Beams
Flexure Reinforcement

Detailed comparison of the existing and accurate flexure reinforcements of beams in the six
units was performed. Comparison was made in terms of the reinforcement ratio of the existing
reinforcement to the accurate reinforcement determined assuming the same cross sections as
per the existing drawings. To make the comparison more visible, the average values of the
reinforcement ratio for the six units arc shown in Fig. 1. Averaging is made over all beams
and all floors for top and bottom reinforcement so that a single ratio can be obtained for each
building as shown in Fig. 1. Overall average flexure reinforcement ratios range from 1.16 to
2.04, i.c. flexure reinforcement is over-designed on the average by as much as 15 to 100%.
This is an alarming finding and current practices need improvement in order to achieve cost-
effective designs.

3"\ 2 1.87 &
51 162 ] 158
130
£ E B L
1
e
0
1 2 3 4 5 6
Unit Nmmber

Fig. 1. Average flexure reinforcement ratios for the six umits.

Shear Reinforcement

Shear reinforcement in beams is in the form of stirrups provided to resist shear stresses. Shear
reinforcement ratios of existing to accurate reinforcements were calculated for all beams in
each unit. Average ratios similar to the one presented for flexure reinforcement are shown in
Fig. 2 for the six units. The average values are ranging between 1.08 and 2.05, i.e. shear
reinforcement in beams are over-designed by as much as 8 to 100%.

Fig. 2. Average shear reinforcement ratios of the six units.
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Columns

The design of columns was based on the ACI-318, assuming axial load with minimum
eccenfricity. Two approaches were used for the comparison of the accurate and existing
designs. In both approaches, the concrete dimensions were fixed. The first approach assumed
the minimum reinforcement necessaty to sustain the given loads, given that the concrete
dimensions are unchanged. It was noted that, even with the minimum reinforcement, the
column capacities were much larger, indicating that the concrete dimensions chosen for the
existing design are excessive. Average column reinforcement ratios of all units are shown in
Fig. 3. Apart from units 1 and 4, ratios are rather low. A second approach was used by
finding the capacity of the existing columns and ratios of the existing column capacity to the
actual load acting on columns were calculated and found to be very high and can reach up to
ten. This clearly indicates the oversizing of columns. Average ratios range from 2.8 o0 4.3 as
shown in Fig. 4.

Fig. 3. Average reinforcement ratio for columns in the six units.

2538
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The large difference in the capacity versus load in small-sized columns is due to the minimum
dimension of columns used (20 x 40 cm) in the existing design. This is an acceptable common
practice to ensure proper column forming during construction. It is also possible that the
increase in column size was due to architectural requirements.

Fig. 4 Average capacity-to-actual-load ratio of columns in the six units
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CONCLUSIONS

1.

Based on the comparison of existing and accurate designs of the buildings sample, all
structural members are invariably found to be highly over designed. Maintaining the same
concrete dimensions as per the existing design, the reinforcement provided is found to be
much higher than required and determined by the accurate design conducted in the present
study. The average percentages, as obtained for the entire buildings sample, of increase of
reinforcement are 30% for slabs, 60% for beams and 60% for columns.

Columns are substantially oversized in terms of concrete dimensions, the carrying
capacity of these elements as per the existing design is found to be much higher than the
actual applied loads by as much as 240% for columns, on the average.
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ABSTRACT

Accurate estimate of the construction cost of buildings is extremely important to the
contracting parties. Uncertainty in the final cost of a building is reduced by increasing the
accuracy level in the cost estimation processes of the building that avoids the unexpected cost
rise during construction. A study was recently conducted to analyze the construction costs
related to twenty concrete residential buildings projects from different locations around
Kuwait and having different built-up areas. Information and pertinent cost data of the
concrete structural framing were only collected. The data included the Material and Lahor
costs,

The Material cost consists of the cost of re-bar steel, cement, aggregate, formwork and blocks.
The Labor cost consists of the cost of excavation, carpentry, concrete, steel re-bar, blockwork
and general labor. The data were analyzed and it was found that using the same contractor in
the construction of these buildings contributed in the cost reduction of the buildings to certain
extend. The Material cost of the buildings represented in average around 61.25% of the total
cost of the concrete framing of the building while the Labor cost represented around 38.75%.
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BACKGROUND

Owners, Consulting Engineers, and Contractors are highly interested in accurately estimating
the cost of buildings. The cost of the buildings depends on the construction processes,
duration and many other factors. Cost estimation is the process of establishing the expected
cost required to complete a project in accordance to the design plans and specifications, prior
to commencement of construction.

Cost estimation can be divided into two main types, preliminary estimation and final
estimation. Owners are usually interested in the preliminary cost estimation of projects. This
preliminary estimattion will provide a rough and approximate cost of the project. The final
cost estimation provides detailed and comprehensive information about the project items and
activities. Contractors and bidder are usually interested in the final cost estimations.

Absolute assurance of determining the cost of a project is hard to be achieved because
incomplete information is acquired for the expected construction processes and unexpected
obstacles of the project. Therefore, uncertainties exist in cost estimation of projects.
Uncertainty arises in cost estimation of a project due to the highly variable nature of projects.
The resources needed to complete project activities on schedule may have limited information
that directly affects the project estimation cost.

Other factors are inherent in uncertainty of construction cost estimation of projects due to
variability in manpower and material cost and quality, construction methods and etc. Hence,
accuracy of an estimate is a key factor which will reduce uncertainty in the final cost
estimation and avoid unexpected cost rise during construction. Probabilistic approaches can
be used in cost estimation of projects as uncertainties exist in the cost estimation processes of
projects. The probability of accurately estimating the cost of a project can be determined and
the standard deviation of this probability can be used as a measure of variation of the
estimated cost.

Cost of construction resources changes from time to time based on the market fluctuations. In
this study, data were collected during a period of 5 years for the cost of several projects in
different locations in Kuwait and having different build-up areas. The projects were
residential concrete buildings and the cost included the concrete framing systems only. The
cost analysis was carried ont in two parts namely Material cost and Labor cost. Material cost
included the cost of re-bar steel, cement, aggregates, formwork and blocks. Labor cost
included cost for camrying out works such as excavation, carpentry, concrete, steel re-bar,
blockwork and general labor.

OBJECTIVES

A study was conducted on cost estimation of concrete framing systems of residential
buildings projects in Kuwait. Material and Labor costs were collected and analyzed for
several projects. The main objectives of this paper are:

e To determine the contribution of both Material and L.abor costs to the total cost of
the concrete framing systems of projects. The average ratios between the Material
cost and the Labor cost to the total cost of the concrete framing systems of the
project are determined.

o To classify the percentage of contribution of each item considered to the Material
and Labor costs of the projects to the group cost and to the total cost of the
concrete framing system. The average estimated cost of each item in the Material
and Labor costs is determined and sorted with respect to the total cost of the
concrete framing cost of the projects.
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A STUDY: STRUCTURAL COST ESTIMATING

Description

A study was recently conducted in Kuwait for analyzing the construction cost
of concrete framing systems for residential buildings projects. The cost data for twenty
residential buildings were collected in Kuwaiti Dinar (K.D.). The projects were located in
different locations along the east cost of Kuwait and having different built-up areas ranging
from 550 to 2800 m?.

Information and pertinent cost data were collected from these projects for a period of 5
years, from 1996 to 2000, and included costs of structural concrete framing only. The
collected data included the Material cost and Labor cost of the concrete framing systems of
the projects. The cost analysis was carried out in two groups, Material cost and Labor cost, as
follows:

1. Material cost included cost of re-bar steel, cement, aggregates, formwork and blocks.
2. Labor cost included cost for carrying out works of excavation, carpentry, concrete,
steel re-bar, blockwork and general labor.

It is worth to note that the surveyed projects were constructed by the same contractor.
Therefore, the same material and workmanship qualities were assumed for all projects and
uncertainties due to workmanship quality are neglected.

Methodology of Cost Estimation Analysis

The cost of the above mentioned projects were collected from the market and
tabulated in a spreadsheet. These projects were all constructed by one contractor. The same
workmanship quality was used and building materials with similar performance were also
used. The costs were classified into two groups, Material and Labor.

The Material group consisted of all the wood required for making the formworks, the
re-bar steel for reinforcing the concrete structural elements, blocks for building the concrete
frames, and the amount of cement, aggregate and sand required for the concrete mixes.

The Labor group consisted of the manpower required to accomplish the excavation
work at the beginning of projects, carpentry work for making the forms, steel re-bar work for
laying out the steel re-bars in concrete based on the drawings, concrete casting work, blocking
work, and general labors used in other activities during building the concrete frame of the
projects.

The cost of each item of the two groups was determined for the twenty projects. As
the projects had different built-up areas, the costs were divided by the areas; therefore, the
cost of each item per square meter was estimated. The average Material cost for the twenty
projects was expressed as

__ e
C=s— M

where MC is the average Material cost for the projects, MC, is Material cost for project i,
and n is the number of projects. The average Labor cost of the projects was defined as

D7
IC=t— @
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where LC is the average Labor cost for the projects, LC; is Labor cost for project #, and »n is

the number of projects. The average cost of each item of the Material and labor was
determined and used in another study for predicting the cost of concrete framing systems of
residential buildings.

The partial percentages are the ratios of the estimated cost of the type of work
mentioned in the group divided by the total cost of the group. The total percentages are the
ratios of the estimated cost of the type of work to the total cost of the concrete framing cost of
the projects.

Results and Discussions

The actual Material, Labor, and total costs were determined for each project
separately. By considering the average cost of the twenty projects, it was found that the
Material cost represented 61.25 % and the Labor cost comprised 38.75 % of the total cost of
the concrete framing systems of the projects as shown in Figure 1. Table 1 lists the partial
percentage contribution of each type of work to the Material group with respect to the group.
The table also shows the total percentage contribution to the total cost of the cost of the
concrete framing systems of the projects.

The re-bar steel estimated cost had the highest partial and total percentage with respect
to the group and total costs of the framing of the projects, 32.97% and 20.19%, respectively.
Cement consisted of 25.44% and 15.58%, respectively, of the group and total costs of the
concrete framing of the projects.

The percentage of cost contributions to the group and total costs of the framing
systems of the projects were then sequenced by block material, 16.98% and 10.40%,
aggregate, 12.98% and 7.95%, formwork, 9.94% and 6.09%, and Sand, 1.69% and 1.03%,
respectively. Therefore, within the Material group, re-bar steel had the highest cost followed
by cement.

Percentage of Material and Labor Costs of the Projects

Material Cost
61.25%

Figure 1. Percentage of Material and Labor Costs of The Projects.
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Table 1. Cost Percentage of Material Group Works.

Material Cost Percentage to o
Total Cost of Project 6125%
Percentage of P
Type of Work Wark Type Cost Work Oot:tg:oo;:‘tyalpe(;:‘st
to Material Cost
(%)
(%)
Formwork 9.94 6.09
[Re-bar Steel 3297 20.19
Cement 25.44 15.58
Agaregate 12.98 7.95
Sand 1.69 1.03
Block 16.98 10.40

The partial and total percentage contributions of each type of work in the Labor group
with respect to the group and total costs of the concrete framing systems of the projects are
listed in Table 2. Carpentry cost was the highest in this group as the percentage of the partial
group cost was 39.91% and the percentage of the total project framing cost was 15.46%.

The partial and total percentages of the remaining works within Labor group were as
follows: concrete casting, 18.04% and 6.99%, steel re-bar work, 16.19% and 6.28%, blocking
labor, 15.36% and 5.95%, excavation, 5.98% and 2.32%, and general labor for other activities
in the projects, 4.51% and 1.75%, respectively.

The partial percentages of the cost of itemns mentioned in both groups of work,
Material and Labor are shown in Figures 2 and 3, respectively. The values in the Material
cost are ranged from 1.69% to 32.97%. While the values in the Labor cost are ranged from
4.51% to 39.91%.

Table 2. Cost Percentage of Labor Group Works.

Labor Cost Percentage to Total
pebe! Pmt;gct 3875 %
v;mco& Percentage of Type of
Type of Work to Labor Cost ‘Work Cost to Total Cost
(%) (%)
[Excavation 5.98 2.32
ICarpentry 39.91 15.46
Steel re-bar 16.19 6.28
Casting 18.04 6.99
Block Labor 15.36 5.95
Labor 4,51 1.75
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Partial Percentage of Material Cost, (61.25 %)

Type of Work

Figure 2. Partial Percentage of Material Cost with Respect to the Group.

Partial Percentages of Labor Cost, (38.75 %)
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Excavation
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Casting

Block Labor
General Labor

Type of Work

Figure 3. Partial Percentage of Labor Cost with Respect to the Group.

The contribution of the estimated cost of each item as a percentage cost with respect to

the total cost of the concrete framing system of the projects is shown in Figure 4. The
estimated costs are sorted from the left to the right of the figure. The re-bar steel, as a
material, comprised about 20.19% of the total cost of the frames, in average. The estimated
cost of cement and carpentry are almost the same around 15.58% and 15.46%, respectively.
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The estimated cost of block material is next and around 14.40% of the total cost. The
sequence of the estimated costs are then showed to be ordered as aggregate, concrete casting,
formwork, steel re-bar work, blocking labor, excavation, general labor, and sand costs.

The estimated costs of the first three items, re-bar steel, cement, and carpentry
comprised about 51.23% of the total cost of the framing systems. The remaining items
comprised 48.77% of the total cost. The cost of a concrete framing system can be reduced to
a significant level by finding a lower cost sources of materials, as the Material cost consist
61.25% of the total cost of the frames.

Reducing the Labor cost also contribute to some level to the reduction of the total cost
of the concrete frame. Reducing the cost of the Labor group must be conditioned on the fact
that the labors quality should meet a certain professionalism standard. Using bad quality
labors for savings in the Labor cost may adversely affect the cost of the buildings. The affect
may appear is the maintenance period of the buildings.
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Figure 4. Percentages of Costs to the Total Cost of the Concrete Framings.

CONCLUSIONS

A study was conducted in Kuwait for determining the cost of the concrete framing
systems of residential buildings. Two groups of estimated costs were collected and analyzed,
Material cost and Labor cost. Each group consisted of several items. As a result of the
analysis, it was found that the estimated Material cost comprised 61.25% and Labor estimated
cost comprised 38.75% of the total structural framing cost. The contribution of each item of
the two groups to the total cost of the framing systems of the structures was determined and
sorted.

The re-bar steel, cement and carpentry costs comprised a significant percentage of the
total cost of the concrete frames. It was found that by appointing the same contractor on
several projects the cost of buildings could be reduced to a certain extent. This is due to the
fact that the source of materials remains the same and re-locating them between the various
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sites minimizes cost of resources like manpower and equipment. Also the overhead cost of the
contractor is much less.
The analysis conducted in this study is useful for Owners, Consulting Offices and

Contractors for precisely estimating the cost of their future projects. Another study is now in
process as a continuation of this work for accurately estimating the cost of concrete framing
systems using simulation methods.
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SHEAR TESTS OF BEAMS WITH VARIABLE CONCRETE COVER

Khaldoun N. Rahal
Associate Professor, Department of Civil Engineering, Kuwait University

ABSTRACT:

A study was conducted to investigate the effects of increasing the thickness of the concrete
cover on the shear behavior of four reinforced concrete beams. Three of the four beams had
two test regions, and hence, a total of seven test results are reported. The thickness of the
concrete cover ranged from 5 mm to 75 mm for the four tests with target concrete strength of
25 MPa and from 25 mm to 75 mm for the three tests with target concrete strength of 40 MPa.
All the beams were reinforced in the transverse and longitudinal directions. The main
objective of the experiments is to study the shear behavior of beams with variable concrete
cover, with emphasis on spalling of the concrete cover, and crack pattern and spacing.
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INTRODUCTION

Building codes around the wotld require relatively large thickness of the concrete cover to
protect the reinforcement from the threats of corrosion and fire.

The increase in the thickness of the concrete cover affects the behavior of sections subjected
to shear. Figure 1 shows a comner of a section subjected to shearing stresses. The
compressive diagonal stresses, which contribute in resisting the applied shear force, changes
direction near the corners, This creates tensile stresses in the direction perpendicular to the
direction of the compressive stress. If these tensile stresses exceed the resistance of the
concrete, splitting will take place, causing spalling in the cover. A similar phenomenon takes
places in sections subjected to torsion.

Arbesman (1974) tested a beam specimen in a predominant flexural shear loading. The beam
had two test regions with zero and 40-mm covers to the reinforcement on the vertical sides.
The region with larger cover suffered from spalling and resisted a load smaller than that with
ZEro cover.

Rahal and Collins {1995) tested seven specimens to study the etfects of concrete cover on the
shear-torsion interaction. The steel cages of the specimens were similar, but had either 22.5
or 42.5 mm cover thickness. The experiments showed that the shear specimens with small
and large concrete cover failed at about the same load level, and that was mainly due to the
spalling in the specimens with larger cover thickness.

This paper reports the results of an experimental programme in which four beams were tested
under a four-point loading setup. These beams were reinforced with transverse and
longitudinal steel and three of them had two test regions. Hence a total of seven test results
are reported. The main objective is to study the effect of variable thickness of concrete cover
on the general shear behavior, with emphasis on the increased potential of cover spalling and
on the crack pattern and spacing.

yh?”“

compressive
stress trajectory
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Figure 1: Spalling of concrete cover in sections subjected to shear

Figure 2 and Table 1 show the test set-up and give details of the four specimens. The seven
test specimens were divided into two series I and II. Series I consisted of 4 test-regions,
identified as S1-25-00, S2-25-25, S$3-25-45 and S4-25-75. Series II consisted of the
remaining three test regions, identified as $2-40-25, S3-40-45 and S4-40-75. The difference
between the test regions of the same series is the thickness of the concrete cover. The
difference between specimens of series I and II was the target concrete strength, which was 25
and 40 MPa respectively.
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Figure 2: Details of beams and test set-up

The name of the specimen reflects its properties. For example, in specimen S3-25-75, 83 is
for specimen number 3, 25 is the target compressive strength in MPa, and 75 is the thickness
of the concrete cover in mm. The first specimen was cast using 25 MPa concrete and had a
clear cover of about 5 mm on the vertical stirrups. Each of the remaining three specimens had
two test regions, which were cast using two different concrete mixes. The two concrete mixes
were designed to attain a target compressive strength of 25 and 40 MPa. The cover thickness
in these three specimens was 25, 50, and 75 mm. The interface between the two concrete
materials in the specimens was near mid-span as shown in Figure 2.

All the beam specimens were 3 m long, 250 mm wide, 400 mm deep and were tested at a
shear span to depth ratio a/d = 3. The beams had similar reinforcement in the transverse and
longitudinal direction, and the outer dimensions of the steel cage were 200 x 320 mm. The
longitudinal reinforcement consisted of 4-¢25 bars in the tension zone and 2-414 in the
compression zone, The transverse reinforcement consisted of closed @8 stirrups spaced at
170-mm centers. This spacing is equal to about half the effective depth.
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Table 1: Details of specimens

Series | Beam b cover | fF. pty Ve
mm | (mm) | MPa| (MPa) (kN)
51-25-05 | 210 5 24.3 1.20 165
1 82-25-25 | 250 23 25.3 1.00 192.5
83-25-50 | 300 30 273 | 084 197.5
84-25-75 | 350 75 253 | 072 2425
52-40-25 | 250 25 43.1 1.00 255.5
o S3-40-50 | 300 50 41.6 | 0.84 259.5
S4-40-75 | 350 75 422 | 072 262.5

Concrete— Ordinary Portland cement was used along with two sizes of quartzite coarse
aggregates (1/2 and 3/8 inch). The fine aggregate was natural sand. To obtain a measure of
the compressive strength of the concrete, standard 102 x 305 mm (6 x 12 in.) cylinders were
cast from the concrete used in the beams. These samples were cured in the same conditions
as the beams, and were tested on the same day of testing the beams. Table 1 shows the
experimental strength values of the concrete. The target compressive strength was achieved
within an acceptable tolerance.

Reinforcing steel-Deformed bars with 14 and 25 mm diameters were used to reinforce the
beams in the longitudinal direction as shown in Figure 2. Deformed bars, with 8 mm
diameter were used to manufacture of the closed stirrups. Table 2 shows the properties of the
reinforcing bars.

Table 2: Properties of reinforcing bars

Bar | Area 5 Je
mm’ MPa (MPa)
¢8 48 445 700
$14 151 480 717
925 475 440 681

BEAM PREPARATION AND TESTING PROCEDURE

Fourteen strain gauges were attached to the transverse steel and three gauges to the
longitudinal steel as shown in Figure 2. The ends of the longitudinal steel bars were bent to
provide better development of the bars beyond the support.

The concrete was compacted using mechanical vibrators. The beam and the control cubes and
cylinders were moist-cured using wet hessian. The curing stopped about two to three days
before testing to allow for painting and placement of the beam on the loading frame.

The loading and support arrangement of the specimens is shown in Figure 2. The load was
applied using a hydraulic jack on a spreader beam to give two equal loads 400 mm apart.
Four 160 x 360 x 25 mm steel plates were used at the support and loading locations. One
support location was restrained from movement in the longitudinal direction using a pin-type
support, while the remaining plates were provided with roller-type supports to allow free
longitudinal elongation of the beam.

The load was applied in increments of 50 kN at early stages of loading. The increments were
subsequently reduced to 10 to 25 kN at later stages near ultimate conditions. After every load
stage, the load was held constant for about ten minutes to allow marking the cracks, taking
photographs of the beams, strain gange reading, and checking for spalling.
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Spalling is typically initiated by the separation of the cover from the concrete confined within
the stirrups. Initial spalling is not necessarily accompanied by falling off of pieces of concrete
and hence, the separation was checked by knocking on the concrete surface with a steel
hammer and listening to the sound. A “hollow” sound indicates that separation have taken
place.

EXPERIMENTAL RESULTS
All beams failed in shear before signs of yielding in any of the strain gauges attached to the
longitudinal steel. The observed ultimate capacities of the tested beams are shown in Table 1.

Crack patterns and spalling

Figure 3 shows the final conditions of the four 25 MPa concrete specimens with cover
thickness of 5, 25, 50 and 75 mm. The cracking pattern in all four specimens was typical for
the type of shear test conducted. Flexural cracks appeared first at the bottom face of the
beams. At larger loads, these cracks in the shear zone developed into diagonal flexural-shear
cracks. The shear failure took place along one major diagonal crack.

Specimen 81-25-05 had a 5-mm thick clear cover and did not suffer from any spalling as
shown in Fig. 3. Near ultimate conditions, very limited areas of the cover fell off. At this
relatively small cover thickness, a large number of diagonal cracks developed.

5-mm cover

81-25-05

=

50 -mm cover

T“%(

75- mm cover

Figure 3: Crack pattern in beams Figure 4: Crack pattern in beams
with 25 MPa concrete target strength with 40 MPa concrete target strength
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Specimen $1-25-25 had a 25-mm thick clear cover did not suffer from spalling. Figure 3 also
shows a smaller number of diagonal cracks in the 25-mm cover specimen compared to the 5-
mm cover specimen. Specimen 81-25-50, which had a 50-mm clear cover, did not suffer
from spalling.

Specimen 81-25-75 had the largest cover (75 mm) and suffered from spalling in areas near
the lower parts of the failure diagonal crack as shown in Fig. 3. This spalling was observed
simultaneously with the ultimate load. Knocking at the surface of the concrete at the load
stage taken at 97% of the ultimate load did not reveal any signs of spalling. At the lower end
of the crack, all the concrete cover outside the stirrups spalled off. Meanwhile, spalling near
the upper end of the crack was limited in width, with wider spalling near the surface
compared to that deeper in the section near the stirrups. Near the bottom part of the beam, the
depth of spalling reached the sicel near the corners, Considerable spalling affected the lower
40% of the section, but decreased in spread in higher areas as shown in Fig. 3. The concrete
across the full width at the bottom of the beam spalled off. Figure 3 shows a consistent
decrease in the number of diagonal cracks as the concrete thickness increases.

Figure 4 shows the final conditions of two of the 40 MPa specimens with cover thickness of
25 and 75 mm. Photos of the final load stages of the specimen with 50 mm cover were not
available due to technical difficulties. The cracking pattern was similar to that of the
specimens of the 25 MPa seties of tests. Similar to the observed pattern in Fig. 3, the number
of diagonal cracks decreased when the thickness of the concrete cover increased. Specimen
82-40-25 suffered from spalling near the lower end of the major diagonal crack near the
support. The bottom side of the specimen did not fully spall, and the depth of the spalling
across the width of the section decreased dramatically along the height of the concrete section.
Comparing the specimens $2-25-25 and $2-40-25 (which also had 25-mm cover), it is
observed that the stronger concrete resisted 33% higher load, but suffered from spalling.

Specimen 83-40-50 suffered from spalling near the lower end of the failure diagonal crack
near the support. The intensity of the spalling was comparable to that in specimen 82-40-25.

Specimen S4-40-75 also suffered from spalling near the lower end of the failure diagonal
crack near the support as shown in the figure. However, this spalling was not as severe as that
in specimen $4-25-75. The bottom side of the specimen did not fully spall, and the depth of
the spalling across the width of the section decreased considerably along the height of the
section similar to $2-40-25. Comparing the specimens $4-25-75 and 54-40-75, both with a
75-mm thick cover, it is observed that the stronger concrete resisted only 8% higher load, but
suffered from a less severe spalling.

Figures 3 and 4 show that spalling affected the behavior of specimens with larger concrete
cover. These figures also show that spalling in members subjected to shear is concentrated
near the corners of the cross-section, leaving the central part unaffected. A similar trend was
observed in the crack pattern of the shear tests reported by Rahal and Collins (1995) in spite
of the difference in the test set-up. The spalling observed in Arbesman’s (1974) specimen
beams was also concentrated near the corners, with relatively less spalling near mid-height of
the section.
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CONCLUSION

Based on the behavior of the specimens of variable concrete cover, the following conclusions

can be made:

1. Increasing the thickness of the concrete cover resulted in a decrease in the number of
diagonal shear cracks.

2. Spalling was observed in the specimens with larger concrete cover, but was limited to the
corners of the section. A considerable part of the concrete cover on the vertical side
remained unspalled.

3. For the 75-mm thick cover, spalling in the specimen with lower concrete strength was
more severe than that in the specimen with higher concrete strength. The opposite is true
for the specimen with 25 mm cover.
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NOTATIONS

a = shear span

b = width of beam cross section

d = effective depth of beam cross section
Fe = compressive strength of concrete or cylinder strength
5 = yield stress of reinforcing steel

F = ultimate strength of reinforcing steel
P = applied load on beam

Vep = experimental ultimate shear force

P = ratio of transverse reinforcement
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ABSTRACT

The fracture behavior of concrete, in general, plays an important role in the overall
assessment of the structural performance of the building. One important fracture parameter is
the fracture toughness Kjc (also known as the Mode I Stress Intensity Factor) which is
defined as the ability of the concrete material to absorb energy in the presence of cracks. The
higher the fracture toughness, the better the performance and the durability of the concrete.
The Fracture toughness is obtained experimentally by testing pre-notched concrete beams up
to failure under four point bending. In this study, the fracture toughness of two types of
concrete used in construction in the Arabian Gulf are investigated. The two types are Polymer
Portland Cement Concrete (PPCC), and Autoclaved Aerated Concrete (AAC). The first type
is also used as repair material for deteriorated concrete. A comparison is made between the
experimental results of the two types together with the fracture toughness of the conventional
Ordinary Portland Cement Concrete (OPCC). Environmental conditions such as temperature
and exposure to sea water are also included in the study. The results show that adding a
polymer such as epoxy to the concrete improves the fracture behavior of the structural
member. Also, the environmental conditions are shown to have a great effect on the fracture
toughness of concrete.
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INTRODUCTION

Tests to determine the fracture toughness (Kic) for concrete were carried out at different
temperatures on different sizes and shapes of notched concrete specimens (Cherepanov
1979, Bazant & Prat 1988, Brameshuber 1989, Maturana et al. 1990). The tests showed that
unlike metals, the value of Kjc for concrete decrease at elevated temperatures. The effect of
cyclic heating (Abdel-Fattah & Hamoush 1997) showed that the residual fracture toughness
decreased considerably after every heating and cooling cycle. Studies on the fracture
behavior of epoxy polymer concrete (Vipulanandan & Dharmarajan 1989) concluded that Kyc
for epoxy polymer concrete increases with the increase in polymer content and decreases
with increase in temperature. Different numerical methods were developed to estimate the
fracture toughness of concrete beams at different temperatures (Abdel-Fattah & Hamoush
1996, 1998).

The main objective of this study is to determine the fracture toughness experimentally on
beams made of the materials used in concrete construction in the Gulf area. The study was
made on Ordinary Portland Cement Concrete (OPCC}), Polymer Portland Cement Concrete

(PPCC), and Autoclaved Acrated Concrete (AAC). The study also aims at determining the
effects of the harsh environmental conditions of the Gulf on the fracture toughness.
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Fig. 1 Test set-up for Fracture Toughness

The Mode 1 stress intensity factor (Kj) for a concrete beam is obtained by testing the beam
under four point bending as shown in Fig. (1). The beam has a total length of 750 mm and
cross-sectional dimensions 150x150 mm. The beam is first pre-notched at mid span and then
tested to failure. The ratio between the crack length and beam depth is kept constant in all
experiments at 1:6. The fracture toughness is then computed as follows (Tada et al 1985):

K,=o0~raF (:—)
L
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The stress © is calculated by:

_6M
= e
@
where
y - (PS)
6
3
The function F (a/b) is evaluated as follows:
8y _1.09-1.735(%) +8.2(%) —14.18(%)° ay
F(b) 1.09 1.735(b)+8.2(b) 14.18(b) +14.56(b)
@

where g is the crack length (25 mm), b is the beam depth (150 mm), S is the clear span (600
mm) and P is the applied load. The fracture toughness Ky is computed from Eq.(1) after
substituting the value of the critical load at failure into Eq.(3) and in this case K; = Kjc.

For every beam tested, three control cylinders made of the same concrete and subjected to the
same environmental conditions were tested to find the concrete compressive strength (f.’).
The compressive strength tests were carried out on an MTS machine equipped with a moving
head platen. The load was applied in increments of 25 KN. The same machine was used for
testing the beams and in this case the load was applied in increments of 1 KN. The beam
deflections were measured by two LVDTs placed on the two sides of the notch and each
located 25 mm away from it. In all the experiments where concrete was exposed io heat, the
residual fracture toughness was obtained and the Kj- tests were carried out after allowing the
conctete to cool off to room temperature.

The notch thickness for all the beams was 2 mm and was made by placing a piece of plexi-
glass with the desired crack dimensions into the mold prior to casting. After hardening of
concrete and removal of the mold, the plexi-glass piece was removed, thus leaving the
desired notch.

ORDINARY PORTLAND CEMENT CONCRETE (OPCC)

In this study, a total of 80 beams were tested using the set-up shown in Fig.(1). The beams
were heated by placing them in an oven preheated to the desired temperature. They were kept
in the oven for 24 hours and then left to cool in room temperature. This represents one cycle
of heating and cooling. The temperatures investigated were 50, 100, 150, 200, 250 and 300
°C. The concrete mix design is shown in Table (1). The mix was designed such that an
average compressive strength of 36 MPa is obtained. All specimens were moisture cured in a
curing room at 21°C and 95% relative humidity for 28 days.
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Table 1. Concrete Mix Design for OPCC

Material Quantity, Kg/m®
Cement Type I 421
Fine aggregate (fineness modulus=2.7) 709
Water 190
Coarse aggregate 933

Results of fracture tests on OPCC are shown in Table (2). The table shows that the fracture
toughness is greatly influenced by temperature even after cooling. The decrease in fracture
toughness becomes more significant at temperatures greater than 50 °C. At a temperature of
300°C, the concrete looses about 60% of its compressive strength and about 30% of its
fracture toughness.

Table 2. Experimental values for Kyc for OPCC

Temperature Fo Kic K/ B’
c N/mm? N/mm*? mm'?
22 36 28 0.78
50 35 27 0.77
100 33 26 0.79
150 28 24.5 0.88
200 27 23 0.85
250 26 21 0.81
300 2 20 0.90

POLYMER PORTLAND CEMENT CONCRETE (PPCC)

Polymer Portland Cement Concrete (PPCC) mixtures are normal portland concrete mixtures
to which a polymer has been added during the mixing process. In epoxy modified mixtures,
the polymer is formed after the components of the epoxy (base + hardener) are added to the
concrete mix where the polymerization process occurs concurrently with the hydration of the
cement. Polymer-modified portland-cement concretes and mortars exhibit improved strength
properties such as flexural strength, tensile strength and abrasion resistance over similar
unmodified concretes and mortars. PPCC applications include overlays of bridge decks,
precast members, patching, industrial floors and floors of parking decks.

A total of 40 beams were tested in this study using the set-up shown in Fig.(1). For each
beam, three control cylinders of 100 mm in diameter and 200 mm in height were tested to
determine the concrete compressive strength (£f;”).

The different mixes used in this study are summarized in Table 3. All mixes had a water

cement ratio of 0.5. Sand of fineness modulus of 2.6 and quartzite coarse aggregate of
maximum aggregate size % inch (19 mm) were used. The sand and the coarse aggregates
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were washed and dried before mixing. Type I cement was used and the polymer content in
the mix was added as a partial replacement of the cement. The polymer used was an epoxy
recommended for grouting and is widely used in the gulf region. Polyamine hardener was
nsed with the epoxy.

All beams and cylinders were cast vertically in steel molds. During casting, the concrete was
first hand compacted with a rod and the molds were then put on a shaking table for 2-3
minutes. The molds were removed after twenty-four hours and all specimens were moist
cured in a curing room at 21 °C and 95% relative humidity for 28 days. The beams were
heated by placing them in an oven preheated to the desired temperature. Each beam was kept
in the oven for twenty-four hours and then removed and left to cool in room temperature for
another twenty-four hours before testing. The temperatures investigated were 22 (room
temperature), 50, 100, 150 and 200°C. Two beams and three cylinders were prepared from
each mix. For each test, the cylinders were subjected to the same heating conditions as the
beams.

Table 3. Concrete Mix Design for PPCC

Material Quantity, Kgfm®
400
Cement Type I
594
Fine aggregate (fineness modulus=2.6)
200
Water
1108
Coarse aggregate: 465
o %in (19 mm) 421
» Yin (12 mm) 222
s 3/8in (10 mm)
Epoxy content: =
i s 0% 40
. 10% 60
. 15% 80
s 20%

The experimental results for PPCC are summarized in Table (4). The results show that while
the increase in temperature decreases the fracture toughness, the addition of epoxy greatly
enhances the fracture behavior of the concrete beams. For all mixes, the residual fracture
toughness decreased by an average value of 21% when heated to 200 °C.

The loss in residual Ky for PPCC was higher than that of Ordinary Portland Cement

Concrete. This is due to the fact that the epoxy properties are affected by the high
temperatures and as a result, part of the bond between the aggregates was lost.
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Table 4. Experimental values for Kyc for PPCC

Percent Temperature F¢’ Kie Ky Fe’
Epoxy °C N/mm? N/mm*? mm'?
0% 22 20 14,77 0.738
50 19 14.51 0.764
100 17.8 13.82 0.776
150 17.1 13.47 0.788
200 14.3 11.73 0.820
10% 22 214 15.87 0.742
50 21.1 15.72 0.745
100 19.6 14.86 0.758
150 19 14.51 0.764
200 15.6 11.95 0.766
15% 22 234 17.01 0.727
50 22 16.22 0.737
100 214 15.87 0.742
150 20.1 15.18 0.755
200 17.5 13.63 0.779
20% 22 27.3 19.07 0.700
50 25.3 17.96 0.710
100 23.3 16.92 0.726
150 20.5 15.37 0.750
200 19.6 14.86 0.758

AUTOCLAVED AERATED CONCRETE (AAC)

Lightweight concrete is widely used as a construction material all over the world due to its
desirable properties such as the good quality of the product, good sound absorption, reduced
echo effect in empty rooms and improved insulating properties which saves in both heating
and air conditioning.

The uwse of lightweight concrete also results in a reduction in the overall weight of the
building and that results intc more economical cross sections. The lightweight of the concrete
could be achieved either by using lightweight aggregate (Lightweight Aggregate Concrete) or
by using additives that react with the constituents of the concrete mix and produce air bubbles
(Lightweight Aerated Concrete). Aerated concrete blocks are in general advantageous over
the normal concrete blocks.

AAC concrete is used for producing masonary blocks as well as structural elements such as
lintels. The reinforcement used is usually protected against corrosion for increased durability.
However, since accidental overload conditions may happen and cracks may appear, the issue
of fracture toughness of AAC concrete becomes important. Fracture tests on AAC have
shown a decrease in the fracture toughness with the increase in autoclaving time (Norifumi
1994). Experiments also showed a similarity between AAC and structural concrete in terms
of fracture mechanisms and that the fracture energy Gy is dependent on the specimen size
{Bruhwiller et al, 1990). The durability of AAC, however, still needs to be examined in more
detail. Carbonation of AAC was investigated (Henecka et al 1997). During the long-term
investigation of the physical properties of AAC in the indoor environment with changing
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relative humidity and temperature, a significant increase of the AAC density was detected.
The increase in density was found to be a consequence of the carbonation process.

In this study, the strength of AAC cubes as well as the fracture toughness behavior of AAC
beams under both temperature and exposure to sea water were examined. A total of 20 beams
were tested and for each beam, four control specimens (cubes) were used to determine the
concrete compressive strength. Each control specimen was subjected to the same
environmental conditions as the tested beam. The specimens were tested after being
submerged in seawater obtained from one of the beaches of Kuwait City.

Water was kept in two basins, one stored under an average room temperature of 22°C while
the other was kept in an oven with the temperature kept constant at 70°C. The specimens
were stored for time durations of 1,7,28,56 and 90 days prior to iesting. The 70°C
temperature was chosen since its common that concrete reaches this temperature in the Gulf
states during daytime. In Kuwait City, for example, the temperature in the shade may reach
52°C (125 °F) during the months of July and August.

L.L.J

Initial Notch 250 mm

I/

| — |

| 180 |
150 mm 150 180
|' "l‘ ’l“ _'l Beam Cross-Section

Fig. 2 Set-up for the Fracture Toughness Tests for AAC

The test specimens were ordered from a local plant in Kuwait that produces Autoclaved
Aerated Concrete. All the specimens where made from the same concrete batch at the plant.
The concrete had an average compressive strength of 4.0 MPa and a modulus of elasticity of
1750 MPa.

The compressive strength tests were carried out on cubes of dimensions 100 x 100 x 100 mm.
For all beams, the cross-sectional dimensions were 150 x 250 mm and the length was 625
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mm. Those are standard dimensions produced by the concrete plant. Beams for the fracture
tests were tested under four point bending with a clear span of 450 mm. For this type of
concrete, a diamond saw was used to precrack the beams at midspan. The resulting through
crack was 2 mm wide and 50 mm long. The test set-up is shown in Fig. 2.

The results for AAC tests are shown in Table (5). From table one concludes that AAC looses
20% of its fracture toughness and 40% of its cube strength when submerged in sea water for
90 days. Thus, the issue of durability could be a problem for buildings that use AAC. In this
case the concrete should be provided with a very effective waterproofing system. Also, the
concrete should be well insulated to avoid been subjected to excessive temperatures.

Table 5. Experimental values for Kic for AAC

Temp. Duration in e’ K Kt/ £
°C Scawater N/mm? N/mm*? mm'?
(Days)

22 0 3.12 2.06 0.66

10 2.81 2.02 0.72

30 2.65 1.94 0.73

50 2.26 1.85 0.82

90 1.87 1.71 091

CONCLUSIONS

The paper evaluates experimentally the fracture toughness of Ordinary Portland Cement
Concrete (OPCC), Polymer Portland Cement Concrete (PPCC) and Autoclaved Aerated
Concrete (AAC). Evaluating the experimental results and comparing them together results
into the following conclusions:

1. For the wide range of concrete tested, the ratio of the fracture toughness K¢ to
the concrete compressive strength fc’ ranges between 0.7 and 0.9 for OPCC
and PPCC. For AAC, this ratio is between 0.66 and 0.91.

2. The fracture toughness of PPCC increases with the increase of polymer content and
decreases with the increase in temperature but at a lower rate than that of the
compressive strength,

3. Heating PPCC up to 50°C decreases its residual fracture toughness by a very
small amount, but heating above 50°C decreases the fracture toughness
considerably. For a temperature of 100°C, the fracture toughness for PPCC is
decreases by almost 21%.

4. The effect of elevated temperatures on Polymer Portland Cement Concrete is
greater than that on Ordinary Portland Cement Concrete.

5. The fracture toughness (Kic) of AAC is noticed to be decreased by about 12%
when submerged for one day in sea water under a temperature of 70°C. The
reduction in Ky becomes about 40% after 90 days under the same conditions.

126



REFERENCES

Abdel-Fattah, H. and Hamoush 8. A, (1997), “Variation of the Fracture Toughness of
Concrete with Temperature”. Construction and Building Materials, Vol. 11 (2), 105-108.

Bazant, Z. P. and Prat, P. C. (1988), “Effect of Temperature and Humidity on Fracture
Energy of Concrete”. ACI Materials Journal Vol. 84, 262-271.

Brameshuber, W. (1989), “Discussion of effect of Temperature and Humidity on Fracture
Energy of Concrete”. ACI Materials Journal, Vol. 86, 330-331.

Cherepanov, G. P. (1979), Mechanics of Brittle Fracture,. McGraw-Hill, New York.

Hamoush, S. A. and Abdel-Fattah, H. (1996), “The Fracture Toughness of Concrete”.
Engineering Fracture Mechanics Vol. 53(3), 425-432.

Bruhwiller, E., Wang, J. and Wittmann, H. (1990), “Fracture of AAC Influenced by
Specimen Dimension and Moisture™, Journal of Materials in Civil Engineering, Vol. 2 (3),
139-146.

Hamoush, S. A., Abdel-Fattah, H., and McGinley M. (1998), “Residual Fracture Toughness
of Concrete Exposed to Elevated Temperature”. ACI Structural Journal, Vol. 95 (6).

Isu, N., Sasaki, K., Ishida, H., and Mitsuda, T., (1994) “Mechanical Property Evolution
During Autoclaving Process of Aerated Concrete using Slag [(i) Tobermorite Formation and
Reaction Behavior of Slag]”, Journal of the American Cement Socicty, Vol. 77 (8), 2088-
2092,

Isu, N., Sasaki, K., Ishida, H., and Mitsuda, T., (1994), “Mechanical Property Bvolution
During Autoclaving Process of Aerated Concrete using Slag [(ii) Fracture Toughness and
Microstructure]”, Journal of the American Cement Society, Vol. 77 (8), (1994) 2088-2092.

Hanecka, K., Koronthalyova, O. and Matiasovsky, P. (1997), “The Carbonation of
Anutoclaved Aerated Concrete in Conjunction with its Physical Properties”, Cement and
Concrete Research, Vol. 27 (4), 589-599.

Maturana, P., Planas, J. and Elices, M. (1990), “Evaluation of Fracture Behavior of Saturated
Congcrete in the Low Temperature Range”. Journal of Engineering Fracture Mechanics, Vol.
35, 827-834.

Tada, H., Paris, P. C. and Irwin, G. R. (1985). The Stress Analysis of Cracks Handbook, o
Edition, Paris Productions, St. Louis.

Vipulanandan, C. and Dharmarajan, N. (1996), “Analysis of Fracture Parameters of Epoxy
Polymer Concrete”. ACI Materials Journal Vol. 86(4), 383-393.

127



Proceedings of the ACI-KC First International Conference & Fourth Exhibition. September 29-
October 1, 2003, Kuwait — Concreting and High Performance Concrete in Hot Weather.

FRACTURE BEHAVIOR OF STEEL FIBER REINFORCED
CONCRETE

S.S.E. Ahmad, EM.Y. Abdin, Faculty of Engineering, Zagazig Univ., Egypt
H.Abdel-Racuf Faculty of Engineering, Zagazig Univ., Egypt
A.T.Atwa, Faculty of Engineering, Zagazig Univ., Egypt

ABRSTRACT

In the present work, the effect of coarse aggregate type and area of steel bars reinforcement on the
fracture behavior of concrete beams reinforced with and without steel fiber was investigated. The
fiber volume fraction was 1.0%. The steel bars reinforcement areas were equivalent to 2 & 6 mm
and 2 J 8 mm. Two different types of coarse aggregate were used in the mix, dolomite and
gravel. Concrete beams of 6 x 15 x 65 cm in dimensions with crack / depth ratios of 0.1, 0.3, and
0.5 were used to measure the fracture toughness parameters. The flexural strength of un-notched
beams of the same dimensions, splitting tensile strength of standard cylinders (15 ¢m x 30 c¢cm)
and compressive strength of standard cubes (15x15x15 cm) were, also, measured.

It was found that by adding steel fibers to plain concrete, the corresponding properties and
fracture toughness were enhanced. Furthermore, adding steel fibers to plain concrete increases
crack propagation resistance. It was found, also, there is no single value for plane strain fracture
toughness of concrete and it appears to change with crack size. In addition, the presence of steel
bars reinforcement creates a cloging effect. Such closing effect due to the local compressive stress
field around steel bars inhibits ability for crack extension. The value of the local compressive
stresses increases with increasing the area of steel bars reinforcement, which gives higher values
for the apparent fracture toughness. Moreover, using the dolomite as coarse aggregate gives good
results more than when using the gravel as coarse aggregate.
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INTRODUCTION

Fibers have been introduced in both research and industry fields to strengthen the concrete
and cement mortar. However, of all the fibers currently used to reinforce mortar and concrete,
galvanized steel fibers are the only fibers that can be used for long-term load-carrying
properties. The relative ductility of steel fiber reinforced concrete renders such a material
valuable properties for military purpose such as building and underground safety structure
againgt bombing and shelling, It may prove to be useful for structures subjected to
earthquakes where higher bond strength and ductility are important. Many practical
applications for fiber reinforced concrete have already been utilized in the piling industry,
parking garages, airport taxi strips and runways (ACI Committee 544, 1986).

Plain concrete may be considered as a composite material composed of coarse granular
material (aggregate) embedded in hard matrix cement, which fills the space between the
aggregate particles and glues them together. So the failure of concrete may occur by, failure
of the cement paste, failure of the aggregate, failure of the bond between cement paste and
aggregate, or any combination of these mechanisms. All these failures often occur suddenly in
a brittle manner (Strange and Bryant 1979, Seleem and Ahmad 1997). The fracture toughness
of plain concrete measured by energy method i.e. area under the load — deflection curve, is
strongly influenced by mix variables. It increases with increasing maximum aggregate size
and decreases significantly with increasing water / cement ratio. Furthermore, using large

aggregate particles having coarse texture in a concrete mix improves its fracture toughness
(Nallathambi et al 1984). Similar results have been also found in (Petersson 1980). They
reported that the fracture toughness of concrete increased significantly with increasing the
volume percentage of coarse aggregates and was independent of the water / cement ratio.

Owing to the higher compressive strength and lower tensile strength of concrete, its use in
members subjected to axial tension or members subjected to bending is generally not possible.
To overcome this difficulty, steel, which has a relatively high tensile strength, is used to
reinforce the concrete, mainly in the tension zones; otherwise the small tensile strength of the
concrete would limit the carrying capacity of the member. Although steel reinforcement is
added to concrete to overcome the deficiency in the tensile strength of conerete, it does not prevent
cracking completely. It prevents, however, crack propagation to some extent. The ability of steel
reinforcement to control crack initiation and propagation depends on many factors such as, area and
diameter of main steel, the distribution and number of steel bars, and the interfacial bond between
concrete and steel especially when smooth bars are used.

The function of the reinforcement can be viewed as a restraining force, which tends to close
the crack opened by an external moment, and thereby increasing the demand of energy input
for crack growth. The apparent stress intensity factor, Kq, of reinforced concrete was found to
be increased with the increasing in the area of steel for different initial notch depths and 0.4
wic ratio (Azad et al 1987) Generally, the fracture stability of the reinforced concrete beams
increases with the increase of the beam depth and the area of steel reinforcement (Carbinteri
1984),

The important properties of steel fiber concrete are its relative resistance to cracking and
crack propagation. As a result of its ability to arrest cracks, fiber composites posses higher
extensibility and tensile strength, both at crack starting and at ultimate flexural loading. The
effect of fiber content, V¢, and fiber aspect ratio, L/¢, on the fracture toughness of steel fiber
reinforced concrete SFRC have been studied (Sameer et al 1991). It was found that the
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fracture toughness of concrete, Kg, increased by adding steel fibers. Also the fracture
toughness of concrete, Ko, was found to increase with increasing L/¢ ratio except for Vy= 2.0
% where fracture tonghness of concrete decreased at L /¢ = 60 or higher. Fracture criterion of
concrete in terms of Ky was measured by using notched beams and tested under four - point
bending for plain concrete and a set of seven different steel fiber concretes whose fibers were
having a rectangular cross - section and of contents ranging from 0.23% to 2% (by volume). It
was argued that the value of Kic for plain concrete was 90.73 kg cm 2 and increased to
100.75, 110.09 and 136.27 kg cm 2 with the use of steel fiber volume fractions of 0.23, 1.06,
and 2% respectively (Zaki 1989).

The effect of fiber volume fraction on peak load, Puax, the energy absorption, the trend of
load-crack mouth opening displacement, CMOD, curves and load-deflection curves was
studied in reference (Shah and Jenq 1985). The results argued that the strength of FRC beams
with fiber volume fraction 2.5% was twice the strength of un-reinforced matrix. It can be
noticed that the energy absorption ability for beams with Vi = 2.5 % was about 30 times that
of un-reinforced matrix. Also, the experimental results of load-CMOD curves and load-
deflection curves for beams made with different fiber volume fractions illustrate that as the
fiber volume fraction increases, the area under the curve increases too.

The primary interest of the present work deals with this class of random discontinuous fiber
reinforced composites. The fracture toughness (measured in terms of critical stress intensity
factor, Kq,) of concrete reinforced by steel bars and steel fibers is studied by testing notched
beams subjected to flexure under three-point loading. Flexural, indirect tensile and
compressive strengths are also measured for both plain as well as fibrous concrete.

EXPERIMENTAL PROGRAM

The experimental work was divided into four groups of experiments. The first group was to
investigate the effect of the coarse aggregate type and steel fibers on compressive, indirect
and flexural strength of plain concrete. The second group was to investigate the effect of
coarse aggregate type and steel fibers on the flexural strength of reinforced concrete beams.
The third group was to investigate the effect of coarse aggregate type and presence of steel
fibers on the fracture toughness of plain concrete. The fourth group was to investigate the
effect of coarse aggregate type, steel fibers, area of steel reinforcement, and crack / depth ratio
on the fracture toughness of reinforced concrete.

The fine aggregate used in this work is ordinary siliceous sand with 100% passing ASTM
sieve No. 4. The propertics of the used sand are shown in Table (1). Natural gravel and
dolomite with properties as in Table (1) and maximum aggregate size of 14 mm is used as
coarse aggregate. The coarse aggregate, gravel or dolomite, was washed carefully and dried
before mixing to remove any impurities and organic matter, which may weaken its bond with
the cement paste. Ordinary Portland cement of Suez factory was used in this work. The
properties of the used cement are given in Table (2).

The water used in all mixes was ordinary tap water. The water-cement ratio was kept constant
in all mixes. The steel reinforcing bars used in this investigation were mild steel and produced
locally. The bars diameters used were 3, 6, and 8 mm. The tension test was carried out on the
used bars. The results of the test are summarized in Table (3). The used steel fibers were
galvanized with 0.7 mm diameter and fiber aspect ratio, L/, = 60. The ACI method of mix
design was used to determine the required quantities for the used mix in this research.
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Table (1): Properties of coarse aggregates

Property Measured value
Sand Gravel Dolomite
Compacted Density [ 1750 Kg/m’ | 1720Kg/m’ [ 1735Kg/m’
Loose Density 1600 Kg /m* | 1650 Kg /m® | 1670 Kg /m®
Specific Gravity 2.45 2.65 2.66

Materials of the specified mix were weighted first, and then mixed in dry state. The required
amount of water was then added. For fibrous concrete, the required amount of steel fibers was
dispersed after rotating the constituents of the mix for two minutes through a 1. 18 mm sieve
while the mixer was rotating in order to provide a uniform distribution of fibers in the mix.
The whole batch was remixed again by using a trowel until uniform mix was attained. The
slump test was performed to measure the workability of concrete mix. The slump was
maintained approximately equal to 3 cm for all mixes by using variable dosage of a water-
reducing additive.

Table (2): Properties of the cement.

Froperty Measured value
Specific gravity 3.15
Setting Time:
Initial, min. 60
Final, hr, 5.0
Fineness cm? / gm 2871
Soundness cm 1.00
Crushing strength:
o After 3 days 145.7 kg / cm?
o Afier7 days 282.0 kg / cm?
e After 28 days 371.6 kg / cm®

Table (3): Mechanical properties of steel bars.

Bar Diameter 3mm | 6mm | $mm

Strength, MPa

Yield Strength 310 293 279.8
Ultimate tensile Strength 457.5 450 444.1

The batch was casted in the oiled steel moulds immediately after mixing. The moulds
(standard cubes of 15x15x15 cm, cylinders of 15x30 cm and steel forms for beams of 6 x 15 x
65 cm overall dimensions) were filled in three layers and compacted mechanically on a
vibrating table. The notches were performed in pre-notched beams by locating a thin steel
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plate of 0.3 mm thickness at the center of the mould and fixed by steel grips. Top surfaces
were trawled smoothly. After 24 hours the specimens were removed from the moulds and
immersed in clean water at room temperature for another 27 days. All mechanical tests were
carried out on a universal testing machine, AVERY- DENSION, of maximum capacity 1000
KN.

RESULTS AND DISCUSSION
Compressive, Splitting and Flexural Strengths:

Table (4) shows the results of the compressive strength, o, in MPa for fiber volume fractions,
V¢, =0 and 1.0 % and for two types of coarse aggregate, dolomite and gravel. It can be seen
that the compressive strength has been improved by the addition of steel fiber and by using
the dolomite as coarse aggregate. For example, at Vi = 1.0%, the 6, = 52.8 MPa when using
the dolomite and ¢, = 38.6 MPa when using the gravel i.e. increasing by about 36.90 %. In
the case of dolomite by increasing the fiber volume fraction from 0 % tol.0 % the o,
increased from 46.1 MPa to 52.8 MPa, i.c. increasing by about 14.49 %.

The mode of failure for all compression test specimens containing fibers are completely
different from plain concrete ones. For the latter specimens, failure was either by crushing or
splitting of the specimen, But in the case of fiber reinforced specimens, the mode of failures
mainly occurs by excessive cracking pattern. For fiber concrete specimens, no splitting,
crushing or spalling was noticed. This may be due to the effect of the randomly distributed
fibers in restricting the lateral deformation and inhibiting micro-cracks growth. This may lead
to higher pre-cracking as well as post-cracking strengths.

From Table (4) it is clear that the splitting tensile strength of concrete increased by the
addition of steel fiber and when using dolomite as coarse aggregate. For example, when using
dolomite as coarse aggregate at Vi= 0, o, = 3.44 MPa and at V¢ = 1.0 %, &, = 3.62 MPa.
That’s means increasing in splitting strength by about 5.2%. By comparing the mixes of
dolomite and gravel at the same conditions, it was found that at V; =0, o, = 3.44 and 1.96
MPa respectively. That’s means increasing by 75.3 % when using the dolomite as coarse
aggregate. The mode of failure of splitting tension test specimen is affected by the presence of
fibers. Inspection of the test specimens indicated that neither complete splitting nor separation
was observed before failure has taken place.

Table (4) Test results of compressive, indirect tensile and flexural strengths

Vi % 0% 1%
Coarse aggregate Dolomite | Gravel | Dolomite | Gravel
Compressive strength, . MPa 46.1 32.1 52.8 38.6
Indirect tensile strength, 5, MPa 3.4 1.96 3.62 231
Flexural strength,6¢ A, = 0 4.1 3.1 5.37 442
Flexural strength,or A,=2J6 mm 13.8 13.5 19.6 16.3
Flexural strength,0¢ A=28 mm 214 18.9 229 20.26
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Table (4) gives the results of the flexural strength, or in MPa, for fiber volume fractions, Vi =
0 and 1.0 %, steel reinforcement area, A;, equivalent to 2(J 6 mm and 2 & § mm and for two types
of coarse aggregate, dolomite and gravel. It is clear that the ultimate flexural strength generally
increased with the increase of both fiber volume fraction and steel area. For example, when
using the dolomite as coarse aggregate, at Vi = 0, 6: = 4.1 MPa and at Vy=1.0 %, o = 5.4
MPa, that’s means increasing in flexural strength by 31.6 %. At Vi =0, A; = 2006 ¢y = 13.8
MPa and at V= 1.0 %, A, = 236, o = 19.6 MPa. That’s means increasing in flexural
strength by 41.8 %.

By comparing the flexural strength when using dolomite and gravel at the same condition, i.e.
at Vi =0, A, = 0 we find that 6; = 4.1 and 3.1 MPa respectively, that’s means increaging in
flexural strength of mix with dolomite by 33.3 %. That’s increasing may be related to the
rough texture of dolomite particles and sharpness of its edges which lead to good cohesion of
the particles with each other and with other components of the mix, consequently, improving
the mechanical properties. The mode of failure of flexural test specimens having the steel
fiber reinforcement is not the common brittle type of failure but is mainly due to excessive
cracking without complete separation. This behavior may be due to the linking action of the
randomly distributed fibers. It is noticed that, the load carrying capacity increases by
increasing the fiber volume fraction, area of steel reinforcement and by using the dolomite as
coarse aggregate. These results agree with that in (Leug and Chi 1995, Bazant and Cedolin,
1980).

Regarding the three measure, flexural, splitting tensile and compressive strengths of fibrous
concrete one can notice that the steel fibers generally improved the mechanical properties of
concrete and all failure modes. This is can be related to the strengthening mechanism of the
fibers which involves the transfer of stresses from the matrix to the fibers by interfacial shear,
or by interlock between the fibers and the matrix. The most important variables governing the
propetties of steel fibers reinforced concrete are fiber content and fiber aspect ratio. The
stresses are shared by the fibers and the matrix in tension until the matrix cracks, and then the
total stress is progressively transferred to the fibers. Therefore, it can be said that the
mechanical properties of the fibrous concrete are improved with the addition of steel fiber by
1% and with using the dolomite as coarse aggregate.

Fracture Toughness of Plain Concrete

Notched plain concrete beams with fiber volume fractions, Vy, =0 and 1.0 %, different crack
/depth ratios, (ao/fw = 0.1, 0.3, and 0.5) and two types of coarse aggregates, dolomite and
gravel are tested in three-point bending. The apparent fracture toughness, Kq, is equal to Kyat
maximum moment. Each value of Kg is the mean value of three beams. The influence of fiber
content upon the apparent fracture toughness is evident from Table (5). The data show an
increase in Kq with the addition of fiber for all crack depth ratio and for the two types of
coarse aggregate, In the case of dolomite and at crack depth ratio equals 0.1, as an example,
the apparent fracture toughness increased by about 17.30 % with the increasing in the fiber
content from 0 to 1.0 %. In the case of gravel and at crack depth ratio equals 0.1 the apparent
fracture toughness increased by about 28.60% with the increasing in the fiber content from 0
to 1.0%.

The effect of coarse aggregate types (dolomite and gravel) on the apparent fracture

toughness (Kg) at different crack /depth ratios is shown in Fig. (1) for Vi =0 and V¢ = 1.0 %.
By comparing the effect of dolomite and gravel on Kqat ao/w = 0.1 and Vi =0, it was found
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that, Kq increased by about 31.4 % when using dolomite as a coarse aggregate. Also, Ko
increases by about 26% and 10 % at crack-depth ratios 0.3 and 0.50 respectively at the same
conditions. The data in Fig. (1) clearly indicate that the K¢ decreases with the increase in the
crack-depth ratio, ao/fw. Moreover the effect of aggregate type and fiber content also
decreases with the increase in ao/w.

During the observation of the crack path at any load level from the two sides of any tested
beam, it is noticed that the crack length observed on one beam face is at times longer and at
other times shorter than its length taken from the other face. This indicates that there is non-
uniform crack propagation through the beam thickness due to the inhomogenity of the tested
material. It is agreed with results in (Bazant and Cedolin 1980).

Table (3) Test results of Kq for plain concrete in terms of MPa mm®®

Vi % 0 % 1%

aolw Dolomite | Gravel | Dolomite | Gravel
0.1 22.4 17.03 26.29 21.89
0.3 20.5 16.27 22.61 20.54
0.5 17.12 15.57 18.1 16.9

Dolomite, Vi=0%
Gravel, Vi=i%
Dolomite, Vi=1%

Gravel, Vi=1%
20 —

12
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

Crack-depth ratio, ao/w

Fracture toughness, Ko, MPa mm"’
>
I

Fig. (1) Variation of K¢ with crack-depth ratio for plain concrete
Fracture Toughness of Reinforced Concrete Beams

The dependence of fracture toughness of the notched beams upon the fiber content, type of
coarse aggregate in the mix, area of steel reinforcement in the cross section and crack-depth
ratio are shown in Table (6). These results were obtained from tests on beams reinforced by
two steel bars, A; equivalent to 236 mm and 2098 mm as main reinforcement in fiber
concrete with fiber contents = 0 and 1.0 %. The values of initial crack-depths ratio were 0.1,
0.3, and 0.5. From Table (6} we notice that when increasing the fiber volume fraction from 0
% to 1.0 % at ao’'w = 0.1, 0.3 and 0.5, Kq increases by about 6.9%, 6.10% and 4.70%
respectively when using dolomite as coarse aggregate.
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Also from Table, at V¢ = 1.0 %, A, =2 ¢ 6 mm, by increasing the crack / depth ratio from 0.1
to 0.3, K increases by about 50.9 % and increases by about 60.6% when ao/w increases from
0.3 to 0.5 for dolomite concrete. Therefore, it can be concluded that as the steel fiber volume
fraction increases, the fracture toughness was improved for all notch depths and for two types
of coarse aggregate. Also, similar trend was found at A; = 268 mm.

Table (6) Test results of Kg for reinforced concrete in terms of MPa mm®?

As 2@ 6 mm 2@ 8mm
Vi 0% 1% 0% 1%

ao/w | Dolomite | Gravel | Dolomite | Gravel | Dolomite | Gravel | Dolomite | Gravel
0.1 102.5 90.6 109.7 95 134 127.8 140.7 133
0.3 156 144 165.6 165 231 222 2387 | 2309
0.5 254 222 266 255.7 361 353.7 377 368.3

This behavior may be explained as follows: the stress field due to loading is localized at tip of
the initial crack and the crack initiation is expected to originate at that tip, then it propagates
in the concrete beam till it causes failure. The initiation and propagation of the crack is a
result of the net stress intensity factor acting on the tip of the crack. The presence of the fibers
in the zone ahead of the notch contributes in carrying the load, which can be attained to a
local reduction in the stress intensity factor, and this means that a higher load is needed to
initiate and propagate the crack. Furthermore, the apparent stress intensity factor can be
expressed as:

Ko=Ks + Krc

Where:
Kg is the stress intensity factor of the steel bars and Kpc is the stress intensity of the fiber
reinforced concrete and equal to:

KPC = Kpc + KF
Where:
Krc is the stress intensity factor of the plain concrete, and Kr is the stress intensity factor of
the steel fibers. Taking into consideration that K5 and Ky are stress intensity factors that
applied on the crack but in the closing direction therefore:

Ko=Ks+ Kpc +Kp

Hence, the initiation and propagation of the crack is taking place when the net stress intensity
factor (Ko (Ks+Kg)) reaches the value of the critical stress intensity factor for plain concrete,
Ksc. In the case of concrete beams reinforced by constant area of steel bar reinforcement and
varying steel fiber contents, Kg remains constant and Ky varies. This means that only Ky
increases with increasing in Vy, therefore, in order to reach a certain critical value of K pc, Kg
must be increased, i.e., the element becomes of higher fracture toughness value. The above
explanation is also valid in the case of concrete reinforced by fibers only. The only difference
is that the valune of Kg will be equal to zero.

From Table (6) it can be observed that the increase in the fracture toughness due to the
increase in fiber volume fraction is more pronounced when the area of steel bar reinforcement
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is small. As example, for concrete beams with ao/fw = 0.1 and with dolomite as coarse
aggregate, Ko increased by about 6.9% when V; increased from 0 % to 1.0% in the case of
beams reinforced by 2¢6 mm. On the other hand Ky increased by about 5% in the casc of
beams reinforced by 2¢8 mm. Also Kg increased by about 20% in the case of beams
reinforced by steel fibers only. This is may be due to the fact that the presence of larger area
of steel bar reinforcement may mainly control the behavior of concrete and therefore obscure
significantly the sharing role of the fibers. As the steel bar reinforcement area decreases, the
sharing role of the fibers becomes more sensible. In the absence of the steel bar
reinforcement, the behavior of the concrete member may be mainly controlled by the fibers.

The relationship between Kg and the crack-depth ratio, ao/w, is shown in Fig. (2a, b). From
these figures it can be noticed that: as the crack depth increased, the fracture toughness, Kq,
increased although the load carrying capacity of the beam decreased. This may be attributed
to the increase in the resisting moment provided by steel bars. In the case of plain concrete
beams, as the crack depth increases, the load cartying capacity and the fracture toughness are
decreased as shown in Fig (1). Such behavior is typical for concrete as indicated in
experimental results shown in (Carbinteri 1984).

300

—S—  Dolomite, Vi=0%

—@-- Gravel, VE0%

--dk-- Dolomite, Vi=1%
] i PY

- /= Gravel, VE=1% 5
150 —

(a) As = 2¢6 mm
75 ] | |
0.0 0.1 0.2 0.3 04 0.5 0.6 0.7

400

—<—  Delomite, VI =0%
—4p-- Gravel, VEHO%

300 — — S  Dolomite, VE=1%
——dk-- Gravel, VEE1%

Fracture toughness, Kq, MPa mm®?

200 |-
(b) As=2¢8 mm

100 | ] | ] | |
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The steel bar reinforcement has a noticeable effect upon the fracture toughness of concrete
beams. From figures (2a, b) we notice that at V; = 1% and for dolomite, Kg increased by
about 28.5 %, 44.4 % and 41.7 % at ao/fw = 0.1, 0.3 and 0.5 cm respectively as the area of
steel bar reinforcement increases from 2¢6 mm to 2 ¢ 8§ mm. Also under the same conditicns
but the only difference is the fiber content, Vi = 0%, the fracture toughness increased by about
30.3 %, 48.1 % and 42.1 % respectively.

The above results may be analyzed as follows: the presence of steel bar reinforcement creates
a closing effect on the initial crack. This closing effect due to the local compressive stress
field around steel bars inhibits ability for crack extension. The values of the local compressive
stresses increase with the increasing in the arca of steel bar reinforcement. Consequently the
closing stress intensity factor, Ks, increases due to the increase in area of steel bar
reinforcement, which leads to an increase in Kq of the specimen.

We can notice, also, from Figures (2a and b) that the using of dolomite as coarse aggregate in
the mix improves the fracture toughness of reinforced concrete relative to nsing gravel. That’s
due to rough texture and sharp edges of dolomite particles, which lead to good bond between
the matrix, steel fibers and steel bars reinforcement and consequently leads to durable mix.

CONCLUSIONS

The results of the present work reveal the following conclusions:

1-Adding steel fibers to plain concrete improves its mechanical properties, but the relative
gain in the flexural strength is more pronounced than the gain in the splitting tensile
strength and compressive strength.

2-Adding steel fibers to steel bars reinforced concrete improves its fracture toughness, Kg, but
with different levels according to area of steel bar reinforcement.

3-The beneficial effects of fiber addition on the fracture toughness of concrete were increased for
under-reinforced concrete members.

4-When the initial crack-depth ratio, ay/w, increased, the fracture toughness was increased in the
case of reinforced concrete and decreased in the case of plain concrete.

5-When the area of reinforcing steel bars increased; the fracture toughness of concrete was
increased.

6- Using dolomite as a coarse aggregate improved the fracture toughness of plain and reinforced
concrete.
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ON THE RETROFITTING OF RC BEAMS USING FRP FABRICS

M. El-Hawary', S. Fereig?, J. Al-Duaij’, H. Al-Khaiat*

ABSTRACT

The use of Fiber Reinforced Polymers FRP in repair and rehabilitation of reinforced concrete
structures is gaining a worldwide acceptance due to their numerous advantages over other
repair materials. In this paper, the structural behavior of reinforced concrete beams repaired
using Carbon Fiber Reinforced Polymer (CFRP) and Glass Fiber Reinforced Polymer (GFRP)
fabrics, was investigated. Five beams of 300x100x1100 mm were designed to assure shear
failure, cast, cured and then loaded to failure. Ultimate load, load- deflection relation and
crack pattern were recorded for each beam. Beams were then repaired using either CFRP or
GFRP. Wraps were epoxy bonded on both sides of beams, except for one beam where the
bottom was also wrapped for comparison. Repaired beams were then loaded to failure.
Ultimate load and ductility were compared.

It was concluded that the use of either GFRP or CFRP wraps restores and improves both the
load carrying capacity and the ductility of tested beams. GFRP repaired beams demonstrated
better results than the CFRP repaired ones. The beam repaired on both sides and bottom
showed better load carrying capacity than those where wraps were applied on sides only.
Failure of rehabilitated beams was found to be due to debonding and peeling of FRP wraps.
The repair method was found to be easy, efficient and less time consuming compared to other
conventional repair methods.
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INTRODUCTION

Due to deterioration, overloading, accidents or other reasons, structural members may require

some kind of repair to restore and enhance their structural behavior and loading carrying

capacity. Structural members may also require rehabilitation due to change in the required

type of service, architectural changes that require alteration to the structural system or just to

prolong the service life of the structures. Many techniques and materials are available for

repair and rehabilitation. The of some type of plates or sheets have found special favor with

engineers, specially for heavily damaged beams. The strengthening by steel plate bonding has

been done since 1970. Glass fiber plates were also used for repair and were cither bonded

using epoxy, bolted or both to prevent peeling [1]. The use of plates was then mostly replaced

by FRP laminates which are manufactured as sheets or strips by pultrusion, in which fiber

strands are impregnated in an epoxy resin bath and are shaped by being pulled through a die.

Afterwards they are hardened in oven. The used fibers are commonly Carbon or Glass fibers.

The glass fibers have a tensile strength of 2-4 G Pa while the tensile strength of carbon fibers

is about 3 GPa, which is higher than that of steel (0.5 —2), along with a comparable Modulus

of Elasticity to that of steel. The resulting sheets possess many advantages such as:

- Easy to handle, they strips may be up to 500m long and can be rolled up.

- Light weight, they can be fixed in place by hand or very light equipment and don’t
affect the structure’s dead weight.

- High tensile strength, CFRP laminates have a tensile strength in the range of 3000
N/mm’.

- Excellent resistance to fatigne

- Resistance to chemicals and corrosion.

- Thin sheets, they don’t alter the overall dimensions of the concrete members.

- Clean application, there is no need to close the structure, bridge or tunnel completely
for the repair work to take place.

The only disadvantage of FRP laminates sheets or strips is that they are unidirectional and
that the interlaminary strength is much less than that in the fiber direction. This problem,
however, was overcome by the introduction of FRP fabrics or textile which possess the same
strength in both directions. The research work on FRP laminates includes that on ductility of
strengthened beams [2,3]; importance of adequate anchorage system [2,4]; effect of CFRP on
concrete confinement [4,5]. ACI 440 report [6] contains also some details regarding the use of
FRP in concrete structures. FRP laminates may also be prestressed to help in arresting and
reducing existing cracks [7], in which case mechanical fixation should be used along with
epoxy bonding.

FRP may also be used as strands for internal reinforcement replacing steel bars in reinforced
concrete structures [8].

The use of bidirectional CFRP and GFRP fabrics is rather new and the related research is still
limited. More research is needed to shed the light on the actual behavior of structural
members repaired using FRP fabrics along with the verification of the effectiveness and
advantages of this repair method. The main objective of this paper is to investigate the
structural behavior and ductility of reinforced concrete beams failed in shear and subsequently
repaired using two different types of FRP fabrics and two different repair techniques.
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TEST BEAMS

Five beams were utilized for the experimental study. The beams were designed to fail in shear
before they reach their flexural capacity. The beam dimensions are 300x100x1100 mm. The
used reinforcement is two 14mm diameter bars in bottom , two 8 mm in top and 6 mm
stirrups at 120 mm spacings, making the steel ratio equal 0.0123 . The geometry,
reinforcement and loading sct up of the beams are shown in Figure 1.
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100m1:‘1 }
l J 30
3 L
2q0 . 700 20('] ;
298 ——ep
300 mm
2014 X
10@ }

Figure 1: Beam dimensions, reinforcement and set up
MATERIALS

The proportions of the concrete constituent materials are shown in Table 1. Ordinary Portland
cement and natural sand were used in this rich mix, along with two different sizes of quartzite
coarse aggregates. The GFRP and CFRP fabrics used for repair are single layer FiberBond®
(E-glass/Epoxy and Carbon/Epoxy systems, respectively).

Table 1: Concrete Mix Design Proportions

Material Weight kg/m’
OPC 330
Water 198
Sand 720
Coarse Agg. 3/8 in. 380.25
Coarse Agg. 1/2in. 770.25
Superplasticizers 2.25 liters
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The material used for bonding the repair fabrics is a multi-purpose adhesive based on solvent
free epoxy resin. It is supplied as two-pack material. It is waterproof, chemical resistant and
has a cure time of 10 hours at 20°C.

EXPERIMENTAL PROGRAM AND TESTING PROCEDURE

Five reinforced concrete beams were utilised in this experimental program. All beams have
the same reinforcement as mentioned before. Steel reinforcement was placed in forms and
then concrete was mixed, poured and compacted. Forms were removed the second day and
beams were cured in laboratory for 28 days using wet burlap, before being tested. Beams
were loaded in flexure according to the four-point loading set up as shown in Figures 1 and 2.
Loads were increased in 10kN intervals till failyre, Mid span deflection was measured and
recorded at each loading interval using a dial gauge, as shown in Figure 2. Crack patterns and
propagation were also recorded, Figure 3.

The five beams were then repaired using either GFRP or CFRP fabrics. The beams were
divided into three groups. The first group consists of beams B1 and B2. Beams in this group
were repaired using GFRP fabrics applied in both sides, while the second group consists of
beams B3 and B4 and was repaired using CFRP on both sides. The last group contains beam
B5, which was repaired using CFRP applied on the bottom of the beam in addition to the two
sides. The beams details and method of repair is given in Table 2.

Figure 2: Beam B2 during testing
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Table 2: Details of test beams

Group / Beam | Bottom Top steel | Stirrups Repair material | Application zones
Group 1 (B, 3133114 208 06@ 120mm | GFRP Two sides

grzﬁ)mp 2 (B3, | 2014 2d8 ®6(@ 120mm | CFRP Two sides

21'4c))up 3B | 214 20§ ®6@ 120mm | CFRP Bottom & two sides

The fabrics were cut to the required sizes. The resin and the hardener of the epoxy adhesive
material were mixed and the repair fabric was soaked in the epoxy before being applied to the
repair surface. The fabric was squeezed using a trawler to get rid of trapped air in order to
assure homogeneous bond. Excess epoxy was removed. A full size fabric was used in each
face of repair without splicing. In beam B2, however, two separate pieces were used for each
face and a splice of 100mm was used to assure the continuity of the repair material (Figure 4).
The repaired beams were tested in four-point loading flexure set-up, as before. The load was
applied at 10kN intervals at which mid span displacement was measured. The load-
displacement relationship, the ultimate loads and the type of failure were determined for each

Figure 3: Crack pattern
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The concrete mix was designed to have a compressive strength of 35 N/mm’. In order to
verify the compressive strength of the actual beams, three cores were cut off the first three
beams and tested in compression according to ASTM C-42 specifications. The average
cylinder compressive strength was found to be 34,7 N/mm®. The details of the test are shown
in Table 3.

Figure 4: Application of CFRP fabrics

Table 3: Compressive strength of concrete cores

Specimen 1 Specimen 2 Specimen 3
Average diameter 68.12 68.12 68.12
Density (kg/m’) 2426 2436 2422
Length before capping (mm) 101.8 100.7 101.8
Length before capping (mm) 101.8 100.7 101.8
Method of preparation Sawing and capping
Duration in water 40 hours
Length / diameter after capping 1.49 1.48 1.49
Direction of applied load Vertical vertical vertical
Maximum load at failure (kIN) 124.5 136.4 123.0
Cross-sectional area (mm”) 3644.51 3644.51 3644.51
Measured compressive strength 34.2 374 33.7
(N/mr?)
Strength correction factor 0.986 0.980 1.0
Cylinder compressive strength 33.7 36.7 33.7
Average cylinder comp. Strength 34.7
(N/mm)
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RESULTS AND DISCUSSION

All five beams failed in shear, as designed. After each load increment, the load was held
constant for few minutes to allow for crack measuring. The crack patterns and directions were
recorded for each beam. Typical shear behaviour was observed, as flexural crack first
appeared at the bottom surface of the tested beam in the middle where the bending moment is
maximum. This was followed by other flexural cracks along the bottom, which propagated
along the height of the beam and shifted direction to become diagonal shear cracks. Those
cracks propagated closer to the loading plate and the support and their width increased
quickly, just before failure. A typical cracked beam is shown in figure 3. For the repaired
beams the repair fabrics prevented the observation of crack patterns and propagation. All
repaired beams, however, failed by debonding and peeling of the repair fabrics.

The mid-span displacement was also measured at each loading increment before and after
repair. The load-displacement relationships for all five beams are shown in Figures 5-9. It is
clear in all cases that beams did not only retain their load carrying capacity in shear that were
lost after failure, but also an obvious increase in those capacitics were observed. The increase
in the load carrying capacity depends on the material and method of repair. The increase in
the load carrying capacity was calculated in two methods. The first I; was calculated in
reference to the individual load carrying capacity of each beam before the first failure, while
the second I, was calculated in reference to the average load carrying capacities of all five
beams. Both indices, along with the load carrying capacities of each beam, before and after
repair, are shown in Table 4. The second index I, is more meaningful, as beams were already
cracked before repair and the difference between the individual load carrying capacities of
each beam, which is mainly due to concrete strength, will not contribute to the load carrying
capacity of the repaired bearns. The increase in the case of repairing sides only was found to
be 43.4% for the GFRP repaired beams and 18% for the CFRP ones (average of B3 and B4).
The use of separate pieces of fabrics for repair reduced the increase in the load carrying
capacity by 47.2%, from 43.4% to 22.9% and the application of the repair fabrics on the
bottom in addition to the sides, increased the load carrying capacity by 106.1%, from 18% to
37.1%.

Table 4: Experimental results for the tested beams

Beam Py (KN) I I Ductility Index Iz
Original | Repaired Original | Repaired
Bl 240 317 321 43.4 1 6 1.14
B2 255 271.5 647 |229 |34 4.6 0.89
B3 215 270 256 (222 |8 3.6 0.69
B4 210 251.3 19.7 13.7 |6 3.5 0.67
B5 185 303 63.8 |37.1 |3.6 6.9 1.31

Ductility of reinforced concrete members represents their ability to sustain excessive energy
and/or deflection after the steel reach its yield stress. High ductility is essential to assure that
the structure can withstand the effects of earthquakes, vibrations, impact or wind and that
there is enough warning before its collapse. Three types of ductilities may be used; deflection
ductility, curvature ductility and energy ductility. The first was utilised in this work.
Deflection ductility index is defined as:

Ductility Index = A, / Ay (1)
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Where A, is the midspan deflection at ultimate load and A, is the midspan deflection at
tension steel yielding.

The ductility indexes for the original and repaired beams are shown in table 4. The value of
the ductility index for B1 before repair is obviously an error in measurement, where the post
yield increase in deflection was not included. As discussed before, the average ductility index
for the original beams was used as basis for comparison between the ductility of original and
repaired beams. The factor I, in table 4, represents the ratio between the ductility indexes of
the repaired beams to the average ductility index for the original beams. Only two beams
showed improvement in ductility over original unrepaired beams. The highest ductility, I ,
was for Beam 5, which was repaired on the sides and bottom followed by Beam 1, which was
repaired on the sides only using GFRP. All other beams experienced a reduction in ductility
due to the use of FRP fabrics. The use of full repair sheets resulted in better ductility than the
use of separate repair fabric pieces.

CONCLUSIONS

Five full scale reinforced concrete beams, designed to fail in shear, were tested in flexure till
failure and then repaired using either GFRP or CFRP, before being tested again. GFRP fabrics
were applied on the beam sides either as full layer or as separate pieces on each side. CFRP
fabrics were applied either on both sides only or on sides and bottom. Crack pattern, mode of
failure, load-displacement relationships, ultimate load carrying capacity and displacement
ductility were determined and evaluated. The following were concluded:

- Application of FRP laminates in repair is easy and does not require special equipment.

- Both GFRP and CFRP may be used in repairing flexural members failed in shear.

- All five tested repaired beams showed an increase in their load carrying capacity
compared to those of the criginal beams, regardless of the repair material and method
of repair. The increase varied between 13.7% to 43.4%.

- All repaired beams failed by debonding and peeling of the repair fabric.

- Although ductility is a common problem in FRP repaired beams [3], the beam repaired
using CFRP on both sides and bottom and the one repaired using GFRP showed some
increase in ductility, while other three beams experienced some reduction in ductility
compared to original beams.

- In general GFRP repaired beams showed better results in both the load carrying
capacity and ductility compared to those repaired using CFRP.

- Application of the CFRP on the bottom in addition to the two sides improved the
ultimate load and the ductility of the repaired beam.

- The application of separate pieces of GFRP, although 100mm splice was used,
resulted in a reduction in both the load carrying capacity and the ductility of the
repaired beam.

- The utilization of FRP fabrics in repair seems superior to all other repair methods. Its
only drawback is the cost. This, however, is expected to decrease with time as most
other new technologies.

- More work is still needed in order to fully understand the structural behavior of the
repaired beam and to achieve a systematic design method. Work is also needed on the
use of FRP laminates as external reinforcement, fully or partially replacing steel
reinforcement.
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ABSTRACT

The causes of concrete deterioration are multiple. Concrete degradation caused by physical
agents are well controlled but internal degradation of concrete remains yet to be studied.

One of the factors that cause internal damage in concrete is alkalis-aggregate reactions. The
degradations caused by these reactions are mainly inflation of mass and cracking. There are
no methods that predict the level of the degradation caused by these reactions but numerical
simulation based on experimental study provides a clear idea on the state of stress and
resulting cracks.

Keywords
Concrete, Cracking, Alkali Aggregate Reactions, Experimental, Numerical Simulation.
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INTRODUCTION

Hydraulic concrete is an artificial conglomerate formed by aggregate dispersed in a bending
phase. In due course, the bending phase may be degraded by physical or chemical agents,
internal or external. Microscopic cracks may often appear within the interface paste-
agpregates, where there is a pore water film. Consequencely, this interface constitutes a zone
of weakness and hence concrete may be represented as a multi-fissured media starting from
the finest layer of the CSH of paste (some nanometers) up to the largest stones (a few
centimeters).

One of the causes of internal degradation of the concrete was due to the reaction of the alkalis
aggregates, the effect of the chemical and mineralogical factors that exist in the components of
the concrete. The alkali-aggregate reaction materializes with a mosaic of crack and an
exudation of gel. The reactions are obvious at the end of 4 to 10 years and are spread out over
a large period of time. For the plane structural elements, such as the plates and the retaining
walls, cracking occurs once the stress of expansion exceeds the working stress of traction.
Nishibaya Shiet et al. [1] have reported that in Japan some plane structure affected by the alkali
aggregate reactions had fissure of 8mm of 20 em opening profundity.

In this study, a simulation of the kinetics of the crack development caused by the alkali
agpregates reaction is proposed.

Although these parameters exist almost in all the concretes, they cannot be harmful if they
preexist at the same time with a certain rate.

ALKALIS AGGREGATES REACTIONS IN CONCRETE

The reactions of alkalis aggregates in concrete appear for a long period and largely affect the
durability of concrete. This problem may be described as "the internal corrosion of the
concrete” and recently it has been noted that many concrete structures are affected by these
reactions. In 1983, Poole [2] provided several cases of this phenomenon over the world
(Figure 1}. Undoubtedly, this problem is mainly due to some reactive aggregates. According
to Grattan-Bellew [3] the aggregates cannot be studied without cement since the concrete
comprises aggregates, cement, water and
sometimes additives.  Therefore the
alkali reaction problem is not specific to
some aggregate, however it must be
studied in relation to cement-aggregates.

Taking into account the phenomenon
complexity, professionals in the concrete
industry are seriously worried at this
problem while considering the following
factors:

Fig.1: Recanted case of AAR phenomenon
over the world
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o Importance of the phenomenon affecting the massive works: dams, bridges, airports, and
buildings.
The increased use of new layers of the aggregates, particularly in developing countries.
The complexity of the phenomenon because of the composition of cement: slag, fly
ashes, and fillers.

The common factors affecting concrete degradation:

» The presence of alkaline in cement:

The chemical analysis of cement shows the existence of alkalis in the aggregates and in the
additives. The maximal alkaline content is not yet defined. This limit of alkaline content
varies from one researcher to another; however, the value retained by ASTM standards is of
0.6% NayO in cement.

o Reactivity of the aggregates to alkalis:

Researchers realized that sands containing not only reactivates of silica but poly-phased
siliceous aggregates could also be quite as reactive. These aggregates contain
cryptocrystalline quartz, feldspars, and micas. The reactivity of the aggregates can be related
to their origin: the vitreous volcanic rocks have properties more constant than the
sedimentary rocks (limestone), they are more stable than the metamorphic rocks (gneiss)
having undergone stresses of pressure and temperature during their geological history.
Another parameter concerning the reactive aggregates is that of their granularity and their
quantity.

s The presence of moisture:

The critical values of relative moisture favorable to the alkali reaction range between 80 and
85%. The water/cement ratio has also a considerable role for the reason that an expansion can
occur without external contribution, if water in the concrete is sufficient for the formation of
an inflating gel. Desiccation-humidification cycles seem also dangerous as well as the relative
humidity like the case of the Capetown dolosses where the emerged zone was more fissured
than those immersed in sea water.

Other factors include time and the temperature, which accelerate the chemical reactions. The
cracking of the concrete can be inoffensive as long as there are no water inhibitions.

The disorders appear after prolonged period of time. Following are some of the warning
signs:

* Cracking: The fissures are evolutionary; their opening increase by 0.5mm every year

e An exudation of gel: White exudations consist of calcite. There are several types of gel.
Regourd - Moranville [4] have classed them in three categories: Massive gel, Gel in the
process of crystallization and Crystallized gel.

o Pustules or craters: pustules occur in the shape of small cones, due to the reaction of
superficial coarse aggregates, which are invisible in the bottom of the bursting craters.
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¢ Movements and deformations: A rising of the peak can be detected in dams, 1 to 2mm
per year.

# Coloration or discolorations: A dark coloring along the fissures can be observed on piles
of bridge or retaining walls.

Chemical mechanism of the alkalis aggregates reactions

The most significant and the most frequent reactions are the alkali-silica reactions. The
process of these reactions [5] includes three phases:
e Attack of siliceous aggregates by setting the silica in solution in the interstitial solution.

S5;-OH +OH —*§;-0+ Hx0 1)
# Gel creation by transformations of undissolved residual silica into gel.
8;-0-§ +20H—§;-0"'+0 - §; + H,0 2)

¢ Deteriorating expansion by the gel swelling.

DESCRIPTION OF THE MECHANISMS OF FAILURE

The reactions of hydration are not immediate, and for a long time the cement paste evolves. Its
mechanical properties change all through the time, increasing gradually, but more and more
slowly. It is usual to measure these properties at 28 days. It is also important to remember that
there remains water inside the pores, adsorbed on their surface in the liquid or vapor state.

Each fissure corresponds to a critical stress of propagation, which may be superimposed by
three modes (see Figure 2):

Mode I: a displacement only if Oy axis corresponds to a
particular plane problem, indicated by Mode I. This mode
is, generally, the most dangerous. Mode I

Mode II: it is generated by a shearing in the plane of the
fissure and parallel with Ox axis.

Mode III: it is produced by an opposing-plane shearing, Mode I

located in the fissure plane Oxz and is parallel with axis
Oz. This last mode is solved by a representation 2d anti-
plane, while the two precedents are solved by an opposing-
plane analysis in plane stress or in plane deformation. Mode ITT

During the loading (swelling), the most critical fissures Fig.2: The modes of
start to be propagated. Subjected to a normal stress, they failure
would be unstable. The critical fissures are propagating in

the concrete in mode I, i.e. perpendicular to the direction of the normal stress [6].
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Criteria of Rupture of MOHR-COULOMB

In the space of the principal deformations, this criterion takes the shape of an irregular

hexagonal cone. This irregularity with the stress 5 is not taken into account. To describe the
criterion by using the invariants of the stresses tensor, it is enough to express the main stress
according to the invariants (Eq.3) and try to substitute in the expression of the MOHR circle

(Eq. 4)

C1=0u+ %; sm(B—ZTn)
or=0a-+2 Gsinf0) 3
L2} =0'm+\/%; sin(9+2T“)
UL i) 9592 ccop)0 @

Consequently, the MOHR-COULOMB law is stated as follow:

F=om sin(p)+ ¢ [wj(;) - sin(q;)g‘sin(e)) —-ccoslp) (5)

SIMULATION BY NUMERICAL MODEL

The study of the mechanical concrete behavior of the structures under internal stress due to
the alkali reaction was not recently approached with the angle of numerical modeling by the
finite element method which uses a simple approximation of the unknown variables to
transform the partial derivative equations into algebraic equations. The principle of the finite
element method is defined as a mathematical approach of a physical system characterized by
one or more variables or functions recognized as exact which are represented by algebraic
functions.

Assumption of the model: £
1
The properties of the concrete always depend on
the levels of degradation that reign in its mass.
Among the factors that appear in the mass of the m
concrete and generate its progressive degradation ° /
4

we find the alkali-aggregate reactions. This
reaction appears mainly in the interface binding *

aggregates and results in a swelling of the gel, & €

which results from these chemical reactions.
This swelling exerts compression on the reactive Fig, 3: Complete tensile
grains of aggregate and traction in the paste. curve of concrete
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Concrete is a composite material tree physic (aggregates, paste and interface). Since the
swelling appears in the interface and the compressive strength of the aggregates is much
higher than the tensile strength of the paste, we modeled only the paste, therefore the
homogeneous media. The non-linearity of material (Figure 3) was taken into account by the
complete tensile law [7]:

o=Es £ <gp

£-Ep
o =fi(1 au—ap) £r <e<ev ()]
o=0 € <Ep

The material degradation according to time due to the reaction was calculated on the basis of
experimental results [8]

Description of the Program and the Stages of Calculation Used

With an aim of simulating the evolution of the fissures caused by the alkali-aggregates
reaction, we developed a program, which uses four nodes isoperimetric finite elements.

Calculation progresses by steps of loading of low amplitude starting with a null initial value
and up to the value of 9 Mpa [9] after each step; the calculated stresses are compared with the
Mohr criterion of ruptures. If the rupture is not reached, the program continues with the
following step and by taking the new constants of the material (degradation of the concrete
by alkali-aggregates according to time).

RESULTS AND DISCUSSION W -
The observation of the curves, point out: :g 'T ;
Expansive gel evolution: E :
The expansive evolution of the gel (Figure 4) according &? : ;

to time follows an approximately linear variation. The

interpolation function is of the form: Age in days
Fig.4 Gel expansion as

P =0.0034T + 0.037 (N function of time
P: expansion of the gel T T T T T 1 |
T: time in days " |

&
Compressive Strength Variation as Function of = }
Time: & |
The variation of the compressive strength according to - |
time (Figure 5) increases quickly until certain limit, and ©T Tageindays T T T
beyond this limit, it decreases by environs 25% then it is Fig.5 Compressive strength
stabilized. as function of time

The same observation was made for the tensile strength.
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Evolution Of The Modulus Of Elasticity:

e
The evolution of the modulus of elasticity, according to _ 7°
time (Figure 6), signifies 3 zones: &
e A fast increase during the first twenty eight days; E b
¢ Between 28 and 175 days a quasi-linear reduction is M =
observed; =
e Beyond 175 days a weak increase in the modulus of N M B s W
elasticity is noted. Age (days)
Fig.6: Elasticity of modulus as
function of time
By plotting the curve of material degradation as function
of time (Figure 7), we note that it i3 done in three phases: o I A O !
[+ |
|
e Until 28 days, the materials remain virgin and that = i
explains why all the properties of materials increase = i
with time. - i
¢ From 28 to 175 days, the value of damage factor os l
increases linear up to the value of 0,4. During this T
increase all off the concrete properties show a Apge (days)
reduction (damage). Fig. 7: D .
: Degradation Factor as
e Beyond 175 days, the damage factor starts to et SRR

decrease more or less linearly [10] and the various
concrete properties increase slightly.

Propagation of Cracks:

Figure 8, shows the fissures propagation. This occurs according to mode I under the action of
tensile stresses (zones framed). The tensile stresses concentration is more marked around the
assemblage points of the two lips of the fissure.

CONCLUSION

Although the calculation program is in course of development, the first simulation results
compared with previously existing experimental results, have provided very encouraging
deformations results. The numerical simulation of concrete expansion, taking into account the
change of the mechanical characteristics as function of time, contributes to a better
comprehension of the damage level and a better insight to the solutions of prevention and
repair of the structures affected by this phenomenon.

This study highlights the importance of the phenomena related to the alkalis-aggregates and

makes it possible to follow the evolution and the propagation of the fissures caused by this
phenomenon.
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Fig. 8 Evolutions and propagation of the fissures according to the expansion and time.
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Proceedings of the ACI-KC First International Conference & Fourth Exhibition. September 29-
October 1, 2003, Kuwait — Concreting and High Performance Concrete in Hot Weather.
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ABSTRACT

Rice husk ash (RHA) is an active artificial pozzolana and can be used as a cement
replacement material. Superplasticizers have been found beneficial in offsetting some of the
undesirable characteristics of concrete. This research has been undertaken to study the effect
of rice husk ash with and without superplasticizer on the chemical and physico-mechanical
characteristics of ordinary portland cement. Therefore, different mixes were made from OPC
with 4,8,12, and 16 Wt., % rice hush ash fired at 450 °C for 2.0 hours. The hydration behavior
as well as the physico-mechanical characteristics were studied with curing time up to 90 days.
The results have shown that, the water of consistency increases with RHA content which
adversely affects the mechanical properties, especially at a high RHA, % (above 8.0 Wt., %).
Also, the free lime content of blended cement pastes decreases with curing time and RHA
contents. In order to improve the physico-mechanical properties of OPC-RHA pozzolanic
cement, different blends were made from OPC with 8 Wt., % RHA and various doses of
water reducer (0.5, 1.0, 1.5, 2.0, 2.5 Wt., %). The different blends were hydrated for 3,7,28
and 90 days. The hydration behavior was followed and the physico-mechanical characteristics
were studied. The results show that, the mix containing OPC with 8.0 Wt., % RHA and 1.5-
2.0 Wt., % superplasticizer is the suitable mix which gives a good mechanical properties.

Keywords

Pozzolanic cements; rice husk ash; superplasticizers; hydration behavior, physico-
mechanical properties.
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1. INTRODUCTION

Rice husk is a challenging problem for each country grows rice to dispose or utilize this by-
product, because of the tough, woody, abrasive nature of the husks, their low nutritive
properties, resistance to weathering, great bulk and high ash content. Also, the burning of rice
husk in open fields constitutes a great source of environmental pollution. Rice husk under
controlled burning and if sufficiently ground leaves a whitish fluffy voluminous ash which is
known to be mainly silica in an amorphous phase with high surface area®,

The constituents of rice husks are both organic and inorganic compounds. The organic
compounds present in husk are generally lygnin, cutin, carbohydrates and nitrogen
compounds. The inorganic constituents comprises about 13.29 Wt.,, % of the husk. The
predominant compound of RHA is silica. Other elements are also present such as Na, K, Ca,
Mg, Fe, Al, Mn, P and Cu. The silica of the ash is described to be in a hydrated form like
silica gel(z).

In the last few years, a considerable attention has been directed towards the utilization of rice
husk ash in portland cement concrete, especially in countries of south east Asia, and Egypt.
Reaction of lime with husk ash may be regarded as a reaction of a base with acidic oxide. The
reaction proceeds with intimate contact in presence of water as in the system Ca0Q-8i0,-H;0.
Therefore, the formation of this binder is more quick as compared to conventional lime-
pozzolana reaction.

Differential thermal analysis (DTA) curves of 7, 28 and 300 days water-cured samples of
RHA-lime-H,0 binder clearly indicate the nature of hardened paste™ similar to the products
in silica-lime—water system. The main hydration product is calcium silicate hydrates (CSH).
Also, Differential thermogravimetry (DTG) and X-ray data confirm this observation.

Rice husk ash with known physical and chemical characteristics has been reacted with lime
and water™”, The product of the reaction has been shown to be CSH by a combination of
thermal analysis and X- ray diffraction. Alkalies act as catalysts in the formation of calcium
silicate from lime and RHA. This might be due to the formation of sodium silicate which
further reacts with Ca(OH), to form CSH. Presumably NaOH released in this reaction would
react again with silica and thus continue the cycle.

Superplasticizers have been found beneficial in offsetting some of the undesirable
characteristics of concrete, especially in hot climate®™®, The advantages of these chemical
admixtures are reducing the mixing water, retarding the initial and final setting, enhancing the
strength and decreasing the drying shrinkage or the permeability. Therefore, superplasticizers
are widely used in concrete industry.

The commonly uvsed superplasticizers are polycarboxylic acids and sulphonated naphthalene
or melamine formaldehyde condensates. These chemical admixtures have essentially the same
dispersing mechanism. The polymer’s chains adsorb to the surface of the cement particles; the
cement particles become negatively charged. Consequently, electrostatic repulsion occurs
between them leading to beiter dispersion and fluidity. During the last few decades, the use of
both mineral and chemical admixtures has drawn increasing attention®” because they play an
important role in changing the physical and chemical properties of concrete matrix.
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The aim of the present work is to study the effect of partial replacement of OPC by RHA
with and without superplacticizer on its the chemical and physico- mechanical characteristics.

2. EXPERIMENTAL TECHNIQUES,

The starting materials employed in this work were ordinary portland cement provided from
Beni-Swif cement company, rice husk from Fayoum area and polycarboxylate
superplasticizer (Conplast SP 610) provided from Fosroc Company, 6 October, Egypt. The
superplasticizer used is opaque light yellow liquid, with density 1.08 g/ml and chloride
content < 0.1 Wt..%. The chemical analysis of OPC and RHA is shown in Table (1). The
surface area of OPC was 3000 + 50 cm? /g.

Rice husk was boiled for cne hour, then washed with distilled water and dried at 110 °C for
24 hours. The washed and dried rice husk with grain size 0.5 mm was burnt at 450 °C for 2.0
hours in muffle furnace in an oxidizing atmosphere at low rate of heating (10 °C/min) to
facilitate the burning and the decarbonization of the organic material. From the economic
point of view the burning for 2 hrs in this work is more economic and give better RHA than
that fired for long times in closed atmosphere. The produced ash was sufficiently ground to
pass through 90 pm sieve. The surface area of RHA as determined by the adsorption of
nitrogen gas reaches 200 mzlgm(s).

Rice husk ash pozzolanic cement pastes were prepared by mixing OPC with RHA (Table 2).
The ingredients of each mix were blended in a porcelain ball mill for one hour using a
mechanical roller mill to ensure complete homogeneity. The spuerplasticizer was added with
mixing water. The water of consistency and setting times for each mix were determined
according to ASTM speciﬁcations("m). The dry blends were mixed with the water of
consistency for 3 minutes then pelletized and put in humidity chamber for 24 hrs. The pellets
were cured under tap water up to 90 days.

The compressive and flexural strengths were measured on cement mortars according to
ASTM specifications"™'?), The mortars were prepared by mixing one part of cement and 2.75
parts of sand proportion by weighing with the water content which sufficient to obtain a flow

of 110 £ 5 with 25 drops of the flow table. 50 mm cubes and 40x40x 160 mm prisms were

used for compression and flexural tests respectively. The specimens were cured in a humidity
chamber at 23+1 °C for 24 hours, then demolded and immersed in tap water until tested. The
result of each test is the average of three specimens that were taken from a single batch of
mortar and tested at the same curing time.

For estimation of free as well as combined water and free lime contents at any time of
hydration, a weight of the saturated sample was ignited at 1000 °C for one hour to determine
the total water content (Wt., %). After the predetermined curing time, the hydration of the
cement paste was stopped on another sample. About 5 gm of hydrated samples was ground
for 5 minutes in a matrix of acetone and methyl 1:1 by volume. A ground paste was filtered
through glass funnel (G.4) and then washed 3 times with acetone and methyl. Finally the solid
material was dried at 70 C for 2 hours then kept in air tight bottles"?. The combined water
content (W, %) was determined from the ignition loss of the dried cement paste on the ignited
weight basis. The free water content (W, %) was calculated as :
W, % =(Wi—Wa) %
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Free lime and free silica contents were determined after any time of hydration as described
elsewhere®™. The total pore volume is calculated as 0.99 W,.%

3. RESULTS AND DISCUSSION
3.1 Effect of RHA replacement.

The artificial pozzolanic cement was prepared by blending 4,8,12 and 16 Wt., % of RHA and
OPC. Figure (1) shows the water of consistency and setting times of the different cement
pastes as a function of RHA content. The results show that, the water of consistency of the
blended cement is higher than that of only OPC. Also, as the ash replacement increases, the
water of consistency increases. This may be due to the relatively higher surface area of RHA
compared with that of OPC"®, The setting times of the cement pastes behave in the same way
of water of consistency. The blended cement pastes have longer setting times than those of
only OPC. Also, as the ash content increase, the setting times are elongated due to the
increase of water demand and the increase of the open poresfrom the free water. Also, the ash
and the early hydrated product form coating layer on the cement clinker particles which delay
further hydration. Therefore, the setting times are elongated. Superplasticizers should be used
when RHA is added as a pozzolanic material to decrease the water of consistency which
affects the mechanical properties.

The values of total pore volume of the hydrated samples are graphically represented as a
function of curing time in Fig.(2). It is clear that, the total pore volume of the all cements
pastes decrease with curing time. This is mainly due to the progress of hydration with curing
time. The hydration products fill up the open pores, thus increasing the bulk density and
decreasing the total pore volume. As the ash content increases, the total pore volume increases
due to the high water of consistency.

The free lime contents of the hydrated pastes are plotted as function of curing time in Fig.(3).
The results show that, the free lime contents increase with curing time for OPC pastes. This is
mainly due to the continuous hydration of the main cement clinker phases liberating free lime.
On the other side, free lime contents decrease with curing time for blended mixes and as the
ash content increases, the free lime decreases. This is due to the decrease of cement content,
which liberates Ca (OH), and due to the reaction of RHA with liberated lime forming CSH.

The degree of hydration is measured from the combined water content .The results of

combined water contents (W, %) of the hydrated mixes are plotted in relation to curing time
in Fig. (4). It can be observed that, the combined water content increases with curing time.
This is mainly attributed to the continuous hydration of cement clinker phases as well as RHA
with free lime. At a given time, the blended cement has higher combined water contents than
OPC. Also, as the amount of RHA is increased, the combined water content enhances due to
the high reactivity of RHA with the liberated Ca (OH), forming CSH®®,

The free silica contents of the hydrated samples are graphically represented in Fig. (5). It can
be seen that, free silica contents decrease with curing time and increase with the ash content
for all investigated blends. This is mainly due to that, RHA is highly reactive microsilica and
reacts with the liberated lime producing CSH. The following reaction sequence might explain
this.

C;8 or C,S (portland cement) + HyO— . CSH + Ca (OH),

Si0; (RHA) + Ca(OH); + H,O — CSH + SiO, (residual unreacted silica)
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Figures (6,7) show the compressive and flexural strengths of the investigated mortars. The
compressive and flexural strengths increase with curing time for all hardened mertars. This is
attributed to the increase of the hydrated products with the time, especially tobermorite gel
(the main source of strength). These products accumulate in water filled pores to from a more
compact body. At a given time the strengths of RHA- OPC blends are lower than that of only
OPC. The results also show that, the strengths decrease with the increase of ash content. This
is mainly due to that, the water of consistency increases with the ash content leading to
increase of the total pore volume as shown in Fig.(2) and consequently decrease of the
ultimate strength.

3.2 Effect of Superplasticizer.

The artificial pozzolanic cement was prepared by blending a mixture of OPC and 8.0 Wt., %
RHA, with water of consistency. Different doses of superplasticizer namely, 0.5, 1.0, 1.5, 2.0
and 2.5 Wt., % of cement were thoroughly mixed with water just prior its addition to cement
powder. The prepared pastes were tested for their normal consistency at each dose.

The water of consistency and setting times of the investigated pastes are plotted in Fig. (8).
The results show that, the water of consistency decreases with the superplasticizer content.
This may be due to the formation of superplasticized thin film around cement grains orfand
carly formed hydration products which adversely affects the hydration process and modifies
the microstructure of the hydrated phases®”. Also, polycarbxylate superplasticizer is anionic
surfactant and when adsorbed on cement particles become negatively charged causing
repulsive effect with each other, consequently the fluidity of cement particles increase.
Therefore, the water demand decreases. The setting times are elongated with the addition of
superplasticizer. This may be attributed to the electrostatic repulsion among the negatively
charged superplasticied cement particles causing better dispersion and fluidity. Also the
superplasticizer is from the type of retarding which delay the setting and reduce the w/c.

The values of total pore volume of the investigated mixes are graphically represented in
Fig.(9). As the superplasticizer dose increases, the total pore volume decreases due to the
decrease of water of consistency with the increase of superplasticizer dose. But above 2.0
Wt., % superplasticizer the rate of the decrease of total pore volume diminishes. Therefore,
2.0, % is the suitable dose of admixture. This may be attributed to the fact that, the admixture
does not react with cement compounds to from new crystal types®®,

The values of free lime and free silica are graphically represented in Figs. (10,11). It can be
seen that, free lime and silica contents decrease with curing time. This is due to the pozzolanic
reaction of RHA with the liberated lime. The addition of superplasticizer decreases free lime
and silica contents. This is mainly due to the decrease of mixing water and total pore volume.
Both of them positively affect the efficiency of the pozzolanic reaction by approaching the
RHA particles from the liberated lime leading to more consumption of the lime and formation
of CSH.

The variation of combined water contents of the hydrated blends with cuting time is shown in
Fig (12). It is clear that, as the superplasticizer dose increases, the combined water contents
are reduced. This may be attributed to the reduction of mixing water with the addition of
superplasticizer, which affects the rate of hydration of cement components.
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Figure (13) illustrates the variation of compressive strength of the tested mortars with curing
time, It is clear that, the compressive strength increases with curing time and superplasticizer
dose up to 2.0 Wt., %. This is attributed to the decrease of mixing water as well as the total
pore volume. Therefore, the compressive strength enhances. The higher superplasticizer dose
(above 2.0 Wt.,, %) shows slight effect on the compressive strength because, the admixture
doesn’t react with cement compounds to from new crystal types®®.

The results of flexural strength of the blended cement mortars are shown in Fig (14). It can be
observed that, the flexural strength increases with curing time and superplasticizer dose. This
is owing to that, the polymer admixture acts as a binder for the sand particles leading to the
improvement of the degree of compaction. The results of compressive and flexural strengths
are in a good agreement with those of free lime, free silica and total pore volume.

4. CONCLUSION
From above findings it can be concluded that :

1- Addition of RHA to OPC, increases the water of mixing, total pore volume and setting
times which negatively affect the mechanical properties, especially at higher RHA
content (above 8.0 Wt., %). Therefore superplasticizer should be used with RHA-OPC
pozzolanic cement.

2- The free lime content of RHA-OPC pastes decreases with the RHA content due to the
reaction of RHA with the lime forming CSH which is the main source of compressive
strength.

3- Addition of superplasticizer up to dose (2.0 Wt., %) to RHA-OPC pozzolanic cement
enhances the mechanical properties. Above 2.0 Wt., %, superplasticizer the compressive
strength shows slight increase, therefore 2.0 % admixture is the suitable dose. In contrast,
flexural strength increases with superplasticizer dose. The mix containing OPC + 8.0 Wt.,
% RHA and 1.5-2.0 Wt., % superplasticizer is the suitable mix which gives a good
mechanical propertics.
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Table(1) : Chemical analysis of ordinary portland cement and rice husk ash, Wit% ..

Oxides OPC RHA
S0, Yoo 1,8y
A1203 o0 X,
Fex Oy Y,A1 .Y
Ca0 1 10
MgO LAY AA
SO, Y,y -
Nazo, Kzo oY 1,0
L.OlI 1 =

Table (2) : Mix composition of the prepared pozzolanic cements, Wt., %

Mix No. OPC RHA Superplasticize
M, Yo =
M, " i _
Mz Ay A -
M, AA 1y -
M4 At 1" _
M5 Y A 8
M6 Y A "
M; .y A Ve
M; .y A .
My Y A Yo
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PERFORMANCE OF CONCRETE MADE WITH CRUSHED BRICKS
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ABSTRACT:

Every year, during clay brick manufacturing, certain quantities of bricks are discarded due to
breakage or nonconformity to specific standards. The percentage of discarded bricks may
reach 3 to 5%, this represents about 1.2 million bricks per year. As this could pose an
environmental hazard, it is essential to consider recycling the material.

The present study aims to discuss the possibility of including the crushed bricks as coarse
aggregate.

The cobtained results indicate that the substitution of crushed bricks in concrete as coarse
aggregate led to satisfactory performance, comparable to those of ordinary concrete.

The results indicate that concrete based on crushed bricks as coarsc aggregate has
compressive strength comparable to the strength obtained with a conventional concrete and a
higher tensile strength. The shrinkage of concrete nsing crushed bricks as coarse aggregate is
lower than that of conventional concrete.

Keywords:

Concrete, Performance, Crushed Bricks, Coarse Aggregate, Compressive Strength, Tensile
Strength, Shrinkage.
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INTRODUCTION

The growing rate of the population in Algeria gave rise to demand for buildings and hence for
local building materials to construct buildings.

Each year, several million tons of bricks are rejected by industrial units due to damages or
nonconformity to the standards. A brick factory approximately produces two million bricks
per month of which an average of 12% are rejected, accounting for 2.9 million bricks per
year, thus constituting a very significant number.

Currently, for the environment and other reasons related to urbanization, solid brick bit
valorization has exceeded the stage of experimentation throughout the world and is
recognized as a rather significant development with a recycling rate of more than 80%. This
can constitute, even in the areas where aggregate resources are superabundant, a good re-use
of solid waste in order to reduce the crucial problem of global ecology.

The principal objective of this study is to contribute to the valorization of the brick bits and
their re-use as aggregates for hydraulic concrete and thus make it possible to preserve the
environment and to help to solve some problems linked to the need for aggregate.

TEST PROGRAM
Two conicrete mixes are designated by OC for Table 1. Dosages of concrete constttt:ents
ordinary aggregate concrete and BC for | oypctituents Dosage en Kg/m
crushed aggregate brick, which have been oC BC
formulated using the Dreux and Gorisse Sand 0/3 435.9 405.1
method[1].  The workability was kept | o 3/8 133.2 123.0
constant (8 to 10 cm measured on standard | % | 8/15 400.5 380.1
cone _instantancously after mixing) by |G 7575 805.3 731.5
adjusting the amount of free water. The CeiEt 350.0 350
cement content was also kept constant. The Waler 192.0 201.6
flakiness index for the two types of aggregate W:’C 0 5'5 0 5:]
was approximately 0.44. Slump 11 cm 105
Density 2317.5 2197.3
Characteristics of constituent

Aggregates: aggregates that form the skeleton of the concrete are of two types; the first one is
constituted by ordinary crushed aggregates obtained from Ain Smara. The granular classes
used are 0/3, 3/8, 8/15 and 15/25. The second type is obtained first by crushing the hollow
brick that comes from a local factory and then sieved to reconstruct granular grade similar to
those of ordinary aggregates. The gradations of aggregates are mentioned in Table 2.
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Table 2. Gradation of aggregate (standard N4 2607

Sieve 0/3 3/8 8/15 15/25
size | Usual | Brick | Usual | Brick | Usual | Brick | Usual | Brick
0.08 14 7
0.16 18 15

0315 [ 27 29
0.63 39 40
1.25 56 54 0 0

25 85 86 5 6
5 100 100 54 55 0 0
6.3 85 87 12 13
8 100 100 37 37
10 100 100 76 77 0 0
12.5 99 100 2 3
16 100 100 25 23
20 71 70
25 100 100
31.5 100 100
Table 3. Physical propetties of aggregates
: Sand Agprepate
Aggregates Grading 0 T Brick | Usual | Brick
Density (Kg/m®)
= Absolute 273 | 239 | 257 | 2.28
=  Apparent 144 | 136 | 1.36 | 1.27
Equivalent of sand 78 84 / !
Water Absorption 1.20 | 4.10 | 1.60 | 5.90
Teneur en CaCO; (%) 56 24 58 29

Cement: The cement type is CPJ 45. It comes from the ERCE factory and conforms to
Algerian norms (NA 442). Mineralogical and chemical compositions of cement clinker are
reported in Table 4.

Table 4. Portland clinker characteristics (%)
Mineralogical composition
CsS C:S Ci:A C4AF
56.60 22.98 9.78 8.25
Chemical composition
Si0; | ALO; | FesO3 | Ca0 | MgO | SO; | Nay,0 | K;O | Other.
27.83 | 6.21 3.12 | 57.22 | 0.94 2.02 / / 2.28

Water: The water used for concrete mixture is the drinking water. The chemical composition
of this water is shown in Table 5.

Table 5. Chemical composition of water
Ca | Mg | Na K Cl | SO4 | CO3 | NO; | Insoluble
116 36 80 3 140 | 170 | 305 5 786
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Preparation of test tubes:

The two types of aggregates were kept in water for 24 hours and then dried in air to a saturate
surface before mixing. The exact water content needed to keep a constant workability was
determined by progressive adjustment during the concrete mixture. The test specimens were
caste in steel moulds and then compacted by a vibrating table. Afier 24 hours they were
remolded and cured in water at the temperature of 20°C until the testing time except for the
specimen which were meant for shrinkage. They were then kept inside the laboratory in the
open air (19 to 30°C and 50 to 70 RH).

Tests carried:

For each one of the two concrete mixes, fifty-four test tubes were prepared, twenty-four
cylinder 16x32 cm to determine the compressive strength, twenty-four prisms 7x7x28 cm to
determine the tensile strength and six specimen to undergo shrinkage from day one to ninety
days. These test tubes were submitted to test for 3, 7, 28 and 90 days.

Test results:

Water content:

Results of water contents needed to keep a constant workability are presented in Table 1.
These results show that crushed brick aggregates need more water than those of ordinary
aggregates for a desired workability, this may be explained by the sharpness index in reality;
this parameter is more marked for crushed brick aggregates than for naturally crushed
aggregates.

Compressive strength:

As shown in Figure 1, the compressive strength of
concrete based on crushed brick aggregate is higher
than the concrete made with naturally crushed
aggregates and this remains true except after 7 days
when the compressive strength of concrete made with
natural aggregate is lower.

After 28 days, the compressive strength of brick-
concrete (34 MPa) is approximately 14 percent more o T
important than the compressive strength of 0 14 28 42 5% 70 84 98
conventional concretes (34 MPa). Same results are Age (days)

also reported by Akhtaruzzaman and Hasnat[2], Fig 1. Variation of compressive
Mohamed Mansur, T.H Wee and Lee Sooc Cheran[3]. strength with time

The relatively high strength of brick-concrete

compared to those of conventional concrete is mainly due fo surface texture of brick-
aggregate which occupy a large area due to their shape and high specific density. According
to Ozol [4], the most important aggregate properties that influence the concrete strength are
the surface texture, the modulus of elasticity and the shape.

Fc (Mpa)
cudalBR8hRE

—a—0OC
—m—BC
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Tensile strength: _—

The tensile strength evolution over a period of time is ’

comparable to the compressive strength evolution | 49

(see figure 2). gg: 3.0

For tensile strength the crushed brick aggregate also | g 20

yield higher strengths than those from natural 1.0 —~-05

aggregate by approximately 12 to 14 percent. v N b

This improvement in brick-concrete is also due to 0 1% 2% 42 5670, B4 30

surface texture of brick-aggregate which occupy a Age (days)

{fmf:i;rz ?barti:g]c:.rdmg lasiheirtiape sndispecific.high Fig 2. Variation of tensile strength
with time

Drying shrinkage

As it may be seen in figure 3, the shrinkage of 400

concrete made with brick aggregate is less important

than the shrinkage of the concrete made with | ‘£%0

conventional aggregate. This is true at all ages and it ‘?:’200

also reported by Mohamed Mansur, TH Wee, Lee &

Soo Cheran[3] and Hansen [5]- gmﬂ ' BC

According to Hansen, the drying shrinkage of brick- 0o

aggregate concrete is delayed by continued hydration 0 14 26 42 565 70 84 98

due to the presence of internal moisture in the Age "days)

aggregaie, and experimental period of more than a

year is necessary to eliminate this effect. Fig 3. Variation of shrinkage

with time

CONCLUSION:

This experimental study has shown that with an equivalent brick aggregate (having identical
mix proportion and bulk volume as conventional aggregate) the following occur:

v The obtained concrete had a higher compressive and tensile strength than the concrete
made with conventional aggregate.

¥" For equal workability, the quantity of water needed by brick aggregate concrete is higher
than the quantity needed for conventional aggregate concrete.

v The density of brick aggregate concrete is about 70% of the conventional aggregate
concrete.

¥ The drying shrinkage of brick aggregate concrete is lower than the conventional aggregate
concrete.
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DESTRUCTIVE AND NON-DESTRUCTIVE TESTS OF CONCRETE
IN KUWAIT: A COMPATIBILITY ANALYSIS

PA Koushki, H Kabir, A Al-Khaleefi & S Philipose
Department of Civil Engineering, Kuwait University

ABSTRACT

This paper examines the compatibility between the non-destructive test (NDT)
(Schmidt rebound hammer), and the conventional destructive (cylinder) testing (DT) of
concrete structures in Kuwait. A total of 206 NDT, and 46 DT of concrete strength results are
statistically examined and compared. Cumulative frequency distributions of the two test
results are performed, and correlation coefficients between the sample NDT and DT results of
concrete strength are developed. Linear and quadratic regression models between the
destructive and non-destructive tests of concrete strength measures are calibrated. The result
of the comparison between DT and NDT for column structures are reported herein. Findings
point to the existence of a close compatibility and agreements between the two strength test
results.
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INTRODUCTION

The specific objective of this paper is to present the result of a study aimed at the
examination of compatibility between the conventional destructive test (cylinder), and the
non-destructive test (Schmidt Hammer) measures of concrete strength for a sample of
structural components in Kuwait.

With concrete being a key construction material, worldwide, its quality and strength are
vitally important in the performance of any structure. Non-destructive (insitu) testing of
concrete structures is gaining increasing acceptance as a means of evaluating the strength,
durability, uniformity and other properties of existing structures.

Non-destructive (NDT) testing of concrete structures are of significant value in a
nomber of situations which include the following: quality control of precast construction,
compliance with specifications, assessment of uniformity, location of cracks and voids,
monitoring strength development, assessment of reinforcement condition, identifying the
location of suspected deteriorated concrete, and providing strength data for structural capacity
analysis and integrity surveys (Guirguis 1987). Its obvious advantages over the destructive
testing option are savings in time and money.

It is also important to note the limitations of NDT of concrete structures. The measured
strength result of the NDT of concrete are usually affected by a number of variables including
the aggregate type and size, the moisture content of concrete mix, the mix proportions, and
the structure’s age.

In general, the basic premise of the NDT of concrete structures relies on the fact that
certain physical properties of concrete can be related to strength and can be measured by non-
destructive methods. Such properties include hardness, resistance to penetration by
projectiles, rebound capacity and ability to transmit ultrasonic pulses (Jones & Facacaru
1969; Malhotra 1976); Feldman 2000).

The most frequently used method for non-destructive testing of concrete and structural
components is the Schmidt Hammer Test (Concrete Test Hammer 2002). The rebound
hammer is a surface hardness tester for which an empirical correlation has been established
between strength and rebound number. The test instrument consists of a spring-controlled
hammer mass that slides on a plunger within a tabular housing (Dutham GEQO 2002). The
hammer is used to determine the in-place compressive strength of concrete within a range of
1500 to 8000 (psi). The hammer is placed on the concrete test surface and impact force is
released. The rebound value is noted and compared to a correlated strength value. The test
surface can be horizontal, vertical or at any angle however the instrument must also be
calibrated in the same position.

THE DATA

The test samples were taken from concrete structural components (columns, beams, and
slabs), of six government buildings in Kuwait City. The NDT samples measurements were
made on the same structural components where the DT sample cores were taken for
laboratory analysis. The structural components were systematic-randomly chosen for test
samples. A total of 206 NDT samples (102, 53 and 51 on columns, beams, and slabs,
respectively), and 46 DT cores (19, 17 and 12, respectively, from columns, beams and slabs),
were included in the database.
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DATA ANALYSIS

Distributional characteristics, mean traits and confidence intervals, correlation analysis,
and regression statistics were all utilized to examine and evaluate the NDT and the DT
measurements of concrete strength. These are presented below.

The cumulative frequency distributions of the NDT and the DT samples are shown in
Figure 1. The cumulative distributions indicate that the non-destructive test measnres of the
sample concrete columns’ strengths were higher than those of the destructive test samples

100 o

80 4 —=—NDC
70
60 -
50

40 -
30 A

20

0 —& . . T
0 5 10 15 20 25
Concrete Strength (N/mm2)

Percent > than that shown

Figure 1. Cumulative Frequency Distribution of Concrete Column Strength: ND & D Tests

along the entire curve. For example, the fifty percentile strength of the destructive tests was
12.5 (N/mm?), as compared to around 14 (N/mm?), for the NDT samples. The gap between
the two cumulative distribution curves however narrows for higher values of concrete

strengths.

The measured values of the sample concrete strength were also utilized to compute the
sampling error (e) associated with the NDT and the DT measurements. The computed errors
were then employed to construct confidence intervals for the two test results. As shown in
Figure 2, the true mean strength value of concrete is within the range of X + e which for the
NDT samples, is within 14.7 + 0.35 (N/mm?), or from 14.4 (N/mm?) to 15.1 (N/mm?), with
95% confidence. The same for the DT samples will be located within the 10.1 to 14.7
(Nlmmz) range. The variations in concrete properties such as aggregate type and size, mix
proportions, quality control, compaction, etc. are mainly responsible for variations in the
sample mean strength values (larger standard deviations) of the destructive test samples. The
NDT results on the other hand are mainly affected by concrete surface hardness, and thus the
properties stated above do not affect the test result significantly.
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Figure 2. Confidence Intervals for Concrete Strength Means:
(a) NDT, and (b) DT Samples

REGRESSION MODELS

A correlation analysis was performed on the test data in order to measure the strength of
the linear relationship between the NDT and DT sample results. If the measurement result of
one test (e.g. NDT) could be expressed exactly as a linear function of the measured result of
the destructive test, then a correlation coefficient of 1 or -1, depending on whether the two test
results are directly related or inversely related. A correlation coefficient of zero between the
two test results means that each test result has no linear predictive ability for the other.

The true Pearson correlation is defined as follows (Draper & Smith 1966):
cov(x,y)

= e 1
5. Jvar (x) x var (y) tH

The sample correlation estimates the true correlation, which in the case of Pearson product-
moment is computed as follows:

-

n

D (Xi'?)(Yi-S")
Pry = T - 2)
> &i-Xf <3 0i-9F
i=1 1=1

The computed correlation coefficient between the NDT and DT results was:

Destructive Strengths
Non-Destructive Strength 0.9631
p <0.0001
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The computed coefficient indicates that the two test results are nearly exactly a linear function
of each other, and for all practical purposes, one can substitute the other. The probability
value of 0.0001, confirms the non-zero value of the coefficient of correlation (i.e. there is 1 in
10,000 chance that the computed correlation coefficient is in fact equal zero).

To develop the exact form of the linear relationship between the NOT and DI results, a
regression analysis was performed on the data, The linear model form was:

DTC =ay +a; NDTC +¢; 3)
where:
DTC = destructive test of column strength (N/mm2)
00,01 = Model parameters
NDTC = non-destructive test of column strength (N/mm2)
g = model error

The result is shown in the analysis of variance below:

Source Sum of Squares  Degree of Freedom Mean Square F Value
Model 188.896 1 188.896 220.04
Error 14.594 17 0.858 p < 0.0001
Total 203.490 18
R-Square = 92.4%
Parameter Estimates
Variable Estimate t-value p> |t
Intercept, oy -23.923 -9.74 <0.0001
NDTC, o 1.884 14.83 <0.0001

The calibrated mode form is as follows:

DTC =-23.923 + 1.884 NDTC @)
R%:=92.4%

The R? — the coefficient of determination — is the “goodness of model fit”. It indicates that
924 percent of variation in DTC strength measures is explained by the NDTC strength
measures. The remaining 7.6% of the variations in DTC measures are explained by factors
absent from the model. In addition, both the F—test and the T—test results statistically
confirmed the appropriateness of the NDTC as an independent variable in the model as well
as the significance of its parameter, respectively. The quadratic model form increased the
predictive ability of the model by only 1.8 percent — not significant enough to justify the
additional input requirement.

The calibrated regression model (Eq. #4), was then used to predict the DTC as a
function of the NDTC strength measures. The result of the model—predicted and those of the
actual measurements of DTC strengths are shown in Figure 3. A rather closc fit is observed
between the actual and the model—predicted values of column strengths.
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Figure 3. Relationship between the Actual and Model Predicted Non-destructive
Strength Tests of Concrete Columns

CONCLUSIONS

The aim of the paper was to examine and evaluate the compatibility between the
conventional destructive and the non-destructive tests of concrete strengths. The strength
measurement result of 102 non-destructive, and 19 destructive samples of concrete column
structures in Kuwait were subjected to a number of statistical analyses. These included the
distributional traits, analysis of correlations, and regression statistics. Findings all pointed
favorably to the existence of a close linear relationship between the two test sample resnlts.
While the measured column strength values of the non-destructive test samples were
generally higher than those of the core samples, a regression model relating the destructive
strength measures to the corresponding non-destructive strength values proved highly
accurate. The calibrated model demonstrated a predictive accuracy level of more than 92
percent, and was thus judged appropriate.
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ENVIRONMENT OF BANDAR-ABBAS

Dr. Ali R. Khaloo, Civil Engineering Department,
Sharif Univ. of Technology, Tehran
Email: khaloo@sharif.edu
N. Asadpoor, Yadman Sazeh Consulting Eng., Tehran

ABSTRACT

The objective of this paper is to present the steps taken by the authors to evaluate the
vulnerability of an eight-story RC office building located in hot, aggressive and seismic
environment of Bandar-Abbas. The steps considered were: (1) Evaluation of materials and
general condition, (2) seismic analysis of the building, (3) performance evaluation, (4)
proposing strengthening method, and (5) decision making. Based on the field observations
and NDT, and also results of the analysis, considerable deficiencies in structural components
were present. A reasonable method was proposed to strengthen the building; however the
general critical condition of the structure provided the basis for proposing the destruction of
the building.
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GENERAL INFORMATION (FIELD OBSERVATIONS AND NDT)

Bandar-Abbas is located in Northern region of the Persian Gulf. This region is humid,
contains chloride ion in the air and is in high-risk seismic zone. The performance of structures
in areas with both hot-aggressive climate and seismic activities, especially due to loss of bond
characteristics of reinforcing steel in concrete caused by corrosion should be given
considerable attention. The objective of this paper is to present the performance of an eight
story RC structure, built in 1974, considering gravity and seismic loads and also durability
condition. The structure is an office building of electrical company of Hormozgan province
located in Bandar-Abbas city. The building is composed of RC frames and shear walls in N-S
direction, and in E-W direction composed of only one wall which may be considered as
flexural frame. The floor slabs arc designed using a local joist and block system spanning 5.5
m and 8 m. During the last six years, at different times, some noticeable signs of degradation
and distress of the structure have been observed, such as extensive cracking and separation of
slabs concrete cover, and corrosion of steel reinforcement. Heavy partition walls were
constructed in almost all the floors. This has imposed considerable gravity load on the
building. The four shear walls in N-S direction were used to control displacements of the
building.

The field observations indicated that the strength of concrete in beams and columns with
porous statc was less than that specified in design. Some of the stecl reinforcements were
corroded by the presence of chloride ion and humidity in the air. Also, some of the steel bars
in the RC ceiling were corroded and the original diameter was reduced by over 50%.

In order to analyze the building, it was required to know the concrete strength in the structure.
The strength was determined using Schmidt hammer, ultrasonic and core test methods. The
hammer test was conducted on over 25% of columns and beams of all stories. Also, hammer
strength of walls and a few single footings were measured. The compressive strength varied
considerably according to hammer test, and ranged between as low as 8.8 MPa to a maximum
strength of 20 MPa.

Core was taken from numerous points in the columns and beams, and then the cores were
used for strength determination using ultrasonic test. The strength ranged between 9.5 Mpa
and 19.8 MPa according to ultrasonic test, and varied between 10.5 MPa and 18.6 Mpa
according to core test. Even the maximum available strength based on the three test methods
was lower than the design sirength of 25 MPa. In recently taken cores specimens, the strength
of concrete was not higher than 22 MPa. The compressive strength was assumed 15 MPa for
analysis of the structure.

There was no data regarding the properties of reinforcing steel. Reinforcing steel was
assumed to have yield strength of 300 MPa. The area reduction due to corrosion of some of
steel reinforcements was not included in the analysis.

SEISMIC ANALYSIS AND DESIGN

Codes

The codes consisted of loading and design codes. The gravity loading of the structure
followed the 519 Loading Code (1), and earthquake loading followed the 2800 Seismic Code
(2). For design and performance evaluation of structural components and the structure, ACI-
318-99 Code was utilized (3).
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Loading and analysis

Dead load of roof and floors was 7.7 KN/m2 and 6.0 KN/m2, respectively. The interior and
exterior walls weighed 1.6 KN/m2 and 2.1 KN/m?2, respectively. For the office building, floor
live load was 2.5 KN/m2, roof live load 1.5 KN/m2 and corridor was 3.5 KN/m2.

Different methods may be used to apply equivalent earthquake load on structures, among
them are equivalent static method which is used for low-rise and regular in plan and in height
structures, and spectrum analysis method which is used for irregularity in plan and/or height.

Total dead load, including floor, interior and exterior walls, beams and columns, and 20% of
live load were considered for lateral distribution of earthquake load. Bandar-Abbas is located
in high-risk seismic zone (region coefficient = 0.3) according to 2800 Seismic Code. Behavior
coefficient for ductility was Rx = 5 for bending frame system, and for frame and shear wall in
N-S direction Ry = 7. The periods in X and Y directions were 0.69 sec and 0.62 sec,
respectively. Based on the 2800 Code, the structure is not regular in height, due to over 50%
difference in mass in the highest story as compared to the one below. Moreover, presence of
half story in the first two stories, made the structure irregular in both plan and height. This
made the dynamic analysis of the structure necessary; however, spectral time-history was
used for analysis. At first modal analysis was performed and the first 20 modes were
determined. First period of the building in E-W direction was 1.01 sec, and period of second
mode was 0.81 sec in the N-S direction. Accidental torsion was also included in the analysis.
The difference between dynamic and static lateral load distribution is shown in Figure 1.

Structural modeling was carried out using SAP90 software (4). For accurate modeling, shear
walls were modeled by SHELL elements (Figure 2). The first, second and third modes of the
structure are shown in Figures 3a, 3b and 3¢. Maximum displacement in X direction (BE-W)
was 6.4 cm with a drift of 0.0022, and in Y direction (N-S) was 3.6 cm with a drift of 0.0012.
Based on the 2800 Code, the allowable values are 0.006 and 0.004, respectively, which
indicates the structure does not have any problem with lateral displacement.

PERFORMANCE EVALUATION

Design evaluation of the structure was performed by the results obtained from SAPCON
software. ACI-318-99 was used for loading combinations and to control the design of the
structure, Concrete strength and yield strength of steel were assumed 15 MPa and 300 MPa,
respectively, however, due to low structural strength most of members were unable to resist
the loads and consequently, the software could not execute the analysis. Based on the
available safety margin, concrete strength and yield strength were changed to 20 MPa and 400
MPa, respectively, in order to perform the analysis.

Columns

Reinforcement of some columns was lower than minimum required (i.e., 1%). The cross
sectional area and steel reinforcement were inputted in SAPCON file. The columns strength
were divided into three categories; (1) those that with available section area and steel resisted
the loads, (2) those that the available section area was not sufficient, and (3) those that
demand/capacity ratio was less than one.

Most of columns in all stories were weak, especially in the first story; all the columns are
weak (Figure 4). In numerous cases the column section is not adequate for gravity loads. It is
concluded that, presence of relatively thick partition walls has prevented failure of columns.
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Beams

Only cross-sectional area was inputted in SAPCON file. The beams strength was divided into
three categories; (1) those that the available section area and steel were able resist loads, (2)
those that with available section area, even with maximum allowable steel were not adequate
in strength, and (3) those that available steel in the sections was not adequate. The major
beams in all stories were also weak (Figure 5). Also, arrangement of steel reinforcements in
beams did not comply with that for seismic design. These structural weaknesses in addition to
materials deficiencies such as corrosion of some steel reinforcement, and general durability
related problems, provided the bases for proposing strengthening of the structure at this stage.

STRENGTHENING FEASIBILITY STUDY
Existing condition

floor slabs

The joist and block floor slabs contained reinforcements with corrosion in such a way that
concrete cover has spalled in most cases and swelled in other locations. The corrosion is caused
by excessive deflection of approximately simply supported beams spanning 8 m and consequence
cracking and later by being exposed to the air containing chloride ions. Some parts of concrete
floors were totally failed.

beams

It was assumed in the analysis that reinforcements in beams were not corroded, however, this
was not the case, and moreover, most of them were incapable of carrying the load (Table 1).

Table 1- Condition of beams in different stories

Sto; No. of beams with inadequate cross
No:)r.'Y Weak beams sectional areaq
1 Almost all the beams 9
2 Almost all the beams 16
3 Almost all the girders 31
4 Almost all the girders 26
5 Almost all the girders 17
6 Almost all the girders 8
7 Almost 50% of the girders 5
8 Almost 20% of the beams -

It should be noted that in some beams, even with maximum steel reinforcement, the cross-
sectional area is not adequate to carry the loads (Table 1). Moreover, the beams
reinforcements in negative moment region were not designed to carry cyclic earthquake loads.

columns

A summary of strength of columns is given in Table 2. It should be noted that in some cases,
the present cross-sectional area is not adequate for carrying the loads. Also, most of the weak
columns are boundary columns of shear-walls.
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Table 2- Condition of columns in different stories

Story Weik columns No. of columns‘with inadequate cross
No. sectional area
1 All the columns 30
2 21 out of 48 11
3 16 out of 43 9
4 Almost all the columns 5
5 Almost all the columns 2
6 29 out of 43 4
7 Almost all the columns 7
8 Almost all the columns 3
Feasibility study
floor slabs

Based on the available data, it is required to remove almost all the floor slabs. This makes the
strengthening procedure very expensive.

beams

Most of the beams required strengthening. Also, for strengthening, the RC repair system
should be connected to the present beams. As mentioned earlier, the concrete strength in the
present beams is low, and can not act as composite with the repairing system. Moreover, the
repair should economically match the remaining useful life of the structure.

If shear-walls are added in the X and Y directions, based on the analysis, they will compensate for
the weak performance of most of the beams. However, still some of the beams will be weak.
Moreover, the construction of additional shear-walls required; (1) removal of several facing walls,
(2) compatibility with architecture of the building, (3) proper connection with beams, columns
and foundations for monolithic response, while it is known that the present concrete is not
sound enough.

columns

Addition of new shear-walls improves the gravity and lateral resistance of the structure,
however; still some of the columns (specially in the first 3 stories) need upgrading, based on
the analysis. Although there are some methods for strengthening the RC columms, due to
weak material strength and steel bond, these methods were not found appropriate.

DECISION MAKING

This structure is over 28 years old, and a good portion of its useful life time in very aggressive

and humid environment of the region has elapsed. Additional resisting and npgrading systems

can not be properly connected to the existing structural elements (with average concrete

strength of 15 MPa), with confidence.

Economic consideration included:

1) Foundation: Based on the overall condition of the structure, it is strongly expected to have
weaknesses; such as concrete strength, steel corrosion and inadequate bond.

2) Beams: As mentioned earlier, even with addition of four shear-walls, there are still many
weak beams, which require expensive strengthening,
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3) Ccolumns: As mentioned earlier, even with addition of four shear-walls, the columns in the
first three stories are still weak, which is not possible to strengthen them due to inadequate
strength in existing columns.

4) Floor slabs: Almost all the concrete floors should be removed and replaced with new
flooring system.

5) Removal of floor slabs, and some of the beams and girders, will damage or requires
replacing architectural ceiling, walls and floors. Moreover, electrical, piping, heating and
cooling systems of the structure will be also heavily damaged.

Based on the overall technical and economical analysis of the structure, including NDT tests,

field observations, gravity and earthquake analysis, and considerable strengthening

requirements in the building, it is concluded to destroy the structure. In other words, the
construction cost of upgrading can be equivalent to a new similar building. It should be noted
that the client is also convinced, and has planned to destroy the structure.

CONCLUSIONS

An eight-story RC building located in hot, aggressive and seismic environment has been
studied for materials and general strength condition. Based on the study the following
conclusions are reached:

1) Concrete strength in beams and columns are considerably lower than required. Most of
the steel bars in floor slabs were corroded. Corrosion in beams and columns could have
been also possible.

2) Seismic analysis indicated that most of the beams and columns are incapable to carry the
gravity and seismic loads. Full bond between concrete and steel was assumed in the
analysis.

3) A realistic strengthening method was proposed, which included addition of shear walls in
the X and Y directions. However, still some of the beams and most of the columns in the
first 3 stories need upgrading.

4) Due to the inadequacy in present concrete strength, any additional resisting and upgrading
systems can not be properly connected to the existing structural elements.

5) Economical analysis indicated that any strengthening method will be too expensive, and
may equal construction of a new similar building, in the long term.

6) The final decision was to destroy the building, which is also accepted by the client.
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ROLLER-COMPACTED CONCRETE: A NEW
TECHNIQUE IN ALGERIAN DAM CONSTRUCTION

Dr. Toumi Belkacem, University Farhat Abbas Setif, Algeria
Dr. Guemmadi Z’hor, University Mentouri Constantine, Algeria
Dr. Houari Hacene, University Mentouri Constantine, Algeria

ABSTRACT

Roller-compacted concrete is a new developing technique in Algeria applied to dam
construction. The Beni Haroun dam constructed in Wilaya, Mila is one of the biggest dams in
Africa and one of the first dam construction projects to use roller compacted concrete (RCC).

This present paper describes the different steps of the concrete formulation, from fabrication
and control to the completion of the product.

This new technique is expected to reduce the time and cost of dam construction, while also
ensuring safety of structures. Further, it will be of great benefit to Algeria, taking into account
water problems and its limited availability in the region.

Keywords:

RCC, Dam, Cost, Formulation, Control, security
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1. INTRODUCTION

Advancements in agriculture, industry, tourism and economy have necessitated the
development of a system to conserve and supply water for the purpose of irrigation, drinking
and industries.

It is within this framework that the Algerian state decided to erect the Beni Haroune dam
located in North East of Algeria, forty kilometers off the entrance of the Mediterranean and
350 kilometers east of Algiers.

This dam, completed in 2001, allows water conservation for the meadows extending to one
billion m® and constitutes an important project for the irrigation of the high plateaus which
extend from Telegma, Chamoura, Tafouna and Batna. An area which is spread out more than
200 kilometres South of the dam is approximately 33600 ha extending to Wilaya in Milla,
Constantine, Batna, Khanchela and Oum El Bouaghi.

The cost of this important project was about one billion US$ and has been an object of several
studies by researchers.

The decision to build the dam using the technique of the roller compacted concrete (RCC)
results first from the large quantities of explosives disposed in several sites during the
troubled period which prevailed in Algeria and one needed meadows for 3000 tons of ripraps
generated and 10 million m® for the embankments of the dam (solution retained in 1985).
Secondly, the technique stemmed from the technical and economic interests and benefits this
method would create.

The advantages of the roller-compacted concrete (RCC) are many and may be summarized as

follows:

» reduced cost of materials

> shorier duration in construction

» possibility of substituting a rock-fill dam by a dam in RCC (like the case of the Beni
Harcun dam).

2. CONSIDERATIONS OF BENI HAROUNE DAM

The Beni Haroune dam is weight
rectilinear type, constructed using
roller compacted concrete - the
rollers are pressed on a calcareous
rock foundation (figure 1).

The crest gate surface is of the type [[=
called ‘free threshold” and is |-
integrated into the body of the dam || 7

in the central part. Its length of 124 [fl== \\{E‘

. x
7
TR vl

meters is divided into six ways and
Fig.1: The Beni Haroun Dam
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assembled by a bridge road. At the threshold of the exit, a d1spatch rider connects to a ski-
jump fixed at the top of high waters (figure 2).
The capacity of the crest gate is of 137 m*/S. The
draining is at the bottom of the crest gate, out of
right bank It makes it possible to drain out a flow
of 700 m*/s under normal selected level.

The dam has a maximum height of 120m from
foundation and 710 m length in peak. At the peak
of the dam a length of 8 m is levelled at the coast
216.30 m, 1.5 m above high waters.

The upstream face of the dam is vertical, whereas Fig. 2: Right section of the dam

the downstream face presents a constant slope of

0.8H for 1V. This slope makes it possible to eliminate the stress concentrations (seismic zone)
and simplify the building work. Above the coast 196 m the face downstream changes slope,
which facilitates the execution of the peak and allows the installation of a lane.

Three galleries are fixed respectively at the coasts of 100, 140 and 175 m (figure 3) and
located near the upstream face of the dam. They will allow the control of flow operations.
These galleries are placed at a distance varying from 70 to 150 m.

P i

T /HJ: L
= \:’ - : 4 @/F'—“\-—HT:// i
e IR

Fig. 3: Disposition of the galleries in the body of the dam

The system of galleries described above will enhance the water flow from the body of the
dam, right from the foundations and the supperts and it will also allow necessary repair and
maintenance work to be carried out under the dam, the impervious diaphragm consists of a
grout curtain multifilaire (3 files a depth of 60 with 100 m).

Injections of consolidations of the rock of foundations are carried out on the entire dam at a
depth of 8 m and with a square mesh of 4 m on the coast.

During work, the derivation of the river supported by derivations of two galleries visualizes
the basic riprap solution.
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The design of the dam focused on the following:

> To minimize the quantities of conventional concrete.

» To guarantee a good continuity of RCC building site.

» To concentrate, as much as possible, the work requiring the use of a conventional
concrete.

The total volume of the concrete of the work was close to 1700 000 m>:

> 1400 000 m® of roller concrete was compacted.
» 300 000 m® of conventional concrete was used.

3. MATERIALS AND DOSAGE

Taking into account the characteristics of the dams (H=120m) and construction in seismic
zone {earthquake of 0.17g and exceptional earthquake 0.3g), the RCC solution was
considered. The roller compacted concrete (RCC) requires a mixture which will not pack in
an excessive way without the effect of a vibrating roller or others but which will have a
gramilometry and a volume of paste so that a satisfactory consolidation is done without
related problems.

The basic criteria which guides the definition of the compeositions of a concrete compacted
with roller (RCC) are as follows:

> Choices of a granulometry suitable to minimize the segregation.

> Dosage of water supporting the compaction.

> Minimal dosages of bind guaranteeing the necessary mechanical characteristics.

3.1 Aggregates: The choice of the aggregates and the control of granulometry are significant
to maintain the quality and regular properties of RCC. The variation of the aggregates during
work affects to a significant degree the requirements of cement and water, on which depend
the resistance. The compressive strength and the connection between layers with the
construction joints must thus be taken into account when it is a question of defining the
specifications of the aggregates to be used.

The zones of locans are located at the junction of Oued Rhumel and Oued Endja,
approximately 4 km with the upstream of the dam. The aggregates are produced near the
upstream of the dam with a capacity of 500 T/h. The materials produced are washed and ready
to use. The size ranges produced by the station are: 0/5, 5/15, 15/25 and 25/63.

The granulometric analyses of the various classes are present in Table 1 and figure 3. The
results of the analyses of sand are presented in Tables 2 and 3 respectively.

Table 1. Granulometric analysis of the aggregates

Sieve | 0,080,145 0,297 (0,59 1,19|2,38 (476 8 |95 [125| 16 | 19 | 25 [ 32 [ 38 | 50 | 63

0/5 5 14 | 27 | 47 | 63 | 79 | 96 | 100

5115 0,6 | 1,7 [27,2]455(859( 96,8 100
15/25 0,509 |24 |168(272[73,3]99,5| 100
25/63 1 [ 1,1]1,7]25 [11,8]30,8]82,7] 100
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Table. 2 Sand equivalent (%)

Fraction Visuel ES Piston ES
0/5 86 79
Table. 3 Clcanliness of the aggregates (%)
Fraction Source P ‘%)
5/15 Station of sifting 0.6
15/25 Station of sifting 0.8
25/63 Station of sifting 0.15

100
90 |
20
70
60 |
50
40
30
20
10 |

Passing (%)

8
=y

Sieve (mm)
‘ .05 —e—5/15 —a— 15125 —e—15/63 ‘

Fig. 3 Granulometric analysis of the aggregates

Before the starting of the RCC the station produced more than 1/3 of the consumption
planned for the execution of the dam.

3.2. Cement: HRS cement that is used has low hydration heat. The chemical, physical and
mechanical characteristics obtained according to the standard ONE 80 303/96, are presented
in Tables 4, 5 and 6.

Table. 4 Chemical composition of cement

Component Value Specification
Loss on the ignition 2.95 5% max
503 272 4% max
Insolubles 0.99 5% max
CL 0.01 0.1% max
CsA 0.44 <55%
C3A+C4 AR 15.46 <22%

Table. 5 Physical characteristic of cement
Value Specification

| Beginning of seting time 146 > 60 minutes
End of seting time 216 <840 minutes
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Table. 6 Mechanical characteristic of cement

Compressive strength Value Specification

2 days 28 > 20 N/mm”
28 days 51 > 42 N/mm”

<62.5 N/mm®

33. Fly-Ashes: The choice of an ash is guided by the standards or corresponding
specifications, by its behavior in the concrete and its availability on the building site. The
principal characteristics of the fly-ashes are given according to standards UNE 83 431, UNE
83 432, UNE 83 433. The results are in Table 7.

Table. 7 Characteristics of fly-ashes

Value Specification
Loss on the ignition 33 6% max
S0; 0.52 4.5% max
Moisture 0.05 1.5% max

3.4 Water: The results of analyzed chemical of mixing water are in Table 8
Table. 8 Chemical composition of water

Echantillion N°1 N°2 Aggressiveness
Matter in suspention Traces Traces Null
S04~ 343.43 311.35 Weak
FH 8.9at 12°C | 8.9at 12°C Weak
| Mg 72 81.6 Weak

3.5 Admixture: The advantages that we obtain by using admixture are increasing handiness
and delaying the setting time of the concrete, in order to keep ‘alive’ the mass of concrete and
to avoid the dry joints, especially in hot weather. The admixtures used for the RCC were: air
entraining, water reducers and retarder.

4. FORMULATION OF RCC

On the whole, 31 different mixtures were prepared using the fortnula of HUSCY DUNSTAN
and tested on an experimental solid mass. This solid mass has a total volume of 4600 m’,
which corresponds to 12 layers of RCC, the sclected formula which reaches the most
contractual characteristic resistance to 28 days (14 MPa), is presented in table 9.

Table. 9 Ponderal composition of the RCC

0/5 760 Kg/m’
5/15 416 Kg/m’
15/25 520 Kg/m’
25/63 396 Kg/m’
Cement 82 Kg/m’
Fly-Ashes 147 Kg/m®
Water 100-110 L/m’
Density of the RCC 2.42 t/m®
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5. QUALITY CONTROL

A continuous assessment was carried out with each operation of concreting and on all the
production line, up to the hardened concrete.

5.1. Binder Control: Each batch was submitted for various testing. A card of obligatory
homologation accompanied the batch.

5.2. Aggregates Control: Tests of granulometry and cleanliness were done each day at the
power station.

5.3. Freshly Mixed Concrete Control: Each week tests were carried out on freshly mixed
concrete to check the mixture.

5.4. Density And Water Content Control: The densities were obtained directly by gamma
densimeter; the density of reference was off 2.40 T/m3. The average density obtained by
densimeter was 99% of 2.40 T/m3. The water content varied from 5.5 to 8%.

5.5. Vébé Test Control: Every half-hour a vébé test was carried out, vébé used varied on
average between 8 and 15 seconds. The influence of temperature and winds were checked
when the RCC arrived at the implementation with 6 to 7 seconds and vébé was measured at
the level of RCC power station.

5.6. Strength Check:

On Test-Tube: Each layer was prone to a taking away of 9 test tubes for the ages of 7, 28
and 90 days. Each week, 9 test tubes were taken for cylinder splitting tests (28 and 90 days)
and tests of compression at 365 days.

The influence of the temperature was also noticed on the level of the compressive strengths
obtained where the maximum were obtained during the hot seasons.

On Cores: Cores were taken for resistance tests, the compression of the cylinder splitting
tests and direct tensile tests. The results obtained were lower by 15 to 20% per contribution
with those of the test tubes.

6. CONCLUSION

The current technique, which prevails in dam constructions, is roller compacted concrete
(RCC). This relatively new process of construction uses the combined techniques of
traditional concrete and earthworks.

RCC is manufactured in a concrete batching and mixing plant then transported and spread in
horizontal layers with null depression and compacted with vibrating rollers. The advantages
of this technique are the speed of execution and the economy of the project

Experiments on this type of construction in Algeria are still not much. Tichi — Haf dam was
one of the first building sites to use this technique before it was used for the Benni Haroun
dam.
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