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CONCRETE PROPERTIES OF TERNARY CEMENTITIOUS
SYSTEMS CONTAINING FLY ASH AND SILICA FUME

M. Anwar
Associate professor, Construction Research Institute, NWRC, Delta-Barrage 13621, Egypt.

ABSTRACT

This research presents the results from laboratory studies on the properties of concrete that
contains ternary blends of Portland cement, fly ash, and silica fume. Selected nine concrete
mixtures are prepared with water to cementitious material ratio of 0.4. The concrete mixtures
were designed to have the same degree of workability and percentage’ of air content. The
measured properties of fresh concrete include the slump, air content, and unit weight. The
investigated properties of hardened concrete include the compressive strength, tensile
strength, dynamic elastic modulus, and static young's modulus. The results indicate that
concretes made with these systems generally show good fresh and hardened properties since
the combination of fly ash and silica fume is somewhat synergistic. Fly ash appears to
compensate for some of the workability problems associated with the use of 'silica fume,
whereas the silica fume appears to compensate for the relatively low early strength of fly ash
concrete.

Keywords: Concrete, Binary, Ternary, Portland Cement, Flay Ash, Silica Fume.
INTRODUCTION

Continuous generation of waste by-products possessing hydraulic and pozzolanic properties,
creates not only acute environmental problems, but additionally outlines a need for their greater
utilization in different market sectors. The construction sector is clearly the one that, at the
moment, absorbs the majority of such materials, by incorporating them in hydraulic binders as
supplementary cementing materials [1]. For a variety of reasons, the concrete construction
industry is not sustainable. First, it consumes huge quantities of virgin materials. Second, the
principal binder in concrete is Portland cement, the production of which is a major contributor to
greenhouse gas emissions that are implicated in global warming and climate change. Third,
many concrete structures suffer from lack of durability which has an adverse effect on the
resource productivity of the industry. Because the high-volume fly ash concrete system
addresses all three sustainability issues, its adoption will enable the concrete construction
industry to become more sustainable [2}.

In the last few decades, fly ash, blast-furnace slag and silica fume have been increasingly used
as mineral additives in cement and concrete. The use of these artificial pozzolans can achieve
not only economical and ecological benefits but technical benefits as well. It is generally agreed
that, with proper selection of admixture, mixture proportioning and curing technique, mineral
additives can greatly improve the durability of concrete [3]. Nevertheless, it is also well
established that mineral additives may reduce early strength of concrete, especially with high
cement replacement rates [4,5]. The loss of early strength may be compensated by: (1) curing
under elevated temperature [6], (2) chemical activation [7,8], (3) high fineness cement and
additives [9,10] and (4) more than one to one replacement of cement by mineral additives and
lower water to cementitious materials ratio (W/C) [11,12].

In recent years, it has been reported that ternary blended cements could substantially improve
the performance of concrete compared with the conventional binary blended cements or
regular Portland cement. Ternary blended cement consisting of Portland cement, granulated
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blast-furnace slag and fly ash (PC-SL-FA system) was developed in Japan for mass concrete
construction due to its very low heat of hydration [13). This system can be treated as slag
cement incorporating fly ash. The addition of fly ash can increase workability and reduce
bleeding of slag. cement congcrete. However, the strength development of this system is
relatively slower at early age [14]. By incorporating silica fume in slag cement or fly ash cement,
the ternary' PC-SL~SF (Portland cement, blast-furnace slag and silica fume) and PC-FA-SF
(Portland cement, fly ash and silica fume) blended cements were developed and commercially
manufactured in Canada [15]. .

Similar to the effect of silica fume addition in Portiand cement, the fluidity of PC~SL~SF system
cement is impaired by silica fume. The addition of a water-reducing agent or a superplasticizer
is inevitable for PC-SL-SF system cement. Fly ash in PC-FA-SF system may have water-
reducing effect depending on its quality that may totally or partially compensate the increased
water requirement caused by silica fume. By incorporating 25% fly ash and up to 5% silica
fume, the flow of mortar had no significant change compared to ASTM Type | cement mortar
[16]. It was also reported that addition of silica fume could only slightly increase the early
strength of PC~FA~SF system cement. The strength did not increase so much at and after 28
days because Ca(OH), produced was preferentially consumed by the pozzolanic reaction of
silica fume, thereby decreasing extensively the quantity of Ca(OH), available for the fly ash [17].

The main purpose of this paper is to study the mechanical properties of the concrete of binary
and ternary cementitious systems. Binary and ternary cementitious systems of Portland cement,
silica fume and fly ash with various combinations will be investigated. The effect of the
changing in the replacement percents of fly ash and silica fume on the properties of concrete
will be examined. The measured properties were included fresh concrete properties (slump, air
content and unit weight) and hardened concrete properties such as compressive strength,
tensile strength, static Young's modulus, and dynamic elastic modulus.

EXPERIMENTAL PROGRAM OUTLINE

At this stage it is not clear how the Ordinary Portland cement (OPC), silica fume (SF) and fly
ash (FA) work together therefore, this research was carried out to find out how these ternary
cementitious systems affect the concrete properties. Nine concrete mixtures are prepared with
water/cementitious material ratio of 0.4 and sand/gravel ratio of 0.66. The measured properties
of fresh concrete include slump, unit weight, and air content (the concrete mixtures designed to
achieve slump of 10+ 2 cm and air content of 4+ 1%). The evaluated properties of hardened
concrete include compressive strength, tensile strength, static elastic modulus, and dynamic
elastic modulus. Table 1 shows the binary and ternary systems of combination of Portland
cement, silica fume and fly ash while the mix proportions of concrete mixtures are summarized
in Table 2.

Table 1. Binary And Ternary Systems of Portland Cement, Silica Fume and Fly Ash

Mix OPC Fly Ash (FA) Silica Fume (SF) Binary or Ternary
No. % % % System
1 100 . — Control
2 85 15 . OPC-FA
3 75 25 OPC-FA
4 95 --- 5 OPC-SF
5 90 --= 10 OPC-SF
6 80 15 5 OPC-FA-SF
7 75 25 5 OPC-FA-SF
8 70 15 10 OPC-FA-SF
9 65 25 10 OPC-FA-SF

The used materials selected from commercial available construction materials in Japan. The
properties of the used OPC comply with Japanese Industrial Standard (JIS). The properties of
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used OPC, SF and FA are listed in Table 3. The properties of used sand and gravel are
represented in Table 4. Fig.1 shows the particle size distribution of used aggregates. The used
chemical admixtures are two types, the first is high performance superplasticizer, high range
water reducing admixture includes air entraining effect, the second is air entraining agent.

Table 2. Mix Proportions of the Concrete Mixtures

kg/m® Ad AE

Mix
No Gravel 3 3
‘ W OPC FA SF | Sand C% | kg/m kg/m

20mm | 15mm

1 410.0 0.0 0.0 880 512 510 0.95| 3.895 1.025
2 3485 | 61.5 0.0 672 506 504 0.90| 3.690 3.075
3 3075 | 1025 | 0.0 668 1| 503 501 .| 0.80| 3.280 3.690
4 389.5 0.0 205 | 677 510 508 0.95| 3.885 0.410
5 164 | 369.0 0.0 410 674 508 506 1.00 | 4.100 0.410
6 3280 | 615 | 205 | 670 504 502 0.80 | 3.690 1.845
7 287.0 | 102.5 | 205 | 665 -| 501 499 | 0.90 | 3.690 3.280
8 3075 | 615 | 41.0 | 667 502 500 0.90| 3.690 1.845
9 266.5 | 10256 | 41.0 | 662 499 497 0.90| 3.690 2.050

W: Water, OPC: Ordinary Portland Cement, FA: Fly Ash, SF: Silica Fume, Ad: Chemical
admixture (High performance superplasticizer, high range water reducing admixture

includes air entraining effect), AE: Air Entraining Agent.

Table 3. Properties of Used Portiand Cement, Silica Fume and Fly Ash

. Ordinary Portland Cement Fly Ash Silica Fume
Constituents y (OPC) (FA) (SF)
Specific gravity 3.16 2.32 2.24
Surface area (Cm2/g) 3310 39810 153000
Loss on ignition, L.O.1 2.05 1.95 1.30
Silicon dioxide, SiO2 22.0 45.0 94.90
Magnesium oxide, MgO 1.12 N/A 0.61
Sulfur trioxide, SO3 2.13 N/A 0.33
Chloride lon, CI 0.011 N/A 0.048
Table 4. Properties of the Used Aggregates
. Gravel
Materials type Sand 50 mm 5 mm
Specific gravity 2.55 2.56 2.55
Water absorption (%) 1.23 2.50 2.67
Nominal maximum size (mm) — 20
Fineness modulus 2.68 6.72

"Gravel 20 mm : Gravel 15 mm = 1:1

The materials were batched into the mixer as follows: first; coarse aggregate followed by sand,
then cementitious materials (OPC, FA, and SF are mixed well before batched into the mixer)
added to the mixer. The total mixing time is three minutes divided into two stages, starting with
60 seconds dry mixing and then the required water (mixed with chemical admixture) is added
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within 30 seconds, then mixer continues for the next 1.5 minutes of mixing. After casting, the
concrete moulds were compacted by the use of a vibrator. The samples were finished, stripped
from their moulds the day after casting. The specimens were cured under water till the testing
time.
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Fig. 1: Particle Size Distribution of Used Aggregate.

The hardened concrete properties were measured by means of destructive and non-destructive
tests. Compressive strength and tensile strength are performed via the destructive tests, while
the static young’s modulus and dynamic elastic modulus were carried out via the non-
destructive ones. The compressive strength and dynamic elastic modulus were measured at 3,
7, 28 and 90 days while the tensile strength (cylinder of 15 cm diameter and height 30 cm) and
static young's modulus were measured at 28 days. The modulus of elasticity is determined on
laboratory specimens subjected to longitudinal (horizontally or vertically) vibration at their
natural frequency, and is therefore known as the dynamic elastic modulus. Japanese Industrial
Standard (JIS) prescribes the use of specimens similar to those employed in the determination
of the modulus of rupture, i.e. beams 10 by 10 by 40 cm or cylinder 10 cm in diameter by 20 cm
in height. The specimen is put horizontally or vertically on Young's Modulus Rigidity Meter. In
this work, concrete specimens (prism of 10 x 10 x 40 cm) were used to measure the dynamic
elastic modulus. Determination of these properties was undertaken at the facilities of
Department of Safety Systems Construction Engineering, Kagawa University, Japan, according
to the specifications provided by JIS.

PROPERTIES OF FRESH CONCRETE

As mentioned before, the measured properties of fresh concrete include slump, air content (the
concrete mixtures designed to achieve slump of 10 £ 2 cm and air content of 4 + 1 %) and unit
weight. Dose of the used chemical admixtures (high performance superplasticizer and air
entraining agent) are changed to achieve the designed values of slump and air content. The
measured values of slump, air content and unit weight are shown in Figs. 1, 2, and 3,
respectively.

During proportioning and mixing the concrete mixtures, it is noticed that fly ash mixtures need
high dose of the air entraining agent to achieve the designed air content while silica fume
mixtures need low dose of the air entraining agent. Concerning the superplasticizer, silica fume
mixtures need higher dose than those of fly ash ones. The mixtures include ternary systems of
fly ash and silica fume show that both silica fume and fly compensate each other regarding the
dose of air entraining agent and superplasticizer. The measured values of slump and air
content fall within the designed range, i.e., all measured slump are 10 + 2 cm and air content of
4 + 1 % as shown in Figs. 2 and 3. The results of unit weight of concrete change according to
the type of used cementitious materials as shown in Fig. 4. This attributed to change in the
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specific gravity of the cementitious materials and air content. Moreover, resuits show that type
of cementitious materials system plays significant role in produced fresh concrete.

12

-
-
r

Slump (cm)
=

Fig.2. Slump of the Studied Concrete Mixtures.

Air content (%)

Mix No.

Fig. 3. Air Content of the Studied Concrete Mixtures.

Unit weight  (t/m®)

Fig. 4. Unit Weight of the Studied Concrete Mixtures.
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PROPERTIES OF HARDENED CONCRETE

The obtained results of compressive strength of the studied concrete mixtures at ages of 3, 7,
28, and 90 days are shown in Fig. 5. The compressive strengths of silica fume concrete (Mixes
4 & 5) are higher than those of all studied mixes at all ages. The control mix (OPC) shows
higher strengths than those of Mix 2 (15% FA) at ages 3 and 7 days. While, the results of 28
and 90 of Mix 2 (15 FA) indicate an equivalent compressive strength to the control mix. Mix 3 of
fly ash show lower compressive strengths than those of the control concrete at all ages due to
the effect of high replacement percent (25%) of fly ash. The mixes of ternary systems show
lower compressive strength than those of OPC mix (control mix) at ages 3 and 7 days and they
indicate an equivalent compressive strength to the control mix at ages 28 and 90 days.
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Fig. 5. Compressive Strength of The Studied Concretes.

Table 5. Rate of Compressive Strength Development For The Studied Concretes

Mix Rate of strength gain (kg/cm®/day)

No. (0~3) days (3~7) days (7~28) days (28~90) days
1 132 49.3 3.6 1.74
2 120.7 30.5 9.2 1.52
3 102.7 315 8.5 1.68
4 152.3 36.8 10.7 1.84
5 162.7 37.5 11.6 2.24
o] 127.0 28.0 12.9 1.24
7 95.3 35.8 6.24 2.55
8 117.0 35.0 10.1 0.98
9 101.3 30.5 9.81 1.98

The rates of the compressive strength development up to age of 90 days of concrete mixes
with various combinations of Portland cement, fly ash, and silica fume are listed in Table 5.
The obtained results are confirmed with Thomas [18] who reported that the combination of
Portland cement, silica fume and fly ash in a ternary cement system should result in a number
of synergistic effects, some of which are obvious or intuitive. Also, the results comply with the
finding of Lane [19] who indicated that the use of ternary blends incorporating small amounts of
silica fume with smaller amounts of fly ash or slag was shown to be a viable approach to
counteract the negative impact of higher replacement levels of fly ash and slag on early
strength. The obtained data show that binary cementitious blends of Portland cement and silica
fume offer significant advantages over plain Portland cement. Moreover, ternary cementitious
systems of Portland cement, silica fume (5 to 10%), and fly ash (15 to 25%) indicate
satisfactory compressive strength especially at ages of 28 and 90 days.
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From data of Fig. 5, the early age compressive strength of binary systems of OPC and FA
concretes is lower than the control concrete, because of FA acts as filler in concrete and does
not contribute to the strength development. Further, the hydration reaction of FA mixes is
somewhat slower due to the lower cement content of the mix (due to the fact that part of
cement is being replaced by FA). Contrary, the early age compressive strength of binary
systems of OPC and SF is higher than the control mix. The compressive strength results of the
ternary cementitious systems of OPC, SF and FA show almost an equivalent values o the
control mix.

Direct comparison of the compressive strength values between mixes can be driven if the
water/cementitious materials ratio, air content and slump of mixes are constants. However, a
comparison of the results in Fig. 5 provides an indication of the individual contributions of the
FA and SF in the ternary blend. Using SF increases the strength of concrete at all ages, butitis
apparent that much of the increase is realized at early ages and the rate of strength
development at later ages is similar for SF concrete and OPC concrete. FA has the opposite
effect, ‘contributing little to strength at early ages, but significantly enhancing strength at later
ages. The combination of SF and FA results in concrete with improved early age and long-term
strength development.
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Fig. 6. Tensile Strength of the Studied Concretes.
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Fig. 7. Dynamic Elastic Modulus of The Studied Concretes.
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Results of the tensile strength of tested concrete mixtures after 28 days of curing are listed in
Table 6 and represented in Fig. 6. The tensile strength results show approximately the same
trend as the compressive strength at 28 days. From data of Table 6, Mix 3 shows the minimum
tensile strength due to the effect of using large replacement percent of FA. While, Mix 8 shows
the maximum tensile strength due to using the combination of FA and SF with reasonable
replacement percents. The results of the tensile strength indicate that the binary and ternary
cementitious systems of silica fume mixes show an equivalent tensile strength to the control
mix. Tensile strength resuits reveal that the using of binary and ternary cementitious systems of
Portland cement, fly ash and silica fume does not significantly affect the tensile strength of
concrete. Approximately similar tensile strength was observed for the control, binary and
ternary cementitious systems concrete mixes (except Mix 8 shows higher tensile strength than

that of control mix and Mix 3 shows lower tensile strength than that of control mix) as shown
in Fig. 6.

It should be noted that the dynamic elastic modulus is different from the Young’s modulus (or
static elastic modulus) commonly determined by a static unidirectional compression test of a
concrete specimen. The dynamic elastic modulus is defined as a linear ratio between the
uniaxial stress and the strain of a material at low strain level. Generally speaking, the ratio of
dynamic modulus to the static modulus of elasticity is more than 1 and its value varies with the
mix proportion of concrete [20]. The obtained test results of dynamic elastic modulus for
different concrete mixtures up to age of 90 days are shown in Fig. 7. While, the measured
values of static elastic modulus are represented in Fig. 8.
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Fig.8. Static Elastic Modulus of the Studied Concretes.

The results of dynamic elastic modulus of tested concrete show approximately the same trend
as the compressive strength and it is possible to use this test to compare or check the quality of
concrete. The dynamic elastic modulus of tested concrete indicate slight differences due to
change in the used of combination of the cementitious materials at all ages. Moreover, Fig. 7
shows that the binary or ternary cementitious materials show approximately similar values of
dynamic elastic modulus as the control mix except Mix 3 (25% FA) which shows lower values
than those of the control mix. The static Young's modulus results of the binary and ternary
cementitious systems of Portland cement, fly ash and silica fume mixes are approximately the
same as the values of the control mix except Mixes 4 and 5 which show higher static Young's
modulus than that of control mix. Moreover, Mix 3 shows lower static Young's modulus than
that of control mix as shown in Fig. 8.
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CONCLUSIONS

1. More attention must be given to the development of a new types of cements incorporating
combination of the cementitious materials in binary and ternary cementitious systems.
Results show that ternary cementitious blends of Portland cement, silica fume, and fly ash
offer significant advantages over binary blends and plain Portland cement.

2. The combination of silica fume and fly ash is complementary: the silica fume improves the
early age performance of concrete with the fly ash continuously refining the properties of
the hardened concrete as it matures.

3. Combinations of 5 to 10% silica fume with 15 to 25% fly ash show satisfactory performance
in both fresh and hardened concrete. Such combinations produce concrete with generally
good properties and offset the problems associated with using fly ash or silica fume when
these materials are used individually.
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EVALUATION OF CONCRETE PROPERTIES
BY USING DEMOLISHED AGGREGATES

ZEINAB SALAH ELL DIN HOUSSIEEN
Researcher at the Housing and Building National Research Center

ABSTRACT

It is an economic concept to get red of any demolished type by using in constructions, so, in
Egypt; there are many activities in the field of recycled aggregate for using in different ways.
This study aims to identify the properties for concrete of demolished aggregates as coarse and
fine aggregates. Local aggregates such as siliceous, limestone, basalt as coarse aggregates
and siliceous sand as fine aggregate and air cooled slag (course and fine) were used to study
their physical and mechanical properties. In addition, concrete mixes of the used aggregates
were prepared to investigate the effect of using demolished aggregates with every type of the
local aggregates separately at the percentages (25, 50, 75) %.Concrete mixes properties were
investigated for fresh and hardened states. Those properties were slump, and density in fresh
state, compressive, flexural, tensile strengths, and drying shrinkage in hardened state.

Key words: Demolished aggregates, natural aggregates, recycled concrete, compressive,
flexural, tensile strengths, drying shrinkage.

INTRODUCTION

There are many activities in the field of demolished aggregates ,in February 2002 there was a
conference to show the importance of the of the demolished aggregates in concrete works for
both roads and building®” .In France ,concrete made of demolished aggregates has been
studied for about 10 years(z’ In Germany ,there are many projects in the field of demolished
aggregates. in Copenhagen, reconstruction of run way was made with demolished aggregates
®in Vienna, a good case for recycling since large quantities of a well defined materials are
available, recycling of concrete is also a practice already well established In Japan the main
concept about recycling is to raise the strength of concrete that produced in the near future is
directly connected with circulating reuse of demoalition concrete as aggregate resources by
raising the compressive strength to be higher than those concrete of traditional one'®.In
England ,using of reuse demoliton materials in the recommendation of civil engineering
works® In the United States and the European countries the recycled aggregates from old
concrete paving has been used as materials for pavementm. A study was made to investigate
the applicability of recycled aggregates as concrete aggregates for paving concrete or lean
concrete base course. The strengths, fatigue, flexural strength, drying shrinkage, and freezing-
thawing of concrete made with recycled aggregates were investigated. Some properties of fresh
and hardened high fly ash lean concrete made with recycled reconstruction® of roadways.

EXPERIMENTAL DETAILS

Materials
Cement
Ordinary Portland cement was used and its properties are within the E. S.S

-11-



HBRC Journal VOL.2 No.1 JANUARY 2006

Aggregate

Five different types of local aggregates types were used in this study (siliceous aggregate,
basalt lime stone as natural types, demolished aggregates a (coarse and fine) and, air cooled
slag(coarse and fine) as artificial one.

The Demolished Aggregates

were crushed by jaw crusher and screened to divide into coarse and fine adjusted to 25 mm,
then the crushed original aggregate were screened and classified according the particle size
into coarse and fine aggregates. The coarse aggregates are above sieve 4.67 mm and the fine
aggregate particle passed sieve 4.67mm.

Physical Properties
Main physical properties of various types of the used aggregates are shown in Table(1).

Finesse modulus
Demolished coarse aggregates showed the highest values than the other aggregate types .

Specific gravity ,
Specific gravity in dry condition of demolished aggregates is (2.7) g/cm3 these value was the
highest value comparing with the others.

Absorption :
Absorption of demolished aggregates is the largest value(3.25%) comparing with the others.

Void ratio
The value for the demolished aggregates is the smallest value 25% comparing with the others.

Unit weight
Value for the demolished aggregates is the smallest value (1.5) kg/cm3 comparing with the
others.

Mechanical Properties
Main mechanical properties of various types _of the used aggregates are shown in Table (2).

Abrasion

value for the demolished aggregates are higher (21%),so it is harder than the natural aggregate
but the best aggregate type is air cooled slag (artificial aggregates) has value( 15.5%) .So,it is
the hardest one.

Crushing
Value for the demolished aggregates is 23% and higher than the air cooled slag abrasion value
(16) % .So, it is the hardest one (air cooled slag).

Impact
Value for the demolished aggregates is 18% and higher than the air cooled slag aggregate
impact value (11%).So, it is the hardest one(air cooled slag).

MIXING, CASTING, CURING AND TESTING.

The examination items as specimen and curing method were shown in table (3).Concrete mixes
The mixes proportions of concretes are shown in Table (4 ) are designed according to ACI(1) .
Siump, and wet density, tests were according to ACI Specification as fresh tests for concrete.
Table (5) illustrates the resuits of the mechanical properties for hardened concrete compressive,
tensile, flexural strengths and drying shrinkage was tested for hardened concrete according to
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ASTM. Specimens were demoulded about 24 hrs .after casting and were cured in water for 28
days until the date of test. .All specimens were tested at 3, 7, and28 days.

Table 1: Physical Properties of the Used Aggregates

- . . Unit
Specific Absorption Silt & Clay -
Type of Aggregate gravity (%) (%) \Qlttlerlgar)nt
Siliceous + Sand 2.56 0.80 1.60 1.70 32
Air cooled slag 2.74 1.0 0.0 1.9 28
Basalt + Sand 2.56 2.10 0.32 1.76 32
Crushed concrete 2.74 3.25 0.30 1.50 25
Limestone 2.60 3.20 1.00 1.60 28
Table 2: Mechanical Properties of the used Aggregate
Type of Aggregate Abrasion (%) Crushing (%) impact
Siliceous + Sand 25 18.80 10.30
Air cooled slag 15.5 16.0 11.0
Basalt + Sand 22 18 19
Crushed concrete 21 23 18
Limestone 26 29 11.60
Table3: Examination ltems, Specimens and Curing Method
Items Shape and size Curing method
Compression Cylinder 15x30cm
Strength Tensile Cylinder 15x30cm
Flexural 10x10x Prisms 70 cm Cured in water through all ages
Shrinkage Prisms7x7x28
Modulus of Elasticity Cylinder 15x30cm

Table 4: Concrete Mixes Proportions

Mix Prop. Aggregate

Cement wic | Wet Density

of Concrete (Kg) |  (Kg) (Kg)
Siliceous + Sand | 1300 700 350 | 0.40 2350
Aircold slag | 1350 730 350 | 0.42 2500
Basalt + Sand | 1400 700 350 | 0.45 2400
Crushed concrete | 1280 685 350 | 0565 2300
Limestone | 1250 700 350 | 0.50 2450
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Type of concrete Mixes

17 concrete mixes were casted .In addition every test result for any sample was the average of
three specimens , therefore every mix had 27 prisms for testing compressive tensile strengths,
,and10x10x70 for testing flexural strength, at ages 3,7 and 28 days, and three prisms for testing
drying shrinkage7x7x28.

Table (4) summaries the concrete mixes proportions. The basic aggregate type was recycled
aggregate, it used at the percentages 25, 50, 75%. With all aggregate types separately So, the
concrete mixes were divided into four series accordmg to the aggregate type. Series (l)consrsts
of recycled aggregate replacement by silecous aggregate at 25,50 and 75%.Series(ll) consists
of demolished aggregates replacement by air cooled slag aggregates(coarse+fine) at 25,50
and 75%.. Series (lll) consists of demolished aggregate replacement by basaltl aggregates at
25, 60 and 75%. Series (IV) consists of demolished aggregate replacement by limestone
aggregates at 25, 50 and 75%.

Properties of fresh concrete

Slump: it ranged from 5-7cm for all concrete mixes. Fresh Density of the demolished concrete
was less than for the natural one. In addition, It gradually decreased as the replacement ratio by
demolished increased with traditional aggregates at the percentages 25, 50 and 75%.

Properties of hardened concrete

Table (5) shows the test results of mechanical properties of reference concrete mixes and table
(6) shows the test results of mechanical properties of concrete mixes(aggregate mixes), after
3,7,28. In Fig 1 shows the development of compressive, tensile and flexural for series (1). Fig.
(2) shows the development of compressive, flexural and tensile for series Il. Fig. (3) shows the
development of compressive, flexural and tensile for series Hll Fig. (4 )shows the development of
compressive, flexural and tensile for series lli figs. (5,6,7 and 8) show the development of
shrinkage for concrete mixes of series |, II, Il and IV.

Table 5: Mechanical Properties of Reference Hardened Concrete

Tests Compress:ve Tensile strength Flexural strength
strenlh(Kglcm ) (Kglem?) (Kglcm?)
Age (days)
Type 3 7 28 3 7 28 ) 3 7 28

of Concrete

Siliceous + Sand | 220 250 300 24 28 33 44 50 60

Air cooeld slag | 260 370 400 29 41 44 52 74 80

Basalt + Sand | 180 210 280 20 23 31 36 42 56

Crushed concrete | 200 225 270 22 25 30 42 45 54

Limestone | 210 260 290 23 29 32 40 48 58

Compressive strength.

Using 25% recycle aggregate and 75% air cooled slag aggregate, the compressive strength
reached 368 .kg/ cm? after 28 days water curing. In addition, that mix is the highest compressive
strength and is the most economic one in series Ii. In series III the best mix is 25% recycled
aggregate and 75% basaltic .aggregates, it gives 278 kg/ cm compress:ve strength after 28
days water curing. In series IV the best mix is 256% recycled aggregate and 75% limestone
aggregates, it gives 285 kg/cm compressive strength after 28 days water curing.
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Table 6: Test Results of Mechanical Properties for Concrete Mixes

Compressive Strength Flexural Strength Tensile Strength
Concrete Type ,

3 7 28 3 7 28 3 7 28
s1 220 | 250 300 44 | 50 60 24 28 33
D1 200 | 225 270 40 | 45 54 22 25 30
75%D1+25%51 213 | 231 278 41 | 46 56 225 26 30
50%D1+50%81 210 | 238 335 42 | 465 | 59 23 28.5 | 30
25%D1+75%%81 215 | 243 293 43 |48 59 23.5 27 31
A1l 260 | 370 400 52 | 74 80 29 41 44
D1 200 | 225 270 40 | 45 54 22 25 30
75%D1+25%A1 215 | 261 303 43 | 52 81 22.5 29 34
50%D1+50%A1 230 | 298 339 46 |60 67 21.5 33 36
25%D1+75%A1 245 | 334 368 49 | 67 74 235 36 41
B1 180 | 210 280 39 |42 56 20 23 31
D1 200 | 225 270 40 | 45 54 22 25 30
75%D1+25%B1 195 | 222 273 43 | 45 55 215 25 31
50%D1+50%B1 190 | 217 275 38 | 44 55 21 23 30.
25%D1+75%B1 185 | 214 278 37 143 56 205 24 29
L1 210 | 260 290 42 | 52 58 23 29 32
D1 200 | 225 270 40 | 45 54 22 25 30
75%D1+25%1.1 203 | 234 275 41 | 47 55 2225 | 27 31
50%D1+50%L1 205 | 240 280 41 | 48 56 22.2 27 32
25%D1+75%1L1 208 | 256 285 142 |50 57 21 29 33

Tensile strength

Using 50% recycled aggregates and 50%siliceous aggregates in concrete mixes gave a tensile
strength 31kg/ cm2 after 28 days water curing.. Using 25% demolished aggregate and 75% air
cooled slag aggregate, the tensile strength reached 41kg/cm2 after 28 days water curing. In
addition, that mix is the highest tensile strength and is the most economic one in series Il. In
series Il the best mix is 25% demolished aggregate and 75% basaltic aggregates, it .gives 31
kg/ cm2 tensile strength after 28 days water curing In series IV the best mix is 25% demolished
aggregate and 75% limestone aggregates, it .gives 33kg/cm2 tensile strength after 28 days
water curing.

Flexural strength

Using 50% demolished aggregates and 50 %siliceous aggregates in concrete mixes gave a
flexural strength 59kg/ cm2 .Using 25% siliceous aggregates with 76 % demolished aggregates
after 28 days water curing. So, it is economical to use 50% recycled with 50% siliceous
aggregates in concrete mixes. Using 25% demolished aggregate and 75% air cooled slag
aggregate ,the flexural strength reached 74.kg/ cm2after 28 days water curing. In addition, that
mix is the highest flexural strength and is the most economic one in series Il. In series il the
best mix is 25% demolished aggregate and 75% basaltic aggregates, it gives 56 kg/ cm? flexural
strength after 28 days water curing. In series IV the best mix is 25% demolished aggregate and
75% limestone aggregates, it gives 57kg/cm?2 flexural strength after 28 days water curing.

Shrinkage

Using 25% recycle aggregate and 75% air cooled slag aggregate, the drying shrinkage reached
5.25x10-4after 28 days water curing. In series Il. In series Il the best mix is 25% recycled
aggregate and 75% basaltic .aggregates, it .gives 4.75x10-4 drying shrinkage after 28 days
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water curing In series [V the best mix is 25% recycled aggregate and 75% limestone
aggregates, it gives 5.25x10-4 drying shrinkage after 28 days water curing.
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CONCLUSION

The main conclusions from the present investigation on recycled aggregate and recycled

concrete are summarized as follows:

1. Recycled aggregate have relatively higher fineness modulus than the other one.

2. High percentage absorption value is observed for the recycled aggregate comparing with
the other aggregates. '

3. Workability of recycled aggregate concrete is quite as all mixes but it enhance with increase
in replacement ratio

4. Up to 50% of siliceous, basalt and lime stone are replaced with recycled aggregate concrete
without seriously affecting the properties of concrete, both in fresh and the hardened states.

5. The values obtained for the mechanical properties of recycled aggregate concrete are lower
than for natural aggregate ones. In addition their drying shrinkage is higher than for natural
aggregate concretes.

6. The replacement ratio with recycled aggregate influenced on compressive, tensile and

’ flexural strengths and on the drying shrinkage

7. Using air cooled slag aggregate (by product) as it is or using it replacing with recycled
aggregate at 25, 50 and 75 % gave high result for compressive, tensile and flexural
strengths.
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ABSTRACT

The objective of the reported paper is to study recycling of some Egyptian wastes with a clay
raw material in the manufacture of acid resistant masonry units. These include acid resisting
bricks for using in the sewage canals and tanks lining as well as in structures requiring low
absorption and high resistance to chemical action. This is a dual target for economic benefit and
environmental pollution protection. Accordingly, four batches composed of Kafr Homeid clay
(KHC) and wastes of cement kiln dust (CKD) and waterglass sludge (WGS) were suggested for
this investigation. Articlés from each batch composition were prepared by pressing then firing
them at temperatures ranging from 1075°C to 1150°C at 5°/m (firing rate) and 4 hours (soaking
time). The CKD and WGS wastes were added in different percentages ranging from 25-40%
and 10-25%, respectively. To assess the product properties the testing methods outlined in the
ESS 41:1986 and ASTM C32-93 (2000) standards were applied. Consequently, the suitable
mixtures design that fulfill these specifications were selected, taking into consideration the
industrial economy and environmental protection factors. It was found that the most applicable
articles which achieve the applied specifications were prepared from batch T3 after firing at
1125°C having 50% clay, 30% CKD and 20% WGS. Also, batch T3 successfully achieved
comparable properties of water absorption, weight loss due to acid attack and compressive
strength and deserve to be the most applicable and superior one from the industrial point of
view.

INTRODUCTION

In Egypt, large quantities of industrial by-products are annually produced by various industries.
The main goals of environmental protection organizations are to seek ways to minimize the dual
problems of disposal and health hazards of these by-products. Waterglass sludge (WGS) and
cement kiln dust (CKD) are examples for these by-products. Such wastes cause environmental
and health impacts. The waste waterglass siudge has still limited useful applications. The most
recent studies have been carried out for this purpose are Chanda et al. (1998), El Shafai (2000),
Puertas et al. (2004), Palacious and Puertas (2005). The very fine cement kiln dust is produced
by cement industry and emitted for several distances depending on its density and atmospheric
events. Furthermore, the amount of CKD discards daily by cement factories in Egypt is
estimated to be in the range of 200 to 300 tons (HCT, 1999) collected from exhausted gases of
the cement kiln. It was found that due to its high alkalis content, it could not be recycled in the
cement manufacture. Several studies have been reported on the possibility of reuse CKD in
different industries. The most recent ones have been investigated by Elwan et al. (1999),
Shoaib et al. (2000),Youssef (2002), Al-Harthy el al. (2003), El-Sherbiny et al. (2004), Al-Jabri
et al. (2005) and others.

The production of the acid resisting bricks in large quantities is a demand due to the vast
expansion of sewage systems in the new cities in Egypt. Both of the WGS and CKD wastes
were not assessed before in manufacturing acid-resistant masonry units. Therefore, the aim of
this work is to study the possibility of their application as additives in clay-based batches for
producing acid-resisting bricks. This will lead to environmental protection as well as production
cost reduction of these bricks.

223 -



HBRC Journal VOL2 No.1 JANUARY 2006

MATERIALS AND METHODS

Materials

The materials used in this study are Kafr Homeid clay (KHC), waterglass sludge (WGS) and
cement kiln dust (CKD).The KHC was previously obtained from Kafr Homeid clay deposits (Kafr
Homeid area, Giza governorate). These deposits attain a thickness of about 40m as
demonstrated in the geological section of Figure (1). The studied bed is mainly composed of
grayish, compact and salty claystone. The waterglass sludge (WGS) was taken from the
Egyptian Salt and Soda Company (Kafr El-Zayat city). Whereas, the cement kiln dust was
supplied by Tora Cement Company (south of Cairo city).

The texture and nomenclature of KHC sample were described after determining their particle
size distribution applying sieving and sedimentation processes (ASTM D422-63) as well as the
adoption of Picard’s method (1971) for graphical representation.

Methods

The chemical composition of the studied materials was determined by using a computerized
X-ray fluorescence (Phillips, PW 1400 Spectrometer, Holland). The mineralogical composition
was qualitatively identified by using X-ray diffraction technique (Phillips, PW 1373 Vertical
Diffractometer, Holland) at 40 kV and 40mA using Cu Ko radiation. The identification of
minerals was achieved by MPDF (1998). Furthermore, the mineralogical and dehydration
information of the studied clay sample were gained through differential thermal (DTA) and
thermo-gravimetric (TGA) analyses by using the thermal analyzer: DT 50 (Schimadzu Co.,
Kyoto, Japan). ‘

Batch Design and Article Preparation

Four batches, referred to as T1, T2, T3 & T4, were designed and prepared for this study. These
batches are based on 50 weight % of KHC as well as addition of 10 up to 25% WGS at the
expense of CKD, which gradually decreases from 40% in T1 to 25% in T4 as illustrated in
Table 1. KHC and WGS materials were crushed, separately ground in a laboratory ball mill and
screened to pass 90um sieve. CKD is too fine and doesn’t need more grinding.

The prepared batches were moulded into cubic articles of Scm-side length by semi-dry pressing
method under 225 kg/omz. Mixing of these mixtures was performed on dry basis and then
moistened by spraying 5 wi% water before molding. The pressed articles were fired at
temperatures of 1075°, 1100°, 1125°and 1150°C at 5°C/m firing rate and 4 hours soaking time.
Physical and mechanical characteristics of the resultant fired articles were determined and
assessed according to ESS 41.1986 and ASTM C32-93 (2000). Accordingly, the successful
batch designs will be identified for using as acid resisting bricks.
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Table 1. Batch Composition of the Four Mixtures

Symbol

Composition (%)

Kafr Homeid clay
(KHC)

Cement kiln dust
(CKD)

Waterglass sludge
{WGS)

T

50

40

10

T2

50

35

15

T3

50

30

20

T4

50

25

25
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Table 2. Chemical Composition of the Used Materials on Dry Basis

Oxide content Clay sample Cement Kiln Dust Waterglass sludge
% (KHC) (CKD) (WGS)
Si0, 51.20 12.10 ' 47.00
Al,O, 16.80 3.30 4.08
Fe,0; 7.40 2.80 1.07
Ca0O 0.38 48.50 7.84
MgO 3.71 1.60 1.10
Na,0 2.60 2.50 : 20.18
K0 1.11 5.20 nil
SO, 0.13 4.80 0.30
cr 2.80 . 4.30 nil
L.O. 16.70 18.70 - 17.83

RESULTS AND DISCUSSION
Characteristics of the Starting Materials

Based on the particle size distribution of KHC sample it is considered as well-sorted and very
fine claystone type. Also, it includes about 3.20% fine sand (500-63um), 9.20% silt (63-2um)
and 87.60% clay (< 2um).

Table 2 summarizes the chemical constitution of KHC as well as CKD and WGS samples. It is
evident that KHC is of low-grade type. It contains high SiO, and Fe,O3 contents with low Al,O4
as well as minor MgO, Na,O, K,O and CaO in decreasing order of abundance. Also, it contains
some SO and high CI'ion. This is confirmed by the presence of halite (NaCl) mineral, as shown
from the XRD patterns of KHC powder sample in Fig. (2). Furthermore, this pattern reflects the
occurrence of quartz and feldspar as non-clay minerals. Also, XRD patterns of the untreated,
glycolated and heated clay fraction of this sample indicate that it is mainly composed of
montmorillonite, kaclinite and illite clay minerals in descending order of abundance. This clay
mineral composition is characterized by an intense endothermic peak at 112°C due to the
removal of its interlayer water as shown on the DTA curve of KHC sample in Fig. (3). This is
followed by a weak endothermic peak at 272°C and intense one as endothermic reaction
peak at ~ 515°C. These refer to the dehydration of goethite [FeO(OH)] mineral and to the
dehydroxylation of clay minerals (Smykatz-Kloss,1974). The small S-shaped endothermic-

exothermic reaction peaks which take place at 849°and 908 C are due the complete destruction
of the clay mineral structure and its recrystallization. The latter peak is not accompanied by any
loss in weight, since it is a structural peak as shown on the TGA curve (Fig.3).

The chemical and mineralogical composition of CKD and WGS waste samples are revealed
from their chemical analysis data of Table 2 and XRD patterns of Fig. (4). It is found that CKD is
predominately composed of portlandite [Ca(OH),] and calcite [CaCQOs] minerals as well as
subsidiary minerals; namely, sylvite [KCI], halite [NaCl], quartz [SiO;] and larnite [Ca,SiO4).
Hence, its chemical analysis data show CaO, SiO,, K,0, AlLOs;, Fe,05; Na,0 and MgO in
descending order as well as too much contents of SO, (4.80%) and CI" (4.30%). On the other
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hand, WGS sample is rich in SiOp, Na,O and CaO with some Al,Os, Fe,03 and MgO. These
oxides exist as major quartz [SiO;] mineral in additon to minor phases of stilbite
[Ca,AlsSiys0as(14H,0)], gonnardite [CaNasSisAlO20(7H,0)] and ussingite [Na,AlSi;Og(OH)].
Furthermore, as clarified from the chemical composition of the materials used that the fired
articles from the different batches may give constituents fall within the ternary phase diagram of
SiOZ-A!an-CaO.

Mineralogical Composition of the Fired Articles

It is worthy to note here that T1 articles are densified on firing up to 115000, without any
changes in their shapes due to partial melting. While, T2 as well as T3 articles are densified up

to 1125°C and those of T4 up to only 1100°C. The shape of these articles (T2, T3 & T4) is
changed above these temperatures due to their partial melting and over firing. This is mainly
attributed to the high content of the alkali Na;O and K;O oxides in the fired T1-T4 baiches (8.7-
10.5%) as demonstrated in Table (3).. From this table, it is also evident that with the increase of
WGS from T1 to T4 batches at the expense of CKD content, Na,O content is increased from
5.40 to 8.60% at the expense of K,O decreasing from 3.30 to 1.90%. Thus, the total Na,0 and
K,O consequently increased from 8.70 to 10.50%. This construe the lowering of the partial
melting temperature, i.e vitrification of the fired articles from batch T1 to T4.The intensive fluxing
effect of Na,0 and K,O is also responsible for reducing top temperature maturing (kingery).
Table (3) also illustrates the increase of SiO, content from 43.90 (T1) to 49.90% (T4) with
simultaneous decrease of the CaO content from 25.50 to 17.70% due to the -gradual in¢rease of
WGS addition at the cost of CKD from T1 to T4. Accordingly, the molar Ca0/SiO, ratio, i.e.
basicity of these batches is gradually decreased from 0.62 in T1 to 0.38 in T4. Meanwhile, the
AlLOs;, Fe,05 and MgO contents exist at more or less constant levels of 12.50, 6.00 and 3.20%,
respectively. These data indicate that on increasing WGS at the expense of CKD from T1 to T4,
gradual decreasing of C/S molar ratio and increasing of total alkali content occur.

Figures (5-8) exhibit the XRD patterns of the articles which didn’t suffer from the partial melting
and processed from the four bathes (T1 to T4) after firing between 1075° and 1150°C with an
interval of 25°C. At 1075°C, all articles show a-wollastonite [CaSiOg], gehlenite [CaAl,SiO7],
augite [Ca (Fe,Mg)Si,Og], merwinite [Cas Mg (SiO4),] and residual of unreacted quartz [SiOy)].
These phases are consistent with the neomineralization of Jordan et al. (2001).0n increasing
firing temperature up to 1150°C in T1, up to 1125°C in T2 and T3 as well as up to 1100°C in T4,
significant increase of the amount of augite, which has lower C/S molar ratio (0.50) occurs with
gradual diminishing of the phases having higher C/S ratio; namely gehlenite (2.0), merwinite
(1.50) and wollastonite (1.0). The coexistence of these phases together with some unreacted
SiO, at 1075°C indicates that they are metastable phases formed at unequilabrium conditions
(Gonzalez-Garcia et. al, 1990). Moreover. when the temperature increases to 800°C CaCO;
decomposed to CaO and the latter reacts with quariz as well as AlLO; and Si0O, of the clay
leading to formation wollastonite and metastable gehlenite (Tjerk, 1970). On further increase in
temperature, gehlenite and merwinite contents diminish in intensities and augite appears
(Jordan et. al, 2001). On rising firing temperature from 1100° to 1150°C with 4 hours soaking
time, higher contents of liquid phases is expected to form in such batches containing high
contents of alkali oxides and other fluxing oxides; namely, CaO, MgO, Fe;0s. The existence of
fluid phases enhances the reaction kinetics and increases the chemical communication
between the reacting phases (Riccardi et al., 1999). Hence, this accelerates diffusion of all of
the coexisting ions leading, on heating and/or cooling, to crystallize augite as a major phase at
the cost of the metastable gehlenite, merwinite, wollastonite and quartz phases. The C/S ratio of
augite (0.50) exists as intermediate value between those of the fired batches (0.38-0.62).
Therefore, the amount of augite is intensively increased at the expense of gehlenite, merwinite,
wollastonite and quartz phases which are greatly diminished on firing up to 1100°- 1150°C.
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Fig. 4. X-Ray Diffraction Patterns of the Waterglass Sludge (WGS)
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Table 3. Batch as Well as Chemical Composition of the Fired Batches on Calcined Basis

Batch . ” . .
Chemical composition on calcined basis, %
Batch | composition, % P °
KHC CKD WGS | SiO2 | AlLLO; | Fe,0; | CaO | Mgo | Na,0 | K0 | ©/S
m.ratio
T 50 40 10 | 43.90 | 12.50 6.20 | 2550 | 3.30 | 540 | 3.30 0.62
T2 50 35 15 | 45.90 | 12.50 6.00 | 2290 | 3.20 | 6.50 | 3.00 0.54
T3 50 30 20 | 47.90 | 12.70 590 |20.20] 3.20 | 7.60 | 2.60 0.45
T4 50 25 25 | 49.90 | 12.60 5.80 |17.70 310 | 860 | 1.90 0.38
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Physical and Mechanical Properties of the Fired Articles

Figure (9) shows the effect of firing temperature on the properties of the fired articles by means
of water absorption (WA), compressive strength (CS) and loss in weight (LIW) due to acid attack
(%). It is clear that WA and LIW decrease with parallel increase of CS on rising firing
temperature. This is mainly attributed to the increase of densification rate by the developed
liquid phase. As the firing temperature increases, the liquid phase content is consequently
increased leading to gradual closing of open-pore structure of the fired articles. The gradual
decrease of open porosity also leads to decreasing the rate of attack on the articles by
the absorbed acid with simultaneous increase of their CS (O'Farrel et. al, 2001). Therefore,
minimum values of WA and LIW with maximum CS occur in all articles at their maximum
firing temperatures. These temperatures are lowered from 1150°C in T1 to 1125°C in T2 & T3
and only 1100°C in T4. This is related to the increase of liquid phase formation from T1 to T4
due to the increase of their content of alkali oxides and other fluxing oxides in this direction. Too
large proportion of fluxes, in the fired body, is one of the primary causes of increasing the
fusibility and premature failure of some bricks at lower temperatures (Doremus, 2003).

Table 4 summarizes the minimum WA and LIW as well as maximum CS values obtained for the
selected articles as determined according to the ESS 41:1986 and ASTM C32-93 (2000). These
data are compared with the limits given by the applied standards. 1t is evident that there is a
close agreement of the values of all properties determined according to the Egyptian (41:1986 )
and American (C32-93 ) Standards. It is also found that, the articles of T1, T3 & T4 fulfill the
limits outlined by both of ESS 41:1986 and the ASTM C32-93 (grade SS) for water absorption,
loss due to acid attack and compressive strength. Although, T4 articles have the privilege
properties (least WA and LIW), but it considered a critical from industrial point of view. So,
articles of batch T3 at 1125°C deserve to be the superior one.

QUALITY ASSESSMENT

As shown from the visual inspection of the successful fired articles which meet the applied
Egyptian (ESS 41:86) American (ASTM C32-63) standard specifications that, they have a deep
brown color, smooth surfaces and sharp ends and faces free from any type of cracks.

Table 5 demonstrates a debate between the properties obtained from the most congenial
articles (T3) from our study with corresponding of other national and international products.
This debate reveals that these articles, which were prepared from the most applicable batch
(T3) at 1125°C, have distinctive properties values compared with the other types.

CONCLUSIONS

1. From the above findings, the following primer conclusions can be drawn:

2. Both of cement kiln dust and waterglass sludge can be recycled in the production of
acid-resistant masonry units. The addition of 50% of these industrial wastes to 50%
of a low-grade clay leads to obtain dense articles after firing up to 11000-11500C.

3. The addition of 10-25% waterglass sludge at the expense of cement kiln dust leads
to increase the total alkali oxides content up to 10.50%. This decreases the
temperature of densification by the developed liquid phase to 11000C.

4. The fired articles are mainly composed of augite mineral show minimum water
absorption & loss due to acid attack as well as maximum crushing strength. The
values of these properties are superior to those of the nationally and internationally
produced articles.

5 Utilization of the studied wastes in the production of high quality acid-resisting bricks
achieves their environmentally safe disposal, production of useful products with high
quality at low firing temperatures and saving the natural feldspar minerals, usually
used as fluxing materials in such production.
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6. Articles of batch T3 that fired at 1125°C is the most applicable and comparable one

satisfying industrial aspects.
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Table 4. Properties and Firing Temperature of the Selected Articles as Compared
With the Limits Given by the Egyptian (Ess 41-1986) and American
(ASTM C32-93) Standards

Water Weight loss due Compressive
absorption to acid attack strength
Firing
Article temperature % % Kglem?
°c ESS ASTM ESS ASTM ESS ASTM
T1 1150 1.31 1.22 0.32 0.38 936 936
T2 1125 8.00 6.05 1.12 1.22 435 435
T3 1125 1.59 1.62 0.96 1.15 910 910
T4 1100 0.73 0.76 0.26 0.32 705 705
ESS 41:1986 < 6.0 <3.5 > 300
ASTM C32-93 ’
(grade SS) < 6.0 amn > 550

Table 5. A Comparison between Properties of Acid Resisting Bricks Produced Under
Oxidizing Firing Condition and the Present Articles of the Most Applicable

Batch (T3, 1125%)

Properties
Produced by Water Weight loss by Compressive
absorption acid attack strength
% Y% Kg/cm2
KEPCO Co., 1996
(Egypt) 5.50 2.80 660.00
Sowelam Co., 2000 4.20 3.00 350.00
(Egypt)
Kundan Co., 2_003, Class |, 200 1.50 700
{India)
Gunatit Co., 2003, Class |,
(India) 0.50 to 1.00 0.50 to 1.00 > 700
El-Mahllawy, 2004 0.35 2.00 561.00
(Egypt)
Present study, 2005
(Egypt) 1.59 0.96 910.00
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ABSTRACT

In typical design procedures, structural engineers neglect the presence of masonry infill panels,
and this is a result of the absence of an accurate and simple analytical model. One of the most
important reasons that lead to the complexity of modeling the masonry infill panels is the usual
presence of openings in these panels. The totally infilled frame with panels having no openings
is a rare case, while the general case is the frame having-panels with openings such as window,
door and air conditions openings.

Neglecting the existence of openings in infill panels while determining the seismic capacity of
R.C. framed structures will result in inaccurate estimation of lateral stiffness, strength, ductility
and seismic capacity of buildings.

In this study the masonry infill panels are modeled using macro-modeling technique. In macro
models, the infill panel is replaced by one or two diagonal struts (Holmes [1], Chrysotomou [2]
and Stafford Smith [3]). Properties of the struts are determined based on experimental data or
micro model (finite element) investigations. Macro models are computationally efficient and
suitable to study the overall structural response of the building. -

The objectives of this study are to propose a simple model for openings in masonry infill panels
that can be used in two-dimensional analysis. Also to find out the influence of presence of
openings in infill panels on the behaviour of R.C. frame buildings under seismic loading. So a
probabilistic study was held to investigate the efficiency of the new proposed model for
openings and to find out the influence of its presence on the lateral stiffness of masonry infill
panels and subsequently on the seismic capacity of R.C. framed structures.

Keywords: Masonry, Infill, Seismic, Probabilistic, Openings, Model

CASE STUDY

Macro-Modeling of Masonry:

The model used for the masonry infill panels in this paper is a macro model. Macro-models are
based on physical understanding of the behaviour of the infill panel as a whole. The macro-
models are efficient computationally for the analysis of large buildings with numerous structural
components. A macro-model can be implemented to simulate varying response effects resulting
from different design and geometry of structural components by controlling the parameters of
the model. The proposed analytical model assumes that the contribution of the masonry infill
panel to the response of the infilled frame can be modeled by replacing the panel by a system
of two diagonal masonry compression struts.
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Stress-Strain Relationship for Masonry

The stress-strain relationship for masonry in compression can be idealized as an increasing
polynomial function (Mander et al. [4]) until the peak stress (fm’) is reached for a given strain.
Then this is followed by a sudden drop of the stress value by increasing the strain representing
the brittle behaviour of masonry. After these stages the stress remains almost constant at this
value. The assumed constitutive model for the masonry struts is shown in Fig. 1.. Since the
tensile strength of masonry is negligible, the individual masonry struts are considered to be
ineffective in tension. However, the combination of both diagonal struts provides a lateral load
resisting mechanism for positive as well as negative directions of loading.

Lateral force Deformation Relationship

The lateral force-deformation relationship for the structural masonry infill pane! (Saneinejad and
Hobbs [5]) is a smooth curve bounded by bilinear strength envelope with an initial elastic
stiffness (Ko) till the yield force (Vy) and then a post-yield degraded stiffness (aKo) until the
maximum force (Vm). The corresponding lateral displacement values are denoted as (Uy) and
(Um) respectively. The monotonic lateral force deformation relation ship assumed for the
system of diagonal compression struts is shown in Fig. 2..

Probabilistic Study

The response of the building is calculated using the nonlinear analysis program IDARC2D
version 4.0 developed for reinforced concrete frame structures by Valles et al. [6]. However,
since both the ground motion and structural capacity are random in nature, a probabilistic
approach is more realistic for this problem. To determine the statistical characteristics of the
building response, the Monte Carlo simulation method is selected.

Building Configurations and Design

A twelve story building is selected for this analysis as a sample for high-rise building. In order to
study the effect of presence of openings in masonry infill panels on the seismic capacity of R.C.
framed structures, three various cases are considered. The cases considered are shown in Fig.
3.

Building is 20 x 25 m in plan with columns and beams spaced every 5 meters. A typical frame
in the building is designed according to the provisions of the Egyptian Code for design and
construction of concrete structures (2001). Concrete strength considered is 300 kg/cm2 and
steel yield strength is 4000 kg/cm2.

MODELING OF OPENINGS

As it was mentioned before, the dynamic analysis is performed using IDARC2D version 4.0
which is a computer software package specific for the inelastic damage analysis of two
dimensional buildings. Previous researches carried on infilled frames using similar 2D software
packages modeled openings in infill panels using the concept of changing the assumed
hysteretic model for infill panels by decreasing its thickness or compressive strength for
example. This way of modeling is unrealistic somehow as it is built on assumptions that can not
be easily proved. The influence of presence of openings on the lateral stiffness of the infill
panels is controlled by so many parameters such as location, size and shape of the opening
that can not be controlled by introducing one reduction factor to the strength or the thickness of
the masonry.

In this study, the assumed hysteresis model used in the IDARC2D was not altered but the
modeling is carried out using another and more realistic way. The openings were modeled by
creating real openings in the infill panels in the input files using the capabilities of IDARC2D
which enable the creation of real openings with their real dimensions, shape and location in the
infill panels.
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Modeling Procedure

In this model (ElSeify, M.O. [7]), creating real openings in the infill panels depends on using the
capabilities of the IDARG2D version 4.0 such as the ability to introduce both real and virtual
column lines, to control the beam connectivity and to control the infill panel connectivity.

As shown in Fig. 3., it can be noticed that frame F2 (Totally infilled with no openings) has only
5 column lines (J=1, 2, 3, 4 & 5) and all of these column lines have real columns. While frame
F3 (Totally infilled with door openings) has 13 column lines (J=1 to 13) of which five column
lines have real columns and the other eight lines are just virtual column lines having no columns
and will be used to divide the infill panels into three portions.

In Frame F3 column lines 1, 4, 7, 10 and 13 are real column lines spaced by 5 meters. While
column fines 2, 3, 5, 6, 8, 9, 11 and 12 are virtual column lines having no columns and will be
used to divide the infill panels situated between any 2 columns into 3 portions. This technique
enables creation of openings in the infill panels by removing one of the three portions.

During the beam connectivity procedure, any beam will be connected between the real column
lines which represent the columns (1, 4, 7, 10 & 13), so the bay between any two real columns
contains 1 beam. While during the infill panel connectivity procedure, the infill panels are
connected between any two successive column lines (1 fo 13) even though they are real
columns or virtual column lines, the bay between any two real columns contain one infill panel
which is divided info three portions.

So for example the bay between the two columns lines 1 & 4 at the first floor has the following:

2 columns on the column lines 1 and 4.

1 beam connecting between the 2 columns.

1 infill panel divided into 3 portions, the first portion is between column lines 1 and 2, the second
portion is between column lines 2 and 3 and the third portion is between column line 3 and 4.

A door opening in the infill panel which was created by removing the second (middle) portion of
the panel which is situated between column lines 2 and 3.

The width of the openings can be controlled by changing the distances between the virtual
column lines, while the height can be controlled by introducing virtual beam lines having no
beams. '

Verification of the Model

The mode! was verified by creating two files. In the first file, there were 13 column lines. The
infill panel was not divided into portions and was connected between the column lines having
real columns (1, 4, 7, 10 & 13). So the panel between any two columns contains 4column lines,
2 columns (left and right), 2 beams (up and down) and 1 masonry infill panels not divided into
portions. This is the case which exists in reality, as the infill panel is not divided into portions.
While in the second file, there were 13 column lines. The infill panel was divided into 3 portions
and was connected between all column lines, the ones having real columns (1, 4, 7, 10 & 13)
and the other virtual column lines having no columns (2, 3, 5, 6, 8, 9, 11 & 12). So the panel
between any two columns contains 4column lines, 2 columns (left and right), 2 beams (up and
down) and 1 masonry infill panels but divided into 3 portions. This is the case which helped in
creating openings in the infill panels and which needs to be verified.

Here in this procedure both buildings are totally infilled, the aim is to verify that introducing
virtual column lines and dividing each infill panel into 3 portions will not influence the seismic
behaviour of the frame F3.

The results which were represented in terms of overall damage index of the buildings and inter
“story drift were compared for the above two mentioned cases. The result of this comparison
showed 100% compatibility between the two cases.

ANALYSIS PROCEDURE

The performance of the structure is evaluated in terms of inter-story drift and damage index. To
predict the nonlinear dynamic structural response, the computer program IDARC2D Version 4.0
developed by Valles et al. [6] is used. The state of damage in the structure is predicted with the
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use of a damage index procedure. The Park and Ang [8] damage index which is already
implemented in the program is used in this study. Park and Ang damage index evaluates
damage in terms of energy dissipated and maximum drift. Value of the damage index is
calibrated using damage states from recent earthquakes. Table 1. shows the relation between
value of damage index and various damage states.

The use of actual earthquake records involves a number of difficulties because many of
available records are not free field time histories. Therefore in this analysis, an artificially
generated set of ground motion records is used to evaluate the response of the buildings.
Uncertainties in structural capacities are also considered through consideration of variability of
concrete compressive strength, steel yield strength and dimensions.

Generation of Artificial Ground Motion Records:

The artificial ground motion time history is generated using the Clough and Penzien [9] power
spectral density function for the ground acceleration.

2 2
1+44'§ 2 @
S, @)=S5 i ik 0
@)= 0
& 272 2 272 2
1|2 +4§§_w_ 1-| 2 +4§]%_C_O_
Dg Qg of wf

Where S, is the amplitude of the white noise bedrock excitation; @wg and @y are the frequencies

of the first and second filters, respectively. Finally, {g and ¢y are the damping of the first and
second filters, respectively. Table 2. represents the values for the mean and coefficient of

variation of @g and g proposed by Lai [10]. The value of @yis taken equal to 0.1@, and éris
considered equal to {,. Creating the artificial ground motion records is based on generating

random numbers representing @, and é;. using mean, standard deviation and probability
distribution for each parameter. Using these sets of random numbers, power spectral density
functions are generated using Eqg. 1..Then, the stationary acceleration time history is generated
based on the work developed by Shinzouka [11]. Finally, the time varying intensity of the
earthquake is modeled by muitiplying the stationary acceleration time history by a suitable
envelope function.

This set of ground motion records represents the soil site condition, and it contains 1000 ground
motion records scaled to different values of peak ground acceleration (PGA) (0.2g, 0.3g & 0.4g).

Uncertainties in Member Capacity:

The main sources of uncertainties in the member capacity are the variation between the
specified and the actual material strength and between the actual and design member
dimensions.

To consider the variability in the material strength, the approach of Mirza et al. [12] had been
followed. Mirza et al. proposed the use of normal distribution to model the concrete
compressive strength with a coefficient of variation 0.15 and a mean value given by:

£ = 0.675 f +7.59 < 1.15f (MPa) (2)

Where fc' is the nominal concrete compressive strength. The variability of steel yield strength is
modeled by a lognormal distribution with a mean value equal to 1.22 times the specified yield
strength and a coefficient of variation 0.107.

Uncertainties in member dimensions depend on the level of quality control during construction.
In order to take the uncertainties in member dimensions into consideration, the resuilts of Mirza
et al. [12] and Tso and Zelman [13] which are summarized in table 3. will be used.
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Summary of the Analysis Procedure

The analysis procedure in this paper is based on generation of 1000 artificial earthquakes as
shown in section (4.1). The uncertainties in earthquake ground motion were taken into
consideration. Also the uncertainties in structural capacity were taken into consideration by
preparation of various values for the random variables representing the material strength and
the cross-sectional dimensions. To determine the statistical characteristics of the building
response, the Monte Carlo simulation method was selected to combine various ground motion
records with various other random variables representing the structural capacity. The ground
acceleration time histories are scaled to different values of peak ground acceleration (PGA)
0.2g, 0.3g & 0.4g. Each frame (F1, F2 & F3) is subjected to the different generated earthquakes
(1000 run with PGA=0.2g, 1000 run with PGA=0.3g and 1000 run with PGA=0.4g) scaled to
various PGA considering in the same time the various values of concrete compressive strength
and steel yield strength. The performance of the structure is evaluated in terms of inter-story
drift, damage index and probability of excedence which demonstrates the percentage of slight,
minor, moderate, severe and collapse cases for each type of buildings.

ANALYSIS RESULTS

- The results in this study were presented in terms of inter-story drift, damage index and
probability of excedence which demonstrates the percentage of different damage categories
that occur for each building configuration.

Damage Index

Fig.4. compares the damage indices of the frames F1, F2 and F3. This comparison emphasizes
that at PGA 0.3g, the damage index was reduced from 1 in case of no infill (F1) o 0.6 and 0.5 in
the cases considering openings (F3) and totally infilled frame (F2) respectively.

So the reduction was 40% and 50% for the cases of frame F3 and frame F2 respectively. So it
is obvious that the presence of openings increased the damage index by 10% more than frame
F3 (totally infilled).

5.2. Inter-Story Drift:

Fig.5. compares the inter-story drifts of the frames F1, F2 and F3. This comparison shows that,
the inter-story drift was reduced from 15 in case of frame F1 to 5.2 and 4.2 in case of frames F3
and F2 respectively. So there were large reductions in the inter-story drifts corresponding to
65.33% and 72% in case of frames F3 and F2 respectively. It can be concluded that the
presence of openings in the masonry infill panels reduced the strength of the panels in bracing
the different types of buildings and this leads to the increase in the inter-story drift in case of
frame F3 by 6.67% more than frame F2.

Probability of Excedence:

Fig.B. represents the results of the probability of excedence analysis for ground motion records
scaled to PGA 0.3g. These results demonstrate that the percentage of buildings that collapsed
was 18% in frames F1, 8% in frames F3 and 5% in frames F2. The percentage of severe
damage was the highest in frames with no infill (82%), and it drops to 13% in frames with
openings and to 3% in totally infilled frames. Comparing the percentage of moderate damage in
both frames F2 and F3 gave an evidence for the influence of openings on decreasing the lateral
stiffness. 90% of totally infilled frames were moderate damage and this percentage dropped to
73% in frames with openings, and it nearly vanishes in non infilled frames.
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Table 1. Relation between Park and Ang Damage Index and Various Damage States

Range of - Damage State Appearance
Damage Index
0.0 No Damage Undeformed / Uncracked

0.0-02 Slight Damage Moderate Cracking
02-05 Minor Damage Severe Cracking
05-06 Moderate Damage Spalling of Concrete Cover
06-1.0 Severe Damage Buckled Bars — Exposed Core

>1.0 Collapse Loss of Shear / Axial Capacity

Table 2. Values Proposed by Lai [10] for the Mean and Coefficient of Variation

of wg and {,
Ground condition wg (hz) (g
Mean Co-efficient of variation Mean Co-efficient of
variation
Rock 425 0.398 0.35 0.391
Soail 3.04 0.425 0.32 0.426
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Table 3. Characteristics of Random Variables

Random Variables Distribution Coefficient of Variation
Concrete compressive strength Normal 0.15
Steel yield strength Lognormal 0.093 -0.17
Reinforcement area Normal 0.04
Beam height Normal 0.01
Beam width Normal 0.02
Beam depth Normal 0.02
Co!urﬁn dimension Normal 0.02

Masonry Stress

Compression

A&

A 4

Masonry Strain

Fig. 1. Constitutive Model for Masonry (Mander et al. [4])
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Fig. 2. Strength Envelope for Masonry Infill Panel (Saneinejad and Hobbs [5])
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Damage Indices of 12 floor buildings
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Fig. 5. Relation between PGA and Inter-Story Drift
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Fig. 6a. Probability of Excedence for Frame F1
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Fig. 6b. Probability of Excedence for Frame F3
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Probability of excedence in 12 floor Total infill buildings (PGA =0.3g)
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Fig. 6¢. Probability of Excedence for Frame F(2)
CONCLUSION

Since both the ground motion and the structural capacity are random in nature, a probabilistic
study was conducted to study the presence of openings in the masonry infill panels on the
lateral stiffnress of the panels and subsequently on the seismic capacity of R.C. framed
structures using nonlinear dynamic analysis. Different performance levels are defined for the
structure in terms of damage level. The structure response from the dynamic analysis is related
to the damage index, inter-story drift and probability of excedence.

A new model for openings in masonry infill panels in the two dimensional analyses using macro-
modeling was introduced and verified in this study. This model achieved high accuracy by not
changing the hysteretic model! of the masonry by proposing empirically reduction factors to the
strength or thickness of masonry as was done in previous researches. This model is based on
creating a real opening in the panel creating a real discontinuity at the real location of the
opening and with the same size and shape.

The influence of presence of openings in masonry infill panels was shown clearly in this study,
as presence of openings decreases the lateral stiffness of these panels which successively
reduces the seismic capacity of the R.C. frame. The position of the openings plays a big role in
decreasing the lateral stiffness of the infill panels, as positioning the opening in the middle of the
panels gives worst results. Also the size of the opening is very important factor in determining
the lateral stiffness of the infill panel, as the increase in the opening size leads to a clear
decrease in the lateral stiffness of the infill panel.

Finally, the presence of openings in masonry infill panels can not be neglected as they have

clear effect on the seismic capacity of R.C. framed structures as shown in this study.
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ABSTRACT

This paper investigates the effect of steel fiber (SF) on the behavior of high strength fiber
reinforced concrete (HSFRC) circular columns confined by spiral and subjected to monotonically
concentric axial load. Effects of key variables such as fiber content and concrete compressive
strength were studied. An experimental. program was conducted to achieve the required
objectives. Six columns with circular cross sections were tested under axial loads. They were
divided as follows: one column without fiber as a reference column, three columns were cast to
study the effect of fiber content and two columns were cast to study the effect of concrete
compressive strength. This paper highlights the effect of the studied variables on the gain of
core strength, confinement factor, (cracking, ultimate) load and ductility.

It was found that, Content of fibres has great effect on improving the behavior of (HSFRC)
circular columns. Steel fibres optimum content that affects most of the characteristics of
(HSFRC) circular columns is (0.5%).

Keywords: High Strength Concrete; Steel Fiber; Column; Ductility; Confinement.

INTRODUCTION

Technology of (HSC) has rapidly improved in as much as its significance but its known that
(HSC) is a brittle material and there is an adverse relation between strength and ductility. To
overcome this problem, fibers are used. This is due to its effect in delaying and controlling the
crack propagation, subsequently ductility will be increased.

Wafa, F. F and Ashour, S. A, (1) studied the mechanical properties of high-strength fiber
reinforced concrete using hooked-end steel fiber. It has been found that addition of 1.5 percent
by volume of hooked end steel fiber resulted in a small increase (4.6 percent) in compressive
strength .Hsu. L. S. and thomas Hsu, C. T. (2) studied the stress-strain behavior of steel fiber
high-strength concrete (HSC) under compression test. Empirical equations were proposed to
represent the complete stress-strain relationships for high-strength steel fiber concrete with
compressive strength exceeding 10000 psi (70 MPa).

Taerwe, L. R., (3) discussed the results of loading tests on normal, medium and high-strength
concrete (HSC) cylinders under axial compression. Special attention is paid to the descending
part of stress-strain curve, which is known to be very steep for high-strength concrete (HSC).
Adding steel fiber leads to a beneficial effect on strain-softening behavior and significantly
increases toughness, which is measured by the area under the stress strain curve.

Hassan, A. A., (4), studied the behavior of high-strength fiber concrete columns under
concentric loads and investigated the mechanical properties for fiber high-strength concrete
(HSC) specimens. Sixteen square column specimens were tested under axial loads. It has been
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concluded that the increase of fiber content led to an improvement in compressive strength up
to 9.75%.
Therefore, this paper highlights the behavior of (HSFRC) circular columns by using steel fiber.

MATERIALS

Local materials were used in concrete mixes and tested according to Egyptian Standard
Specifications (ESS) and American Standard of Testing Materials (ASTM).

Crushed dolomite as coarse aggregate was used with maximum size 19 mm, and the particle
shape is angular. Fine aggregate used in this research was natural sand and it composed
mainly of siliceous material. Ordinary Portland cement was tested to assure its compliance with
ESS 373-1991. Silica fume is an extreme fine pozzolanic material, also it was added to the
cement content to produce workable and high strength concrete. Also, super-plasticizer was
added, it is a powerful water reducing agent, it makes the possibility to produce self-leveling
concrete with the water content necessary to fully hydrate the cement particles. (SF) used in
this study is produced by cutting cold drawn high tensile deformed steel wire. The wire is of 25
mm length with crimped shape to have more contact surface (average crimped height 2.4 mm)
and circutar cross section (1.0 mm diameter). 1t is suitable for concrete composite because of its
higher strength characteristics, also it complies with ASTM A820. High steel deformed type of
16mm diameter for main steel and mild smooth steel type of 6 mm for stirrups were used.

CONCRETE MIXES PROPORTION

Six mixes were used as follows, one mix without fiber as a control mix, three mixes with
different contents of (SF) to achieve target cubic strength 70 MPa to study the effect of fiber
content on the behavior of (HSFRC) circular columns, and also to get the optimum content of
fiber.

These mixes are identical except for the volume percentage of fiber. For these mixes, the
cement content was 475 kg/m3 and the water cement ratio 0.31 by weight, 10% of silica fume by
weight of cement and 18.75 lit. super-plasticizer per cubic meter were also used.

Also two mixes were used to achieve target concrete compressive strength 55 and
85 MPa by using 0% and 15% of silica fume, to study the effect of concrete compressive
strength on the behavior of (HSFRC) circular columns,

Table 1. Concrete Mixes Proportion

Mix Cement Silica Fibres Dolomite Sand Water Super
No (kg) Fume | Content | = ) (kg) i) | Plast. (it
' g % (V)% g g '

M 1 475 10% 0 1225 612.5 143 18.75
M7 475 10% 0.25% 1225 612.5 143 18.75
M8 475 10% 0.50% 1225 612.5 143 18.75
M9 475 10% 1% 1225 612.5 143 18.75

M 10 450 0% 0.25% 1244 622 162 14
M 11 475 15% 0.50% 1225 612.5 143 18.75

* Sand / Dolomite = 1/2
* Water / (Cement + Silica Fume) = 0.31

DESCRIPTION OF TESTED COLUMNS

All columns were 200 mm in diameter and 1500 mm in length; the reinforcement bars were
uniformly distributed around the core perimeter giving a reinforcement ratio (2.56 %) of concrete
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section. The core diameter, D, was measured in relation to outside diameter of the transversal
steel and was kept as constant as possible with 180 mm diameter for columns, yielding a core
area equal to (72.2%) of the gross area of the columns. Steel forms were used in casting the
test column specimens. To avoid premature failure, the formworks of columns were hunched at
the ends.

Concrete was cast vertically in the forms, and was mechanically compacted using external
vibrator to ensure full compaction of concrete inside the forms. Table 2 and Fig. 1 show all
details of properties of tested columns specimens and all information concerning cube
compressive strength; f,, at the time of testing.

Table 2. Details of Properties of Tested Column Specimens

Specimens CR C1sf C2sf C3sf C4sf C5sf
Fibres Content (V)% 0.0 25% | 05% | 10% | 25% | 05%
Compressive Strength MPa 67.6 66.1 72.9 67.7 50.2 81.9
Variables Reference Fibres Content Compressive
, strength
Longitudinal ) 416
Reinforcement | Transverse Bmm@40 mm spiral
400
m—
B 5 [ @6/40mﬁ
MT— < 4;: /4@16 #6/40mm
200 \Eé / (::;23&16
200~
Z% SEC. (A-A)
=14 916
40 = @6/40mm 5
= - o
15004 |l 4 S
Eg E 6 /40mm
== 416
A '——400—%1
SEC. (B—B)

all dimensions in mm.
Fig. 1. Reinforcement Details of the Tested Columns Specimens
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TEST SETUP AND INSTRUMENTATION

The columns were tested by using 5000-kN AMSELLER Hydraulic Compression Machine. The
setup for each test consisted of installing the tested column specimen in a vertical position
between the machine heads. The machine heads insured that the load eccentricity was
maintained at all stages of loading, also head bearing plates were adjusted to prevent any
eccentricity from incorrect position or column head leveling. Fig. 2. shows a general view of test
setup. The tested columns were loaded to failure. For each tested column, the data recorded
were ultimate load capacity, concrete strains and steel reinforcement strains.

Strains were measured in the test zone of concrete for all tested columns specimens. The
vertical strain in concrete of tested column specimens was measured using Linear Variable
Displacement Transducers (LVDTs). The data from (LVDTs) were connected to Data
Acquisition System. The position of (LVDTs) is shown in Fig.3 ..

300

900

T

¥ all dimensions in mm.

Fig. 2. Test set up of Tested Columns Fig. 3. The Position of LVDTs

Longitudinal and transverse steel strains were measured by electrical-resistance strain gages.
Each column had two gages, one was placed in the mid height of longitudinal bar and the other
on the top of stirrup. All strain gages were placed before casting columns. Strain gages with
10mm length, and 120 ohms, gage factor (2.04) were fixed by using epoxy. A wax film was
layered on top of strain gage to protect it. All strain gages were placed facing the outside of the
column. The steel strain gages were connected to strain indicator device to obtain the steel
strains directly. The position of strain gauges on stirrups and longitudinal steel is shown in Fig.4.
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Fig. 4. Strain Gauges on Stirrups and Longitudinal Steel
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The specimens were placed between the machine heads and centered with its axis. Throughout
the test setup, care was taken to ensure that the applied load was as concentrically as possible.
The strain gages wires were then connected to the data measuring devices. Although a rigorous
procedure was followed for aligning the specimens, some eccentricities were unavoidable.
Before loading, zero readings of steel strains and vertical concrete displacement were recorded.
The pressure pump was activated and the load was applied gradually with load increment of
100 kN up to failure load. At each load value, total applied load, concrete vertical displacement
and steel strains were recorded. Due to the nature of the loading system, it was difficult to
obtain the complete unloading part of the load-deformation curves. However, an attempt was
made to manually control the machine in order to trace the unloading part of the curves to some
extent.

STRENGTH AND DUCTILITY MEASUREMENTS

Axial Strength
Two methods were used to evaluate the column strength. The first method is defined as the
ratio between the confined core strength .. and the unconfined concrete strength ., , based on
the concrete cube strength f,. It is called the effective confinement.

kc = f’cc/ fco

The second method is defined as the difference between the confined core strength, f.;, and the
unconfined concrete strength, .. It is called the gain of the confined core strength; -
Ao =fee - T

Column Ductility
Ductility is defined as the ratio of the axial strain of the confined core at a certain level of loading
in the descending part to the axial strain of the confined core at the ultimate strength, it is called
axial strain ductility ratio. Ductility measures based on the confined core stress-strain curves
have been used in this study. The strain ductility ratios were:

Ho.sspu = Go.spu/ Gec )

Mo.sopu = §o.50Pu/ Gec

Mo.ssr = Eo.est / §ec s and

Ho.sor = Sosor / Gee
Where:

Hosspy = AXial strains ductility ratio corresponding to £y gspy ;
Ho.s0ry = Axial strains ductility ratio corresponding to £o.50py ;
Hosst = Axial strains ductility ratio corresponding to £ogs¢; and
Hosor = Axial strains ductility ratio corresponding to &g 5or

Fig. 5. shows ductility measurements for concentrically — loaded column.
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Fig. 5. Ductility Measurements for Concentrically ~ Loaded Column
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COLUMNS TEST RESULTS
(Stress-Strain) Relations for Confined Core

Test results were recorded to plot stress-strain curves to establish the actual behavior of
confined concrete core for circular columns. Fig. 6. shows the relations between confined core

stress and core strain.

e O - -C1sf = «C2sf =~ - C3sf e CF — - - C4sf = = «Chsf
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= =
=
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Fig. 6. Typical Stress-Strain for Tested Columns

Table 3. summarizes the significant results obtained from stress— strain curves of the confined
concrete core for all tested columns. These results include the unconfined concrete stress fe,
which was considered to be 67% of the standard cube strength f.,.. The confined core axial
strain & at a confined core strength at 86% and 50% of the confined core stress of the
descending part, £0.85 and £0.50, respectively. These values were obtained from table 3. and
used to calculate the specimen ductility. The numerical results contained in same table indicate
that the core axial strains are more sensitive to the degree of confinement and the concrete
compressive strength than the core strength.

Table 3. Summary of Results for Tested Columns

Specimens CR Cisf C2sf C3sf C4sft Cosf
foo (MPa) Actual 67.6 66.1 72.9 67.7 50.2 81.9
Unconfined Concrete Strength
f.=0.67 f,, MPa 453 44.3 48.8 45.4 33.6 54.9
Confined Concrete Strength 729 779 86.0 79.9 532 1135
f.e MPa
écc 0.00224 | 0.00211 | 0.00379 | 0.00421 | 0.00411 0.0029
Confined Core Axial § 0.85Pu 0.0027 0.00278 | 0.00511 | 0.00577 0.006 0.00386
Strain  mm/MM
€ osopy | 00029 | 0.00206 | 0.00621 | 0.00711 | 0.00686 | 0.00438
& g 0,850 0.00271 | 0.00272 | 0.00504 0.0058 0.00592 0.0038
€ o501 0.0029 | 0.00295 | 0.00587 | 0.007 | 0.00661 | 0.00444 |
A Gain of Core Strength
fo= f,f,, MPa 276 32.9 37.2 34.5 19.6 58.6
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Longitudinal and Transverse Reinforcement Strains

Data of longitudinal and transverse reinforcement strains were recorded by using electric strain
gauges and data logger system. Fig. 7. shows the relations between load and longitudinal steel
strain. Strains measurements recorded for longitudinal reinforcement indicated that the steel did
not reach the yielding value at ultimate loads. Fig. 8. shows the relations between load and

transverse steel strain.
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Fig. 7. Typical Load- Longitudinal Steel Strain for Tested Columns
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Fig. 8. Typical Load- Transverse Steel Strain for Tested Columns

Ultimate and cracking loads

Transverse Steel Strain mm/mm

Table 3. shows the ultimate and cracking load for all tested columns. The recorded ultimate and
cracking loads for columns with concrete fibres are greater than that of the control column
without fibres for both types of fibres. The results show that the crack load varied between 86 to
93% of ultimate load for columns with concrete steel fibers. However, for the control column, the

crack load was 85% of the ultimate load.
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Table 4. the ultimate and cracking load for tested columns

Specimen CR C1sf C2sf C3sf Casf Chsf
fo (MPa) Actual 67.6 66.1 72.9 67.7 50.2 81.9
Ultimate Load (kN) Pu 2100 221 2480 2400 1640 3400
Cracking Load (kN) Pcr 1790 1990 2230 2060 14380 3160
Per/ Pu 0.85 0.90 0.0 0.86 0.9 0.93

Cracking Behavior and Failure Mode

The first crack strength of (HSFRC) circular columns depends primarily on concrete
characteristics rather than fibers parameters. After cracking, the effect of fibers initiate, they
carry the entire load and tends to prevent continuity and propagation of cracks. The cover and
core act as one part, therefore, they have the same stress behavior up to higher load levels
than (HSRC) columns. The cover efficiency has a better effect after cracking, more
deformations :

followed by buckling of longitudinal bars, then failure occurs in a more ductile behavior than
column without fibers. Columns with steel fibers have a better effect on the behavior of cracking
and failure mode than column without fiber. Fig. 9. shows crack pattern at failure of tested
columns.. :

Fig. 9. crack pattern at failure of tested columns

EFFECT OF TEST VARIABLES ON BEHAVIOR OF CIRCULAR COLUMNS

The observed results of experimental tests aimed to investigate the effect of adding steel fibers
on the behavior of (HSRC) columns. These show that the addition of any content of steel fibers
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in concrete matrix leads to a noticeable change in load-strain response of concrete especially in
the descending portion.

The ascending portion of load-strain curve changes slightly when compared with column
without fibers but the descending portion of load-strain curve changes tremendously. The slope
of the descending part decreases with increasing fibers content. With the addition of a
reasonable amount of fibers to the concrete, higher strength and ductility can be achieved.

The ultimate load is slightly increased when compared with reference column without fibers, i.e.
fibers had insignificant effect on ultimate load. Adding fibers increase the tensile stresses; but
ultimate load didn’t increase significantly as the failure was still mainly due to compression.
Fibers act as a confinement factor beside stirrups leading to an increase of the lateral
confinement.

Steel Fibers Content

For high-strength reinforced concrete columns with (SF), at first, the axial concrete strains
changes slightly compared with reference column without fibers. After cracking at (85 — 88%) of
ultimate load, the fibrous columns had higher deformations and there was an increase in axial
strains. This may be attributed to the increase of ductility due to addition of fibers.

Table 3. shows an expected ductility due to effect of adding steel fibers where, as the content of
steel fibers increases, the ductility of columns increases, then matrix were transformed from
brittle to ductile material.. By increasing fibers content from 0.0 to 1% , the increase in ductility
ratios were ranged from 13.2% to 31%. Also table 3. shows that, as the (SF) content increases,
strength increases up to fibers content (0.5%), then strength decreases for specimen with fibers
content (1% ). Increasing (SF) content from 0.0 to 0.5% caused an increase in gain of core
strength by 34.78% and effective confinement factor kc by 9.31%. This indicates that the (SF)
gives an additional confinement to columns.

Also table 4. shows that increasing (SF) content from 0.0 to 0.5% increases the cracking load
by (8.93%) while adding (1%SF), the cracking load was increased by (6.70%) only. The ultimate
load was, also increased by (9.52%) and increased by (7.14%) only respectively. The
relationship between stress-strain in vertical bars is shown in Fig. 7.. The Fig. indicates that
there was an increase in strains due to the effect of increasing fibers content. Fig. 8. shows that
the transverse reinforcement strains decrease as the (SF) increase due to the confinement
mechanism of (SF).

(SF) help transverse reinforcement in carrying the lateral confinement forces, i.e. the force
carried by the lateral confinement forces in (SF) concrete specimens was less for the
specimens without fibers.

Effect of Concrete Compressive Strength

Fig. 7. shows the effect of concrete compressive strength on deformation of columns. Concrete
compressive strength and deformability are inversely proportional. A lower strength concrete
column has large deformation under concentric loads than higher strength concrete columns.
The results indicate a consistent decrease in deformability with increasing the concrete
compressive strength.

Table 3. shows the strain ductility ratios, it has highlighted the fact that column ductility is
affected by concrete compressive strength. An increase in concrete compressive strength tends
to result in lower ductility. It can be concluded that as the compressive strength increase, the
ductility of column decrease.

Table 4. shows the effect of the concrete compressive strength on the ultimate load. Due to the
increase of concrete compressive strength, there was an increase in column ultimate load. For
steel fiber specimens, increasing compressive strength by 63.14% caused an increase in
column ultimate load by 92.54% and the gain in core strength was 198.97%.

Figs 8. and 9. show the longitudinal and transverse steel strains. The Fig.s show that there was
an .increase in longitudinal and transversal steel strains for low strength concrete columns
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compared with those of high-strength fibers concrete columns. This may be attributed to the
less observed deformation in (HSRC) columns.

CONCLUSIONS

The following conclusions were drawn based on the experimental results.

1. Content of fibres has great effect on improving the behavior of (HSFRC) circular columns.
Steel fibres optimum content that affects most of the characteristics of (HSFRC) circular
columns is (0.5%). It produces a gain of core strength by (34.78%) and ductility ratio
increased by (27.13%), also ultimate load increased by {9.52), but increasing (SF) content
up to (1%), has a best effect on the ductility.

2. The addition of any content of (SF) developed more vertical deformations in (HSFRC)
circular columns. So, concrete fibres leads to a noticeable change in load—strain response of
circular columns especially in the descending portion compared with column without fibres,
whereas the ascending portion modified slightly, but the descending portion modified
significantly. High-strength steel fibres reinforced concrete circular columns had large
vertical deformations and the basic characteristic of its load-strain curve modified
tremendously due to its crimped shape especially in the descending portion.

3. For (SF) circular columns with concrete compressive strength 60 MPa exhibited an
acceptable level of ductility. But, an increase in compressive strength by 41.52%, the
ductility ratio decreased by 22.28%, while the gain of core strength was 315% .

4. Strain measurement recorded for steel indicated that, for (HSRC) circular columns, the
strains in longitudinal bars and spiral stirrups were more than (HSFRC) columns, this could
be attributed to the fact that fibres act as a lateral confinement. So, strains in both
longitudinal bars and spiral stirrups did not reach the yielding value at ultimate loads.
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ABSTRACT

In this work, the effect of vertical stiffeners on the lateral stability of deep thin flanged I-shaped
beams was investigated. A mathematical model was established to compute the magnification
in the warping moment capacity when edge and intermediate vertical stiffeners were utilized.
Hence the magpnification in the beam moment capacity was determined as per the ratio of the
stiffeners torsional stiffness to the compression flange flexural stiffness. A proposed design
procedure for vertically stiffened deep-thin flanged I-beams was estabiished by substituting the
derived warping moment magnification factor in the nominal moment expression for buckling
" limit states of beams adopted in the ECP-LRFD. The proposed design procedure was verified
by the finite element method using the general purpose finite element program, ANSYS. A wide
variety of beams geometric dimensions was included in the analysis to cover both inelastic and
elastic warping limit states. Four types of vertical stiffeners were studied including plate, opened
angle, closed angle and box-shaped stiffeners. Material and geometric imperfections were
incorporated in the finite element analysis. The effect of using vertical stiffeners on moment
magnification of beams was assessed to encourage designers to account for their effect in the
design of deep-thin flanged beams and to select the suitable stiffeners configuration.

Keywords: Lateral torsional buckling, inelastic buckling, elastic buckling, torsion, warping,
stiffeners, imperfections, residual stresses, non-linear material behavior.

ELASTIC LATERAL TORSIONAL BUCKLING OF BEAMS

The elastic lateral torsional buckling moment of a perfect I-shaped beam with restrained ends
and subjected to uniform moment loading was obtained [1], [2] and [3] as the resultant moment
resistance of uniform torsion moment resistance M; and warping moment resistance, M,, as

follows:
M= MP + 042 (1)

The value of M; was computed by the integration of uniform shear stresses developed in the
beam section when subjected to twisting moment, whereas the value of M,, was determined
from the flexural shear stresses developed when the beam ends were restrained against
warping. The derived expressions for M; and M,, were given as follows [2] and [3]:

M, :-L”— EI, GJ (2)
U

2
n° E
My === [Cwly ©

U
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Where E is the young's modulus of elasticity, G is the shear modulus, L, is the unbraced length
of the compression flange, J is the I-section torsional constant, /, is the moment of inertia about
the beam weak axis of bending, Y axis (see Fig. 1) and C, is the warping constant. For }-
shaped sections composed of constant thickness plate elements such that the i" plate with
width b; at least ten times its thickness, {, the value of J was determined as follows {1]:

b; l‘l3
3

J=x (4)

For doubly symmetric |-shaped sections, the warping constant, C,, is proportional to the square
of the section depth, h and was determined as follows [3]:

thz

5 (5)

Cy

where /; is the moment of inertia of the flange about the Y axis (see Fig. 1).
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Fig. 1: Geometric Configuration of Vertically Stiffened Deep-Thin Flanged Beams

Neglecting the moment of inertia of the web about the Y axis, the expression of M,, presented in
Equation (3) can be re-written as follows:

2
MW=[” o Jh (6)
Ly

The warping moment resistance can be converted into a couple force equals to Py, = PLE/LS
times the beam depth h. Consequently, it was concluded that the warping moment resistance,
M,, is controlled by the out-of-plane flexural buckling strength of the compression flange. The
critical moment, M., is governed by the larger of M, and M, (see Equation 1). Neglecting the
contribution of the web in the moment of inertia of the beam about its minor axis of bending, the
value of M,, exceeds M; when the following relation is satisfied:

hb
S+ 080 7)
Lyty

Therefore, for shallow-thick flanged sections the torsion resistance exceeds the warping
resistance due to small values of h, and M, is mainly controlled by M, On the other hand, for
deep-thin flanged sections the warping resistance controls due to a pronounced C, that is
proportional to the square of the section depth, h. Hence, the lateral stability behavior of such
beams can be approximated by the out-of-plane buckling behavior of the compression flange
acting as a hinged-hinged column.
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MATHEMATICAL MODEL

Figure 2 illustrates the lateral torsional buckling mode shape for a vertically stiffened I-shaped
beam. Since the rotation of the beam section takes place about a point other than the shear
center, the out-of-plane deflection of the compression flange exceeds that of the tension flange
at the same location along the beam span. Consequently, the slope of the compression flange
elastic line at any section exceeds the slope of the tension flange at the same section and the
vertical stiffener is subjected to twisting moment resulting from the lateral torsional buckling of
the beam. Therefore, based on the above discussion, the lateral stability of deep-thin flanged
beams can be represented by the flexural buckling problem of a hinged column with length L,
equals to the unbraced length of the beam and provided with rotational springs (see Fig. 3) at
the location of vertical stiffeners. The moment of inertia of the column equals to the
compression flange inertia about the beam weak axis of bending. Neglecting the web
contribution to the stiffeners torsional stiffness, the rotational spring constant, R, was assumed
to be equal to the stiffeners torsional stiffness.
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Top view of Buckled Shape

Fig. 2: Lateral Torsional Buckling of I-shaped Beam
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Fig. 3: Modeling of Compression Flange of Stiffened I-Beams

Beams with Edge Stiffeners:

The lateral stability of deep-thin flanged beams with edge stiffeners was studied by computing
the elastic buckling load of a hinged-hinged column with rotational springs at both ends. Using
the neutral equilibrium method, the elastic buckling load was determined by writing the
equilibrium equation for the deformed configuration [3]. For a non-trivial solution, the elastic

buckling load was determined by solving the characteristic equation:

Where K=

Sm(Kguj:J(mu)gszemz Y

,_}_’g_
f

TN EI

R.= torsional stiffness of edge stiffeners.

The solution of Equation (8) can be obtained numerically by trial and error. However, an

approximate expression for the critical load, P can be determined as follows:

Where St

Je

anzle 9)
:T

Pcr

warping moment magnification factor.

‘:l+3tanh Ve } (10)

8+./7e
stiffness ratio of edge stiffeners.

(ReLuJ (1
Elf
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Using Equation (6), the warping moment resistance of deep thin-flanged beams with vertical
edge stiffeners can be determined as follows:

2
IrE
My=S7| =L (12)
L2
{14

It is to be noted that the warping moment magnification factor, S, computed by Egs (10) equals
to unity for R, = 0 to represent the case of an un-stiffened beam. On the other hand, for large
values of R, the factor Sy reduces to 4 to mimic the case of beams with clamped ends against
rotation about the Y axis.

Beams with Edge and Intermediate Stiffeners

The lateral stability of a deep-thin flanged beam with edge and intermediate vertical stiffeners is
analogous to the flexural buckling of a column provided with rotational springs at both ends and
at locations of intermediate stiffeners as depicted in Fig.3. It was assumed herein that all
intermediate stiffeners were equally spaced and dividing the beam span into n intervals (see
Fig. 3). The elastic buckling load of such column configuration was determined by writing the
equilibrium equation for each interval and compatibility conditions at both ends of each interval.
The critical load was determined by solving the characteristic equation obtained by equating the
determinant of the matrix of coefficients to zero. Similar to the case of edge stiffened beams, an
approximate mathematical expression for the numerical solution of the critical load was
determined as the product of the hinged column buckling load and the warping moment
magnification factor, Sy, given by the relation:

=2
Sp=|1+3tanh—te__ {HZ’—:} (13)
8+./7e 10

Where Y= ratio of torsional stiffness of intermediate stiffeners to the
flexural stiffness of the compression flange about Y axis.

= (Rl (14)
EIf

R;= torsional stiffness of intermediate stiffeners.

n= number of equally spaced intervals (i.e. n = 2)

It can be concluded from Equation (13) that adding an intermediate stiffener at mid-span (i.e. n
= 2) will have no effect on pronouncing the beam warping moment resistance since the slope of
the flange elastic line at mid-span is zero, hence the stiffener is not twisted and will not provide
any additional strength to the beam. The warping moment magnification factor, S; can be
substituted in Equation (12) to determine the warping moment resistance of deep-thin flanged
beams with edge and intermediate stiffeners.

Torsional Stiffness of Vertical Stiffeners:

The torsional stiffness, R, of stiffeners is defined as the twisting moment required for a unit
twisting angle. Table 1 lists the value of R for each stiffener configuration as per elastic theory
solution [4]. For each stiffener configuration, the ratio of the torsional stiffness, R, to stiffener
volume, V;, was also listed in Table 1.

it is evident from Table 1 that box and closed angle stiffeners are by far more efficient compared
to plate and opened angle stiffeners respectively. On the other hand, the effect of adding plate
or opened angle stiffener is almost identical as depicted by their R/V; values listed in Table 1
The ratio R/V; for box stiffeners is almost 70 times that of a plate stiffener whereas the R/V,
ratio of closed angle stiffener is almost 40 times that of an opened angle stiffener. This means
that the use of box or closed angles stiffeners provides the most economic means to increase
the moment capacity of beams using vertical stiffeners. Referring to Table 1, box stiffeners
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provide more economic solution compared to closed angle stiffeners as long as (1+Dh/bs = 2
h/a otherwise closed angle stiffeners will be more economic.

PROPOSED DESIGN METHOD

The nominal flexural strength, M, of non-compact deep-thin flanged beams with vertical
stiffeners can be computed as per the provisions of the Egyptian Code of Practice based on the
load and resistance factor design [5], ECP-LRFD, with the application of the warping moment
magnification factor, Sy, (Egs.(10) and (13)). The value of M, is computed according to the un-
braced length as follows:

For yielding limit states (L, s L, ):

M, = My (15)
-\ 2=2
Mp~=[Mp—(Mp—Mr)[Ar_liﬂ | (16)
M =My
Lp=| Ly +(Lp—Lyg) —2—E- (7)
otoon (2

For inelastic lateral torsional buckling limit states (L,' < L, < Ly):

Lu=Lp)
Mp=Cp Mp—(Mp~Mr)( 2L <My (18)

Lys—Lp

For elastic lateral torsional buckling limit states (L, > L ):
2
138047 )% | 207005/ (19)
My =Cp Sy +
dL, 2
T
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Table 1: Torsional Stiffness of Vertical Stiffeners

Type of Stiffener Torsional Stiffness, R R/V,
[4]
Plate
=
3 ts G
. Gby13 2
ls
G
4Gatc31 2
ta h
3h 3(;—)
La a
\P _‘_C/_.) .
Sr e [ 2672531 > 2
s = i) o 2Gf7b5ts (1+ /)
L J EIH (l "‘f)h £ bs
[ ]
| | tbs | |
Closed Angle
{ . ; G
r 3 { ¢ N Ga ' t, 2
| LS W {4
S - R4 a
Hze) Mzal
Where:
M, = plastic moment of the beam = Z, F, < 1.5 M,.
Zy = plastic section modulus of the beam section.
F, = yield stress of steel used in beam section.
M, = yield moment of the beam = S, F,.
S, = elastic section modulus of the beam section.
A = governing slenderness parameter, flange or web width-to-thickness ratio.
A = limiting width-to-thickness ratio for compact flange or web [5].
A = limiting width-to-thickness ratio for non-compact flange or web [5].
L, = maximum un-braced length for yielding limit state = 80 r,/(F,)"%.
Ly = modified maximum un-braced length for yielding limit states.
r, = radius of gyration about weak axis of bending.
L = maximum un-braced length for inelastic lateral torsional buckling limit state.
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X = 0104rrd
Af
Fr proportional limit stress

F,-07 t/em? Sfor rolled sections)
F,—1.16 t/cm” (for welded built-up sections)

oiwonononon

As area of compression flange.

d total depth of the beam

rr radius of gyration of compression flange and one-sixth the web about weak axis
of bending.

C, = bending coefficient to account for non-uniform moment diagrams [3].

Equations (15), (16) and (17) are used to determine the modified M, and L, to account for non-
compact flange or web plates. If both the flange and web plates satisfy the compact limit, A,
Equation (16) reduces to M, and Equation (17) reduces to L, On the other hand, if either the
flange or the web satisfies the non-compact limit, 4, Equation (16) will reduce to M, and
Equation (17) will reduce to L. Equation (1) was essentially based on the elastic lateral
torsional buckling moment (Equation (1)) with the application of the warping moment
magnification factor, Sy and bending coefficient, Cp. The flexural design strength of beams shall
be taken as the product of the bending strength reduction factor of 0.85 and the flexural nominal
strength given by Egs. (15), (18), and (19) and shall not be less than the applied ultimate
moment load.

FINITE ELEMENT ANALYSIS

Verification of Warping Moment Magnification Factor:

In this section the warping magnification factor, Sy, was verified by comparing the magnification
in elastic buckling moment obtained from the finite element solution to that obtained by the
proposed mathematical model. A finite element model for each beam configuration was
established using the general purpose finite element program, ANSYS [6]. All flange, web and
stiffener plate elements were modeled by the isoparametric finite strain shell element, Shell181,
built in ANSYS element library as depicted in Fig. 4. The beam was assumed to be simply
supported in the plane of bending with the compression flange laterally braced in the out-of-
plane at both ends. The beam was subjected to a uniform moment loading by applying a couple
force at both ends as depicted in Fig. 3. The moment magnification factor was determined from
the finite element solution as the ratio of the elastic buckling moment of the stiffened beam, My,
to that of an identical un-stiffened beam configuration, M,,. Figure 5 depicts the lateral-torsional
buckling mode obtained from ANSYS for an I-shaped beam provided with edge and
intermediate stiffeners.
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Fig. 5: Lateral-Torsional buckling mode Fig. 4: Finite Element Model for an I-
for an I-shaped beam with vertical shaped beam with vertical Stiffeners
Stiffeners

Elastic buckling analysis of beams with edge stiffeners

Based on the work presented above, the parameters that affect the elastic buckling moment of
an edge stiffened beam include: beam slenderness parameter, L/ry, ratio of warping moment
resistance to torsional moment resistance represented by the ratio, hb/L.t; and stiffness ratio of
edge stiffeners, 7. In order to verify the moment magnification obtained using the factor S; over
a wide range of beam configurations, the value of each of the above parameters was varied
independently within practical limits. The effect of stiffener shape was also investigated by
considering the four stiffener shapes depicted in Table 1.

The moment magnification factor, M,s/M,, obtained from the finite element solution was
compared to that computed using Equations (1), (2), (10) & (12) in Figs 6 to 9. Results indicate
that the proposed mathematical model provides acceptable results compared to the finite
element solution with maximum percentage difference of 3%. Figure 6 indicates that the
stiffener shape is ineffective as long as the stiffness ratio, 7 was kept unchanged. Both
mathematical and numerical results indicated that the change in moment magnification was
insignificant for large values of L,/rr when all other parameters were kept unchanged as
depicted in Fig. 7. However, for L,/ less than 90 the proposed mathematical method was
conservative compared to finite element results. On the other hand, the moment magnification
. was pronounced with the increase in 3, since the stiffeners provide more rotational restraint to
the compression flange as depicted in Fig. 8. The moment magnification factor computed by the
proposed mathematical model was in good agreement with finite elements results for hb; /L t; 2
1.5, however, for shallow beams with smaller values of hb¢ /Lt the proposed model was
conservative compared to finite element results since the magnification in the torsional moment
resistance is neglected (see Fig. 9).

:;Proiposed (Elastic)y - Fift;posed 7(7!nelasiig} Ij"Proposeicri (Elasg{c) =] Pr;iboseti (lnelasti?) &] FE(;Elastic)il FE(!Eelastié;;
‘_o FE(E!asﬁic)/ A Egj!nelas§[g) 140 41—
115 S—— — — S— S— . — —
1.08
112 - =2 & -
2 1.09 ol § 108
g 78 B — I 104
c 1.06 o 7 ) =
= A
1.03 4 ] 1.02 |
7 :
1.00 b — — 1.00 b
50 70 90 110 130 Plate OpenAngle  Closed Angle Box
Lufry Type of Edge Stiffener
Fig. 7: Effect of L, /rr on M,/M,, Fig. 6: Effect of stiffeners type on
Mns/ Mnu
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Elastic buckling analysis of beams with edge and intermediate stiffeners

The factor S; determined by Equation (13) was verified by comparing the moment magnification
factor, M.¢/M,, computed using Egs (1), (2), (12) and (13) to that obtained from the elastic
buckling finite element analysis. The number of panels, n, based on number of intermediate
stiffeners (see Fig.3) and stiffness ratio, y, of intermediate stiffeners were added to the
independent parameters describing the beam configuration. Each independent parameter was
varied separately over a wide range of practical values and the value of M,¢/M,, obtained from
the finite element solution was compared to the respective value determined by the proposed
mathematical model.

Comparison of results indicated good agreement between finite element and mathematical
model results with maximum percentage difference of 4.4%. Similar to edge stiffened beams,
the shape of intermediate stiffeners was insignificant for identical v; values (see Fig. 10). On the
other hand, the moment magnification was proportional to the parameters n, y. and y; as
depicted in Figs 11, 12 and 13 respectively since the warping moment resistance was increased
by increasing the rotational restraint provided by vertical stiffeners. Similar to.edge stiffened
beams, the finite element results were in good agreement with the proposed mathematical
model for L/rr = 90 and hbs /L t; = 1.5 as depicted in Figs 14 and 15 respectively. However, for
beams with smaller slenderness ratio L/fr and/or shallow beams with smaller hby /L.f; values
the proposed mathematical model was generally conservative with maximum percentage
difference of 4.4% compared to the finite element solution.

--— Proposed (Elastic) — - Proposed (inelastic) F:l Proposed (Elastic) M Proposed (Inelastic) B FE(Elastic) ® FE(meIastic)l
o FE(Elastic) a FE{Inelastic)
1.16
1.24
1.20 1.12 4
1.16 P 2
< 112 — = g 108
3 1.08 =
= 404 1.04
1.00 . l
0.96 : : T 1.00 4 o
3 5 7 9 Plate OpenAngle Closed Angle Box
n Type of Intermediate Stiffaner
Fig. 11: Effect of n on M,/M,, Fig. 10: Effect of type of intermediate

stiffener on M,s/M,,
Verification of Proposed Design Method

The design method presented above was verified by comparing the magnification in nominal
moment strength obtained by Egs. (15) to (18) to the magnification in inelastic buckling moment
M, obtained by ANSYS incorporating material and geometric imperfections. The adopted
geometric imperfection configuration was similar to the first Eigen mode of the perfect beam
(Fig. 5) with an amplitude equals to 1/1000 of the beam unbraced length. A non-linear stress-
strain relation [7] was adopted to account for residual stresses effect [3]. Loads were applied
incrementally using the arc-length method [6] and the converged solution at each load
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increment was obtained by iterations using the modified Newton-Raphson technique. The
analysis was terminated when the maximum moment capacity was reached.
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Fig. 13: Effect of  on M,/M,, Fig. 12: Effect of y, on M,s/M,,
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Fig. 15: Effect of hby/L t;on M,/M,, Fig. 14: Effect of L, /rr on M,/M,,

Inelastic buckling analysis of beams with edge stiffeners

Figures 6 to 9 indicate that the finite element results agreed well with the proposed design
method when material and geometric non-linearities effects were incorporated with maximum
percentage difference of 6.2%. Similar to the elastic buckling analysis results, the effect of
stiffeners shape on moment magnification, M,s/M,,, was insignificant as long as the stiffener
stiffness ratio, 7, was unchanged (see Fig.6). Figure 7 indicated that for large values of L /ry the
inelastic buckling analysis results were in good agreement with the proposed design method.
However, when L,/rr was reduced, the proposed design method was conservative since the
moment capacity was limited by yielding limit states as per ECP-LRFD design equations. The
moment magnification computed by the proposed design method agreed with that obtained by
finite element results and was proportional to y as depicted in Fig. 8. For large values of hbs
/Lt the elastic and inelastic buckling results for M,s/M,, were almost identical since elastic
buckling controls the behavior and were close to proposed design method results (see Fig. 9).
However, when hb; /Lt was reduced the proposed design method was conservative compared
to finite element results as indicated above.

Inelastic buckling analysis of beams with edge and intermediate stiffeners

Similar to the elastic buckling results, Fig. 10 illustrates that the effect of stiffeners shape on
Mns/Mpn, was insignificant when material and geometric non-linearities were introduced. Figures
11 to 13 also depict that the finite element results were in good agreement with the proposed
design method. The moment magnification was proportional to n, y and y as depicted in Figs.
11, 12 and 13 respectively. However, the inelastic buckling analysis revealed that for large
values of n, » or  the moment magnification was controlled by yielding and further increase in
n, ye Or y turned to be impractical. Similar to edge stiffened beams, the moment magnification
obtained by elastic and inelastic analysis was almost identical for large values of L,y and hb,
/Lt as depicted in Figs. 14 and 15 respectively. However, when the value of L,/rr and/or hb;
/Lt decreased the proposed design method was conservative as explained above.
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ASSESSMENT OF VERTICAL STIFFENERS EFFECT ON MOMENT
CAPACITY OF BEAMS

In this section, the effect of using vertical stiffeners was evaluated based on the moment
magnification, M,s/M,,, computed by the proposed design method (Egs. (15), (16) & (17)). Since
the factor M,s/M,, is dependent on many parameters including: torsional stiffness and number of
stiffeners, flexural stiffness of the beam compression flange, slenderness ratio for lateral
torsional buckling, width-to-thickness ratio of web and flanges, and ratio of warping moment
resistance to torsion moment resistance. Therefore, the effect of vertical stiffeners was
evaluated qualitatively by graphical representation of M,y/M,, by assuming practical values of
beam configurations.

Beams with Edge Stiffeners
Compact beams

Figure 16 depicts the variation of Mns/M,, with the un-braced length, L, normalized by the
limiting buckling length of the unstiffened beam [5], L (Equation 20 with S¢=1.0), for different
values of 7. The moment magnification, M,s/Mny, is proportional ta y, for all values of L/ln,
however, when L, s L, the use of vertical stiffeners was ineffective since the moment capacity
was governed by the plastic moment and M,s/M,, reduced to unity regardless to the value of e
The moment magnification, M,s/M,,, increases when L, increases from L, to L and reaches its
maximum value at L,=L,. However, when L, exceeds L, the moment magnification is reduced,
this is mainly attributed to the reduction in the ratio of the warping moment resistance to the
torsion moment resistance with the increase in L, and therefore the addition of vertical stiffeners
is less effective. Consequently, the moment magnification, M,s/Mnu, is proportional to the ratio
hby/Lt; (see Fig. 17) since the use of vertical stiffeners pronounces the warping moment
resistance that governs the lateral stability of beams with larger hbyL b value.

Non-Compact beams

When the width-to-thickness ratio of the beam flange and/or web exceeds the compact limit [5],
the full plastic moment capacity reduces to M, (Equation 16) to account for local buckling of
flange and/or web. On the other hand, the limiting unbraced length for yielding limit states
increases to L,' (Equation 17). Therefore, the use of vertical stiffeners is ineffective as along as
L, € Ly since the moment capacity is governed by flange and/or web local buckling in that
range. Similar to compact beams, the moment magnification, M,y/M,,, increases when L,
increases from L to Ly, and reaches its maximum value at L,=L,, as depicted in Fig. 18. Similar
to compact beams, the moment magnification is proportional to the ratio hb; /Lt

[C—rofLut=1.0 — - hbiLutf=1.§ — - hofiLuf=2] [ - 32025 = =05 — =075 —y=10]
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g R g o '//‘\\\._
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Fig. 17: Effect of hb;/L,trand y, on Fig. 16: Effect of 5, and L, on M,s/M,,
Ms/Mpy
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Figure 19 depicts the effect of the web slenderness parameter on M,y/M,,. It is shown that as
the web slenderness increases the maximum moment capacity of the beam, M,'is reduced and
bounds the ratio M,¢#/M,,. Therefore, it is concluded that there is a limiting value of vy, for each
beam configuration beyond which the increase in v, is ineffective. Consequently, flange and/or
web local buckling stipulates an upper bound on the moment magnification factor. However, for
Mps < My', the effect of flange and or web slenderness parameter on moment magnification
remains insignificant.

Beams with Edge and Intermediate Stiffeners
Compact beams

Since addition of intermediate stiffeners increases the warping moment resistance magnification
factor, Sy the moment magnification M,¢/M,, is proportional to stiffness ratio of intermediate
stiffeners y; and number of stiffeners as depicted in Figs. 20 and 21 respectively. Comparison of
Figs. 20 and 21 indicates that the effect of increasing the number of stiffeners is more significant
on moment capacity compared to increasing the stiffness ratio, y; with the number of stiffeners
unchanged.

Non-compact beams

The behavior of non-compact beams with edge and intermediate stiffeners is similar to non-
compact beams with edge stiffeners only. When the flange and/or web slernderness parameter
exceeds the compact limit [5], the limiting unbraced length for yielding limit states, L, increases
and the maximum moment capacity, M, decreases regardless to stiffeners configuration. The
moment magnification M,s/M,, is proportional to-n and y;, however, the former is more effective
as illustrated by comparing Figs. 22 and 23. Since the flange and/or web local buckling bounds
the moment capacity of stiffened beams, M, to My, there will be a certain limiting configuration
of intermediate stiffeners (i.e. 3 and n) beyond which the increase of stiffeners stiffness ratio or
number will be ineffective as depicted in Figs. 24 and 25. Such limiting configuration is
dependent on the slenderness ratio, L/, stiffness ratio of edge stiffeners, v, and the ratio
hbsL ;.
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SUMMARY AND CONCLUSIONS

In this work, the effect of vertical stiffeners on the lateral stability of deep-thin flanged beams
was investigated analytically and numerically. An expression for the warping moment resistance
magnification factor was obtained analytically by representing the stiffened beam compression
flange by a hinged-hinged column provided with rotational springs at jocations of vertical
stiffeners. A proposed design method for stiffened beams was established by introducing the
warping moment magnification factor into the nominal moment expressions for buckling limit
states of beams adopted by the ECP-LRFD. The proposed design method was verified
numerically by comparison with finite element results considering a wide variety of stiffened
beams configurations that cover elastic and inelastic buckling limit states.Four types of
stiffeners were incorporated in the analysis including: plate, opened angles, closed angies and
box stiffeners. Based on the proposed design method, it was recommended to use box shaped
or closed angles stiffeners since they posses the largest torsional stiffness with the least weight
of added material. It was concluded that the moment magnification is mainly dependent on the
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torsional stiffness and number of stiffeners used. On the other hand, the use of vertical
stiffeners is ineffective as long as the unbraced length is less than the limiting unbraced length
for yielding limit states. For compact and non-compact beams, the moment magnification due to
the use of vertical stiffeners is peaked when the unbraced length is equal to the limiting
unbraced length for inelastic buckling of the respective unstiffened beam configuration. For non-
compact beams, there exists a limiting stiffeners configuration corresponding to each beam
configuration beyond which the increase in stiffeners stiffness or number will be ineffective as
the moment capacity is limited by yielding and local buckling limit states.
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ABSTRACT

Soil-steel structures have been used successfully in constructing underground conduits of
medium and short spans. In the recent years, manufacturers of these structures in the United
States and Canada ventured into using this economic type of construction to replace the old
and deteriorated short-span concrete bridges. Under the conditions of long span and shallow
cover conditions, the surrounding soil may not be able to provide the required support for the
structure. As a result, the conduit tends to deform more freely, given rise to a considerable
increase in the bending moment under both the construction load and the live loads. As a
result, several cases of distress are observed in these structures. In this work, the fatigue
behavior of lap joints used in constructing the structure is studied. The effect of bolt
arrangement, steel sheet thickness and initial misalignments on the plastic moment capacity
and in the moment rotation is investigated. The study recommended a group of (S-N) curves,
derived from the least squares method of analysis, recommended for the design of the lap joints
under cyclic lading.

Keywords: Short Span Bridges; Fatigue strength, Fatigue tests, Lap Joints, Finite Element
Analysis, Corrugate Steel Sheets; Bolted Joints.

INTRODUCTION

A soil-steel structure derives its load carrying capacity form the interaction of highly flexible steel
structure with the surrounding engineering soil. Over the last five decades, soil-steel structures
have been used successfully in constructing underground conduits of medium and short spans.
These structures are built with different shapes (circular pipes, ellipses, pipe arches, arches,
and reentrant arches and under different ranges of soil cover (shallow and deep). These
structures are constructed from corrugated steel sheets lapped together using bolted joints to
for the required shape. In the recent years, manufacturers of these structures in United States
and Canada ventured into using this economic type of construction to replace old and
deteriorated short-span concrete bridges. The economic viability in using them for relatively
long spans in mainly dependant on the required minimum depth of soil cover, since any
increase in the soil cover will directly effect the construction cost associated with the amount of
backfill and the need for longer ramps. For this reason, attempts are made to build these
structures under the shallowest possible depth of cover to increase the structure economy. An
example of such conditions exists at the Cheese Factory Bridge, Located in Wellington County
Ontario, Canada which built in 1984, with depth of soil cover of 2 m [1]. Under the conditions of
long span and shallow cover conditions, the surrounding soil may not be able to provide the
required support for the structure. As the result, the conduit tends to deform more freely, given
rise to a considerable increase in the bending moment under both the construction load and the
live loads. Traditionally, the design of soil steel structures is based on compression theory, in
which it is hypotheses that the corrugated steel sheets are subjected only to compression. This
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assumption is considered to be accurate for structures under high depth of cover to radius ratio
having circular cross-section and backfilled carefully with well compacted engineering soil. To
account for the bending moment due to the conditions mentioned above, The Federal Highway
Administration in USA developed the computer package Culvert Analysis and Design CANDE
[2]. This package is using the finite element method in calculating the bending moment in the
corrugated steel and thus it can be used in the design. Also, in designing the corrugated steel
sheet no account is made for the effect of the lap joint in reducing the fatigue strength of the
connection. As a result several cases of distress are observed in these structures [3-5]. The
effect of the bolt arrangement on the lap joint moment capacity is studied experimentally and
correct and incorrect lap joint is identified [6, 7]. The correct lap joints are identified as those
where the bolts in the row closer to the visible edge of the corrugated sheet should be placed in
the valleys, and those in the other row on the ridges. Fig. 1 show the distress in the structure
due to the bending moment in both the correct and incorrect lap joints.

In this work, the fatigue resistance of the lap joint of the corrugated steel sheet is evaluated
experimentally as well as using finite element analysis. Different cases of sheet thicknesses,
bolt configuration and initial misalignments are investigated.

(a) Correct Lap {b) Incorrect Lap
Fig. 1. Observed Joint Cracks in the Corrugated Steel Structures

FATIGUE TEST SETUP

The corrugated steel lap joints are tested using INSTRON Machine in the University of Windsor
using the test setup shown in Fig. 2. The INSTRON machine consists of two major parts. The
first part is the loading frame with the actuator and the second part is the computer system
controlling load and displacement applied to the specimen. An additional steel frame is built
and is connected to the loading frame to allow for fixing the specimen. The specimen is
connected to the loading frame using bolted joints on either sides of the specimen. The
specimen is loaded using two line loads connected to the loading device. To prevent any load
concentration on the specimen surface, the surface of the line loads is having the same shape
of the corrugation of the steel sheet surface and rubber interface element is used between the
line load and the spacemen. Fig. 3 shows the steel frame used for fixing the specimen, the side
end connections of the specimen and the two line loads.
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Fig. 3. Tested Lap Joint and Loading Device

The setup described before is used to test a total of nine full scale correct lap joints. The tested
joints are having 3, 4 and 5 mm thickness. The specimen is curved having 750 mm radius and
995 mm overall length. The specimen width is 457.2 mm (three complete corrugations). The
joint is assembled using 18 bolts F 19 mm diameter, 6 bolts are used for the lap joint and the
remaining 12 bolts are used for connecting the specimen to the loading frame. The bolts are
having an edge distance of 35 mm and 86 mm for the bolt on the crown and on the valley
respectively. These edge distances are the industrial edge distance standard for the corrugated
lap joints. Torque wrench is used to tighten the bolts to 250 N.m (as recommended by Ontario
Highway Bridge Design Code). Fig. 4 shows the typical lap joint tested specimen. The typical
observed cracks at the bolt holes are shown in Fig. 5. The test result of the nine tested lap
joints is summarized in table 1.
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Fig. 4. Top View of Tested Joint (Correct Lap)

Fig. 5. Typical Observed Crack in the Tested Joints (Correct Lap)

Table 1. Fatigue Data of Corrugated Steel Lap Joint (correct lap)

Specimen | Lap Connection Type Plate (mr;f)k ness (MSpra) ( C;\::Ie)
CORR-31 Correct 3 110 | 2320000
CORR-32 Correct 3 135 500000
CORR-33 Correct 3 151 920000
CORR-41 Correct 4 112 | 1240000
CORR-42 Correct 4 146 470000
CORR-43 Correct 4 162 165000
CORR-51 ” Correct 5 136 530000
CORR-52 Correct 5 147 330000
CORR-53 Correct 5 170 100000
UNCORR-31 Incorrect 3 43 335619
UNCORR-32 Incorrect 3 73 27485
UNCORR-33 Incorrect 3 92 11545
UNCORR-41 Incorrect 4 35 1300000
UNCORR-42 Incorrect 4 555 120000
UNCORR-43 Incorrect 4 75 31875
UNCORR-51 Incorrect 5 37 977677
UNCORR-52 Incorrect 5 50 165400
UNCORR-53 Incorrect 5 91 12200
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FINITE ELEMENT MODEL

The multi-purpose finite element package ANSYS is used to analyze the corrugated steel lap
joints. The analyzed lap joints are having the same dimensions as the tested specimens. In the
analysis, the 4-Node shell elements are used to model the steel corrugated. sheet. The bolts
are modeled using three dimensional beam element. The bolt shank is modeled using 8 link
members connecting 8 nodes on the periphery of the bolt holes on one sheet to the respective
nodes on the other sheet. The total cross-sectional areas of the 8 links are equivalent to the
cross-section area of the bolt shank. Both the bolt head and nut are modeled using beam
elements connecting the nodes on the bolt holes periphery. Initial pre-tension is applied on the
link members representing the bolt tightening. The overlap surface between the two corrugated
steel sheets is covered with interface elements which would allow the separation between the
two surfaces, if they are subjected to tension. The lap joints are loaded using two line loads at
298 'mm distance. The load is applied using displacement control technique to allow for more
stable analysis during the post peak loading. Fig. 6 shows the lap joint statical system and
dimensions.

-—298 r'wr—>L898 mrvr—!*328 rapr—s=—

9S54 mm

Fig. 6. Model Dimensions and Statical System

The corrugated steel is made form St 36 with Elastic Modulus of 200,000 MPa, Poisson’s ratio
of 0.3 and Yield stress of 230 MPa. In the analysis, the steel is modeled as elastic perfectly
plastic material using von Mises failure criterion. The lap joint is considered to be simply
supported. To achieve that, hinges are installed on one side of the specimen at the mid-height
of the corrugation and rollers are installed on the other side. At the two sides of the lap joints,
the rotation and lateral displacement were restrained to represent the continuity of the
corrugated steel sheet. The finite element mesh is created and is refined at the location of the
bolt holes to allow capturing the high stress variation at this area. Fig. 7 shows the typical finite
element mesh used in the analysis. The model is loaded incrementally with maximum
increment 0.05 of the full load and the results of all load steps are stored for future use. The
analysis is conducted until the displacement at the load location reaches 60 mm (large
displacement span/16).
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Fig. 7. Finite Element Mesh Used in the Analysis

The finite element model described above was used to analyze a total of 30 joints. Different
corrugated sheet thicknesses of 3, 4, 5, 6 and 7mm were analyzed for the case of joints with
correct lap and the case of joints with incorrect lap conditions. Also, for the cases mentioned
above, three conditions were considered. First the condition of prefect alignment, second the
condition of having 2 mm misalignment and finally the third condition of 4 mm misalignment.
For all cases, the applied load, the resulting displacements, the stresses and strains were
calculated at each load increment of maximum 0.05 the full load step to evaluate the joint
behavior under all load levels until complete plasticity of the joint occurs. The finite element
model analysis is used in evaluating the stress concentration about the bolt holes for the lap
joints. Fig. 8 shows the maximum tensile stress in the corrugated steel sheets for both the
correct and incorrect lap joints. From the figure, it is clear that the incorrect lap joint
experiences larger zone of high tensile

AN

OCT 12 200% -
11:14:04 1

HODAL SOLUTION

sTER-1
suB -2
TIME= .1
/EXPANDED

stresses than the correct lap

(a)Correct Lap (b) Incorrect lap
Fig. 8. Stress Distribution in the Lap Joint
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Similar results, not shown here, are obtained for the maximum plastic strains which have an
important effect on the fatigue life of the joint. It is to be noted that some high tensile stresses
area is shown in the figure for both the correct and incorrect lap on the edges of the specimens
which is attributed to the boundary condition effect. The finite element analysis results are used
in evaluating the maximum stress and the maximum plastic strain around the bolt holes at every
load step. These resuits are used in predicting the fatigue life of the specimen under different
load levels. The low cycle fatigue concept is used in estimating the fatigue life crack. The
fatigue resistance of a smooth specimen subjected to completely reversed cyclic loading can be
characterized by Egs. (1) and (2) and four material parameters which relate the stress amplitude
(Ds/2) and to the fatigue life (2Ny) [8],

Ao ' b
7 = O’f (2Nf ) (1 )
Ae O : 2)
and ==L 2N, + &, QNg)°
2 E
Where: E = the elastic modulus
sfand b = the fatigue strength coefficient and exponent
ef andc = the fatigue ductility coefficient and exponent
2N¢ = the fatigue life of the smooth specimen

For steel ASTM A-36 mild steel the values of the parameters are , sf = 1,016 MPa; b = -0.132;
ef = 0.27 and ¢ = -0.451 [9,10]. In the presence of a mean stress (s,), Eq. (1) and (2) can be
modified by introducing a mean stress term to account for the mean stress effect on the
stress/strain-life relationships [11];

ézf—z(a; -o,) N;)° (3)
. 4
and %‘g—i—&i—c—‘ﬁ(mﬂ" +&; 2N,)° @

DISCUSSION OF RESULTS

The Experimental results are used to construct the S-N curve and to verify the finite element
results for the case of correct and incorrect lap joints under no misalignment conditions. The
verified finite element model is then used in constructing the curves for the other cases, correct
and incorrect lap joints under 4 mm misalignment.

Definition of Design S-N curve

The definition of the design S-N curves given in the department of Energy Guidelines was.
adopted in the analysis. The department of Energy Guidelines defines the design S-N curve as
the mean minus 2 standard deviation curve of the relevant experimental data [12]. For the
normally distributed population of given mean m and a standard deviation s, the m2s contains
about 95% of the population [13]. The design S-N curves were determined for the case when
log N is the dependant variable for the finer model.
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logN=A+BLog$S (5)
The design S-N curve is given by the equation

logN=A+BLogS-20,,y (6)

Analysis of Fatigue Data

The analysis of the fatigue test data, for the correct and incorrect lap joints with no
misalignments, is carried out using the least-squares method of analysis. The analysis is
conducted by assuming that log N is the dependant variable, such that the linear mode, log N =
A+ B. Log S is determined. Thus both the parameters A and B of the S-N curve are estimated.
Figures 9 and 10 show the S-N curves for the cases of correct and in correct lap joints. On the
same curves, the design S-N curve is also plotted. On the same curve, the results obtained
from the finite element analysis are also plotted. From the curves, it is clear that the results
from the finite element analysis correlate well with the mean S-N curve obtained using the
experimental results. This observation is valid for both the correct and incorrect fap joints. The
finite element method is used to analyze the correct and incorrect lap joints with 4 mm
misalignments. The finite element model results are used to construct the S-N curves for those
cases since no experimental results were available. Figures 11 and 12 show the S-N curves for
these cases. On the same curves, the design S-N curve is also plotted.

1000 T e e e 22
A Expermintal i
:1 Log(N) = 22.28 - 7.76 Log(S) + Finite Element |
e ! Mean S-N '
= 1 - - Design S-N 1
g 1==FF -2: -..\fp"‘%- A&
& 100 et L Ae o
o
o -
3 | Log(N) = 21.42 - 7.76 Log(S)
7]
10
10,000 100,000 1,000,000 10,000,000

Number of Cycles

Fig. 9. S-N Curve for Correct Lap Joint (No Misalignment)
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Fig. 10. S-N Curve for Incorrect Lap Joint (No Misalignment)
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Fig. 11. S-N Curve for Correct Lap Joint (4 mm Misalignment)
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Fig. 12. S-N Curve for Incorrect Lap Joint (4 mm Misalignment)

To conduct a comparison between the behaviors of different lap joints, the design S-N curves
for all the four cases are plotted in Fig. 13. From the figure, it can be observed that the correct
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fap joint with no misalignment show a superior fatigue strength over the other three other
connections. From the curve, it can be observed also that useing of incorrect lap, even with no
misalignment, causes a tremendous reduction in the joint fatigue strength. The effect of
misalignment in reducing the fatigue strength of the lap joint is also shown in the curve. This is
in the contrary to the reported lap joint behavior under static loading in which the results of static
loading on lap joints show that the joint misalignment and the use of incorrect lap has no effect
on the ultimate moment capacity of the joint [6].
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Fig. 13. Comparison between S-N Curves for Different Lap Joints Configurations

SUMMARY AND CONCLUSIONS

Fatigue tests on full scale corrugated steel lap joints are conducted on 18 lap joints. Of these
18 lap joints, 9 were of correct lap and 9 of incorrect lap. Al the tested joints were having no
misalignments. Also, stress analysis of corrugated steel sheet lap joint is conducted con 35
joints. Different lap joint configuration, plate thickness and misalignment level are considered.
The joints are analyzed using the multi purpose finite element package ANSYS. The material
plastic behavior is considered in the analysis using Von Mises vyield criteria and interface
element is used to allow the separation between the two metal sheet due to the tension caused
by the applied bending moment. The results of finite element model are used to evaluate
theatrically the fatigue life of the joints. The laboratory fatigue tests are used to verify and
substantiate the finite element model results. Both the finite element model results and the
laboratory test results are used to construct the design S-N curves for different lap joint
conditions. Specifically, the above study shows that:
1. The correct lap joint with no misalignment has a superior fatigue strength in comparison with
the incorrect lap one..
2. The lap joint misalignment causes a reduction in the fatigue strength of the joint.
3. The fatigue strength of the lap joint need to be considered in the design soil metal structure
under shallow cover condition and in soil steel structure with variable curvature like pipe
arches and reentrant arches. ~
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ABSTRACT:

The current seismic codes suggest that dynamic analysis should be performed in the principal
directions for irregular structures. However, they didn't give any guidance for their
determination. This can lead to relatively weak structural design in one direction. Therefore, the
paper discusses the effect of geometric aspect ratios on the principal axes of L-Shapes irregular
structures. Three basic models, having regular geometric plan, are chosen to conduct this
study.” They are -five, ten, and fifteen stories.- For each model, the first change is only in the
structure plan-configuration to form 15 cases of L-shape building. Then the later variation takes
place in the vertical configuration to form another 15 cases of L-setback buildings for each
assumed setback height of 0.2, 0.4, 0.6 and 0.8 of the original height. The total number of
studying cases is 225. Nonlinear Structural Analysis software and Statistical Software were
used during this research. Four numerical equations were developed to determine the
fundamental time period, and the principal axes for both L-Shapes and L-setback irregular
structures. These suggested equations have accuracy not less than 80%. It is observed that,
there is a significant effect on base shear value and consequently the straining action of the
structure members, when performing the dynamic analysis in the principal directions of the
building. Therefore, it is recommended to use these developed equations for helping the
structural engineer in performing accurate dynamic analysis.

Keywords: Irregular structure, Principal axes, principal directions, Seismic analysis, Dynamic
analysis, Nonlinear Analysis, L-Shapes buildings, L-setback buildings.

INTRODUCTION:

The design of buildings for earthquake loading requires an early and close collaboration
between the architect and engineer to arrive at the optimum structural design. One of the
greatest causes of damage to buildings has been the use of improper architectural-structural
configurations. Building configuration is an important characteristic that affects building
response. In a more complex T or L. shaped buildings, forces concentrate at the inside corners
created by those shapes. The earthquakes can severely damage those irreguiar buildings,
when transmitted through them, because the seismic forces often exceed the forces that the
structure can sustain. Therefore, the structural codes, Ref.(1,2,3,4,568&7), stated that, the
building configuration is a main issue in defining or selecting the method of structural analysis.

Irregular structures are defined as those having significant physical discontinuities in
configuration or in their lateral-force resisting systems. Irregular structures generally require to
be designed by the dynamic lateral fore procedures where a computer program is used to
mathematically model the building so the response of the structure can be studied at each
moment in time.

In all current codes, IBC-UBC- EUC- ECPLC Ref. (1,2,3&4), there is a lack of principal axes
identification for irregular buildings. They only mention the importance of principal axes on the
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structures behavior without any guidance on their determination. The scaled spectra approach
will produce a different input motion in each building direction, i.e., a different design base
shear. Therefore, the current codes dynamic analysis approach can result in a structural design
which is relatively weak in one direction.

If the structural engineer is allowed to select an arbitrary reference system, the dynamic base
shear will not be real, and each reference system will result in a different design. One solution to
this problem, that will result in a realistic design base shear, Ref. (8), is to tune the structure
plan. It is possible to convert the geometrically irregular structure to a dynamically regular
structure. Consequently, the structure will achieve adequate lateral- force resistance in all
directions.

The paper aimed at developing equations for principal axes of structures to help the structural
engineer in calculating the principal directions of irregular structures having L-shape or L-
setback geometric configuration. As a result the structural engineer could achieve the maximum
stresses & forces that would be applied on the structure elements, when applying the
earthquake loading excitations in the principal directions. Equations for fundamental time period
of these structures will be developed, as well.

THEORY OF STRUCTURAL PRINCIPAL AXES

Due to the lack of principal axes identification for irregular buildings, this research tries to create
phenomena to determine the principal axes of structures. It is based on the structure three
dimensional mode shapes, because they present the relation between masses distribution and
the lateral resisting stiffness systems. Therefore, the essential step of the proposed method is
the caiculation of the three dimensional mode shapes. Each mode shape can be considered to
be a deflection due to a set of static loads. Six base reaction forces can be calculated (Fx, Fy,
Fz, Mx, My, Mz). However, three base reactions are associated with each mode shape.

The current Egyptian code, Ref. 1., defines an “irregular structure” as one which has an irregular
geometrical shape or in which stiffness and/or mass discontinuities exists. As mentioned in Ref.
(8&9), the mode shapes of symmetrical structure are uncoupled and have displacement in one
direction. Therefore, a more rational definition is that a regular structure is one in which there is
a minimum coupling between the lateral displacements and the torsion rotations for the mode
shapes associated with the lower frequencies of the system. Therefore, if the model is modified
by studying the three dimensional mode shapes during the preliminary design phase, it may be
possible to convert a geometrically irregular structure to  dynamically regular structure.

It's noted that some three dimensional mode shapes tend to have directions that are 90° apart,
while, the others have different directions and large torsion component, i.e., torsion modes.
However, the directions associated with the pairs of the three dimensional mode shapes are not
mathematically unique.

It was suggested to use the direction of the base shear associated with the fundamental mode
of vibration as the major principal direction for the structure. However, the minor principal
direction will be 90° from the major axis, as shown in Fig. (1).

IRREGULAR STRUCTURES COMPUTER MODELS:

The study targets to obtain reasonable formulae governing the values of the fundamental
natural time period, as well as, the identification of the principal directions to L-shape, and L-
Setback geometric structural shapes.
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Yi

X

Fig. 1. Orientation of Principal Axes

Therefore, the paper discusses the effect of geometric aspect ratios on the principal axes of L-
Shapes irregular structures. Three basic models, having regular geometric plan, are chosen to
conduct this study. They are five, ten, and fifteen stories, with a plan consisting of four bays in
each X and Y direction. For each model, the height is assumed to be constant, while the change
will first vary in the structure plan-configuration, taking L-shape configurations to form 15 cases,
as shown in Fig. 2.. Then, the later variation takes place in the vertical configuration to form L-
setback buildings with different height, Hs, of 0.2, 0.4, 0.6 and 0.8 of the original height, as
shown in Fig. 3.. The total number of studying cases is 225

The P-delta effects were included in all structural models. The effect of including the P-delta
displacements in a dynamic analysis results in a small increase in the period of all modes in
addition to being more accurate. The masses of the structures of the control buildings are
estimated with a high degree of accuracy using the nonlinear structural analysis programs PC-
ANSR and SAP2000, Ref. 10&11.

Statistical analysis for Models data:

The SPSS Computer program, Ref (12), was used to perform multi-variable regression analysis
to get the correlation between the relative geometrical dimensions of the irregular structures and
their both natural time period, T, and the angle of principal axes, 6x. Further, a step wise curve
estimation regression analysis was also conducted to get the relation between the independent
parameters, the relative geometrical dimensions, and the dependent parameters T and 6x.

The values of the regression correlation coefficient (R? of the estimated equations for the
parameters, T and 6x, were found equal 99.9 and 79% respectively for L-shape structures. In
case of L-setback structures, the values equal to 99.4 and 81.7% respectively. Further, the
SPSS program was used in developing equations for both T and 6x as function of the geometric
aspect ratios of the irregular structures are as follows:
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Fig. 2. General Plan for L-Shape Buildings
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Fig. 3.: General Plan for L-Setback Buildings

For L-shape structures:
a- Time Period, T :

It was found that, there is a Linear correlation between the natural time period (T) of the L-shape
structure and the presented relative geometric dimensions, aspect ratios, presented in the
equation.
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T = 0.0013X]-'estimated (1)

Where:
Testimated = 0.528 x /ﬂ(b) +289xH

o (Tg) - 204><(—f7j2 +0.336 (_gf
+7.9x( j 17.5 % ( )+7758X( )3
+28x[ j 784x( )+ ( ]

L
+9X(Lj 27.02><(L) +14.55><(ij
R R R
f Y £y
+2822%| —|-1.64dx|—| +0377x|—
F F . F
f 2% £’
+424x| = |-4.16 x| —| +0.96 x|~
L L L
+0.473xt-0.066 x t? +0.003 x t°

+0.274 (_";1) 2)

b. Principal Axis Identification:

It was found that there is a Linear correlation between the measured angle 0x and the relative
geometric aspect ratios presented in Eq. 3..

(ij =0.259% [9 x]estimated (3)
H H
Where:
o X)estimated: 0.66 —0.053x% h’l(-é) +0.022 % E—J
H b F b
+0.069 x (5) ~0.15x h{-b—) (4)
b M

L- Setback Structures:
a- Time Period, T

It was found that there is a Linear correlation between the natural time period, T and the
presented relative geometric dimensions, relative geometric aspect ratios, Eq. 5..
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T = 0.0012 x Testimated (5)
Where:
Testmaed = 0.528 x In(p) +28.9x H + 0.1x Hs - 0.002 x Hs?

2 3
+3><(—b—)~2.0x(—b—] +O.336x[ b j
Hs H;s H;
2 3
+7.9x[-1:—j—17.5x(£— +11.68x(£j
M M M
2 3
+2.8><(—L~)—1.8x(—£) +O.3><(—~L~—j
Hs Hs H;
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+9x 1J—]—21.02>< £ +14.55x% ——L—
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t tY AN
+2.522x(——)—1.64x(—] .+O.311x(——]
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t tY Y
+4.24x(——J—4.16x(——) +0.96><(——
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+8.12x(£{—§}—18.17x(§—s—) +12.13x(—}—15j
H H H

+0.473%1—0.066% > +0.003x £* +O.274x(ﬁt—) (6)

S

b- Principal axis identification :

It was found that there is a quadratic correlation between the measure of the angle 8 and the
relative geometric dimensions in Eq. (7).

(_‘?_ij =-0.0251x (gx—j +0.1223 % (@C—) (7)
H H H

Where:
(9 xjestimated - e-o.4gx(f{;—j 4 8”0'735{1?) L o0.089xHs
. e~0A89x(§:) ) e—l.28x(%) .
APPLICATION

Two L-shape and two L-Setback buildings were used to check the accuracy of the developed
equations. The first building is a six- stories L-shape building with a total height, H, equals 18m
with equal bays of span 3.0m each. The second is a twelve stories L-shape building of height
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equals 36 m with equal bays of span 5m each. The third example is the same as the first
building, but with a setback height, Hs, of 3m. The fourth example is the same as the second
building, but with a setback height, Hs, of 6m.

Three dimensional computer models were created for each building in which all structural
elements are modeled, considering the P-delta effect. The directional and torsional properties of
the mode shapes were used to improve the design. As mentioned before, the structure should
have a minimum amount of torsion in the mode shapes associated with the lower frequencies of
the structure, Ref. (8 ,9 &13).

L-shape Buildings:

Table 1. shows a comparison among the values obtained from the developed equations for the
natural time periods concerning the L-Shape buildings, and those obtained from the computer
model and the values of the time period recommended by the UBC 1997 & ECPLC, Ref. (1&3).
In addition, table 2. shows the actual values of the angles of orientation of the principal axis with
respect to the original X and Y axes. '

L-Setback Buildings:

Table 3. shows a comparison among the values obtained from the developed equations for the
natural time pericds concerning the L-Setback buildings, and those obtained from the computer
model and the values of the time period recommended by the U.B.C 1997 & ECPLC, Ref.
(1&3). In addition, table 4. shows the actual values of the angles of orientation of the principal
axis with respect to the original X and Y axes.

Table 1. Estimated Fundamental Time Period for L-Shapes

Time Period (T) (sec.)
CASE Computer Developed code
Analysis Equations
6-Stories bldg 0.635 0.63 0.63
12-Stories bidg 1.29 1.26 1.1
Table2. Estimated Principal Axes for L-Shapes
Oy ( Degrees)
Case Computer Developed Code
Analysis Equations
6-Stories bldg 1.34 1.2 Undefined
12-Stories bidg 2.33 2.77 Undefined

Table 3. Estimated Fundamental Time Period for L—Setback’ ’

Time Period, T, (sec.)
CASE Computer Developed Code
Analysis Equations Recommendations
6-Stories bidg 0.56 0.63 0.637
12-Stories bldg 1.206 1.26 1.16
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Table4. Estimated Principal Axes for L- Setback

Oy, ( in degree)
Case Computer Developed Code
Analysis Equations
6-Stories bidg 9.4 10.6 Undefined
12-Stories bldg 17.68 18 Undefined

From studying Tables (1,2,3,4), It is obvious that the developed formulae obtain accurate
values, as if a three dimensional dynamic analysis has been applied for the structure. It should
be noted that the values presented by the developed equations depend on the relative
geometric aspect ratios of irregular structures. In other meaning, the equations clarify how far
the relative geometric aspect ratios of the structure could affect its dynamic behavior.

The Effect of Principal Axes on Structures Dynamic Responses:

The four buildings, mentioned above, were undergoing a dynamic excitation in both original
axes and the obtained principal axes. Considering the 6 and 12 -stories L-shape buildings, the
recommended angle of orientation to be taken as an excitation angle for each structure was
taken equal to obtained Bx. In other meaning, the principal axes were observed by the computer
dynamic analysis to be at 1.34 and 2.33 degrees respectively. For 6 and 12 stories L-setback
buildings, the principal axes were also observed to be at 9.4 and 17.68 degrees respectively.

The response spectrum analysis was first performed in X and Y axes, i.e., the excitation angle
equals zero. Then, it is re-performed in the directions of calculated principal axes. The
presented charts, Figs (4&5) explain the great influence of tuning the structure in its principal
directions and the significant effect of entering the angle of excitation in the dynamic analysis
procedure on the values of base shear forces that affect the structure.
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Fig. 4. Base Shear (U1 - Excitation) for 6 -Stories L-Setback Bldg.
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CONCLUSION
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1.

he current seismic codes recommend that dynamic analysis should be performed in the
rincipal directions for irregular structures to avoid the relatively weak structural design in one
irection. After discussing the effect of geometric aspect ratios on the principal axes of L-
hapes irregular structures, the following items could be concluded:
The developed formulae obtain accurate values, as if a three dimensional dynamic analysis
has been applied for the structure, in addition, they clarify how far the relative geometric
aspect ratios of the structure could affect its dynamic behavior.
Determination the natural time period of the structure in the preliminary design case, by
substituting in the developed equation with geometric aspect ratios of the structure.
Identification of the principal axis using the proposed equations in the study allows the
structural engineer finding the angle of excitation to be taken into consideration while
performing the dynamic analysis process.
There is a significant effect of entering the angle of excitation in the dynamic analysis
procedure on the values of base shear forces that affect on the structure
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EFFECT OF CLAY SOIL DEPOSITS ON GROUND MOTION
CHARACTERISTICS AND ON STRUCTURE BEHAVIOR

Khaled Zaky Soliman
Dept. of Reinforced Concrete, Housing & Building National Research Center

Ahmed Thabet M. Farid
Dept. of Soil Mech. & Found. Eng, Housing & Building National Research Center

ABSTRACT:

Previous researches mentioned that many buildings, which were designed according to
international building codes, were severed or totally collapsed during earthquakes. They pointed
to the totally distinguish results in the behaviors and surviving of the same type of buildings that
located at different sites equally distanced from the epicenter. This research was conducted to
study the effect of clay soil of different consistency, and different height strata on the earthquake
properties, i.e., ground acceleration, time history, and spectra acceleration values. The SHAKE
91 and SEISMOSIGNAL computer programs were used during this study. Moderate and strong
earthquake records, with PGA ranges from 0.20 g to 0.35 g, were used in the analysis. SDOF
systems of different time periods were used to study the effect of soil-structure interaction on the
behavior of superstructure. It is concluded that the clay consistency and the height of the clayey
soil strata above the rock base layer have a significant effect on the earthquake properties. It is
also found that, the spectral displacement and base shear forces for SDOF systems were
varied, according to the fundamental time periods, by 50% to 230% compared to rock stratum.
Finally, the soil deposit under structures was found having great effect on the earthquake
properties as well as the behavior of superstructure. It is recommended to consider a site
specific influence in design procedures in building codes.

INTRODUCTION

Amplification of seismic motions under different soil deposit can be significant, especially at sites
with clay soil conditions. As an example, the local site amplification effect were observed during
earthquakes1&2, the subsequent analysis of measured ground motions during these
earthquakes indicated that the spectral acceleration were amplified many times over adjacent
rock sites. For the approximately equally distanced sites from the epicenter, the same type of
buildings had distinguish results in both behavior and in surviving. The present paper attempts to
study clay soil conditions impact to the characteristics of the earthquake motions. The assumed
near surface geologic profile consists of clay deposits extending to about 150 meter depth.
Evaluation of both sites spectra and amplification influence for suggested different soil
consistency, and comparison with the base rock stratum is studied in this research. The effect
of clay soil on the characteristics of selected earthquake motions was carried out assuming
horizontally stratified soil deposits and vertically propagating seismic waves3. The soil properties
are varying with depth but remain constant in horizontal direction. Generation of acceleration
time histories, frequency content, Spectral accelerations, and amplification factor related to bed
rock were performed at different heights above bedrock, using SEISMOSIGNAL and SHAKE91
programs3,4&5. The structural response amplification of SDOF systems situated on clay soil
foundation was also investigated. The displacement time responses and base shear forces of
the SDOF systems were discussed under the selected earthquake motions. The control motions
have been specified at the bedrock as datum for the analysis. The zero period ground
acceleration for these earthquakes is assumed as 0.10g during this study.
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The recording data at soil surface normally reflect the seismic characteristics of the soil layers at
that site, therefore to obtain the response of any soil deposit the following items should be
studied:

1. Determination of the soil surface topography6.

2 Determination of the underlying rock configuration?.

3. Dynamic module and damping ratio properties of soil layers8,9,10 &11.

4. The characteristics of earthquake motions.

GROUND MOTION RECOREDS

Table (1) shows the selected ground motions used in this study. The earthquakes had peak
acceleration ranging from 0.20g to 0.35g. The two earthquakes records are normalized to 0.10g.
They are used to plot the spectral displacement curves for 5% damping. :

Table 1. Characteristics of Earthquake Ground Motions

EARTHQUAKE| DATEOF PEAK GROUND GROUND DURATION
RECORD |EARTHQUAKE|ACCELERATION|VELOCITY|DISPLACEMENT TIME
(% OF G) . |(MM/SEC.) (MM) - .

: (SEC.)

EL-CENTRO 05/8/40 0.348 334 124 55.76
ELC-S60E

TAFT 7121152 0.179 177 105 52.10
TAF-S868W

Soil Surface Topography

To conduct this study, two types of clay soil with different consistency and height strata were
used. The first one is a soft clay of plasticity index ranged from 40% to 80% with a bulk density
ranged from 17 kN/m3 at top soil surface to about 18 kN/m3 above bedrock layer. The shear
wave velocities range from 90 to 180 m/sec. The latter one is a stiff clay of plasticity index
ranged from 10% to 20% with a bulk density ranged from 18 kN/m3 at top soil surface to about
20 kN/m3 above bedrock layer. The shear wave velocities range from 210 to 330m/sec. The
depth of each type of investigated soil is 150m above the bedrock formation. The geotechnical
data regards to dynamic module and damping ratio properties were chosen from previous
researches 8,9,10,11 &12.

Dynamic Module and Damping Ratio

The geotechnical data of soft and stiff clay deposit with regard to dynamic module and damping
ratio properties dependences upon the strain level are shown in Figures 1 and 2.
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ANALYSIS METHODS

The effect of site conditions on seismic ground motions are usually interpreted to mean how the
waves from the underlying rock are affected by the geometrical and geological structures of the
softer surface deposits during wave’s transmission to the surface. Seismic loads on structure
situated on a soil deposit may be greater than those on the same structure standing on rock.
The effect of soil deposit on the earthquake time history acceleration, frequency content,
spectrum acceleration curves, amplification factor between bed rock and the top soil surface,
and Fourier amplitude will be discussed in the following:

Earthquake Time History

The selected earthquake motions are used as input motions at the bed-rock formation. The
acceleration time histories are then computed at the tops of all layers. Figures 3 and 4 show the
varying time history acceleration of earthquake wave propagation through soil layers from the
underlying bed-rock layer till top surface for soft and stiff clay deposits, respectively. From these
Figures, it is obvious that, the acceleration time histories had been filtered during passing the
soil deposit, i.e., they have larger zero peak ground acceleration (ZPGA) and long time periods
a‘t top soil surface.

Earthquake Response Spectrum

The response spectrums are plotted in Figures 5 and 6 for different soil layers. They give a
good indication of the potential effects of the ground motions on different structures. From
studying these Figures, the acceleration at zero time period was amplified by 40 to 50% for soft
clay and by 10 to 30% for stiff clay compared to the control motion at the bedrock. The spectral
accelerations ratios (amplification factors) between top surface and bed- rock are found
increasing till 4.0 times that for clay deposit in both ELC and TAF cases, as shown in Figure 7.

Earthquake Fourier Spectrum

As shown in Figures 8, the Fourier spectrum is a plot of amplitude versus frequency for soft clay,
stiff clay and bedrock. The Fourier amplitude spectrum illustrates the frequency content of the
motion. It appears that, there is a big difference in the amplitude for lower frequencies for both
soil types.
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Fig. 1. Shear Modulus and Damping for Soft Clay
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STRUCTURAL RESPONSE

In order to examine the structural response due to clay deposits, SDOF systems with
fundamental time periods equal to 0.5, 1.0 and 3.0 seconds were analyzed. . The used
earthquakes are the original records, Rock accelerogram, and the free field records generated
by SHAKE91 at 150m for soft and stiff clay deposits. The response time history of SDOF
systems were obtained by exciting their bases with the selected earthquakes. The displacement
time history for SDOF structure with 0.5 second fundamental time period and damping ratio
equal to 0.05 is shown in Figure 9. Tables 2 and 3 show the spectral displacement and the base
shear forces due to earthquake excitations. From these Tables, I is illustrated that, The
displacement time histories of SDOF systems were amplified by factors ranged between 50% to
230% comparing to bedrock foundation. As well as, the base shear forces have the same
behavior. Added to that, as the fundamental time periods increases, the spectral displacement
for SDOF systems are increasing while the base shear forces are decreasing.

CONCLUSIONS

The amplification of seismic motion under different clay soil deposits was found significant. The

effect of clay soil deposit of different consistency and different height strata on earthquake

properties was studied. The response of SDOF systems situated on clay soil foundation

amplified with increasing the thickness of clay soil deposits. The following issues could be

concluded as follows:

1. The amplification Spectrum between soil deposits on surface and bedrock reaches 4.50 to
5.00 times for soft and stiff clay, consequently.

2. The amplification value of control motion (ZPGA) at the bedrock is varying from 40% to 50%
for soft clay and from 10% to 30% for stiff clay.

3. The amplitude of the selected earthquakes increased for both soft and stiff clay deposit
compared to the bedrock case.

4. The higher amplitude values occurred for higher fundamental time periods in case of soft and
stiff clay deposits.

5. For both selected earthquakes, the acceleration time histories had long periods and larger
(ZPGA) at top soil surface.
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6. The displacement time histories of SDOF systems were amplified by factors ranged between
50% to 230% comparing to bedrock foundation. As well, the base shear forces have the
same behavior.

7. As the fundamental time periods increase, the spectral displacement for SDOF systems
increases while the base shear forces decrease.
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Table 1: Spectral Displacement, mm, for SDOF systems, Damping 5%, El-Centro and Taft

Earthquakes
Period T=0.50 T=1.00 T=3.00
(sec.) (sec.) (sec.)

Soil Elc. Taft Elc. Taft Elc. Taft
Bedrock 14.48 11.82 36.92 21.81 79.12 59.85
Stiff clay- 19.05 19.24 74.00 55.78 281.0 181.9
Surface

Soft clay- 24.8 17.93 56.00 40.79 223.7 199.4
Surface

Table 2: Base Shear, tons, for SDOF systems, Damping 5%, El-Centro and Taft

Earthquakes
Period T=0.50 T=1.00 T=3.00
Ton) Ton) Ton)

Soil type Elc. Taft Elc. Taft Elc. Taft

Bedrock 2.358 1.892 1.466 0.868 0.350 0.265

Stiff clay- 3.022 3.050 2.937 2.212 1.240 0.800
Surface

Soft clay- 3.915 2.846 2.220 1.620 0.987 0.878
Surface
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ABSTRACT

The principle of the Rotating Biological Contactor (RBC) was originated in the early part of the
century and today there are many thousands of units operating world wide. However, the RBC
has been plagued with mechanical deficiencies since its conception. This paper presents a brief
insight into some of the major mechanical defects associated with RBC's. These findings have
been documented as part of the largest mechanical survey of operational RBC units ever
undertaken. Having the benefit of a thorough understanding of the mechanisms and reasons for
mechanical failure, a new approach to designing RBC'’s is discussed. This has resulted in Water
companies and independent operators seeking a new generation of RBC with a guaranteed
operational life of twenty years. Furthermore, it displays the benefits of Academia working in
partnership with Industry to produce low cost, high quality equipment.

The manufacture of the ‘Cranfield’ designed RBC unit is undertaken by Copa Ltd. The design
offers a twenty year warranty and is currently supplied to a few of the major Water companies in
the United Kingdom. This warranty is unique within the United Kingdom Water Industry where
guarantees of 3 to 6 years have previously been provided by manufacturers of water industry
plant.

INTRODUCTION

The principal of the Rotating Biological Contactor (RBC) was first developed in the late 1920's
(Doman, 1929), however, it was not until the 1960's that the first commercial system was
installed in West Germany (Tchobanoglous, 1990; Gray, 1989). Thereafter, the popularity of
RBC'’s grew and they are currently operated worldwide. The RBC is primarily used for sewage
treatment in small communities, though it is now being used for larger treatment operations
(Findlay et al., 1998). They consist of discs attached together to form a media pack as illustrated
in figure 1. The polymer discs, also referred to as media panels, are held within an enclosed
basin, submerged by approximately 40% of the surface area. Wastewater passes through the
basin as the disks slowly rotate, at approximately 1 rev/min, exposing the biological growth
(biomass) alternately to the wastewater, and to the surrounding air. The RBC operates
continuously throughout its life, any break in operation will necessitate attention by the operator
to maintain imposed consent standards. Typically, a media pack consisting of a collection of
media panels, represents one stage of the treatment process. The RBC can consist of up to four
or even five separate media packs depending upon the population served.
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Figure 1 Typical Rotating Biological Contactor

Whilst it is recognised that the RBC is effective for sewage treatment, several Water Companies
in the U.K and abroad, have experienced mechanical failures well before their expiry dates. This
results in the user adopting an alternative treatment method and /or redirecting the sewage
liquor whilst the plant is out of operation, at an additional operating cost. An in-depth
investigation by the U.S Environmental Protection Agency (Brenner) into the design, operation
and maintenance of RBC’s, concluded that whilst improvements in the design of RBC’s can
result in more robust units, the loss of mechanical integrity of these units is common and
unpredictable. In a separate report Weston stated: "It is recommended that design engineers
should seek an RBC equipment warranty of sufficient duration and scope to protect the owner
from failure. It is the opinion of the authors that equipment manufacturers would eventually solve
the equipment problems.”

These findings were reiterated in the largest survey on the mechanical integrity of operational
RBC units ever undertaken (Mba et al.). Typical failures reported by Brenner and Mba inciuded
shaft breakage, stub shaft damage, media degradation and damage, media support structure
fracture and degradation, and bearing failure. Any one, or combination, of these faults will
require prompt replacement of the failed component.

Brief description of mechanical deficiencies associated with the RBC.

A mechanical survey of over two hundred and fifty operational RBC’s highlighted several
common mechanical deficiencies, which are detailed as:

I Shaft failure

Shaft fracture has been experienced on several RBC's, resulting in complete collapse of the
unit. This mode of failure is considered to be the most severe form of mechanical breakdown,
due to total replacement costs.

1. Media Support Structure failure

The RBC media support structure generally consists of between four to twelve equal segments
which are contained within a common frame, dependent on the size of the RBC. Each individual
segment is usually supported by three through rods attached at their ends to a supporting
structure. Fatigue failure of this structure has been experienced, particularly on the larger
RBC’s, see figure 2
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Figure 2 Damaged media support structure

Figure 3 Fractured ‘U’ strap

In addition, clamps securing the through rods to the supporting frame have in many instances
lost their clamping efficiency, as a result of inadequate design. In several instances this has
resulted in the through rod becoming loose and moving axially along the length of the rotor,
eventually catching the concrete or GRP basin/tank, resulting in major damage, see figure 4.
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Figure 4 Loss of clamping efficiency resulting from a fractured ‘U’ strap

i High density polypropylene media panels

Tearing, loss of rigidity and crumbling of these media panels are common and highlighted in
figures 5 and 6, depicting mechanical inadequacies in designs of media panels. Tearing
generally occurs in the region through which the support/through rods pass and is attributed to
Hertizan stress concentrations in the vicinity of the through rod hole. In addition, poor quality of
finish during manufacture results in the creation of jagged edges giving rise to stress
concentrations, which eventually lead to crack growth and tearing in this vicinity, see figure 7.

Figure 5 Tearing of high-density polypropylene media panels
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Figure 6 lLoss of media pack due to tearing of HD polypropylene media panels

Figure 7 Stress concentrations on the media panel

V. Inadequate locking of nuts and bolts

Looseness of nuts and bolts is very common on RBC's. A common form of locking is the
application of a nylon-locking nut, however, these have also been known to become loose. In
addition, where differing materials have been employed on the media support structure and
retaining bolts, plastic washers have been used to separate these materials in an attempt to
avoid galvanic corrosion. However, with time the plastic washers creep, leading to loss of
tightening torque, see figure 8.
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Figure 8 Loose clamping bolts

V. Others

Bearing failure are very common on RBC’s and can result in loss of operation for up to two
weeks, depending on severity. .

The most influential factor affecting the life of RBC units, particularly the shaft and media
support structure, is low frequency corrosion fatigue. Further details of the reasons of such
defects have been detailed by Mba et. al.

THE NEW DESIGN

It is shown that the evolution of mechanical design of RBC's has largely been directed by
economies of manufacture and operational requirements. However, the advances in the
mechanical design of the RBC supporting structure is largely influenced by overcoming known
mechanical deficiencies as well as increasing operational life. This section depicts the current
technology and practice of UK based manufacturers.

Before attempting to design any machine component, it is most important to understand the
mechanism by which the component is subject to force loading, and whether the loading is
static or cyclic. For example, on most medium size RBC'’s the media segment is supported by
three through rods, whereby each rod is reacted back onto the media support frame and held in
position by some form of end clamp. When establishing the magnitude of loading applied to
each of through rods per media segment, it is a common misconception to assume that each
through rods supports the same load and that the loading is constant. Unquestionably by
making such an erroneous assumption can result in premature failure of the through rod and rod
end clamp.

The actual load value is dependent on the type, size and orientation of the media corrugations,
moreover, the loading is “dynamic” resulting from rotation. For example, as the media emerges
from the liquor, draining off water has to be considered in addition to the biomass loading.
Furthermore, as the media segment re-enters the liquor the loading has now changed both in
magnitude and direction, thereby causing reversed cycle loading, which is an important factor
when selecting the size of through rod and rod end clamp design. By undertaking a finite
element analysis, it has been shown that as a consequence of the corrugations, one of the
three through rods will be subjected to a much higher load value, compared to the other two
rods supporting the same media segment. This is probably why tearing of the media in the
vicinity of the through rod hole always occurs at the one hole before progressing onto the next.
Identifying which of the through rods is subjected to the highest dynamic loading, and by taking
cognizance of the design employed for the media pack support frame, the size of rod can be
established.

However, it is important to acknowledge that for each rotation of the shaft, the through rod end
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clamp has to sustain both direct loading combined with bending couples, moreover, the
direction of the load experiences a 270 degree change in direction. This change in direction also
causes the through rod to rotate if the ends are not rigidly clamped. This phenomenon of rod
rotation has been observed on many RBC's. Therefore, the most efficient method of securing
the through rods to the media pack support frame is to offer clamping rigidity for the 270-degree
change in load direction.

Different manufacturers approach this problem in a number of ways. The approach embraced
by Cranfield University, is to provide a four point, line contact, method of support by employing a
double "vee biock” design illustrated in figure 9. Furthermore, the wall thickness of the through
rod has to be sufficiently rigid so as not to allow crushing of the tube wall, therefore the
tightening torque of the clamping bolts is also part of the design specification, together with the
axial length of the vee block. Best practice relating to the design of through rod end clamps is
govemed by the design of the media pack support frame, moreover, most manufacturers
acknowledge the loading pattern described above will give rise to bolt loosing. Therefore.
positive mechanical bolt locking is highly recommended. '

Surface protection of the through rod is also an important consideration when studying the
fatigue life. For example, galvanising can reduce the expected service life. This is because zinc
has a lower fatigue strength than that of hot rolled steel tubing and micro cracks in the zinc can
propagate into the steel substrate thereby reducing the expected services life.

Over the period of investigation experience has shown that all RBC components have
experienced fatigue failure, thereby suggesting that the designers have used inappropriate
fatigue data. To achieve a twenty-year operational life, with a biomass loading equivalent to
Smm thickness on the inlet media pack, the following design criteria have been proposed (Mba
et. al)

a. Stainless Steel should not be used on future RBC's.
b. Polymers must not be subject to compression or tension strengths above 4MPa.
c. Stresses within the frame and shaft must be subject to a limiting bending stress of 20 MPa.

Figure 9 Four point line contact ‘vee’ block

Furthermore, to combat loss of bolt tightening torque use is made of positive locking for both
nuts and bolts, see figure 10. Initial difficulties of properly aligning tab washers has been over
come by preforming the washer on a jig there by ensuring the “upturned” section always aligns
with the flat of the nut or bolt.
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Figure 10 Useo Use of positive locking plates on nuts and bolts

To overcome this problem, the particular region has been strengthened and more stringent
finishing requirements are requested, sees figure 11. Furthermore, it was noted that the
thickness of high-density polypropylene employed (0.5mm) was insufficient to avoid tearing and
retain rigidity. An increased thickness of 0.9mm is currently successfully employed.

Figure 11 Strengthened ring on media panel

In addition to the normal design specifications it is strongly advised care must be exercised {o
ensure that stresses are not induced during manufacture or at installation due to misalignment.
Any misalignment would result in raised stresses beyond the permissible fatigue stress fimit. It
should be noted that clamping the through rods to the frames avoids stresses been raised to
manufacture
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CONCLUSION

The mechanical design of an RBC is not simply concerned with the corrosion and fatigue
behaviour of the various materials chosen at low speeds of loading, but also understanding the
dynamic loading on the structure and bolts. Failure to understand these requirements is
probably why so many failures have been experienced after the unit has been in operation only
a few months or years of service. As a direct result of the research discussed in this paper, a
mechanical specification for all RBC manufacturers has been established

As a result of the Cranfield initiative, not only is the failure mode of RBC's fully understood but it
is now possible to purchase an RBC warranted for 20 years, meeting the ‘Weston' criteria.
These design improvements are incorporated in the RBC’s manufactured by Copa Lid.
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International Workshop on
Innovations in Materials and Design

of Civil Infrastructure
28-29 December 2005 Cairo, Egypt

WORKSHOP RECOMMENDATIONS
AND FUTURE COOPERATIONS BETWEEN EGYPT AND USA

1. Encourage the collaboration between Egyptian and American institutes and
professors in all aspects of civil engineering and infrastructure management
research including:

« Innovative techniques for infrastructure health monitoring and rehabilitation in
Egypt

« Innovative techniques for buildings health monitoring and restoration in Egypt

e Innovative techniques for measuring dynamic response of different types of
structures and infrastructures

e Innovative buildings for dry arid zones

e Smart buildings and nanotechnology research and applications

e Innovations in materials for producing Low cost structures and affordable
housing

« Innovations in materials such as the high-strength, high corrosion-resistant steel

« Innovations for the strengthening, retrofitting and rehabilitation of different types
of structures

» Innovations in construction and design techniques

2. Encourage exchange of visits and research ideas between Egyptian and American
professors and researchers

3. Encourage Egyptian students to study in the USA and encourage the American to
study in Egypt

4. Encourage the exchange of facilities between Egyptian and American institutes
such as libraries and Laboratories

5. Encourage and educate engineers and researchers to practice design for life and
utilizing lean and sustainable construction practices

6. Encourage the Egyptian and American Scientists to apply for Joint-Research Funds
that usually available online starting from July every year

7. Encourage the collaboration between the Egyptian and American Institutes for the
use of joint research program using the Virtual Labs and super computers using the
facilities of Internet-2

8. Recommend the holding of similar workshops yearly to discuss the innovations in
the field of civil engineering and infrastructure management for this purpose. The
University of Alabama was suggested for this purpose

9. Encourage the research efforts towards the extraction of certain substances from
some vegetation that can be used in manufacturing some construction materials.

To ensure the follow-up the application of the above recommendations it is proposed to

make a joint permanent committee between the Egyptian and American Professors

and Researchers
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Ministry of Housing, Utilities & Urban Development
Housing & Building National Research Center

International Conference on
Bridge Management Systems - Monitoring ,

Assessment and Rehabilitation
21-23 March 2008, Cairo, Egypt

Under The auspices of
Eng. Ahmed El-Maghraby

Minister of Housing, Utilities and Urban Development

Conference Chairman
Prof. Dr. Ali Sherif Abdel-Faiad

Chairman of the Housing & Building National Research Center

Second Call For Papers

OBJECTIVES

The conference offers an opportunity to exchange experiences and practices among
the interested parties in the field of bridge management systems. The main objective of
this conference and the accompanying workshops is providing the state-of-the-art
knowledge about bridge management and other related issues such as monitoring,
assessment and rehabilitation techniques. These activities are expected to benefit
engineers , scholars and construction companies.

ORGANIZER

Founded in 1954, the Housing & Building National Research Center is an
independent governmental research establishment subordinate to the Ministry of
Housing, Utilities & Urban Development. HBRC consists of eleven scientific institutes
and performs a leading role in enhancing the performance of the building sector
through scientific researches and development of building codes and technical
specifications. HBRC also provides engineering consultations, field inspection, quality
control and experimental testing services.

CO-ORGANIZERS
* Western Michigan University , USA
» Kansas State University , USA
* Construction technology Laboratories (CTL Group) , USA

CONFERENCE THEMES

. Bridge Management

Assessment and Condition Evaluation
Non Destructive Techniques for Bridge Evaluation
Bridge Maintenance Techniques
Lifecycle Cost Analysis

Decision Support Systems
Superstructure Rehabilitation
Substructure Rehabilitation

New Construction Materials for Bridges
10.New Construction Methods

11.Design Theories and Practice

12.Case Studies
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« (International Conference on Bridge Management Systems -Monitoring , Assessment
uhslisleiisy  and Rehabilitation ) 21-23 March 2006 Cairo, Egypt

WORKSHOPS
1. Bridge Design and Practice in USA & Egypt
2. Assessment and Condition Evaluation of Bridges

CALL FOR PARTICIPATION
Researchers and interested parties are invited to participate in the conference.
Online Registration is available on www.hbrc.edu.eg

IMPORTANT DATES

February 15, 2006 - Receipt of full papers
February 21, 2006 - Receipt of revised papers
February 28, 2006 - Notification of final acceptance

WHO SHOULD ATTEND

Structural engineers, bridge designers, bridge construction and maintenance
companies , project managers, bridge owners, transportation policy makers, and other
bridge engineering professionals

LANGUAGE
The conference will be conducted in English. All abstracts, papers, presentations and
posters shall be in English.

CONFERENCE PROCEEDINGS
The conference proceedings will be available on CD’s upon registration. Selected
papers will be published in a special issue of the HBRC Scientific Journal.

CONFERENCE VENUE
The venue for the conference is the Housing & Building National Research Center
(HBRC),
87 El-Tahrir Street, Dokki, Cairo, Egypt
Tel. : (+202) 3351564, 7617057
Fax .: (+202) 3351564, 3367179
All presentations, lunch and coffee breaks will be at that location. For information on
how to get to the venue, Please visit: www.hbrc.edu.eg.
More information about Egypt can be found on www.sis.gov.eg

FURTHER INFORMATION
All Conference details and the full program will be available on www.hbrc.edu.eg

SOCIAL / CULTURAL PROGRAM
An interesting one day tour will be organized on
Friday March 24, 2006

CONTACT
For more information, please contact the conference coordinator:
Dr. M. Nabeel Abdel-Salam

Housing & Building National Research Center

87 El-Tahrir St., Dokki, Giza 11511

P.O.Box: 1770 Cairo, EGYPT

Phone: (+202) 7617062, 3351564, 7617057

Fax : (+202) 3351564, 3367179

E_mail : BMSHBRC@hbrc.edu.eg or BMSHBRC@netscape.net
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Title : A Study Of Geological, Geotechnical & Hydrological Soil
Characteristics And Some Foundation Applications At
Sohag

Institute of Soil Mechanics & Geotechnical Engineering

ABSTRACT

The objective of the study is to form a geological, geotechnical and hydrological soil data base
for Sohag Governorate. This study area of Sohag Governorate was chosen because abundant
soil data were available from geotechnical reports carried out by soil mechanics and foundation
engineering department.

Soil characteristics data from the available geotechnical reports were classified and stored in
tables designed as data base forms. In order to be able to draw geotechnical sections reflecting
the general soil formations in the studied area, representative boring log for each site was
formed. These geotechnical sections included soil properties and ground water levels
information.

The study comprised the determination of topographic and geological features of the
governorate, geotechnical data base, maps and longitudinal cross-sections clarifying soil layers
formation and their engineering characteristics. This study could be of great help to engineers
and decision makers to optimize safely and economically the choice of projects location on
scientific bases. Also as guidance in planning detailed site investigations for future projects, and
provide bases of the evaluation of the possible natural or man-made hazards.

Furthermore, in the present work it was found that, the use of computer artificial intelligence
program in suggesting the proper foundation types, according to soil nature and structures
types, proved to be applicable compared to recommendations given by soil mechanics reports.
This research is considered to be a pilot study that can be applied on other governorates as well
as new communities and expansions.
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Dr. Ashraf M. Fadel 1. Engineering Materials
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