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ABSTRACT

The present study aims at investigating the applicability of a molten slag (MS) as a fine
aggregate to not only ultra high strength concrete (UHSC) but also prestressed concrete
beam made of UHSC. Water-cement ratio of the present concrete and replacement ratio of
the MS were 0.17 and 30 % in volume, respectively. Two beams with and without the MS
both of which were 0.2m wide, 1.05m high and 8.8m long, were prepared to investigate the
effect of the MS on mechanical properties of the concrete and prestressed concrete beams.
The test results showed that strength and Young's modulus of concrete with MS were almost
the same as those without MS, structural performance such as prestress loss, deflection and
ultimate capacities of both beam were also almost the same, and the MS is applicable to
UHSC as a fine aggregate from structural performance point of view.
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INTRODUCTION

A molten slag (MS) is produced by melting ash incinerated municipal waste at the
temperature of 1200 °C or more and subsequently by cooling down and granulating the
molten ash by water. It is expected to apply the MS as a fine aggregate to various types of
concrete structures in order to reduce the environmental impact as well as disposal cost as
much as possible. From this background, JIS A 5031 was established in order to utilize the
molten slag as a fine aggregate for concrete. However, utilization to ready mixed concrete
was prohibited in 2010, because the pop-out occurred in reinforced concrete buildings due to
use of non-JIS molten slag. Utilization to prestressed concrete was also prohibited at the
same time. However, if the test method to guarantee the quality requirement of MS is
established, this standard may be withdrawn and the MS may be utilized to various types of
concrete structures. The present study aims at investigating the applicability of MS as a fine
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aggregate to not only ultra high strength concrete (UHSC) but also prestressed concrete
beam made of UHSC in order to prolong the life of concrete structures subjected to chloride
attack as well as reduce the self-weight of superstructures in addition to the above-mentioned
expectation for the reduction of environmental impact and disposal expense.

OUTLINE OF EXPERIMENT

Materials and Mixture. Table 1 gives the physical properties of the materials used in the
PC beams. Cement is low-heat cement (SFLC) which is premixed by 10.4% with silica fume.
Lime stone-crushed sand and molten slag-granulated sand were used as a fine aggregate and
diabase-crushed gravel were used as a coarse aggregate. The molten slag-fine aggregate
(MS) is produced by melting ash incinerated municipal waste at the temperature of 1300 °C
in arc-type melting furnace and subsequently by cooling down and granulating the molten
ash by water. As a chemical admixture, polycarboxylate acid based high-range water
reducing agent was used. Prestressing steel used was prestressing strand designated as
SWPR7BL@15.2 in JIS which was 1600N/mm? in yield strength and 1881N/mm? in ultimate
strength. Two types of concretes were prepared which were reference UHSC not containing
MS (Ref.-U) and UHSC containing MS (MS-U), respectively, as shown in Table 2. The fine
aggregate of MS-U was replaced 30% in volume with the MS. In each mixture, the water-to-
binder ratio (W/SFLC) was set to 0.17. The bulk volume of fine aggregate per unit volume
of concrete was determined as 0.53m’/m’ to meet workability requirement. The slump flow
was set to 675 £ 75mm by adjusting quantity of the superplasticizer.

Table 1. Properties of Materials

Materials Type Properties Notation
Cement Low-heat cement Density : 3.22g/cm’, Specific surface area : 3590cm’/g LC
Silicafume Density : 2425g/cm3, Specific surface area : 19A9m2/g SF
+LC)= ity : }
Silicafume Cement Premixed SF/(SF LC)=0.104, Dencity : Zz‘a.OSg/cm SFLC
Specific surface area : 6390cm’/g
_ o 2 . i o
Fine aggregate Crushed sand Syrface dry density : 2.65g/qn , Water absorption : 1.31% S
Fineness modulus : 2.74, Solid volume percentage : 68.2%
_ PR 2 ion - 0
Molten slag Sgrface dry density : 2.78g/c.m , Water absorption : 0.47% MS
Fineness modulus : 2.97, Solid volume percentage : 61.8%
_ R, 2 ion - o
Coarse Aggregate Crushed gravel Sl}rface dry density : 2.92g/cm , Water absorption : 0.45% G
Fineness modulus : 6.50, Solid volume percentage : 59.1%
Chemical admixture High-range water' e ducing Aminopoly carboxylate SP
agent super plasticizer

Table 2. Mixture Proportions of Concrete

Mixture W/SFLC Unit content (kg/mz)
designation (%) W SFLC S MS G SP
Mix-Base 17 155 912 572 0 914 10.9
Mix-MS 17 155 912 400 181 914 10.9

Specimens. Two pre-tensioned PC beams made of UHSC not containing MS (Ref.-U) and
containing MS (MS-U) were prepared. Dimension and configuration of beams are shown in
Figure 1. As is shown in the figure, the beams were 0.2m wide, 1.05m high and 8.8m long.



Eight PC strands of 15.2mm in diameter were arranged on the bottom side of a beam section,
and three PC strands were arranged on the top side. The prestressing strand ratio on bottom
side was 0.0058 for full section. No shear reinforcement was arranged in the test zone with
the length of 6300 mm. The prestressing stress before placing concrete was 1307N/mm’
which was about 70 % of the technical standard tensile strength (1881N/mm?) of the strand.
The upper surface of Ref.-U was covered by waterproof sheets for two days. The upper
surface of MS-U was covered by the plastic wrap to control evaporation of water as much as
possible. Five hours later, the upper surface of the beam was covered with the curing mat
and sheet. Forty eight hours later, the forms of both beams were removed the prestressing
strands were slowly released. The end surfaces of beams were sealed by aluminium adhesive
tapes so that the drying shrinkage could develop uniformly in the longitudinal direction.
Cylindrical specimens with the diameter of 100mm and height of 200mm for test of
compression strength and Young's modulus as well as those with the diameter of 150mm and
height of 200mm for test of splitting tensile strength were also made, which were cured
under the same condition as PC beams. Test specimens for fracture energy were made in
accordance with test method of Japan Concrete Institute (JCI 2001) which was 100mm x
100mm x 400mm. The curing method of the specimens is the same as that of the above-
mentioned specimens.
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Figure 1. Detail of PC beam and location of LVDTs

Test Method. As is shown in Figure 1, the PC beams with the span of 6.3m were loaded
symmetrically with two concentrated loads. The constant moment zone length and the shear
span-to-effective depth ratio (a/d) were 0.6m and 2.98, respectively. The beams were loaded
in the first step until the flexural crack reached the depth of the lowest PC strand. After that
the beams were unloaded and subsequently the m shaped displacement transducer with
measuring length of 100mm was installed to estimate prestress in concrete by measuring
bending moment at crack opening on the bottom. In the second step, the beams were loaded
up to failure. The deflections of the beams were measured with linear variable differential
transducers (LVDTs) with the capacities from 25mm to 100mm, and minimum graduations
from 0.002mm to 0.01mm at the span center, both supports and both loading points. Eleven
LVDTs were installed on the side face in shear span of the beam to obtain shear
displacement and principal displacements together with those principal directions. The
strains of PC strands were measured by wire strain gauges with the length of 2mm. The
concrete compressive strain was measured by wire strain gauge with the length of 60mm on
the top surface at the span center section. The crack widths were measured using ten w



shaped displacement transducers similar to the above-mentioned transducers which were
installed to the side surface at the depth of lowest strand. Figure 1 illustrates the locations of
the strain gauges, LVDTs, and 7 shaped transducers. Strains and displacements measured by
these transducers and strain gauges were recorded by an automatic data-logging system.
Compressive and splitting tensile strength test was performed in accordance with JIS A 1113
and Young's modulus was obtained by measuring compression strain with JIS A 1149,
Fracture energy test was conducted in accordance with test method of JCI (2001). Specimens
were gaped at center section by a diamond cutter. The gap is 4mm in width and 50mm in
depth. Specimens were loaded by displacement controlled loading machine with the capacity
of 100 kN. Crack mouth opening displacement (CMOD) was measured by 7 shaped
displacement transducer with the minimum graduation of 0.001 mm. Loading was conducted
at the age of beam test.

RESULTS AND DISCUSSION

Material Characteristics. Control specimens were cast in 100mm diameter and 200mm
high cylinders and cured simultaneously with the PC beam to determine the compressive
strength f; and splitting tensile strength f;. Figure 2 shows the compressive strength of Ref.-U
and MS-U. The compressive strength of Ref.-U developed with age almost similarly to that
of MS-U and not only Ref.-U but also MS-U reached 150N/mm” at the age of 180 days,
which implied that MS was applicable to UHSC as a fine aggregate with regard to
compressive strength development. The regression curve of relationship between
compressive strength and age was given by Eq.(1).

£ (t,)=132exp[0.2501-(28/t_ 1] (1)

where t. is a temperature adjusted age (days) of concrete. It can be expressed as

t [exp 13.65+ 200
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where At; is the number of days when the temperature is T; Ty is 1 degree; and f,(t) is the
compressive strength in t. days.

Figure 3 gives the relationships between Young's modulus and the compressive strength of
the both UHSC. PCEA guideline (2008) recommends Eq.(3) to obtain Young’s modulus
(Epcra(te)) in compression using the compression strength for concrete with the compressive
strength exceeding 60N/mm?. In this study, Young's modulus in t days (E.(t.)) is basically
given by Eq.(4) independent of replacement or non-replacement of the MS. According to this
equation, Young's modulus of the both UHSC is approximately 52kN/mm’ when the
compressive strength is 150N/mm”, which is 19 % higher than that obtained from PCEA
Guidelines (2008) equation. It is thought that this difference is attributed to hardness of the
course aggregate.

Epcpa (t,) =12.5F (t,)"* 3)

E (t,) = 5.94f, ()" 4)
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Figure 4 shows the relation between the splitting tensile strength and the compressive
strength. The splitting tensile strength of MS-U developed approximately similarly to that of
Ref.-U without two noticeably small values of Ref.-U between 100N/mm?* and 150 N/mm? in
compression strength, while the former was 13 % smaller than the latter at the loading test of
PC beams. The concrete properties at the loading test of the beams are summarized in Table
3. According to the table, the compressive strength and Young's modulus of MS-U are the
same as those of Ref.-U, but the splitting tensile strength and fracture energy of MS-U are
smaller and slightly smaller than those of Ref.-U, respectively. The reason for the latter may
be due to the low bond strength between mortar and MS.
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Figure 4. Comparison of compressive
strength and tensile strength

Effective Prestress. The relationships between stress of PC strands and age are shown in
Figure 5, in which the stress relaxation of PC strand is neglected. The stress of the PC strand
on the top side in MS-U is smaller than that of Ref.-U. The difference of the stress between
both beams after prestressing is not varied with age up to loading test and the difference is
roughly close to that just before prestressing. The stress development before prestressing is
induced by shrinkage, which may be affected by the difference of curing method at early
ages between both beams. As for the stress of PC strand with age on the bottom side, the
difference between both beams is small. The effective prestress of PC strands in Ref.-U and
MS-U are shown in Table 4, which was calculated by Eq.(5).
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where g is the strain of PC strand from the time just before prestressing up to the time at

loading test ; E, is Young’s modulus of PC strand.

As mentioned above, the stress loss due to relaxation in PC strand is neglected in the
calculation of stress in Figure 5 and Table 4. As is summarized in the table, they are similar

values when the effective ratios (7, , v, ) of both PC beams are compared.

1400
reso po---ReUo Table 4. Effective prestress
Ms-U -
\E 1300 upper strand Specimen Ref.-U | MS-U
= / Initial prestress fou  (N/mm?)| 1215 1270
g 1250 1 Ref.-U Top side |Change the strain ~ Ag,y (xlO'(’) -163 -139
~
% 1200 A wmerstat pC strand [Errective prestress f,y  (N/mm?)| 1183 [ 1244
o Ref.-U - -
e: 1150 fower strand Ettféctlve ratio Yp-U 0.974 | 0.979
) Initial prestress oL (N/mmz) 1192 1180
@D M1 H----"T2F__ TR N - - - -
§ 1100 \MS—U gggom Change the strain ~ Ag,  (x10°) | -344 -340
I lowerstrand — PC strand |Effective prestress f,1 N/mm?)| 1126 | 1114
1000 Effective ratio YpL 0.944 | 0.944

1 1000

10 100
Age+1 (days)

Figure 5. Stress of the PC strand
calculated with the strain

Cracking Pattern and Failure Mode. Flexural cracking forces (Vikexp), diagonal
cracking forces (Vkexp) and shear force at failures (V) are shown in Table 5. Shear
strengths in the table are values of the half of the loading force. The flexural cracking force
of MS-U is small about 8% compared with MS-U values. When load reached about 900kN
(shear force 450kN), the flexural cracking started to occur also inclination which tended
toward the load point with the increase in load. When load exceeded 1100kN (shear force
550kN), the diagonal crack prolonged from the beam lower end of the center of a shear span
to about 100mm of lower part of the load point was occurred. The diagonal cracking load of
MS-U has a smaller approximately 8% than the load of Ref.-U, and it was comparable with
at the same level as decline ratio of the flexural cracking of MS-U. A decline of the tensile
strength of the concrete is considered as a decline factor of the cracking load of MS-U.
While deflections of the beam increased, after diagonal cracking, the load gradually
increased and when compressive failure began to produce the beam upper edge of the
concrete in the equivalent bending section, and the diagonal cracking reached the top and

Table 5. Strength of specimens

Shear Strength Ref.-U MS-U

Flexural cracking force Vg exp 350 323

Experimental result | Diagonal cracking force Vsck,exp 602 555
Shear force at failure Viexp 622 632

Flexual cracking force Viek cal 249 246

Calcurated value Flexual failure capacity ~ Vi ey 637 637
Diagonal craking force Viucal 225 212

Voo Viaa 2.68 261




bottom ends of the beam at a stretch and reached the fracture. The ultimate load of MS-U is
at the same level as Ref.-U, and the influence that a replacement ratio of the molten slag fine
aggregate gives to load capacity of UHSC in the range of 30% is small. Final crack patterns
are shown in Figure 6. The diagonal cracks which had beams reach the fracture were 27-36
degrees for a horizontal axis. The upper section PC steel strands did buckling in the uniform
bending moment section and those in the lower section did not failure.
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Deflection. The relationship between load and the displacement of the mid-span is shown
Figure 7. The deflection curves of both specimens overlap and show identical behavior.
Flexural cracking is observed at an A point and does unloading once at a B point. Elastic
behavior is shown in this extent. Flexural cracking has begun to occur at a C point within a
shear span. The flexural cracking of the shear span began to progress while inclining to the
diagonal direction, and MS-U was D point, and remarkable diagonal cracking produced Ref.-
U in E point. The deflections of the beam increased afterwards, and Ref.-U and MS-U
reached the fracture at an F point and a G point
respectively. Shear displacement (S) was
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of the measurement range was calculated by a
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ends of this range, and the bending displacement
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and difference with the shear displacement. The
location of measurement of the shear
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two places were in the left side (L1, L2) of the loading point. Total displacement, bending
deflection and shear displacement and the relationship with the shear force are shown in
Figure 8. Each displacement is shown in conventional sign of displacement component (S, T,
F) and the location of measurement (L1, R1). The figures of L2 and R2 were omitted
because cracks of these areas did not occur before failure of the beams. When the shear force
was beyond about 500kN (load 1000kN), shear displacements of both beams increase. The
behaviors scarcely change in L1 and R1. This depends on cracking of Cr-L shown in Figure
6 and cracking of Cr-R having occurred, respectively, in L1 and the R1 area.

Strain of the Concrete and the PC Strands. Compressive strain at the mid-span of the
beam top surface is shown in Figure 9. The compressive strain in the fracture of both
specimens reaches approximately 3500x10°. The distinction is not accepted by concrete
compressive strain of both specimens. Strains of each sectional the lowest PC strand (mid-
span (CL), loading point (L300, R300) and nearby center for the shear span (L1700, R1700))
and relationship of the load are shown in Figure 10. The PC strand strains were mean values
of strain gages attached to diagonal wires, but adopted only one side when measurement
inability occurs with the cracking growth. The PC steel strands of the constant moment zone
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Figure 10. Load and strain of strands

Flexural Cracking. When tensile stress of the sum with compression stress by the
prestress and the flexural cracking strength of the concrete acted, flexural cracking occurs,
and calculated value (Vi ca) of concrete compressive strength less than 8ON/mm? is given in
Eq. (6). Calculation result and measurement value are shown in Table 5. The measurement
value of the flexural cracking was 1.3-1.4 times of the calculated value. Relationship with
load and the biggest cracking width in a 1,000mm section of the mid-span which set up n
shape displacements is shown in Figure 1.
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kop=1+1/{0.85+4.5(h/1.1)}; ki is coefficient

repressing reduction in strength on account of other reasons such as drying and heat of
hydration, k1b=(0.55/h)”4 (20.4) ; h is the height of the beam; 1, is the characteristic length,
lch=GFEc/ﬁ2; f; is the tensile strength of the concrete; Gg is the fracture energy, it was used the
value of Table 3; dy.x is the maximum size of coarse aggregate (mm).

cracking strength on account of tension

The flexural cracking width is given by Eq. (7). In the first loading, flexural cracking
occurred in 650 - 700kN, and the cracking width was around 0.12mm. When unloading was
done, the cracking width was almost closed, and the cracking opened again when loaded
again. Measurement value of the cracking width accords with a calculated value to around
0.15mm well. Thereafter, progress of the flexural cracking which occurred within a shear
span becomes remarkable, and enlargement of the cracking width in the loading span was
restrained. Diagonal cracking strength calculation formula of the reinforced concrete beam
which compressive strength does not use shear reinforcement for at 80-130N/mm?’ is
suggested.

w = L1k k,k; e +0.7(c, - (p)};ﬁ (7)

p

where k; is a constant to take into account the effect of surface geometry of reinforcement on
crack width (in the case of PC strands, k;=1.3); k; is a constant to take into account the effect

of concrete quality on crack width, k,=15/(f . +20)+0.7; ks is a constant to take into account
the effect of multiple layers of PC strands on crack width, k;=5(n+2)/(7n+8); n is number of
the layers of PC strands; ¢ is concrete cover (mm); ¢, is the center-to-center distance of PC
strands (mm); ¢ is diameter of PC strands; and fi,. is increment of stress of PC strands from

the state in which concrete stress at the portion of PC strands is zero(N/mm?).

Failure Capacity. Diagonal cracking strength calculation formula of the high-strength
reinforced concrete beam (compressive strength at 80-130N/mm”) not to use shear
reinforcement for was suggested by Sato, R. and Kawakane, H. (2008). Concept of the
equivalence tension reinforcement ratio that tension reinforcement ratio decreases depending
on shrinkage is used for the proposed equation in consideration of the influence that
shrinkage of the concrete gives to shear strength. It was thought that the shrinkage of the
concrete was reduced for a loss of the prestress, in these PC beams of this study, tension steel
ratio (ps) was used. The influence that prestress gave in shear capacity by method to multiply



member using decompression moment (M) provided in JSCE standard specifications (2007)
by proposed equation were considered. In calculation of My, it was calculated using effective
prestress from the strain of PC strands to show in Table 4. Diagonal cracking load
calculation formula in consideration of term (,) representing influence of the axial force in
proposed equation is shown in Eq.(9). The shear capacity that the coverage of the proposed
equation was expanded to 150N/mm? was calculated is shown in Table 5 as Vsuca- The
experimental diagonal cracking force (Vi exp) 0f MS-U was 555kN, whereas the calculated
diagonal cracking force (Vgyca) Was 212kN. The diagonal cracking load had strength more
than 2.6 times of value calculated in proposed equation.

V., =0.206(E.G, P £75(100p, )3 d¥3(0.75 +1.4/(a/d))b. dp, )

where by, is web width; d is effective depth; p, is the tension PC strand ratio;
B, =1+2M,/M,; My is pure flexural capacity without consideration of axial force; and M,

is decompression moment.

CONCLUSIONS

Based on the test program to investigate the effect of Molten Slag fine aggregate on the shear
behaviour of prestressed ultra high strength concrete beams, the following conclusions are
drawn:

1. UHSC containing the molten slag with the replacement ratio of 30% in volume as fine
aggregate (MS-U), reached 150 N/mm” in compressive which was the same as that of UHSC
not containing the molten slag (Ref.-U). Young’s Modulus of the former was also equal to
that of the latter.

2. The mechanical performance of the pretentioned MS-U beam was completely equivalent
to that of reference Ref.-U beam except for the cracking force.

3. The diagonal cracking force of the MS-U beam was slightly smaller than that of the Ref.-
U beam. The cause may be due to slightly small tensile strength of MS-U compared with that
of Ref.-U.
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