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Abstract:

Reactive Powder Concrete (RPC) represents one of the latest developments in concrete
technology. The material and mechanical characteristics of RPC are significantly greater
than the current ordinary concretes types classified as high-performance concrete. In this
paper, the necessary equations are derived for the ultimate analysis of short rectangular
RPC columns under combined axial load plus uniaxial bending. The derived equations are
used to draw the required interaction diagrams which represent actual failure envelopes of
eccentrically loaded RPC columns.

To enable a close comparison with the corresponding interaction diagrams of ordinary
reinforced concrete (ORC) columns, a 300X500 mm RPC column having concrete
compressive strength f,. = 110 MPa and steel yield stress f,, = 400 MPa is analyzed twice
(for steel ratiop = 0.01 and p = 0.03). The obtained interaction diagrams are compared
with the corresponding interaction diagrams of ORC column having same cross section,
same steel properties but different concrete compressive strength f,. = 20.7 MPa. The
comparison showed that failure envelopes of RPC columns, being influenced by the
compression and tension capacities of concrete and yield stress of steel bars, are
significantly larger than the corresponding failure envelopes of ORC columns which
depend on the compression capacity of concrete only and the yield stress of steel bars.
Keyword: reactive powder concrete, high strength concrete, short rectangular column,
interaction diagrams for rectangular column

Uadl) gualoval) Ll & (o phaial) dhikaiie 5 puaill saac S Lalill) cithbio)
JJ.G'AQL'AJI?}J‘;JJMJ«AJL&MI

‘,l;l.[,léﬁb.«_d_ra (rat] danag alidia 2
Clp LYl g sl dantid acd | L ol ikl Lualalf

- AadAl)

I gall (ol 5 g LSailSaall gl gadl ) Ll &) L 1S B Jta Ulaadics] Uledl) Gabeal) Ll 3 Jiad
Cadf 13y A& el o109 Lilu Ay 445 rall g Ldlad) Latiic V) Lila &) £ 531 o i Juad] Dl A 03¢
Airicia g 5 puad Uledl) gialwal) Ll i (o sae Y padl) Julaily daldd) 4,5l C¥dlaal) GUELES a5


mailto:samerphilip@yahoo.com

Journal of Engineering and Development, Vol. 18, No.4, July 2014, ISSN 1813- 7822

Cilbabialf au f LgBlELG) a7 Al CYdlaal) Clatlind 3 pda pliadl aje g 5 9aa Jaad & fidiad) Ll ciad ahadalf
LS e Y Ueaal) Uledlf  gualcal) Ll & stac Y Ldidall Jddl) Lo ] Slad il g 4y slhaal) Lol

(3948 A a7 488 ¢ Loliic ) datuadf Lilu i) 5aac Y Lualidl) cilabaialf (o Lgidia pa 40 liadl Ja¥ g
Esad dgaly f.o =110 MPa dilu adll il doglia g3 aa 300X500 ahiay Aadl  gualuwal Lilu &
clbbid @iygd (p=0.03 3 p =0.01 s Luwud) (uise 4blad of dua f) = 400 MPa yaall
i A Lpaliie ) dadecal) il jid) (a3 gard Ldolillf cilbabaiial) (o Lgidlie g bgle Jguand) a3 ) Lol
Lagliall i glii f, = 20.7 MPa 4ilide dilu A blidaif daglies G Lall ol 6 (udiy (il phaialf
Esaill dga)s Dlu ALl sdlly bidl Jrw AL gisS ¢ Uedl Galuwad dlu & Sl Jddl Lhe] o
dew Ao aaind AN Lutiie Y dadaal) Dilu &) 51a Y Jddl) Db lgiDda o oG 8] (4 ¢« Dyaad) Glusill
ol Gluall) £ pad Alga) g badd Dl A i

Introduction:

Reactive Powder Concrete (RPC) is classified as a type of Ultra-high performance
concrete (UHPC) which is first produced successfully in France [t represents one of the
latest advancements in concrete technology. The material and mechanical characteristics of
RPC are significantly greater than the current ordinary concretes types classified as high-
performance concretes (HPC).These traits are made possible through advances in high cement
content, particle packing models, low water / cement (w/c) ratio, increased quality control of
materials and fabrication, and the introduction of fibers. The increased strength of RPC has
implications on the structural behavior of various structura elements like beams, dabs &
columns. This paper attempts to derive the necessary equations required for drawing
interaction diagrams of short rectangular RPC columns subjected to axial load plus uniaxidl
bending.

Historical Background:

The first production of RPC belongs to Richard and Cheyrezy 23 who published their
first papers about RPC in 1994 and 1995. According to these papers, two classes of RPC were
developed: RPC200 and RPC800, with nominal compressive strength of 200MPa and
800M Pa respectively. Their concrete mixes were characterized by high cement content, very
fine sand, low wi/c ratio with using high class superplasticizer and adding silica fume and
types of steel fibersto enhance concrete ductility.

Many researchers studied different factors affecting mechanical properties of RPC like
Biolz et al  who studied the effect of micro steel fibers on direct tensile strength,
compressive strength and modulus of elasticity. Collepardi et al 5 studied the influence of
superplasticizer type on the compressive strength of RPC while the influence of curing regime
on the mechanical properties and microstructure of ultra-high-strength mortar was studied by
Cwirzen . Some other researchers studied the mechanica behavior of RPC structural
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elements like Hannawayya [ who studied the flexural behavior of RPC beams. Al-Hassani
and 1brahim’® derived eguation for the evaluation of the nominal ultimate bending moment
capacity of rectangular singly reinforced RPC sections. Husain ™ studied punching shear of
RPC flat plates with high reactivity metakaolin was used as alocal mineral admixture instead
of silica fume. Yan and Feng!’? studied the behavior of UHPC filled steel tubular stub
columns subjected to axial load.

It is clear that many researchers studied the material properties of RPC mixes and the
mechanical behavior of RPC structural elements but no attempt has yet been made to establish
interaction diagrams of RPC columns subjected to axial load plus bending. The present paper
presents a contribution of this kind.

Interaction Diagrams of RPC Column:

A short rectangular RPC column is shown in Figure.(1) equally reinforced on the two
opposite faces and subjected to axia load (P) and bending moment (Pe) around its major axis.
The figure adso shows the strain distribution, actual stress distribution and an assumed
simplified stress distribution. The simplified stress distribution adopted here consists of two
rectangular blocks (one compression and the other is tension). The rectangular compression
block has much in common with the one specified by ACI 318 code!™” but with coefficients
y1 and 1 while the rectangular tension block represents the contribution of steel fibers in
resisting tensile stresses with intensity expressed by the coefficient 1. The values of the
coefficients y1, B1 and A for different mixes of RPC were evaluated by Hannawayya’ based
on extensive experimental tests and will be adopted in the present analysis.
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Fig .(1) Strain and stress distributions of rectangular RPC column

Refering to Figure.(1), the external applied force P must equal the sum of internal forces:

P=C,+C,—T,—Ts
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2P =y fuBichb + Afs — Afp(h—c— x.)b — Asfs oo Eqg.1

Considering A; = A, = % and knowing that the steel ratio of the rectangular columniis

Ast
bh

Substituting Eq.2 into Eq.1 gives

bh

P =yif!Prch + 22 = Afp(h—c — x)b =22 £,
Dividing both sides of this equation by f.bh gives
(h—c—xe)

P _ v1Bic P /
fébh—%'l'z_fé(fs_fs) Afr ...Eq.3

C

Equating the area of tension block in the simplified stress distribution to that of the actual
stress distribution (Figure.1) gives

X, = x.r(24 — 1)/ (24)

Where x, isthe distance from N.A. to the point in tension zone whose tensile strain is equal
to the cracking strain g, and it can be calculated from strain compatibility as

Ecr
xcr - Ecu
gor (22-1)
= Zer 27 ) .Eq.4
€ Ecu 24 9

Also the application of strain compatibility gives;

c==S_d i, Eq.5

EstEcy

Generally, taking moment of the forces on the column cross section in Fig.1 around the major
axis of the section gives;

o= (B2 B, (3

h—c—xe

“Pe=yifiBich (3—5) + Afi 5+ Af(h—c—x )b (3 —57%) + A S




Dividing both sides of this equation by f.bh?and making use of Eq.2 gives

(h—c-x.)
2fLh?

P k ’
o = Bl (h— o) + o fs + )+ af; (CH X)) oo, Eq.6

As with ordinary reinforced concrete column, the typical interaction diagram of RPC column
as shown in Figure.(2) can be divided into many parts depending on the type of failure of the
column.
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Fig .(2) Interaction diagram for RPC column

1) Balanced failure:

This failure takes place at the onset of tensile steel yielding and concrete crushing, both
of which occurring ssmultaneously. This means that

g = £y=£—y and &, = &,

s

Therefore the value of cisgiven by Eq.5 becomes;

Cr = Es&ecy
b fy+Es£cu.

...EQ.7

The strain in the compression steel for this type of failure can be found by using the strain
compatibility

r— d’
e=01- ;)scu .................................. Eq.8
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The value of the concrete ultimate compression strain €, in RPC is considerably higher
than that of ORC indicating that the value of &, according to Eq.8 will always be greater than
g, and therefore fi= fy - Accordingly, it can be stated here that the balanced failure of
doubly reinforced RPC sections ensures that f; = f,, and fi = fy
Considering this fact and introducing Eq.4 into Eq.3 gives

Py _viBich  Mr,p | gy 24-1
(fébh)b I Fh (h Cp ecu_Zl Cb) ........................... qu

(roe) =1Bat(h— prey) + 52

febh?/ 2h2 2f1
Ay ( £or 2A-1 ) £or 2A-1
+ —Cp———— +———Cp) .
AU Ryl (ep + 5. 2z ) Eq.10

The coordinates of the balanced point B on the genera interaction diagram of RPC
column shown in (Figure.2) can therefore be obtained from Eqgs 9 and 10 which represent
respectively the values of the axia load and the associated bending moment causing balanced
failure of the column.

2) Tension failure:

When P < (P)y, , the column fails by yielding of tension reinforcement. Therefore in this
case g > ¢y, (Which meansthat f; = fy) and €. = &.,,. This type of failure happens for ¢ < ¢,
or e > e, and is represented by portion BC of the interaction diagram of Figure.(2).

Consider agenera point E within this portion BC of the diagram. The coordinates of this
point can be evaluated as follows;

i. Cadculate c, from Eq.7.

ii. Assumeavauefor csuchthat d < c < c,,.
(Note that theoreticaly if ¢ = d then £, = 0)

iii. Calculate e, from strain compatibility.

/ d’
& = (1 - :)Scu

and compare to see that;
If &g > ¢, thenf; = f,
If &5 < e, then f; = Egé,
iv. Find xefrom Eq.4.
v. Substitute xe and f; thus found together with f, = fyinto Egs 3 and 6 to get the
coordinates of point E.
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3) Compression Failure

When P > P, the column fails by crushing of concrete. Therefore in this case &5 < ¢,
(which means that f; < f,) and &, = &,. This type of failure happens for ¢ > ¢, or e <e,,
and is represented by portion AB of the interaction diagram of Figure.(2)..

Consider a genera point F within this portion AB of the diagram, the coordinates of this
point can be evaluated as follows;

I. Calculate c, from Eq.7.
1. Assumeavaueforcsuchthatc, <c<d
(Note that theoreticaly if c=d then f; = 0)
[1l.  Cdculate &, from strain compatibility

& = G- 1ea
check to seethat &5 < ¢,

IV. Findf;, = Es&

V. Cadculate g, from strain compatibility
&= (1— ey
Since ¢ > ¢, the values of & will surely be greater than ¢, indicating that f; = f, in
this case of compression failure.

VI. Find x. from Eq.4
VII. Substitute xe and f;thus found together with £, = fy (asdiscussed in V) into Egs 3 and
6 to get the coordinates of point F.

4) Pure Bending

When the axia force P - 0 and e — o« then the column will be under pure bending
moment. This is a case of ¢ < ¢, and therefore ¢, > ¢, (which means that f; = f,) and
g = €. This is represented by point C in the interaction diagram of (Figure.2). The
coordinate of this point can be evaluated as follows;

a) USing f:s* = fy and f:s*/ = Es(l - d?)gcu
b) Using x. as given by Eq.4.
C) Setting P = 0 in Eq3 and substituting £;, f; and xe asgivenin | and 11, thus;

Y d’ Afr cr 24-1
0_y1h1C+ZLfC/(Es(l_?)£Cu_fy)_fc_’h(h_c_zc_uTC) qul

d) Searching for the value of c that satisfies Eq.11 and check to see that ¢ < ¢, where ¢y is
defined by Eq.7.
€) Substitute the value of ¢ found in 1V in Eq.6 together with values of f£;, f; and Xe as given

Pe
fcbh?

in 1 and Il to get the coordinate as the pure bending moment case.
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5) Pure Axial Compression

If e approaches to zero then P is maximum and the whol e cross section is in compression.
This is represented by point A on the interaction diagram of Figure.(2).The value of Pmaximum
which is conventionally referred to as P, can be calculated as follows;

P,=vyifcbh+Ayf, Eq.12

6) Pure Axial Tension

Thisisthe caseof P < 0 and assuminge =0

This represented by point D in the interaction diagram of Fig.2.

In this case the whole cross section of the column is in tension and RPC has some
contributing in resisting the applied tensile force in addition to the total area of sted
reinforcement in the section. therefore:

P =—Afbh—Ayf, Eq.13

Applying the above five conditions of column failure for various reinforcement ratios, the
interaction diagrams shown in figs 3,45 & 6 for k=0.9, 0.8, 0.7 & 0.6 respectively are
obtained. These figures are plotted considering M2 RPC mix used by Hannawayyam with the
mechanical properties shown in Table 1 (other mixes have their own factors)m.

Table .(1) Mechanical properties of RPC M2 mix[”? with some steel

Properties
fC, V1 ﬁl Ecu ff Eer A fy ES
MPa MPa MPa GPa

109.65 | 0924 | 0832 | 0.007 19 0.0013 | 0.95 400 200
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A

Fig .(3) Interaction diagram for short rectangular RPC column with k=0.9

)¢

e

Fig .(4) Interaction diagram for short rectangular RPC column with k=0.8

10
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Fig .(5) Interaction diagram for short rectangular RPC column with k=0.7

Fig .(6) Interaction diagram for short rectangular RPC column with k=0.6

11
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Comparison of RPC Column with ordinary concrete column:

The interaction diagrams of a short rectangular RPC column of section dimensions
300X500 mm and having the properties of concrete and stedl listed in Table (1) are plotted
and compared with the interaction diagrams of a corresponding ordinary concrete rectangular
column having same cross section and with the properties of concrete and steel listed in
Table( 2).

Table 2 Mechanical properties of ordinary concrete mix with some steel

properties
fC’ Y1 ﬁl Ecu ff Ecr A fy ES
M Pa M Pa MPa GPa
20.7 0.85 0.85 0.003 - - - 400 200

Thefollowing remarks can be concluded from such comparison:

1) Pureaxia compression load capacity (P,) of RPC column is about 487.7% and 382.9% of
P, for ORC column with p=0.01 and p=0.03 respectively.

2) Compression load capacity at balanced condition (Py) of RPC column is about 671% of
P, ORC column with p=0.01 and p=0.03.

3) Bending moment capacity at balanced condition (My) of RPC column is about 426.7%
and 279.8% of M, ORC column with p=0.01 and p=0.03 respectively.

4) Pure bending moment capacity (M,) of RPC column is about 559.3% and 262.6% of M,
ORC column with p=0.01 and p=0.03 respectively.

5) Pure axia tensile force capacity of RPC column is about 551.2% and 250.4% of that
ORC column with p=0.01 and p=0.03 respectively.

It is clear that the load carrying capacity of RPC column is much larger than that of ORC
column and maximum difference is in the value of the compression load capacity at balanced
condition. However, this difference in the axial load capacity between ORC column and RPC
column decreases as steel reinforcement ratio increases and this can be related to the fact that
the longitudinal steel reinforcement plays a greater role of load carrying capacity in ORC
column than in RPC column.

The achievement in concrete tensile strength may be related to the role of steel fibers
used in RPC column which increases the concrete ductility and improve its tension, splitting
and rupture strength’. In general RPC column is much stronger than ORC column due to the
higher compressive strength and tensile strength of the former.

12
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Conclusions:

1)

2)

3)

4)

5)

6)

The necessary equation derived which is used to plot the interaction diagram for RPC tied
short column which can be used in the design procedure of such column.

The interaction diagrams can be used in the design of RPC tied column having mix
properties as mentioned in table 1. (other mixes can have their factors and a new set of
interaction diagrams can be found for each mix).

Axia compression load capacity, bending moment capacity and axial tension force
capacity of RPC column are much higher than those of ORC column due to higher
compressive strength and tensile strength of the former. The largest difference is in the
compression load capacity at balanced condition.

Axia tension force capacity of ORC column is function of longitudinal steel strength
only, while in RPC column it is function of concrete strength (due to presence of steel
fibers) and longitudinal steel strength.

Failure envelopes of RPC columns, being influenced by the compression and tension
capacities of concrete and yield stress of longitudinal steel reinforcement, are
significantly larger than the corresponding failure envelopes of ORC columns which
depend on the compression capacity of concrete only and the yield stress of longitudinal
steel reinforcement.

As the longitudinal steel reinforcement ratio increases, the difference between the load
carrying capacity of RPC column and ORC column decreases.
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