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Abstract: Biaxial compression tests are performed on 100 mm x
100 mm x 100 mm cubic specimens of plain high-strength high-
performance concrete (HSHPC) at seven kinds of stress ratios,
g, o,=0: -1, -0.20: -1, -0.30: -1, -0.40 : -1,
-0.50: -1, =0.75: —1,and —1.00 : -1 after exposure to
normal and high temperatures of 20, 200, 300, 400, 500 and 600
T, using a large static-dynamic true triaxial machine. Friction-
reducing pads are three layers of plastic membranes with
glycerine in-between for the compressive loading plane. Failure
modes of the specimens are described. The two principally static
compressive strengths are measured. The influences of the
temperatures and stress ratios on the biaxial strengths of HSHPC
after exposure to high temperatures are also analyzed. The
experimental results show that the uniaxial compressive strength
of plain HSHPC after exposure to high temperatures does not
decrease completely with the increase in temperature; the ratios
of the biaxial to its uniaxial compressive strengths depend on the
stress ratios and brittleness-stiffness of HSHPC after exposure to
different high temperatures. The formula of the Kupfer-Gerstle
failure criterion modified with the temperature and stress ratio
parameters for plain HSHPC is proposed.

Key words: high-strength high-performance concrete (HSHPC);
high temperatures; stress ratio; uniaxial and biaxial compressive
strength; failure criterion

oncrete has been the leading construction material for
Cnearly a century. In recent years, high performance
concrete (HPC) is becoming an attractive alternative to tradi-
tional normal strength concrete (NSC). The alleged HPC is
generally defined as high-strength, high fluidity, high dura-
bility concrete or to possess one of these characteristics;
moreover, high-performance water reducer and superfine
mineral admixtures are absolutely necessary ingredients. The
dense microstructure of high-strength concrete ( HSC) en-
sures high strength and very low permeability, so that it has
a relatively low weak deformation capability or much higher
“brittleness-stiffness” when compared to NSC. Recent fire
test results show that there is a great difference between the
properties of HSC and NSC after exposure to high tempera-
tures'" . It is observed that HSC is susceptible to spalling, or
even explosive spalling when subjected to rapid temperature
rises as in the case of a fire'” . Hence, one of the main con-
cerns for the usage of HSHPC in fire resistance applications
is its performance under fire conditions. It is well known that
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conventional analysis and design methods of reinforced con-
crete are generally still based upon material properties ob-
tained from the basic uniaxial strength test, although we
know that a true uniaxial condition in structures is extremely
rare. In practice, many concrete structures such as spiral col-
umns and their mode of building and nuclear reactor pres-
sure containers are under multiaxial stress states. At the
same time, with the wide use of computers, the finite ele-
ment method and HSHPC in concrete structures, it has be-
come increasingly evident that it is quite important and ur-
gent for experimental studies on the mechanical properties of
HSHPC under multiaxial stress states, and for studies on the
design and analysis of nonlinear behavior designs of rein-
forced concrete structures based upon multiaxial mechanical
behavior. So, many researchers have paid much attention to
HSHPC at home and abroad. Late in the 1960s, some re-
searchers" began to perform experimental studies of NSC
under multiaxial stress states in order to design nuclear reac-
tor containers and so on. But, until now, most studies™ have
been carried out to characterize the mechanical behavior of
HSC or HPC under uniaxial stress states, or NSC under mul-
tiaxial stress states. However, literature on the mechanical
behavior of HSC or HPC under multiaxial loadings is ex-
tremely scarce; moreover, among them, most of the tests of
confined compression ( with two equal stresses) behavior of
concrete has been performed under triaxial stress states using
cylindrical specimens subjected to hydrostatic pressure in a
triaxial cell and axial loading. Lu and Thomas"' studied the
mechanical behavior of HSC and steel fiber reinforced high
strength concrete under uniaxial and triaxial compression,
when testing ¢100 mm x 200 mm and ¢$100 mm x 150 mm
cylinder specimens lubricated with a combination of two
0. 125 mm thick teflon sheets on the top of one layer of
0.015 mm thick aluminum foil. The previous investigations
conducted on the effects of high temperature on properties of
plain HSC or HPC have also merely focused on the behavior
of strength and deformation under uniaxial loading. Howev-
er, literature on the mechanical properties of plain HSC or
HPC under multiaxial stress states under high temperatures,
has not been documented. Luo et al.'” stated that the
strength of HPC degenerates more severely and has a higher
residual strength than that of NSC after exposure to high
temperatures. Chan et al.!” stated that the range between
400 C and 800 C is critical to the strength loss of concrete
causing a large percentage of loss of strength. This paper
presents the strength regularities and failure criteria of HSH-
PC with seven kinds of different stress ratios under biaxial
compressive loading after exposure to six temperature lev-
els, using a large static-dynamic true triaxial machine. The
biaxial compression tests are performed on 100 mm x 100
mm x 100 mm cubic concrete specimens. This paper may al-
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so serve as a reference( testing data, correlated formula and
mechanical behavior) for the maintenance, design and the life
prediction of HSHPC structure subjected to high tempera-
tures, for example, fire, etc.

1 Materials and Experimental Procedures
1.1 Materials and mix proportion

The cementitious materials used for this investigation are
Chinese standard P - I 52.5R Portland cement ( standard
compressive strength of higher than 52. 5 MPa at the age of

28 d) and one-level fly ash™. The coarse aggregate is
crushed stone (diameters ranging from 5 to 20 mm) and the
fine aggregate is natural river sand ( fineness modulus of
2.7); water is tap-water. Tab. 1 shows the mix proportions
by weight of the mixture and the major parameters of the
HSHPC (f, is the uniaxial compressive strength of 100 mm
x 100 mm x 100 mm cubic HSHPC specimens with friction-
reducing pads prior to high temperatures, and its strength
value is about equal to that of 150 mm x 150 mm x 300 mm
prisms. ).

Tab.1 Mix proportion and major parameters of the HSHPC

- Fi C Super- Compressive
Strength Wat'er' Water/ Cement/  Fly ash/ e oarse u.p.er Slump/ pressiv
level cementitious (ke'm ) (kgm~®) (kgem~?) aggregate/ aggregate/ plasticizer/ em strength
ratio £ £ & (kg-m’3) (kg-m’3) (kg-m’3) f/MPa
HSHPC 0.31 175 470 94.52 615.77 1094.71 6.77 24 60. 16

1.2 Samples and testing methods

1.2.1 Casting and curing of specimens

The coarse aggregate and the fine aggregate are mixed for
about 1 min when a portion of the proportional water was be-
ing sprayed on them, and then the cement and one-level fly
ash are added in turn; after that, the residual proportional wa-
ter with SiKa"™ NF-II superplasticizer ( There are also the
properties of increasing slump, durability and retardation be-
sides the performance of ordinary water reducing agents. ) is
added slowly over a period of 1 min. Finally these ingredients
are mixed for 2 to 3 min''. All the specimens cast in steel
molds and compacted slightly by vibrating table are demould-
ed after 24 h of the casting and then cured under conditions of
(20 £3) C and 95% RH (relative humidity) for 28 d accord-
ing to GB J82—85 (The test method of long-term and dura-
bility on ordinary concrete), and they are then stored at a nat-
ural temperature outside. The age of the specimens tested is
about one year.

The concrete specimens tested are in 100 mm x 100 mm X
100 mm, 150 mm x 150 mm x 150 mm or 150 mm x 150 mm
%300 mm. The 100 mm concrete cubes are used to measure
the strength for biaxial compression test. For determination
of the strength grade for the HSHPC and the strength of the
prism, each batch is cast in six 150 mm cubic specimens, and
six 150 mm x 150 mm x 300 mm prismatic specimens.
1.2.2 Apparatus and testing methods

The tests of high temperatures and biaxial compression are
performed in the State Key Laboratory of Coastal and Off-
shore Engineering of Dalian University of Technology.

The specimens in the high temperatures tests are 100 mm
cubes. For each stress ratio, at least six specimens are heated
up. These 100 mm cubic specimens are elevated to peak tem-
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Fig.1 Shape of the specimen in triaxial testing machine. (a) Loading direction; (b) Uniaxial compression; (c) Biaxial compression

peratures of 200, 300, 400, 500 and 600 C at a heating rate
of 10 C/min, respectively. After the peak temperature is
reached, it is maintained for 6 h; the time of furnace cooling
is about 1 h; then, the specimens are cooled naturally to
room temperature. These specimens are performed in a mul-
tiaxial testing machine after 24 h. In this study, the surfaces
of all the specimens are dry before being exposed to high
temperatures. No explosive spalling is observed during the
fire test on the HSHPC specimens with temperatures ranging
from 200 to 600 C.

The mechanical tests are conducted in a triaxial testing
machine that is capable of developing three independent
compressive or tensile forces. The biaxial compression
process is necessary to insure uniform dimensions for each
cubic specimen. The major stress direction is always applied
perpendicularly to the surface of the specimens. The propor-
tional loading modes (o, : o;) are employed. All the speci-
mens are tested at a loading speed of 0.3 to 0.5 MPa/s in
the direction of o, with friction-reducing pads (three layers
of butter and three layers of plastic membrane) placed be-
tween the platens and the specimens for all tests. Seven
stress ratios o, * o, =0: -1, -0.20: -1, -0.30: -1,
-0.40: -1, -0.50: -1, -0.75: -1, —=1.00: —1 under
biaxial compressive loading after exposure to normal and
high temperatures of 20, 200, 300, 400, 500, and 600 C are
tested. The principal stresses are expressed as o, = o, =0,
( compression denoted as negative and tension denoted as
positive) ; three specimens are at least tested for each stress
ratio and the test values are averaged after the discrete values
are deleted. Fig. 1 shows the loading direction and the state
of the specimen under uniaxial and biaxial compressions in
the triaxial experimental machine, respectively.
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2 Test Results and Discussion
2.1 Experimental results

The experimental results of plain HSHPC under biaxial
compression after high temperatures are given in Tab. 2.

2.2 Failure modes

The surface deterioration and the failure modes of the HS-
HPC specimens under uniaxial and biaxial compression sub-
jected to the action of high temperatures are shown in Fig. 2.

From Fig. 2, it is obvious that the influence of high tem-
perature on HSHPC does not change the tensile splitting

mode from occurring. In Figs. 2 (a) and (b), the HSHPC
specimen is split into multiple minor prisms( prism-type fail-
ure modes) . As shown in Figs.2 (c¢) and (d), there are par-
allel plate-type fragments on the surface of ¢, and ¢, under
biaxial compressive loading; moreover, the number of cracks
becomes greater as the stress ratio increases. The two failure
modes mentioned above demonstrate that providing confine-
ment stress along ¢, directions will change the failure
modes. Although the failure modes under uniaxial and biaxi-
al loading are different, the failure cause is that the splitting
tensile strain along the unloading planes is greater than the
ultimate tensile strain of HSHPC.

Tab.2 Biaxial compressive strength index of plain HSHPC under various stress ratios after high temperatures

Temperature Stress ratio 0/ MPa 3/ MPa Temperature Stress ratio o,/ MPa o/ MPa
levels/C 0,05 levels/C 0,103

0.00: -1 0.00 -60. 16 0.00: -1 0.00 -49.70

-0.20: -1 -13.52 -67.58 -0.20: -1 -11.41 -57.04

-0.30: -1 -20.99 -69.97 -0.30: -1 -17.81 -59.36

20 -0.40: -1 -30.33 -75.83 400 -0.40: -1 —-24.67 -61.68

-0.50: -1 -36.93 -73.85 -0.50: -1 -32.21 -64.41

-0.75: -1 -51.28 -68.37 -0.75: -1 -45.21 -60. 28

-1.00: -1 -66.78 -66. 78 -1.00: -1 -55.88 -55.88

0.00: -1 0. 00 -63.96 0.00: -1 0.00 -35.72

-0.20: -1 -14.42 -72.10 -0.20: -1 -8.38 -41.91

-0.30: -1 -20.69 -68.98 -0.30: -1 -13.72 -45.73

200 -0.40: -1 -29.06 -72.65 500 -0.40: -1 -18.70 —-46.74

-0.50: -1 -36. 80 -73.59 -0.50: -1 -25.36 -50.72

-0.75: -1 -53.22 -70.96 -0.75: -1 -35.78 -47.70

-1.00: -1 -67.48 -67.48 -1.00: -1 -42.26 -42.26

0.00: -1 0.00 -61.64 0.00: -1 0.00 -24.90

-0.20: -1 -13.03 -65.16 -0.20: -1 -5.98 -29.90

-0.30: -1 -21.21 -70.70 -0.30: -1 -10.15 -33.83

300 -0.40: -1 -28.54 -71.35 600 -0.40: -1 -14.18 -35.46

-0.50: -1 -37.59 -75.18 -0.50: -1 -18.31 -36. 61

-0.75: -1 -53.08 -70.77 -0.75: -1 -25.39 -33.85

-1.00: -1 - 66. 69 - 66. 69 -1.00: -1 -30. 65 -30. 65

Note: o; and o3 are the biaxial compressive strengths, respectively.

lSurface under the action of 0'3| |Su11face under the action of ‘73|

(a)

Surface under the action of o, |

(c) ' @

Fig.2 Failure modes of plain HSHPC under uniaxial and biaxial compressions at different temperature levels. (a) Prism-type
failure after 20 C; (b) Prism-type failure after 600 C; (c) Plate-type failure after 200 C; (d) Plate-type failure after 400 C

2.3 Strength characteristics

Fig. 3(a) shows the influence regularity of the stress ratio
on the principal strength ¢, at different temperature levels. It
can be seen that the biaxial ¢, is greater than the corre-
sponding uniaxial compressive strength at the same tempera-
ture levels for all stress ratios. In addition, the biaxial stress
ratio corresponding to the maximum ¢ is 0.40 or 0. 50.

The change of o is dependent on the biaxial stress ratio at
the same temperature levels. The influence of the stress ratio
on ¢ changes approximately by the parabolic-like curve at
every temperature level. The uniaxial compressive strength at
high temperatures decreases gradually around 400 C with
the increase in temperature. So, the temperatures around 400
C are critical to the ultimate strength. ( Note: The trend
curves of Figs.3(a)and (b) at 20 C and 300 C are nearly
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coincidental. )

Figs.3(b) and (c) give the relationships between stress
ratios and the ratios of the biaxial to uniaxial compressive
strengths prior to and after high temperatures at different
temperature levels, respectively. From Fig. 3(b), it is appar-
ent that after 200 “C and 300 C, the values of - g,/f, are
greater than 1 for all stress ratios, which differs from the
conclusions of the same research group on the NSC™'. It can
be seen from Fig.3(c), the times of - ¢,/f. (f. is the uni-
axial compression strength with friction-reducing pads after
different temperature levels. ) is greater than 1 at all stress
ratios for all temperature levels. In addition, the influence
extent of the stress ratios on o, is different at different tem-
perature levels. For example, when o,/ o, is equal to 0. 40 or
0. 50, the strengths under biaxial compression is greater at
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Fig. 3

every temperature level; the values of —-o; ( - 75.83,
-73.59, -75.18, —-64.41, -50.72, -36.61 MPa) after
being exposed to normal and high temperature of 20, 200,
300, 400, 500, and 600 C are 1.26,1.22,1.25,1.07,0. 84,
0. 61 times the uniaxial compressive strength(60. 16 MPa)
prior to high temperatures, respectively; but, they are 1. 26,
1.15, 1.22, 1.30, 1.42, 1.47 times it ( 60.16, 63.96,
61.64,49.7,35.72,24.9 MPa) at the corresponding tem-
perature levels, respectively.

Fig. 3(d) demonstrates the influence regularity of the tem-
perature levels on the principal strength o,;. It can be seen
from Fig.3(d) and Tab. 2 that ¢ of the plain HSHPC does
not decrease completely with the increase in temperature un-
der the uniaxial and biaxial compression. After exposure to
up to 200 C and 300 C, their uniaxial compressive

1.3

1.2 T/C:

-= 20
-o— 200
-A- 300
- 400
—&— 500
—a— 600

T/C
(d)

Influence regularity of stress ratios and temperature levels on HSHPC strengths. (a) Influence of o,/05 on o3; (b) Influ-

ence of 0,/a3 on - a3/f,; (c) Influence of o,/03 on - o5/f+; (d) Influence of temperatures on o5,
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strengths are increased; but, after 200 C, biaxial compression
strengths under different stress ratios are partially increased;
both the changes occur according to the parabolic-like curves
with the increase in temperature.

Through the above discussion, it is indicated that the uni-
axial compressive strength after exposure of up to 200 C
and 300 C, is increased, and that their brittleness-stiffness is
great; but, their times of - ¢,/ f: is decreased. So, the in-
creasing times under biaxial compression depends on the
brittleness-stiffness of the concrete after exposure to different
temperature levels as well as the stress ratios. The greater the
brittleness-stiffness of concrete after exposure to high tem-
peratures is, the less the increasing time under biaxial com-
pression.

Kupfer"” tested biaxial compressive concrete-strength of
NSC at normal temperature, which is about 1. 18 to 1.27
times uniaxial compressive strength when 200 mm x 200 mm
x50 mm plate specimens with brush-bearing platen as fric-
tion-reducing pads were used. The test results for Lee et
al. """ indicated that the concrete strengths of NSC under bi-
axial compression(a =1.00 and o =0.50) at normal tem-
perature are higher by about 17% and 28% on the average
than those under the uniaxial compression. Comparing the
test results at normal temperatures in this paper with those of
Refs. [3, 10], there is not any significant difference in the
ratios of the biaxial to uniaxial compressive strengths for
HSHPC and NSC.

1

2.4 Failure criterion

The Kupfer-Gerstle formula with the temperature and
stress ratio parameters under biaxial compression is obtained
as follows:

ag (o : ag T,
Zsf ot F LR 220 1
(%) R erm? o

Eq. (1) is transferred to

oy _Fi(D +F(Da o

fo 1+’
where @ = 0,/0,(0<a<1) is the stress ratio; T is the tem-
perature level (20<T<600 C); f. is the uniaxial compres-
sive strength of plain HSHPC prior to high temperatures;
F,(T) and F,(T) are functions of 7. Using regression anal-
ysis of test results(see Tab. 2) of plain HSHPC calculated by
Eq. (2) at various temperature levels, the corresponding val-
ues of F,(T) and F,(T) are obtained, and then they are re-
gressed with the corresponding temperature levels again.
The formulae of F,(7T) and F,(T) are as follows:

T\’ T
FI(T)—2.6425(m) —0.6571(m)—0.9813
R*=0.990 6
T\ T (3)
Fz(n=9.5206(m) —2.8027(m)—3.3708
R*=0.9869

Fig. 4 gives the comparison of Eq. (2) and test values. It
can be seen from Fig. 4 that the model of failure envelopes
in principal stress space for HSHPC under biaxial compres-

1.4 -
1.2 =
o
A [ ]
1.0 (]
o " -
< 0.8% .
$ .
\ . o T/C:
064 Laa , o o20; o 200
A 4 3005 = 400
0.44 e 500; a 600
— Failure criterion
0.2 ;

0 Ol.2 0|.4 Ol.6 Ol.8 1.10 1.I2 1.4
- ox/fe
Fig.4 The comparison of Eq. (2)and test values

sion after being subjected to high temperatures, is of better
precision and applicability.

3 Conclusions

1) No explosive spalling is observed during the high tem-
perature test on the 100 mm cubic specimens for HSHPC
with temperatures ranging from 200 C to 600 C, if the
specimens are dried prior to exposure to high temperatures.

2) The effect of high temperatures on plain HSHPC does
not change the failure modes. The failure modes of HSHPC
under uniaxial and biaxial compressions are prism-type and
parallel plate-type shapes, respectively. The effects of con-
finement stresses can change the failure modes.

3) The ultimate strength ¢, of HSHPC under biaxial com-
pression for all stress ratios is greater than the corresponding
uniaxial compressive strength at the same temperature level.
The uniaxial compressive strength of plain HSHPC is not de-
creased after 200 and 300 C. HSHPC specimens above 200
and 300 C is higher in brittleness-stiffness than that above
400, 500, 600 C. The temperature around 400 C is critical
to the ultimate strength that decreases rapidly. The increasing
times of the biaxial to uniaxial compressive strength depends
on the stress ratios, and the brittleness-stiffness of HSHPC
above different temperature levels.

4) The formula of Kupfer-Gerstle failure criterion modi-
fied with the temperature and stress ratio parameters for
plain HSHPC is proposed.
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