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Tensile properties of very-high-strength
concrete for penetration-resistant structures

E.F. O’Neil®*, B.D. Neeley* and J.D. Cargil8 For applications where mass or size is detrimental, yet
aConcrete and Materials Division, Structures strength is necessary, concrete structures are often de-
Laboratory, US Army Engineer Research and signed to provide thin sections of higher-strength con-
Development Center, 3909 Halls Ferry Road, crete. In other applications, the combination of high
Vicksburg, MS 39180-6199, USA strength and high mass, or high strength and low mass
b Geomechanics and Explosion Effects Division, are important and often critical criteria. The strength
Structures Laboratory, US Army Engineer Research ~ and mass of a concrete section is important in applica-
and Development Center, 3909 Halls Ferry Road, tions where concrete is being considered as a material
Vicksburg, MS 39180-6199, USA for use in protective structures.

Engineers are constantly looking for new materi-
Received 7 March 1997 als to provide answers to complex problems. As con-
Revised 24 August 1999 struction and material costs escalate, demand has in-

creased for stronger materials that occupy less space.

This paper describes the potential suitability of a new fam- Recently, research has been dlreCted towards using
ily of concrete mixtures for use in protective structures. Two hlgh-pgrformance C_Oncrete materials to solve problems
very-high-strength concrete mixtures are discussed and ex- IN Providing protective structures [6,12,13,15].
perimental results of penetration studies on one of these are  Recent developments of very-high-strength con-
presented. The results are compared to penetration-study re-crete [8,14,16-18] made using conventional constitu-
sults of other, more conventional concrete mixtures, and the ents combined in critical proportions have further ex-
advantages of the very-high-strength mixtures are described. panded these capabilities. This paper describes the po-
tential suitability of a new family of concrete mixtures
for use in protective structures.
1. Introduction

Concrete is generally considered to be a proper con- 2. Limitations of conventional concrete
struction material for many civil and military appli-
cations. It can be strong and produced to be durable, Unreinforced concrete is inherently brittle, it has
it can be placed in many shapes, and is economical. very little capacity for inelastic deformation before
It is primarily used for its compressive strength since failure, and is weak in tensile load-carrying capacity.
it is much stronger in compression than it is in ten- Under compressive loading, it has an approximately
sion; but with the proper use of tensile reinforcement linear stress—strain history until initiation of first crack-
it is commonly used in many applications where ten- ing of its matrix. As loading continues above this point
sile strength is needed such as in flexural members, the material exhibits increased non-linear strain per
eccentrica”y-k)aded Compression members, and direct unit stress for a short time before uItimater falllng in
tension members. a brittle manner.

The mass of a concrete member can be increased The unconfined compressive strength of conven-
or decreased by altering its component materials and tional concrete is generally less than 40 MPa. Con-
its geometry. For applications where mass is impor- Cretes with design strength in compression of41.4 MPa
tant, a large section of normal-density concrete or a Of greater are called “high-strength”. High-strength

smaller section of high-density concrete can be used. concrete having design compressive strength of 100
to 125 MPa is available in many areas. The tensile

" Corresponding author. strength of most concrete generally does not exceed
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10% of the compressive strength, i.e., approximately
4 to 10 MPa. However, the tensile strength of very-
high-strength concrete does not follow this propor-
tional relationship. The tensile strength in very-high-
strength concrete often is no higher than 10 MPa as
in the conventional high-strength concrete. For use
as a protective material, both tensile and compressive
strength are important properties. From a ballistic point
of view, they are important in resisting the cratering
and break-up of the structure caused by projectile pen-
etration.

Two new concrets have the potential for increased
penetration resistance. The first, Reactive Powder Con-
crete (RPC), was developed in France [7,20] and is
a successor to concrete materials developed in the
early eighties known as macro-defect-free (MDF) con-
crete [3,4] and densified with small particles (DSP)
concrete [2]. The second material, very-high-strength
concrete (VHSC), was developed by the U.S. Army
Engineer Waterways Experiment Station (WES) as a
concrete for use in protective structures [14]. These
two concretes consist of only fine materials. Aggregate
size is limited to a maximum of 0.4 mm in the RPC and
4.75 mm in the VHSC. A description of these two con-
cretes follows, as well as a discussion of penetration
experiments of a VHSC mixture.

3. RPC and VHSC principles

RPC and VHSC are made from the same general
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Table 1
Principles of RPC and VHSC

e Improved homogeneity through particle size and material se-
lection.

e Increased density by optimization of particle size and mixing
technology.

e Improved strength by maximizing reactive materials and min-
imizing water content.

e Increased microstructure by application of pressure before set-
ting and post-set heat treatment.

e Increased tensile strength, toughness, and ductility by incorpo-
ration of steel fibers or steel micro-fibers.

The principles used in producing RPC and VHSC
are listed in Table 1.

Conventional concrete is a very heterogeneous ma-
terial with components from fine cement to coarse ag-
gregate each exhibiting different strengths and modulii
of elasticity. Under a system of forces, all these com-
ponent materials deform at different rates. The differ-
ential movement of these components produce strains
between the component materials which begin the pro-
cess of tensile fracture when the strains exceed the ten-
sile strain capacity of the concrete. Concrete such as
RPC and VHSC is composed of particles of similar
modulii and size which helps increase the homogene-
ity of the composite material thereby reducing the dif-
ferential tensile strain in the concrete and increases the
ultimate load-carrying capacity of the material.

High density is the second principle employed to
increase strength and decrease permeability. In choos-
ing the volumes of component materials, particle-
packing techniques can be used to maximize the
amount of solids per unit volume of concrete. As with

component constituents as conventional concrete (ce- conventional concrete, the material having the largest
mentitious material, water, aggregate, and admixtures). particle size in RPC and VHSC is the aggregate, which
Yet, the careful selection of constituents and their pro- in both materials is the sand. The material having the
portions, as well as proper mixing, results in signifi- Next largest particle size is the cement, which is on the
cantly improved properties. These properties include: order of 10 to 10g:m. The smallest particles are silica
tensile and compressive strength, permeability, tough- fume, which are on the order of 0;im in diameter.
ness, and durability. Their physical and mechanical Th€ component volumes of all these particles are cho-
properties can be further improved by the application S€" to achieve the greatest particle packing and hence

of heat and pressure during the casting and curing the greatest density of the paste. The higher the den-

stages of hydration. Some significant differences from sity the greater the strength of the paste and the lower
conventional and high-strength concrete are the permeability because there are fewer and smaller

voids.
Strength of RPC and VHSC is further improved
by increasing the volume of pozzolanic components

(1) size and composition of constituents,

(2) water to cementitious material ratio (w/cm),

(3) the use of steel fibers (sometimes micro-fibers)
to improve ductility and toughness,

(4) the amount of mixing energy employed, and

(5) curing procedures.

1in this discussion density (or in some contexts “denseness”)
means the relative amount of volume in the freshly mixed product
occupied by solid particles not the mass per unit volume of the prod-
uct.
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which can react to form hydration products. In RPC,
as well as in VHSC, materials with a high silica

content are necessary for optimum performance. Ce-
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These ultra-high-strength concretes, RPC in partic-
ular, have stress—strain characteristics which are nearly
linearly elastic to failure when fabricated without the

ments which are high in silica content produce higher addition of fibers. Their fracture energy, defined as
strengths. Large volumes of low-carbon silica fume the area beneath the load—deflection curve, is some-
[14] also enhance the production of strength. These what less than 140 JAnThe addition of fibers to the
materials provide chemically active silica which helps matrix improves the behavior of the concrete in the
to produce larger volumes of calcium-silicate-hydrate post-first-crack region of the load-to-failure cycle. In
(CSH), the binder that cements the other component RPC, straight, high-strength, steel, micro-fibers 13 mm

material together. High amounts of CSH increase the
strength of the binder and improve the bond between
the cement and the aggregate.

To optimize performance, w/cm in RPC and VHSC
must be held to a minimum. Excess water in the mix-
ture is detrimental to the strength of concrete. The
qguantity of water required to hydrate all of a given

in length and 0.16 mm in diameter are added to the
matrix in amounts ranging from 1.5 to 3.0% by vol-
ume. In VHSC, various percentages and types of steel
fibers have been used but the best overall results have
been obtained with hooked-ended, steel fibers 30 mm
in length and 0.5 mm in diameter.

The large number of small fibers which cross the

amount of portland cement is about that present at a path of potential cracks, coupled with the good bond
wi/c of 0.4. Water that is not chemically or physically between fiber and matrix provides high resistance to
combined in the hydration or pozzolanic reaction prod- fiber pullout during tensile-cracking, and greatly in-
ucts weakens the paste and thus the compressive anccrease the toughness of the material. Figure 1 shows
tensile strength of the concrete. The volume of wa- the load—deflection curve of a typical RPC or VHSC
ter used in RPC and VHSC is kept low to insure that beam. By comparison, a load—deflection curve for
there is no excess. This volume is less than that neededa conventional concrete and a conventional fiber-

to hydrate all the cement so as to insure that all wa-
ter is consumed in the hydration/pozzolanic reaction
process. However, this small quantity of water usually
does not provide sufficient workability to the mixture.
High-range-water-reducing admixtures (HRWRA) are
used to make the, otherwise very stiff, concrete flow-
able.

All these mixture principles combine to produce
concrete with an ultimate compressive strength up to
approximately 175 MPa when mixed and cured at am-

reinforced concrete are added. Comparison of the ar-
eas under the curves gives a relative relationship for
the increase in toughness afforded by the very-high-
strength concrete. The greatest effect is in the area
of the curve beyond the first-crack load. Up until this

load, the tensile-carrying-capacity of the concrete has
been responsible for the shape of the curve. In the unre-
inforced concrete the magnitude of the first-crack load

is about one-tenth that of the VHSC and RPC and the
load and deflection of the post-first-crack portion of

bient temperatures. Strength greater than 200 MPa canthe curve is very small. Likewise, even with conven-

be achieved when the concrete is cured at®for a

tional fiber-reinforced concrete the first-crack strength

few days. The processes of adding pressure sufficient is lower than RPC and VHSC and the post-first-crack
to expel any excess liquids and air from the fresh mix- portion of the curve is also smaller.
ture during the casting operations, and providinga cur-  Toughness is a measure of the amount of energy
ing environment of up to 400C can produce concrete  which must be expended to open cracks in the ma-
with compressive strength greater than 800 MPa. trix under tensile loading. An example of toughness
would be the resistance to a projectile passing through
a material. The toughness of RPC has been measured
at 40000 J/rfor greater than 250 times the tough-
ness of conventional concrete [19]. This toughness is
The tensile strength of the RPC and VHSC concretes important in the performance of protective structures.
is higher than that of conventional concretes. The direct The amount of energy required to penetrate the VHSC
tensile strength of VHSC may only be 10 MPa when or RPC concrete will be greater than that required to
its compressive strength is on the order of 180 MPa. penetrate conventional concrete. This will mean that
However, the addition of steel fibers increases the first- some projectiles will be less effective and perhaps will
crack load, increases the ultimate load-bearing capac- be stopped by the high-performance concrete. If the
ity, and dramatically increases the flexural toughness. projectile completely passes through the very-high-

4. Tensile properties
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3 POINT BENDING TEST
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Fig. 1. Comparative flexural-toughness curves of VHSC concretes with plain and fiber-reinforced concrete.

Table 2

Concrete mixture proportions (kgfn
Material CSPC HSPC HSFR RPC VHSC*
Type | Portland Cement 328 546 459 942 24
Silica Fume, silica 0 71 59 236 13**
Class F Fly ash 0 119 59 0 0
Coarse Aggregate 1034 817 520 0 0
Sand 806 0 451 1036 0
Limestone Fine Agg. 0 657 469 0 40
Water 187 166 171 136 17
Water Reducing Adm. 11t 0 0 0 0
HRWRA 0 12 6 41 3
Air Detraining Adm. 0.3 1 0.6 0 0
w/cm 0.57 0.22 0.3 0.12 0.18
Fibers 0 0 158 160 3

*Mixture proportions to VHSC are given in % by volume.

**8% of addition is silica fume and 5% is silica flour (crushed quartz).
TRPC fine aggregate was 100% manufactured quartz sand.

TtWater reducing admixture given in 1An

performance concrete, the exit velocity will be lower cated using the VHSC concrete. The experiments were

than that through the same

mass of conventional con- used to evaluate the resistance of VHSC to penetration

crete. Also, material scabbed from the back face of by low explosive charge-to-mass projectiles. VHSC
a protective-structure member will be reduced by the mixture proportions are given in Table 2. The concrete

steel fibers in the matrix.

5. Penetration experiments

for the targets was placed into corrugated, galvanized-
steel culverts measuring approximately 762 mm in di-
ameter by 914 mm in length. The thickness of the steel
was 3 mm. The culverts were insulated with a 50-mm
thick layer of batt fiberglass insulation around their cir-

Normal impact depth-of-penetration versus striking cumference and the open tops of the culverts were fit-
velocity experiments were conducted into targets fabri- ted with foam insulation to maintain heat during cur-
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ing. Curing of the targets consisted of ponding water

on the cast specimens under ambient temperature con-

ditions for 7 days and then continuing the curing in
ambient air conditions until the time of the penetra-
tion experiments. At the time of target fabrication, 102-
mm-diameter by 203-mme-long cylinders were molded
for unconfined-compressive-strength tests. The pene-
tration experiments and unconfined-compression tests
were conducted on approximately the same day. The
age of the concrete at the time of the penetration exper-
iments ranged from 30 to 60 days.

The 0.906-kg projectiles were machined from 4340-
steel rods and heat treated to a hardnesB.@f3—45.

Each projectile had an ogive nose with a caliber-radius-

head of 2.0, a shank diameter of 26.9 mm and an over-
all length of 242.4 mm as shown in Fig. 2. In general,
a target-diameter to projectile-diameter ratio of at least

R=51 mm
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25 is desired to avoid significant edge effects during
penetration. Large cracks that may develop in a target
that is too small for the projectile being launched into
it can result in increased depth of penetration and turn-
ing of the projectile. The target-diameter to projectile-
diameter for these experiments is approximately 28.
At the time of the penetration experiments, the tar-
gets were placed on their sides, still in the metal-
culvert forms, with the top face as placed perpendic-
ular to and centered on the longitudinal axis of the
gun. They were strapped to a carriage that can allow
late-event, post-test, longitudinal movement and which
prevents any rotation of the target off the longitudinal
axis. The projectiles were launched into the targets us-
ing the WES 83-mm, smooth-bore powder gun [11]
at striking velocities {s) ranging from 229 m/s to
754 m/s. The projectiles were fitted with plastic sabots
and obturators that fit snugly into the gun bore. Sabots
and obturators were stripped aerodynamically prior to

— 2424 mm the projectile striking the target. Striking velocities
i =1 were measured from orthogonal views captured using
0.2 mm 26.9 mm a streak camera. Pitch and yaw were measured from
3& T 51 mm flash X-rays ta_ken just prior to target impact. Results
" rm TR =536 mm 206.8 mm from the experlmentsT are su_mmarlzed in Table 4'.
Case Materlal: 4340 Depth pf p_enet_ratlonR) in calibers (p(_enetrathn
Mass: 0.906 kg depth/projectile diameter) for the experiments into
CG Location: 128.5 mm from nose \_/HSC concrete are compared t_o results from penetra-
tion experiments into a conventional-strength portland
Fig. 2. Drawing of armor-piercing projectile. cement (CSPC) concrete [10], high-strength portland
Table 3
Hardened material properties
CSPC HSPC HSFR VHSC
28-day compressive strength (MPa) 35 104 85 157
Compressive modulus of elasticity (GPa) 34.5 45.2 45.2 46
56-day tensile strength (MPa) 35 4.8 4.5 9.0
Tensile modulus of elasticity (GPa) 44 39.5 39.6 -
Table 4
Summary of results from penetration experiments
Shot Impact Pitch Yaw Penetration  Concrete  Projectile
number  velocity, (degrees) (degrees) depth, strength  mass (kg)
Vs (m/s) (calibers) (MPa)
1 406 0.8up 0.6 left 6.7 159 0.902
2 587 0.4down 3.6 left 11.0 157 0.902
3 287 0.4 up 0.9 right 4.9 162 0.904
4 747 0.1up 2.6 left 16.5 160 0.903
5 573 0.2up 3.1 left 10.9 160 0.904
6 754 1.3down 1.8 left 17.1 155 0.904
7 397 0.1up 0.7 left 6.0 163 0.907
8 229 0.9up 0.6 right 3.0 157 0.905
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n
o

‘ ' ‘ ‘ ' ' ‘ Also in Fig. 3, results from the penetration exper-
P Model  orc . iments are compared to depth of penetration calcu-
Y — — — HspC lated using the spherical-cavity expansion model pre-
sented by Forrestal and Tzou [9]. One model presented
in their paper, and shown in Fig. 3, separates the tar-
get response into elastic, cracked, and plastic (EKP)
regions, with the plastic region being closest to the
: projectile. The target is described by density, yield
800 200 30 40 50 e00 700 a0 900 strength, slope of the yield surface, tensile strength,
Striking Velocity, m/s and linear bulk modulus. The tensile strength of the
. . . . . material determines the influence of the cracked region
Fig. 3. Comparison of results from penetration expgnment; into on the depth of penetration. Values for these model
CSPC, HSPC, HSFR, and VHSC concretes and spherical-cavity ex- "
pansion model calculations. parameters were determined for each concrete based
on data contained in references [1,12,15]. The volu-

cement (HSPC) concrete [10], and high-strength, steel- Metric response (bulk modulus), yield strength, and
fiber reinforced (HSFR) concrete [5] in Fig. 3. The ex- yield su_rfage used to descrlbe_ each maten_al are pre-
periments into the CSPC, HSPC, and HSFR concretes se_nted n Figs 5 an_d 6, respectively. Thes_e figures con-
used projectiles with the same mass and dimensions astin anf mterpr_et?rt]lon of_tthe data f_ound '3 ﬁh?rk:ef,[er'
the projectile used for the experiments into the VHSC ences for use in the cavity—expansion model. 1he ten-
concrete. Target fabrication for the CSPC, HSPC, and sile strength used in the model is a percentage of the

HSFR experiments was similar to that for the VHSC yield strgngth based on the ratio petween the direct-
concrete except that the targets were approximately pull tensile strength and compressive strength for each

1.37 m in diameter. Penetration experiments were con- concrete (0.10, 0.0275, 0.05, and 0.05 for the CSPC,
ducted into the HSPC and HSFR targets at approxi- HSPC, HSFR, and VHSC concretes, respectively). The

. results from the cavity—expansion calculations agree

mz;g:;/ 28 3:;’;;5: _?_22 ;T/eeégsﬁnfégﬁasegtczﬁ);?exg well with the experiment results (see Fig. 3). Another

. ' "model presented in the paper by Forrestal and Tzou
sive strength of the VHSC, CSPC, HSPC, and HSFR P paper by

d to fabri inth is 159 separates the target response into elastic and plastic
concretes used to Tabricate targets in these tests Is (EP) regions. This model was used to illustrate the in-

35, 104, and 90 MPa, respectively. Typical COMPres- g ance of the cracked region on the depth of pene-
sive strength values for VHSC can be higher, on the o400 Results from the two models are compared in
order of 185 MPa, depending on the materials and pig 7 yse of the EP model results in less depth of pen-
processing used. Additional material property data are gtration than the results from the EKP model. The in-
presented in Table 3. . . fluence of the cracked region is greatest for the higher-

The depth of penetration from experiments into the  grength concretes. Results from the calculation using
HSPC and HSFR concretes is about 30% less than that{he EP model represent a limit to the depth of penetra-
from experiments into the CSPC concrete. The depth tjon that could be expected as the tensile-yield strength

of penetration from experiments into the VHSC con-  gpproaches the compressive-yield strength.
crete is about 50% less than that from experiments into

the CSPC concrete. Post-test photographs of the target

faces in Fig. 4 show the visible damage to the targets 6. Conclusions

for experiments at a striking velocity of about 800 m/s.

The amount of visible damage to the HSPC concrete  Development of a new class of very-high-strength
target is about the same as that for the CSPC concreteconcretes based on use of small-particle component
target, even though the depth of penetration is about materials and particle-packing theories has led to a
30% less. The addition of steel fibers in the HSFR con- material with improved penetration resistance. The
crete resulted in a significant decrease in visible dam- compressive strength of these concretes is very high,
age, and still resulted in a depth of penetration about being approximately 200 MPa and the direct-tensile
30% less than the CSPC concrete. The visible damage strength approximately 10 MPa. Additionally, the flex-
to the VHSC concrete target is comparable to the dam- ural toughness of the concrete is greater than 250 times
age to the HSFR concrete target. that of conventional, non-fiber-reinforced concrete.

@
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(b) (d)

Fig. 4. Front-face damage to targets impacted at approximately 800 m/s. (a) CSPC concrete, (b) HSPC concrete, (c) HSFR concrete, (d) VHSC
concrete.

Penetration-resistance experiments were conducteddoes not significantly improve the penetration resis-
on the VHSC concrete in this study and were com- tance of a given strength of concrete, but does provide
pared with penetration results for other concrete ma- for greater resistance to visible damage to the concrete
terials. Impact into the VHSC concrete resulted in ap- surrounding the penetration crater. Results from cal-
proximately 50% less penetration than into CSPC con- culations using spherical-cavity expansion model with
crete, and 30% less penetration than into HSPC and elastic-cracked-plastic regions agreed well with the ex-
HSFR concrete. Inclusion of fibers into these concretes perimental results.
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Fig. 5. Pressure-volumetric strain responses used in the spheri-
cal-cavity expansion model for the CSPC, HSPC, HSFR, and VHSC

concretes.
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Fig. 6. Yield surfaces used in the spherical-cavity expansion model

for the CSPC, HSPC, HSFR, and VHSC concretes.
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Fig. 7. Comparison of calculations using the elastic-cracked-plastic
(EKP) and elastic-plastic (EP) versions of the spherical-cavity ex-

pansion model.
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