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Abstract 

Controlled impact experiments have been performed to determine the spall strength of four different concrete 
compositions. The four concrete compositions are identified as, ‘SAC-5, CSPC’, (“3/4”) large, and (“3/8”) small, 
Aggregate. They differ primarily in aggregate size but with average densities varying by less than five percent. 
Wave profiles fiom sixteen experiments, with shock amplitudes of 0.07 to 0.55 GPa, concentrate primarily withii 
the elastic regime. Free-surface particle velocity measurements indicate consistent pullback signals in the release 
profiles, denoting average spall strength of approximately 40 MPa. It is the purpose of this paper to present spall 
measurements under uniaxial strain loading. Notwithstanding considerable wave structure that is a unique 
characteristic to the heterogeneous nature of the scaled concrete, the spall amplitudes appear reproducible and 
consistent over the pressure range reported in this study. 

*Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for 
the United States Department of Energy under Contract DE-AC04-94AL85000. 
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Introduction 

Concrete is a material for which it is desirable to have a comprehensive shock response database in order to assess 
both local and structural response to projectile impact or explosive loading. The development of models that 
adequately describe the behavior of this complex material represents a challenge not afforded by most other 
homogeneous structural materials. 

In this study, controlled impact experiments are performed which are intended to obtain Hugoniot information 
within the elastic regime and to provide a database for the development of damage models for concrete failure [ 1,2]. 
Specifically, a smooth-bore gas gun was used to perform planar impact experiments on concrete. A maximum 
velocity of 220 d s  was necessary to constrain the range of impact test data to approximately 0.55 GPa of shock 
stress. Within this stress range, and under the confinement of uniaxial strain, this study provides statistically 
significant data describing the fiacture response of four different concrete formulations. 

Material Description 

The concrete compositions differ in nature of aggregate size. SAC-5 has pea gravel and CSPC has angular gravel 
with maximum dimensions of 10 mm in both cases, constituting about 4 0 4 %  of volume fiaction of the concrete, 
the rest grout [3,4]. The concrete referred to as large aggregate had an American Society for Testing of Materials 
(ASTM) aggregate size number of 57 [5]. This implies that 5% of the material by weight is between 25 mm and 
37.5 mm, 40% to 75% is between 19 mm and 25 mm and the balance is 4.75 mm or smaller [6]. The concrete 
referred to as small aggregate had an ASTM aggregate size number of 7 [5 ] ,  which means 10% of the material by 
weight is 12.5 mm, 30% to 60% is 9.5 mm and the balance is 4.75 mm or smaller [6]. Cores were taken &om large 
castings in all cases to ensure representative responses. Samples were obtained &om each core by grinding to precise 
dimensions, and measurements made to determine the density of each sample. The SAC-5 concrete has a nominal 
density of 2260 kg/m3 and an ultrasonic longitudinal velocity of 5060 d s ;  the CSPC has a nominal density of 2290 
kg/m3 and an ultrasonic longitudinal velocity of 5200 d s ;  the large ( 3 4  has a nominal density of 2352 kgm3 and 
an ultrasonic longitudinal velocity of 4938 m/s; and the small (318”) has a nominal density of 2346 kgm3 and an 
ultrasonic longitudinal velocity of 4532 d s .  

Experimental Method 

Impact experiments were performed with a single-stage light-gas gun of 64-mm inner-bore diameter capable of 
achieving controlled velocities over a range of approximately 30 m/s to 220 d s .  The projectile was fixed with 
carbon foam (p=o.2 g/cm3) and a flat polymethylmethacrylate (PMMA) impactor assembly. The PMMA impactor 
plates had thicknesses of approximately 4.5mm and 9.5mm and a diameter of 57-mm (see Table 1). The PMMA 
impacts directly onto the concrete sample, 12.7 mm thick. A velocity interferometer system for any reflector 
(VlSAR)[S] was used to monitor the fiee surface velocity motion of the concrete rear surface. A thin (10 pm) 
aluminum foil on the rear surface of the concrete ensured that local surface roughness did not impair the velocity 
measurement, besides obtaining the necessary reflected optical signals necessary for the interferometric techniques. 
A schematic of the experimental impact conditions is illustrated in Fig. 1. The experimental impact conditions are 
tabulated in Table I. 
The heterogeneous nature of concrete, gives rise to unique dispersive velocity records whose distinctive features 
depend upon the location of the monitoring position. Nevertheless, an average shock response for the bulk behavior 
of the material can still be determined. 

Aside fiom four experiments, the rear surface of the concrete remained free. On those four experiments, the 
concrete was backed with a PMMA window to alter the magnitude of the pullback signal relative to the main shock 
amplitude, providing a complementary measure of spa11 strength. The measured particle velocity histories for the 
series of experiments performed in this study are shown in Figures 2, 3,4,and 5 for CSPC, SAC-5, large aggregate 
(3/4”) and small Aggregate (3/8”) concrete respectively. 
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Fig. 1. Experimental Configuration: a). window and b). fi-ee rear surface particle-velocity measurements 

Table 1. Summary and Results 

Concrete 

CS4 SAC5 

CS7 SAC5 
CS8 CSPC 

“*” Represents 

Impact 
Velocity 

220 
107 
62 

0 

62 
66 
62 
32 
32 
62 
62 
67 
68 
66 
70 
30 
29 

lata infer 
- 

Impactor Concrete Shock Hugoniot Peak-Particle Strain Spa11 
Stress 
(MPa) 

Thickness Thickness Velocity Stress Velocity U d Z T s  
(mm) (mm) (m/s) m a )  (m/s) 
9.469 12.743 1641* 553.3 136 0.0191 23.8 
9.437 12.753 3344 260.4 68 0.0102 29.8 
9.535 12.746 3117 146.3 41 0.0066 41.8 
9.528 12.753 3309 149.0 40 0.0060 31.9 
4.430 12.756 4280 171.5 35 0.0041 29.0 
4.404 12.761 3784 155.3 36 0.0048 34.7 
4.402 12.730 3615 78.3 19 0.0026 28.8 
4.553 12.753 4960 85.4 15 0.00 15 32.8 
4.630 12.748 3117* 146.0* 26 0.0066* 55.1 
4.460 12.741 3785* 149.0* 29 0.0048* 71.7 
4.48 1 12.718 3952 171.5 37 0.0047 18.1 
4.479 12.733 3333* 165.0* 27 0.0081* 61.3 
4.467 12.720 3333 160.7 41 0.0061 76.7 
4.467 12.708 3950* 178.0* 28 0.0071* 58.6 
4.474 12.728 4148 76.9 16 0.0019 10.1 
4.478 12.728 3501 70.8 17 0.0025 40.6 

ed and calculated from previous experimental results. 

“w” denotes window experiment 
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Fig. 3: SAC-5 Sample with corresponding wave profiles 
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Experimental Results: Hugoniot Properties 

The experiments were designed to achieve compressive stresses of approximately 70-550 MPa in the concrete to 
limit the investigation in the elastic regime. These stress states can be obtained by accelerating the PMMA plate to 
velocities ranging flom 30 to 220 m / s  prior to impact. 

/ \  Ufs - \  \ 
LL 

barticle  velocid 

Loading 
fs (Hugoniot State) 

7 

time 

\ /  
Fig. 6. a). Stress-particle velocity diagram for flee-rear surface experiments. b). Velocity Profile Graphic. 

From Fig. 6a, planar impact of the PMh4A plate onto the stationary concrete disc shocks both the concrete and the 
PMMA to their respective Hugoniot states (uh, (Th). Continuity of pressure and particle velocity is required at the 
impact interface. The peak amplitude in the velocity profile ur. (Fig. 6b), results fiom the impact of the PMMA 
projectile plate and the concrete target. Since the experiments are conducted in the elastic regime, the particle 
velocity in the concrete is % up, while the particle velocity in the PMMA is given by, 

ui = pi -l4& /2) (1) 

where ui is the particle velocity in the PMMA impactor, F$ is the impact velocity, and V I  is the measured free 
surface velocity. The determination of the Hugoniot stress state in the PMMA (subsequently the concrete) is derived 
from the PMMA impact velocity and the free surface velocity. 

The Hugoniot stress is continuous behind the compressive shock in the concrete and PMMA at the impact interface, 
therefore, the PMMA equation of state can be used to estimate the shock stress resulting fiom impact, which is given 
by 

(2) 2 
O h  =pi ci ui i- po sui 

In equation (2), pi is the initial density, and (Ci , S) are the linear shock-velocity versus particle-velocity parameters 
for PMMA [ 5 ] ,  while uiis the particle velocity in PMMA as derived from equation (1). 

The shock Hugoniot relations can now be used to determine the shock-velocity, Us,  in the concrete, mainly 
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u s c  = oh 1 Pc (ur,/2) (3 1 
where is the common Hugoniot stress from equation (2), and ur,/2 is the particle velocity in concrete, and pc is 
the initial density of the concrete. Using relations' (l), (2), and (3), the particle-velocity, stress, and shock-velocity 
can be determined for concrete and are given in Table I. The shock-velocity versus particle velocity data, are plotted 
in Figure 7% labeled elastic, and are seen to be consistent with existing data for concrete taken at higher pressure 
[6,7]. The corresponding Hugoniot-stress versus particle-velocity are plotted in Figure 7b and are seen to be 
consistent with the elastic modulus expected based on the measured ultrasonic longitudinal velocity. 
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Fig.7. a). Shock-Velocity versus Particle-Velocity b). Hugoniot-Stress versus Particle-Velocity. 
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Experimental Results: Tensile Properties 

Tensile states form within the concrete material when release waves from the rear impactor surface and the target 
rear surfaces interact in the concrete materials (see Fig. 6). When the material tensile limit is exceeded, the 
reflective signal fkom the spall plane is transmitted to the monitoring surface, resulting in particle velocity pullback. 
This is depicted in Fig. 6a. The amplitude of the pullback signal from the free surface allows an estimate of the spall 
stress, ov , in the material through the relation, 

ov=1/2pccc(uf.i-s-upb) (4) 
where pc , C, is the initial density, and the longitudinal elastic wave speed of the concrete respectively, and upb is 
the pullback velocity for free surface conditions indicated in Fig.2(a) and @) respectively. 

For the majority of these experiments, the rear surface of the concrete remained free; in four of the experiments, the 
concrete was backed with a PMMA window so as the magnitude of the pullback signal was altered relative to the 
main shock amplitude. The window material must be a material of lower impedance than that of the concrete. The 
experimental design does require that the tensile stress generated exceed the spall threshold of the concrete material 
with a window backing. 

Upon impact, stress-particle velocity coordinates defining the shock state (1) of the concrete are (ch,uh). This is 
schematically depicted in Fig. S(a) and 8 (b). When the stress wave arrives at state (2),the window interface, particle 
velocity u2 is measured at the interface. As the release wave emanates from the sample window interface, it will 
interact with the release wave originating fiom the rear side of the impactor, generating tension in the concrete. This 
is depicted in the stress-particle velocity coordinate state qp,uSp in Fig. 8(a). At the window interface, this 
phenomena is depicted as a release state from the measured peak particle velocity u2 to the minimum velocity u3 as 
the material is released prior to pull-back (see figures Sa, 8b). 
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Fig. 8. a). Stress-particle velocity for concrete targed backed with PMMA window b). Graphical representation of 
wave profile. 
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It can now be shown from 8(a), that the spall stress oSp can be expressed as, 

OSP = 112 /Zw(u, + uz, + &(u3 - UZ)/ 
where Zw and & are the elastic impedance's of the PMMA window and the concrete. 

(5 )  

Summary of Experiments 

Impedance differences between the aggregate and the grout result in the development of a non-planar wave structure 
as the shock propagates through the target. This results in fiee-surface velocity particle-velocity fluctuations 
indicated in the measured velocity profiles. Despite the large-scale non-homogeneous composition of the concrete, 
consistent pullback signals were identified in the release profiles. The spall strength of the concrete for each of the 
experiments is provided in Table I and plotted as a function of Hugoniot stress in Figure 9. The data scatter for 
these low amplitude fiacture experiments is not unreasonable considering the nature of concrete. The low 
magnitude fracture indicates that the grout or the grout-aggregate interface bonds dominate the failure. It would be 
reasonable to note that the larger the aggregate, the higher the spall threshold. This would again point to the 
interface bond strength as the larger aggregate has a larger interface area. 
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Hugoniot Stress (MPa) 

Fig. 9. Spall-stress versus Hugoniot stress. 

As indicated from these experiments, the average spall-strength of the concrete is quite low: about 40MPa Figure 
9). This therefore results in extremely small amplitude pull-back signals as determined fi-om its free-surface state. 
Moreover, the magnitude of the pull-back signal may be obscured by the particle-velocity fluctuations observed in 
the wave profiles due to the heterogeneous nature of the experiments. Therefore, a low impedance window was 
used so that the magnitude of the measured release and spall will be larger. This should not, however, change the 
estimate for the spall strength of the material. As shown in Figure 10 a, 10 b, 10 c, and 10 d, the addition of the 
PMMA window does indeed amplify the measured release and spall signal. 
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Fig. 10. Window, Free rear surface profiles for a). SACJ, b). Small (3/8”) aggregate, c). Large (3/4”) aggregate, 
and d). CSPC. 

In a fkee surface experiment, shocked material releases to a zero pressure state and then subsequently the material is 
taken into tension. The amount of change is comparable to the particle velocity fluctuations observed. In a 
windowed experiment, we are releasing the concrete from a shocked state to the PMMA window-concrete interface 
which of course is not a zero pressure state (Fig. Sa). From the window, release continues through zero pressure 
taking the concrete into tension. This now provides a definitive profile for verifying pullback signals in all 
experiments (Figure. 10, a, b, c, d). The pull back is consistent for all concrete aggregate sizes and compares nicely 
with the fkee-rear surface experiments. 
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One of the driving forces for performing experiments using windows, was the accuracy of the magnitude of the 
release signal that can be achieved using a VISAR. The current VISAR design [SI, allows 2% accuracy per fringe. 
Of course, the VISAR can resolve to 0.1 fringe with the uncertainty increasing accordingly. From Table 11, it can be 
seen that the peak particle velocity fkom the free surface experiments, provided accuracy of the data from <I to -4% 
as the fringe count ranged from 0.5 to 3 fringes. But the accuracy in determining the magnitude of the pullback 
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velocity is not high as good because the signal amplitude low. In order to improve the 
window was introduced to increase the pullback magnitude. 

Table I1 

ccuracy of the data, a 

SHOT # Impact Peak Particle Estimated Accuracy for Pull-Back Estimated Accuracy 
Velocity Velocity Peak Particle Velocity Velocity for Pull-Back Velocity 
( d S )  ( d S )  (%) (mts) (YO) 

c s 1  CSPC 220 136 0.5 4 0.1 
c s 2  CSPC 107 68 1 .o 5 0.1 
c s 3  CSPC 62 41 1.7 7 0.0 
CS4 SAC5 62 40 1.7 5.5 0.0 

lCS5CSPC I 66 I 35 I 2.0 1 5 1  0.0 
CS6 SAC5 62 36 2.0 6 0.0 
CS7 SAC5 32 19 3.7 5 0.0 
CS8 CSPC 32 15 4.6 5.5 0.0 
c s 9  CSPC-w 62 26 2.7 17.9 0.0 
CSlO SACS-w 62 29 2.4 22.7 0.0 
CS13 small 67 37 1.9 3.4 0.0 
CS14 Large-w 68 27 2.6 2 0.0 
CS15 large 66 41 1.7 13.2 0.0 
CSl6 smaLL-w 70 28 2.5 21.5 0.0 
CS18 small 30 16 4.4 1.9 0.0 
CS 19 large 29 17 4.1 7 0.0 
All Experiments performed using Air-Delay Interferometer with a 0.0348 mm/us/fringe resolution sensitivity. The 
resolution is 0.1 friige. 

Conclusions: 

The Hugoniot and spall stress has been measured in the elastic regime for four different aggregate compositions. 
Despite considerable particle-velocity fluctuations attributed to the heterogeneous nature of the concrete, a 
methodology to ascertain spall strength of the concrete was developed. The spall amplitudes are quite reproducible, 
and of nearly constant magnitude over the pressure range. 

The low magnitude of the hcture stress is consistent with that of brittle materials, namely those materials where the 
spall strength is much lower than its dynamic yield stress. It would suggest that the failure is being dominated by 
the grout or the grout-aggregate interface bonds as quartz (a typical composition of the aggregate), has a much larger 
failure stress. The results suggest that the larger the aggregate size, the higher the spall strength. It is anticipated 
that these results will form a framework in the development of damage models for concrete failure. 
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