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Concrete failure due to air-water jet impingement

A. W. MOMBER
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The paper reports about the generation and testing of an air-entrained waterjet for
concrete demolition applications. Experimental results on concrete samples impinged

by conventional waterjets and the air-waterjet show three essential features of the
material removal process. First, the depth of cut is not influenced by the air addition.
Second, the entrainment of air significantly affects the material removal rate. Third, there
exists an optimum air flow-rate for a maximum material removal rate. Based on results of
mercury-penetration measurements and acoustic-emission tests, a first phenomenological
model (based on the formation of water slugs due to the air suction) is developed.
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1. Introduction Air-covered waterjets have first been generated by
High-speed waterjetting is commonly used for concreté=ddingfield and Albrecht [10] who designed and man-
demolition. Especially the heavy concrete removal, soufactured an air shroud. The idea behind their experi-
called hydrodemolition, is a suitable field for waterjet ments was to reduce the friction between the waterjet
applications. An extensive application review is givensurface and surrounding air by creating a moving air
in [1]. Nevertheless, as the energy efficiency of the hy<coat. During the investigations, diameter and length of
drodemolition process is about 5%, investigations ar¢he shroud are modified. The major result of this re-
required to improve the material removal performancesearch was the discovery thatthe coherence of awaterjet
without increasing the input energy of the waterjet gen-can be improved due to the air coating. Unfortunately,
eration system. no cutting or material removal experiments have been
A model for the concrete destruction by high-speedcarried out to prove the expected higher efficiency of
waterjets is developed by the author in a series of pubthe generated air-covered waterjets.
lications [2-5]. In these papers, the influence of inter-
faces, cracks, and inclusions on the failure of concrete
materials due to penetrating water flow at velocities of2. Materials and experimental setup
several hundred meters per second are investigated. A$e experiments were carried out with concrete cubes
suggested, the predominant mechanisms of the concretégth the dimensions 158 150x 150 mm. The con-
failure are the propagation and intersection of existingcrete was made from Portland Cement Z 35 F according
microcracks. It is found that the destruction procesdo the German standard DIN 1161, and limestone as ag-
due to the high-speed water flow is introduced in thegregate material. The water-cement-ratio was 0.45. The
interfaces between the matrix and the aggregate grairgacing and mixing process was managed according to
which are characterized by a high degree of porosityDIN 1048, Part 1. After mixing, the compositions were
and pre-existing microcracks. Inside a crack, the watecured and hardened for 28 days under water. After hard-
is pressurized which leads to forces acting on the crackning, the mechanical properties of the mixtures were
wall surface. If the generated stresses exceed criticastimated at three cylindrical specimens. These prop-
material values, for example the critical stress inten-erties are listed in Table I.
sity factor, the crack starts to grow. The crack growthis For the cutting and material removal experiments,
controlled by the interaction between cracks and aggrea high-pressure waterjet unit was used consisting of a
gate grains. It is shown that inclusions in the materialplunger pump (Type 1502), a hose system, a nozzle car-
act as crack arresters and energy dissipaters [6]. Theer, and a rotating specimen holder. The applied pump
intersection of several single cracks leads to a macropressure was 50 MPa and the water volume-flow rate
scopic material removal and, finally, to the generationwas 75 I/min. For the mercury-penetration and acoustic-
of fine-grained erosion debris, as discussed in [7]. Inemission experiments, a pump pressure of 10 MPa was
advanced versions of this phenomenological model, applied. Nozzle diameter and stand-off distance were
computer-based simulation of the fluid dynamics insidel.5 mm and 10 mm, respectively. From the rotational
amicrocrack [8], and a fracture mechanics model of thespeed of the specimen holder, the traverse rate was es-
erosion process [9] are presented. The main conclusioiimated to be 3.5 mm/s. This corresponds to a local
from these investigations is that the concrete hydrodeexposure time of about 0.43 s.
molition is a fracture mechanics process which involves The depth of cut was estimated by averaging ten mea-
the generation, propagation and intersection of cracksurements along each cut. The mass loss was measured
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TABLE | Mechanical parameters of the specimens

Parameter Unit Value
Compressive strength MPa 39
Young’s modulus GPa 254
Absorbed fracture energy MJfm 65.1
Density kg/n? 2,290

by filling the generated cavities with fine-grained gar-
net sand. This sand was then removed and weighec
Since concrete is an inhomogeneous material, dept
of cut and mass loss were calibrated by independer
measurements at three different kerfs. In the result, :
“material tolerance” value was estimated. Within this
tolerance band, changes in depth of cut or mass loss al
the result of the local structure of the specimens anc
not of external influences.

Also, the pore and crack systems of the concrete gy
including non-visible structural changes inside the’
specimens, were detected by a mercury-penetratio®
measurement unit. Using the so-called Washburny
equation, and assuming a contact angle for concret.
of ® =1413° [11] and the surface tension of mercury
of o =0.48 N/m, the flaw size (pore radius respectively
crack width) can be related to the known mercury pen-igure 1 Air shroud system used for the investigations.
etration pressure:

3. Experimental results

- 75 1 3.1. Depth of cut and material removal

Pm The left diagram in Fig. 2 shows the influence of the air

entrainment on the depth of cut. Interestingly, the depth

The measurements give the cumulative distribution of cut is not significantly influenced by the air addition.
the flaw volume by plotting the integrated mercury vol- All estimated values are located within the material-
ume versus the flaw siz&, = f(r). In order to better determined tolerance band. Therefore, changes in the
understand the flaw structure, the cumulative distribudepth of cut are not necessarily a result of the air en-
tion is often replaced by the differential distribution of trainment, but could also be a result of the material's
the flaw volumedV/dlogr = f(r). This method was structural inhomogeinity.
used in the investigation. A commercial mercury pen- Another tendency can be observed in the right dia-
etration unit of the Type “Carlo Erba” in a pressure gram of Fig. 2 showing the air influence on the material
range between 0.1 MPa and 200 MPa was applied. Thenass removal. Here, the material removal is signifi-
mercury-penetration specimens had the dimensions afantly influenced by the air entrainment. The estimated
8 x 8 x 40 mm; they were cut away by diamond tools values deviate from the tolerance band by sometimes
from the concrete samples. 70 percent. This is the case especially if a high number

Further, preliminary acoustic-emission measure-of open air entry-holes is present. Assuming that a high
ments were performed by using a commercial systemmumber of open air entry-holes corresponds to a high
The acoustic emissions caused in the specimen dugir-flow rate, one can conclude that high air-flow rates
ing the jet impingement were detected by a piecoimprove the material removal capability of the investi-
electric sensor (resonant frequency 500 kHz). Theyated waterjet.
were converted into an electric voltage that was am-
plified by a pre-amplifier, and sent to a mainframe for
post-processing. The sensor was fixed on the rear sid®2. Mercury-penetration measurements
of the specimen with a water-resistant epoxy. The results of the mercury-penetration measurements

The air-waterjet was generated in amixing head. Thisare shown in Fig. 3. Independent on the loading sit-
head consisted of the entries for the high-speed wateration, all three functions peak in the flaw-size range
jet and the air flow, the mixing chamber, and the orificebetween 20 nm and 50 nm. This region is characterized
for the high-speed air-waterjet. The air was sucked intdy the capillary-pore system that is generated in the
the mixing chamber by the vacuum created by the highhardened cement paste during the hydration. This peak
speed water flow. The shroud system is shown in Fig. lis most pronounced for the unloaded concrete speci-
The amount of air was varied by opening or closingmens. As the samples are subjected to waterjets, the first
several of the 12 air entry-holes at the circumference opeak is reduced; whereas, the relative flaw volume in
the shroud. the microcrack-region (100 nm to 1,000 nm) increases.
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Figure 2 Relation between air entrainment and removal parameters. (a) depth of cut; (b) material mass removal.
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Figure 3 Results of the mercury-penetration measurements. Pump pres : = ! ! I'I'
sure: 10 MPa, nozzle diameter: 1.5 mm; number of open holes: 9. 0
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Thus, a net of individual microcracks is generated in the
structure due to the Waterjet attack. This process is evelﬁgure 4 Acoustic-emission signals for a Water_jet and an air-waterjet,
. . : . . respectively. Pump pressure: 10 MPa, nozzle diameter: 1.5 mm; number
more drastic as air-waterjets are used. Especially in the open holes: 9.
range between 1,000 nm and 2,000 nm, the amount of
detected flaws is higher than for the plain waterjet. Ob-
viously, the addition of the air leads to the generationyaterjet. During that measurement, the voltage level
of comparatively long cracks. increases 13-times; an average increase from five mea-
surements is about 15-times. The voltage level of a sig-

nal from air-waterjets with a pump pressure of 10 MPa

3.3. Acoustic emission measurements corresponds to a voltage level of a plain waterjet at a
Typical acoustic-emission signals are plotted in Fig. 4pump pressure of 35 MPa, which is a ratio of 3.5.

On the right hand, the signal detected from a plain

waterjetis shown; whereas, the left part shows the corre-

sponding signal acquired during the impingement of thet. Discussion

air-waterjet. Although different signal-amplifications Considering Eddington and Albrecht’s [10] results, the
are used, the dramatic increase in the voltage level abut-come of this investigation is somewhat surprising.
the signal can clearly be noticed as air is added to thét does not confirm the effect of jet-bunching by the
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surrounding air flow because this should lead to abette 50
cutting capability of the jet.
Itis known from several researchers that pulsating ot §) |
discontinuous waterjets can substantially improve the @
demolition performance in concrete compared to con-g' 48 fa
tinuous jets. Yieet al. [12] for example investigated ©
concrete members under the attack of water slugs prc§
duced by high-pressure water cannons. More interes@ 30
ingly, Nebecker [13] found that pulsation waterjets have, i
a higher hydrodemolition efficiency then non-affected '@ :
jets. He observed that, in the case of pulsating jets, thi3 -
aggregate grains in the investigated concrete specimery 20 -
were broken. In contrast, they remained undamaged ai g i
ter conventional waterjet attack. ® i
In the present study, the same observation has bee§
made for the air-waterjet. This leads to the generation 0 €
a coarse-meshed crack network that allows the gener:©
tion of coarse erosion debris. The reason is that neithe's
crack-arresting nor crack-branching by the aggregate'r 0 - [

ure

10

occurs. This processes have been investigated in dete 0 20 40 60
in[6, 7].
Fig. 5 illustrates this phenomenon by a simple frac- Pump pressure in MPa

ture mechanics model. An already existing microcrack _ , _
(length 704m) in the cement matrix is loaded by a E)lg;(;i:ﬁ;??tlon between pressure ratio and pump pressure according
certain stress (level 15 MPa) generated in the crack tip '
by hydro-dynamic pressure. As the stress intensity is
high, the crack growths and then, after mfh, hits an  period. The ratio between these pressure levels depends
aggregate grain. At that point, the crack gets arrestedn the jet velocity and is given, among others, in [14]:
if the stress does not increased. A stress level of about
100 MPais now required to fracture the aggregate mate- pve  2-1.460
rial. Thus, the pressure of the impacting waterjet needs Rp = = (2)
to be increased. Pst OIET

This preliminary model requires the presence of
significant dynamic characteristic in the air-waterjet. |
is well known that any impacting waterjet exhibits two
pressure levels: an impact-pressure level in the ver
early moment of the jetimpacp(up), and a stagnation-
pressure levelfst) that is established after the impact

taResuIts of Equation 2 are illustrated in Fig. 6 for the
pressure range applied in this study. For the pump pres-
ure of 10 MPa, the ratio between impact pressure and
tagnation pressure is abd®t = 20. Interestingly, this
ratio is in good qualitative agreement with the ratio
between the voltage levels of the acoustic-emission sig-
nals of air-waterjet and waterjeRge = 15), respec-
1,000 tively. The reason for the increase in the acoustic-
e emission signals is the sudden energy release due to
B . E——— fractured aggregate grains as proven in [15] for the
e 4 matrix concrete fragmentation by abrasive-waterjets. Thus, the
. increase in the energy of the acoustic-emission signals
100 F M | if air-waterjets are used could be caused by the gen-
[ eration of an impact pressure suitably high to fracture
A the aggregate grains and to avoid crack branching or
* arresting, respectively. For the example in Fig. 5, the
stress-amplification factor required to fracture the ag-
gregates iRst=100/15=6.7 which is much lower
than the calculated pressure raip.

Unfortunately, no equipment was available to op-
tically prove the assumed process of jet interruption.
R e e Nevertheless, Thorne and Theobald [16] who took
© a0 e 12 20 high-speed photographs from waterjets, detected the

Crack length in pm disruption of a waterjet by the expansion of entrained
air. As they assumed, air bubbles, already contained in

S Aggregate grain the water, suddenly expanded and shattered in the jet.
Growing crack %

Applied stress in MPa

Matrix crack
Crack arrest

5. Summary
Figure 5 Fracture mechanics model; adapted from [17]. The investigations lead to the following results:
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