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Abstract

Cement paste, mortar, and concrete were studied to examine the influence of loading rate on operative toughening mechanisms. The frac-
ture toughness of cement paste was found to be independent of crack Iength, while mortar and concrete exhibited strongly rising resistance
curves. In the case of cement paste and mortar, the peak fracture toughness was found to be independent of the loading rate. In concrete, the
peak toughness was found to decrease with increasing loading rate. Surface roughness measurements were performed to understand the ef-
fect of loading rate on the fracture mechanisms. The roughness analysis coupled with fractography were found to correlate with the tough-

ness measurements. © 1999 Elsevier Science Ltd. All rights reserved.
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The use of cementitious materials in structural applica-
tions necessitates an understanding of the response of the
material as a function of loading rate, given that a single
structure may experience loading, and hence crack growth,
at rates that vary over orders of magnitude during its life-
time. In addition to the adhesive or cohesive failure at the
tip of a propagating crack, processes away from the crack
tip afford considerable toughening of the material and must
be included in the description of fracture [1]. Specifically,
the processes include crack bridging by unhydrated cement
grains and formation of unfractured bridges between offset
cracks in cement paste [2] and microcracking [3] and crack
bridging by aggregates [4] in mortar and concrete. These
processes are known to give rise to resistance (R) curve be-
havior [1], a schematic of which is shown in Fig. 1. By vir-
tue of the shielding processes, the crack resistance increases
from an initial value K, to a maximum K., with crack ex-
tension when the bridging or microcracking zone reaches a
steady state. The maximum or steady state toughness of the
materia isgiven by Eq. (1).

Kuax = Ko+ AKgg @
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where AKg is the steady state toughening contribution from
the process zone phenomena.

A number of issues relating to fracture processes and
toughening mechanisms have been investigated in cementi-
tious materials. R-curves have been measured in these mate-
rials for different mix compositions [5,6] and specimen ge-
ometries [6,7]. The fracture behavior of cementitious
materials has been related to fracture surface roughness us-
ing confoca microscopy [8], microphotography [9], and to-
pographic imaging [10]. One aspect that remains unex-
plored is understanding of the effect of the loading rate on
the toughening mechanisms in cementitious materias. Al-
though static and quasi-static fracture mechanics is a rate-
independent theory, the strength and fracture properties of
cementitious materials depend on loading rate [11-14] and
are, therefore, of great practical interest. This knowledge is
useful in lifetime prediction and the design of tougher ce-
ment-based materials.

The intent of this work is to examine first the effect of
loading rate on toughening and the evolution of R-curves of
cement paste, mortar, and concrete, and second (and moreim-
portant) the differences in the microstructural aspects of the
fracture surface which accompany the change in the loading
rate. Load-deformation curves from compact tension speci-
mens were experimentally recorded for a range of loading
ratesin the quasi-static regime. Based on measured curves K¢,
and CTOD,, of the two-parameter fracture model of Jeng and
Shah [6] were computed and R-curves were calculated. Frac-
ture surfaces of tested specimens were subjected to three-
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Fig. 1. A schematic of R-curve behavior for cementitious materials.

dimensional surface roughness analysis. Finaly, the results of
toughness measurements and roughness calculations are dis-
cussed in conjunction with fractographic analysis.

1. Materials

The materials used for this study—cement paste, mortar,
and concrete—were designed and mixed under laboratory
conditions. The cement was ASTM Type | portland cement.
The sand used for mortar was sieved from ASTM No. 2
sand and ranged in size from 300 to 600 pwm. Peatype
gravel, from 3.33 to 4.76 mm, was used for the concrete
mix. The mix ratios of all three materialsare givenin Table 1.

Compact tension specimens were cast following the
ASTM C-192 standard [15]. During casting, al of the spec-
imens were compacted by rodding and vibration. During the
first 24 h the specimens were left in the molds. Then the
specimens were removed and cured in water until the time
of testing. A few days before testing, specimens 101.6 X
88.9 X 12.7 mm were ground to make sure that the sides
were perpendicular to each other. To achieve conditions of
stable crack growth, a chevron notch, perpendicular to and
extending 29 mm from the loading axis, was cut using a
250-pm thick diamond wheel (Norton Company, Worces-
ter, MA). Companion cylinders of 76-mm diameter and
152-mm length also were cast for strength measurements.
These cylinders were capped with a sulphur compound and
were cured under water with the compact tension speci-

Tablel
Mix design and properties of the mixes
Compressive  Elastic modulus
Composition strength (MPa) (GPa)
Cement paste C:W = 1:.0.45 338+18 273+ 0.8
Mortar C:SW = 1:1:045 375+ 20 29.0+ 08
Concrete C:SA'W = 1:1:1:045 48.6 = 6.8 329*23

C = cement; W = water; S = sand; A = aggregate.

mens. The cylinders were used to measure compressive
strength (f.”), and from f.’, determine the elastic modulus
(E) of the test materials. The compressive strength and elas-
tic modulus of al the test materials arelisted in Table 1.

2. Resistance curve measur ements
2.1. Test setup and procedure

Notched specimens were tested in displacement control on
a servo-eectric closed-loop MTS testing machine (Model
808, MTS Corporation, Minneapolis, MN). During each test,
load, crosshead displacement, and crack mouth opening dis-
placement (CMOD) were measured and recorded with a data
acquisition system. The CMOD, which is the basic indicator
of the crack growth in the specimen, was measured by a COD
clipgage (MTS, COD GAGE 632.03E-30 Minneapolis, MN).
A 100X traveling microscope (Model M101AT, Gaertner Mi-
croscope Company, Chicago, IL) equipped with a digital mi-
crometer (Model 164-162, Mitutoyo Corporation, Tokyo, Ja-
pan) was used to follow, but not measure, crack growth.
Specimens were tested at crosshead displacement rates, desig-
nated here asloading rates (v) of 0.25, 1, 10, and 100 pm/min.

Theload versus COD curves (shown in Fig. 2 for concrete)
show a characteristic linear eastic region prior to pesk load
(P,). After pesk load, in the softening branch at ~95% P,
specimens were unloaded to determine the compliance of the
loading and unloading branches. After sufficient unloading, the
specimens were reloaded to final fracture. The unloading com-
pliance and initial loading compliance were used to calculate
values of critical stress intensity factor (K§,) and critical crack
tip opening displacement (CTOD,,) according to the two-param-
eter fracture model of Jeng and Shah [6]. The mode accounts
for nonlinear dow crack growth in cementitious materials prior
to the peak load. In thismodel K, is calculated at the tip of the
effective crack. Crack length of this effective traction-free
crack is determined based on the compliance method [16]. Ac-
cording to the model, when a specimen is subjected to its criti-
cal fracture load (the pesak load), the following two conditions
are satisfied [Eq. (2) and Eq. (3)]:

S
K, = K, @)
CTOD = CTOD, ©)
v =10 pm/min
200 - "'} ~Unload

z

3

S 100 \

0 | |
0 100 200
COD (um)

Fig. 2. A representative load versus COD for concrete tested at 10 pm/min.
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Using Ouyang and Shah’s model [18], R-curves for finite
size compact tension specimens were calculated. Their model,
Eq. (4) defines the R-curve as:

R = BW(a—2a,)" @

where 3,, I and d, are algebraic functions of elastic modu-
lus, crack length, and geometry of the specimens, respec-
tively; a is the crack length and a, is the notch length. The
fracture toughness (Kg) is given by Eq. (5):

Kg = /RE )

where E is the elastic modulus of the material. Combining
Egs. (4) and (5), fracture resistance curves for al three ma-
terials tested at different loading rates were calculated.

2.2. Resistance curve results

Table 2 provides the calculated values of K& and CTOD,
for each of the cement, mortar, and concrete samples tested

using the Jenqg and Shah model [6]. The CTOD, values
show no specific trend with loading rate for any of the mate-
rials. John et a. [17] found CTOD, values to decrease with
loading rate when fracture experiments were conducted over
dtatic to dynamic ranges. Little change was seen in the static/
guasi-static regime, consistent with the present results. CTOD,
will not be discussed further. Instead we focus on fracture
resistance behavior.

2.2.1. Cement paste

Fig. 3 shows the fracture resistance curves for cement
paste specimens tested at the loading rate v = 0.25 pm/min
(Fig. 3a) and for v = 10 pm/min (Fig. 3b). The fracture re-
sistance is independent of crack extension; hence, K, =
Kmax- Similar behavior was observed for the cement speci-
mens tested at 1 and 100 pm/min. K, is plotted against
loading rate in Fig. 4a. It is clear that for cement paste K,
is independent of the loading rate. The average value of
K e fOr cement pasteis 0.2 MPa - m¥2,

Table2
Fracture parameters calculated from the Jenq and Shah [6] model
Loading rate Unload point K. CTOD,
Material (rm/min) Specimen ID (N) (MPas m¥?) (m)
Cement 0.25 Cement 5 37.73 0.22 4,93
Cement 8 34.84 0.21 4.87
Cement 10 35.96 0.23 5.69
1 Cement 3 37.01 0.20 1.76
Cement 4 25.51 0.16 1.46
10 Cement 1 45.97 0.17 1.37
Cement 2 39.64 0.21 1.78
Cement 11 43.60 0.18 2.88
100 Cement 6 27.33 0.18 2.23
Cement 7 41.89 0.21 419
Cement 12 2751 0.18 257
Mortar 0.25 Mortar 8 112.06 0.43 5.89
Mortar 11 135.78 0.38 2.84
1 Mortar 2 132.18 041 3.96
Mortar 4 110.44 0.35 3.52
Mortar 12 123.30 041 4,50
10 Mortar 1 109.16 0.33 2.06
Mortar 3 133.34 0.37 8.04
Mortar 10 150.42 0.48 5.59
100 Mortar 6 133.83 0.45 5.02
Mortar 7 88.31 0.38 6.62
Mortar 9 167.04 043 6.15
Concrete 0.25 Concrete 4 249.23 1.12 3.80
Concrete 8 201.79 1.37 3.82
1 Concrete 3 190.52 0.86 6.49
Concrete 7 157.94 1.00 4.30
Concrete 11 183.24 0.97 3.72
10 Concrete 1 197.80 0.80 3.59
Concrete 2 169.74 0.71 3.65
Concrete 10 185.62 0.77 381
100 Concrete 5 234.77 0.69 497
Concrete 6 159.06 0.45 2.99
Concrete 9 221.04 0.67 5.22
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Fig. 3. Fracture resistance curves for cement paste specimens tested at the loading rate v = 0.25 wm/min (a) and for v = 10 pm/min (b).

2.2.2. Mortar

Fracture resistance curves for mortar are shown in Fig. 5
for the two different loading rates. All the specimens of
mortar show rising R-curve behavior with peak fracture
toughness values almost twice that of cement paste, al-
though K, for mortar is lower than that for paste. This latter
feature is a manifestation of the forced fit of K, = 0 at zero
crack extension by the Ouyang and Shah model [18]. Such
an increase in fracture toughness with crack length derives
from microcracking and damage zone formation as shown
in Fig. 6a. Unlinked microcracks are seen ahead of the con-
tinuous crack tip as noted by an arrow. These unfractured
ligaments could be due to bridging sand particles since the
Size of the bridging ligaments is the same order of magni-
tude as the size of the sand. K, is plotted against loading
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Fig. 4. (a) K« plotted against loading rate (for cement specimens). (b)
Kax 1S plotted against loading rate (for mortar specimens).

rate in Fig. 4b and is aso independent of the loading rate.
The average vaue of K, for mortar is 0.4 MPa - m¥2,

2.2.3. Concrete

Fracture resistance curves for concrete are shown in Fig.
7 for the four different loading rates. All the specimens of
concrete show rising R-curve behavior. Many toughening
mechanisms such as crack bifurcation, bridging by unfrac-
tured aggregate particles, and aggregate interlocking are op-
erative in concrete. Fig. 6b shows arepresentative picture of
formation of abridge or offset crack in a concrete specimen.
The offset isless than 1 mm and may be due to a subsurface
aggregate. K, for concrete is plotted against loading rate
in Fig. 8. Unlike paste and mortar, K, decreases with in-
crease in loading rate. At the maximum loading rate of 100
pm/min, K., of concrete approaches that of mortar. At this
loading rate it would appear that all the toughening contri-
bution due to aggregate particlesis lost and peak toughness
is same as that of mortar.

2.3. Oven-dried specimens

It isimportant to correct for creep effects [19] before the
effect of loading rate on the toughening can be fully under-
stood. To eliminate any creep effects, mortar and concrete
specimens were oven-dried at 110°C for 36 hours to dry the
free water present in the specimens. During the drying pro-
cess, specimens were weighed at regular intervals to make
sure that a stable microstructure was achieved at the end of
the drying process [20]. Oven-dried specimens of mortar
and concrete were tested at a slow loading rate (v = 0.25
pm/min) and at afast loading rate (v = 100 wm/min). Fig. 9
shows the results of K, plotted against loading rate for
mortar (Fig. 9a) and for concrete (Fig. 9b). Specimens
tested at room conditions at the fast loading rate of 100 m/
min take only 1-2 min to fracture. Thetest timeis small and
creep during this period can assumed to be negligible. Any
difference in toughness between oven-dried and as-cast
specimens at the fast loading rate can be assumed due to
cracking from oven-drying. However, any difference be-
tween the peak fracture toughness of oven-dried specimens
with that of as-cast specimens at the slow loading rate (0.25
pm/min) will involve both cracking from oven-drying and
creep. For both mortar as well as concrete, we see that the
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Fig. 5. Fracture resistance curves for mortar for (a) v = 1 wm/min and (b) v = 100 pm/min.

difference between K, of oven-dried specimen and K, of
as-cast specimens at fast and slow loading rates is almost
the same. Thus, creep effects on the K, for the loading rate
range used in these experiments are negligible and the effect
of loading rate on K., seen here is definitely a rate-depen-
dent fracture phenomenon.

3. Surface roughness measur ements

It has been demonstrated that the fracture properties of
ceramic and cementitious materials are related to fracture
surface profiles. Mecholsky et a. [21] demonstrated that in
the case of alumina and glass-ceramics, the fracture tough-
ness is directly related to the fracture surface roughness. In

this study, fracture surfaces of the tested compact tension
specimens were analyzed to determine if surface roughness
changes with the loading rate. For surface roughness mea-
surements, a9 X 9 mm? surface area on the fracture surface
was chosen in aregion of the specimen where a crack was
propagating at K. In one case, a 25 X 10 mm? area in
concrete was examined to ascertain the sensitivity of the test
to the area measured.

For surface roughness measurements, a coordinate mea-
suring machine (Microval, Brown & Sharpe Manufacturing
Company, North Kingston, RI) was used to evaluate a rep-
resentative fracture area with the appropriate-length scale
resolution for cement, mortar, and concrete. During a mea-
surement, specimens were mounted on a stage and the stage
was moved in X and Y directions using two micrometers

(b)

2.5 mm

Fig. 6. (a) Micrograph of a damage zone in mortar. Unlinked microcracks are seen ahead of the continuous crack tip as noted by an arrow. (b) A representative
picture of formation of abridge or offset crack in a concrete specimen.
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Fig. 7. Fracture resistance curves for concrete at (a) v = 0.25 pm/min, (b) v = 1 pm/min, (c) v = 10 pm/min, and (d) v = 100 p.m/min.

and corresponding Z-coordinate was recorded using a touch
trigger probe. The probe stylus diameter (Renishaw Incor-
porated, Schaumburg, IL) was 10 um and its sensitivity is
1 wm. Each time the probe hits the surface of the specimen,
the coordinates are recorded using data acquisition software
(Micromeasure 111, Brown & Sharpe Manufacturing Com-
pany, North Kingston, RI). Approximately 900 coordinate
points were measured for any specimen at the regular step
size of 300 wminthe X and Y directions. A representative
profile of a concrete specimen tested at v = 0.25 wm/minis
shown in Fig. 10a. Due to the presence of aggregate parti-
cles, the surface is rough and tortuous, and inclined as well.
To correct for the inclination of the fracture surface, a plane
is fit to the surface data as shown in Fig. 10b. The best-fit
plane is then subtracted from the surface profile and a
roughness profile shown in Fig. 11ais derived. Along with
this roughness profile, representative roughness profiles of
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Fig. 8. K for concrete, plotted against loading rate.

mortar and cement paste specimens tested at 0.25 pm/min
areshown in Fig. 11b and 11c, respectively. For visual com-
parison, all the surface profiles are plotted with the same
axis ranges where height is differentiated by color. Itisclear
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Fig. 9. Results of K, plotted against loading rate for as-cast and oven-
dried (a) mortar and (b) concrete.
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Fig. 10. (a) A representative profile of a concrete specimen tested at v = 0.25 um/min. (b) To correct for the inclination of the fracture surface, a planeisfit
to the surface data.

Fig. 11. Roughness profiles for (a) concrete, (b) mortar, and (c) cement paste all tested at 0.25 pm/min. (d) For comparison, ar:
tested at 100 pm/min.
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Fig. 12. Summary of results of roughness versus loading rate.

from these profiles that concrete surface is much rougher
than the mortar and cement paste surface. For comparison, a
concrete specimen surface tested at v = 100 wm/min is
shownin Fig. 11d.

From the roughness profiles, heights from the mean
plane were measured and root mean square roughness (R;)
was calculated [22] from Eq. (6):

~ th+h§+...+h§
= |t

; ()
where hy, h,, . . . h, are heights of the individual coordinate
points on the roughness plane and n is the total number of
points. Fig. 12 summarizes results of roughness versus |oad-
ing rate. For cement paste and mortar, roughness values
were measured for the specimens tested at the slowest and
the fastest loading rates only and shows no change with
loading rate. Roughness numbers for mortar specimens are
dightly higher than those for cement paste specimens, as ex-
pected. For concrete specimens, the roughness number de-
creases with increase in loading rate. Comparing Fig. 10awith
10d, it is clear the specimen tested at 0.25 pm/min is rougher
than the one tested at 10 wm/min by more than a factor of
two. For the fast loading rate specimens, surface roughness
of concrete specimens approaches the surface roughness of
mortar specimens, which is aso illustrated by comparison
of the roughness profiles shown in Fig. 11b and 11d.

4. Discussion

From the results presented in the preceding sections, it is
now documented that net toughness and the associated frac-
ture mechanisms in the cementitious materials depend on
the loading rate. With increasing order of complexity of mi-
crostructure from cement paste to mortar to concrete, the
peak toughness and surface roughness both increase. The
greater toughening in mortar and concrete derives from
toughening mechanisms active due to the presence of sand
and aggregate particles (Fig. 6). Roughness measurements
on these materials similarly show a systematic variation
with the peak toughness values. Lower values of R, corre-
spond to lower toughness values, indicative of more brittle
behavior. In the case of cement paste and mortar, R, does
not change with loading rate and correlates well with tough-

ness measurements. The rate sensitivity of concrete, in con-
trast to that of cement paste and mortar, can be further ex-
plained through microstructural analysis of the fracture
surfaces of the concrete specimens. Fig. 13a shows a repre-
sentative picture of the fracture surface of a concrete speci-
men tested at the slow loading rate (0.25 pm/min). Arrows
point to the unfractured aggregate particles left behind in
the crack wake. The crack runs along the interface between
aggregate and matrix material, leaving behind the unfrac-
tured aggregate bridge. With these bridging aggregate parti-
cles present, full toughening is obtained and a high peak
toughness value is observed. For unfractured aggregate par-
ticles, the surface roughness will be high as well. Fig. 13b
shows a representative picture of a concrete specimen tested
at the fast loading rate (100 pm/min), where arrows point to
fractured aggregate particles. In the specimens tested at the
fast loading rates, most of the aggregate particles are frac-
tured. For fracture of the potential bridging particles prior to
full debonding, the toughening contribution is expected to
be lower and a flatter fracture surface and lower surface
roughness result. These microscopic observations of con-
crete fracture are in agreement with the results of mechani-
cal and surface roughness measurements.

In a separate study performed on a grain-bridging ce-
ramic material [23], coarse-grained alumina, resistance curve
results, and fractographic observations were similar to that
of concrete. At slow loading rates (0.25-1.0 wm/min), inter-
granular fracture transpires in coarse-grained alumina simi-
lar to crack growth around bridging aggregates in concrete.
At fast loading rates (>10 wm/min), the fracture of alumina
is characterized by an increasing degree of transgranular frac-
ture analogous to fracture through aggregates in concrete.
Fine-grained alumina examined in the same study showed
negligible R-curve behavior and no rate effects, comparable
to the present mortar observations. To explain this behavior,
it is useful to examine the crack bridging process. Toughen-
ing by crack bridging is a combination of two events: de-
bonding of the bridge from the surrounding material and
frictional pullout of the bridging particle. From the work on
aumina, we found that the rate dependence of toughness
could be explained from a loading rate sensitive coefficient
of friction between two dliding surfaces (for the bridge pull-
out contribution), and to a lesser extent by reduction in the
number of bridges[23]. It isthe latter which resultsin aflat-
ter fracture surface. It is expected that a similar argument
may be used to explain the rate-dependent behavior of con-
crete observed here, although the relative contributions of a
rate-dependent friction coefficient and the reduction in the
number of bridges are not specifically known for the ce-
ment-based systems. Roughness measurements would indi-
cate that, in this case, the decrease in the number of bridging
aggregates with increasing rate is overriding. It should aso
be noted that the effectiveness of a bridging particle is di-
rectly related to its size, and hence its ability to span the
crack opening well behind the crack tip [24]. The lack of
significant bridging and rate effects in both fine-grained
aumina and mortar are consistent with this argument.
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Fig. 13. (a) A representative picture of the fracture surface of a concrete specimen tested at the slow loading rate (0.25 wm/min). Arrows point to the unfrac-
tured aggregate particles left behind in the crack wake. (b) A representative picture of a concrete specimen tested at the fast loading rate (100 wm/min), where
arrows point to fractured aggregate particles.

5. Summary

Experiments were performed to characterize the effect of
loading rate on the toughening of cementitious materials. In
cement paste and mortar, the K., is independent of loading
rate. In the case of concrete, the toughness decreases with
increasing loading rate. Surface roughness measurements
correlate well with fracture measurements. With an increase
in loading rate, surface roughness of concrete surfaces di-
minishes, while the roughness of the paste and mortar are
invariant with loading rate. Microscopic observations of the
concrete surfaces show premature failure of aggregate parti-
cles at the high loading rates. Experiments performed on
oven-dried mortar and concrete specimens demonstrate the
same behavior, providing evidence that the observed effects
are solely aloading rate phenomenon, and not creep related.

Appendix

The stress intensity factor (K;) for a compact tension
specimen [25] isgiven by Eq. (7) and Eg. (8):

K, = cn/naf% ()
where
e |1 [ an
1 N L 11214+ 00204520
v
21007020 4 35511080 _ 62450020

B mar’ mar® man’
2118535 + 2004632 6.4967EW]]

©)

and COD isgiven by Egs. (9-12):

cop(E 21 = J_EL d]l/z
[ 0ed, %l DaD
+E*l—— FSDaD] 9)
Fl% = 4%%5 (10)
PR = B42nB0_g1 R0 (12)
R @

Eqg. (9) equals CMOD for x = 0 and CTOD, for x = a,. The
function f(a/W) is given by Eq. (8) and d(a/W) is given as
Eq. (13):

a

W
(eg. 1 — [s{f(s)) ds (13)
Dzo

Layale

where o is crack face stress at the unloading point in the
softening branch, E is the elastic modulus of the material, b
is thickness of the specimen, W is width of the specimen, a
is the crack length, and x is the coordinate direction aong
the crack growth.
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