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Abstract：To investigate the effects of the spraying process 
and different fibers on the mechanical properties and failure 
patterns of ultrahigh performance concrete （UHPC）， three 
types of fibers were used.  These fibers were formed using 
both spraying and molding methods.  Uniaxial compression 
tests were conducted， and two nondestructive monitoring 
techniques， acoustic emission （AE） and digital image cor‐
relation， were employed to monitor the uniaxial compres‐
sion tests.  The results indicated that the compressive 
strength of UHPC with single steel fibers and hybrid fibers 
increased by about 19% and 14% compared with those of 
UHPC with polyoxymethylene fibers.  In comparison with 
molded UHPC， sprayed UHPC showed a slight improve‐
ment in compressive strength.  Specimens containing steel 
fibers exhibited better post‐cracking ductility， whereas 
those with only polyoxymethylene fibers displayed a certain 
degree of brittle failure.  In sprayed UHPC， the onset of sig‐
nificant internal damage was delayed， which was related to 
the redistribution of internal fibers.  The failure of UHPC 
was characterized by primary tensile cracks， supplemented 
by shear cracks.  The spraying process can better restrict the 
development of tensile cracks in UHPC.  Sprayed UHPC 
typically exhibited multiple crack developments leading to 
failure， whereas molded UHPC generally failed in the form 
of a single main crack penetrating the specimen.  The addi‐
tion of steel fibers delayed the occurrence of local stress 
concentration zones， aligning well with AE monitoring 
data.
Key words：sprayed ultrahigh performance concrete； acous‐
tic emission； digital image correlation； uniaxial compres‐
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Ultrahigh performance concrete （UHPC） is a new 
type of concrete material known for its high 

strength［1］.  It is composed of fine particles with diam‐
eters smaller than 0. 5 mm and containing no coarse ag‐
gregates［2］.  In practical engineering， various types of fi‐
bers are often incorporated into UHPC to enhance the lat‐
ter’s strength and toughness［3‐5］.  UHPC is widely used in 
high‐rise buildings， long‐span bridges， military proj‐
ects， and other engineering applications［6］.  However， in 
scenarios where formwork is challenging to implement， 
pouring UHPC can be difficult.  In view of this challenge， 
sprayed UHPC， as a new construction technique， inte‐
grates the processes of conveying， pouring， and compact‐
ing， making construction faster and simpler ［7］.  The me‐
chanical properties of sprayed UHPC are influenced not 
only by the type of fibers but also by the spraying re‐
bound process［8‐11］.  Therefore， conducting uniaxial com‐
pression failure and damage tests on sprayed UHPC is of 
significant practical importance for the structural design 
of UHPC engineering projects.

In recent years， many domestic and international 
scholars have studied the effects of different types of fi‐
bers on the mechanical properties of UHPC.  For in‐
stance， Tong et al.［12］ investigated the impact of various 
fibers on the mechanical and durability properties of tun‐
nel concrete.  Meanwhile， Chen［13］ studied the effect of 
different dosages of steel fibers on the compressive 
strength of UHPC.  Karim and Shafei［14］ researched the 
impact of mixing five different fibers with steel fibers on 
the strength and toughness of UHPC.

Currently， there is relatively more research work on or‐
dinary sprayed concrete， whereas studies on sprayed 
UHPC are less common overall.  For example， Zhou and 
Su［15］ studied the formulation and mechanical properties 
of tunnel polypropylene fiber‐sprayed concrete.  Mean‐
while， Liu and Ma［16］ investigated the effects of different 
fiber contents on the mechanical properties and energy 
evolution of sprayed concrete.  Chai et al. ［17］ examined 
the influence of fly ash and polypropylene fibers on the 
performance of sprayed concrete.  Thus， according to the 
aforementioned research background， studies on sprayed 
UHPC in China are relatively scarce.

Polyoxymethylene （POM） fiber is a type of polymer 
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fiber with good dispersibility.  Steel‐POM hybrid fibers， 
as a new type of composite fibers， can help reduce costs 
and improve efficiency in various applications.  This 
study designed three different types of fibers： POM fi‐
bers， steel fibers， and hybrid steel‐POM fibers.  These fi‐
bers were formed using both molding and spraying meth‐
ods.  Through uniaxial compression tests， the study ex‐
plored the effects of the three types of fibers and the 
spraying formation method on the mechanical properties 
of UHPC.  Additionally， combining acoustic emission 
（AE） and digital image correlation （DIC） technologies， 
the development of cracks and damage during the com‐
pression process of the specimens was monitored and ana‐
lyzed ［18‐20］.
1　Experimental Program

1. 1　Material properties

This experiment used P· Ⅱ 52. 5‐grade cement.  The 
fine aggregate consisted of 20‐ to 40‐mesh quartz sand 
with a particle size range of 0. 45 to 0. 90 mm and 
325‐mesh quartz powder with an average particle size of 
40 μm.  The water reducer was a polycarboxylate super‐
plasticizer with a water reduction rate of 36%.  The types 
of fibers used were steel fibers and POM fibers， with spe‐
cific parameters shown in Table 1.  The fibers were di‐
vided into three groups： single fiber volume content of 
2% each and hybrid fibers with 1. 5% steel fibers and 
0. 5% POM fibers.  The water‐binder ratio of the sprayed 
UHPC was 0. 18， and the matrix mix proportions are 
shown in Table 2.

1. 2　Specimen preparation

The molded specimens used 100 mm × 100 mm × 100 
mm cubic molds， with three specimens cast for each 
group.  The preparation process was as follows： first， the 
cementitious materials and fine aggregates were mixed 
evenly in a mixer.  Then， the uniformly mixed water and 
water reducer were added and stirred for 5 min.  Next， 
the fibers were added and mixed until the mixture was 
uniform.  The mixed material was then placed into the 
molds and vibrated， and the surface was leveled.  After 
standing for 24 h， the specimens were demolded and 
cured under standard conditions for 28 d.  The molded 

specimen codes were SL （steel fibers）， PL （POM fi‐
bers）， and 1. 5SL‐0. 5PL （hybrid fibers）.

The sprayed specimens used large 450 mm × 350 mm 
× 120 mm plate molds.  The preparation process was as 
follows： all components were manually fed into the 
mixer and mixed for 15 min.  After mixing， the air com‐
pressor was turned on to supply air， and the spray pipe 
was primed.  The materials were then manually fed into 
the hopper of the spraying machine for spraying.  The 
spraying process used a KBS‐8A concrete pumping wet 
sprayer produced by the Henan Provincial Coal Science 
Research Institute.  After spraying， the surface was lev‐
eled promptly.  The molds were removed after 2 d of 
natural curing under a membrane， and the specimens 
were transferred to a standard curing room for another 
28 d of curing.  Before testing， the specimens were cut 
into 100‐mm cubic blocks.  The sprayed specimen codes 
were SL（S）， PL（S）， and 1. 5SL‐0. 5PL（S）.
1. 3　Test equipment and scheme

The experimental setup， as shown in Fig. 1， consisted 
of three main parts： a loading device， an AE monitoring 
system， and a DIC system.  The loading device was a 
Hangzhou Bangwei compression testing machine， with 
the main oil cylinder at the lower end of the machine ca‐
pable of applying a load of 0 to 3 MN.

One side of the specimen was evenly sprayed with 
white matte paint， followed by black matte paint to cre‐
ate speckles on the white background.  The strain evolu‐
tion on the specimen surface was monitored in real time 
using an XTOP‐3D full‐field deformation measurement 
system.  Four AE probes were arranged crosswise on the 
left and right sides of the specimen.  To minimize errors 
due to slight friction between the probes and the speci‐
men， petroleum jelly was applied on the contact sur‐
faces.  The probes were placed 30 mm away from the 
specimen boundaries.  The AE signals generated within 
the specimen during the test were monitored in real‐time 
using the SAMOSTM 16‐channel AE system by Physical 
Acoustics Corporation.  The threshold was set at 40 dB， 
and the sampling frequency was 1 MHz.

The loading process used displacement control.  Be‐

Table 1　Fiber parameters

Fiber type
Steel fibers
POM fibers

L/mm
13
30

D/mm
0.2
0.2

Aspect 
ratio
65

150

Tensile 
strength/MPa

>2 850
>900

E/GPa
190 to 220

>8
Table 2　Density of UHPC matrix composition kg/m3

Cement
728

Silica 
fume
280

Fly ash 
beads
112

Quartz 
powder

912

Quartz 
sand
208

Water 
reducer

28
Water
201.6

Fig. 1　Test loading equipment
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fore formal loading， a force‐controlled preload of 1 kN 
was applied to ensure full contact with the specimen.  
Subsequently， displacement control was used to load the 
specimen until failure， with a loading rate of 0. 6 mm/
min.  During the entire loading process， the loading de‐
vice operated synchronously with the DIC and AE sys‐
tems to ensure data accuracy.
2　Results and Analysis

2. 1　Mechanical properties of UHPC

The compressive strength of the specimens varied with 
the type of fiber and the forming method.  The compres‐
sive strength test results for the six different cubic speci‐
mens are shown in Table 3， and their load‐displacement 
curves are shown in Fig. 2.

Fig. 3 shows that the uniaxial compression failure pro‐
cess of the six different specimens underwent an initial 
compaction stage， an elastic compression stage， a peak 
failure stage， and a post‐peak failure stage.  Specimens 
with steel fibers had higher peak loads than those with 
only POM fibers.  During the post‐peak failure stage， the 
load‐displacement curve for the specimens with only 
POM fibers dropped sharply， accompanied by a blasting 
sound， indicating a certain degree of brittle failure.  In 
contrast， the curve for the specimens with steel fibers 
was more gradual， and the tearing sounds of the steel fi‐
bers can be heard during the test.  The post‐peak residual 
load for specimens with steel fibers ranged from 500 to 
600 kN， whereas that for specimens with only POM fi‐
bers was around 400 kN.  This indicated that steel fibers 
significantly enhanced the compressive strength， ductile 
failure， and postpeak residual load of UHPC.

Table 3 shows that the compressive strength of UHPC 

Table 3　Uniaxial compression test data of UHPC

Specimen No.

SL

PL

1.5SL‐0.5PL

SL(S)

PL(S)

1.5SL‐0.5PL(S)

Peak load/kN
1 365.57
1 347.70
1 362.18
1 134.44
1 048.96
1 236.11
1 298.36
1 329.69
1 271.60
1 394.68
1 296.09
1 480.47
1 275.25
1 057.06
1 155.87
1 345.15
1 327.24
1 336.67

Compressive 
strength/MPa

136.56
134.77
136.22
113.44
104.90
123.61
129.84
132.97
127.16
139.47
129.61
148.04
127.53
105.71
115.59
134.52
132.72
133.67

Average/
MPa

135.85

113.98

129.99

139.04

116.28

133.64

Fig. 2　Load‐displacement curves of different UHPC specimens

Fig. 3　AE ringing counts⁃time histograms， accumulate counts⁃time curves， and stress⁃time curves of different specimens.  （a） PL； 
（b） PL（S）； （c） SL； （d） SL（S）； （e） 1. 5SL⁃0. 5PL； （f） 1. 5SL⁃0. 5PL（S）
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with steel fibers was about 19% higher than that of 
UHPC with only POM fibers.  UHPC with 1. 5% steel fi‐
bers and 0. 5% POM fibers had a compressive strength ~
14% higher than UHPC with only POM fibers and only 
5% lower than UHPC with only steel fibers.  This might 
be because the mixed fibers of different sizes formed a 
network structure in the space， achieving a positive hy‐
brid effect and providing dual enhancement ［13］.

The compressive strength of the sprayed specimens for 
the three types of fibers was higher than that of the 
molded specimens， with increases of 2. 35%， 2. 02%， 
and 2. 81%， respectively.  This indicated that the spray‐
ing process improved the compressive strength of UHPC 
with the same mix ratio.  This improvement was due to 
the impact of high‐pressure airflow during the spraying 
process， which altered the pore structure within the 
specimen， dispersing large pores into harmless fine 
pores ［11］.
2. 2　Damage evolution analysis based on AE

2. 2. 1　AE characteristic parameters
AE technology is a new type of nondestructive moni‐

toring technique and a powerful method for observing the 
damage process in concrete［21‐24］.  AE technology works 
by detecting elastic waves generated by the release of en‐
ergy within a material and converting them into electrical 
signals for analysis.  AE parameters that describe mate‐
rial damage and failure include ring count， energy， am‐
plitude， and event count.
2. 2. 2　AE ringing counts and accumulate counts

The AE ringing counts represent the activity level of 
the signal source and reflect the strength and frequency of 
the signals during an experiment to a certain extent ［25］.  
It is often used to indicate the extent of internal damage 
and the rate of damage development in the specimen.  
Fig. 3 shows the ringing counts‐time histogram， accumu‐
late counts‐time curve， and stress‐time curve for the six 
specimens.  This figure shows that the AE signals of the 
six types of UHPC can be divided into three stages.

Stage Ⅰ was the stable stage， where the specimens 
were in the compaction phase， and the AE ringing counts 
were small with almost no significant changes.  The accu‐
mulated counts increased slowly， indicating that the mi‐
crocracks inside the specimen were growing slowly and 
steadily.

Stage Ⅱ was the rapid growth stage， where the speci‐
mens were in the damage evolution phase.  The AE ring‐
ing counts showed a significant peak， and the growth 
rate increased.  The slope of the accumulated count curve 
rose， and the rate of change became apparent.  Clear 
peaks in the AE ringing counts were observed near the 
peak load.

Stage Ⅲ was the attenuation stage， where the AE ring‐
ing counts continuously decreased， and the growth of the 

accumulated counts slowed down.
Comparing the AE signals of UHPC with different fi‐

bers， the PL specimen apparently reached the first signal 
peak earliest， indicating that significant crack expansion 
occurred earlier inside.  Additionally， the AE signal of the 
PL specimen significantly dropped near the stress peak， 
and its stress‐time curve dropped suddenly with a bursting 
sound， indicating a certain degree of brittle failure.  In 
contrast， the AE signals of the SL and 1. 5SL‐0. 5PL 
specimens showed a more gradual decline， and their 
stress‐time curves were smoother.  During failure， the 
tearing sound of fibers can be heard， indicating better 
ductility.

Comparing the AE signals of sprayed specimens and 
molded specimens， the first signal peak in sprayed speci‐
mens evidently occurred later， indicating that significant 
damage inside occurred later.  The accumulated counts of 
the same type of fiber in sprayed specimens also de‐
creased， indicating fewer damage activity signals inside 
the sprayed specimens.  This was due to the effect of the 
spraying process on UHPC， where the fibers tended to 
align in a two‐dimensional random distribution parallel to 
the spraying surface， better inhibiting crack expansion 
within the UHPC specimens ［11］.
2. 2. 3　Analysis of AE b⁃value

The b‑value analysis method was first used in seismol‐
ogy to quantitatively analyze seismic activity.  Today， 
the application of the b‑value extends beyond earthquake 
research.  In the process of concrete structure cracking， 
numerous AE signals similar to seismic activity are gener‐
ated inside the concrete， which have similarities to seis‐
mic waves.  In AE analysis， a similar b‑value can be ob‐
tained from the number of AE events and amplitude.  The 
amplitude and cumulative frequency logarithm show a 
linear relationship， with the b‑value being the slope of 
the fitted line ［26］.

Statistically， the b‑value represented the proportion of 
small‐amplitude AE events to the total number of AE 
events.  An increase in the b‑value indicated the growth 
of microcracks inside the concrete， whereas a decrease in 
the b‑value indicated the rapid development of cracks， 
leading to larger interconnected cracks and material dam‐
age.  The calculation formula is

log10 N = a - b Ad20 （1）
where N is the number of AE events with an amplitude 
greater than Ad； Ad is the amplitude of the AE events； a 
is a fitting constant； b is the slope of the fitted line.

By substituting the experimental AE data into Eq.  
（1）， the optimal fitted line’s b‑value can be calculated 
using the least squares method.  Fig.  4 shows the varia‐
tion of the b‑value over time for different specimens.  Ap‐
parently， the b‑value generally exhibited a downward 
trend.  In the early stages of loading， the microcracks in‐

174



Mechanical properties and damage evolution of sprayed ultrahigh performance concrete under uniaxial compression

side the concrete continuously grew， and the b‑value was 
relatively high and fluctuated.  When microcracks accu‐
mulated to a certain extent and formed larger macro‐
cracks， the b‑value decreased sharply.  The macrocracks 

continued to develop until failure.  After the specimen 
failed， continued pressure caused the existing cracks to 
develop further， leading to a gradual stabilization and 
fluctuation of the b‑value.

Fig. 4 shows that the b‑value for UHPC with steel fi‐
bers exhibited overall smaller fluctuations， indicating 
slow and uniform crack development without the rapid 
formation of large cracks， resulting in a more ductile 
failure.  In contrast， the b‑value for the PL specimens 
showed a significant linear decrease， indicating the rapid 
development of macrocracks.  Additionally， compared 
with that of molded specimens， the b‑value for sprayed 
specimens declined later， suggesting that the spraying 
process can better inhibit the expansion of internal micro‐
cracks.
2. 2. 4　FA⁃RA analysis

Among various AE characteristic parameters， the RA 
value is the ratio of rise time to signal amplitude， 
whereas the FA value is the ratio of ringing counts to du‐
ration.  Generally， shear failure releases energy in the 
form of transverse waves.  As transverse waves propagate 
more slowly， they cause an increase in the signal’s rise 
time duration.  In other words， higher RA values and 
lower FA values indicate shear failure， whereas lower RA 
values and higher FA values indicate tensile failure.  Dif‐
ferent materials and loading methods have varying FA‐RA 
critical ratios.  In this study， the FA‐RA critical ratio was 
set to 80∶1［27］.

The FA‐RA distribution of UHPC is shown in Fig.  5.  
Signal sources above the marked line indicate tensile fail‐
ure， whereas those below indicate shear failure.  Given 
the large number of signal sources， the proportions of 
tensile and shear cracks are listed in Table 4.  The table 

shows that tensile cracks predominated in the uniaxial 
compression failure of all six types of UHPC specimens， 
with shear cracks being secondary.  The proportion of ten‐
sile cracks in sprayed UHPC with the same type of fiber 
decreased to some extent， indicating that spraying 
changed the internal fiber distribution of UHPC， thereby 
better inhibiting the development of tensile cracks during 
axial compression failure.  In Fig.  5， the FA value of 
steel fiber UHPC was relatively small among the three， 
whereas the FA value of POM UHPC was larger.  This in‐
dicated that steel fibers can better restrict the develop‐
ment of tensile cracks.  At the same time， the reduced RA 
value in steel fiber UHPC specimens indicated that shear 
cracks were also limited.  Compared with POM fibers， 
steel fibers were more effective in inhibiting UHPC 
cracks.
2. 3　Surface deformation evolution based on DIC

The DIC technique can capture the full‐field strain 
variations of specimens throughout the loading process in 
a noncontact manner.  It is often used to reveal the sur‐
face deformation evolution during the fracture of con‐
crete［28‐29］.  Studies have indicated that the crack propaga‐
tion and strain field on a specimen’s surface correlate 
highly with each other［30‐31］.  Therefore， DIC was em‐
ployed herein to monitor the uniaxial compression failure 
process of the specimens in real time to obtain the crack 
evolution patterns of sprayed UHPC with different types 
of fibers.

Fig. 4　 Compressive stress and b⁃value of acoustic emission vs.  time curves of various specimens.  （a） PL； （b） SL； 
（c） 1. 5SL⁃0. 5PL； （d） PL（S）； （e） SL（S）； （f） 1. 5SL⁃0. 5PL（S）
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Because the crack failure types of the three UHPC 
specimens were similar， one representative specimen 
from each group was selected for analysis.  Fig.  6 shows 
the strain evolution contour maps of different UHPC 
specimens.  With a 20% Pmax （peak load） gradient， eight 
maximum principal strain contour maps were selected for 
analysis from the start of compression to 60% of the 
post‐peak load.  Fig.  6 shows that the surface cracks of 
UHPC specimens appeared as local strain concentration 
zones， starting from the edges of the loading surface and 
extending longitudinally along both sides of the surface.  
The principal strain contour maps matched well with the 
actual failure conditions.  Before the peak load， the local 
stress concentration zones extended continuously and the 
cracks developed gradually， with the maximum principal 
strain increasing.  At peak load， the maximum principal 
strain in the surface stress concentration zones continued 
to increase， the red stripe areas expanded， the cracks 
widened， and the specimens failed.  After the peak load， 
the local stress concentration zones continued to extend 
and widen， and new stress concentration zones appeared 
continuously.  This corresponded to the actual loading 
condition where new cracks formed， and the surface 
cracks of the specimens continued to expand and pen‐
etrate the entire surface.

Fig. 6 exhibits that during uniaxial compression， the 

surface strain evolution characteristics of the specimens 
changed with different types of fibers.  Local stress con‐
centration zones in UHPC containing steel fibers ap‐
peared at 60% and 80% of the peak stress level， whereas 
these zones appeared at 40% of the peak stress level in 
UHPC with only POM fibers， consistent with the phe‐
nomena described by the AE characteristic parameters.  
Comparing the surface deformation evolution of UHPC 
formed by molding and spraying， crack propagation in 
both types of UHPC during early uniaxial compression 
started as a single main crack extending continuously.  
At peak stress， the surfaces of the sprayed specimens ex‐
hibited multiple local stress concentration zones， 
whereas the molded specimens predominantly showed a 
single local stress concentration zone.  This indicated 
that when UHPC reached peak stress and failed， the 
sprayed specimens showed multiple developing cracks， 
whereas the molded specimens exhibited failure along a 
single main crack.  That is， once the main crack in the 
molded specimens penetrated， the specimen failed in‐
stantaneously along this main crack.  In contrast， the 
main crack in the sprayed specimens， with better fiber 
interconnection， can continue to bear the stress， leading 
to failure through the development and penetration of 
multiple cracks.  This was because the spraying process 
altered the internal fiber distribution in UHPC， tending 
toward a two‐dimensional random distribution.  This en‐
hanced the bridging effect of fibers during the develop‐
ment and widening of a single crack， thereby obstructing 
crack propagation and improving the brittleness character‐
istics of the specimens.

Fig. 5　FA⁃RA distribution of various specimens.  （a） PL； （b） SL； （c） 1. 5SL⁃0. 5PL； （d） PL（S）； （e） SL（S）； （f） 1. 5SL⁃0. 5PL（S）

Table 4　 Proportion of tensile and shear cracks of various 
specimens %

Type of cracks
Tensile cracks
Shear cracks

PL
78.38
21.62

PL(S)
73.46
26.54

SL
70.83
29.17

SL(S)
61.85
38.15

1.5SL‐
0.5PL
72.06
27.94

1.5SL‐
0.5PL(S)

68.09
31.91
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3　Conclusions

（1） Compared with molded UHPC， the compressive 
strength of sprayed UHPC consistently improved by ap‐
proximately 2% to 3%.  The compressive strength of 
UHPC with single steel fibers was about 19% higher than 
that with single POM fibers.  UHPC， with a hybrid of the 
two fibers， exhibited good compressive performance， 

providing a cost‐effective alternative for producing steel 
fiber UHPC in engineering applications.
（2） The three stages of AE ringing counts， accumu‐

lated counts， and b‑value reflected the damage and fail‐
ure characteristics of sprayed UHPC.  Specimens with 
steel fibers exhibited good ductility upon failure， 
whereas those with only POM fibers showed a certain de‐
gree of brittle failure.  The occurrence of major internal 

Fig. 6　Evolution cloud map of the maximum principal strain fields of different specimens.  （a） PL； （b） PL（S）； （c） SL； （d） SL
（S）； （e） 1. 5SL⁃0. 5PL； （f） 1. 5SL⁃0. 5PL（S）
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damage in sprayed UHPC was somewhat delayed， which 
was related to the redistribution of fibers within such 
specimens.
（3） On the basis of the FA‐RA value fracture mode 

analysis， UHPC’s uniaxial compression failure was pri‐
marily due to tensile cracks， with shear cracks being sec‐
ondary.  The spraying process can better limit the devel‐
opment of tensile cracks.
（4） The DIC technique effectively captured the sur‐

face crack development process of specimens.  The inclu‐
sion of steel fibers delayed the appearance of local stress 
concentration zones.  Sprayed UHPC generally exhibited 
multiple crack development failures， whereas cast UHPC 
typically failed through a single main crack penetrating 
the specimen.  This was related to the spraying process al‐
tering the internal fiber distribution.
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喷射超高性能混凝土轴压力学特性与损伤演变规律
王张翔 1， 陈徐东 1， 冷勇 2， 张国志 2， 陈飞翔 2， 姚天豫 1

（1.河海大学土木与交通学院， 南京 210098； 2.中交第二航务工程局有限公司， 武汉 430040）
摘要： 为研究喷射工艺及不同纤维对超高性能混凝土（UHPC）力学特性和破坏形态的影响，选取钢纤维、聚

甲醛纤维和钢-聚甲醛混杂纤维 3种纤维类型，分别采用喷射和模筑 2种方式成型，进行单轴压缩试验，并利

用声发射（AE）和数字图像相关（DIC）两种无损监测技术对单轴压缩试验进行监测。结果表明，掺入单一钢

纤维和混杂纤维的 UHPC 抗压强度分别比聚甲醛纤维 UHPC 提高约 19% 和 14%。与模筑 UHPC 相比，喷射

UHPC的抗压强度略微提升。含钢纤维的试件破坏时延性较好，仅含聚甲醛纤维的试件呈现出脆性破坏，喷

射 UHPC 内部首次出现较大损伤的情况存在一定的延时，这与其内部纤维重分布有关。UHPC 的轴压破坏

以拉伸裂缝为主，剪切裂缝为辅，喷射工艺可以较好地限制其拉伸裂缝的发展。喷射 UHPC 通常展现出多

条裂缝发展破坏，模筑 UHPC 的破坏形式则多为单一主裂缝贯穿试件，钢纤维的加入延后了局部应力集中

带的出现，这与声发射监测数据基本吻合。

关键词：喷射UHPC；声发射；数字图像相关；单轴压缩；裂缝扩展；损伤演化
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