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ABSTRACT: To enhance the interfacial bonding performance between magnesium potassium phosphate cement (MKPC) repair
mortar and matrix concrete, in this study, MKPC modified mortar was used as the repair material to splice long prismatic test
pieces. The four-point bending test was used to determine the flexural bearing capacity of the long prism, and the influence of
changing the interface conditions and the modifying the MKPC repair mortar on the improvement of the basic performance of the
splicing component is investigated.The research results show that, when the matrix concrete section is in a natural state, applying
silica-fume modified MKPC interface agents on the interface with a repair thickness of 3 cm can improve the interface bonding
performance. Furthermore, the working performance and mechanical properties of the MKPC repair mortar modified using nickel-
iron slag and steel fibers have been significantly improved.
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RESUMEN: Estudio sobre la mejora del rendimiento de la adherencia del mortero de cemento de fosfato de potasio y magnesio.
Para mejorar el rendimiento de la adhesion entre el mortero de reparacion de cemento de fosfato de magnesio y potasio (MKPC) y el
hormigén matriz, se utilizé un mortero modificado con MKPC como material de reparacion para unir piezas de ensayo prismaticas
largas. Se utilizo el ensayo de flexion en cuatro puntos para determinar la capacidad de soporte a la flexion del prisma largo, y se
investigo la influencia del cambio de las condiciones de la interfaz y la modificacion del mortero de reparacion MKPC en la mejora
del rendimiento basico del componente de union. Los resultados de la investigacion muestran que, cuando la seccion de hormigén
matriz esta en estado natural, la aplicacion de agentes de interfaz MKPC modificados con humo de silice en la interfaz con un espesor
de reparacion de 3 cm puede mejorar el rendimiento de unién de la interfaz. Ademas, el rendimiento de trabajo y las propiedades
mecanicas del mortero de reparacion MKPC modificado con escoria de niquel-hierro y fibras de acero mejora significativamente.

PALABRAS CLAVE: Cemento con adiciones; Adherencia; Resistencia a la flexion; Zona intersticial; Mortero.

Copyright: ©2021 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0
International (CC BY 4.0) License.


https://doi.org/10.3989/mc.2021.00421
https://orcid.org/0000-0003-2618-6563
https://orcid.org/0000-0002-7414-9719
https://orcid.org/0000-0001-7217-4614
https://orcid.org/0000-0003-0939-5515
https://orcid.org/0000-0003-3056-6905
https://orcid.org/0000-0003-1655-3892
mailto:jysbh@126.com
https://doi.org/10.3989/mc.2021.0

2 «J. Zhang et al.

1. INTRODUCTION

Prefabricated concrete buildings are important to
further industrialization, and have the advantages of im-
proving quality, shortening construction periods, saving
energy, reducing consumption and having cleaner pro-
duction. For the large-scale assembly of precast concrete
components, the splicing of nodes and components are
crucial factors that affect the overall quality and manu-
facturing process. The splicing materials must work well
with prefabricated components and complete processing
in a relatively short period of time. Furthermore, the ma-
terials must have good construction operability for var-
ious specialized or complex prefabricated components
(1). For precast-concrete industrialization, the splicing
technology of its components has become crucial.

Existing splicing materials can be divided into
organic and inorganic materials, according to their
chemical composition. The strength of organic mate-
rials is advancing rapidly, which allows them to meet
the requirements for the rapid construction of com-
ponent splicing. Further, the bonding force with the
original concrete is very strong, reaching the bearing
capacity for splicing components. Therefore, organic
materials have become the primary materials used for
assembling concrete structures (2-4). However, or-
ganic splicing materials tend to age and have a short
life, leading to serious safety hazards in terms of the
long-term carrying capacity of spliced components. In
contrast, inorganic materials do not have significant
ageing problems, and can meet the basic requirements
in terms of service life (5-7). The inorganic splicing
materials used at present are primarily cement-based
materials, which have low early strength and large
shrinkage (8, 9). Cracks occur quite easily between
cement-based materials and the underlying concrete
matrix due to drying shrinkage, which necessitates
a long curing time and can be used only to reach a
certain intensity, seriously affecting the construction
schedule and operating requirements for efficient
component splicing. Therefore, the development of a
new type of inorganic cementitious material with high
early strength, strong bonding force with the matrix
concrete, convenient construction and reasonable cost
has become the focus of current research.

Magnesium potassium phosphate cement (MKPC)
is an inorganic cementitious material with a K-struvite
as the binding phase (10-12), formed by the dead-burnt
magnesium oxide, soluble potassium dihydrogen phos-
phate salt, and an admixture in a certain proportion
through an acid and alkali chemical reaction and phys-
ical action under acidic conditions (13-15). Qiao et al.
studied the basic properties of MKPC mortar and its
bonding performance with matrix concrete from differ-
ent perspectives. Research has shown that the acid base
component of MKPC neutralizes quickly in water, de-
velops strength quickly and has high early strength
— especially within an hour (16, 17). Further, MKPC
slurry has a low water—binder ratio, low shrinkage rate

and thermal expansion coefficient, good volume sta-
bility, high environment temperature adaptability, good
compatibility with concrete and good durability (18,
19). Based on these advantages, this material has been
widely used in highway and airstrip repair (20).

From the point of view of repair, the strength grade
of the repairing material should not be lower than that
of the mended concrete matrix. Because the strength
grade of pavement slab concrete is generally not high,
and it mainly bears vertical pressure, MKPC repair
materials can easily meet the compressive strength re-
quirements. Although vehicle loads may also lead to a
vertical shear effect on the repair interface, in compar-
ison to Portland cement, MKPC has strong adhesion
and almost no volume shrinkage in the hardening pro-
cess, which can ensure a reliable bond between the re-
pair material and the matrix concrete in the road repair.
However, when the stress of the pavement plate is dif-
ferent, it is difficult to avoid complex stress states such
as tension, bending or buckling of the stitched artefacts,
which requires the joining of fabricated structure mate-
rials that have high compressive strength, high bending
strength and strong bonding strength of concrete with
the matrix. Although MKPC has better cementitious
properties, in comparison to organic splicing materials,
its flexural strength and bonding strength with matrix
concrete are still low, and do not meet the basic require-
ments for splicing components in terms of mechanical
properties (21). Therefore, it is important to study the
mechanical properties of MKPC repair mortar and its
inter-facial bonding properties with matrix concrete to
facilitate the application of MKPC mortar in the field
of component splicing.

To enhance the mechanical properties of MKPC
repair mortar and its inter-facial bonding with matrix
concrete, in this paper — by adding nickel slag, silica
fume and steel fibre to MKPC — the effect of modifi-
cation of the potassium magnesium phosphate repair
mortar on its basic properties was studied. The long
prism splicing specimen was prepared by using MKPC
modified mortar as the repair material, using the long
prism four-point bending test to measure the bending
bearing capacity, and analysing the effects of the thick-
ness of the repairing layer, the interface morphology of
the specimen to be repaired, the interfacial agent ap-
plied with silica fume, and the modification of nickel
slag and steel fibre on the flexural capacity of the potas-
sium phosphate cement mortar splice concrete prism.

2. RAW MATERIALS AND TEST METHODS

2.1. Selection of raw materials
2.1.1. Magnesium oxide

Magnesium oxide (MgO) was prepared by calcin-
ing natural magnesite ore in an electric furnace at a
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TaBLE 1. The chemical composition and basic physical properties of MgO powders.

chemical constitution (wt.%)

average specific surface area

. . density
raw material grading (g/em’)
MgO CaO SiO, Fe,O, ALO, Ignitionloss (um) (m* kg ) &
MgO 96.8 1.33 0.92 0.34 0.16 0.95 45.26 216 3.11

temperature above 1500°C, and then ground using
an SM-500 test mill for 30 min. The particle size
range of MgO was 10—-60um (18). Table 1 shows its
chemical composition and basic physical properties
of MgO powders.

2.1.2. Potassium dihydrogen phosphate

Potassium dihydrogen phosphate (KH,PO,) is a

formance indexes of the borax used met the re-
quirements of GB/T632-1993. Disodium hydrogen
phosphate dodecahydrate is a colourless and trans-
parent columnar crystal, insoluble in ethanol and
easy to weather in dry air. The details are given in
Table 3 and Table 4.

TaBLE 4. Related indicators of sodium hydrogen phosphate.

colourless or white rhombic crystal with lustre. It serial  index content (Wt.%)
was prepared through a neutralization reaction of number
potassium hydroxide or potassium carbonate with 1 Na >99.0%
thermal phosphoric acid. The relative density is 5 clarity test qualified
2.338, the melting point is 252.6°C, and the particle 3 q 5 1<94
size range of KH PO, was 40-60 mesh. The techni- P _ - =
cal parameters are shown in Table 2. 4 water insoluble <0.005%
5 chloride <0.001%
TaBLE 2. The technical parameters of potassium dihydrogen 6 total nitrogen <0.002%
phosphate.
7 sulfate (SO,) <0.005%
Serial number index content(wt.%) 8 K <0.01%
1 KH,PO, >98 9 Fe <0.0005%
2 Moisture <25 10 As <0.0005%
3 pH 4.3-4.7 11 heavy metals (calculated as Pb)  <0.0005%
4 Water insoluble content <0.2
5 Fe <0.003 2.1.4. Nickel slag
6 K,0 >33.9
7 As <0.005 Nickel slag is a type of industrial waste residue
e = =0.20 produced during the reduction smelting of nickel
— by an electric furnace. Table 5 shows the chemical
9 Pb <0.005

2.1.3. Retarding admixture

The retarding admixture is a mixture of borax,
disodium hydrogen phosphate dodecahydrate and
chlorides in a mass ratio of 1:1.5:1, which can be
used to retard the coagulation and improve the flu-
idity (Note that in case of causing durability prob-
lem, applying this kind of retarder to reinforced
concrete should be very careful.). The main per-

composition of this nickel slag. It can be seen from
the table that the main components of the slag are
SiO,, MgO, and FeO, which form part of the FeO-
MgO-SiO, ternary slag system. The main mineral
composition of nickel slag is 2MgO-Si0,, FeO-SiO,
and MgO-SiO,. Nickel slag powder is obtained by
grinding the crushed nickel slag through a test mill
for 15 minutes and then passing it through a 200-
mesh sieve. In this paper, ultrafine powder of nickel
slag was used, the specific surface area of which was
450 m*/kg.

TaBLE 3. Compositions of borax.

ingredient borax  hydrochloric acid Chloride(Cl) Sulfate (SO,) Phosphate (PO,) Ca Cu Fe
insolubles
content (Wt.%) 299.5 =0.005 =0.002 =0.01 =0.001 =0.005 =0.001 =0.0003
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TaBLE 5. Chemical compositions of additions.

addition  chemical constitution (wt.%)

varieties  gj0, ALO3  CaO Fe,0,  MgO TiO, K,0 NiO SO, Na,0
Ni 48.65 3.41 135 8.05 31.28 0.10 0.10 0.06 - -

Si 92.40 0.80 1.53 1.50 0.28 - - - - 130

2.1.5. Silica fume

Silica fume is a greyish-white powder with a den-
sity of 1600-1700 kg/m?*. More than 80% of the sil-
ica fume particles are smaller than 1 pm, and the
average particle size is 0.1-0.3 um. Silica fume is
a kind of ultrafine hollow spherical powder with a
very large specific surface area (about 30-50 times
greater than that of fly ash), reaching 20-28m?*/g. The
main component of silica fume is active SiO,, which
exhibits a high pozzolanic effect and dissolves in
water quickly, filling pores in the mortar, improving
its density, and enhancing its strength. More details
are given in Table 5.

2.1.6. Fine aggregate

The fine aggregate used in this study was ordi-
nary natural river sand with an apparent density of
2.628 g/cm® and fineness modulus of 2.65; the size
distribution of fine aggregate is shown in Table 6. It
was classified as a medium sand with good grading
and could be used after washing and drying.

TABLE 6. Size distribution of fine aggregate.

particle size range/  0.160-  0.315- 0.63- 1.25- 2.5-
mm 0.315 0.63 1.25 25 5.0

natural river sand/ 10.8 50.6 23.7 9.2 5.7
wt.%

2.1.7. Steel fibre

A copper-plated micro-filament steel fibre was
used in this study. Its single-wire shape was linear.
Table 7 shows its technical indexes.

TaBLE 7. Physical and mechanical properties of steel fibre.

length diam- type den-  elas-  tensile  Elon-

(mm) eter sity ticity  strength gation
(mm) (g/ mod- (MPa) at
cm’®)  ulus break
(GPa) (%)
13 0.2 Round 7.80 >210 >2850 <4.00

straight

2.1.8. Concrete materials

P. T 42.5 Portland cement, supplied by Xuzhou
Zhong-lian Cement Corporation in China was used
in this study, which conformed to the Chinese Na-

tional Standard GB175 (equivalent to European
CEM I 42.5). The specific gravity of the cement was
3100 kg/m’, its mean size was 26.6 um, and its spe-
cific surface area was 348 m%kg. Table 8 shows the
chemical composition of Portland cement. Selection
of fine aggregates as shown in section 1.1 (6) of this
manuscript. Crushed limestone coarse aggregates
with a maximum nominal size, saturated surface
dry (SSD) specific gravity, and water absorption of
40 mm, 2780 kg/m?, and 1.52%, respectively are used.

TaBLE 8. Chemical composition of Portland cement / (wt%).

Si0, ALO, Fe,O, CaO MgO Na,0O K,0 SO, Loss
2455 7.77 3.62 5459 2.68 031 150 224 1.2

2.2. Specimen schemes

Two specimens (100 mm x 100 mm x 200 mm),
which were to be repaired, were bonded to form long
prisms along the axial direction with the repair mor-
tar. The effects of the properties of MKPC mortar
(such as the thickness of the repair layer, interface
morphology, interfacial agent and fibre modification
of the repair mortar) on the bonding properties of
the specimens were studied using four-point bend-
ing tests on the long prism.

2.3. Specimen preparation
2.3.1. Specimens to be repaired

The specimens to be repaired were C30 con-
crete specimens made from ordinary cement, and
the concrete weight ratio was cement: water: sand:
stone= 0.5:1:1.24:2.52. The specimens were clas-
sified into groups: A, B, C, D, E and F (with six
pieces in each group); details are given in Table 9.
In groups A and B, the size of the specimens was
100 x 100 x 200 mm; no treatment was done on the
back end of specimens after mould removal, and
the ends of specimens were unprocessed interface.
In group C, the size of the specimens was 100 x
100 x 200 mm, and the cement mortar on the end
surface of the test piece was immediately removed
with a steel wire brush to expose the coarse aggre-
gate, forming a rough bonding interface. In group
D, the specimens were in the form of poured long
prisms with dimensions of 100 x 100 x 400 mm;
after 28 days of standard curing, the specimen was
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split equally, and two specimens — with sizes of 100
x 100 x 200 mm, to be repaired — were formed with
a natural fracture bond interface at the fracture. In
group E, the size of specimens was 100 x 100 x 200
mm; wood strips of different shapes were insert-
ed at one end of the mould during moulding, and
the wood plates were pulled out after the concrete
reached a certain strength, so as to form a bonding
interface with different depths reserved at the end
of the specimen; in group F, a matrix specimen was
used, with a size of 100 x 100 x 400 mm.

TaBLE 9. Type of specimen and section indication.

specimen types sample size and section diagram fracture
mor-
pholo-
gy
B 100x200 100x100 100x200 | unpro-
(100x100x200) cessed
surface
specimen section specimen
C 100x200 100x100 100x200 | rough-
(100x100x200) ened
inter-
specimen section specimen | face
D 1005400 100x100| natural
(100x100x400) e section
77
7
specimen section
E 100x200 100x100 100x200 | re-
(100x100x200) served
groove
specimen section specimen | section
F 100x400 matrix
(100x100x400) speci-
men
specimen

2.3.2. MKPC mortar and its modified mortar

MKPC mortar was used as the repair material, and
nickel slag, silica fume, and steel fibre were used to
modify MKPC. Subsequently, the nickel slag modi-
fied mortar NMKPC), interfacial agent (SMKPC) and
nickel-powder steel fibre composite modified mortar
(FNMKPC) were prepared. Table 10 shows the mixed
proportion of MKPC mortar and modified mortar.

The preparation process was as follows: first,
the retarding admixture, KH, PO,, and water were
poured into the mortar mixer according to the mass
ratio of 1:6.25:3.13, and the mixture was stirred
slowly (rotation 140 + 5 rpm, revolution 62 + 5
rpm) for 1 min until it was fully dissolved. Second,
magnesium oxide and its modifier (silica fume,
nickel slag or steel fibre) were added and slowly
stirred for 2 min. Next, the mixture was stirred for
1 min (rotation 285 + 10 rpm, revolution 125 +
10 rpm) until it was fully mixed. Finally, the fine
aggregate was added in a rapid mixing state and
mixed until it was uniform.

2.3.3. Repair and splicing of specimens

The specimens were repaired and spliced after 28
days of standard curing. First, the two repair sur-
faces of the specimen to be repaired were put into
an iron mould, and the distance between them was
measured and adjusted by the scale, finally being
fixed. Second, the repair material was poured in and
the specimens were vibrated to ensure compactness.
After vibration, the repair area of the specimen was
cured through film mulching. The repair method of
the specimen is shown in Figure 1. According to the
specimen scheme, several groups of splicing speci-
mens were fabricated, with three specimens in each

group.

(b) After specimen repair

ARl S

- a e e wa R
(a) Before specimen repair

FIGURE 1. Repairing method of long prism specimen.

TaBLE 10. Mix proportion of MKPC mortar (g).

ingredient MgO KH2PO4 retardes ad- water Si Ni steel fibre sand
name mixture

MKPC 450 300 48 150 — — — 1125
SMKPC 405 300 48 150 45 — — —
NMKPC 405 300 48 150 — 45 — 1125
FNMKPC 405 300 48 150 — 45 30 1125
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2.4. Four-point bending tests

Four-point bending tests were carried out on the
repaired specimens after natural curing (tempera-
ture is 20£1°C, with plastic-film curing) for three
days. The test was carried out on a 5t closed-loop
hydraulic servo material testing machine. The load-
ing mode was three-point loading and the loading
rate was 0.5 mm/min. The loading mode is shown
in Figure 2. The testing machine was equipped with
a data acquisition and processing system, which can
automatically collect and process the load and de-
formation data. According to the test results for data
collection, the bending moment value of each group
was read, and the average bending moment of each
group (three pieces) was taken as the flexural capac-
ity value for the group.

C. Compressive strength test

2.5. Experimental research

2.5.1. Basic properties of MKPC mortar and its
modified mortar

MKPC mortar and its modified mortar were pre-
pared according to the mix proportion given in sec-
tion 1.3. The working performance and mechanical
strength of MKPC mortar, nickel slag modified mor-
tar and nickel-powder steel fibre composite modified
mortar were determined according to the Test Meth-
od for the Fluidity of Cement Mortar GB/T 2419-
2016 and Method of Testing Cements-Determina-
tion of Strength GB/T17671-2020. The strength test
method of cement mortar is shown in Figure 3.

Analysis of compressive and flexural properties
of 40mm x 40mm X 160mm mortar specimens.
Curing of mortar specimen, ) After curing for 5
hours in natural environment, the mortar specimen
was taken out and the specimen was demoulded. ©)
The labeled specimen is placed horizontally in the
curing chamber, and the specific curing method is:
temperature 20+1°C, relative humidity controlled at
about 50 %.

2.5.2. Effect of different interface factors on the flex-
ural capacity of repaired specimens

(1) The MKPC mortar splicing thicknesses are
1.00cm, 2.00 cm, 3.00 ¢cm, 4.00 cm, 5.00 cm, and 6.00
cm, when repairing and splicing the group A speci-
mens. (2) The best thickness from (1) is then selected,
and the test pieces of group B are repaired and spliced
using nickel powder modified mortar. (3) Next, four

D. Flexural strength test
FI1GURrEe 3. The strength test method of cement mortar.
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specimens with different interface morphology-from
groups B, C, D, and E-are selected to be repaired and
spliced with nickel powder modified mortar. (4) The
best splicing interface morphology from step (3) is se-
lected and 1-2 mm silica-fume modified mortar (in-
terface agent) is smeared on the interface; then, nickel
powder modified mortar is used to repair the splicing
of the test piece. (5) On the basis of step (4), the steel
fiber is added to the nickel powder modified mor-
tar to continue to repair and splice the test piece. The
above-mentioned steps are used to prepare the samples
for measurement of the flexural bearing capacity of the
test piece through four-point bending tests, observing
the cross-sectional morphology of the test piece, and
studying the effect of repair mortar thickness, modified
mortar, interface morphology, and the interface agent
on the flexural bearing capacity of the repaired sample.

3. RESULTS AND DISCUSSION

3.1. Properties of MKPC mortar and its modified
mortar

3.1.1. Working performance

The mortar fluidities of MKPC, NMKPC, and FN-
MKPC are given in Table 11. It can be seen that the
fluidity of MKPC mortar is 150 mm, with high viscos-
ity and relatively poor fluidity. The addition of nickel
slag improves the fluidity of MKPC mortar — which
increases from 150 mm to 180 mm — an increase of
20%. This is because nickel-iron slag is a regular
shaped vitreous body after grinding and has a smooth
surface, such that friction with the particles is reduced
and the fluidity is enhanced (22-24). The fluidity of
nickel-powder steel fibre composite modified mortar
is 170 mm, which is slightly lower than that of nickel
slag modified mortar, but its work performance is still
greatly improved in comparison to MKPC mortar.

TaBLE 11. Performance of cement mortar.

Mortar name MKPC NMKPC FNMKPC
fluidity/mm 150 180 170

3.1.2 Mechanical strength

The mechanical strengths of MKPC mortar, nick-
el slag modified mortar and nickel-powder steel fibre
composite modified mortar are shown in Table 12.
It can be seen from Table 7 that the 3-day flexural
strength and compressive strength of MKPC mortar
are 6.15 MPa and 41.50 MPa, respectively. The ad-
dition of nickel slag reduces the mechanical strength
of MKPC mortar, and its flexural and compressive
strength decreases by 5.70% and 4.82%, respectively.
With the addition of steel fibre, the flexural strength

is increased by 81%, while the compressive strength
decreased by 1.45%.

TaBLE 12. Mechanical strength of repair mortar.

Name Day/d MKPC NMKPC FNMKPC
flexural strength 3 6.15 5.80 11.15
/ MPa 28 6.85  6.32 13.75
compressive 3 41.50 39.50 40.90
strength / MPa 28 4578 4345 4350

Since nickel slag has a smooth surface, dense structure
and high hardness, the fluidity of MKPC mortar increas-
es and the interactions between MgO particles and ag-
gregates is reduced (20-22). Further, the potential pozzo-
lanic activity of nickel slag is low, the hydration reaction
is relatively slow and the addition of nickel slag replaces
part of the MgO, which reduces the cementitious prod-
ucts generated by the hydration of MgO and KH,PO,,
consequently decreasing the strength of MKPC mortar.
The addition of steel fibre limits the lateral expansion
of the component under compression, delays the failure
process and the good adhesion between the steel fibre
and matrix effectively inhibits the germination and ex-
pansion of matrix cracks (23, 24). As a result, the flexur-
al strength of the matrix is enhanced.

3.2. Effect of repair layer thickness on bonding
performance

3.2.1. Influence of thickness of the repair layer on
bending performance

The effect of the repair layer thickness on the bend-
ing capacity is shown in Figure 4. It is clear that the
flexural capacity of the matrix specimen is 16.23 kN.
When the thickness of the repair layer is 1.00 cm, the
3-day flexural capacity of repairing the long prism is
4.57kN, which is only 28.16% of that of the matrix
specimen. With the increase in the thickness of the
repair layer, the flexural capacity increases gradually.
When the thickness of the repair layer is 3.00 cm, its
3-day bending capacity reaches the maximum value
of 5.26kN, which represents an increase of 32.41% in
comparison to the matrix specimen. With a further in-
crease in the thickness of the repair layer, the flexural
capacity of the prism changes only slightly.

3.2.2. Failure mode and cross-section morphology
of splicing members

The failure mode and section morphology of the splic-
ing component are shown in Figure 5. Figure 5(a) shows
that the failure of the specimen occurs at one side of the
interface between the repair mortar and the cement ma-
trix. In Figure 5(b), the fine aggregate distributed on the
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18 joriginal concrete
16.23

16
i 14
5]
E 12+
2
210
2
5 s
g
% 61 457 507 526 522 519 515
£ > v - - -
S 4 7

2

0 T f T f f f f

0 1 2 3 4 5 6
Repair mortar thickness/cm

FiGuURrE 4. Effect of repaired mortar thickness on flexural capacity.

surface can be clearly seen on the repair mortar section,
and some MKPC paste is attached to the cross-section
of the cement matrix. In comparison to Figure 5(b), the
MKPC paste adhered to the cement matrix section in
Figure 5(c) is more uniform and continuous, and the in-
terface is almost entirely covered with MKPC mortar.
According to the results of the influence of the
thickness of the repair layer on the flexural capaci-
ty, the failure mode and section morphology of the
spliced components, it can be concluded that when
the thickness of the repair layer is less than 3 cm, the
MKPC mortar has high viscosity, poor fluidity and
fast setting and hardening time, which is disadvanta-

geous for construction applications (25-27); the repair
mortar at the interface cannot fully infiltrate the bond-
ing surface, resulting in discontinuous repair.

When the thickness of the repair layer is greater than
or equal to 3 cm, the working face for the injected vi-
bration is relatively large, and operation is more con-
venient. The repair mortar at the interface can almost
fully infiltrate the bonding surface, which increases
the bonding strength between the repair mortar and the
cement matrix (25). However, the thicker the bonding
layer, the less sufficient the reaction between the repair
mortar and the cement matrix, and the greater the inter-
nal stress caused by expansion and contraction at the
bonding layer (26, 27). As a result, the bonding perfor-
mance is affected at the bonding position.

Therefore, to ensure uniform continuity and cohe-
siveness of interface repair, a value of 3 cm can be
used as the optimum thickness of the repair layer.
However, it is important to further analyse and mod-
ify the performance of repair mortar to enhance its
working performance.

3.3. Effect of nickel slag modified MKPC mortar
on bonding performance

3.3.1. Effect of nickel slag modified MKPC mortar
on flexural strength

The influence of nickel slag modified MKPC mor-
tar on flexural capacity is shown in Table 13. The

(b) The thickness of repair mortar is 2cm

(¢) The thickness of the repair mortar is 3cm

A: MKPC mortar repair surface; B: Bonding surface of matrix concrete

FIGURE 5. Failure mode and section diagram of the long prism.
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Interface-type Repair mortar variety Repair mortar thickness/cm Flexural capacity/kN
unprocessed interface MKPC 3.00 5.26
unprocessed interface MKPC+10%Ni 3.00 6.27

(a) MKPC

'‘Adhesive repair;

(b) MKPC+10%Ni

FIGURE 6. Cross section of modified nickel slag.

flexural capacity of MKPC mortar with 10% nickel
slag is 1kN higher than that of MKPC mortar alone.
This is because nickel slag is glassy and its surface is
smooth. The addition of nickel slag can improve the
fluidity of MKPC mortar, which facilitates the sub-
sequent injection and operation. Thus, the bonding
area between the repair mortar and cement matrix is
increased (28, 29). Further, the water requirement of
the MKPC repair mortar with nickel slag is reduced,
its setting time is longer and its working performance
is improved, enhancing bonding performance (30).

3.3.2. Failure mode and section morphology of nick-
el slag modified MKPC mortar

The failure mode and section morphology of the
nickel slag modified MKPC mortar are shown in Fig-
ure 6. It is clear that the MKPC paste uniformly ad-
heres to the damaged section of the cement matrix in
Figure 6(b), and the MKPC paste is no longer uneven
in thickness as the repair mortar on the fracture surface
of the cement matrix in Figure 6(a). This is because
nickel slag, as an addition, has the effect of reducing
water content and plasticization. Nickel-slag can be
used to improve the work performance of MKPC re-
pair mortar, increase the bonding area with the cement
matrix and improve the joint working performance of
the repair mortar and cement matrix. However, the
bonding strength between the repair mortar and ce-
ment matrix does not increase significantly. In other
words, the bonding performance between the repair
mortar and cement matrix should be increased by oth-
er means, such as changing the interface morphology.

3.4. Effect of the interface morphology on flexural
strength

3.4.1. Effects of different interface morphologies on
flexural strength

(a) Roughened interface

As shown in Figure 7, the flexural capacity of the
roughened interface is 0.72kN higher than that of the
unprocessed interface, indicating that the bonding
strength between the interfaces is improved. This is
because surface slurry and dust can be removed by
chiselling untreated interfaces, such that concrete
crushed stone is exposed and the roughness of the
concrete surface increases. Then, the repair material
penetrates into the uneven groove or gap in the sub-
strate. After curing, a biting force is produced in the
interface area, which rivets the cement matrix and
enhances the bonding force.
(b) Natural section

It can be seen from Figure 7 that the flexural capac-
ity of the natural section (C) in the repair specimen is
7.27kN, which represents the largest increase of all in-
terface conditions. This is because the natural section
is rougher than the roughened interface, and the con-
cave—convex fracture surface is more obvious, which
increases the effective contact area between the repair
mortar and the old matrix specimen. After hydration
of the MKPC mortar, the hydration product K-struvite
has strong gelling characteristics, infiltrates into the
pits of the natural section, and rivets more closely with
the matrix concrete, such that the bonding performance
of the two is maximized. Therefore, the greater the fill-
ing degree of the repair mortar for interface defects, the
stronger the bonding performance.
(c) Reserved groove section

As shown in Figure 7, the flexural capacity of the
cement matrix specimen with the reserved groove
after repair increases with increases in groove depth.
When the groove depth is 4 cm, the flexural capac-
ity is 7.46kN. The bond strength of the two can be
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enhanced by using a toothed pattern connection.
However, constructing the reserved groove section
is labour-intensive, the injection of the repair mortar
becomes difficult and the increase in bending bear-
ing capacity is not significant. Therefore, this sec-
tion form is not recommended.

727 7.46

6.57
5.98 5.86

61 526

Flexural capacity/kN
%) S
B 0.0 gores
XXXXXXXCX;

=]
bl

0 T T T T
A B C D1 D2

Interface type

A-Unprocessed interface, B-Roughened interface, C-Natural section
D1-The reserved groove depth is 2cm
D2-The reserved groove depth is 3cm
D3-The reserved groove depth is 4cm

Ficure 7. Effect of interface morphology on flexural capacity.

3.4.2. Influence of interface morphology on the frac-
ture surface

The influence of interface morphology on the fracture
surface can be seen in Figure 8. When the unprocessed
interface is made rough, the repair mortar in the upper part
of the section is pulled out from the hole, while the mor-
tar in the lower part is broken along the repair surface. In
the case of the natural section, coarse and fine aggregate
become exposed on the surface, which can increase the
mechanical tooth force and promote the Van der Waals
force of the MKPC mortar (21, 22). In the case of the re-
served groove, no matter how deep the groove is, the fail-
ure surface occurs at the outer edge of the groove, and the
bonding effect of the groove is not obvious. According to
the aforementioned results, it can be seen that the bonding
properties of the natural cross-section are superior to those
of other cross-section forms; only changing the interface
morphology cannot change the weak position of the inter-
face. Therefore, it is necessary to strengthen the interface
on the basis of the natural section.

3.5. Effect of the inter-facial agent on bonding
properties

3.5.1. Effect of the interfacial agent on flexural
strength

The effects of the interfacial agents on flexural ca-
pacity can be seen in Table 14. The flexural capacity
of nickel slag modified MKPC mortar coated with
an interfacial agent is increased by 2.36kN in com-
parison to that without an interfacial agent, and its
3-day flexural capacity is 10.83kN. This is because
silica fume has a small size and a better wetting ef-
fect on the concrete surface. It can effectively fill
the gap on the surface and improve the homogeneity
and compactness of the cement matrix. As a result,
the structure of the interface zone is obviously im-
proved and the bonding performance of the interface
is enhanced, such that the nickel slag repair mortar
is well bonded to the surface of the old matrix spec-
imen (31-33).

3.5.2. Effect of the interfacial agent on the failure
position

The effect of the interfacial agent on the failure
position is shown in Figure 9. It can be seen from
the figure that the cross-section position of the spec-
imen coated with the interfacial agent is no longer at
the bonding interface, but is transferred to the place
of the repair mortar. The 3-day failure location of
the repaired specimen is an oblique crack along the
repaired mortar. The damage position of the speci-
men was still found to be at the repair mortar, and
the mortar in the compression zone was crushed in
28 days. This is because silica fume is a kind of ul-
tra-fine hollow spherical powder with a very large
specific surface area. The incorporation of silica
fume is conducive to filling the pore size of mortar,
improving the interface performance of the cement
matrix and enhancing the adhesion of the matrix
interface, such that the bonding interface is no lon-
ger weak. However, the failure location still occurs
within the repair area. If the strength of the repair
mortar is enhanced, the absolute repair value of the
repair material for the matrix can be realized. There-
fore, the following section is aimed at enhancing the
strength of the repair mortar.

3.6. Effect of steel fibre modified mortar on
bonding performance

3.6.1. Effect of steel fibre modified mortar on flexur-
al capacity

The influence of steel fibre modified mortar on
flexural capacity is shown in Table 15. It is clear
that, with the addition of steel fibre, the flexural ca-
pacity of specimen II is increased by about 3.33kN
in comparison to that of specimen I; with all other
conditions unchanged, when the curing age increas-
es to 28 days, the flexural capacity of specimen III
is increased by 2.73kN, accounting for 98% of the
flexural capacity of the matrix specimen. This is due
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(e) The reserved groove is 3cm deep (f) The reserved groove is 4cm deep

Ficure 8. Effect of interface morphology on fracture section.

TaBLE 14. Effect of interface agent on flexural capacity.

Interface-type Repair mortar variety Repair mortar thickness/cm Flexural capacity/kN
Natural section MKPC 3.00 7.26

Natural section MKPC+10%Ni 3.00 8.47

Natural section + interfacial agent MKPC+10%Ni 3.00 10.83

ool < o R
(a) Failure morphology of 3d specimen (b) Failure morphology of 28d specimen
FiGure 9. Effects of interfacial agents on the location of damage.
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TaBLE 15. Effect of fiber modification on flexural capacity.

Test-piece  Interface-type Repair mortar variety The thickness of the slurry Initial curing age  Flexural capacity kN
1 Natural section + MKPC+10%Ni 3cm Natural curing 3d ~ 10.83
interfacial agent
1I Natural section + MKPC+10%Ni+steel 3cm Natural curing 3d ~ 13.16
interfacial agent fibre
III Natural section + MKPC+10%Ni+steel 3cm Natural curing 28d  15.89

interfacial agent fibre

o B e e r' " .:'\'- W ".\""::-l

- B 5 Ay
" 4 ‘ii

Ficure 10. Effects of steel fiber modified mortar on the failure morphology of specimens.

to the strong tensile properties of steel fibre, which
can effectively inhibit the generation and expansion
of cracks in the repair mortar. Hence, the flexural
strength of repair mortar is greatly improved, and its
bearing capacity and toughness are increased.

3.6.2. Effect of steel fibre modified mortar on the
failure morphology of specimens

The influence of steel fibre modified mortar on the
failure morphology of specimens is shown in Figure
10. It can be seen from the figure that the fracture
position of the repaired specimen occurs in the ce-
ment matrix. This indicates that the application area
of repair mortar is no longer the weak position that
leads to failure; the ultimate failure position changes
owing to the enhancement of the flexural capacity of
the repair mortar (34-36).

104

Force/KN

Displacement/mm

(a) Load-displacement curve (3d)

3.6.3. Influence of steel fibre modified mortar on the
load—displacement curve

The effect of steel fibre modified mortar on the
load—displacement curve is shown in Figure 11. It
can be seen from the figure that when the load of
the steel fibre modified MKPC mortar approaches
the initial crack load, the specimen does not fail im-
mediately, but experiences a certain strain hardening
process. At this stage, the mechanical properties of
steel fibre are fully exerted. The longer the stage, the
better the effect of fibre connection, and the higher
the toughness and energy absorption capacity of the
composite. When the external load is applied, it is
necessary to overcome the chemical binding force
and friction force between the steel fibre and MKPC
mortar. Therefore, the steel fibre cannot be pulled
out easily, but will be in the stage of repeated load-

10 4

F

2 Fq
2 4] N

strain hardening process

0 T T T T T 1
0.0 05 L0 L5 20 25 3.0

Displacement/mm

(b) Load-displacement curve (28d)

Ficure 11. Force-displacement curve of four-point bending test.
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(c) Chemical bond combination
Ficure 13. Type of Interface Bonding Force.
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ing and unloading. In the load—displacement curve,
dense ripples are generated in the curve after the ul-
timate load is reached. The more stable this stage
is, the more stable the formation and propagation of
cracks are, and the smaller the width of the microc-
racks formed (37-40).

3.7. Interface Mechanism Analysis and Transition
Zone Model between MKPC and OPC

The connection form of MKPC and OPC inter-
face transition zone is shown in Figure 11. It can
be seen from the figure that the hydration products
of MKPC and OPC at the interface are intertwined,
overlapped and penetrated, and the two are firmly
bonded together.

The development process of interfacial adhesion
between MKPC and OPC is divided into mechanical
adhesion, mutual diffusion and chemical bond bond-
ing, as shown in Figure 13.

Interface structure is divided into two areas: (D
Contact layer and permeable layer: the thickness is
about 2-3um, which includes two kinds of material
interface chemical reaction products, and pores and
water film; @ Enrichment layer: K-struvite enrich-
ment, thlckness is about 10-20um. Interface transi-
tion zone is given in Figure 14.

a R 4T 44 <
; < . . 4 sy
S e opPC
.

enrich layer

IIHHIIM 1 \‘MWM H’\'”f""a“s’"'avef

[
contact layer

MKPC
FiGure 14. Interface transition zone.

4. CONCLUSIONS

The flexural strength of MKPC and the bond strength
with the matrix concrete are still low, making it difficult
to meet the basic requirements for splicing members in
terms of mechanical properties. Therefore, it is neces-
sary to improve the basic mechanical properties of the
materials. Nickel-slag modification can effectively re-
duce the viscosity of MKPC and improve the quality of
injection repair. Further, silica-fume modification can
greatly improve the bonding strength of MKPC. The

flexural strength of MKPC can be greatly improved by
modification of steel fibre.

The interface morphology has a great influence on
the bonding strength of the spliced interface; thus, it
affects the flexural capacity of repaired specimens.
The order in which the interface morphology affects
the flexural capacity of the repaired specimens is as
follows: fracture interface > rough interface > re-
serve slot interface > unprocessed interface.

The optimum repair effect was obtained by ap-
plying a wollastonite modified interfacial agent on
the fracture interface and using nickel-powder steel
fibre composite modified MKPC mortar. The loca-
tion of the damaged section was in the base concrete,
which could reach the same flexural bearing capaci-
ty as that of the reference specimen.
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