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'e defect in quality caused by the noncompactness of sleeve grouting has become the main obstacle restricting the further
implementation of the prefabricated building in China. Studies have been conducted to explore the influencing factors of
inadequate grouting; however, few studies attempt to investigate the complex interrelationship and lack of systematic cognition
among these factors. To fill this gap, this study conducted a comprehensive literature review to collect the influencing factors of
sleeve grouting and verified the reliability of these factors using the combined methods of brainstorming and semistructured
expert discussion. A total of 18 key factors were identified and determined.'e structural interpretation model (SIM) andMatrice
d’Impacts Croisés Multiplication Appliquée à un Classement (MICMAC) approaches were then used to analyze, depict, and
explain the internal relationships between the factors. 'e results indicate that all factors were classified into six levels, among
which poor responsibility of supervisors and weather conditions are the most basic factors, while grouting speed and a loose-
sealing rubber plug are the most important factors. Finally, a three-level control strategy was proposed to improve the com-
pactness quality of sleeve grouting. 'e research findings provide valuable guidelines for managers to eliminate the grouting
quality defect and to further the development of prefabricated buildings in China.

1. Introduction

In recent years, prefabricated buildings have been widely
adopted in China due to their preferable characteristics in
the construction stage compared to the traditional cast-in-
place construction [1–4], which is mainly assembled on-site
using prefabricated components that are connected using
the vertical sleeve method [5–8]. 'e specific grouting
process flow for prefabricated node connections is as fol-
lows: the reinforcement of the butt joint is conducted in the
sleeve; then, the rapidly hardening nonshrinkage grouting
material is injected to ensure the reinforcement connection
of the upper and lower components. However, quality de-
fects for sleeve grouting commonly exist in practical con-
struction engineering that has directly impacted the bearing
and deformation capacity of the components [9–11], thereby
compromising the whole prefabricated building [12]. Zhao

et al. [13] observed that the bearing capacity can be reduced
by up to 30% when a defect in grouting quality occurs [14].
'erefore, the construction of a prefabricated building using
sleeve grouting as the main component connection method
must follow specific requirements to ensure the connection
quality performance [15–17], not only to improve the
connection technology [18–20], but also to control the
influencing factors of the whole grouting construction
process.

China issued the national industry standard, named
technical specification for grout sleeve splicing of rebars (No.
JGJ 355-2015), requiring that sleeve grouting should be
compact, which further emphasizes the importance of
process quality control for sleeve grouting. In the proposed
research, a practical experiment was conducted to determine
the current state of grouting quality [21, 22], and three
demonstration prefabricated construction projects were
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selected as the experimental targets located in Tangshan,
Beijing, and Haimen. 'ese three cities, located in the north,
central, and south of China, were selected for demonstrating
the promotion of prefabricated buildings. Taking into ac-
count the regional differences, the level of grouting quality of
the prefabricated building can be roughly reflected by the
experimental results. A kind of redesigned sensor is em-
bedded in the sleeve to collect grouting compactness data
[23]. 'e average algorithm of a normal distribution is
applied to calculate the overall quality level, and at least 30
sensors are required to be estimated in each targeted
building to ensure the results’ accuracy [24]. In each project,
the researchers selected at least three buildings for testing. To
reduce the error caused by the construction height, exper-
iments were carried out on the lowest floor, the highest floor,
and the middle floor of each building. Notably, it was found
that the quality problem regarding the insufficient com-
pactness of sleeve grouting is serious (shown in Figure 1).
'e experiment followed a two-step process. First, when the
grouting workers completed the sealing of the grouting
mouth, the condition of the sleeve grouting was tested
immediately. It was found that the qualification rates of the
three sample projects were 93.1% (P11), 93.10% (P21), and
89.66% (P31), respectively. 'en, the grouting compactness
of the three projects was tested again 30minutes later, which
is the maximum time interval for supplementary grouting
before the initial setting of grouting materials specified
according to the standards. And it was found that the
qualification rates decreased to 48.28% (P12), 58.62% (P22),
and 62.07% (P32).'e average qualification rate was 56.32%,
which is significantly lower than the national compulsory
requirements. 'us, it is urgent to determine the causes of
grouting quality defects to improve the prefabricated
building quality [16, 25].

At present, several studies have been conducted to ex-
plore sleeve grouting defects. 'e research focus can be
roughly divided into two categories. 'e first category is the
technical route. For example, Zheng et al. [26] proved that
grouting defects can reduce the seismic performance of the
structure. Kuang et al. [27] found that grouting defects lead
to a decrease in bearing capacity, rigidity, and ductility of the
assembled concrete columns. Li et al. [28] discovered that
grouting defects can lead to peeling damage between the
reinforcement and the grouting material, or the reinforce-
ment will be pulled out by a scraping plow. 'ese technical
problems continue to be studied and explored [29, 30]. 'e
second category is the management route, referring to the
defect control analysis conducted by exploring the man-
agement measures that have been applied [31]. For example,
Xiong et al. [32] analyzed the factors influencing the strength
of grouting materials. Jin et al. [33] studied the temperature
effect on the performance of grouting material. However,
based on the literature, most studies lack a systematic
cognition for quality defect control, and few studies attempt
to investigate the complex interrelationship among these
factors.

'e proposed study aims to fill this gap of lacking
systematic cognition among quality defect factors and their
complex interrelationship. A mixed-method approach is

used for data processing and result analysis combined with
Interactive Structural Modeling (ISM) and Matrice d’Im-
pacts Croisés Multiplication Appliquée à un Classement
(MICMAC). 'e objectives of this study are threefold: (1) to
identify the critical influencing factors of sleeve grouting
defects in China’s prefabricated construction industry; (2) to
clarify the hierarchical relationship and action path among
these factors; and (3) to explore the causes of sleeve grouting
defects and propose the quality defect control measures and
corresponding management strategies.

2. Research Method

A three-step research method is designed to achieve the
research objectives (as shown in Figure 2). First, factors
affecting the sleeve grouting compactness are identified by
using the literature review and analysis approach. Second,
key influencing factors are identified utilizing a screening
process. A brainstorming session is conducted to determine
the definition of each factor. 'en, expert interviews are
conducted to screen and supplement the preliminary factors,
and a final key factors list is determined. 'ird, the expert
rating approach is followed to ascertain experts’ perceptions
about the interrelationships among the factors. 'e adja-
cency matrix and the reachability matrix are constructed
using the ISM technique, and the hierarchy structure is
depicted after checking the transitivity through the power
iteration analysis. Finally, these influencing factors are
classified into four categories according to each factor’s
driving power and dependence power using the MICMAC
technique, and the specific reasons, control measures, and
management strategies for quality defects are discussed in
detail.

2.1. Interpretative Structure Model (ISM). 'e ISM method,
proposed by Warfield in 1974, can be used to analyze the
interaction between factors in a complex system. According
to the internal relationship, the priority degree and indirect
relationship of each factor are determined. In the field of
engineering management, ISM is a method often used for
factor analysis. ISM has been widely used in the analysis of
influencing factors, such as Li and Li [34] who analyzed the
driving factors of prefabricated construction by using a
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Figure 1: Experimental results for the grouting quality.
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structural interpretation model. Zhou and He [35] analyzed
the influencing factors of prefabricated building cost based
on the ISM method. Tan [36] used the ISM method to
analyze the barriers to Building Information Modeling
(BIM) implementation in China’s prefabricated construc-
tion process. In this study, ISM is applied to analyze the
direct binary relationship between the factors influencing
the grouting compactness and mapping the conceptual
model into a directed graph through the Boolean logic
operation. 'en, the structure of the grouting quality in-
fluential system is presented in the simplest hierarchical
topography style without losing the overall system function.

2.2. MICMAC. MICMAC was developed by Duperrin and
Godet based on the ISM method and can be used to analyze
the relevance and importance of factors in a system. 'is
method can use an action path and hierarchical structure to
explore the diffusion of the mutual influence relationship
between factors. 'e rule for classifying factors is dependent
upon the driving force and the dependence of factors.

3. Identification of Key Factors for
Sleeve Grouting

3.1. Key Factors Identification

3.1.1. Literature Review. 'e literature review in this study
was conducted based on China National Knowledge In-
frastructure (CNKI) and Web of Science databases. 'e
keywords used for the first-round retrieval included “sleeve

grouting”, “grouting compactness”, “factors”, and “quality
defect”, among others. A total of 23 articles were selected as
the core literature material pool for influencing factors
identification. Finally, 16 preliminary factors shown to in-
fluence sleeve grouting defects were collected (shown in
Table 1).

3.1.2. Brainstorming. Due to the existing researches focus on
analyzing the causes of grouting quality defects from a
specific factor perspective, rather than a systematic com-
prehensive analysis, the identification of initial factors is
unorganized and their connotations are unclear. Brain-
storming was conducted to discuss the correlation strength
between factors and sleeve grouting defects. 18 researchers
with expertise in the areas of prefabricated construction,
engineering management, or informatization were invited
from universities or enterprises to patriciate in the seminar.
'e basic information for personnel invited to participate in
the brainstorming session is presented in Figure 3. 'e
specific explanation for each factor was discussed in detail.
Finally, a clear and concise preliminary list was obtained
with 16 factors (shown in Table 1), and the identified factors
were classified into five categories, including manpower,
machine, material, method, and environment (4M1E).

3.1.3. Expert Interview. To further improve the factor list,
expert interviews were conducted to remove or supplement
factors based on expert experience and knowledge. All of the
experts interviewed have more than three years of
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experience in prefabricated building construction and
guided this study, and the background of experts is shown in
Table 1. Valuable observations were obtained from these
interviews. On the one hand, experts suggested that tech-
nical disclosure ineffective (F3) and understanding deviation
of production drawing (F4) should be deleted from the
analysis list of grouting quality factors. 'e reason is that the
grouting operation is generally carried out by a specific team
with professional training, and the effect of technical dis-
closure is not obvious; besides, the quality defects caused by
understanding deviation of production drawing problems
have been eliminated in the component inspection. On the
other hand, four critical factors are proposed including
weather conditions (F17), mental state of workers (F18),
working environment (F19), and grouting speed (F20),
which are considered by experts to be ignored easily but have
great influence in actual grouting process. 'e specific
reasons are explained in detail in the explanation of the
factors. In total, two factors were eliminated and four factors
were added. Finally, 18 factors of sleeve grouting defect were
established, shown in Table 2.

3.2. Explanation of Influencing Factors

F1: poor responsibility of supervisors.
In China, supervisors are usually required to be close to
workers.'is is not only for video recording, but also to
correct any improper equipment operation by workers
in real time. However, many supervisors only record
the site construction videos and thus fail to correct any
issues with worker operations in real time.
F2: lack of experienced workers.

To determine the existing sleeve grouting process in
prefabricated building construction, sleeve grouting
operation is performed by skilled, experienced workers
in a laboratory setting. 'e demographic of skilled and
experienced workers in China’s construction industry is
in decline. Due to the rapid development of pre-
fabricated buildings in China, it is difficult to ensure that
all sleeve grouting workers have qualified relevant ex-
perience, which will affect the grouting quality from the
perspective of the operational process quality of workers.
F3: ineffective technical disclosure.
Construction quality is directly related to the training
level of technical disclosure for special construction
processes. Before the sleeve grouting operation, the
technical personnel is required to provide special op-
erational technical disclosure. 'e purpose is to make
the construction workers have a detailed understanding
of the engineering characteristics, technical quality
requirements, construction methods, and measures.
Effective technical disclosure can facilitate the scientific
organization of construction and avoid the occurrence
of technical and quality accidents.
F4: understanding deviation of production drawings.
'e production personnel have a deviation in the
understanding of the drawings provided by the de-
signer, such as the location of the vent hole, the size of
the overflow port, etc. 'is leads to the deviation be-
tween the prefabricated wallboard that is produced and
the design drawings that are provided, thereby affecting
the grouting quality.
F5: inadequate protection measures.
If the protectionmeasures of prefabricated components
are not in place, there will be serious quality defect
risks. When a prefabricated wall panel is lifted, proper
protection must be in place to avoid any damage to the
edges. 'e quality defects caused by transport are
usually difficult to repair. Furthermore, the anchoring
sealing will become loose, and the sleeve grouting
material will begin to leak.
F6: reinforcement connection is not in place.
If the steel reinforcement bars are installed incorrectly,
the sleeve passage will be partially blocked thereby
causing the problem of grouting noncompactness.
F7: ash not cleared in time.
If the grouting workers fail to clean the grouting
channel before the installation of the prefabricated wall,

Table 1: Background of experts in the third round.

No. Education Employment Major Position Years
1 Master Construction company Engineering management Project manager 6
2 Doctor Design company Civil engineering Structural engineer 8
3 Bachelor Construction company Civil engineering Project manager 7
4 Doctor University Structural engineering Professor 9
5 Bachelor Real estate company Informatization General manager 4
6 Doctor University Engineering management Associate professor 3
7 Bachelor Component factory Civil engineering General manager 5
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Figure 3: Basic information for brainstorming participants.

4 Advances in Civil Engineering



the channel becomes blocked with ash when the
grouting channel is stacked and stored on-site, thereby
impacting the grouting process.
F8: joint sealing is not tight.
If the joints are not sealed tightly after the installation of
the prefabricated wallboard is completed, the grouting
materials will leak.
F9: quality problems of grouting materials.
Quality problems exist for the grouting material itself,
such as the strength value at 15 minutes or 30 minutes.
After 15 minutes of grouting, the degree of hardening
will affect the degree of grouting compactness.
F10: incomplete exhaust after standing.
According to the grouting requirements of the tech-
nical specification for application of reinforcement
sleeve grouting connection, number JGJ 355-2015, after
the cementitious grout for rebar sleeve splicing is
mixed, it should be allowed to stand for a while
(roughly 2 minutes) to wait for any air bubbles to be

discharged. However, due to the various complex
construction tasks on-site, the workers often conduct
the grouting operation directly after the mix of ce-
mentitious grout.
F11: inadequate fluidity of grouting material.
'e fluidity of grouting material is a key aspect of the
grouting compactness. If the grouting material is too
thick, it becomes difficult to circulate in the channel; if
the grouting material is too thin, it will leak.
F12: poor mechanical performance of grouting.
'e performance of the grouting machine determines
whether it can provide sufficient power during the
grouting process. In the case of poor mechanical
performance, the grouting material will either set or
settle too quickly.
F13: the grouting process is not standardized.
Because the grouting process is not yet standardized,
the grouting workers fail to follow the published
construction method when grouting, such as applying

Table 2: Factors of sleeve grouting quality defects.

Categories Factors affecting the occurrence of
quality defects for sleeve grouting Source Literature review

and brainstorm
Expert

interview
Key factors
identified

Manpower

Poor responsibility of supervisors
(F1) Liu et al. [37] √ ☑ √

Lack of experienced workers (F2) Zhang [38], Qiu and Qian [39], √ ☑ √
Technical disclosure ineffective

(F3) Li et al. [40], Li and Hu [41] √ ⊠ —

Understanding deviation of
production drawings (F4) Wang et al. [42] √ ⊠ —

Mental state of workers (F18) Interview — √ √

Machine Poor mechanical performance of
grouting (F12) Zheng et al. [43] √ √ √

Material

Quality problems of raw grouting
materials (F9)

Huang et al. [44], Huang [45], Gao
and Zhang [46], Chen et al. [47],

Wang et al. [42, 46]
√ ☑ √

Incomplete exhaust after standing
(F10)

Ma et al. [48], Li and Hu [41], Zheng
et al. [26] √ ☑ √

Inadequate fluidity of grouting
material (F11) Yang et al. [49], Huang et al. [44] √ ☑ √

Method

Joint sealing is not tight (F8) Li and Hu [41], Huang [50] √ ☑ √
Reinforcement connection is not

in place (F6)
Wang, et al. [42], Yan [51], Alam,

et al. [52], Alam et al. [53] √ ☑ √

'e grouting process is not
standardized (F13)

Zhang [38], Qiu and Qian [39], Li
and Hu [41], Yan [51] √ ☑ √

Construction technology with
insufficient accuracy (F14) Xue and Tan [54] √ ☑ √

Loose-sealing rubber plug (F15) Li et al. [28] √ ☑ √
Lack of auxiliary technology

application (F16) Gao et al. [55] √ ☑ √

Grouting speed (F20) Interview — √ √

Environment

Inadequate protection measures
(F5) Zhang [38], Li and Hu [41] √ ☑ √

Ash not cleared in time (F7) Zhang [38], Li and Chen [56], Huang
[50] √ ☑ √

Working environment (F19) Interview — √ √
Weather condition (F17) Interview — √ √

Note. “√”� agree, “☑”� agree in the second round, “⊠”� disagree in the second round, and “—”�none existed.
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the rubber plug ahead of time, not applying the plugin
time, or not checking the grout density. 'ese irregular
operations will lead to grouting noncompactness.
F14: construction technology with insufficient
accuracy.
'e construction technical method used in sleeve
grouting operation is unable to meet the requirements
of construction process accuracy, which will lead to
grouting quality defects.
F15: loose-sealing rubber plug.
A sealing rubber plug is used to block the grout outlet at
one end of the grouting channel in the prefabricated
wall. Due to the imbalance of pressure in the grouting
channel, the sealing rubber plug that is placed at one
end of the channel can be easily displaced, resulting in
grouting material leakage.
F16: lack of auxiliary technology application.
Various information technologies have been applied in
different areas of construction, such as BIM, sensing
technology, image technology, etc. However, there is a
lack of technical application in grouting quality control.
'e application of information technology can effec-
tively assist workers to grasp the quality dynamics.
F17: weather conditions.
Weather conditions have an impact on personnel,
machines, and materials in the construction process.
For example, high temperature will accelerate the
hardening of grouting materials, and precipitation may
lead to the absorption of water, resulting in excessive
dilution during mixing.
F18: mental state of workers.
'e mental state of workers has been shown to directly
affect their behavior. A healthy mental state can help
workers to maintain concentration and ensure the
quality of work. On the contrary, long shifts can reduce
the degree of concentration, resulting in a greater
potential for safety issues and quality defects.
F19: working environment.
Studies have shown that the work efficiency and ac-
curacy of workers will be affected by the working
environment. For example, if a worker is in a noisy
working environment, their quality of work will be
adversely affected.
F20: grouting speed.
'e grouting density is affected by the grouting speed.
'e too fast grouting speed will cause the pressure in
the channel to be too high, which may lead to the
leakage of the plug. 'e too slow grouting speed will
cause the pressure in the channel to be too small.
Grouting stuffing can not be fully circulated.

4. Path Analysis Based on the ISM Method

Structural mapping is generated using the ISM method for
analyzing the intricate interconnections among the factors

affecting noncompactness in the sleeve grouting process.
Five essential steps of ISM methodology are presented in
Figure 4.

4.1. Establishing Correlation Structure. 'e semistructured
interview approach was conducted again to collect experts’
views about the interrelationship between 18 key factors.
'e professions of the interviewed experts include archi-
tectural designers, structural engineers, project department
personnel, supervisors, and university professors. Each
selected interviewee has more than three years of working
experience in the construction management of pre-
fabricated buildings, and their rich experience allows them
to provide reliable insight into the interaction strength of
the various factors. To compare the factors, the survey
asked the following question: Do you think factor i directly
affects factor j. 'e consistency among all respondents
determined the influential relationship between factors.
When different judgments were made on the pairwise
factors comparison, the principle of “the minority is
subordinate to the majority” was adopted. 'at is, when
more than three-quarters of the experts made the same
judgment, it was determined that there is an influential
relationship between the two factors.

'e relationship between factors i and j is expressed
using four symbols: (i) X represents that “factor i can cause
factor j, but not the opposite”; (ii) Y indicates that “factor j
can cause factor i, but not the opposite”; (iii) W indicates
that “factor i and factor j can cause each other”; and (iv) O
represents that “factor i and factor j are not related”. 'e
basic data were collected through a semistructured inter-
view. After processing the scores given by different experts,
the structural self-interaction matrix (SSIMF) was obtained
and the contextual relationship of 18 identified key factors
was established, as presented in Table 3.

4.2. Data Processing and Path Analysis

4.2.1. Developing Adjacency Matrix. Adjacency matrix was
used to express the direct relationship between factors. To
calculate the relationship value between the upper and lower
levels among the 18 factors, it was necessary to convert SSIM
into a binary adjacency matrix, as presented in Table 4. 'e
specific conversion rules are listed as follows:

(1) If the cell (i, j) entry in the SSIM is X, the cell (i, j)
entry in the reachability matrix becomes 1 and the
cell (j, i) entry becomes 0

(2) If the cell (i, j) entry in the SSIM is Y, the cell (i, j)
entry in the reachability matrix becomes 0 and the
cell (j, i) becomes 1

(3) If the cell (i, j) in the SSIM isW, the cell (i, j) entry in
the reachability matrix becomes 1 and the cell (j, i)
becomes 1

(4) If the cell (i, j) entry in the SSIM is O, the cell (i, j)
entry in the reachability matrix becomes 0 and the
cell (j, i) also becomes 0
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Table 3: 'e structural self-interaction matrix (SSIM).

Factors F20 F19 F18 F17 F16 F15 F14 F13 F12 F11 F10 F9 F8 F7 F6 F5 F2 F1
F1 X O X O O X O X O O X O X X O X X —
F2 X O O O Y X Y X X X X O X X X O
F5 O O O O O O O O O O O O X X X —
F6 X Y Y O Y O Y O O O O O O O —
F7 X O Y O O O O O O X O O X —
F8 X Y Y O O O Y O O O O O —
F9 X O O O O O O O O X X —
F10 X O Y O O X O O Y X —
F11 X Y Y O Y X O O Y —
F12 O Y O Y Y X X O
F13 X Y Y Y Y X Y —
F14 X X O O W X —
F15 W Y Y O O —
F16 X X O O —
F17 O O X —
F18 X Y —
F19 X —
F20 —
Note. 'e lower-right area corresponds to the relational content in the upper-left area.

16 factors obtained

Establish the relationship between 
factors according to expert’ s 

estimation

Develop structural self-interaction
matrix (SSIM)

Analyze transitive
relationships

Distinguish factors
into different levels

MICMAC analysis

Develop reachability
matrix

Establish hierarchy
structure figure

Step 1

Step 2

Step 3

Step 4

Step 5

Figure 4: Implementing ISM process.

Table 4: Adjacency matrix of 18 key factors.

Factors F1 F2 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20
F1 0 1 1 0 1 1 0 1 0 0 1 0 1 0 0 1 0 1
F2 0 0 0 1 1 1 0 1 1 1 1 0 1 0 0 0 0 1
F5 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0
F6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
F7 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1
F8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
F9 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 1
F10 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1
F12 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1
F11 0 0 0 0 0 0 0 1 1 0 0 1 1 0 0 0 0 0
F13 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1
F14 0 1 0 1 0 1 0 0 0 0 1 0 1 1 0 0 1 1
F15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
F16 0 1 0 1 0 0 0 0 1 1 1 1 0 0 0 0 1 1
F17 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0
F18 0 0 0 1 1 1 0 1 1 0 1 0 1 0 0 0 0 1
F19 0 0 0 1 0 1 0 0 1 1 1 0 1 0 0 1 0 1
F20 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
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4.2.2. Developing Reachability Matrix. According to the
specific conversion rules, an initial adjacency was obtained
by transforming SSIM into a binary matrix. 'e final
reachability matrix was generated by calculating the indirect
transferability of the factors based on a MATLAB program,
as presented in Figure 5. 'e final reachable matrix can be
obtained, as presented in Table 5. In this table, digit 1 in-
dicates that a direct relationship exists between the two
factors, while 1∗ represents an indirect relationship. For
example, F1⟶ F5 and F5⟶ F6. Although there is no
direct relationship between F1 and F6, it can be considered
that, under the influence of F5, F1 can indirectly affect F6;
thus 1∗ can be reconstructed as F1⟶ F6.

4.2.3. Developing Hierarchy Structure. Based on the final
reachability matrix, the hierarchical division was determined
by the reachability set and antecedent set of each factor. 'e
former indicates that a factor directly or indirectly influences
other factors, while the latter indicates that the factor is
directly or indirectly affected by other factors. Additionally,
their intersection can be obtained. 'e detailed steps for
developing a hierarchy structure are as follows: (i) if the
intersection and reachability set contain the same factors,
then these factors are located at the highest influence
structure point of the whole system.'is indicates that these
factors are likely to be affected by other factors. (ii) Once the
top-level factor is identified, it will be removed from the
accessibility setting. (iii) 'e identified process is repeated to
obtain factors at the next level until all of the factors are
placed at this level. 'e 18 key factors were divided into 6
levels, and the results of level groupings are presented in
Table 6.

A simple analysis is presented as follows:
(1) At the lowest level, poor responsibility of supervisors

(F1) and weather conditions (F17) are the most basic
factors in the structural level. 'is indicates that the
least influential cause for grouting defects is the
subjective reason of personnel responsibility and the
objective influence of the external environment.

(2) Lack of experienced workers (F2), the poor me-
chanical performance of grouting (F12), construc-
tion technology with insufficient accuracy (F14), lack
of auxiliary technology application (F16), and
working environment (F19) constitute the fifth level
concerning the technical capability factor.'is factor
primarily represents the professional ability level,
construction process level, and technology applica-
tion level.

(3) 'e fourth and third levels constitute the indirect
influencing factors of grouting quality defects, and it
was observed that a progressive internal relationship
between the two levels also exists. For example,
inadequate protection measures (F5) and quality
problems of raw grouting material (F9) belong to the
early preparation stage; and ash not cleared in time
(F7) and incomplete exhaust after standing (F10) can
be affected by F5 and F9, respectively, which are in
closer proximity to the specific grouting process.

(4) 'e factors found in the second and first levels directly
lead to grouting quality defects, and the probability
approaches 1 as the hierarchy increases. Furthermore,
reinforcement connection not in place (F6), joint
sealing not tight (F8), inadequate fluidity of grouting
material (F11), and grouting process not standardized
(F13) will directly affect the loose-sealing rubber plug
(F15) and grouting speed (F20) in the first level.

(5) Some cross-level factor interactions also exist and are
mainly caused by human factors.

Based on the level partitioning and adjacency matrix, the
influence chain graph is drawn as presented in Figure 6. An
arrow pointing from factor I to factor J indicates that I can
affect J, while a two-way arrow indicates the mutual influ-
ence. Besides, it is confusing to include all of the interre-
lationships in this way. 'us, to optimize the visualization of
the transmission relationships between factors, some rela-
tionships can be replaced or omitted by adopting the path
integral approach. For example, since F1⟶ F19, F1⟶
F18, and F19⟶ F18, the direct lines between F1 and F18
can be omitted, and the interrelationships can be described
as F1⟶ F19⟶ F18.

By combining the graph with the final reachability
matrix, the relationships among 18 factors of the ISM model
can be obtained, as illustrated in Figure 7.

4.2.4. MICMACAnalysis. 'e driving force and dependence
force of each factor can be calculated based on the reach-
ability matrix, forming a two-dimensional MICMAC dia-
gram, as illustrated in Figure 8. Four groups are formed, that
is, (i) the independent variables with low driving force and
dependence, (ii) the dependent variables with low driving
force but high dependence, (iii) the driving variables with
high driving force but low dependence, and (iv) the related
variables with the high driving force and dependence. In
general, the strong dependence of a factor indicates that its
solution depends on the solution of other factors, while the
strong driving force indicates that the solution of the factor
can help resolve other factors.

It can be observed that all factors are divided into three
categories, including driver variables, autonomous variables,
and dependent variables, as shown in Figure 6, and there is
no relay factor. (i) F1, F2, F12, F14, F16, F17, and F19 are
driving factors; (ii) F5, F9, F13, and F18 are self-influencing
factors; (iii) F6, F7, F8, F11, F15, and F20 are dependent
factors. 'e factors belonging to different levels are marked
with different colors, as shown in Figure 6. It can also be
observed that the distribution of all factors indicates a
downward trend from the upper-left corner to the lower-
right corner, which is consistent with the ISM model
structure diagram.'e factors at the bottom of the structure
have strong driving power and low dependence, while the
factors at the top level have stronger dependence and lower
driving power. Different factors have different parameter
characteristics, which determine that different corre-
sponding strategies need to be formulated in the process of
eliminating quality defects.
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Figure 5: 'e MATLAB program (including a code example).

Table 5: Reachability matrix (including initial and final).

Factors F1 F2 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15 F16 F17 F18 F19 F20 Dri.
F1 1 1 1 1∗ 1 1 0 1 1∗ 1∗ 1 1∗ 1 1∗ 0 1 1∗ 1 16
F2 0 1 0 1 1 1 0 1 1 1 1 1∗ 1 1∗ 0 1∗ 1∗ 1 14
F5 0 0 1 1 1 1 0 0 1∗ 0 0 0 1∗ 0 0 0 0 1∗ 7
F6 0 0 0 1 0 0 0 0 0 0 0 0 1∗ 0 0 0 0 1 3
F7 0 0 0 0 1 1 0 0 1 0 0 0 1∗ 0 0 0 0 1 5
F8 0 0 0 0 0 1 0 0 0 0 0 0 1∗ 0 0 0 0 1 3
F9 0 0 0 0 0 0 1 1 1 0 0 0 1∗ 0 0 0 0 1 5
F10 0 0 0 0 0 0 0 1 1 0 0 0 1 0 0 0 0 1 4
F11 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 1 3
F12 0 1∗ 0 1∗ 1∗ 1∗ 0 1 1 1 1∗ 1 1 1∗ 0 1∗ 1∗ 1∗ 14
F13 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 3
F14 0 1 0 1 1∗ 1 0 1∗ 1∗ 1∗ 1 1 1 1 0 1∗ 1 1 14
F15 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 2
F16 0 1 0 1 1∗ 1∗ 0 1∗ 1 1 1 1 1∗ 1 0 1∗ 1 1 14
F17 0 1∗ 0 1∗ 1∗ 1∗ 0 1∗ 1∗ 1 1 1∗ 1∗ 1∗ 1 1 1∗ 1∗ 15
F18 0 0 0 1 1 1 0 1 1 0 1 0 1 0 0 1 0 1 9
F19 0 1∗ 0 1 1∗ 1 0 1∗ 1 1 1 1∗ 1 1∗ 0 1 1 1 14
F20 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 2
Dep 1 7 2 10 10 11 1 10 13 7 9 7 18 7 1 8 7 18

Table 6: Results of grouping levels.

Factors Reachability set Antecedent set Intersection Level

F1 F1; F2; F5; F6; F7; F8; F10; F11; F12; F13; F14;
F15; F16; F18; F19; F20 F1 F1 VI

F2 F2; F6; F7; F8; F10; F11; F12; F13; F14; F15; F16;
F18; F19; F20 F1; F2; F12; F14; F16; F17; F19 F2; F12; F14; F16;

F19 V

F5 F5; F6; F7; F8; F11; F15; F20 F1; F5 F5 IV
F6 F6; F15; F20 F1; F2; F5; F6; F12; F14; F16; F17; F18; F19 F6 II
F7 F7; F8; F11; F15; F20 F1; F2; F5; F7; F12; F14; F16; F17; F18; F19 F7 III
F8 F8; F15; F20 F1; F2; F5; F7; F8; F12; F14; F16; F17; F18; F19 F8 II
F9 F9; F10; F11; F15; F20 F9 F9 IV
F10 F10; F11; F15; F20 F1; F2; F9; F10; F12; F14; F16; F17; F18; F19 F10 III
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5. Discussion

5.1. Results Analysis. To further analyze the influence
mechanism of each factor, a combined approach is proposed
to analyze the driving and dependence power based on the
MICMAC technique and ISM hierarchy. As a result of the
proposed study, the relationships between factors can be
understood more effectively, and coping strategies can be
formulated.

5.1.1. Driver Variables. F1 and F17 have the highest driving
power and are located at the bottom of the ISM structural
diagram (Figure 5), which means that the two factors are
relatively independent and experience no interference from
other factors. Attention should be paid to the grouting
process. In practical prefabricated construction, supervision
is the most critical part of quality control, and weather
conditions are often neglected factors. Although detailed
construction rules have been developed, third party su-
pervisors often overlook the environmental impact within

the scope of quality control. Currently, video technology is
required to be applied in some projects to achieve quality
control after a quality control issue and to analyze the ir-
regular behavior of workers.

For the factors F2, F12, F14, F16, and F19, the total
driving force index reached 70, accounting for 48.61% of the
total, and the coverage rate of factors affected reached
77.78%. More attention should be paid to achieving maxi-
mum quality improvement benefits with less resource
consumption. For example, for F2, it is necessary to increase
the professional training of workers and strengthen the
management of workers’ turnover; for F16, the advanced
auxiliary technology can be used for grouting quality control
defects, such as the simulation for guiding the construction
of BIM technology, the grouting compactness measurement
of sensing technology, the detection application of hollow
defects in the sleeve using ultrasonic technology, and so on.

5.1.2. Autonomous Variables. 'e factors for autonomous
variables are mainly concentrated in the fourth layer of the
ISM and have low driving or dependence power and large
dispersion. 'e mental state of workers (F18) should be
taken as a key factor in improving quality and efficiency.
Studies have shown that the output of workers who have
been working several hours (such as 5 hours) in a row is
lower than when they have been given regular breaks. 'e
fatigue level monitoring and health management of workers
have been widely applied in the machinery production and
craft industry and can be used as references in the pre-
fabricated building construction industry for grouting
workers. A reasonable construction plan and more attention
to the mental state of workers are important to ensure the
quality of grouting operation.

F5 and F9 have lower driving and dependence power.
'e inadequate protection measures (F5) and quality
problems of raw grouting materials (F9) belong to the front
end of the influence chain and are relatively independent;

Table 6: Continued.

Factors Reachability set Antecedent set Intersection Level

F11 F11; F15; F20 F1; F2; F5; F7; F9; F10; F11; F12; F14; F16; F17; F18;
F19 F11 II

F12 F2; F6; F7; F8; F10; F11; F12; F13; F14; F15; F16;
F18; F19; F20 F1; F2; F12; F14; F16; F17; F19 F2; F12; F14; F16;

F19 V

F13 F13; F15; F20 F1; F2; F12; F13; F14; F16; F17; F18; F19 F13 II

F14 F2; F6; F7; F8; F10; F11; F12; F13; F14; F15; F16;
F18; F19; F20 F1; F2; F12; F14; F16; F17; F19 F2; F12; F14; F16;

F19 V

F15 F15; F20 F1; F2; F5; F6; F7; F8; F9; F10; F11; F12; F13; F14;
F15; F16; F17; F18; F19; F20 F15; F20 I

F16 F2; F6; F7; F8; F10; F11; F12; F13; F14; F15; F16;
F18; F19; F20 F1; F2; F12; F14; F16; F17; F19 F2; F12; F14; F16;

F19 V

F17 F2; F6; F7; F8; F10; F11; F12; F13; F14; F15; F16;
F17; F18; F19; F20 F17 F17 VI

F18 F6; F7; F8; F10; F11; F13; F15; F18; F20 F1; F2; F12; F14; F16; F17; F18; F19 F18 IV

F19 F2; F6; F7; F8; F10; F11; F12; F13; F14; F15; F16;
F18; F19; F20 F1; F2; F12; F14; F16; F17; F19 F2; F12; F14; F16;

F19 V

F20 F15; F20 F1; F2; F5; F6; F7; F8; F9; F10; F11; F12; F13; F14;
F15; F16; F17; F18; F19; F20 F15; F20 I

F1
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F6

F7

F8

F10

F11

F13

F14

F16
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F9
F15

F20
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Figure 6: Interrelationships among 18 influencing factors.
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furthermore, these factors can be avoided by adopting some
quality inspection measures in advance.

F13 is a specialized transitional factor that changes from
passive influence to active influence, while other factors at
the same level belong to dependent variables. 'e unstan-
dardized grouting process mainly refers to the failure to
strictly follow the published construction method when
grouting, such as plugging the channel ahead of time, not
plugging the channel in time, not checking the grout density,

etc.'e stronger attribute of dependence than driving power
indicates a greater influence from other factors, such as the
mental state of workers (F18), poor responsibility of su-
pervisors (F1), construction technology with insufficient
accuracy (F14), and lack of experience of workers (F2).

5.1.3. Dependent Variables. F6, F8, F11, F7, and F10 derive
from different ISM hierarchy; they are dependent variables

Poor responsibility of
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Weather conditions
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Inadequate protection
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Mental state of workers
(F18)

Quality problems of 
raw grouting materials
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Reinforcement
connection is not in

place (F6)

Joint sealing is not
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The grouting process is
not standardized (F13)

Loose sealing rubber plug
(F15) Grouting speed (F20)

Lack of
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Figure 7: ISM model of factors: (a) first-level diagram; (b) cross-level diagram.
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but have relatively high driving forces, indicating that their
quality problems are dependent upon the resolution of other
underlying factors, for example, ash not cleared in time (F7)
and need to strengthen protection measures (F5), increase
worker experience (F2), enhance the sense of responsibility
of quality supervision (F1), and so on. Also, the second-level
factors (F6, F8, and F11) and third-level factors (F7 and F10)
have an internal connection; for example, inadequate fluidity
of grouting material (F11) is related to ash clearing in the
component base and grouting port (F7) and the complete
standing exhaust of slurry before grouting construction
(F10). 'erefore, taking these factors into account can not
only test whether the quality control of the lower-level
factors is effective but also effectively control the upper-level
factors.

F15 and F20 are the strongest dependent variables lo-
cated in the first layer of the ISM hierarchy, where the single
dependent power is 18 and driving power is 2. In the sleeve
grouting construction process, the rubber plug that blocks
the grouting channel is often removed for some nonstandard
operations, and as a result, the grouting material flows out of
the channel. Besides, if the grouting speed (F20) is too rapid,
a series of quality defects can be caused, such as empty drum,
noncompactness, rubber plug loose (F15), among others. In
the current construction industry, the effective control of
grouting speed (F20) and preventing the rubber plug from
falling off (F15) have become the two most critical technical
issues. 'e characterization of highly dependent power
indicates that the resolution of the technical issues largely
depends on the control of the underlying factors, such as
improving the mechanical performance of grouting (F12),
applying auxiliary information technology to quality defects
at the early warning signs (F16), eliminating adverse effects
of the working environment (F19), strengthening the con-
struction process management (F1, F5, F7, F9, F10, etc.), and
so on.

5.2. Recommendations. Based on the analysis of the results
of this research, the mechanism and implication of each key
factor have been clarified. Furthermore, to improve the
quality of sleeve grouting construction, a three-level quality

control strategy is proposed for the relevant enterprises and
technical personnel.

(1) 'e first level of the control strategy is mainly aimed
at the fifth- and sixth-level factors. 'ese factors will
not directly lead to grouting defects but will affect
other factors. Suggestions are made as follows: (i) the
supervisory personnel should be required to improve
their sense of responsibility by adopting some reg-
ulatory measures. (ii) 'e impact of weather con-
ditions on construction quality should be
emphasized to avoid forced construction in poor
conditions in an attempt to accelerate the con-
struction progress. (iii) 'e environmental condi-
tions will damage any components that are stacked
or stored in an exposed area; thus it is necessary to
strengthen the protection measures of these com-
ponents. (iv) In terms of construction capacity im-
provement, the construction equipment and
technology should be continuously updated to im-
prove the construction accuracy, efficiency, and
quality, for example, the improved sleeve grouting
technology for grouting speed and maintaining a
stable pressure in the sleeve to reduce hollowing. (v)
'e workers should receive training to reach a
certain level of professional skills before working on
a real construction project; such training should
include mastering the operational procedures, being
familiar with machine performance, understanding
the working environment, and so on.

(2) 'e second level of the control strategy is aimed at
the fourth-level factors. It can be concluded from
Figure 5 that these factors are directly related to other
factors at other levels, which are the most basic
quality defect control elements for sleeve grouting
construction. Specific guidelines are recommended
as follows: (i) establish a strict raw material quality
inspection system and improve the inspection pro-
cess, such as image and video data acquisition. (ii) It
is necessary to improve the mobilization process of
prefabricated components, arrange the component
storage yard in an organized manner, and take

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

1 2 3 4 5 6 7 8

GROUP IV
Driver

Variables

GROUP I
Autonomous

Variables

GROUP III
Linkage

Variables

GROUP II
Dependent
Variables

9
Dependence power

Driving trend factors

D
riv

in
g 

po
w

er

10 11 12 13 14 15 16 17 18

F1
F17

F9

F5

F13 F6 F8 F11
F15, F20

F2, F12, F14, F16, F19

F10
F7

F18
Dependent trend factors

Figure 8: Results of MICMAC analysis of influence factors.
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protective measures for components that are stored
in the open-air environment. (iii) To maintain the
mental state of workers, it is necessary to formulate
reasonable working hours with break time to
maintain worker efficiency and wellbeing.

(3) 'e third-level control strategymainly focuses on the
prefabricated building component installation and
grouting operation. According to the grouting
process, several key quality control points need to be
known: (i) check the component grouting channel
and remove any debris to maintain an unobstructed
slurry path; (ii) after the slurry is prepared according
to the specified mix proportion, check the fluidity of
the grouting material to ensure that the bubbles are
completely discharged after letting it stand for the
required amount of time; (iii) the sleeve and rein-
forcement shall be installed accurately to ensure that
the verticality, anchorage length, and other param-
eters meet the quality requirements; (iv) check that
the grouting joint is sealed tightly and meets the
quality requirements of setting time required for
grouting; (v) the grouting speed should be strictly
controlled to avoid quality defects such as hollowing
(too slow) and blocking (too fast); (vi) the outlet
should be sealed firmly with wooden or rubber plugs
immediately, thereby avoiding the grouting non-
compactness due to slurry leakage caused by plug
malfunction.

6. Conclusion

In recent years, the Chinese government has promoted the
transformation of the construction industry to uphold a high
level of quality and low level of pollution. From this
foundation, prefabricated building construction and its key
node connection technology have been developed. However,
in practical application, the problem of sleeve grouting
defects has been difficult to resolve. 'e quality influencing
factors are complex and its action mechanism is unclear and
lacks systematic identification and strategy analysis. 'is
study identified 18 key factors of sleeve grouting non-
compactness by applying a combined approach of literature
review, brainstorming, and expert interview. 'e ISM
method was then applied to structure the factors into a
hierarchy of six distinct levels, and the MICMAC tool was
used to classify the factor attributes, including seven vari-
ables, four autonomous variables, and seven independent
variables. 'e results reveal the internal relationship among
the factors affecting the quality of sleeve grouting, based on
which a three-level strategy is recommended to facilitate the
sleeve grouting process in China’s prefabricated building
construction industry.

Some unique research highlights of this study include the
following: (i) the single-factor sleeve grouting quality
analysis is extended to the factor system and the internal
relationship analysis of its factors; (ii) from the perspective of
assigning importance to human and external environments,
the factors related to the mental state of workers, working
environment, and weather conditions are included in the

factor system, and the corresponding strategic suggestions
are made; (iii) each factor is analyzed from the aspects of
structure position, driving force, and dependent force. Be-
sides, the research method and results of this study are not
limited to China’s construction industry. First, sleeve con-
nection technology is widely used in other countries, such as
Singapore and Japan, and grouting quality problems are
common. Second, although different problems may be
caused by different construction techniques and manage-
ment methods in different regions, the methods and per-
spectives of this study could provide a useful reference for
other economies to investigate the sleeve grouting quality
barriers. Finally, more information technology needs to be
applied and updated in the area of quality supervision to
improve the quality of the construction process and con-
struction products.

'is study has limitations that should not be overlooked.
First, the identified key factors are concerned with on-site
construction, and the impact of other stages is not taken into
account, such as the design defects. Second, the field in-
vestigation mainly focuses on the demonstration project,
thereby lacking the application analysis of sleeve grouting
technology in conventional prefabricated building projects.
'ird, due to the limitation of the ISMmethod, there is a lack
of comprehensive analysis of all sleeve grouting quality
factors.
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