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1. Introduction 
 

Permeation grouting is a widely used technique that 

solidifies the loose geo-structure and reduces the 

permeability. Compared with the chemical grouting with a 

potential risk of pollution transported to groundwater (Sui et 

al. 2015; Cai et al. 2019) and the low stability under 

extreme conditions such as high/low temperature (Esfe et al. 

2016; Bohloli et al. 2018; Wang et al. 2019), sedimentation 

erosion (Nouri and Heydari 2017) or external dynamic 

disturbance (Li et al. 2012; Zhou et al. 2018; Zhang et al. 

2019; Zhou et al. 2019; Zhu et al. 2019), cement-based 

grout has been adopted in various civil engineering due to 

its low cost and environment-friendly properties (Im and 

Hurlebaus 2012). An indispensable weakness of permeation 

grouting is its low penetration distance derived from the 

limited driven source, as over-high flow rate or pressure 

may bring about the matrix fracturing (Park and Oh 2018) 

and the leakage of grout into undesigned area (Liu et al. 

2018; Wang et al. 2020). In the grouting process, the spatial 

pressure evoluting with grouting time is a crucial factor that 

instructs the practical engineering, and a thorough 

 

Corresponding author, Associate Professor 

E-mail: xincai@csu.edu.cn 
a Ph.D., Professor, 
b Master Student 
c Ph.D., Professor 
d Ph.D., Associate Professor 
e Ph.D., Post-Doctoral Fellow 
 

 

understanding of this complex process will introduce new 

insight into permeation grouting design. 

The filtrated cement particles, which deposit on the pore 

surface of skeleton and narrow the flowing channel, should 

be responsible for the pressure increment. It is usually 

believed that Bingham fluid ceases flowing when the 

pressure gradient in front of penetrating fails to satisfy the 

yield condition (Axelsson et al. 2009; Dang et al. 2019), 

and then a plug spreading out the cross-section area of 

flowing passage blocks the pores by occupying grouting 

liquid (Zou et al. 2018). This criterion is applicable to low 

water to cement (W/C) ratio of grout that is usually used to 

seal the large aperture of rock fracture (Zou et al. 2019; Zou 

et al. 2020) or high-porosity gravel material with large grain 

size; while for regular soil and sand porous media, the 

gradual loss of cement particles (Fan et al. 2018) and 

deposited particles onto skeleton dominate the porosity 

decline and the pressure evolution.  

Because of the unobservable penetration process inside 

the porous media, a phenomenological deduction based on 

the continuous evolution of pressure is usually utilized to 

dip into the filtration coefficient (Bouchelaghem 2009; Yan 

et al. 2017). Driven by hydraulic force, cement particles 

flow synchronously with the liquid phase and are generally 

regarded as the same velocity with the liquid in continuum 

model (Song et al. 2018; Song et al. 2018). The velocity of 

grout front can be successively monitored by using the 

camera CCD (Bouchelaghem and Almosni 2003; Zhou et al. 

2019) to infer other parameters in flowing equation, while 

the filtration process in the cement-filled area cannot be 

observed. An alternative is to regard the whole geomaterial-

filled experimental container as a single collector, in which 
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the filtration coefficient is seen as a constant (Yoon and El 

Mohtar 2015) or a variable varying with time (Zhou et al. 

2018). This assumption may be applicable in a relatively 

small unit where filtration effect is less intense to 

completely block the flowing passage, while for a long one-

dimensional container or two-dimensional radial flow 

condition which has much longer available penetration 

distance than its width or diameter, extremely non-uniform 

filtration behaviour appears and the linear assumption 

regarding the relation between the concentration of cement 

grout and filtration rate breaks up (Zhou et al. 2018). 

Generally, the determination of filtration coefficient lies at a 

wide range of factors (Tien and Payatakes 1979), among 

which the volume of cement particles and the specific 

deposition of cement particles play a vital role. The 

interstitial velocity is another important factor while its 

influence is embedded in the variation of porosity as it 

varies inversely with the porosity under the constant 

injected flow rate. To simplify the representation of 

filtration coefficient, cement particles are deemed to be 

captured by the pore wall once they contact with each other. 

However, some discrete simulation in pore network model 

reveals that the scouring and mounding of deposited 

particles possess a huge impact on filtration rate (Kim and 

Whittle 2009; Yang and Balhoff 2017). 

The surge of inflow pressure is a widely acceptable 

principle of ceasing grouting process, but the unstable 

development and variation of pressure give rise to more 

uncertainties that damage the structure of porous media. An 

early stop of grouting may fails to reach the designed target 

of improving constructions, while a late termination would 

probably fracture the matrix and create new flow channel 

that leaks the injected grout (Kou et al. 2019). Although 

some successful predictions of pressure evolution have been 

made (Moghadasi et al. 2004; Kim et al. 2009; Zhou et al. 

2018), the pressure drop after the stoppage has been barely 

mentioned (Ghafar et al. 2018; Zhou et al. 2019). As a 

matter of fact, the inflow pressure drop happens in company 

with the massive blockage of pore channels in near-inlet 

area, which lags behind the intersection of grout flow after 

the blockage area. This phenomenon has the potential for 

revealing the stoppage mechanism and predicting the 

stoppage point that helps judge the effective penetration 

distance. 
To probe into the spatial pressure evolution caused by 

filtration behaviour in permeation grouting, a filtration 
model considering the loss of cement particles and specific 
deposition was proposed and an elaborate experiment along 
with a simulation were designed to verify the model. In 
addition, the variation of filtration rate related to the volume 
of cement particles and the deposited particles of skeleton 
was discussed. Finally, the corresponding pressure drop 
along the penetration distance was revealed and then be 
bridged with some approaches to alleviate the filtration 
effect in permeation grouting.  
 

 

2. Model description 
 

2.1 Convection-filtration model 
 

The transport of grout in porous media can be divided 

into two components: water flow and particle transport 

(Zhou et al. 2019).  Pressure-driven source provides 

hydrodynamic force for liquid flowing, while cement 

particles (Yang and Balhoff 2017) are carried on by fluid. 

The movement of particles are mainly influenced by 

convection, diffusion, mechanical dispersion, sedimentation, 

and other microscale forces (Vaz et al. 2017). Among these 

factors, convection plays a dominant role  in driving the 

movement of particles (Sanderson et al. 2018). Molecule 

Diffusion and mechanical dispersion constitute the 

hydrodynamic dispersion, which can be neglected if the size 

of particle is between 10 and 50 um or higher (Yoon and El 

Mohtar 2014). Sedimentation of cement particles is 

attributed to the aggregation of individual particles, it can 

be mitigated if certain chemical admixture is added to 

reduce the number of bulk particles; as for the electrical 

forces, Von Der Waals force or Brown motion, they are 

difficult to be observed in laboratory tests and their 

corresponding disturbance on the filtration coefficient only 

have limited impact (Kim and Whittle 2009). Another factor 

in permeation grouting is the skeleton deformation 

(Ebrahimi and Barati 2018). Generally, to avoid the further 

damage on injected porous media in practice, grouting flow 

rate or pressure are adjusted to under certain value, as well 

as reducing the swelling of skeleton. Also, measuring data 

reported by Bouchelaghem et al. (2001) shows that the 

strains of porous matrix are roughly at the order of 10-6. 

Therefore, only convection and filtration effect are 

considered in this paper, and the velocity of water, cement 

particles and grout are assumed to be the same. 

The classical equation Darcy’s law, describing fluid 

flow in porous media as: 

𝑢 = −
𝑘

𝜇
∇𝑝 (1) 

where 𝑢 is the superficial velocity of filtered porous media, 

𝑘 is the permeability of filtered porous media, 𝜇 is the 

viscosity of grout, and ∇𝑝  is the pressure gradient. It 

should be noticed that the grout is regarded as a Newtonian 

liquid at a macroscopic scale. Many laboratory tests show 

that the grout flows in a Newtonian behaviour when the 

W/C ratio is over 1.5 or 2 (Wang et al. 2018; Zhou et al. 

2018). Non-Newtonian assumption is also applicable to the 

Darcy’s law as long as the analytical expression of shear 

force with shear rate is available. Additionally, Darcy’s law 

is valid when the Reynold number is under 5 or a lower 

limit, otherwise Stokes-Brinkman equation or other high-

speed flow equations should be adopted (Ma et al. 2016; 

Zhou et al. 2018). 
With the accumulation of cement particles inside the 

porous voids, the porosity of porous media decreases 
gradually, and the filtration rate (the change in porosity with 
time) can be expressed as: 

𝜕𝜙

𝜕𝑡
= −

𝜕𝜎

𝜕𝑡
= −

𝜙0 − 𝜙

𝜕𝑡
 (2)  

where 𝜙 and 𝜙0 are the porosity and initial porosity of 

porous bed, 𝜎 is the specific deposition of skeleton, in 

other words, the volume of deposited cement particles per 

volume of bed.  

The filtrated particles come from the loss of cement  
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particles in grout. Assuming a saturated grout flow in 

porous media, which means all voids are occupied with 

liquid, then the mass balance in grout should satisfies 

(Saada et al. 2005): 

𝜕(𝜙𝛿)

𝜕𝑡
+ u ∙ ∇δ = −

𝜕𝜎

𝜕𝑡
 (3) 

where 𝛿 is the volume ratio of cement particles to bed 

voids. 

The viscosity of grout usually varies linearly with the 

concentration of cement particles (Kim and Whittle 2009), 

we simplify it to a linear relationship with the volume rate 

𝛿: 

𝜇 = 𝜇𝑤 (1 + (
𝜇0

𝜇𝑤

− 1)
𝛿𝜙

𝛿0𝜙0

) (4)  

where 𝜇𝑤  is the viscosity of water, 𝜇0  and 𝛿0  are the 

initial viscosity and volume rate of cement particles before 

injection. 

The permeability of bed decreases with the reduction of 

porosity. Generally, the diverse void throats (Yang and 

Balhoff 2017) that connect flowing channels, the relative 

angle between fluid flow and gravity, and the deposition 

morphology (Kim and Whittle 2006) are decisive in the 

variation in permeability during grouting process. With few 

laboratory evidence to quantify these factors, the classical 

Kozeny-Carman equation, which considers the grain size of 

porous media, is widely used in pressure drop prediction 

regarding the flowing through a packed bed. The factor of 

grain size in original equation is embedded in the initial 

permeability and we adopt a smooth deposition of particles 

is adopted in this paper (Bouchelaghem et al. 2001): 

𝑘 = 𝑘0 (
𝜙

𝜙0

)
3

(
1 − 𝜙0

1 − 𝜙
)

3/4

 (5)  

where 𝑘0 is the initial permeability of porous bed before 

injection. 
 

2.2 Filtration coefficients 
 

The loss of cement particles and the reduction of 

porosity lead to the narrowness of flowing channels in  

 

 

porous media. This process in turn disturbs the grout 

flowing and particles adsorbing. Several investigations dip 

into the microscale movement of cement particles by 

discrete simulation (Kou et al. 2019; Liu et al. 2019), 

considering the pore shape, pore angle, throat connection 

and etc. Despite the fact that these elaborated descriptions 

provide an insight into the filtration behaviour theoretically, 

abundant parameters in simulation can hardly be linked to 

the macroscopic observation or measurements that are more 

approachable (Wang et al. 2018; Kou et al. 2019; Song et al. 

2019; Wang et al. 2019). In this section, we focus on the 

determination of filtration coefficients which play an 

important role in porosity reduction, in a macroscopic 

description involved with measurable data of bed porosity 

and grout viscosity.  

The deposition of cement particles on skeleton, scouring 

and rolling of adsorbed particles are taken into account to 

decide the filtration coefficient. Generally, the filtration rate 

is positively correlated with the volume of cement particles; 

while high interstitial velocity has adverse effect on 

filtration, since individual particle undertakes larger 

hydraulic driven force compared with low flowing velocity. 

As the ongoing deposition and further mounding of cement 

particles, as shown in Fig. 1, particles on the surface of the 

mounding might be scoured or rolled towards the flow 

direction. Scoured particles come back to flowing grout and 

thus widen the vacant pore space; while rolling ones from 

original positions further occupy pore space where the 

rolling particles reach. Which of these two processes 

dominates would decide whether more or less pore space 

appears. We leave this dynamic balance in future work and 

concentrate on the overall variation in filtration coefficients. 

According to the aforementioned relationship among 

volume of cement particles and the particle migration, the 

filtration rate can be expressed as:   

𝜕𝜎

𝜕𝑡
∝ 𝜙𝑐 , 𝜙0 − 𝜙 (6)  

where 𝜙𝑐 is the volume of cement particles per volume of 

porous bed.  

Using the first order for the Taylor expansion, we can 

obtain: 

 
Fig. 1 Schematic drawing of scouring and rolling of cement particles during filtration 
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𝜕𝜎

𝜕𝑡
= λ𝑙𝜙𝑐 + λ𝑑(𝜙0 − 𝜙) (7)  

where λ𝑙  and λ𝑏  is the loss rate of cement particles from 

grout and the dynamic variation rate of deposited cement 

particles respectively. With the narrowness of pore space, 

the probability of particles deposition rises gradually (Reddi 

and Bonala 1997); similarly, the more particles accumulated, 

the less intense the scouring and rolling effects are, since 

the individual particle is less likely to be dragged away if it 

is cemented in aggregation (Yang and Balhoff 2017). Hence, 

Eq.(7) is rewritten as: 

𝜕𝜎

𝜕𝑡
= 𝑎𝜙𝑐 +

𝑐∆𝜎

1 + 𝑏∆𝜎
= 𝑎𝛿𝜙 +

𝑐(𝜙0 − 𝜙)

1 + 𝑏(𝜙0 − 𝜙)
 (8)  

where a, b, c are fitting constants. 

Compared with the traditional filtration coefficient, the 

proposed filtration coefficients considers both the particle 

deposition on skeleton and the loss the deposited particles 

during grout scouring in pore space, which is competent to 

represent the dynamic variation of nonlinear filtration rate 

instead of the linear filtration rate in previous work. 

Actually nonlinear evolution of filtration rate turns into 

more intense when it comes to the high-speed grout flow or 

approaching the nearly stoppage stage, it is necessary to 

cover these factors. 

The combination of the governing Darcy’s flow Eq. (1), 

mass balance equations of Eq. (2) and Eq. (3) can be 

simplified into two partial differential equations and a flow 

equation which can be solved in Comsol. Only one-

dimensional geometry is considered for simplification, 

while it is easily extended to multi-dimension problems 

presented by a representative elementary volume (REV) 

scale (Bouchelaghem 2009). 

According to the known porosity varying with time at 

different locations along the penetration distance, the 

filtration rate can be roughly estimated by the average of 

forward differences and backward differences at different 

sampling time points: 

Δ𝜎̇𝑖,𝑗 =
1

2
(

𝜙𝑖,𝑗 − 𝜙𝑖−1,𝑗

Δ𝑡𝑖−1,𝑖

+
𝜙𝑖+1,𝑗 − 𝜙𝑖,𝑗

Δ𝑡𝑖,𝑖+1

) (9)  

where 𝜙𝑖,𝑗 , 𝜙𝑖−1,𝑗 , 𝜙𝑖+1,𝑗  represent the porosity of the 

location of 𝑗, at the sampling time point 𝑖, preceding the 

sampling time point and after the sampling time point 

respectively. Δ𝑡𝑖−1,𝑖  (or Δ𝑡𝑖,𝑖+1 ) is the time interval 

between the sampling time point and its previous (or 

following) sampling time point. The above approach for 

calculation considers the rapid variation in porosity in 

particles filtration, and it reduces the error under the 

condition of lacking the abundant porosity data in time 

order. 

The aforementioned simplification is also applicable to the 

estimation of the volume of deposited cement particles at 

different sampling points: 

Δ𝜎𝑖,𝑗 =
2𝜙0 − (𝜙𝑖,𝑗 + 𝜙𝑖−1,𝑗)

2
 (10)  

It should be noticed that the volumetric increment of 

deposited cement particles takes the porosity at previous 

sampling time point into account instead of only using the 

porosity at the sampling time point, which diminishes the 

error that comes from the large time interval of sampling 

and the rapid variation in filtration rate.  However, further 

simplification on the volume of cement particles is not 

adopted, because the collection of grout covered a relative 

wide area near the sampling point and it can represent the 

regional viscosity. Unnecessary backward difference or 

forward difference may counteract the change in viscosity 

that is quantified by the sparsely measuring data. 

Consequently, the constants a,b,c in Eq. (8) can be decided 

based on the least square method by minimizing the 

following equation: 

𝑓(𝑎, 𝑏, 𝑐) = ∑ ∑ (𝑎𝛿𝑖,𝑗𝜙𝑖,𝑗 +
𝑏Δ𝜎𝑖,𝑗

1 + cΔ𝜎𝑖,𝑗

− Δ𝜎̇𝑖,𝑗)

2

𝑗𝑖

 (11)  

 

 

3. Experimental Investigation and verification 
 

3.1 Set-up and materials 
 

In traditional grouting experiments, porous media 

container is usually regarded as a single collector which 

functions as a completely sealing container instead of the 

combination of separated segments (Markou et al. 2015). 

Although pressure sensors are placed at different locations 

to investigate the pressure evolution, it is still difficult to 

dip into the spatial variation of porosity and viscosity 

experimentally. In this study, in order to obtain the porosity 

and viscosity along the penetration distance, we adopted a 

segmented container which consists of six steel-wall 

cylinders. As shown in Fig. 2, each segment with 30 cm in 

length and 8 cm in inner diameter is bolted together along 

the axial direction to constitute a 180 cm cylindrical 

container. Each segment has a valve hole to collect grout, as 

well as a pressure sensor to measure the grouting pressure. 

Portland cement (PO.42.5) with a fineness of 330-410m/kg2 

was used. Negative pressure sieving method was adopted to 

obtain the cement material with a maximum particle size of 

80 𝑢𝑚  and average size of 65 𝑢𝑚 . To improve the 

flowability and ensure the stability of the cement grout, 

water and chemical admixtures were poured in a churn 

barrel (300 mm in diameter and 450 mm of height). The 

cement was introduced into the barrel with water over a 

period of 1 min at a rotation velocity of 400 r/min. Then, 

the mixture has been mixed for 10 min in three stages: 4 

min at 400 r/min, 2 min at 300 r/min and 4 min at 400 r/min. 

The properties of used sand can be seen in Table 1. 
 

3.2 Experimental Procedure  
 
Several groups of tests with different grouting 

parameters were conducted before the experiment, to 

choose the most proper combination that can penetrate the 

longest distance (Zhou et al. 2019). The aim is to make sure 

that all measuring parameters are accessible at each location 

and time point. Accordingly, the water/cement (W/C) ratio 

was set as 1.5 with a stable grout viscosity of 17.1 𝑚𝑃𝑎 ∙ 𝑠, 

and the constant flow rate of the grout injection was 2.35  
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𝐿/𝑚𝑖𝑛 realized by a constant-power pump. To avoid the 

variation in grout rheology with time, the longest duration 

of the experiment was controlled no more than 60 s. 

Another reason we chose 60 s as the final experimental time 

is that some porous channels were completely blocked up 

and the grout actually ceased flowing after this time point in 

most groups of experiments. To remove the air in sand, 

water was injected before each test. 

Data of grout viscosity and porosity were collected at 

the six measuring points (P1 - P6). Valve holes were opened 

at different locations to collect filtrated grout at designed 

time points (10s, 30s and 60s), then the rotary viscosity 

metre was used to gain the viscosity data along the 

penetration distance. The scope of rotary viscosity metre 

was set as 0–100 mPa s, which was realized by a rotor of 

φ1.88×7.07 mm and a rotate speed of 60 r/min. The 

viscosity data was read until it did not change any more 

within 10 seconds. After each group of test, the whole 

container was dismantled into six separated ones and a PVC 

pipe with an inner diameter of 63 mm was squeezed into the 

cemented sand to obtain a cylinder sample. After 28 days, 

the samples from six segments were processed into small 

samples with 30 mm in diameter and were immersed in 

water for 24 hours. Then we used nuclear magnetic 

resonance (NMR) technique to measure the porosity. Due to 

the damage on injected porous media from porosity 

measuring method and the loss of liquid grout at each 

measuring time in experiments, we abandoned the injected 

sand and refilled clean sand after manually collecting data 

of viscosity in each test. It should be noticed that the 

accuracy of data not only depends on the technique adopted, 

but also the sampling time interval. To alleviate the 

unnecessary manual error regarding the measuring time and 

terminating time, as it mentioned before, only three groups 

of time were considered, that is to say, 10 s, 30 s and 60 s. 

While the pressure data were collected automatically by 

computer, which changed from 10 s to 60 s by 10 s 

increment. 

 

3.3 Filtration-induced Particle Loss and Pressure 
Increment  
 

The variation in grout viscosity is related to the change 

in the volume of particles in the flowing grout (Shabani et 

al. 2019). As shown in Fig. 3, from the near-injected 

location P1 to P6 by the outlet, only a slight change in 

viscosity is seen during the first 10 s, which means the 

flowing grout only loses few particles; while the filtration  

 

Table 1 Grain size distribution of sand 

Grain size proportion (%) Bulk 

density 

(𝑘𝑔/𝑚3) 

Grain density 

(𝑘𝑔/𝑚3) .05 

mm 

.15 

mm 
.2 mm .4 mm .6 mm 

1.2 

mm 

2.8 7.8 14.3 16.4 23.6 35.1 1740 3028 

 

 

effect escalates into a rapid fall of viscosity at 30 s, and the 

far-inlet locations present severer particle loss. This process 

continues evolving until a specific area in front of P3, at 

which all flow passages inside the porous media are 

blocked, forms a cemented cake that consists of the 

accumulating particles aggregation. It also means that the 

effective penetration does not continue beyond the location 

of P3. 

Further evidences of particle loss can be seen in Fig. 4, 

which shows that the lost particles deposit on the skeleton 

of porous media and gradually decrease the porosity. The 

variation in porosity roughly presents the reversed trend of 

that in viscosity. The near-inlet locations before P3 

experience unevenly porosity drops, and the closer to the 

inlet, the larger in the decline. The steady change in 

porosity during the first 10 s accords to the variation in 

viscosity at the same period. Subsequently, the porosity at 

P1 and P2 decline dramatically, in which the figure at P1 of 

60 s drops to only 0.12. By contrast, the flowing stop point 

of P3 (inferred from Fig. 3) still has a high porosity over 

0.32, which demonstrates that only a small area before P3 is 

cemented effectively but a large area after this position fails 

to be reinforced. It should be noticed that the porosity of 

0.12 could either be the stoppage porosity or locate farther 

than the stoppage point. The cement particles might block 

channels preceding this measuring point or only partial 

sections reach completely blockage, which leaves more 

porous voids after this point. It is not reasonable to regard 

the value of 0.12 as the stoppage porosity without dense 

porosity data close to the stoppage point. 

Grouting pressure is a vital factor that decides whether 

or not to terminate the grouting process in practical 

engineering. The pressure rises with the reduction of 

effective cross-sectional area, because more driven pressure 

are necessary to keep the constant flow rate when the flow 

channels are narrowed. The rapid growth and the sudden 

drop of pressure can be seen in Fig. 5. The near-inlet 

locations have higher pressure due to the lower porosity. 

Different from the linear increase observed in previous 

studies (Bouchelaghem et al. 2001; Maghous et al. 2007; 

Xu and Bezuijen 2019), the pressure after the location of P1 

first grow gradually and then fall down. The stoppage point  

 
Fig. 2 Schematic diagram of experimental set-up 
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Fig. 3 Variation in grout viscosity due to particle loss 

 

 
Fig. 4 Variation in porosity due to particle filtration 

 

 

can be inferred from the drop point closest to the inlet, 

which is at P2 and occurs at 50 s. The reason for this 

phenomenon is that the cemented cake obstructs the flow 

channels and cuts off the source that supplies grout for the 

following locations. This peculiar fact shows that even we 

can take the inflow pressure as a reference to judge the 

termination time of grouting, it does not represent that the 

perfect penetration distance has been achieved.  

The pressure drop at the location far from the inlet 

appears earlier than other near-inlet ones. The successive 

pressure drops along the grout penetration are shown in Fig. 

5. P5 and P6 occur pressure drop at 20 s, followed by P3 

and P4 at 30 s. The final drop point lies at the location of P2 

when grout penetration proceeds to 50 s. This trend is in 

line with the variation in porosity which presents the huge 

difference of porosity between P2 and P3. As mentioned 

above, based on the closest drop point to inlet, the effective 

penetration distance can be inferred. This criteria may 

contradict with that from empirical formulas which assume 

an uniform diffusion of cement grout in porous voids 

(Chupin et al. 2008). Due to the unclear filtration 

mechanism of cement particles, the partial consideration of 

liquid rheology (Yoon and El Mohtar 2014) and convection  

 

Fig. 5 Spatial and temporal variation in grouting pressure 
 

 

3.4 Verification of Porosity and Pressure 
 

might not obtain the ideal penetration distance. In spite of 

the far extension of grout front, part of the spreading area or 

most of them is limitedly filled, which is unable to solidify 

the whole porous media effectively. Understanding the 

behaviour of pressure drop provides a new angle into the 

permeation grouting, without further microscale explanation 

for the exchange of cement particles between grout liquid 

and porous skeleton. 

The proposed model is verified and compared with the 

experimental porosity and pressure evolution (shown in Fig. 

6). It should be noticed that the inflow rate of grout is 

adjusted in modelling since the original injection rate in 

experiments is too low to penetrate the whole collector 

within 60 s. Despite the observed grout flow at different 

sampling time points during tests, it results from the 

unsaturated flow of grout through the preferential migration 

channel (Hou et al. 2018). While this imposes minor impact 

on the parameter determination as the cross-sectional areas 

of the available flowing passages along the penetration 

distance are almost consistent, which means the filtration 

rate has tiny disturbance regardless of the diameter of 

collector. As shown in Fig. 6(a), the extent of deviation 

between modelling and experimental results heightens with 

time, while overall these two trends correspond with each 

other. A main reason should be responsible for this 

deviation is that the smooth deposition (Reddi et al. 2005) 

instead of various deposited morphology (Kim and Whittle 

2009) is considered in this model. In fact, the variation of 

pore length and the various shapes of throats that connect 

pores pose great influence on the deposition morphology. 

Some pores are impenetrable once the near-inlet part are 

blocked (also called interception), although a large part of 

the pores after the stoppage point are still vacant. The non-

uniform deposition may give rise to the status that only a 

small portion of cement particles are able to block the 

whole cross section, and thus brings about a larger porosity 

reduction in experimental observation. Another possible 

reason is that the relation between the permeability and the 

porosity (Eq. (5)) adopted in the model disregards the fact  
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that a slight disturbance in porosity may introduce a great 

decrease in permeability when the porosity is quite low (Ma 

et al. 2018). This huge variation depends on the pore 

structure of porous media and it can be experimentally 

measured with a group of permeability data varying with 

porosity under external compression or other methods that 

measure the porosity evolution (Ma et al. 2019). These are 

why our results seem to be higher than that from 

experiments. These problems may be addressed if large 

computational efficiency is available for modelling cement 

particles transport in pore scale, while they are not the main 

concern of this study.  

The modelling pressure evolution in Fig. 6(b) agrees 

well with the experimental ones at the locations of P1, P2. 

The pressure at other sampling points fluctuates after 30 s. 

The modelling results fails to capture the sudden pressure 

drop in experiments at 30 s while presents a gradual 

decrease at 40 s in the following period for P3, P4, P5 and 

P6. As discussed in section 3.3, the fall of pressure is 

attributed to the rapid stoppage in near-inlet area that 

reduces the further supply of cement grout to partly cement-

filled area. Due to the existence of the lowest porosity that 

porous media can reach, the grout might cease flowing 

completely even the porosity stays a relatively high value, 

which contributes to an earlier pressure drop in 

experimental results.  
However, the pressure drop lagged in modelling results 

still shows the overall trend of pressure evolution. A 
pressure plateau is seen at 40 s after the location of P3 in 
modelling results, which can be regarded as a criterion to 
evaluate the penetration distance of cement grout. With the 
continuous pressure growth near inflow (at P1 and P2) 
resulting from the rapid reduction in porosity, the effective 
penetration distance can be preliminarily estimated. The 
successive pressure plateaus after P2 further demonstrate 
that the reinforcing area is not beyond P2. An extra 
evidence is that the porosity (shown in Fig. 6(a)) at P3 is 
observed to be lowered to only 0.33 at the end of tests, 
while the porosity at P2 is 0.2 after the injection. Although 

 
 

the gradual decline happens later at 50 s in modelling, we 
can judge the modelling drop based on a series of steady 
fluctuation at around 40 s (Fig. 6(b)).  

Given that the filtration coefficients are derived from the 

sparse experimental data, the less intense filtration-induced 

pressure growth before the stoppage can be captured closely; 

while the abrupt pressure drop that happens in a short time 

once after blockage is difficult to match unless sufficient 

data of viscosity and porosity at this stage are available. In 

practice, elaborate laboratory tests are necessary preceding 

the application of grouting if precise prediction of pressure 

evolution is required (Song et al. 2018; Wang et al. 2019; 

Zhang et al. 2019; Song et al. 2020).   
 

 

4. Further Investigation with the Proposed Model 
and Discussion 
 

4.1 Linear filtration rate 
 

The embedded filtration coefficients in convection-

filtration model includes the linear component (𝑎 in Eq. 

(8)) and nonlinear components (𝑏, 𝑐  in Eq. (8)).The 

assumption of linear filtration rate is usually adopted in 

permeation grouting modelling, in which the filtration 

coefficient related to the volume of cement particles (𝑎 in 

Eq. (8)) is a constant. However, this criterion would 

probably introduce error during the late-term grouting 

process. A preliminary assessment based on the assumption 

of linear filtration rate  adopted in (Saada et al. 2005) is 

shown in Fig. 7. It is noticed that the deviations widen 

gradually with time, and the same modelling trend 

appearing in (Saada et al. 2005) validates the availability 

our calculation as well. Without the data of spatial 

variations in porosity and viscosity in original experiments, 

the nonlinear exponents (b, and c in Eq. (8)) are 

unapproachable. Actually, the constant filtration rate is only 

available during the initial filtrated period in which the 

change in porosity is less intense. With the massive  

  
(a) Porosity (b) Pressure evolution 

Fig. 6 Comparison of experimental results and modelling results (𝒌𝟎 = 𝟐 × 𝟏𝟎−𝟗, 𝝓𝟎 = 𝟎. 𝟒𝟐𝟐, 𝜹𝟎 = 𝟎. 𝟒𝟐𝟕𝟓, 𝒖𝒊𝒏𝒋𝒆𝒄𝒕𝒊𝒐𝒏 =

𝟎. 𝟎𝟐 𝒎/𝒔) 
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Fig. 7 Comparison of pressure evolution in experiments 

(Saada et al. 2005) and modelling results based on the 

assumption of linear filtration rate (𝑎 = 3.06 × 10−3, 𝑏 =

0, 𝑐 = 0) 
 

 

accumulation of cement particles, the volume loss of 

cement particles per second may reach a stable level rather 

than increasing with no upper limit. While the maximum 

porosity in original experiments falls down to only 0.315 at 

the end of tests, a roughly 12.5% decrease compared with 

the initial porosity. Although the linear assumption is able to 

simplify the representation of filtration behaviour, the 

rapidly growing filtration rate during the late-term injection 

may result in a major error. 
Another possible factor for the error is attributed to the 

utilization of single collector which has been widely 
adopted in various filtration experiments. It is acceptable 
for some containers if the ratio of length in containers and 
the characteristic length of porous media is greater than a 
certain value (Markou et al. 2018), afterwards the variation 
in porosity along the penetration distance may vary greatly 
because of the non-uniform filtration effect in different 
locations. As discussed in (Zhou et al. 2018), the filtration 
rate fluctuates drastically as further stoppage of flowing 
channels occurs, and the deposited cement particles (or the 
reduction of porosity) gradually dominate the filtration. 
Therefore, taking the variation in filtration coefficients 
along the penetration distance into account instead of 
looking at the whole container as a unit is necessary.  

 
4.2 Nonlinear filtration rate 

 

According to the known porosity and grout viscosity 

varying with distance and time in experimental tests of this 

study, the evolution of filtration rate with the volume of 

cement particles δϕ(= 𝜙𝑐) and the porosity reduction 

ϕ0 − ϕ is presented in Fig. 8. It is clear that the filtration 

rate varies greatly with these two variables, rather than 

being a linear relation with the volume of cement particles. 

The relationship between the filtration rate and δϕ does 

not present a strong relevance. The overall trend is that the 

higher volume rate of cement particles shows relatively 

weak filtration effect, while this trend blurs when 𝛿ϕ 

ranges from 0.08 to 0.14. It might contradict the speculation  

 

Fig. 8 Filtration rate varies with the volume of cement 

particles and specific deposition of skeleton 

 

 

that high volume rate of cement particles, that is to say, 

more cement particles per volume of pore channel, would 

facility the deposition of particles and intensify particles 

movement. This derives from the partial consideration of 

the number of cement particles, while neglecting the impact 

from deposited particles. The red line in Fig. 8 further 

demonstrates that accumulated cement particles contribute 

to the particles deposition. However, the growth in filtration 

would not continue since fewer cement particles could enter 

the flowing channel narrowed by deposited particles.  

Based on the determination of constants in Eq. (8), the 

adopted nonlinear evolution of filtration rate in calculation 

is shown in Fig. 9. The increase in filtration varying with 

volume of cement particles under the same specific 

deposition of skeleton tends to be slow, which roughly 

accords to the constant filtration coefficient observed in 

some experiments or simulations (Saada et al. 2005; Chupin 

et al. 2008; Yoon and El Mohtar 2015). When it comes to 

the growth of filtration rate under the same volume of 

cement particles, a much stronger surge appears compared 

with the change that relates to the volume of cement 

particles. This trend well explains that the filtrated cement 

particles dominate the filtration behaviour especially under 

large accumulation condition as few cement particles can 

flow through the porous channel. In addition, it indicates 

that it is not reasonable to decide filtration rate by singly 

involving either the volume of cement particles or the 

specific deposition of skeleton, combination of these two 

factors are indispensable to estimate the amount of particle 

loss. Another sensible aspect of adopting Eq. (8) lies at the 

steady growing of plane curve. It can be seen that the 

filtration rate first increases rapidly and then slows down 

until it reaches a steady stage with an upper limit, rather 

than continuing increasing to an unknown value. 

 
4.3 Alleviation of filtration effect  

 

In engineering practice, filtration effect contributes 

greatly to the pressure increment and the reduction of  
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Fig. 10 Schematic illustration of successive grouting 

scenarios to extend penetration distance 
 
 

penetration distance in permeation grouting. The success of 

relieving the filtration effect lies at the extension of 

penetration distance. Some alternatives such as low-

frequency pressure impulse (Ghafar et al. 2017) with 

various types of waves and chemical additions that 

improves the rheology properties of grout (Sonebi and 

Perrot 2019), could be adopted to mitigate the filtration 

behaviour as well. While the essential trigger for the 

filtration is the large volume of cement particles in flowing 

grouting, which means that proper grouting sequences and 

deliberate selection on W/C ratio of grout are likely to 

enhance the grout ability. A controversial issue is how to  

 

 

 

realize an ideal penetration distance while strengthening the 

porous media with a suitable W/C ratio. Undoubtedly, a 

more effective consolidation can be reached under a low 

W/C ratio, and meanwhile, a shorter penetration distance 

appears. The pressure near the inlet usually becomes 

extremely high since more cement particles accumulate in 

this area, and the inflow process needs to be ceased in case 

of structure damage or fracture caused by excessive 

pressure. Actually, as discussed before, most voids after the 

rapid pressure-rising area are far less filled due to the 

stoppage of the front of the flowing channel that cuts off the 

grout supply. With the instruction of pressure evolution in 

different locations, potential stoppage area can be estimated 

and thus, corresponding W/C ratio of grout could be 

selected in different periods to alleviate the filtration effect. 
One of the options in terms of the grouting scenario is 

shown in Fig. 10. Instead of relying on the inflow pressure 
to judge the ceasing time point of the whole grouting 
process, pressure of two other points along the penetration 
distance are introduced for reference. The original W/C 
ratio designed for grouting can be used until pressure B 
begins to fall down, because the further injection transports 
little grout through the blockage area but brings about local 
stoppage. A high W/C ratio of grout is then injected since 
the diluted grout is more likely to break through the local 
stoppage and penetrate to a farther distance.  Meanwhile, 
the adoption of a high W/C ratio is able to mitigate the local 
pressure surge that enhances the risk of fracturing structure, 
and inject more cement particles without a further boost in 
filtration effect (El Mohtar et al. 2015). The injection 
process can be terminated after the inflow pressure appears 

 
Fig. 9 Evolution of filtration rate considering both volume of cement particles and specific deposition of skeleton 
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a step-up and grows speedily, to avoid the damage or crack 
produced in the injected matrix. 

The above scenario can be extended by multiple 

references of pressure data if more pressure sensors are 

available along the penetration passage. The successive 

pressure drop indicates that the gradual stoppage in near-

inlet area blocks flowing channels under the initial W/C 

ratio of grout that possesses a large volume of cement 

particles. Generally, the solution for the permeability 

reduction of porous media is based on the initial parameters 

presented by loose structure and high volume of voids in 

matrix. The choice of W/C ratio or ceasing criterion may be 

applicable to unprocessed geological objects, while it would 

fail to reach the designed target due to the gradually 

shrinkage of unoccupied flowing channels. Without the 

direct observation of interior flowing passage, pressure drop 

is a potential alternative that estimates the effective 

penetration distance and designates the time point that 

changes the components of grout or terminates grouting 

process. Relatively high W/C ratio of grout is extremely 

appropriate for low-permeability porous media under the 

same particle size of cement (Axelsson et al. 2009). Initial 

injection of low W/C grout contributes to the sealing of 

channels with large pore sizes, and hence capturing cement 

particles evenly during the following high W/C injection. 

Thus, an early stoppage caused by intensely accumulation 

over a small area could be avoided. 

 

 

5. Conclusions 
 

To investigate the pressure evolution caused by the 

filtration of cement particles in permeation grouting, new 

filtration coefficients involved with the loss rate of cement 

particles in grout and the dynamic variation rate of 

deposited particles derived from particles scouring and 

rolling, was proposed and combined with a convection-

filtration model to simulate the pressure evolution. An 

experiment was designed to obtain the parameters in model 

and successive pressure drop after the stoppage area was 

discovered, and then the obtained parameters were used in 

numerical calculation numerically verify the proposed 

model. The spatial variation of viscosity and porosity along 

the penetration distance were considered to explore the 

evolution of filtration rates. Finally, related application of 

pressure drop on the alleviation of filtration effect was 

discussed so as to extend the penetration distance. This 

work reveals that the nonlinear filtration coefficients are 

necessary to be considered regarding the filtration-induced 

pressure evolution and provides a notable approach to 

mitigate the filtration behaviour. The major conclusions can 

be drawn as follows: 

• Pressure evolution does not follow the continuous 

increase during permeation grouting. Pressure drop appears 

once the local area is blocked and cuts off the grout flowing 

through the blockage. The drop happens successively from 

the far-inlet area to the inlet, and farther locations see the 

fall earlier. This can be proved by the fact that the area 

closer to grout inlet experiences a larger decline on porosity. 

• It is apparent that the filtration rate has a strong 

relevance with the volume of cement particles and the 

deposited particles of skeleton. The filtration rate cannot be 

related by singly considering either of these two factors, 

neither the linear assumption is applicable to represent the 

nonlinear trend. Instead, consideration of both these two 

factors presents a relative ideal result that accords to the 

experiment.  

• The proposed filtration coefficients reveal that the 

filtration rate grows rapidly at first and then reaches a 

plateau at which the filtration rate keeps a relatively steady 

value. The evolution of filtration rate varying with the 

volume of cement particles under the constant specific 

deposition basically matches the linear assumption, while 

the deposited particles of skeleton dominate the filtration 

behaviour especially under the large accumulation of 

filtrated particles. 

• Partly consideration of inflow pressure may bring 

about a high risk of fracturing matrix and lowering the 

grouting efficiency. More references from different 

locations along the penetration path can be adopted to judge 

the pressure drop point and accordingly, corresponding 

change in W/C ratio of grout in drop points is able to 

mitigate the early stoppage of channels and achieve an ideal 

penetration distance. 
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