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A B S T R A C T

Soil improvement using microbially induced carbonate precipitation (MICP) remains largely confined to the 
laboratory, with only a very small number of large-scale experiments having been completed under field con-
ditions and none by engineering contractors. This study presents a cubic-meter scale improvement of hetero-
geneous natural sand collected from a local quarry, with a wide variation in grain size, via MICP. The MICP trial 
was conducted by engineering contractors in a cubic test cell under variable temperatures ranging from 5 ◦C to 
19 ◦C. The upscaling of cultivation of Sporosarcina pasteurii (600 L for each treatment cycle) under non-sterile 
conditions, as performed by engineering contractors, achieved an optical density (OD600) of 0.89 and a spe-
cific urease activity of 2.5 mM urea/min/OD600. Post-MICP-treated sands were subjected to a series of coring, 
block sampling and laboratory tests. The block sampling process indicated that the majority of sand was 
effectively cemented, with a small region near a side wall forming a less well-cemented zone, likely induced by 
less effective fluid delivery in this region. The unconfined compressive strengths of three cores (diameter: 10 cm, 
length: 22 cm) were 3.6, 4.4, and 7.6 MPa. Consolidated-drained triaxial tests on sub-sampled cores also 
demonstrated rock-like material behaviour, with a peak friction angle of 43.6◦ and peak cohesion of 0.64 MPa, 
and ultimate state frictional angles of 42.0◦ and ultimate cohesion of 0.12 MPa. The increased shear parameters 
of the bio-cemented samples (relative to the untreated samples) have many implications for mitigation of 
geotechnical hazards such as soil liquefaction. The study marks a step forward industrial implementation of MICP 
for soil improvement by engineering contractors without prior knowledge of MICP.

1. Introduction

Microbially induced carbonate precipitation (MICP) has been pro-
posed for a wide range of geotechnical engineering applications (El 
Mountassir et al., 2018), including soil stabilisation (Cardoso et al., 
2023; Xiao et al., 2022), liquefaction mitigation (DeJong et al., 2022; 
Montoya and Dejong, 2013), and improvements of erosion and crack 
resistance (Cheng et al., 2021; Liu et al., 2021, Liu et al., 2020; Salifu 
et al., 2016; Xiao et al., 2022). Field MICP trials for soil improvement 
provide crucial information regarding the feasibility, opportunities and 
challenges of applying this biocementation technique at commercially- 
relevant scales. Despite the demonstrated success of MICP technology 
in the laboratory, only a few large-scale outdoor trials in non-sterile, 
environmentally variable conditions have been reported in the 

literature (Gomez et al., 2017; Gomez et al., 2015; Miao et al., 2024; 
Sharma et al., 2022; van Paassen, 2011; van Paassen et al., 2010; Zeng 
et al., 2021), the majority of which have focused on uniformly or poorly 
graded soils. A large-scale outdoor MICP trial, on soils with a broad 
particle size distribution is still lacking. Soil composition, particle shape, 
and particle size distribution are key factors influencing MICP perfor-
mance (Ismail et al., 2002), as they directly influence hydraulic flow and 
solute transport, as well as the physicochemical attachment and physical 
straining of bacteria (e.g. Sporosarcina pasteurii); thus influencing the 
delivery efficiency and distribution of bacteria and chemicals (Kwak 
et al., 2023; Sang et al., 2023a; Zamani et al., 2019). The flow, transport, 
and attachment/straining behaviour of the bacteria in turn determine 
the precipitation pattern in the treated soil, controlling the effectiveness 
of bonding at grain-to-grain contact points, the coating on grain 
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surfaces, and the infilling of pore spaces (Wu et al., 2023), which 
intrinsically determines the overall cementation efficiency of MICP in 
the treated soil. Additionally, although in situ geophysical measure-
ments (e.g. shear wave velocity) have been demonstrated as effective 
monitoring tools in lab-based, large-scale MICP trials conducted on 
uniform sand (Gomez et al., 2017; van Paassen et al., 2010), no studies 
have yet investigated their effectiveness in determining the evolution of 
MICP treatment in non-uniform, heterogeneous soils, where there may 
be a large variation in grain size and dry density within the initial un-
treated soil.

Whilst the number of large-scale controlled trials of MICP are 
increasing, few are conducted in realistic commercial environments. For 
example, the majority of ureolytically active soil bacteria documented 
so far exhibit effective urease enzyme production within moderate to 
high temperature ranges (30–60 ◦C) with activity increasing as the 
temperature rises (Steinacher, 2021; Whiffin, 2004). The urease activity 
at temperatures below 20 ◦C can be significantly less, making the 
implementation of MICP in colder climatic zones or seasons challenging. 
There is still a lack of reported large-scale outdoor MICP trials under 
low-temperature conditions. In addition, key to achieving a commercial 
success in MICP field implementation will be training and educating 
practicing engineers in the fundamentals of the MICP process (Dejong 
et al., 2013). Despite this, all large-scale field MICP trials reported in the 
literature have been conducted by researchers with an in-depth 
knowledge of the biochemical process, and the need to educate and 
train practising geotechnical engineers with little or no background in 
microbiology and chemistry to implement MICP, has been largely 
ignored.

The overall aim and novelty of this study is to assess MICP efficacy of 
a heterogenous natural sand at large-scale (1.3m3) under varying out-
door temperature conditions between 5 and 19 ◦C (much lower than 
most laboratory MICP experiments). This will be done by engineering 
contractors with no prior experience of MICP, who will be responsible 
for cultivating and injecting the bacteria and cementing solutions. This 
study differs from a previous laboratory meter-scale MICP trial (Sang 
et al., 2023b), as it represents a significant step forward in applying 
MICP for treating heterogenous natural soil under environmentally 
variable conditions, whilst tackling one of the greatest challenges in 
implementing MICP in the field, i.e. to educating and training engineers 
without background in microbiology, chemistry, and even hydraulics. 
The trial involved designing and manufacturing a cubic-meter scale test 
cell, upscaling bacterial cultivation under non-sterile conditions, and 
conducting MICP treatment cycles using injection protocols previously 
tested in laboratory meter-scale trials. Core and blocks were sampled 
from the post-treated sand in the cubic test cell. Subsequently, these 
samples were subjected to a series of laboratory tests to evaluate the 
efficacy of the MICP treatment, including unconfined compressive stress 
tests, X-ray computed tomography (X-CT) scans, P-wave velocity tests, 
triaxial tests, CaCO3 content tests. This study provides valuable lessons 
for the industrial implementation of MICP for soil improvement in 
natural sand deposits.

2. Materials and methods

2.1. Material

The material used in this study was a gravelly sand as delivered from 
a local quarry in Kilsyth (North Lanarkshire, UK) without any additional 
processing or treatment (such as autoclaving and washing). The sand 
consisted of 31.4 % gravel (2–6.3 mm), 64.7 % sand (63 μm - 2 mm), and 
3.9 % fines (< 63 μm). The grain size distribution is shown in Supple-
mentary Fig. S1. The median grain size (d50) was 0.75 mm with the 
uniformity coefficient (Cu) and coefficient of curvature (Cc) being 10.0 
and 0.63, respectively, indicating a medium-graded very gravelly sand 
according to EN ISO 14688-2:2018.

2.2. Bacteria cultivation and urease activity

2.2.1. Upscaled bacteria cultivation under non-sterile conditions
The upscaled cultivation of S. pasteurii cells (DSM 33) was conducted 

by geotechnical engineering contractors under non-sterile condition in 
two types of reactors (Fig. 1a&b): (1) a 1000 L intermediate bulk 
container (IBC) for MICP cycles 1–5, and (2) two 500 L fermentation 
vessels for MICP cycles 6–9. The growth media ingredients used in this 
trial were industrial grade consisting of 5.5 g/L yeast extract, 5 g/L 
sodium chloride, 0.4 g/L D-glucose, 0.4 g/L di‑potassium phosphate, and 
supplemented with 20 g/L urea. The growth media ingredients, apart 
from urea, were initially dissolved in boiled tap water, followed by 
adding tap water and urea to achieve a final temperature of ~30 ◦C. 
Subsequently, ~8 % (by volume) bacteria inoculum was inoculated into 
the prepared media and incubated at 30 ◦C for 20–24 h. The bacteria 
inoculum used in the cultivation of bacteria for MICP cycle 1 was grown 
in a laboratory 50 L fermentation vessel under non-sterile conditions 
using the type strain DSM No. 33 (DSMZ Culture collection) revived 
from a fresh frozen − 80 ◦C glycerol stock culture. The same growth 
media components and concentrations as listed above were used in the 
fermentation vessels, which were housed in a portacabin onsite. The 
inoculum used to cultivate the bacteria for MICP cycles 2–4 was taken 
from the harvested bacteria for MICP cycle 1. After cycle 4, the inoculum 
for each subsequent cycle (up to cycle 9) was harvested from bacteria 
from the previous cycle (i.e. cycle 5 bacteria were prepared using 
inoculum taken from cycle 4, cycle 6 from cycle 5, etc).

Bacterial cultivation in the 1000 L IBC (containing 600 L growth 
medium) was subjected to agitation using an impeller (diameter: 20 cm, 
200 rpm) located at the centre of the IBC (Fig. 1a). Two aeration pumps 
(rate: 960 L/h) bubbled air into the IBC through two porous sandstones, 
which were located at the bottom of the IBC (one near the southern wall, 
the other one near the northern wall). The 1000 L IBC was left inside a 
temperature-controlled warm container (~30 ◦C) during the daytime 
and covered with an insulated jacket overnight. Bacterial cultivation in 
the two 500 L fermentation vessels (each containing 300 L growth me-
dium) was subjected to aeration (aeration rate of each vessel: 960 L/h) 
from the bottom of the vessels. The vessels were temperature-controlled 
and set to a constant temperature of 30 ◦C.

2.2.2. Bacterial density and urease activity
Due to the lack of a spectrophotometer on site, the turbidity 

(Nephelometric Turbidity Unit or NTU) of the harvested bacteria was 
measured by engineering contractors on site, and was correlated with 
bacterial optical density at a wavelength of 600 nm (OD600). The 
turbidity meter was taken to the microbiological laboratory at the 
University of Strathclyde and calibrated within the range of 0–900 NTU. 
Subsequently, the meter was used to determine the turbidity of different 
bacterial solutions under a range of OD600 from 0 to 2.2 (Fig. 2). Bac-
terial samples (in the stationary phase) were prepared in triplicates to 
determine their OD600 and turbidity. A power law regression was 
adopted for the estimation of the correlation between bacterial OD600 
and nephelometric turbidity units as follows: OD600 = 0.01*(NTU)0.795.

Urease activity of the harvested bacteria was recorded by engineer-
ing contractors on site before each injection cycle so as to guarantee 
effective urea hydrolysis for MICP. The measurement was based on the 
conductivity method (Whiffin, 2004), i.e., monitoring the changes in 
electrical conductivity of the mixture of 18 mL 1.11 M urea and 2 mL 
bacteria suspension over a period of ten minutes. The changes in elec-
trical conductivity (unit: mS/cm) was converted to changes in the urea 
hydrolysed (unit: mM) using the relationship: urea hydrolysed (mM) =
conductivity (mS/cm) * 10.62, as calibrated by Minto et al. (2016). The 
urease activity is reported is normalised by OD600.

2.3. Preparation of the cubic test cell

Fig. 3 (a) shows the outdoor MICP test site at BAM Ritchies in Kilsyth, 
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North Lanarkshire. The test cell was a 1.2 m × 1.2 m × 1.2 m cube with 
five injections ports installed at the base (Fig. 3b & c) which directed 
fluids horizontally into the cell. The five injection ports were screened 
with woven mesh (125 μm) and were connected with a hydraulic 
manifold and an air compressor pump in order to regulate the flow rate. 
The sand was packed into the test cell to a height of 0.9 m in the 
following sequence: First, approximately 0.3 m of sand were packed in 
and then compressed using a 4.5 kg hammer on top of a square sheet of 
plywood (0.2 m * 0.2 m and 0.018 m thick), lifting the hammer 25 times 
for each 0.2 m * 0.2 m area of the test cell (total number of hammer 
blows per layer = 900). Then, the next layer of sand was added, and the 
process was repeated until a total height of 0.9 m was reached. The final 
dimensions of the compacted sand was 1.2 m × 1.2 m × 0.9 m (Fig. 3c), 
with 0.3 m of empty space remaining above the sand surface for fluid 
drainage (Fig. 3b& c). A single pore volume (PV) in the cubic test cell 
was estimated to be 410 L. The top surface of the sand in the cubic cell 
was covered with perforated sheets to create a free-flowing boundary 
condition. Prior to the MICP treatment, sand lifting (liquefaction) above 
the five injection ports was observed during the injection of tap water for 
the initial saturation process. In response, four 25 kg cement bags were 

placed on a rack frame above the perforated sheets (Fig. 3b) to create a 
small overburden stress (~0.7 kPa) in order to minimise sand lique-
faction near the surface boundary.

2.4. MICP treatment strategy

A two-phase bioaugmentation scheme was applied in the MICP trial, 
i.e. for each cycle, Phase 1 comprised injection of the bacterial solution; 
and Phase 2 comprised injection of the cementing solution (i.e. CaCl2 & 
Urea). Specifically for each treatment cycle (refer to Table 1), 600 L 
(~1.5 PV) of bacteria solution with an average OD600 of 0.89 was first 
injected, followed by an injection of 2–3 L of tap water for rinsing and 
cleaning the injection system (i.e. pipelines, inlet ports) followed by a 1- 
h no-flow period to allow the bacteria to settle and attach. Then in Phase 
2, 600 L (~1.5 PV) of cementing solution (0.5 M CaCl2 & Urea) was 
injected, followed by a 4-h no-flow period. Then an additional 600 L 
((~1.5 PV) of cementing solution (0.5 M CaCl2 & Urea) was injected and 
left with no-flow overnight until the start of the next cycle. The treat-
ment strategy used was based on a similar protocol followed in a pre-
vious metre-scale laboratory study by the authors (Sang et al., 2023a, 
2023b). After completion of 9 MICP treatment cycles, the test cell was 
flushed with 2 m3 of tap water to remove residual chemicals/bacteria. 
The back pressures and flow rates before MICP treatment, during the 7th 
MICP treatment cycle, and during the final tap water flush, were 
recorded for permeability estimation.

2.5. Post-treated core sampling and mechanical testing

The post-MICP-treatment very-gravelly sand was wet cored and sub- 
sampled for subsequent mechanical testing in the laboratory.

2.5.1. Unconfined compressive strength (UCS) testing
Three cylindrical samples (diameter: 10 cm; length: 22 cm) cored 

directly from the cubic test cell were subjected to the UCS test under dry 
conditions. The top and bottom surfaces of the cylindrical samples were 
capped with gypsum plaster (Crystacast, compressive strength of 55.2 
MPa) to achieve a flat surface, thus avoiding localised stress concen-
trations during the UCS test. The loading rate was 0.2 mm/min, and the 
peak axial stress was achieved within ~3–5 min of initiation of loading. 
The precipitated CaCO3 contents for each specimen at the top, middle, 
and bottom of the specimens were determined according to ASTM- 
D4373 (ASTM, 2014). CaCO3 content is reported as the mass of 
calcite/mass of dry sand.

Fig. 1. Large-scale cultivation of S. pasteurii cells under non-sterile conditions in (a) 1000 L intermediate bulk container (IBC) and (b) two 500 L fermentation vessels.

Fig. 2. Relationship between OD600 of S. pasteurii and nephelometric turbidity. 
The error bars are too small to be visible.
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2.5.2. P-wave velocity testing
Bulk block samples were removed from the test and subsequently 

cored. Out of fifty sub-cored cylindrical specimens without clear surface 
defects (e.g. defects due to large grains plucked from the surface), 
twenty-two were chosen for P-wave velocity (Vp) determination at a 
frequency of 54 kHz. These cylindrical specimens (diameter: 5 cm) were 
trimmed and polished to a length of around 10–11 cm. P-wave velocity 
for each specimen under dry conditions was determined using a 
through-transmission method, where acoustic waves were excited at the 
top surface and received at the bottom. To ensure a good signal-to-noise 
ratio, two transducer platens were positioned on the top and bottom 
surfaces of each specimen, applied with coupling gel, and subjected to a 
constant clamping stress of ~7.5 N (i.e. a load of ~0.75 kg). The P-wave 
velocity (Vp) was calculated based on the specimen length (L) and the 
time-of-flight (Δt): Vp = L / Δt. For comparison, we measured the P-wave 
velocity of three raw sand samples without MICP treatment under dry 
conditions. Three untreated sand samples were packed into separate 

polycarbonate tubes (diameter: 5.2 cm, length: 10.5 cm) using the 
similar layer packing method. Subsequently, they were oven-dried at 
60 ◦C until no further mass reduction occurred, followed by Vp testing 
using the same procedure.

2.5.3. X-ray Computed Tomography (CT) scanning
Among the twenty-two cylindrical specimens subjected to P-wave 

velocity testing, four specimens were selected for X-CT scans, using the 
in-house X-ray CT scanner situated in the Advanced Materials Research 
Laboratory (ARML) at the University of Strathclyde. The scanning pa-
rameters were set to 140 kV, 130 μA, 1415 m-second exposure, 1740 
projections, and a 0.25 mm copper filter. The resulting voxel size was 70 
μm.

2.5.4. Consolidated-drained (CD) triaxial testing
From the twenty-two cylindrical specimens subjected to P-wave ve-

locity testing, eleven were selected for triaxial tests. Among the eleven 
specimens, nine samples with similar dry densities and P-wave velocities 
were randomly divided into groups of three samples, and each group 
was subjected to a different effective confining stress; 100, 300, or 500 
kPa. In addition, two other specimens (one with the lowest Vp, one with 
the highest Vp) were subjected to triaxial CD tests with an effective 
confining stress of 300 kPa. Each specimen was pre-saturated with de- 
aired and deionised water under a vacuum for 24 h. After being 
mounted inside the triaxial cell, the specimens were again flushed with a 
large volume of de-aired and deionised water to remove any remaining 
air bubbles. Subsequently, the specimens were back-pressured to ach-
ieve a B-value (Skempton, 1954) of 0.95 or higher. The specimens were 
then allowed to consolidate under the target effective confining pressure 

Fig. 3. (a) Outdoor MICP test site at Kilsyth, North Lanarkshire, UK; (b) side view of the MICP test cell; (c) schematic of the soil domain in the test cell (1.2 m × 1.2 m 
× 0.9 m); (d) locations of the five sampling ports.

Table 1 
MICP treatment strategy.

Solution type Concentration Volume Flow rate Duration

Bacteria solution OD600 ~ 0.9 600 L 10 L/min 1 h
Tap water – 2–3 L 10 L/min 10–20 s
No flow – – – 1 h
Cementing solution 0.5 M 600 L 10 L/min 1 h
No flow – – – 4 h
Cementing solution 0.5 M 600 L 10 L/min 1 h
No flow – – – Until next cycle
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(i.e. 100, 300, or 500 kPa) prior to initiating the drained shearing pro-
cess. The shearing rate was 0.05 mm/min, until a maximum axial strain 
of 15 % was reached. The effective confining stress was maintained 
constant throughout. After triaxial CD testing, the upper, middle, and 
lower parts of ten specimens were analysed for carbonate content ac-
cording to ASTM-D4373 (ASTM, 2014).

3. Results and discussion

3.1. Overcoming challenges during the field trial

For each cycle, 600 L of bacterial suspension was prepared on-site 
under non-sterile conditions. Fig. 4 shows the bacterial OD600 and spe-
cific urease activity of the bacterial suspension for each of the nine MICP 
treatment cycles. The average bacteria OD600 was 0.89 (standard devi-
ation: 0.18) and the average specific urease activity was 2.5 mM urea/ 
min/OD600 (standard deviation: 0.79). Fig. 4 also shows that the bac-
teria cultivated for the 5th treatment cycle exhibited a noticeable 
decrease in both urease activity and bacteria OD600. When cultivating 
bacteria in the 1000 L IBC for treatment cycles 1–5, maintaining a 
constant temperature of 30 ◦C was challenging, especially during the 
overnight period when engineers had to shut off the heating device for 
safety concerns. To enhance bacteria growth and maintain effective 
urease activity during the outdoor trial, we recommended that the en-
gineers cultivate bacteria in the two 500 L fermentation tanks that had 
better temperature control. After changing to the 2 × 500 L fermentation 
tanks (for MICP cycles 6–9), an increase in bacterial OD600 was observed 
with a fairly constant urease activity between 1.5 and 2.5 mM urea/ 
min/OD600.

During the outdoor trial, the 9 treatment cycles were completed over 
25 days from May 30th to June 23rd 2022 due to personnel constraints 
at the contractors (BAM Ritchies). Fig. 5 marks the onset of the bacterial 
injection (phase 1) for each treatment cycle (C1 to C9). The outdoor 
temperature at the trial site location (Kilsyth, North Lanarkshire, UK) 
during the whole MICP treatment period ranged from 5.0 to 19.0 ◦C 
(average: 12.1 ◦C). In order to be confident that precipitation was 
occurring over the temperature variations encountered during the field 
trial, bacteria grown within the University laboratory (from the same 
group of glycerol stocks) were checked for urease activity and associated 
calcite precipitation at 4, 10, and 20 ◦C (refer to Supplementary S2). Our 
laboratory testing results, as shown in Supplementary S2 – Fig. S2 a, b & 
c, demonstrated that microbially induced carbonate precipitation still 

occurred for the full range of temperatures encountered during the field 
trial (i.e. 5–19 ◦C), although the precipitation rate was slower at lower 
temperatures. Note that the injection activity and early-stage reaction of 
bacteria and cementing solution occurred during the daytime 
(09:00–21:00), with the average temperature ranging from 10.4 to 
18.8 ◦C (average: 14.2 ◦C).

Throughout the MICP treatment cycles, only a small back pressure 
increase occurred whilst maintaining the same pumping rate for each 
fluid injection (i.e. 10 L/min). This implies that no significant perme-
ability decrease occurred as a result of calcite precipitation. Perme-
abilities of the sand in the cubic cell were calculated based on injection 
rate and pressure recorded prior to treatment, during the 7th MICP 
cycle, and after the 9th MICP cycle; these were estimated to be 3.5 ×
10− 12, 1.9 × 10− 12, and 1.4 × 10− 12 m2, respectively. Therefore, over 
the course of nine MICP treatment cycles there was a slight decrease in 
permeability due to MICP treatment.

3.2. Post-treatment core recovery and block sampling

After MICP treatment, the eastern wall (boundary OPTS in Fig. 6a) 
and overburden (four 25 kg cement bags) were removed. A thick layer of 
calcium carbonate was observed on the top boundary due to settlement 
of bacteria within the fluid present above the sand during MICP treat-
ment. After removing the calcium carbonate layer, as well as the 
perforated sheets, cores were drilled from the top face (Fig. 6b). Initial 
coring attempts used a core barrel with an inner diameter of 5 cm, this 
resulted in significant challenges for the on-site contractors; the barrel 
was prone to jamming at depths of around 15–20 cm and usable cores 
could not be recovered. As a consequence, a larger core barrel (inner 
diameter: 10 cm), which was more powerful was deployed. The 10 cm 
(in diameter) coring results are shown in Supplementary S3 Fig. S3. The 
more powerful coring bit enabled some cores to be drilled with core 
recoveries of between 0 m and 0.9 m into the cubic test cell. As has been 
reported elsewhere, even with the larger core barrel, drilling intact cores 
from the biocemented gravelly sand in situ posed a challenge (Sang 
et al., 2023b; van Paassen, 2011) due to: (1) local stress concentrations 
caused by the coring bit hitting large irregular gravel particles, which 
then rotate and fracture the core, (2) hydraulic disturbance from the 
drilling fluid that sometimes eroded the biocemented sand, and (3) an 
unstable coring frame which caused vibration of the barrel during cor-
ing. Following in situ coring, large blocks of the biocemented gravelly 
sand were saw cut and chiselled from the test cell (Supplementary S4 – 

Fig. 4. Bacterial OD600 and specific urease activity (measured right after bacterial harvesting) for MICP cycles.
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Fig. S4a). Some of these sampled blocks underwent a sub-coring process 
(diameter: 5 cm) in the geomechanics laboratory at the University of 
Strathclyde, utilising a more stable control frame (Supplementary S4 – 
Fig. S4b). The locations of the 10-cm cores, and the blocks from which 

sub-cores were sampled, are marked in Fig. 6c.
Fig. 7a shows the top view of the MICP-treated sand after the coring 

process. The remaining well-cemented zones where solid blocks could 
be sampled are delineated by the yellow solid line. The zone on the left- 

Fig. 5. Outdoor temperature in Kilsyth, North Lanarkshire, UK. Data obtained from web page (World Weather Online, 2022). Red arrow marks the start of the 
injection of bacterial solution for each cycle (e.g. C1 means cycle 1). Duration of each cycle was marked in blue font. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) MICP test cell after 9 cycles of MICP treatment after removing the east wall. (b) an image of the treated very gravelly sand after removing the overburden 
and the top sheet. (c) top view of the sampling position; red circle marks the positions where 10-cm cores were sampled; #1-#7 marks the positions where blocks 
were sampled, with texts describing the sampling depth if they were not sampled from top surface. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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hand side of the Figure was severely damaged by the unsuccessful coring 
activity so the properties after treatment are not documented. A large 
solid block near the southeastern injection port, as depicted in the close- 
up image marked by the yellow dashed circle in Fig. 7b, presented sig-
nificant challenges for the engineering contractors attempting to chisel 
it out of the cubic cell (Fig. 7d). The average CaCO3 content at the top 
part of this large block (Fig. 7b) was determined to be ~0.175 (standard 
deviation: 0.031), as estimated from the CaCO3 content of eight 50 mm 
cylindrical specimens sub-cored in the laboratory from the top of the 
block (each specimen was tested for CaCO3 content three times, near the 
top, middle and bottom). This high concentration of CaCO3 cementation 
is likely attributed to preferential flow paths in this region which is 
located above an injection port, allowing for preferential delivery of 

bacteria and cementing solutions. Indeed, during the 4th cycle of MICP 
treatment, sand liquefaction above the southeastern injection port was 
observed. To prevent this, the injection rate through the southeastern 
port was reduced by approximately 50 % after cycle 4, by adjusting the 
hydraulic manifold for the remaining cycles. During block sampling, 
high levels of cementation were also observed in the northeastern part of 
the cubic cell, where core runs E1 and F1 deviated toward the eastern 
wall around highly cemented zones (Fig. 7c). The cell contained one 
poorly-cemented region (Fig. 7a), between the two injection ports near 
the northern wall, as marked by the white dashed line in Fig. 7a.

Fig. 7. (a) Top view of the test cell after coring showing well-cemented zones where solid blocks were sampled; (b) close-up image of a large solid block near the 
southeastern injection port; (c) two core runs (E1 & F1) deviating toward the eastern wall; (d) block sampling by an engineer.

Fig. 8. (a) Stress-strain curves of the three 10-cm cores (two cut from core run E5 and one from F1) during UCS test; (b) images showing the cutting positions of the 
specimens and their CaCO3 contents.
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3.3. Unconfined compressive strength (UCS) test

Fig. 8a shows the stress-strain curves from unconfined compressive 
tests for three of the cores (diameter: 10 cm; length: 22 cm) located in 
Fig. 6c. Specimen F1 was cut from core run F1 (marked by the black 
dashed rectangle in Fig. 8b); specimens E5_top and E5_bottom were cut 
near the top and bottom of core run E5, as marked by the blue and or-
ange dashed rectangles in Fig. 8b. Visual inspection of the photograph in 
Fig. 8b shows that the E5_top appears to be comprised of increasing more 
finer material from the bottom to the top (close-up images are available 
in Supplementary S5 - Fig. S5). This is likely caused by soil separation 
during the initial soil lifting above the injection port (prior to the MICP 
treatment), which resulted in soil resettlement with more coarser ma-
terials (gravels) settling at the bottom while finer grains settling at the 
top. The UCS values were 3.6 MPa, 7.6 MPa, and 4.4 MPa for cores 
E5_top, E5_bottom, and F1, respectively; their corresponding Young’s 
moduli were 1.7 GPa, 2.5 GPa, and 1.8 GPa, as derived from the slope of 
the linear portion of the stress-strain relationship. The average CaCO3 
contents for the three specimens were 13.6 % for E5_Top, 15.3 % for 
E5_Bottom, and 14.1 % for F1 (Fig. 8b). Among the three specimens, a 
higher CaCO3 content, indicative of increased carbonate precipitation, 
corresponded to higher UCS and Young’s modulus values. Note that 
even with similar CaCO3 content, the UCS values of the bio-cemented 
granular soil are highly dependent on grain size and shape, the unifor-
mity of CaCO3 precipitation, as well as the presence of fines (Ma et al., 
2022; Ma et al., 2021). In this study, the non-uniformity distribution of 
soil gradation along the depth, due to packing process and initial soil 
lifting, could cause variations in UCS among the three drilled specimens. 
Further, specimen E5_Bottom experienced a shear failure at the base of 
the core, as depicted in Supplementary S6 - Fig. S6b, where the CaCO3 
content was lower (12.0 %). Whereas, specimen F1 exhibited a distinct 
shear band, as seen in Supplementary S6 - Fig. S6c. To summarize, the 
post-treatment mechanical behaviours of the three cylindrical speci-
mens resembled that of rock-like materials, with unconfined compres-
sive strengths ranging from 3.6 to 7.6 MPa.

3.4. Consolidated-drained (CD) triaxial test results

Vp and dry density were determined for all of the 5 cm sub-sampled 
cores and used to select nine cores for triaxial testing with similar dry 
densities and P-wave velocities (supplementary S7 Fig. S7); thus 
ensuring they were as close to replicates as possible. To better 

understand the role of P-wave velocity, we also tested (CD triaxial) the 
core exhibiting the highest Vp and the core exhibiting the lowest Vp 
(Fig. S7). Triaxial test results for the nine bio-cemented specimens with a 
similar Vp are shown in Figs. 10, 3 specimens were tested at each 
effective confining stress level of 100, 300 and 500 kPa. The response of 
3 untreated sand specimens is also shown in Fig. 10 for comparison. The 
MICP-treated specimens exhibited a brittle behaviour, with peak 
deviatoric stress (failure) achieved at an axial strain ranging from 1.0 % 
to 1.6 % (Fig. 9a). Post-peak the specimens exhibited strain softening 
behaviour with a rapid decline in deviatoric stress within an axial strain 
range of 1.6 % to 3.0 %, followed by a gradual reduction until reaching a 
constant value representing the ultimate shear strength. The peak 
deviatoric stresses (Fig. 9a) were in the range of 3.3–4.2 MPa at an 
effective confining stress of 100 kPa; 4.1–4.8 MPa at 300 kPa; and 
4.2–5.7 at 500 kPa. The average ultimate strengths were approximately 
1.0, 1.8, and 2.4 MPa at confining stresses of 100, 300 and 500 kPa 
respectively. As expected, higher effective confining stresses corre-
sponded to higher peak deviatoric stresses and ultimate shear strengths 
as a result of higher frictional forces. These observations are consistent 
with conventional soil behaviour and have previously been observed for 
MICP treated sands as reported by Feng and Montoya (2016), Nafisi 
et al. (2020), and Wu et al. (2021). Compared to the three untreated 
samples (solid lines in Fig. 9 a), the nine MICP treated cores (dashed 
lines in Fig. 9 a) exhibited higher peak deviatoric strength and higher 
ultimate strength, Note that three of the CD triaxial tests were termi-
nated prior to reaching an axial strain of 15 % due to leakage of the 
specimen membrane, which most likely occurred due to the presence of 
angular shaped, sharp-edged gravels.

Fig. 9b presents the corresponding volumetric strain behaviour 
during the CD tests for the same nine MICP treated cores and the three 
untreated samples under the three effective confining stresses. In this 
study, we adopt the convention that positive values denote contraction. 
As deviatoric stress increased, the tested specimens initially underwent a 
phase of contraction followed by dilation. The peak contraction, indic-
ative of the densest state, was observed at axial strains ranging from 1.0 
% to 1.4 %, slightly before the axial strains at which the deviatoric stress 
reached its maximum value. After the peak contraction phase, the bio- 
cemented specimens commenced dilation, attributed to the rolling and 
sliding of particles and the fracturing of cementing bonds that accom-
panies the brittle failure (as characterised by a sharp drop in deviatoric 
stress). As expected, as the confining stress increased the volumetric 
behaviour becomes less dilative. These observations align with a study 

Fig. 9. CD triaxial test results under three effective confining stress (100, 300, 500 kPa). (a) deviatoric stress plotted against axial strain; (b) volumetric strain plotted 
against axial strain.
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by Clough et al. (1981) who conducted drained triaxial tests on 
cemented sands and found that strong dilation occurred at lower 
confining stress levels and diminished as the confining stress increased. 
Feng and Montoya (2016), Alshibli and Cil (2018), and Nafisi et al. 
(2020) have also observed reduced dilative behaviour of MICP cemented 
sands with increasing effective confining stress. Compared to the three 
untreated samples (solid lines in Fig. 9 a), the MICP treated cores 
(dashed lines in Fig. 9 a) exhibited higher dilatancy under the same 
effective confining stress.

Fig. 10 shows the CD triaxial results for two specimens (selected from 
the 5 cm diameter sub-cores) that had the lowest and highest P-wave 
velocities (Fig. S7, supplementary information). Both samples were 
tested under an effective confining stress of 300 kPa. For comparison, 
the results for the three specimens in Fig. 9 (i.e. #1–3, #1–8, #2–2) 
tested under a confining stress of 300 kPa are also presented in Fig. 10. 
As anticipated, specimen #1–10 with the lowest P-wave velocity (Vp) 
and dry density had the lowest peak deviatoric stress (3.7 MPa), whilst 
specimen #5 with the highest Vp and dry density had the highest peak 
deviatoric stress (5.9 MPa). In terms of volumetric strain, specimen #5 
with the highest Vp had the highest dilation (3.5 %) of all the specimens 
at a confining stress of 300 kPa, whilst the remaining samples exhibited 
similar behaviour.

Fig. 11 (a) and (b) shows the peak and critical state strengths against 
the mean effective stress p’ (and the stress paths followed) for the bio-
cemented sand for all eleven samples in Fig. 9 and Fig. 10, plus the 3 
untreated specimens. The deviatoric stress q and mean effective stress p’ 
are defined as q = σ1-σ3 and p’ = (σ’1 + 2σ’3)/3, in which σ’1 is the axial 
stress minus the pore water pressure and σ’3 the effective confining 
stress respectively. Note the friction angle was determined knowing that 
the slope of the line in q-p’ space is equal to 6Sinϕʹ

3− Sinϕʹ and the y-intercept is 

equal to 6cʹCosϕʹ
3− Sinϕʹ. Based on the peak strength failure envelope of the nine 

grouped MICP-treated specimens (Fig. 11a), the peak cohesion and peak 
frictional angle were determined to be 0.64 MPa and 43.6◦, respectively. 
These values were higher than the cohesion (0 MPa) and peak frictional 
angle of the untreated sand (42.3◦), as determined from the failure en-
velope of the untreated sand in Fig. 11 (a). Based on the failure enve-
lopes at critical state (Fig. 11b), the ultimate frictional angle for the 
MICP-treated sand was determined to be 42.0◦, which is also higher than 
that for the untreated sand (40.7◦). This increase in peak and ultimate 
frictional angle due to MICP treatment has also been observed by Feng 
and Montoya (2016) and Nafisi et al. (2020), who studied uniformly- 
graded sand with laboratory centimetre-scale MICP treatment. The 

increase in peak and ultimate frictional angles of medium-graded very 
gravelly sand, resulting from large-scale MICP treatments, hasn’t been 
previously reported. Interestingly, the ultimate cohesion of the MICP- 
treated sand at critical state was determined to be 0.12 MPa, which is 
18.8 % of the peak cohesion. Zhang and Dieudonné (2023) simulated the 
effect of four distribution patterns of precipitated CaCO3 on the me-
chanical behaviour of bio-cemented sands, i.e. contact cementing, 
bridging, grain coating, and pore filling. They found that the ultimate 
cohesion was 7.7 kPa at 3 % CaCO3 content for the bridging pattern, 
which is also 18.0 % of the peak cohesion (42.8 kPa). The ultimate 
cohesion of bio-cemented sand is possibly a result of unbroken bond 
near the shear band zone (Zhang and Dieudonné, 2023).

3.5. Correlation between P-wave velocity and CaCO3 content

Fig. 12 shows CaCO3 content plotted against P-wave velocity (Vp) for 
the eleven triaxial specimens and the three untreated ‘control’ sand 
specimens (Fig. 12a). The MICP-treated cores exhibited Vp ranging from 
2073 m/s to 2496 m/s, and CaCO3 contents ranging from 0.137 to 
0.204. In contrast, the three untreated sand specimens, exhibited P-wave 
velocities in the range of 286–363 m/s, and zero CaCO3 content. In most 
studies (Gomez et al., 2017; van Paassen et al., 2010), the monitoring of 
S-wave (shear) and/or P-wave (compressive) velocities has been shown 
to be an effective indicator of bio-cementation, with strong positive 
correlation demonstrated between CaCO3 content, S-/P- wave velocity, 
and soil strength (Weil et al., 2012). In this study, we observe a clear 
increase of approximately one order of magnitude in Vp (Fig. 12a) from 
untreated sands to MICP treated sands. However, there is no correlation 
(Fig. 12b) between the small range of CaCO3 content in the subsampled 
cores (0.137–0.204) and their respective P-wave velocities. No corre-
lations were observed either between peak and ultimate strengths, 
secant modulus, and CaCO3 content (refer to Supplementary S8 Fig. S8). 
To investigate this lack of correlation between small variations in CaCO3 
content after treatment and Vp, X-CT scans were conducted on four of the 
triaxial cores (Fig. 13). Two pairs were selected to have similar CaCO3 
content but with very different values of Vp (samples identified in 
Fig. 12b), #1–7 and #5 with calcite content between 0.15 and 0.159 and 
#2–1 and #1–6 with calcite content between 0.182 and 0.185. Visual 
inspection of the X-CT scans (Fig. 13) shows that the initial granular 
material and the subsequent CaCO3 precipitation is highly heteroge-
neous within the cores, with patches of finer grained sand, regions with 
larger grains and visibly higher porosity, and highly cemented regions 
with little visible pore space. Comparing #1–7 and #5, we can see that 

Fig. 10. CD triaxial test result under an effective confining stress of 300 kPa. (a) deviatoric stress plotted against axial strain; (b) volumetric strain plotted against 
axial strain.
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#1–7 comprises considerably more large gravel particles and subse-
quently has a more porous structure, whereas #5 contains more finer- 
grained particles with very few visible large pores (consistent with its 
higher dry density). #1–7 has a much lower Vp, (2321 m/s) and #5 has a 
much higher Vp, (2496 m/s). Given that both cores have a similar calcite 
content (0.15–0.159), the difference in Vp is attributed to the very 
different initial microstructure of these cores pre-MICP treatment; for 
cores with larger grain sizes and higher porosity there are fewer contact 
points for wave transmission. Despite the difference in their CaCO3 
contents Core #2–1 has a similarly low value of Vp to #1–7; visual in-
spection of the X-CT scan shows #2–1 is characterised by gravel-sized 
particles with high porosity regions. Whereas Core #1–6 with similar 
calcite content to #2–1, exhibits a Vp value similar to #5. Core #1–6 has 
a lower dry density but higher CaCO3 content than #5, suggesting that 
this core started with a more porous structure than Core #5 and the high 
calcite content (0.185) is responsible for reaching a high Vp value 
(similar to Core #5), indeed the X-CT scan shows a very well cemented 
region toward the bottom right hand side of the core which may account 
for the high Vp measured. In general, Fig. 13 indicates that small-scale 
variations in Vp between treated cores are governed by a combination 
of the initial dry density, the spatial variations in porosity and local 
spatial variations in grain sizes as well as the CaCO3 content achieved, 

all of which alter the density of cemented contact points between grains.
The variability in grain size and distribution during the sand packing 

process directly influences the dry density and P-wave velocity of 
different regions within the medium-graded gravelly sand, as well as 
causing local variations in delivery of the bacteria and cementing so-
lutions during treatment (due to variations in permeability and porosity) 
and thus in the CaCO3 distribution. Since all natural soil deposits will 
exhibit prior spatial variation in grain size, shape and spatial distribu-
tion, it will be crucial to conduct in situ monitoring of seismic wave 
velocity both prior to, and after, MICP treatment so that changes in Vp 
(or S-wave velocity) can be used to estimate local CaCO3 content, rather 
than relying on the absolute values for evaluating the uniformity of 
MICP treatment.

4. Implications for Field Implementation of MICP in Engineering 
Geology

4.1. Field implementation of MICP for heterogeneous soil: Progress and 
limitations

This is the first pilot study of the large-scale implementation of MICP 
for the improvement of heterogenous natural soil carried out by 

Fig. 11. (a) peak strength and (b) ultimate strength at critical state of the treated specimens and untreated sand against the corresponding mean effective stress p’.

Fig. 12. (a) CaCO3 content plotted against Vp for the eleven sub-sampled cores subjected to the triaxial test and for the three untreated sand samples (untreated); (b) 
zoomed-in plot with the four X-CT scanned samples labelled.
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engineering contractors with no prior knowledge of the MICP process. In 
this study, the injection strategy of MICP for the cubic test cell was 
derived from a previously tested laboratory trial involving meter-scale 
experiments in a radial flow cell (Sang et al., 2023b). After undergo-
ing relevant technical training, risk assessments and safety training in 
bacterial cultivation and handling, the engineering contractors suc-
cessfully treated natural soils at the cubic-meter scale. This was 
accomplished outdoors where bacterial urease activities could be 
inhibited by low temperatures that ranged from 5 to 19 ◦C (average: 
12.1 ◦C). This study has demonstrated that a usable bacteria density 
(~0.89 OD600) and urease activity (2.5 mM/min/OD600) can be ach-
ieved within upscaled bacterial cultures (600 L) cultivated by engi-
neering contractors under non-sterile environmental conditions utilising 
industrial-grade ingredients (i.e. yeast extract, urea, and other chem-
icals). A recent work by Omoregie et al. (2020) demonstrated the suc-
cessful utilization of a custom-built steel reactor (3 m3) to scale up 
S. pasteurii culture production within a non-sterile environment, 
employing food-grade medium ingredients. Nevertheless, there still re-
mains a need for additional effort to optimise the process (Chen et al., 
2022; Omoregie et al., 2017), as well as to develop large-scale bacterial 
storage methodologies accessible to the engineering industry. Such ef-
forts are crucial for achieving commercial success in the context of MICP 
applications. Several cost-effective measures can be implemented to 
further enhance bacterial production. These measures include elevating 
the dissolved oxygen levels within cultures by increasing aeration and 
agitation rates, and storing bacteria during their exponential/stationary 
phase within a cold room for future use as inoculants.

This study has several limitations that must be addressed to achieve 
cost-effective and sustainable field implementation of MICP. For 
example, the study focused on training engineering contractors to 
deliver viable MICP improvements to heterogeneous natural soils in the 
field. A two-phase bioaugmentation method—injecting bacterial solu-
tion in each of the nine cycles—was used, potentially leading to 

incomplete bacterial utilization and unnecessary costs. Gomez et al. 
(2017) demonstrated similar cementation improvements in poorly- 
graded sand (meter-scale) by stimulating indigenous bacterial species. 
Lee et al. (2023) also demonstrated a relatively uniform cementation in 
sand columns based on bio-stimulation. However, the effectiveness of 
biostimulation is highly site-specific, requiring the stimulation of native 
ureolytic species with suitable nutrients under favorable conditions (e. 
g., pH, temperature, oxygen levels), which can be time-consuming for 
enough bacterial population growth. A combination of bioaugmentation 
and biostimulation, such as injecting bacterial solution in the first cycle 
followed by several cycles of biostimulation, could be a cost-effective yet 
underexplored approach. Additionally, due to staff work-hour con-
straints, the static time for bacterial attachment and the reaction time for 
the first cementing solution were set at 1 h and 4 h, respectively. These 
times could be extended, depending on factors such as the calcium 
conversion rate observed in laboratory batch experiments, to enhance 
bacterial attachment and calcium conversion efficiency, thereby 
reducing material costs. Another limitation of this trial is the absence of 
ammonium removal, which poses an environmental risk to the sur-
rounding soils or groundwater if left untreated. Developing scalable 
methods for monitoring, remediating or eliminating ammonium by- 
products following bio-cementation remains needed (Rodríguez and 
Cardoso, 2024).

4.2. Implications in engineering geology

The improvement of mechanical properties of MICP-treated hetero-
geneous natural soils through in situ bio-grouting has many implications 
for mitigation of geological and geotechnical hazards such as soil 
liquefaction, as triggered by the loss of soil strength due to an increase in 
pore water pressure during static or dynamic loads (e.g. earthquakes). 
Our large-scale MICP trial shows an enhanced unconfined compressive 
strength (up to 7.6 MPa) and shear parameters, such as bio-cementation 

Fig. 13. X-CT images of the four sub-cored specimens (identified in Fig. 12b) grouped in similar CaCO3 content and Vp. Note that Vp was measured in the 
axial direction.
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induced cohesion (from 0 to 0.64 MPa) and peak frictional angle (from 
42.3◦ to 43.6◦), without inducing much permeability reduction (3.5–1.4 
× 10− 12 m2). The improvement of soil strength will increase the bearing 
capacity of geotechnical structures such as foundations, mine tailing 
slopes, and embankment, thus enhancing their liquefaction resistance to 
seismic response, as also demonstrated by small-scale centrifuge model 
tests (Darby et al., 2019; Montoya et al., 2013; San Pablo et al., 2024) 
and seismic shake table tests (Zhang et al., 2020). In the meantime, the 
remaining high soil permeability after MICP treatment allows pore 
water to be dissipated freely without inducing too much excess pore 
pressure after the cementation degrades during earthquake loading. 
Furthermore, the bio-cementation induced an increase in the ultimate 
frictional angle from 40.7◦ to 42.0◦, which further enhance the lique-
faction resistance even after the loss of cementation bonds under seismic 
loads. Although all these improved shear parameters positively impact 
on the mitigation of soil liquefaction through biocementation, it remains 
an open question how the extent and uniformity of biocementation will 
influence the liquefaction resistance of heterogenous soil on a large scale 
under seismic loads. Overall, the study provides valuable insights into 
the practical challenges and opportunities associated with upscaling 
MICP for commercial use, paving the way for more widespread adoption 
of this innovative soil stabilisation technology in engineering geology.

5. Conclusion

A successful cubic-meter scale MICP trial on as-delivered gravelly 
sand was conducted by engineering contractors in outdoor (5–19 ◦C) 
conditions. This included large-scale cultivation of ureolytic bacteria 
(S. pasteurii) under non-sterile conditions in the field, performing nine 
MICP treatment cycles over 25 days, and post-treatment core and block 
sampling after the MICP treatment. The treatment efficacy was assessed 
through a series of geo-mechanical and microstructural analyses on the 
core/block samples, including unconfined compressive strength tests, P- 
wave velocity tests, consolidated-drained triaxial tests, X-CT scans, and 
flow simulations. The main conclusions are summarised below.

Upscaled bacterial cultivation under field non-sterile conditions 
achieved an average bacteria OD600 of ~0.89 and a specific urease ac-
tivity of ~2.5 mM urea/min/OD600. During the trial, the outdoor tem-
perature ranged from 5 to 19 ◦C. Laboratory batch experiments 
conducted in parallel demonstrated that although the specific urease 
activity of S. pasteurii was significantly higher at higher temperatures 
(0.66, 1.5 and 2.1 mM/min/OD600 at temperatures of 4, 10 and 20 ◦C 
respectively), Ca2+ conversion rates of 72.2 %–88 % were still achieved 
at temperatures between 4 and 10 ◦C within the first 20 h. This provided 
direct evidence that carbonate precipitation was occurring within the 
test cell throughout, despite the large temperature variation.

Core and block sampling demonstrated that the majority of the sand 
in the cubic test cell was well-cemented. The unconfined compressive 
strengths of three well-cemented core samples were 3.6 MPa, 4.4 MPa, 
and 7.6 MPa, with average CaCO3 contents of 13.6 %, 15.3 %, and 14.1 
%, respectively. Consolidated-drained triaxial tests on eleven sub-cored 
specimens also demonstrated rock-like responses of the bio-cemented 
sands. The peak deviatoric stresses for all specimens ranged from 3.3 
MPa to 5.9 MPa under three different confining stresses (100, 300, or 
500 kPa). Higher confining stress contributed to higher peak deviatoric 
stress, higher ultimate stress, and lower dilation. When compared with 
the untreated sand, which exhibits peak and ultimate fictional angles of 
42.3◦ and 40.7◦ respectively, the MICP-treated sand showed enhanced 
peak and ultimate frictional angles of 43.6◦ and 42.0◦, respectively. The 
peak and ultimate cohesions of the MICP-treated sand were determined 
to be 0.64 MPa and 0.12 MPa, respectively.

P-wave velocity, peak and ultimate strengths, and secant modulus of 
the tested bio-cemented specimens exhibited no correlation with CaCO3 
content. P-wave velocity was influenced by large spatial variations in 
the initial grain size distribution and grain shape, visualised using X-CT 
images, alongside variations in the initial dry density. Our study shows 

that in these highly heterogeneous sand deposits, absolute values of P- 
wave velocity would not be sufficient to assess the level of soil 
improvement achieved as a result of MICP treatment, but rather as a 
minimum P-wave velocity monitoring should involve taking readings 
prior to, and after, MICP treatment.
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