Table S1. The full list of 3DCP database for ML modeling
	No.
	Cement
kg/m3
	Water
kg/m3
	Fine Agg
kg/m3
	Fly Ash
kg/m3
	Silica Fume
kg/m3
	SP
kg/m3
	Slag
kg/m3
	Admixture
kg/m3
	Fibers
kg/m3
	P-S
mm/s
	CS
MPa
	CF
tCo2/m3

	1
	579
	261
	1167
	165
	83
	5.75
	0
	0
	0
	60
	70
	1682.15

	2
	430
	180
	1240
	170
	180
	10
	0
	0
	0
	75
	73.4
	1256.35

	3
	290
	285
	1211
	278
	145
	0
	0
	7
	0
	150
	52
	868.60

	4
	289
	284
	1209
	277
	145
	0
	0
	9
	13.5
	150
	51
	901.62

	5
	682.75
	236.25
	850
	0
	0
	1.76
	0
	0
	0
	
	88
	1971.72

	6
	675
	236.25
	800
	0
	0
	1.76
	0
	0
	0
	
	79
	1948.89

	7
	828
	248
	1242
	0
	0
	17
	0
	2
	0
	0.25
	13
	2402.43

	8
	497
	248
	1242
	331
	0
	17
	0
	2
	0
	0.25
	33
	1458.77

	9
	497
	248
	1242
	331
	0
	17
	0
	2
	0
	0.25
	40
	1458.77

	10
	497
	248
	1242
	331
	0
	17
	0
	2
	0
	0.25
	47
	1458.77

	11
	483
	182
	1074
	0
	268
	10.7
	322
	6.44
	0
	130
	90
	1426.81

	12
	483
	182
	1074
	0
	268
	10.7
	322
	6.44
	19.6
	130
	110
	1472.61

	13
	483
	182
	1074
	0
	268
	10.7
	322
	6.44
	39.3
	130
	110
	1518.65

	14
	483
	182
	1074
	0
	268
	10.7
	322
	6.44
	58.9
	130
	109
	1564.46

	15
	483
	182
	1074
	0
	268
	10.7
	322
	6.44
	78.5
	130
	96
	1610.26

	16
	376
	150
	1612
	107
	54
	0
	0
	0
	0
	
	100
	1100.98

	17
	446
	178
	1485
	127
	64
	0
	0
	0
	0
	
	100
	1301.08

	18
	513
	205
	1362
	147
	73
	0
	0
	0
	0
	
	100
	1492.62

	19
	579
	232
	1241
	165
	83
	8.27
	0
	4.135
	1.2
	
	100
	1695.63

	20
	643
	257
	1123
	184
	92
	0
	0
	0
	0
	
	100
	1864.20

	21
	600
	259
	1379
	0
	0
	0
	0
	0.96
	0
	60
	44.7
	1741.61

	22
	540
	259
	1357
	0
	60
	0
	0
	0.96
	0
	60
	49.9
	1569.04

	23
	600
	259
	1379
	0
	0
	0
	0
	0.96
	1.8
	60
	45.1
	1745.82

	24
	600
	259
	1379
	0
	0
	0
	0
	0.96
	0
	60
	45.9
	1741.61

	25
	573.6
	262.2
	1229.1
	164
	81.9
	1.39
	0
	0
	1.8
	44
	70.9
	1670.22

	26
	663
	265.2
	1243
	165.7
	0
	1.49
	0
	0.82
	1.8
	44
	67.4
	1929.02

	27
	546
	219
	1171
	156
	78
	0
	0
	8.2
	0
	50
	80
	1603.47

	28
	812
	324.8
	1218
	0
	0
	16.24
	0
	0
	0
	0.0833
	75
	2354.41

	29
	771.4
	324.8
	1218
	40.6
	0
	16.24
	0
	0
	0
	0.0833
	73
	2238.66

	30
	751.1
	324.8
	1218
	60.9
	0
	16.24
	0
	0
	0
	0.0833
	72
	2180.79

	31
	730.8
	324.8
	1218
	8.2
	0
	16.24
	0
	0
	0
	0.0833
	64
	2121.32

	32
	690.2
	324.8
	1218
	121.8
	0
	16.24
	0
	0
	0
	0.0833
	50
	2007.17

	33
	771.4
	324.8
	1218
	40.6
	0
	16.24
	0
	0
	0
	0.0833
	69
	2238.66

	34
	751.8
	324.8
	1218
	60.9
	0
	16.24
	0
	0
	0
	0.0833
	68
	2182.80

	35
	730.8
	324.8
	1218
	81.2
	0
	16.24
	0
	0
	0
	0.0833
	63
	2122.91

	36
	690.2
	324.8
	1218
	121.8
	0
	16.24
	0
	0
	0
	0.0833
	59
	2007.17

	37
	574
	262
	1230
	164
	82
	1.35
	0
	0
	1.8
	44
	62
	1671.37

	38
	663
	265
	1243
	166
	0
	1.41
	0
	0.83
	1.8
	44
	58
	1929.03

	39
	1000
	360
	0
	0
	0
	10.4
	0
	12
	0
	40.74
	100
	2902.46

	40
	1000
	300
	500
	0
	0
	10.4
	0
	12
	0
	40.74
	101
	2908.13

	41
	500
	150
	500
	0
	0
	5.2
	0
	8
	0
	40.74
	102
	1461.31

	42
	750
	292.5
	750
	0
	0
	5.5
	0
	8
	0
	40.74
	103
	2182.51

	43
	750
	250
	750
	0
	0
	5
	0
	9
	0
	40.74
	104
	2184.54

	44
	1500
	550
	1500
	0
	0
	11
	0
	18
	0
	40.74
	105
	4369.39

	45
	1000
	361.6
	1000
	0
	0
	6.67
	0
	12
	0
	40.74
	106
	2912.73

	46
	1000
	343
	1000
	0
	0
	6.67
	0
	12
	0
	40.74
	107
	2912.72

	47
	1000
	350
	1000
	0
	0
	6.5
	0
	12
	0
	40.74
	108
	2912.67

	48
	1000
	375
	1250
	0
	0
	5
	0
	14
	0
	40.74
	109
	2919.48

	49
	750
	300
	1000
	0
	0
	5
	0
	9
	0
	40.74
	110
	2187.41

	50
	750
	250
	1000
	0
	0
	5
	0
	9
	0
	40.74
	110
	2187.38

	51
	625
	218.8
	937.5
	0
	0
	0
	0
	0
	0
	20
	60
	1806.28

	52
	625
	218.8
	937.5
	0
	0
	0
	0
	0
	0
	20
	61
	1806.28

	53
	625
	218.8
	937.5
	0
	0
	0
	0
	0
	0
	20
	58
	1806.28

	54
	625
	218.8
	937.5
	0
	0
	0
	0
	0
	0
	20
	48
	1806.28

	55
	625
	218.8
	937.5
	0
	0
	0
	0
	0
	0
	20
	47
	1806.28

	56
	625
	218.8
	937.5
	0
	0
	0
	0
	0
	0
	20
	46
	1806.28

	57
	625
	218.8
	937.5
	0
	0
	6.3
	0
	0
	0
	20
	46
	1808.17

	58
	625
	218.8
	937.5
	0
	0
	12.5
	0
	0
	0
	20
	46
	1810.03

	59
	625
	218.8
	937.5
	0
	0
	18.8
	0
	0
	0
	20
	48
	1811.92

	60
	562.5
	218.8
	937.5
	62.5
	0
	0
	0
	0
	0
	20
	49
	1628.09

	61
	562.5
	218.8
	937.5
	62.5
	0
	0
	0
	0
	0
	20
	50
	1628.09

	62
	437.5
	218.8
	937.5
	187.5
	0
	0
	0
	0
	0
	20
	50
	1271.73

	63
	437.5
	218.8
	937.5
	187.5
	0
	6.3
	0
	0
	0
	20
	51
	1273.62

	64
	437.5
	218.8
	937.5
	187.5
	0
	12.5
	0
	0
	0
	20
	50
	1275.48

	65
	437.5
	218.8
	937.5
	187.5
	0
	18.8
	0
	0
	0
	20
	52
	1277.37

	66
	437.5
	218.8
	937.5
	125
	62.5
	6.3
	0
	0
	0
	20
	62
	1272.29

	67
	437.5
	218.8
	937.5
	125
	62.5
	12.5
	0
	0
	0
	20
	62
	1274.15

	68
	437.5
	218.8
	937.5
	125
	62.5
	18.8
	0
	0
	0
	20
	63
	1276.04

	69
	437.5
	234.4
	937.5
	125
	62.5
	12.5
	0
	0
	0
	20
	64
	1274.16

	70
	437.5
	250
	937.5
	125
	62.5
	12.5
	0
	0
	0
	20
	55
	1274.17

	71
	700
	160
	1000
	0
	300
	10
	0
	3
	43.5
	30
	48
	2133.88

	72
	579
	232
	1241
	165
	83
	8.27
	0
	0
	1.2
	200
	82
	1686.54

	73
	579
	232
	1005.57
	165
	83
	8.27
	0
	0
	1.2
	200
	72
	1683.86

	74
	579
	232
	770.15
	165
	83
	8.27
	0
	0
	1.2
	200
	53
	1681.18

	75
	579
	232
	534.72
	165
	83
	8.27
	0
	0
	1.2
	200
	47
	1678.50

	76
	579
	232
	299.29
	165
	83
	8.27
	0
	0
	1.2
	200
	47
	1675.82

	77
	579
	232
	63.86
	165
	83
	8.27
	0
	0
	1.2
	200
	42
	1673.14

	78
	628.6
	235.7
	1115.6
	78.6
	78.6
	2
	0
	6.4
	0
	30
	38.5
	1835.09

	79
	430
	280
	400
	570
	0
	1.2
	0
	1
	2
	100
	47
	1259.69

	80
	430
	280
	400
	570
	0
	1.2
	0
	1
	2
	100
	47
	1259.69

	81
	430
	280
	400
	570
	0
	1.2
	0
	1
	1.5
	100
	51
	1258.52

	82
	430
	280
	400
	570
	0
	1.2
	0
	1
	1
	100
	49
	1257.35

	83
	675
	246
	1350
	0
	0
	0
	0
	1.0125
	0
	70
	62
	1956.85

	84
	580
	232
	1146
	166
	83
	0
	0
	8.29
	0
	75
	66
	1689.20

	85
	325
	123.5
	675
	0
	0
	9.75
	0
	1.625
	0
	25
	35
	947.90

	86
	325
	126.75
	675
	0
	0
	9.75
	0
	1.625
	0
	25
	35
	947.90

	87
	325
	130
	675
	0
	0
	9.75
	0
	1.625
	0
	25
	35
	947.90

	88
	325
	136.5
	675
	0
	0
	9.75
	0
	1.625
	0
	25
	35
	947.91

	89
	325
	142.025
	675
	0
	0
	9.75
	0
	1.625
	0
	25
	35
	947.91

	90
	325
	149.5
	675
	0
	0
	9.75
	0
	1.625
	0
	25
	35
	947.91

	91
	325
	126.75
	675
	0
	0
	9.75
	0
	3.25
	0
	25
	35
	951.47

	92
	325
	130
	675
	0
	0
	9.75
	0
	3.25
	0
	25
	35
	951.47

	93
	325
	133.25
	675
	0
	0
	9.75
	0
	3.25
	0
	25
	35
	951.48

	94
	325
	136.5
	675
	0
	0
	9.75
	0
	3.25
	0
	25
	35
	951.48

	95
	325
	142.025
	675
	0
	0
	9.75
	0
	3.25
	0
	25
	35
	951.48

	96
	325
	149.5
	675
	0
	0
	9.75
	0
	3.25
	0
	25
	35
	951.48

	97
	325
	126.75
	675
	0
	0
	9.75
	0
	4.875
	0
	25
	35
	955.04

	98
	325
	130
	675
	0
	0
	9.75
	0
	4.875
	0
	25
	35
	955.05

	99
	325
	133.25
	675
	0
	0
	9.75
	0
	4.875
	0
	25
	35
	955.05

	100
	325
	136.5
	675
	0
	0
	9.75
	0
	4.875
	0
	25
	35
	955.05

	101
	325
	142.025
	675
	0
	0
	9.75
	0
	4.875
	0
	25
	35
	955.05

	102
	325
	149.5
	675
	0
	0
	9.75
	0
	4.875
	0
	25
	35
	955.05

	103
	400
	373.996
	669.972
	0
	0
	2
	0
	0.2
	0
	50
	60.1
	1157.96

	104
	323.456
	303.24
	817.304
	0
	0
	2
	0
	0.2
	0
	50
	63.1
	939.71

	105
	301.796
	225.264
	970.368
	0
	0
	2
	0
	0.2
	0
	50
	67.6
	879.19

	106
	1000
	460
	1500
	0
	0
	0
	0
	25
	0
	50
	43.5
	2945.04

	107
	627
	263.34
	1391
	0
	0
	4.7025
	0
	0
	0
	75
	78
	1818.62

	108
	391
	343.14
	1260
	213
	213
	16.34
	0
	0
	0
	75
	102.7
	1147.48

	109
	1000
	300
	500
	1000
	100
	1.3
	0
	0
	0
	66.67
	42
	2900.96

	110
	1000
	300
	500
	1000
	100
	1.3
	0
	0
	0
	66.67
	49.7
	2900.96

	111
	1000
	300
	500
	1000
	100
	1.3
	0
	0
	0
	66.67
	50.5
	2900.96

	112
	1000
	300
	500
	1000
	100
	1.3
	0
	0
	0
	66.67
	60
	2900.96

	113
	376.3
	263.4
	1279.3
	0
	0
	5.27
	376.3
	0.75
	0
	100
	58
	1109.92

	114
	374.2
	261.9
	1272.3
	0
	0
	5.24
	374.2
	0.75
	0
	100
	54
	1103.74

	115
	370.8
	259.6
	1260.9
	0
	0
	5.19
	370.8
	0.74
	0
	100
	52
	1093.71

	116
	614.47
	245.788
	850
	0
	68.28
	0
	0
	0
	0
	
	77.4
	1775.09

	117
	614.47
	245.788
	850
	0
	68.28
	0
	0
	0
	0
	
	72.5
	1775.09

	118
	614.47
	245.788
	850
	0
	68.28
	0
	0
	0
	0
	
	71.9
	1775.09

	119
	614.47
	245.788
	850
	0
	68.28
	0
	0
	0
	0
	
	56.5
	1775.09

	120
	350
	179
	1489
	140
	105
	5
	0
	0
	0
	150
	57.7
	1027.15

	121
	1000
	360
	1500
	0
	0
	0
	0
	0
	0
	12
	43.5
	2890.05

	122
	800
	310
	1000
	100
	100
	8
	0
	2
	0
	30
	59
	2318.82

	123
	700
	460
	1200
	200
	100
	0
	0
	0
	0
	100
	30
	2029.28

	124
	780
	455
	1300
	390
	130
	4.55
	0
	13
	0
	80
	50
	2294.35

	125
	780
	390
	1300
	390
	130
	4.55
	0
	13
	0
	80
	60
	2294.32

	126
	581
	212
	1244
	166
	83
	4.2
	0
	8.3
	1.2
	
	102
	1709.35



















Table S2. The full list of references for the 3DCP database 
	No.
	Ref

	1
	Kruger et al., 2021

	2
	Nerella and Mechtcherine, 2016

	3
	Paul et al., 2018

	4
	Paul et al., 2018

	5
	Khalil et al., 2017

	6
	Khalil et al., 2017

	7
	Chen et al., 2019

	8
	Chen et al., 2019

	9
	Chen et al., 2019

	10
	Chen et al., 2019

	11
	Pham et al., 2020

	12
	Pham et al., 2020

	13
	Pham et al., 2020

	14
	Pham et al., 2020

	15
	Pham et al., 2020

	16
	Le et al., 2012

	17
	Le et al., 2012

	18
	Le et al., 2012

	19
	Le et al., 2012

	20
	Le et al., 2012

	21
	Kazemian et al., 2017

	22
	Kazemian et al., 2017

	23
	Kazemian et al., 2017

	24
	Kazemian et al., 2017

	25
	Rahul et al., 2019

	26
	Rahul et al., 2019

	27
	Murcia et al., 2020

	28
	Rehman et al., 2020

	29
	Rehman et al., 2020

	30
	Rehman et al., 2020

	31
	Rehman et al., 2020

	32
	Rehman et al., 2020

	33
	Rehman et al., 2020

	34
	Rehman et al., 2020

	35
	Rehman et al., 2020

	36
	Rehman et al., 2020

	37
	Rahul et al., 2019

	38
	Rahul et al., 2019

	39
	Shakor et al., 2017

	40
	Shakor et al., 2017

	41
	Shakor et al., 2017

	42
	Shakor et al., 2017

	43
	Shakor et al., 2017

	44
	Shakor et al., 2017

	45
	Shakor et al., 2017

	46
	Shakor et al., 2017

	47
	Shakor et al., 2017

	48
	Shakor et al., 2017

	49
	Shakor et al., 2017

	50
	Shakor et al., 2017

	51
	Bos et al., 2020

	52
	Bos et al., 2020

	53
	Bos et al., 2020

	54
	Bos et al., 2020

	55
	Bos et al., 2020

	56
	Bos et al., 2020

	57
	Bos et al., 2020

	58
	Bos et al., 2020

	59
	Bos et al., 2020

	60
	Bos et al., 2020

	61
	Bos et al., 2020

	62
	Bos et al., 2020

	63
	Bos et al., 2020

	64
	Bos et al., 2020

	65
	Bos et al., 2020

	66
	Bos et al., 2020

	67
	Bos et al., 2020

	68
	Bos et al., 2020

	69
	Bos et al., 2020

	70
	Bos et al., 2020

	71
	Bos et al., 2020

	72
	Bos et al., 2020

	73
	Bos et al., 2020

	74
	Bos et al., 2020

	75
	Bos et al., 2020

	76
	Bos et al., 2020

	77
	Bos et al., 2020

	78
	Bos et al., 2020

	79
	Zhu et al., 2019

	80
	Zhu et al., 2019

	81
	Zhu et al., 2019

	82
	Zhu et al., 2019

	83
	Van Der Putten et al., 2019

	84
	Lee et al., 2019

	85
	Mazhoud et al., 2019

	86
	Mazhoud et al., 2019

	87
	Mazhoud et al., 2019

	88
	Mazhoud et al., 2019

	89
	Mazhoud et al., 2019

	90
	Mazhoud et al., 2019

	91
	Mazhoud et al., 2019

	92
	Mazhoud et al., 2019

	93
	Mazhoud et al., 2019

	94
	Mazhoud et al., 2019

	95
	Mazhoud et al., 2019

	96
	Mazhoud et al., 2019

	97
	Mazhoud et al., 2019

	98
	Mazhoud et al., 2019

	99
	Mazhoud et al., 2019

	100
	Mazhoud et al., 2019

	101
	Mazhoud et al., 2019

	102
	Mazhoud et al., 2019

	103
	Chen et al., 2021

	104
	Chen et al., 2021

	105
	Chen et al., 2021

	106
	Marchment et al., 2019

	107
	Nerella et al., 2019

	108
	Nerella et al., 2019

	109
	Weng et al., 2018

	110
	Weng et al., 2018

	111
	Weng et al., 2018

	112
	Weng et al., 2018

	113
	Rahul et al., 2022

	114
	Rahul et al., 2022

	115
	Rahul et al., 2022

	116
	Baz et al., 2020

	117
	Baz et al., 2020

	118
	Baz et al., 2020

	119
	Baz et al., 2020

	120
	Mechtcherinea et al., 2019

	121
	Mechtcherinea et al., 2019

	122
	Yu et al., 2021

	123
	Ting et al., 2019

	124
	Long et al., 2019

	125
	Long et al., 2019

	126
	Wang et al., 2020



Machine learning models 
1.1 Boosting models
Extreme Gradient Boosting (XGBoost), introduced by Chen and Guestrin in 2016 [92], is a supervised learning technique that enhances gradient boosting machines by combining weak learners to construct strong learners through sequential training. It minimizes the loss function using gradient descent and leverages both first- and second-order gradient statistics for optimization. Known for its efficiency in handling large datasets and delivering precise predictions, XGBoost supports parallel and distributed training, making it widely utilized in various applications [93,94]. In 2017, Microsoft introduced LightGBR, another advanced model based on Gradient Boosting Decision Trees (GBDT), designed to overcome the limitations of conventional GBDT in terms of memory usage and computational efficiency. LightGBR uses a leaf-wise growth strategy and an enhanced histogram method to improve training speed and space utilization [95,96]. The AdaBoost algorithm, developed by Freund and Schapire in 1997 [97], sequentially combines weak classifiers, adjusting instance weights based on classification accuracy to form a strong classifier. It is known for its ability to correct misclassifications and improve model accuracy by focusing on challenging instances [98]. 

1.2 Tree based models
Random forests, introduced by Leo Breiman in 2001, are an advanced ensemble learning technique that combines multiple decision trees to enhance classification accuracy and robustness [83]. These algorithms develop many classification or regression trees and integrate bootstrap and aggregation methods [83,84]. Each tree is generated from a randomly chosen subset of the training data, with splits determined by a random subset of input variables [84]. This randomness improves the diversity of the trees, all of which are fully developed binary trees. There are two key descriptors for random forests: one describes them as an ensemble of tree predictors where each tree depends on a random vector independently sampled with the same distribution across all trees [85], and the other discusses the generalization error for decision trees within the forest [85]. For regression, the predicted value is the average of the decision trees' predictions. Decision trees are constructed by splitting a dataset into segments, forming an inverted tree structure with a root node at the top [86]. The model's predictions are explained by tracing the decision path, where each decision node contributes additively to the final prediction [86]. Decision trees are powerful tools for data classification, and their performance can be improved by forming ensembles, which reduce overfitting and generalization errors [87-89].

1.3 Multi-layer perceptron
Deep learning involves training multi-layer artificial neural networks, also known as deep neural networks. The concept originated with Rosenblatt's introduction of the perceptron model in the 1950s, which was a variation designed to perform non-linear transformations [90]. The perceptron represents a non-linear mathematical function constrained by specific value limitations [91]. A multi-layer perceptron (MLP) is a type of feed-forward artificial neural network (ANN) that consists of sequentially connected layers: input, hidden, and output layers. MLPs operate under the supervised learning paradigm and use backpropagation as the training method.
The MLP regressor, a variant of the MLP, employs backpropagation—a gradient-descent algorithm that computes the error function by comparing the network's output to the target values. This algorithm then adjusts the weights of neurons in each layer by propagating the error values backward through the network. These weight adjustments fine-tune the network's performance.
The output of a neuron in an MLP is determined by a weighted sum of its inputs, as expressed by the Equation (S1).

		(S1)

The prediction produced by the neuron, ​, is obtained by applying an activation function, ​, to the weighted sum of inputs along with the bias term. In practice, an MLP model can be used to predict relationships between input features and outputs, such as predicting the compressive strength and pump speed of 3DCP materials based on nine input elements. Figure S1 illustrates the proposed MLP model for this application.

[image: A computer screen shot of a computer network

Description automatically generated]
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